
Many bacterial plasmids are maintained at low copy 
number (~1–5 copies per chromosome equivalent). 
To prevent plasmid loss at cell division, plasmids have 
evolved active segregation mechanisms that are loosely 
analogous to the spindle apparatus in eukaryotic cells1–3. 
These segregation machineries involve a small number 
of components, and they are remarkable for the effi-
ciency with which these components interact with and 
modulate the activity of one another to achieve plasmid 
motility. Plasmid segregation systems usually function by 
separating pairs or clusters of newly replicated plasmid 
molecules and then moving an equal number to opposite 
halves of the host cell to ensure that they will be equally 
inherited by both daughter cells on cell division.

Three major classes of segregation system have been 
identified to date for low-copy-number plasmids4. 
Although these are composed of apparently unrelated 
proteins, they are unified by a common overall genetic 
organization, similar to that of the parMRC locus shown 
in FIG. 1a. Each system has three components: a nucle-
otide-driven motor protein, a small DNA-binding adap-
tor protein and a centromere-like DNA region to which 
the adaptor binds. The motor protein defines the class 
of segregation system and can be described as ParA-like 
(type I; BOX 1), ParM-like (type II) or TubZ-like (type III; 
BOX 1). The motor proteins form nucleotide-dependent 
cytomotive filaments5, with the ParA family being driven 
by a deviant Walker A protein, the ParM family comprising 

dynamic actin-like filaments and the TubZ family con-
sisting of dynamic filaments that have a tubulin-like fold 
at the monomer level6. A potential fourth class of plas-
mid segregation system has recently been described and 
seems to require just a single protein for segregation7.

The parMRC locus was originally isolated from the 
large, low-copy-number, multiple-antibiotic-resistant 
plasmid R1 from Escherichia coli8, and it is currently the 
best characterised active plasmid segregation system. 
The fundamental molecular mechanism for DNA seg-
regation by parMRC is thought to be based on bundles of 
actin-like ParM filaments that push ParR–parC-bound 
plasmids to opposite poles of the cell by a mechanism 
of insertional polymerisation9 (FIG. 1b,c). ParM filaments 
are dynamically unstable unless they are capped by the 
plasmid-bound ParR–parC nucleoprotein complex, and 
they thus use cycles of growing and shrinking to search 
the cell space for plasmids10. Only when they are capped 
by a ParR–parC complex at both ends do the filaments 
become stabilized; their subsequent bidirectional elon-
gation ensures that the filament-bound plasmids move 
to opposite poles.

Several closely related ParMRC systems have been 
identified on plasmids from both Gram-positive and 
Gram-negative bacteria. Although most experiments 
have been carried out on the original E. coli R1 sys-
tem, an increasing amount of mechanistic work has 
focused on components of the ParMRC systems from 
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Walker A protein
Protein that contains a Walker 
A motif (GXXXGKT; where X  
is any amino acid), and is 
involved in the nucleotide 
binding of many ATP-requiring 
enzymes.

Tubulin
Basic subunit of microtubules. 
Tubulin comes in two forms, 
α-tubulin and β-tubulin, which 
form heterodimers that make 
up microtubules.
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Abstract | The ParMRC plasmid partitioning apparatus is one of the best characterized 
systems for bacterial DNA segregation. Bundles of actin-like filaments are used to push 
plasmids to opposite poles of the cell, whereupon they are stably inherited on cell division. 
This plasmid-encoded system comprises just three components: an actin-like protein, ParM, 
a DNA-binding adaptor protein, ParR, and a centromere-like region, parC. The properties and 
interactions of these components have been finely tuned to enable ParM filaments to search 
the cell space for plasmids and then move ParR–parC-bound DNA molecules apart. In this 
Review, we look at some of the most exciting questions in the field concerning the exact 
molecular mechanisms by which the components of this self-contained system modulate 
one another’s activity to achieve bipolar DNA segregation.
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Filamentous actin
Flexible, helical polymer of 
G-actin monomers that is 
5–9 nm in diameter. This 
polymer is polar, displaying a 
plus end and a minus end. 

Microtubule
Hollow tube, 25 nm in 
diameter, that is formed by  
the lateral association of 
13 protofilaments, which are 
themselves polymers of 
α-tubulin and β-tubulin 
subunits.

the Staphylococcus aureus plasmid pSK41 and the E. coli 
plasmid pB171 (REFS 11–13). Two recent reports identi-
fied several other plasmid segregation systems that are 
driven by dynamic actin-like filaments. These actin 
homologues are as distantly related to ParM as they  
are to actin in terms of primary sequence, and there are 
reports that certain aspects of the structure and dynam-
ics of these filaments may differ from those of ParM14–17. 
However, it is reasonable to assume that the overall  
principle of coupling filament dynamics to an adaptor– 
centromere complex to achieve DNA motility is conserved, 
along with the actin-like fold of the motor element.

There are three areas of active research that aim to 
dissect and validate the insertional polymerization model 
for R1 ParMRC-mediated plasmid DNA segregation. The 
first area of research concerns the exact conformation and 
arrangement of ParM in its polymerized and monomeric 
states, and how these explain the dynamic behaviour of 

ParM filaments. The second area aims to elucidate the 
details of the ParR–parC interaction with ParM filaments 
and the molecular mechanism by which this interaction 
results in filament stabilization and elongation. Finally, 
the third area covers how the ParMRC segregation sys-
tem functions in its cellular environment and whether 
there are any additional, host-encoded factors or signals 
that are required to mediate accurate DNA segregation. 
Here, we review the current state of understanding in 
these three areas and describe the outstanding challenges 
in and beyond these areas of research. We also compare 
the structural and dynamic properties of ParM filaments 
with those of the two major eukaryotic cytoskeletal  
filaments, filamentous actin (F-actin) and microtubules.

Dynamics and structure of ParM filaments
Cytomotive filaments. Protein filaments can lead to 
molecular movement and force generation in one of two 
ways: by providing a track for other proteins to move or 
ratchet along, or by attaching their ends to a structure 
and pushing or pulling it as a result of filament growth 
or shrinkage. This second mode of action distinguishes 
dynamic filaments from static oligomeric assemblies 
and is achieved by coupling nucleotide binding and 
hydrolysis to polymerization. Such dynamic behaviour 
of cytoskeletal filaments has been described as ‘cytomo-
tive’ (REF. 5), and it has been proposed that cytomotive 
filaments might have constituted the original cytoskele-
ton, with the adaptation to serve as tracks for motor pro-
teins having evolved as a result of the demand for greater 
complexity in eukaryotic cells5. Indeed, although actin 
and microtubules use both motor proteins and dynamic 
reorganization to transport cargo and reorganize cellular 
structures, no motor proteins have been found in bacte-
rial cells to date, and the bacterial cytoskeleton is instead 
composed of several dynamic, cytomotive filaments, 
including the chromosomally encoded tubulin-like  
protein FtsZ and the actin-like protein MreB.

ParM, actin and microtubule filaments all display 
distinct patterns of growth and shrinkage that are deter-
mined by a few key parameters and are tuned to perform 
specific functions. In addition, the dynamic behaviour of 
actin and microtubules is strictly regulated in the cell by 
a family of cofactors. This prevents spontaneous assem-
bly and disassembly of filaments and enables a greater 
range of structural arrangements, as well as allowing the 
formation of the stable structures that are required as 
tracks for motor proteins. The parameters that deter-
mine the dynamic patterns of growth and shrinkage 
(and which are modulated by cofactors for actin and 
microtubules) include: the dissociation constants of 
the filament subunits in different nucleotide states; the 
rates of NTP hydrolysis and inorganic phosphate (Pi) 
release in both free and polymerized subunits; and the 
intrafilament stimulatory effect of adjacent NTP-bound, 
NDP-bound or NDP–Pi-bound subunits on those NTP 
hydrolysis and Pi release rates.

Dynamics of ParM filaments. Despite a similar over-
all arrangement, the dynamics of ParM filaments dif-
fer from the dynamics of actin filaments in several 

Figure 1 | An	overview	of	the	plasmid	R1-encoded	ParMRC	plasmid	segregation	
system.	a | The parMRC operon. The centromere, parC, is composed of two blocks of five 
short repeats, which are interrupted by a 39 bp region containing the promoter for parM 
and parR (P

MR
). ParR, an adaptor protein, binds to parC and represses transcription. 

b | Plasmid segregation by dynamic ParM filaments in cells. Plasmids are shown in pink, 
ParR in blue and ParM in orange. c | Search and capture: the molecular mechanism of 
plasmid segregation by ParM. ParM forms short filaments in the presence of ATP, which 
either undergo catastrophic disassembly following ATP hydrolysis to ADP plus inorganic 
phosphate (P

i
), or become capped by a ParR–parC complex and undergo stable bipolar 

elongation.
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Cofilin
Actin-binding protein that 
promotes disassembly at the 
minus ends of actin filaments.

Barbed end
The plus end of the polar 
F-actin polymer, which is more 
active than the minus end with 
regard to the incorporation of 
G-actin into the polymer. 

Magnetosome
Unique intracellular structure 
that is found in magnetotactic 
bacteria and comprises a 
magnetic mineral crystal 
surrounded by a lipid bilayer 
membrane.

important ways18 (TABLE 1). ParM, actin and microtubule 
filaments have structural polarity, as subunits in the fila-
ments are all arranged in the same direction. However, 
whereas actin and microtubules exhibit distinct kinetic 
properties at both ends, ParM is kinetically apolar and 
exhibits equal elongation from both ends18,19. This is 
probably required to enable the ParM filaments to move 
plasmids in both directions, to the opposite poles of the 
cell. By contrast, spontaneous polymerization of both 
actin and microtubule filaments occurs preferentially at 
only one end, and this is facilitated in the cell by orienta-
tion-dependent assembly cofactors that tightly regulate 
unidirectional growth.

Microtubules and ParM filaments exhibit different 
patterns of growth and shrinkage from actin owing to 
differences in the dissociation rate constants of NDP-
bound ends and NTP-bound ends (TABLE 1). For both 
microtubules and ParM, NDP-bound subunits dissociate 
rapidly from the ends of the filaments18,20. Thus, if the 
filaments are not protected by an NTP-bound cap (or 
an additional cofactor protein), they fall apart rapidly 
in a behaviour known as catastrophic disassembly18,20. 
By contrast, ADP-bound actin filaments are more sta-
ble and dissociate slowly unless assisted by an additional 
cofactor protein such as cofilin21.

Both actin and ParM assemble by a nucleation and 
condensation reaction, which begins with the forma-
tion of a small and stable filament nucleus and proceeds 
with elongation from this seed. Following nucleation, 
the elongation rates of ParM and of actin filaments (at 
the barbed end) are comparable (TABLE 1), and the key 
difference that defines the propensity for spontaneous 
polymerization is the rate of nucleation, which is 300-
fold higher in ParM than in actin18. This kinetic barrier 
ensures that cellular actin only polymerizes at a specific 
time and place. By contrast, the low nucleation barrier 
of ParM, combined with catastrophic disassembly, ena-
bles short filaments to form spontaneously in cells and to 
randomly search the cell space for plasmid-bound ParR–
parC complexes10. It is worth noting that the nucleation 
rate is not related to the critical concentration, which 
describes the minimum concentration required for bulk 
filament formation. The measured critical concentration 
of ParM is higher than that of actin (2.3 μM compared 
with 0.1 μM), mainly as a result of the effects of depo-
lymerization through dynamic instability, although this 
critical concentration remains much lower than the  
estimated cellular ParM concentration (12–14 μM).

Structure of ParM. The sequence identity between actin 
and ParM is low (<15%), although the two proteins are 
of similar sizes and share a conserved patch of resi-
dues around the nucleotide-binding active site, which 
was originally used to predict that ParM might be an 
actin-like protein22,23. This relationship was confirmed 
by the crystal structure of ParM, which revealed a fold 
and domain arrangement very similar to that of globular 
actin (G-actin)24 (FIG. 2a). There are several actin-like pro-
teins in bacteria25, many of which also have low sequence 
identities with actin and with one another. These include 
filament-forming proteins such as the widespread chro-
mosomally encoded actin homologue MreB26–28, as well 
as the rare magnetosome-positioning protein MamK 
from magnetotactic bacteria29,30.

The actin fold of ParM is composed of two domains, 
I and II, on either side of a nucleotide-binding pocket. 
Each of these domains is divided into two subdomains: 
Ia and IIa are the two larger subdomains, which share a 
common fold and are generally well conserved, and Ib 
and IIb are the two smaller subdomains, of which Ib is 
highly variable. Monomeric ParM has been crystallized 
in several different nucleotide-bound states24,31, and these 
data have shown that the monomer undergoes a confor-
mational change on nucleotide binding, such that the 
two main domains, I and II, move towards one another 
and close the interdomain pocket (FIG. 2b).

ParM assembles into polar, twisted, double-stranded 
filaments that have a general rise and twist very similar to 
that of F-actin, although the protofilaments wrap around 
one another in a left-handed arrangement in ParM com-
pared with the right-handed organization of the proto-
filaments of actin24,31–33 (FIG. 2c–e; TABLE 1). Two parallel 
protofilaments wrap around each other, with 2 × ~12 
subunits per complete turn in ParM compared with 
2 × ~13 subunits per complete turn in actin. By contrast, 
protofilaments of the chromosomally encoded actin 

 Box 1 | Other bacterial DNA segregation systems

Type I	(ParA-based)	systems
The ParA-driven family of segregation systems is characterized by a deviant Walker A 
motif that is structurally related to the Escherichia coli cell division protein MinD60,61; 
this family of proteins is known as the WACA protein family62. ParA systems seem to be 
more prevalent than the ParMRC-like actin-based systems and are similar to the 
widespread Soj–Spo0J system that acts in concert with several other DNA-binding 
proteins to regulate bacterial chromosome replication and segregation63–65. These 
systems are composed of a motor protein (ParA), an adaptor (ParB), and a centromere 
(parS), although the names of the components differ for some systems. Typically, ParB 
forms a large nucleoprotein complex with parS47,66–70, analogous to the ParR–parC 
complex of the ParMRC system. The exact mechanism by which the ParA motor protein 
achieves equal repositioning of ParB–parS-bound plasmids is not fully understood and 
seems to vary between different systems, but it probably requires regulated assembly 
of the ParA filaments over the surface of the nucleoid71–73. Several ParA-like proteins 
have been shown to form ATP-dependent and DNA-dependent polymers that are  
likely to be required for DNA segregation71,73–80. The most intuitive model so far for 
ParA-driven plasmid repositioning comes from the ParABS system of pB171 and 
involves pulling ParB-bound plasmids behind depolymerizing ParA filaments to achieve 
equal redistribution of plasmid clusters over the surface of the nucleoid55.

Type III	(TubZ-based)	systems
In addition to the ParM and ParA segregation systems, a third family has recently been 
described that is based on a tubulin- and FtsZ-like protein, TubZ81, and which is required 
for the segregation of two Bacillus subtilis plasmids, pBToxis and pXO1 (REFS 81–84). 
This exciting discovery highlights and reinforces the principle that segregation 
machineries can adopt and adapt different cytomotive filaments to achieve the same 
basic DNA partitioning function. Again, the TubZ system uses a predicted small 
DNA-binding protein, TubR, as well as a putative centromere region, and it is likely that 
these components will form a plasmid-bound nucleoprotein complex to couple the 
DNA to the filaments. In a further twist to the remarkable adaptability of cytomotive 
filaments, TubZ filaments differ from tubulin, exhibiting an actin-like treadmilling 
movement in both B. subtilis and E. coli cells and apparently forming double-helical 
filaments. TubZ treadmilling is reminiscent of the non-actin-like dynamic properties of 
ParM and shows that these basic subunit structures have been used as a scaffold to 
which modifications have been applied to alter a few key dynamic parameters, 
resulting in dynamically distinct filaments that are tuned to perform novel functions.
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homologue MreB do not twist around one another to 
form double filaments but rather assemble into straight 
double protofilaments28,34.

Structural basis of dynamic behaviour. An understand-
ing of the molecular mechanisms of filament dynamics 
requires a detailed comparison of the subunit conforma-
tions in different nucleotide-bound states as well as in 
both monomeric and filamentous arrangements. Crystal 
structures of filaments are difficult to obtain, and the best 
example comes from the chromosomally encoded bacte-
rial actin homologue MreB, owing to fortuitous crystal 
packing of these filaments28. MreB subunits crystallized 
as a protofilament, revealing the details of the longitu-
dinal contacts, which are formed by a patch of mainly 
hydrophobic residues. A model of filamentous actin 
was first described using an electron microscopy (EM) 
reconstruction35, and this has since been refined using 
X-ray fibre diffraction36,37. These recent experiments 
predict that actin undergoes a domain rotation within 
each monomer to produce a thinner molecule that 
packs better in a filament and to also bring a key residue 
(glutamine 137) closer to the nucleotide-binding site.

There are currently no high-resolution structures of 
polymerized ParM, although several models have been 
described from EM reconstructions and X-ray fibre dif-
fraction24,31–33. Early discrepancies in the literature have 
been resolved, and it is now agreed that ParM subunits 
in filaments are probably mainly arranged in a closed 
conformation31,33. Neither of the two current models31,33 
is of sufficiently high resolution to trace the protein 
backbone directly, and both models used rigid-body 
domain movements to fit the known crystal structures. 
Therefore, the exact conformation of ParM in the filament 
is still mostly unknown.

The exact conformation of the monomers in cyto-
motive filaments is important, as it helps to explain 
why some filaments exhibit bipolar elongation, whereas 
others preferentially elongate at one end. The closer the 
monomeric conformation is to the conformation in 
the filament, the more likely the filament is to elongate 
equally at both ends. This is because, if the subunit con-
formations are similar, the interface between the bottom 
of an incoming monomer and the top of the filament 
will be very similar to the interface between the top of 
an incoming monomer and the bottom of a filament, 
and therefore equal bipolar growth would be expected. 
Interestingly, the recent F-actin model posits a large 
domain rotation on polymerization, and this might 
explain how the subunits in F-actin are distinguished  
from G-actin subunits and, thus, how the two ends are 
kinetically distinguished21,36,37.

Catastrophic disassembly requires that filament ends 
which are not capped by an NTP-bound subunit are only 
weakly bound to the previous subunit and therefore fall 
apart readily. It is not known whether the terminal sub-
units that trigger disassembly are bound to NDP–Pi or 
NDP, or whether they are nucleotide-free. One recent EM 
reconstruction found that ParM subunits in the filament 
were in one of two conformations — open or closed — 
and it was suggested that the open conformation might 
represent ADP–Pi-bound subunits that would undergo 
disassembly33. However, it is not clear whether such a large 
conformational change is actually required to destabilize 
the filament, and the charge difference resulting from 
releasing, or even merely cleaving, the terminal phosphate 
might be sufficient to switch the intersubunit interaction 
from favouring assembly to favouring release.

Recently, the structure of ParM from plasmid pSK41 
was determined12. The monomeric crystal structure 
revealed that it was very similar to that of R1-encoded 
ParM, although there were some differences in the lon-
gitudinal subunit interfaces, which were confirmed by 
mutagenesis. Surprisingly, filaments that were assem-
bled in the presence of different nucleotides and studied 
by negative-stain EM revealed bundles of filaments that 
the authors concluded were composed of single rather 
than double filaments; the mechanistic implications of 
this remain to be determined.

Higher-order filament structures: ParM bundles. 
R1-encoded ParM filaments assemble into small bun-
dles both in the cell, as shown by cellular cryo-EM38 
(FIG. 2f) and fluorescent light microscopy39, and in the 
presence of crowding reagents in vitro38,40. This arrange-
ment is likely to result in stiffer structures, which may 
be required to move the large cargo of plasmid DNA. 
Unlike actin filament bundles, ParM filaments read-
ily assemble into tightly packed bundles and do not 
require any additional cross-linking proteins for bundle 
formation. This is probably facilitated by the fact that 
ParM filaments contain ~12 subunits per complete turn 
compared with ~13 subunits per complete turn in actin. 
Viewed from above, this means that ParM filaments 
exhibit both three-fold and four-fold symmetry, allow-
ing adjacent filaments to pack into either hexagonal or 

Table 1 |	The structural and dynamic properties of ParM and actin filaments

Property ParM Actin

Structural parameters

Protofilaments Double, parallel and 
twisted24

Double, parallel and 
twisted35

Handedness Left31,32 Right35

Protofilament repeat 49 Å24 55 Å89

Crossover repeat ∼300 Å24 ∼360 Å89

Subunit repeat ∼12 (REF. 24) ∼13 (REF. 89)

Rotation –165.6° (REF. 24) 166.2° (REF. 89)

Kinetic parameters

Critical concentration (ATP) 2.3 μM18 0.1 μM18 

Critical concentration (ADP) ∼100 μM18 1 μM18

ATP-bound monomer 
association rate

4 to 5.3 μM–1 s–1 (REF. 18) Barbed end: 10 μM–1 s–1

Pointed end: 1 μM–1 s–1 
(REF. 18)

ADP-bound monomer 
dissociation rate

64  s–1 (REF. 18) Barbed end: 7.2 s–1

Pointed end: 0.2 s–1 
(REF. 18)

Nucleus size 3 monomers18 3 monomers18

Relative nucleation rate ×300 (REF. 18) ×1 (REF. 18)
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square arrays. ParM filament bundles are thought to be 
composed of filaments arranged in a mixed parallel and 
antiparallel arrangement40.

The adaptor complex: ParR–parC
Structure and arrangement of the ParR–parC nucleo-
protein complex. ParR is a small adaptor protein of about 
13 kDa that binds to a series of repeats (ten of 11 bp each 
in plasmid R1) in parC, the centromeric region of the 
plasmid41–43. The crystal structure of ParR reveals an 

intimate dimer with a ribbon–helix–helix dimer (RHH2) 
DNA-binding domain at the amino terminus and a dis-
ordered carboxy-terminal tail11,13. Multiple ParR dimers 
assemble into a solenoid, or open helix structure, with 
the DNA wrapped around the outside and the C-terminal 
tails, which are known to interact with ParM44,45, facing 
into the centre (FIG. 3a). This arrangement was first sug-
gested on the basis of crystals in which adjacent dim-
ers packed closely together to form a continuous helix 
through the crystal13, and it was demonstrated again 
when ParR from pSK41 was co-crystallised with parC 
DNA and the N-terminal domains of two adjacent ParR 
dimers were found to be bound to 20 bp of the parC 
motif (that is, two parC repeats of 10 bp each)11. The 
biological relevance of this arrangement is supported by 
biochemistry and EM data11,13.

The exact size and arrangement of the parC site varies 
among ParMRC systems, but it is commonly positioned 
close to or surrounding the promoter for the down-
stream parM- and parR-coding region (FIG. 1a). Thus, in 
binding to parC and forming a nucleoprotein segrega-
tion complex, ParR performs a second role as a tran-
scriptional repressor for both itself and ParM. This dual 
function is a typical characteristic of plasmids, which 
are under evolutionary pressure to keep their genomes 
as small as possible, and the use of DNA-binding seg-
regation proteins as transcriptional autorepressors has 
been described in almost all plasmid segregation systems 
studied to date46–49.

Given that multiple copies of ParR bind to a series of 
DNA repeats, it is possible that two closely positioned 
parC regions might be coupled through cross-binding 
of ParR assemblies. Indeed, it has been shown that 
DNA molecules can be paired through their ParR–parC 
complexes in vitro13,43. It is known that newly replicated 
plasmids are paired at the centre of the cell before segre-
gation9,39 and that plasmids are actually segregated not 
as pairs of individual plasmids but as pairs of clusters 
of plasmids9,39,50. Thus, pairing or clustering of plas-
mids may be achieved or facilitated through coupling 
of ParR–parC complexes, although other factors such 
as concatenation of newly replicated plasmids are also 
likely to play a part.

Interaction between ParM and the ParR–parC complex. 
The plasmid-bound ParR–parC nucleoprotein complex 
binds to the ends of ParM filaments and protects them 
from catastrophic disassembly. Filaments stabilized in 
this way continue to polymerize with the addition of 
new ParM subunits at both ParR–parC-capped ends, 
although the actual rate of elongation of an individual sta-
bilized filament is not faster than that of a non-stabilized  
filament10,18,39. The ParR–parC cap simply prevents the 
stochastic switch from elongation to shortening that is 
characteristic of unprotected ParM filaments18.

The mechanism by which ParM filaments are stabi-
lized by the plasmid-bound ParR–parC complex is one 
of the major outstanding questions in our understand-
ing of the ParMRC segregation system. The problem 
can be considered in two parts: what is the structure 
of the tripartite ParM–ParR–parC complex, and how 

Figure 2 | The	structure	and	properties	of	ParM.	a | The monomeric structures of 
ParM–ADP (left; Protein Data Bank (PDB) accession 1MWM24) and actin–ATP (right; PDB 
accession 1YAG88), showing the four domains in each, Ia, Ib, IIa and IIb. The nucleotide 
(coloured by element) and bound magnesium (green) are shown. b | An overlay of the 
crystal structures of ParM in the apo-form and the ADP-bound form (PDB accessions 
1MWK and 1MWM, respectively24), showing that a domain rotation of 25° occurs on 
nucleotide binding. c | A low-resolution reconstruction of the ParM filament. Individual 
monomers fitted in the map are shown in a ribbon representation. d | Immunofluorescence 
micrographs of Escherichia coli carrying a plasmid encoding the R1 ParMRC system. ParM 
is stained in green and was visualized using ParM-specific antibodies. Plasmids are shown 
in red and were labelled using the lactose operon LacI–lacO marker system (see main 
text, BOX 1). The scale bar represents 1 μM. e | A quick-freeze deep-etch electron 
micrograph of an AMP-PNP-assembled ParM filament. The scale bar represents 100 nm.	
f | A cryoelectron micrograph of a bundle of ParM filaments viewed end on in a thin 
section of a rapidly frozen E. coli cell that was artificially induced to express high levels 
of ParM. There is no ParR or parC present. The scale bar represents 20 nm. C, carboxyl 
terminus; N, amino terminus. Part d image is reproduced, with permission, from REF. 9 
© (2003) Cell Press. Part e image is reproduced, with permission, from REF. 32 © (2007) 
Macmillan Publishers Ltd. All rights reserved. Part f image is reproduced, with permission, 
from REF. 38 © (2009) American Association for the Advancement of Science.
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does the formation of this complex alter the behaviour 
of ParM filaments and protect them from dynamic 
instability?

The structures of both the ParR–parC complex 
and the ParM filaments are known, at least to a first 
approximation, and the answer to the first puzzle lies in 
determining how these two large oligomeric assemblies 
interact with one another. EM studies revealed that a 
single ParR–parC complex interacts with the very tip 
of a single ParM double filament44,45 and, further, that 
the ParR–parC complex can bind to either end of the 
ParM filament44,45. Given that double-stranded ParM 
filaments are assembled in a parallel fashion and are 
therefore asymmetrical, the ParR–parC complex must 
somehow be able to interact with two ends that have 
opposite orientations.

There are two possible ways in which a solenoid 
structure might get around this problem, and these are 
reflected in the two current models for the ParMRC 
complex (FIG. 3b,c). In the first model, the open helix of 
ParR–parC is wrapped tightly around the ParM filament, 
with the C-terminal tails facing in towards the ParM 
filament11 (FIG. 3b). In this arrangement, the ParR–parC 

complex could adopt the same orientation with respect to 
the filament at either end, and the overall ParM–(ParR–
parC)2 structure would have polarity. A mechanism must 
exist to ensure that the ParR–parC complex stays associ-
ated with the elongating filament ends, and this could be 
achieved through a preference for binding ATP–ParM 
over ADP–ParM, which has been shown experimen-
tally44. The advantage of this ‘wrap-around’ model is 
that it solves the polarity problem, but the disadvantage 
is that it is questionable whether there is enough space in 
the pore of ParR–parC to hold the ParM filament. In the 
second model for the ParMRC complex, the ParR–parC 
complex is proposed to form a clamp that sits at the very 
end of the ParM filament and holds the filament tip in 
its jaw44 (FIG. 3c). In this ‘clamp’ model, the orientation of 
the ParR–parC complex with respect to the filament 
would be opposite at either end of the filament, and  
this would require that the C-terminal tails of ParR bind 
to the sides of the filament with a flexibility that would 
allow the two opposite orientations to be accommodated. 
This is not a major theoretical problem, as the connect-
ing loop between the main part of ParR and the putative 
ParM-binding helix is disordered and will therefore be 
able to easily rotate through the necessary 180° to reorient 
the helix at either end of the filament.

The answer to the second, related puzzle lies in 
understanding the molecular mechanism by which 
the ParR–parC complex stabilizes ParM filaments and, 
thus, protects them from disassembly. This is difficult to 
determine, as there are several possible individual com-
ponents, the contributions of which cannot easily be 
measured in isolation. These components include: physi-
cally protecting the ends from disassembly; inducing a 
conformational change in ParM such that the terminal 
subunit is in a filament-binding conformation; directly 
or indirectly inducing nucleotide hydrolysis; and add-
ing binding energy for the incoming ParM subunits. 
Both the wrap-around model and the clamp model of 
the ParMRC complex postulate that the ParR ring con-
tacts the ends of the ParM filament at two points, which 
would mechanically protect the ends of the filament from 
disassembly. Each ParR–parC complex contains approxi-
mately 20 C-terminal ParR tails, which are disordered in 
solution and are known to mediate the interaction with 
ParM44,45. Two or more of these tails may become ordered 
on interaction with the ParM filament and, in addition to 
stabilizing the ParM–(ParR–parC) interaction, this may 
induce a conformational change in ParM that favours 
filament formation. It is known that the interaction of 
the filament with ParR–parC also leads to an increase in 
nucleotide hydrolysis, as measured by an increase in the 
rate of Pi release30,51, although it is unclear whether this 
is a direct effect (for example through stimulation by the 
ParR tails) or whether this measurement simply reflects 
the increase in polymerization, which in turn leads to 
higher bulk rates.

The ParMRC complex in the cell
Movement of plasmid DNA to opposite poles of the cell 
proceeds in a cyclic manner that is uncoupled from the 
host cell cycle and that has been observed in detail by 

Figure 3 | The	ParR–parC	complex	and	its	interaction	with	ParM	filaments.	a | The 
crystal structure of the ParR–parC complex from plasmid pSK41 (Protein Data Bank 
(PDB) accession 2Q2K11). The DNA wraps around the outside of the open helix formed by 
ParR and makes contact with the ribbon–helix–helix dimer (RHH

2
) DNA-binding fold of 

the ParR dimer11. b,c | The ‘wrap-around’ model (part b) and the ‘open-clamp’ model (part 
c) for the interaction between the ParR–parC complex (blue and pink) and the ParM 
filament (orange). The ParM filament is from plasmid R1, and the ParR–parC complex is 
from plasmid pB171 (PDB accession 2JD3 (REF. 13)).
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Nucleoid
Distinct region in the bacterial 
cytoplasm that harbours the 
chromosomal DNA.

fluorescence light microscopy (BOX 2; FIG. 2d)9,39,51. ParM 
filaments polymerize bidirectionally in a small bundle, 
with clusters of plasmids attached to either end of the 
bundle. On reaching the ends of the cell, the ParM fila-
ment disassembles and the plasmids remain anchored 
at the cell poles for some time before diffusing away 
throughout the cell. When two plasmid foci encounter 
each other, they remain associated for some time before 
ParM filaments form between them again, pushing them 
to the opposite poles of the cell; thus, the cycle begins 
once more39.

Questions remain about exactly what happens in 
paired plasmid clusters at the point of segregation initia-
tion. The copy number of the R1 plasmid is 4–6 (REF. 52), 
but these copies are usually located in a lower number of 
discrete clusters in the cell50. Given that one ParM fila-
ment can interact with one ParR–parC complex at each 
end44,45, it might be predicted that pairs of clusters of 
replicated plasmids would be separated by bundles of a 
roughly equal number of ParM filaments. Indeed, EM of 
thin sections of E. coli cells carrying a miniature version 
of plasmid R1 revealed small bundles of 3–5 ParM fila-
ments each38. However, it is possible that only one or a 

few of the filaments in the bundle are actually attached 
to plasmids, with the rest being stabilized simply by their 
presence in the bundle. As described above, it has been 
proposed that ParM filaments use dynamic instability 
to search the cell space for ParR–parC complexes10. But 
what happens when a ParM filament locates a ParR–parC 
complex at both ends? It may form a stable, primed com-
plex that waits for all ParR–parC complexes to pair up 
with ParM filaments in a mitotic-like composition. In 
this case, two plasmid clusters would be linked until all 
plasmids were paired by short ParM filaments, at which 
point a trigger would be required to release the plasmids 
and permit stable elongation of the filament bundle. 
Alternatively, there may be no bulk control system, and 
the stabilization of one or a few ParM filaments may be 
sufficient to drive segregation, although in this scenario 
the number of plasmids that is moved to either end of the 
cell might be more variable.

The ParMRC segregation system moves plasmids 
to the very ends of the cell, close to the cell poles and 
beyond the end of the nucleoid10,39,50. This is in contrast to 
most other plasmid segregation systems as well as many 
bacterial chromosomal segregation systems, which move 
their DNA to approximately the quarter-cell positions 
that mark the edge of the nucleoid53–55. The pole position-
ing of the ParMRC system is not dependent on the origin 
of replication, as it was also observed when the ParMRC 
system was moved onto a mini F-plasmid, which nor-
mally localizes to the quarter-cell position9,39. It is not 
known whether a host cell-encoded factor is required 
to tether the plasmids to the cell poles, or whether this 
localization simply reflects the fact that ParM filaments 
will continue to grow until they are stopped by the bound-
aries of the cell. It is also not clear what triggers ParM 
depolymerization and plasmid release on completion of 
segregation.

Other ParMRC-like segregation systems
The basic principle of using a cytomotive-filament-form-
ing actin-like protein to move DNA to the opposite poles 
of the cell has been adopted by several plasmid segre-
gation systems across the Bacteria14,15 (TABLE 2). These 
systems are not closely related in sequence and could 
only be identified by multiple rounds of BLAST searches 
based on the small actin signature motif that lines the 
nucleotide-binding pocket14. However, low sequence 
identity does not necessarily mean that these systems 
evolved independently, as plasmid genes can evolve 
much more rapidly than those on the chromosome. On 
the basis of the few systems that have been examined 
in detail, it seems that the extended family of bacterial 
actin-like proteins is characterized by a common fold 
in the monomers, which assemble into cytomotive fila-
ments to segregate plasmid DNA, although there are 
some apparent differences in the exact mechanism by 
which this is achieved16,17.

The first ParMRC-like plasmid segregation sys-
tem to be studied in detail was the AlfAB system from 
the Bacillus subtilis plasmid pBET13115. AlfA is only 
distantly related to ParM and actin, but it also forms 
dynamic filaments that achieve segregation of a  

 Box 2 | Imaging the ParMRC system by light microscopy

Fluorescence light microscopy has provided some of the most important insights into 
the ParMRC system. Immunofluorescence images showing pole-to-pole filaments of 
ParM capped by plasmids at either end led to the hypothesis that ParM separates 
plasmids to the cell poles by a dynamic, mitotic-like mechanism9 (see main text, 
FIG. 2d). Immunofluorescence light microscopy has been used to label ParM and 
plasmids, and it has the important advantage that it is carried out on fixed cells and 
therefore does not interfere with dynamic function, although serious artefacts can be 
introduced during the fixation process. Live-cell microscopy has the great advantage 
that it can be used to follow dynamic processes in real time and on native cells, but it 
suffers the risk of perturbing function through the use of fluorescent labels and markers.

Labelling	plasmid	DNA
The lactose operon LacI–lacO system was first developed for yeast85 and has since been 
widely used in various designs to label plasmid and chromosomal DNA in both fixed 
and living bacterial cells86,87. The basic principle in its original form is as follows. The 
DNA-binding protein LacI is expressed at low levels as a fluorescent fusion protein 
(fused, for example, to GFP) from an expression plasmid. Many repeats (40–256 copies) 
of the LacI binding site, lacO, are introduced into the DNA of interest (for example, the 
ParMRC-carrying R1 plasmid). LacI–GFP binds to this large region of DNA and thus 
illuminates the DNA molecule. This technique has been used to monitor plasmid and 
chromosome dynamics in living cells, and GFP-specific antibodies have been used to 
enhance the signal for immunofluorescence microscopy. The drawback of this 
approach is that the large additional region of DNA and the weak dimerization of GFP 
may affect the replication and segregation of the target DNA molecule, as has recently 
been shown for the low-copy-number plasmid P1 (REF. 54).

Labelling	ParM
Filamentous proteins are notoriously difficult to engineer as functional fusion proteins 
owing to the extensive longitudinal and lateral interactions, and ParM, with its 
additional requirement to bind to ParR–parC, has been no exception. As one solution to 
this problem, Campbell and colleagues constructed a non-functional mCherry–ParM 
fusion protein and used this protein at very low levels to visualize wild-type, plasmid-
segregating ParM filaments39. In the most comprehensive live-cell microscopy study of 
the ParMRC system to date, this approach was combined with LacI–lacO technique to 
simultaneously track the progression of both plasmids and ParM filaments in live cells. 
By contrast, a fusion protein featuring GFP and the actin- and ParM-like filament Alp7A 
was apparently functional, as determined by complementation. In this case, the 
dynamics of these fully labelled, plasmid-segregating dynamic filaments were tracked 
in live cells14.
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Formin
Protein that contains a formin 
homology 2 (FH2) domain and 
promotes actin assembly. 
Formin binds to the ends of 
actin filaments.

low-copy-number plasmid. AlfA is encoded together 
with a small protein, AlfB, which is essential for segre-
gation and has been shown to carry out similar centro-
mere-binding and gene regulation activities to ParR56. 
In vitro analysis of purified AlfA revealed bundles of 
parallel filaments that were much more twisted than 
their ParM or actin counterparts, and the AlfA mono-
mers polymerized more readily than either ParM or 
actin16,17. Two separate studies found that there was no 
evidence of dynamic instability in vitro16,17, and these 
filaments might use a novel mechanism to achieve DNA 
segregation, such as unidirectional extrusion of one  
of a pair of plasmids from one pole.

Another actin-like, plasmid-encoded protein, Alp7A, 
was identified from plasmid LS20 of B. subtilis subsp. 
natto and found to assemble into dynamic filaments that 
are required for plasmid segregation14. Fluorescently 
labelled Alp7A was shown to undergo cycles of rapid 
growth and shrinkage in a pattern strongly reminiscent 
of R1-encoded ParM. Using photobleaching, it was fur-
ther shown that seemingly static filaments that extended 
from pole to pole also underwent dynamic turnover, 
with unidirectional growth into a photobleached spot, 
suggesting a treadmilling motion that has not previously 
been reported for ParM.

Key remaining questions
ParMRC remains one of the best characterised systems 
for DNA segregation. The structures and organization 
of the individual components have been determined, 

and we have a general overview of how these compo-
nents come together to achieve DNA motility. At the 
molecular level, the biggest outstanding puzzle is exactly 
how the large ParR–parC complex interacts with and 
stabilizes the ends of ParM filaments. This is not a triv-
ial problem. Definitive structural analysis will require 
high-resolution details of both the ParM filament and 
the ParMRC tripartite complex. Despite over 50 years 
of study, detailed structural information on the con-
formation of filamentous actin has only recently been 
obtained through X-ray fibre diffraction37. In addition, 
a complete mechanistic understanding will require 
biophysical analysis of the ParR–parC-induced protec-
tion from dynamic instability; the analogous problem 
of formin-mediated actin stabilization remains, for the 
most part, unresolved.

In the long term, the major challenge for ParMRC 
research will be to understand plasmid segregation in 
the cellular environment, where DNA segregation must 
contend with the effects of competing processes such as 
DNA replication, transcription, supercoiling, concatena-
tion and conjugation. Emerging high-resolution tech-
niques in both EM and light microscopy are beginning 
to allow us to image and track individual molecules in 
cells and are revealing a complex and highly dynamic 
view of the subcellular assemblies in bacteria57–59. 
Plasmid segregation systems make ideal models for 
applying these techniques, and it will be exciting to see 
what can be learned about DNA motility in the complex 
and crowded native environment of the cell.
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