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Prokaryotic cells: structural organisation
of the cytoskeleton and organelles
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For many years, prokaryotic cells were distinguished from eukaryotic cells based on the simplicity of their cy-
toplasm, in which the presence of organelles and cytoskeletal structures had not been discovered. Based on current
knowledge, this review describes the complex components of the prokaryotic cell cytoskeleton, including (i) tubulin
homologues composed of FtsZ, BtuA, BtuB and several associated proteins, which play a fundamental role in cell divi-
sion, (ii) actin-like homologues, such as MreB and Mbl, which are involved in controlling cell width and cell length,
and (iii) intermediate filament homologues, including crescentin and CfpA, which localise on the concave side of a
bacterium and along its inner curvature and associate with its membrane. Some prokaryotes exhibit specialised mem-
brane-bound organelles in the cytoplasm, such as magnetosomes and acidocalcisomes, as well as protein complexes,
such as carboxysomes. This review also examines recent data on the presence of nanotubes, which are structures that
are well characterised in mammalian cells that allow direct contact and communication between cells.

Key words: prokaryotic cells - eukaryotic cells - prokaryotic cytoskeleton homologues -
carboxysomes - acidocalcisomes - nanotubes

Early morphological studies using light microscopy
and even the initial observations made with transmission
electron microscopes indicated major differences in the
organisation of prokaryotic and eukaryotic cells. While
eukaryotic cells were characterised as exhibiting in-
ternal organisation associated with various membrane-
bound organelles, bacteria displayed a homogeneous
internal organisation. Although this idea predominated
for many years, detailed analysis of the structural or-
ganisation of prokaryotic cells, especially using mod-
ern structural approaches in association with genomic
and proteomic analyses, has indicated that this view is
incorrect. Indeed, the available information now points
to the existence of an assemblage of complex proteina-
ceous structures localised in well-defined regions of the
prokaryotic cell, as well as the presence of several mem-
brane-bound organelles, thus indicating that there are
subcompartments in these cells. The existence of a com-
plex cytoskeleton formed by proteins resembling those
involved in the assembly of microtubules, microfila-
ments and intermediate filaments further indicates that
some structural features that are usually associated with
fundamental physiological processes, such as cell shape
maintenance, cell division and cell locomotion, have
been maintained throughout the evolutionary process.
In addition, it has been shown that complex processes,
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such as protein glycosylation (Benz & Schmidt 2002)
and cell-cell adhesion, that were previously recognised
only in eukaryotic cells are also common in bacteria that
are committed to each other and develop into multicel-
lular structures (Keim et al. 2004). These points will be
discussed in greater detail later. In this brief review, I
will discuss only the structures and organelles that have
been better characterised or identified in prokaryotic
cells over the last 10 years.

Methodological considerations - A detailed overview
of all the methodologies that have played an important role
in the identification and characterisation of the structures
mentioned herein is beyond the scope of this review. How-
ever, for the sake of clarity, I will briefly mention a few
approaches that have been highly relevant in this field.

First, I will comment on the advances in light and
electron microscopy. In the case of light microscopy, it
is important to mention the development of techniques
that allow the insertion of portions of genes encoding
fluorescent proteins into the gene encoding a specific
protein, allowing its precise localisation using fluo-
rescence microscopy. This approach has become more
powerful with the recent development of high-resolu-
tion fluorescence microscopes. A resolution as high as
20 nm is achievable via stimulated emission depletion
microscopy. For instance, using this approach, new in-
formation was obtained regarding the localisation of the
tubulin-like protein FtsZ in Bacillus subtilis (Jennings
et al. 2011). With respect to transmission electron mi-
croscopy, it is well known that “fragile structures”, es-
pecially those formed through the assembly of protein
subunits, may disassemble or even be fragmented during
conventional processing of biological samples for this
technique. The best way to preserve these structures is
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through the use of physical fixation, especially via high
pressure freezing with liquid nitrogen under conditions
in which ice crystals are not formed (review in Heuser
2011). Following this initial fixation step, the samples
can be processed for plastic embedding according to the
freeze-substitution method in which the temperature is
gradually increased from -196°C to -20°C, then infiltrated
with resins, such as Unicryl, Lowicryl or LR Gold, that
are then polymerised at the same temperature. Subse-
quently, thin sections are obtained through conventional
procedures and analysed using an electron microscope
(review in Hurbain & Sachse 2011). Another approach is
to obtain thin frozen sections following quick freezing,
which are then cryo-transferred to an electron micro-
scope and observed while still in a frozen state. Alter-
natively, if samples are sufficiently thin, it is possible
to freeze an entire bacterium and observe it at low tem-
peratures with an electron microscope. More informa-
tion can always be obtained if images from a sample are
acquired at different angles (for instance, from -60° to
+60°, at intervals of 1°). Using this approach, known as
electron tomography, tomograms are acquired and a 3D
reconstruction of a structure can be obtained, offering
novel views of biological structures (review in Hoenger
& Bouchet-Marquis 2011).

Second, it is important to mention the advances in
sequencing techniques that allow complete sequencing
of the genome of a bacterium in a few hours. Addition-
ally, through proteomic analysis, the complete set up of
a protein can be obtained. With the use of bioinformatics
tools, it is then possible to apply genomic and proteomic
data in comparisons with data previously deposited in
gene and protein databanks and check for potential ho-
mologies between genes and proteins identified in bac-
teria with those previously characterised in other cell
types (reviews in Hu et al. 2011, Sabid¢ et al. 2011, Ter-
fve & Saez-Rodriguez 2012).

The prokaryote cytoskeleton - Cytoskeletal proteins
exist in all eukaryotic cells and perform functions vary-
ing from maintaining cell shape to participation in in-
tracellular movements, cell division and locomotion of
the cell, among others. Cytoskeletal structures are gen-
erally formed by a major protein that is able to interact
with other proteins, commonly designated cytoskeleton-
associated proteins. This binding to cytoskeleton-as-
sociated proteins permits functions such as interaction
with other molecules, control of stability and induction
of cycles of polymerisation and depolymerisation. Three
major classes of cytoskeletal structures are generally
considered: microtubules, microfilaments and interme-
diate filaments. This area of inquiry has recently been
the subject of intense investigation. Here, I will note the
most relevant data from a cell biology perspective in
prokaryotic cells.

Tubulin-like homologues - The processes involved
in the division of bacteria, especially Escherichia coli,
have been the subject of intense investigation for many
years. Observations using light microscopy and elec-
tron microscopy have established that during division, a
bacterial cell increases in size, assumes a long rod-like
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shape and the inner membrane then invaginates. Inner
membrane invagination is followed by invagination of
the outer membrane and the cell wall, forming a sep-
tum that divides the cell in half. Genetic studies have
indicated the existence of genes controlling the septation
process. These genes were further analysed using tem-
perature-sensitive mutants. Under certain temperatures,
septa were not formed, generating filamentous cells.
These genes were designated fts genes, for “filamentous
temperature-sensitive mutants”. One of these proteins,
known as FtsZ, was further characterised using an im-
munocytochemical approach in association with trans-
mission electron microscopy. It was then shown that
gold particles indicating the presence of FtsZ displayed a
diffuse distribution in most bacteria, but concentrated in
the form of a ring localised mainly in the centre of cells
that were about to divide. As division progressed, the
ring was observed to constrict and labelling concentrated
at the tip of the invaginating membrane (Fig. 1, diagram-
matical view). This structure was designated the Z-ring
(Bi & Lutkenhaus 1991). Subsequently, these studies
were extended using immunofluorescence microscopy,
in which the resolution is lower, but examination of a
large number of cells is possible. It was then shown that
the FtsZ-ring was assembled in all cells very early in
the cell cycle and that at non-permissive temperatures,
at which long filamentous bacteria are formed, multiple
Z-rings were localised at precise intervals along the cell
(Fig. 2) (Levin & Losick 1996). Another significant ad-
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Fig. 1: schematic view of the division process of a bacterium where
the nucleoid (in red) and the point of replication origin (oriC, spherical
body in green) move towards the cell poles as soon as the chromosome
replicates. At the end of this process the FtsZ protein assembles into the
Z-ring of the inner face of the cytoplasmic membrane (light green ring)
marking the future division site (reproduced from Margolin 2005).
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vance in this field has come from studies using an FtsZ-
GFP chimera along with deconvolution during acquisi-
tion of immunofluorescence images, thus allowing more
precise localisation of the protein (Ma et al. 1996). Using
this approach, the ring structure was clearly observable
in a three-dimensional view and it was shown that the
Z-ring is assembled very early in the bacterial life cycle.
Small differences in the localisation of the Z-ring in dif-
ferent species were noted. For instance, in E. coli, the
ring was not observed at the end of cells, whereas in B.
subtilis, small spots remained at separation sites after a
new Z-ring had formed (Levin & Losick 1996).

After these initial studies, several groups sought to
detect FtsZ in different species. It is now known that
FtsZ is found in both gram-positive and gram-negative
bacteria, as well as in some species of archaea. Genomic
studies have shown that two Chlamydia species do not
express FtsZ (Stephens et al. 1998, Kalman et al. 1999).
Both of these species are obligate parasites that live in
membrane-bound cytoplasmic vacuoles. It has been sug-
gested that they use the host cell machinery to carry out
their division. Two free-living prokaryote species have
also been found not to express FtsZ. One is Aeropyrum
pernix, an archaecon that lives at 90°C in oceanic ther-
mal vents (Sako et al. 1996) and the other is Ureaplasma
uralyticum, a mycoplasma that lives in a host, but can be
cultivated in axenic medium.

An ftsZ gene has been detected in the plant species
Arabidopsis thaliana. Although this gene is encoded
in the nuclear genome, the protein is synthesised in the
cytoplasm and transported to the chloroplast due to the
presence of a signal sequence (Osteryoung & Vierling
1995). Subsequently, the same group demonstrated the
existence of two genes for this protein in Arabidopsis:
FtsZ1 is transported to the chloroplast, while FtsZ2 re-
mains on the cytoplasmic side of the chloroplast (Ostery-
oung et al. 1998). Antisense experiments showed that
both genes are essential for chloroplast division. FtsZ has
not been found in the mitochondria of most species ex-
amined to date, though this organelle has a prokaryotic
origin. This protein was likely replaced with dynamin in
mitochondria (review in Erickson 2000). However, FtsZ
has been detected in the golden-brown alga Mallomo-
nas splendens, localised in patches on the mitochondrial
membrane (Beech et al. 2000).

Initial sequential analysis showed that FtsZ contains
a short segment of amino acids that is virtually identical
to the tubulin signature motif found in all alpha, beta and
gamma tubulins (de Boer et al. 1992, Raychaudhuri &

Fig. 2: immunolocalisation of the FtsZ protein (B, C, in red) and DNA
(A, C, in blue) in a chain of growing cells of Bacillus subtilis. The
protein is localized between pairs of closely positioned nucleoids. Bar
=5 um (after Levin & Losick 1996).

Park 1992, Mukherjee et al. 1993). Further analysis iden-
tified a dozen additional completely conserved residues.
Identification of the molecular structure of the FtsZ pro-
tein showed that the folds of tubulin and FtsZ are iden-
tical, except for small segments at the amino and car-
boxyl termini (Lowe & Amos 1998, Nogales et al. 1998).
Subsequently, it was shown that in vitro FtsZ assembles
into protofilaments and rods (Bramhill & Thompson
1994, Mukherjee & Lutkenhaus 1994). The protofila-
ments consist of a head-to-tail linear polymer of FtsZ
(Mukherjee & Lutkenhaus 1994, Erickson et al. 1996,
Lowe & Amos 1999, Oliva et al. 2004, review in Mar-
golin 2005). Structural analysis of FtsZ polymers shows
that they are similar to tubulin polymers (Erickson et
al. 1996). However, unlike microtubules, FstZ protofila-
ments do not assemble into higher-order tubules (Fig. 3).
Additionally, FstZ protofilaments do not exhibit an FstZ-
GTP cap. The structure of filaments formed from the
tubulin/FtsZ-like protein TubZ of Bacillus thuringiensis
has been determined by combining crystallography and
electron microscopy analyses. This combined analysis
showed a double helical superstructure, which is unusual
for tubulin (Aylett et al. 2010).

How FtsZ functions remains unclear - It has been
suggested that FtsZ participates in a minimal type of
division machinery containing approximately 15,000
molecules of the protein per cell (Dai & Luthkenhaus
1992) that form protofilaments encircling the bacterium

Fig. 3: negative staining showing the assembly in vitro of FtsZ which
appears in spiral strands (A, B) or as rings (C). Bar = 100 nm (after
Erickson et al. 1996, Lu et al. 2000).
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approximately 30 times. The protofilament would be at-
tached to the membrane either via proteins or through di-
rect association with lipids. Two new proteins designated
FtsK and ZipA could participate in this process. ZipA is
an integral membrane protein that is essential for E. coli
division (Hale & de Boer 1997). It contains an amino-
terminal transmembrane anchor and a cytoplasmic do-
main consisting of three parts: a 60 amino acid charged
domain, a 100 amino acid domain rich in proline and as-
paragine and a 144 amino acid globular carboxy-terminal
domain. FtsZ can assemble into the Z-ring without ZipA,
but recruitment of ZipA to the Z-ring requires FtsZ (Hale
& de Boer 1999, Liu et al. 1999). Some constriction may
occur, most likely due to conformational changes taking
place in the protofilament, which may exhibit a straight
conformation once it is attached to the membrane and
then adopt a curved conformation upon dissociation from
the membrane (Erickson 1997). The FtsZ ring consists
of many bundles of protofilaments that continuously ex-
tend and shrink due to the addition of GTP-FtsZ and the
release of GDP-FtsZ (review in Graumann 2004). In the
presence of GTP, protofilaments are usually straightened,
whereas in the presence of GDP, protofilaments favour a
curved conformation.

It is important to note that FtsZ serves as a target for
several auxiliary proteins. For instance, FtsA and ZipA
appear to stabilise the Z-ring and ZipA is also involved in
the crosslinking of FtsZ protofilaments, whereas SulA,
EzrA and MinC are inhibitors of FstZ polymerisation.
All of these proteins interact at the level of division site
placement. They appear to be recruited in a linear order,
with FtsA and ZipA being required for all the other pro-
teins to be recruited (reviews in Margolin 2005, Moller-
Jensen & Lowe 2005).

In addition to FtsZ, other tubulin homologues have
been found in some prokaryotes. BtubA and BtubB were
found in Prosthecobacter dejongeii (Schlieper et al.
2005, review in Shih & Rothfield 2006, Lowe & Amos
2009). The sequence homology between the bacterial
proteins and tubulin varies considerably: the homology
is 17% for FstZ and 35% for BtubA/B relative to tubu-
lin (Schlieper et al. 2005, review in Graumann 2007).
However, sequencing studies have shown that FstZ and
GtubA/B do not correspond to either alpha or beta tu-
bulin, but contain mosaic sequences with intertwining
features from both types of tubulin proteins (Martin-
Galiano et al. 2011). Isolated BtubA and BtuB proteins
co-assemble in a 1:1 ratio into protofilament polymers
that hydrolyse GTP (Schlieper et al. 2005). The genes
encoding these proteins were most likely transferred
from a eukaryotic cell via horizontal gene transfer, di-
verging shortly after tubulin gene duplication (Schlieper
et al. 2005, Martin-Galiano et al. 2011).

Because FstZ is involved in cell division, it has be-
come a target for the development of new drugs able to
inhibit prokaryotic proliferation. Special emphasis has
been placed on the development of drugs that do not
interfere with eukaryotic tubulin. Indeed, it has been
shown that viriditoxin, a natural compound isolated from
Aspergilus viridinutans, inhibits FstZ polymerisation at
concentrations in the pg/mL range (Wang et al. 2003).

Several other drugs, such as SRI-3072, a taxane deriva-
tive, sanguinarine, a 3-(2-indolyl) piperidine derivative,
and a carboxybiphenyllindole derivative, have been
shown to interact with FstZ (review in Volmer 2006).

Actin-like homologues - Since the late 1980s, it has
been known that the gene mreB (from murein cluster e)
is involved in establishing and maintaining the shape of
prokaryotic cells (reviewed in Graumann 2004). A lack
of mreB in E. coli causes cell death. Other MreB-like
proteins have been identified in B. subtilis, namely Mbl
and MreBH. Depletion of these proteins leads to bending
and distortion of the cell’s shape, leading to the appear-
ance of banana-shaped cells (Abhayawardhane & Stew-
art 1995, Jones et al. 2001, Souto & Graumann 2003).
Genes encoding both proteins have been found in almost
all rod-shaped species and are absent from species that
grow as cocci (Daniel & Errington 2003). It has been
shown that MreB exists during most of the cell cycle
and it splits into two equivalent structures (Fig. 4) in a
process that is triggered via membrane association with
the tubulin-like protein FstZ (Vats & Rothfield 2007).
Further studies have shown that these proteins are in-
volved in the maintenance of cell shape and viability.
Immunofluorescence microscopy of cells transfected
with GFP-tagged MreB and Mbl showed that they form
filamentous structures in a helically arranged pattern
localised below the bacterial membrane. Mbl filaments
extend from pole to pole, while MreB filaments were not
detected at the poles (Jones et al. 2001). These observa-
tions led to the suggestion that MreB is involved in the
control of cell width, while Mbl controls cell length.

A breakthrough in this area of inquiry came from
work showing that MreB is a member of the actin fam-
ily and that it forms actin-like double filaments that run
in parallel and with the same linear orientation, in con-
trast to what is observed for actin, which adopts a heli-
cal organisation (Van den Ent et al. 2001). Furthermore,
unlike actin, which favours ATP over GTP, MreE can
use both ATP and GTP equally well for the formation of
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Fig. 4: immunolocalisation of FtsZ (in red) and MreB (in green) in Es-

cherichia coli (A, B) showing the MreB splitting during the cell cycle
in association with FstZ. Bar = 1 um (after Vats & Rothfield 2007).
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filaments. MreE filaments are more rigid than actin fila-
ments and they tend to assemble into bundles. In contrast,
actin filaments are assembled as single filaments (Esue
et al. 2006). The spacing between MreB proteins along
protofilaments is 5.1 A, while the spacing between sub-
units of eukaryotic actin is 55 A (Fig. 5). These proteins
change their pattern of localisation according to the cell
cycle stage (Carballido-Lopez & Errington 2003, Figge et
al. 2004). Bundles of filaments move continuously and in
parallel along helical tracks (Defeu-Soufo & Graumann
2004). It has also been suggested that these proteins are
involved in the organisation of the cell wall, leading to
the cells acquiring their typical rod-like shape (Daniel &
Errington 2003). Other data also demonstrate the involve-
ment of actin-like proteins in the segregation of plasmids
and whole chromosomes (Van den Ent et al. 2002).

ParM belongs to another class of actin homologue that
differs with respect to its sequence and polymerisation
dynamics from the MreB class. While the MreB class is
always encoded in the bacterial chromosome and regu-
lates a wide array of cellular functions, the ParM class
always interacts with extrachromosomal plasmids and
appears to be dedicated to the segregation of plasmids,
functioning as a motor. As filaments grow, they push
plasmids to the cell poles prior to cell division (Moller-
Jensen et al. 2003, review in Gitai 2005). Two other Par
proteins, ParA and ParB, have been characterised in
Caulobacter crescentus. Par A forms linear polymers in
vitro. Par B is a centromere-binding protein that binds to
and destabilises the Par A structure, causing centromere
movement to opposite poles (Ptacin et al. 2010). This ob-
servation suggests that prokaryotic cells use mechanisms
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Fig. 5: transmission electron microscopy of negatively stained sam-
ples of MreB filaments of Thermotoga maritima with the correspond-
ing diffraction images (insets in A, B) showing the first strong layer
line at 51 A. The protofilaments are aligned vertically in the MreC
sheet. The arrow in A points to the same filament showed at higher
magnification in a (right side) with its filtered image displayed in b
(A, left side). Fig. B shows a MreB sheet with the corresponding dif-
fraction image (B, inset in upper right side) and the corresponding
filtered images (B, insets in the lower right side). Bar = 100 nm (after
van den Ent et al. 2001).

resembling well-characterised mechanisms involved in
the mitotic machinery operating in eukaryotic cells.

No other cytoskeletal motor proteins, such as dynein,
kinesin or myosin, have been identified in prokaryotes
thus far.

Intermediate-like filament protein homologues -
Studies using the bacterium C. crescentus, which pres-
ents a vibrio shape with a crescent form, show that this
shape is due to the presence of a protein known as CreS-
protein, or crescentin. The corresponding gene was iden-
tified and it was found that when it was deleted, cells still
grew but lost their typical shape, resulting in straight
cells (Ausmees et al. 2003). Immunofluorescence mi-
croscopy showed that the protein localises in a filamen-
tous form on the concave side of cells and along the in-
ner cell curvature over the entire length of the helical
cells. The available data indicate that the CreS protein
induces cell bending and creates asymmetry along the
length of a cell. This protein has also been found in other
species, including Helicobacter pylori. Further analysis
of this protein showed that it exhibits a high content of
coiled-coils and strutters, which are positions where the
coiled-coils are disrupted. This organisation resembles
that found in proteins such as keratin, which forms inter-
mediate filaments. Indeed, isolated CreS protein assem-
bles into 10 nm thick filaments in vitro without requiring
cofactors or energy. It was found that crescentin shares
approximately 25% sequence identity and 40% similar-
ity with eukaryotic intermediate filament proteins (Aus-
mees et al. 2003, Ausmees 2006).

A second type of intermediate-like filament has been
characterised in several spirochete genera, including
Treponema, Spirochaeta, Leptonema and Diplocalyx. It
appears as a filamentous ribbon-like structure composed
of two-six filaments, which are severed during cell di-
vision such that half of them remain in each daughter
cell. The width of the filaments is approximately 6 nm
and the space between them is approximately 10.4 nm.
Based on the thickness of these filaments, they are very
different from typical intermediate filaments of mam-
malian cells, which exhibit a thickness of approximately
10 nm. The protein that forms these filaments is encoded
by a gene known as ¢fp4 and the corresponding protein
is CfpA, which is a unique peptide of 82 kDa (Masuda &
Kawata 1989, You et al. 1996, Izard et al. 1999). There is
no sequence similarity between CfpA and other known
proteins and it does not contain any predicted extended
coiled-coil domains (Izard et al. 1999). Electron micro-
scope tomography revealed that the filaments are part of
a complex in which one set of components anchors the
filaments to the membrane while another set establishes
bridges between the filaments and cytoplasmic com-
ponents. In addition, the filaments do not contact each
other (Izard et al. 2004, Izard 2006).

Although this has not yet been studied in detail, other
proteins have also been implicated in the assembly of
intermediate filament-like structures presenting typical
coiled-coil domains. These structures include the fibril-
lar structures found in Spiroplasma melliferum formed
by a 55-59 kDa protein. The assembled filaments are lo-
cated beneath the membrane and are arranged in parallel
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ribbons extending along the length of the spiral-shaped
organism and their expression is dependent upon the
cfpA gene (Townsend et al. 1980, Trachtenberg 1998, 1z-
ard et al. 1999, Kurner et al. 2005). Another filamentous
structure is related to the protein AglZ. The C-terminal
region of this protein includes heptad repeats, which
are a characteristic of the rod region of coiled-coils of
proteins, such as the myosin heavy chain observed in
Myxococcus xanthus (Yang et al. 2004). Expression of
this protein in E. coli results in the formation of a paral-
lel array of filaments. Finally, another type of structure
has been described based on cytoskeletal-like structures
that have been observed in both intact and detergent-
extracted Mycoplasma pneumoniae (Regula et al. 2001,
Hegermann et al. 2002).

Protein glycosylation - For many years, protein gly-
cosylation was considered to be a characteristic feature
of eukaryotic cells, which possess an elaborate system
of cisternae forming the endoplasmic reticulum and
Golgi complex systems. One of the first indications that
protein glycosylation also takes place in prokaryotic
cells came from work on Halobacterium halobium and
Clostridia, in which the existence of an S-layer glyco-
protein accounting for approximately 50% of the cell en-
velope proteins was demonstrated. Subsequently, other
glycosylated proteins have been found in structures such
as flagella and pili. Glycoproteins appear to be modified
primarily by short-chain carbohydrate moieties (mono to
trisaccharide substituents). The consensus sequence for
N-glycosylation (Ser/Thr-Xaa-Asn) has been identified
in Mycoplasma tuberculosis, while a sequence motif
for O-glycosylation has not been identified. There are
several excellent reviews on this subject (Schaffer et al.
2001, Benz & Schmidt 2002).

Protein complexes - At present there, is a great deal of
evidence of the presence of protein complexes localised
in the cytoplasm. These complexes usually consist of
several proteins that associate with each other, forming
a structure that can be recognised in thin sections using
electron microscopy in many cases. If the complex is too
small, it is not directly recognised, but can be isolated
through differential centrifugation and then subjected to
structural analysis. The biological way to form a protein
complex is to combine proteins involved in a well-defined
metabolic pathway. Therefore, we can consider protein
complexes as defining a certain subcompartment of the
cell. Because these complexes are not surrounded by a
typical unit membrane, I prefer to refer to them as protein
complexes rather than protein organelles, as described
by others. One good example of a protein complex in a
eukaryotic cell is the proteasome, which is a structure
involved in the degradation of proteins.

In the case of prokaryotic cells, cytoplasmic struc-
tures initially referred to as inclusion bodies or poly-
hedral bodies have been observed since 1956 in the
cyanobacterium Phormidium uncinatum (Drews & Nik-
lowitz 1956). Interest in this field increased when these
bodies were identified and isolated from the chemoau-
totrophic bacterium Halobacterium neapolitanus and
were shown to be composed of a surrounding shell and a

matrix containing the enzyme ribulose-1-5-biphosphate
carboxylase, also abbreviated as RuBisCO. They were
then designated as carboxysomes (Shively et al. 1973).
Carboxysomes are considered to exist in all cyanobac-
teria and in a limited number of sulphur and nitrify-
ing bacteria (reviews in Bobik 2006, Yeates et al. 2007,
2008). In addition to RuBisCO, a set consisting of seven-
11 other proteins is found in carboxysomes.

Carboxysomes play a central role in the final stage of
the carbon-concentrating mechanism through which au-
totrophic microorganisms accumulate inorganic carbon
to enhance CO, fixation. The process also involves the
conversion of bicarbonate to CO2 (Fig. 6).

Carboxysomes exhibit an icosahedral structure with
nearly flat triangular faces (Schmid et al. 2006) and usu-
ally show a cross-sectional diameter of approximately
100-150 nm. Therefore, they are approximately 1,000
times larger than a ribosome. Their shell measures ap-
proximately 3-4 nm and is composed of several proteins
designated as CsoSl. It is important to note that homo-
logues of the carboxysome shell proteins have been re-
ported in Salmonella (Chen et al. 1994).

Organelles - Evidence now exists supporting the
presence of membrane-bound organelles in prokaryotic
cells. Here, we will describe the organelles that are bet-
ter characterised, such as the magnetosomes, lipid bod-
ies and acidocalcisomes.

Magnetosomes are found in magnetotactic bacteria,
which are mostly aquatic prokaryotes that swim along
geomagnetic field lines (Blakemore 1975). These bac-
teria are able to synthesise a magnetic mineral crystal
whose morphology is species specific. These bacteria
mineralise either iron oxide magnetosomes, which con-
tain crystals of magnetite (Fe,O,) (Frankel et al. 1979),
or iron sulphide magnetosomes (Farina et al. 1990,
Heywood et al. 1990, Mann et al. 1990), which contain
crystals of greigite (cubic Fe,S,), mackinawite (tetrago-
nal FeS) and cubic FeS (Posfai et al. 1998). Other iron
sulphide minerals have also been identified (review by
Bazylinski & Frankel 2004). Recent studies point to the
existence of a novel group of sulphate-reducing bacte-

Fig. 6: transmission electron microscopy of a thin section (A) of Ha-
lothiobacillus neapolitanus showing carboxysomes inside the cell
(arrows) and a negative staining of isolated carboxysomes (B). Bar =
100 nm (reproduced from Yeates et al. 2007).
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ria that present two different magnetosome gene clus-
ters, suggesting that one may be responsible for greigite
biomineralisation and the other for magnetite (Lefévre et
al. 2011). In most cases, the magnetosomes are arranged
in one or more chains, which is a process in which fila-
ments of actin-like proteins seem to be involved (Figs
7-9). Each magnetosome is 35-120 nm long and displays
roughly cuboidal, elongated prismatic or tooth, bul-
let or arrowhead-shaped crystals. The magnetosome is
surrounded by a 3-4 nm thick lipid bilayer containing
phospholipids, fatty acids and some proteins (Gorby et
al. 1988). A 16 kDa protein with GTPase activity was
detected in the magnetosome membrane of Magne-
tospirillum magneticum (Okamura et al. 2001). Proteins
involved in the transport of iron have also been found.
Freeze-fracture studies clearly showed that the magne-
tosome membrane displayed intramembranous particles
on both fracture faces. Indeed, a large number of pro-
teins have been identified in the membrane (review by
Bazylinski & Frankel 2004).

The biogenesis of magnetosomes seems to involve
several steps including (i) magnetosome vesicle forma-
tion, most likely derived from the bacterial membrane,
(i1) arrangement of the vesicles into chains, a process in-
volving cytoskeletal components (Komeili et al. 2006),
(ii1) iron uptake by the bacterium, (iv) iron transport into
the magnetosome and (v) controlled biomineralisation
within the organelle (reviewed by Frankel & Bazylinski
2006). Genomic analysis indicates that approximately
28 conserved genes are associated with the biogenesis
and function of magnetosomes. Approximately 20 pro-
teins are also involved in these processes. The assembly
of the magnetosome chain involves an acidic protein that
links the magnetosomes to an actin-like cytoskeleton
(reviewed by Schuller 2008).

Acidocalcisomes are acidic calcium storage organ-
elles that have been described and characterised in sev-
eral parasitic protozoa (Seufferheld et al. 2003, reviewed
by Docampo et al. 2005). Based on morphological,
biochemical and physiological data, it was shown that
they correspond to structures known as volutin gran-
ules that have been found in several cell types, includ-
ing prokaryotic cells. Acidocalcisomes were character-
ised in Agrobacterium tumefaciens (Fig. 10) based on
the following experiments: (i) electron microscopy of
thin sections showed the presence of membrane-bound
organelles with an electron-dense content, (ii) X-ray mi-
croanalysis showed the presence of phosphorous, mag-
nesium, potassium and calcium in the electron-dense
content of the organelle, (iii) pyrophosphatase was lo-
calised to the organelle using immunofluorescence mi-
croscopy and (iv) it was indicated that the organelle was
acidic based on staining with the LysoSensor blue DND-
167 dye (Seufferheld et al. 2003).

Other organelles include (i) a large number of vesicles
in photosynthetically grown cells of several purple bacte-
ria, known as chromatophores (Cohen-Bazire & Kunisa-
wa 1963), (ii) sac-like thylakoids in cyanobacteria (Jensen
1993), (iii) inclusions containing poly-p-hydroxybutyrate,
the sulphur globules of Thiorhodaceae and the gas vac-
uoles of some aquatic bacteria, (iv) the pirellulosome

Fig. 7: transmission electron microscopy of a thin section of a mag-
netotactic multicellular prokaryote where individual organisms are
indicated by small arrows and the internal compartment is indicated
by an asterisk. Lipids or polyhydroxyalkanoate inclusions (small
stars) and small magnetosomes are also seen. Bar = 1 um (after
Keim et al. 2004).

Fig. 8: visualization of filamentous structures small arrows in A and
B flanking the magnetosomes as shown in cells grown in the presence
(A) and absence of iron (B), a situation in which the magnetite crys-
tals are not formed. A three-dimensional view of the magnetosomes
(yellow) and the associated filaments (in green) is shown in C. Bar =
100 nm (after Komeili et al. 2006).

Fig. 9: high magnification of a thin section of a magnetotactic bac-
teria showing magnetosomes in a chain array and enveloped by a
membrane. Bar = 50 nm (micrograph from TJ Beveridge) (reproduced
from Bazylinski & Frankel 2004).
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found in Planctomycetales and (v) the anammoxosome of
Candidatus species (Lindsay et al. 2001).

Additionally, many prokaryotic cells are able to ac-
cumulate large amounts of lipids into cytoplasmic lipid
bodies. In some species, triacylglycerols predominate,
as in the case of Mycobacterium sp. In others, such as
Acinetobacter and Micrococcus, the accumulation of
wax esters predominates. Polyhydroxyalkanoates are
also found in Bacillus megaterium (reviewed by Wal-

Counts
Counts

Fig. 10: presence of acidocalcisomes in the bacteria Agrobacterium
tumefasciens as shown in negatively stained intact cells (A) as well
as in thin sections (small arrows in D, F). X-ray microanalysis also
shows the presence of phosphorous, magnesium, potassium and cal-
cium (B, C). Small arrowheads in G and H indicate the membrane of
the organelle. Bars = 5.0 and 0.1 pum, respectively for A-D and E-H
(after Seufferheld et al. 2003).

termann & Steinbuchel 2005). Initial electron micros-
copy studies suggested that the lipid inclusions were
surrounded by a membrane or envelope that stabilises
highly hydrophobic content in the aqueous cytoplasmic
environment (review by Alvarez & Steinbuchel 2002).
However, it is currently thought that lipid inclusions are
surrounded by a thin phospholipid monolayer boundary
containing associated proteins (reviewed by Waltermann
& Steinbuchel 2005, Murphy 2011).

Cytonemes and tunnelling nanotubes - While
analysing the imaginal discs of Drosophila, Ramirez-
Weber and Kornberg (2000) observed the presence of
filopodia-like structures up to 100 pm in length rich in
actin connecting different cells. They designated these
structures “cytonemes” after the Latin term for “cell
thread”. Since then, similar structures have been ob-
served in many cell types (reviewed by Sherer & Mothes
2008). This is clearly a very thin (approximately 300 nm
in diameter), highly dynamic and fragile structure. It is
more easily found in cell cultures in which the cell sur-
face has been labelled with a fluorescent dye or stained to
detect actin filaments and observed using immunofluo-
rescence microscopy. Observation of cytonemes using
electron microscopy requires careful processing to avoid
rupturing their very thin and delicate structure.

Studies have investigated the functional roles played
by the cytonemes/tunnelling nanotubes. It is clear that
these structures establish close contact between cells and
that the transport of molecules and even small organelles,
such as endocytic and secretory vesicles as well as prions,
takes place through these structures (reviewed by Ger-
des & Carvalho 2008, Davis & Sowinski 2008, Sherer
& Mothes 2008, Gousset et al. 2009). Some bacteria and
viruses have been shown to use this type of structure as
a type of cable following its binding to their extracellular
surface (Onfelt et al. 2006, Sherer et al. 2007).

More recently, nanotube-like structures were also
reported in the bacteria B. subtilis, E. coli and Staphylo-
coccus aureus (Dubey & Ben-Yehuda 2011). These au-
thors showed that GFP molecules are transferred from
one cell to the other via nanotubes. In addition, bacteria
use nanotubes for the transfer of molecules involved in
resistance to antibiotics. Electron microscopy revealed
the presence of nanotubes with a width varying from
30-130 nm connecting bacteria. Nanotubes can reach a
length of 1 pm (Fig. 11).

Perspectives - Significant advances in the fields cov-
ered in this review are expected over the next few years,
mainly due to increased use of high-resolution micros-
copy techniques, proteomics and genomics. For instance,
we expect that proteomics analyses of isolated filament
complexes will reveal new proteins associated with the
major ones characterised to date. Previous experiences
regarding the cytoskeletal structures of mammalian
cells have shown that for each major protein involved,
there are many others that play a role in the control of
the assembly and disassembly of the filaments. The use
of high-resolution electron microscopy, especially cryo-
electron tomography, will reveal new details about the
association of the filaments with the plasma membrane
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Fig. 11: scanning electron microscopy showing the presence of nano-
tubes connecting bacteria. Bar =2 um (courtesy of S Ben-Yehuda).

and other structures. This information is important with
respect to analysing the functionality of the various
structures discussed.
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