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Introduction 

Bacterial plasmids, by definition, are not essential for 

host cell survival except in specialized environments 
where plasmid-borne genes, like those for antibiotic 
resistance or degradative metabolic pathways, confer a 

selective advantage. Although some plasmids are lost 
quite rapidly when appropriate selective pressure is 

removed, others are found to be retained over many 
generations in the absence of any selection. This implies 

that many plasmids do not rely for their stability on 
constant selection for the genes they carry. This review 

concerns the mechanisms responsible for this stability 
and focusses on the active partition systems which may 

provide insights into mitotic processes in bacteria, if they 

exist (see Austin, 1988; Nordstrom & Austin, 1989, for 
previous reviews). 

The inheritance of a plasmid on the basis of random 
segregation alone can be expressed by the relationship 

Po = 21-" 

where Po is the probability of a plasmid-free cell arising 
per division and n is the number of copies of the plasmid 
per cell at division. Plasmids isolated from nature fall 

into two broad categories: small, high copy number 
plasmids and large, low copy number plasmids. High 
copy number plasmids are generally inherited efficiently 

on the basis of random segregation alone. For example, a 
plasmid with 20 copies in the cell at division would be 

expected to give rise to a plasmid-free cell only once in 
over 5 x lo5 divisions (ColE1 has a copy number of this 

order), a prediction reasonably well in line with the loss 
rate of high copy number plasmids which have been 
tested directly (Jones et al., 1980; Summers, 1991). In the 

case of a cell with five plasmid copies at division, the 
probability of a plasmid-free cell arising increases to 1 in 
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16 per division. Yet large plasmids with this number of 
copies or lower, down to the limit of two per cell at 
division, can also be inherited stably. A mechanism or 

mechanisms must exist to produce the pattern of stable 
inheritance seen in such large plasmids, where plasmid 
loss is sometimes undetectable. 

Plasmid stability mechanisms 

The stable inheritance mechanisms so far detected fall 

into two groups. Those mechanisms which appear to 
result in a greater than random probability of each 

daughter cell receiving a copy of the plasmid are 
described in the next section. The other group consists of 
functions which do not improve upon the random 
segregation of plasmids but either ensure that it operates 
as efficiently as possible or minimize the effects of its 

failure. 
Efficient control of plasmid replication is an impor- 

tant aid to stability for a variety of reasons. First, it sets 
the average copy number. For large plasmids, having a 

controlled low copy number restricts the metabolic 
burden the plasmid places on the cell so that the selective 
disadvantage caused by the plasmid is minimized. This 

reduces the rate at which plasmid-negative bacteria will 
take over the population due to their increased growth 

rate. Such a copy number effect was seen in the case of 
the unstable, PUB1 10-based vector pEBll4 (Leonhardt 
& Alonso, 1988). This plasmid was stabilized by the cop1 

mutation that reduced the copy number (Leonhardt, 
1990). In addition, plasmid copy number control circuits 
often allow stimulation of plasmid replication when copy 
number falls, thereby minimizing the number of cells 
which contain only one plasmid molecule prior to cell 
division. An artificial example of stabilization due to 
increase in copy number was seen for deletion deriva- 

tives of pAMPl in the heterologous host Clostridium 

perfringens (Allen & Blaschek, 1990), where a 100-fold 
increase in copy number stabilized the plasmid. Efficient 
replication of high copy number plasmids ensures that 
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random partitioning does not result in a high frequency 

of loss, which might be expected to occur if the 

distribution of the number of plasmid copies per cell 

showed a wide variation around the mean (Summers, 

1991). 

Plasmid multimer resolution functions maximize the 

number of independently segregating units at division. 

They are thought to be used by all plasmids which 

replicate via a theta intermediate. Plasmids which use 

rolling-circle replication have not yet been shown to 

possess this kind of activity. Indeed, such plasmids might 

not require a resolution system because the nicking 

process which terminates their replication may minimize 

the propagation of multimers. 

Multimer resolution systems have been characterized 

on the F plasmid (the rsJP site and the product of the D 

gene) (O'Connor & Malamy, 1984; Lane et al., 1986), the 

P1 plasmid prophage (the loxP site and Cre recombin- 

ase) (Austin et al., 1981), and ColEl (the cer site at which 

the host xer-encoded recombinase acts) (Summers & 
Sherratt, 1984; Stirling et al., 1988). The parA gene of 

RP4 encodes a recombinase (Gerlitz et al., 1990; Roberts 

et al., 1990) and resolution functions are also found on 

CloDF13 (Hakkaart et al., 1984) and the Clostridium 

perjringens plasmid pIP404 (Garnier et al., 1987). The 
resolvases encoded by transposons on plasmids could 

also act in the same way (Grindley & Reed, 1985), e.g. 

Tnl  on RK2. A similar mechanism is used by the 2p 

circle of yeast for resolution and to promote over- 

replication (Broach & Hicks, 1980; Futcher, 1986; 

Volkert & Broach, 1986). 

Other plasmid-encoded functions act by killing or 

reducing the growth of plasmid-free cells which arise 

from a plasmid-bearing line. They are found on R1 

where translation of the long-lived hok mRNA, which 

encodes a toxic product, is prevented by an unstable 

antisense sok RNA (Gerdes et al., 1990a); an homolo- 

gous system on F is termedflm (Loh et al., 1988) or stm 

(Golub & Panzer, 1988) and several other examples are 

known (reviewed by Gerdes etal., 19906). The F plasmid 

ccd system operates in a similar way, though the toxic 

product and unstable 'antidote' are both proteins (Hiraga 

et al., 1986; Tam & Kline, 1989; Bernard & Couturier, 
199 1). The pem killer system of Rl  OO/NR 1 (Tsuchimoto 

et al., 1988), known as kidlkis on R1 (Bravo et al., 1987) 
also works this way. When its labile inhibitor decays in a 

plasmid-free cell, PemK kills the cell, primarily by 

inhibiting cell division (Tsuchimoto & Ohtsubo, 1989; 

compared with ccd by Ruiz-Eschevarria et al., 1991). 

Plasmids which operate killer systems pay for their 

increased stability by a reduction in the growth rate of 

the host population, caused by the death of cells which 

have lost the plasmid (Jaffk et al., 1985). 

The par site of pSClOl (Tucker et al., 1984), a site for 

the binding of DNA gyrase, is required for stable 

inheritance (Wahle & Kornberg, 1988). It might aid the 

separation of replicated plasmids from possible non- 

covalent aggregation or assist in the maintenance of a 

narrow variation in copy number by ensuring the correct 

topology of the plasmid. The latter could correlate with 

the involvement of integrative host factor (IHF) binding 

at the replication origin (Stenzel et al., 1987; Biek & 
Cohen, 1989; Manen et al., 1990). Another possibility is 

that a particular level of superhelicity is required for 

binding to some host factor or structure which leads to 

partition (Gustafsson et al., 1983; Miller et al., 1990). 
Loci affecting segregational stability have also been 

found on a number of plasmids of Gram-positive origin. 

Studies with pBAA1, pLSl1 and PUB1 10 have shown 

that the origin of minus strand DNA synthesis used 

during rolling-circle replication of these plasmids is also 

a stability determinant (Devine et al., 1989; Chang etbl., 

1987; Bron et al., 1988). However, the two functions may 

be separable and both might involve membrane binding. 

Partition mechanisms may be present and seem to be 

required to account for the observed stability of low copy 

number Gram-positive plasmids like pPOD2000 and 

pBAAl (Gleave et al., 1990; Devine et al., 1989). The par 

site on the corynebacterial plasmid pBY503, like pSClOl 

par, confers stability without encoding a polypeptide 

(Kurusu et al., 1991), though interaction between host 

proteins and the site could effect partition. 

True partition systemst 

In contrast to the above mechanisms, true partition 
actively ensures that each daughter cell receives a 

plasmid copy at division. These systems decrease the 

chance of a plasmid-free cell arising. Table 1 summarizes 

the known active partition systems. To be classified as an 
active partition mechanism, a system must confer better 

than random segregational stability on the plasmid 
which carries it without affecting the copy number or 

reducing the host growth rate by killing plasmid-free 

segregants. The system must be able to stabilize 

heterologous replicons and should act as an incompati- 
bility determinant. In most cases, two plasmids sharing 

t Nore on nomenclature. The term 'par system' is often used to denote 

true partition. Although genes in some of these systems are called par, 

other names have been used (sop, srb), and functions designated par 

include genes or sites which do not appear to be part of active plasmid 

partition mechanisms. For example, pSClOl par is a D N A  gyrase 

binding site. parB of IncFII plasmids is the hoklsok killer system and 

parD i spemK/I .  Theflm system of F was originally known asparL (Loh 

er al., 1986). Some Gram-positive plasmid minus strand origins are 

called par.  Also, numerous host mutations affecting chromosomal 

segregation were originally termed par,  though many have been 

reclassified as the lesions have been identified (see below). These 

inconsistencies in nomenclature seem likely to persist. 
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Table 1. Active partition systems 

Associated 
Plasmid trans-acting factors cis-acting site incompatibility 

soplpar family A protein B protein 

F 
P1 
P7 

PTARt 
RK2 
pTiB6S3*t 
pRiA4b*t 
pCHLl*$ 
pSSl20*$ 

SopA 
ParA 
ParA 
ParA 
IncC 
RepA 
RepA 
(ORF5) 
- 

SopB Downstream sopC inc D 
ParB Downstream pars incB 
ParB Downstream pars incB 

KorB 
RepB 
RepB 

InvE 

- Upstream 7 bp repeats incP 

- 

IncFII family 

R1 parA products L A  

NRI/R100 StbA StbB PA B 

(36 kDa and 13 kDall) 
incA 

None 

Other systems 

RK2 mrslpar ParA (resolvase), reslpar site Weak 

Salmonella par products Par incR 
ParB, ParC, ParD 

virulence plasmid 

Systems not yet demonstrated to be involved in partition. 

t Agrobacterium plasmids. 

$ Chlamydia trachomatis plasmid. 

$ Shigella virulence plasmid. 

11 The original paper gives a smaller size due 

the same active partition system, or more specifically the 

cis-acting site associated with it, will interfere with each 

other’s ability to be partitioned correctly, and thus show 
incompatibility towards each other (Novick, 1987; 

Austin & Nordstrom, 1990). That is, it can be demon- 

strated that a population of cells initially containing both 

plasmids will tend to segregate individuals with one or 

other of the plasmids, but not both. By analogy with the 

cis-acting sequences required for the segregation of 

eukaryotic chromosomes, the cis-acting plasmid sites 

necessary for partition are termed centromere-like 

sequences. The incompatibility determined by these sites 

is the primary evidence that plasmids exist in a free pool 

in the cell, from which they pair, via the centromere-like 

sequence, and are then separated to either side of the cell 
division plane. Incompatibility arises as a result of mixed 
pairing between plasmids with the same cis-acting site. 

The distribution of the cell’s plasmid complement 
between the daughter cells constitutes the key require- 

ment for a partition system able to maintain the stability 

of a single copy plasmid. 

A partitionlresolution system 

The mrslpar locus situated between 33 and 36 kb on the 

RK2/RP4 map appears to be a complex hybrid of a 

to a sequencing error (Gerdes & Molin, 1986). 

multimer resolution system and a true partition system 

(Gerlitz et al., 1990; Roberts et al., 1990) (Fig. 1). It 
resides on a 2.2 kb region between the fiwA gene and 

IS21. A 24 kDa resolvase related to those of Tn3 and 

Tn1721 is encoded by the parA gene, the last of three 
cistrons transcribed in one direction from a bidirectional 

promoter. The promoter region is also the site required in 

cis for multimer resolution by the trans-acting parA 
product. Similar to Tn3 res, the site was mapped to a 

140 bp segment which includes two direct repeats of six 

and seven bases and two inverted repeats of six and eight 

bases. But resolution alone cannot account for the high 

plasmid stability conferred by the whole locus. A second 

function, which did not act by killing plasmid-free 
segregants, behaved like a true partition mechanism. 
Absence of the parD gene product (9 kDa) (transcribed 

in the other direction from the same promoter) was 

associated with reduction, but not complete absence, of 

stabilization. The parB product (1 8 kDa) was absolutely 

required and the parC product (10 kDa) might also be 

involved. The same region was required in cis for 

resolution and partition. This system, which functioned 

in several hosts, showed no homology to other partition 

loci and displayed only weak incompatibility, maybe as a 

result of close linkage between replication and pairing so 
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Fig. 1.  Structural organization and autoregulation of some of the better characterized active partition systems (see text). Symbols are: 

open arrows, RNA transcripts; thick solid arrows, protein-coding regions; thin d i d  arrows, transcriptional control circuits; stippled 

boxes, centromere-like sequences; hatched box in pTAR, additional essential region. 
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the plasmids do not enter a free pool from which they are 

paired. 

have a similar genetic organization (Fig. 1). Each encode 

two trans-acting polypeptides A and B, and a cis-acting 
centromere-like site, all three of which are essential for 

partition (Ogura & Hiraga, 1983; Mori et a/ . ,  1986; 

Austin & Abeles, 1982a, b; Friedman & Austin, 1988; Partition-only mechanisms 

The partition-only mechanisms studied thus far fall into 

two main families. Those on IncFII plasmids and others 

which have homology to sop of F and par of P1. 

The partition genes on Salmonella virulence plasmids 

may constitute a third family, or could fall into one of the 

above when sufficiently characterized. They do not act 

by multimer resolution or plasmid-free segregant killing 

and do not increase copy number, but were able to 

stabilize other replicons efficiently. The two systems 

investigated encode two proteins, the genes for which 

appear to be transcribed towards each other. One (Cerin 

& Hackett, 1989) or both (Tinge & Curtiss, 1990) of these 

proteins are required for partition. The loci also have 

incompatibility determinants, one of which is coincident 

with the site required in cis for partition. No similarity to 

other partition systems was detected by hybridization 

though there is clearly a functional similarity. 

The IncFII partition family 

The IncFII plasmids have an active partition system 

known as parA on R 1 or sth on NR 1 (R 100) (Fig. 1). The 

partition locus was found on a region of 1.5 to 1.7 kb 

which was able to stabilize an unstable mini-F replicon. 
Though the organization of the system is superficially 

similar to the sop/par family (Tabuchi et a / . ,  1988) (Fig. 
l), DNA and protein sequence comparisons reveal no 

significant homologies. Polypeptides of 36 kDa and 

13 kDa, the products of the sthA and sthB genes 
respectively, are both essential for the partition pheno- 

type, and in addition the sthB gene product is believed to 

auto-repress its own synthesis by interaction with the 
promoter P,4R region (Min et a / . ,  1988). P.4B was also 

found to be the cis-acting site required for partition 

(Gerdes & Molin, 1986; Tabuchi et al., 1988). Hence, the 

location of the partition site differs from that of the 

soplpar family. While the locus in R1 shows incompati- 

bility (incA) associated with the promoter region, the 

same region from NRl lacks this property. 

The sop/par family 

The most extensively studied active partition systems are 

sop of F and par of PI ,  which are located in identical 

positions relative to the F and P1 primary replicons and 

Martin et a / . ,  1987). The A/B operons are auto-regulated, 

with the A protein acting as the primary repressor, 

helped by the B component (Mori et al., 1989; Friedman 

& Austin, 1988; Abeles et al., 1989). It is the B protein 

which binds directly at the centromere. sop resides on a 

3 kb region of F and was found to be necessary and 

sufficient for stable maintenance of the plasmid, which 

has a copy number of one to two per cell (Austin & 
Wierzbicki, 1983, Mori et al., 1986). The same region 

was able to stabilize heterologous replicons without 

increasing their copy number. par is present on a 2.1 kb 

segment of P1 (Abeles et a/ . ,  1985) and is highly efficient 
giving a < 1 in lo5 per generation loss of the prophage, 

which is present as a unit copy plasmid. As with sop, the 

par system stabilized other replicons (Austin et al., 1986). 
sop and par have both been completely sequenced and 

substantial biochemical investigations have been carried 

out. These will be described in more detail after 

consideration of other less well characterized members of 
the family. Comparisons between the amino acid 

sequences of the A proteins and B proteins encoded by 

the soplpar family of genes are given in Figs 2 and 3 
respectively . 

A partition region closely related to that on P1 was 

found on the P7 prophage. ParA and ParB proteins of 
44 kDa and 37 kDa were encoded but the proteins for P1 

and P7 were not able to cross-complement. The p a r s  

sequence of P7 was also distinct though similar to its P1 
analogue (Ludtke et al., 1989). This system shows how 

even extensively homologous systems (Figs 2 and 3) 

have evolved different specificities to ensure their own 

survival. 

The partition system present on a 1.2 kb fragment of 

the Agrohacteriurn tumefuciens plasmid pTAR is interest- 

ing both for its similarities to and differences from the 

above systems (Fig. 1). It appears to encode only one 

23.5 kDa protein, ParA, that shows homology to the A 

proteins of the family (Fig. 2). As well as parA, two 

regions outside the open reading frame were required for 

partition, an upstream region consisting of an array of 

7 bp repeats at 10 bp intervals and 125 bp downstream, 
of unknown purpose. The upstream region is an 

incompatibility determinant (imp), the cis-acting parti- 

tion site, and the promoter region at which ParA binds to 

autoregulate its own transcription (Gallie & Kado, 1987) 

(Fig. 1). 

We have also discovered that two other Agrobacterium 

plasmids encode polypeptides with A and B protein 

homologies. These are the repA and repB gene products 
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Fig. 2. Alignment of SopA, ParA and related proteins. Gaps have been introduced to optimize alignment of obvious motifs but the 

number of gaps in other regions has been kept to a minimum. The consensus line (Con) shows absolutely conserved amino acid residues 

as upper-case and consensus (> 2 out of 6 or > 3 out of 9) positions in lower-case. Conservation of either K or R is shown as + ; D or E is 

shown as - .  

of pTiB6S3 and pRiA4b (Figs 2 and 3). Studies on these organization of this region is not sufficiently well 

genes show that their disruption caused plasmid instabil- understood to determine the role of these genes. 
ity (Tabata et al., 1989; Nishiguchi et al., 1987). While it Therefore the instability could be a result of their 

was reported that the instability was due to a decrease in involvement in partitioning. 
plasmid copy number and therefore was unlikely to be The proteins forming the ParA group above also have 

the result of inactivation of partition functions, the homology to the IncC protein of broad host range 
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Fig. 3. Alignment of SopB, ParB and related proteins. Gaps have been introduced to optimize alignment of obvious motifs but the 

number of gaps in other regions has been kept to a minimum. Three consensus lines are shown: ConA is the consensus for the ParB sub- 

family (InvE; P1 ParB; P7ParB ; SopB) with upper-case being completely conserved positions and lower-case showing conservation in 3 

out of 4 members; ConB is the consensus for the KorB subfamily (KorB; TiRepB; RiRepB), upper-case again represents absolute 

identity while lower-case represents conservation in 2 out of 3 members; Con is the consensus for the whole group, upper case being 

complete identity, lower case being > 3  out of 7 with at least one from each subfamily. 

plasmid RK2 (Thomas & Smith, 1986; Thomas, 1986) 
(Fig. 2), while the RK2-encoded KorB protein, which is 

a multifunctional regulator repressing a number of RK2 
operons by interactions at several specific binding sites 
(Shingler & Thomas, 1984; Smith et al., 1984; Schreiner 
et al., 1985; Theophilus et al., 1985; Bechhofer et al., 

1986; Theophilus & Thomas, 1987; Young et al., 1987; 
Jagura-Burdzy et al., 1991) (Fig.l), has homology to 
members of the ParB group (Fig. 3). Disruption of incC 
in plasmids which bore the korA incC korB korF and 

kfrA operons of RK2 resulted in destabilization of the 
plasmids. The same regions were able to stabilize a 
ColE 1 -derived replicon at low copy number (Motallebi- 
Veshareh et al., 1990). Similarly the korAB region has 

been shown to stabilize mini-IncP plasmids (Schmid- 
hauseretal., 1989). Therefore, IncC and KorB are likely to 
be components of a partition system. How much the 
other RK2 genes encoded by this region are also involved 
in partition is unknown. However, the kfrA product has 

an unusual structure which may play a role in the process. 
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It is a site-specific DNA binding protein whose operator 
overlaps the kfrA promoter. It seems to consist of 

extensive a-helix, much of which is found in an extended 
domain which appears to multimerize by means of a 
heptad-repeat segment resulting in a coiled-coil. It has 

low but significant homology to eukaryotic cytoskeletal 
proteins which have such coiled-coil domains (Thomas et 
al., 1990; G .  Jagura-Burdzy & C. M. Thomas, unpub- 

lished). It also has similarity to the REP1 (or B) protein 
involved in yeast 2 p circle partitioning, which has been 
found to be associated with the karyoskeleton and 

tubulin in yeast cells (Wu et al. 1987; A. Cashmore, 
personal communication). That the kfrA product may 
play a structural role, linking a plasmid complex to a host 

factor which provides the driving force for partition, 
seems plausible. The two additional polypeptides encod- 
ed by the korABF operon, KorFI and KorFII are also 
able to bind DNA as they act as transcriptional 

repressors. They appear to be histone-like and include 
hydrophobic domains which could provide a membrane 
binding component of the partition system (Jagura- 

Burdzy et al., 1991). Which of the RK2 partition systems, 
mrslpar or incClkorB, is of greater importance is 
unknown and may vary from species to species. 

The A proteins were also found (Motallebi-Veshareh 
et al., 1990) to have homology with the putative product 
of a Chlamydia trachomatis cryptic plasmid open reading 
frame (ORF5) (Commanducci et al., 1988) and the E. coli 

cell division inhibitor MinD (de Boer et al., 1989) (Fig. 
2). The B proteins have homology to InvE, produced by 
the Shigella virulence plasmid (Watanabe et al., 1990). 

This, like KorB, is a transcriptional regulator but is not 
known to participate in any partition apparatus (Fig.3). 

Properties of the sop/par components 

The A proteins 

SopA (43.7 kDa) has been purified and found to bind to 
its promoter to effect repression in a manner which is 

enhanced by SopB (Mori et al., 1989) (Fig.1). ParA 
(44 kDa) behaves similarly (Friedman & Austin, 1988). 
The analysis of the A protein sequences revealed that 
they had homology to each other and to the consensus for 
type 1 ATP-binding motifs (Motallebi-Veshareh et al., 
1990). It is now known that ParA of P1 is an ATPase and 

that the activity is stimulated by ParB and further by 
DNA. Similarly, the ParA of P7 is an ATPase. 
Stimulation of the ATPase activity by P7 ParB occurs 

but not by PI ParB, indicating a specificity in the 
ParA : ParB interactions (Davis et al., 1991). The energy 
for part of the partition mechanism may be derived from 
ATP hydrolysis by the ParA proteins. 

The B proteins 

Purified SopB (35.4 kDa) and ParB (38 kDa) proteins 

both bind to their respective centromere-like sequences 
(Watanabe et al., 1989; Mori et al., 1989; Davis & 
Austin, 1988), SopB to 7 bp inverted repeats within the 
43 bp direct repeats of sopC, and ParB to 35 bp ofpars .  
Overproduction of either protein led to an incompatibil- 
ity phenotype (incG), presumably due to disruption of the 

partition mechanism (Kusukawa et al., 1987; Funnell, 
1988a). The SopB protein was also found to sediment 

with host membrane fraction in the presence of Mg2+ 
ions (Watanabe et al., 1989), so the B proteins may 
provide the link from the plasmid to a membrane-bound 

host site involved in partition. 

The cis-acting sites 

sopC of F consists of 12 direct repeats of a 43 bp sequence 

downstream of the sopB gene (Helsberg & Eichenlaub, 
1986; Mori et al., 1986). While all the repeats were 

required for the incD phenotype to be expressed by this 
region, only one was required for functional partition 

(Lane et al., 1987). pars of P1 is located in a similar 
relative position as for sopC but its structure is quite 

different. It consists of an AT-rich region including a 
20 bp inverted repeat. Another AT-rich inverted repeat 
was found at the promoter region. A discovery of great 

interest was that the incompatibility specificity of pars 
could be changed by deletion in experiments where the 
essential proteins were provided in trans. Thus plasmids 
containing the minimal site (IncBd), consisting of 22 bp 

including half of a 13 bp palindrome, showed incompati- 
bility towards other plasmids with the same site, but not 
to plasmids with the full wild-type 84 bp IncB+ determi- 

nant. The full site included multiple binding sites for 
ParB and a site for the host protein IHF (Funnell, 19886; 
Davis et al., 1990; Martin et al., 1991). The change in 

specificity is proposed to be due to an alteration in the 
conformation of the site as the loss of the IHF and ParB 
binding sites changes its pattern of folding, such that the 

mechanism for plasmid pairing fails to recognize the 
complete and partial sites as the same. 

Involvement of host genes in plasmid partition 

Information concerning which host-encoded products 
are required for plasmid partition is quite limited. IHF is 
known to be involved in the folding of the P1 
centromere-like sequence pars (Funnell, 1988 6). Mini- 
P1 plasmids show slight instability in IHF mutants, but 
mini-F stability is unaffected. By contrast, the small 

histone-like protein of E. coli, HU, encoded by the hupA 
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and hupB genes, was required for the establishment of 

mini-F and mini-P 1 plasmids. Mini-F replication was 
only partially inhibited when the hupB gene alone was 

defective, whereas oriC plasmids were unaffected (Ogura 
et al., 1990a). Mutations in DNA gyrase which affect 
DNA supercoiling were found to disrupt partitioning of 

mini-F plasmids. This may be due to aberrant regulation 
of the sopB gene as an increased IncG incompatibility, 

consistent with overproduction of sopB (Kusukawa, et 
al., 1987), was seen (Ogura et al., 1990b). A similar effect 
is seen in nucleoid segregation where the minB mutation 

results in altered supercoiling and, as with DNA gyrase 
mutants, chromosome partitioning is defective (Mulder 

et al., 1990). Mutants in the ugpA gene of E. coli also 
destabilized mini-F plasmids (Ezaki et al., 1990). The 
product is one of the genes in an operon responsible for 

glycerol phosphate uptake. Though its exact function is 
unknown, its requirement by F for stability could be at 

the level of partition. Since the transport system spans 
the host membrane, it could provide a site for attachment 
of the plasmid or the partition complex to the host cell. 

Partition models 

By definition, a true active partitioning apparatus must 
increase the probability of each daughter cell receiving a 

copy of a plasmid DNA molecule to a value above that 
expected from random segregation alone. Ultimately, 
the probability must approach unity to be able to 

stabilize low copy number plasmids effectively. 
If we consider a unit copy plasmid present at two 

copies in a cell about to divide, then active partition must 

at least temporarily result in one copy of the plasmid 
being bound to a site on either side of the cell division 

plane. This could depend on diffusion of individual 
DNA molecules followed by collision with a specific 

partitioning site. Such an inheritance mechanism could 
stabilize a unit copy plasmid only if the number of 
unoccupied sites formed in each division cycle were 

strictly limited to two, one in each half of the dividing 
cell. Otherwise, both plasmid molecules could bind in the 
same half-cell. A high degree of specificity and very tight 

regulation of their production and location would be 
required for such sites to be effective. Moreover, since no 
partition-related incompatibility is observed between 
low copy number plasmids which encode different 
partition systems, even if they are closely related (as with 
PI and P7), the sites used by each system would have to 

be different and specific for each one. The observed 
change in incompatibility specificity accompanying the 
deletion of part of the pars  sequence (Davis et al., 1990) 
suggests that, at least for P1, competition for a limited 
number of host sites is not the basis for incompatibility as 

it seems unlikely that removal of part of a site would, by 
chance, allow binding to a different pair of specific host 

sites in the correct position to confer stability. 
A more likely sequence of events is that the plasmids 

pair specifically, at random, from a pool of unpaired 

molecules via their common cis-acting sites (Austin, 

1988) and subsequently bind to a paired host structure 
which could be used by all plasmids. In this case 
incompatibility would arise when a second plasmid 

bearing the same cis-acting centromere-like sequence 
forms mixed pairs. This would tend to segregate each 

plasmid to a different cell. The altered specificity of the 
truncated pars  centromere would then be explained by 
an inability of the protein complexes at the full and 

deleted sequences to pair. 
To effect partition, plasmid-encoded functions present 

in the paired plasmid complex must link to some part of 

the host cell which will supply the necessary movement 
for separation towards the cell poles. It has been 
suggested that plasmids attach to the bacterial nucleoid 

and effectively ‘hitch a ride’. Indeed, plasmid F has been 
found to co-sediment with the folded chromosome in 
gently lysed cells (Miller & Kline, 1979). By associating 
with a specific part of the unreplicated chromosome, a 

paired plasmid complex would be well placed to exploit 
separation of the daughter nucleoids once replication has 
occurred. However, recent studies with muk mutants, 
which are defective in chromosome partition, have 
shown that F stability is not affected by a decrease in 
chromosome stability (Hiraga et al., 1989), suggesting 

that such a hitch-hiking model might not apply. 
Nevertheless, it cannot be ruled out for some plasmids. 

Alternatives to this model, therefore, are that plasmids 

use the same apparatus as the chromosome, behaving as 
if they were secondary mini-chromosomes, or that they 

use a different system but with the same result. Since 
there appears to be more than one class of partitioning 
system it is possible that more than one pathway or 
mechanism for partitioning exists. The extent to which 

each plasmid system depends on host-encoded proteins 
may also vary greatly. Whatever the mechanism of the 
pSC 101 par-conferred stability, it apparently does not 

depend on plasmid-encoded proteins (see above). Other 
loci encode multiple proteins, e.g. the rnrslpar system of 
RK2. The degree of dependence on host proteins may 

determine the range of species in which each system 
functions. For example, the mrslpar system of RK2 

stabilizes plasmids in many species where the F sop 
system is found to be ineffective (Roberts et al., 1990). 
For the soplpar family, which has been studied in most 
detail, a fundamental similarity between plasmid and 

chromosome partition is suggested by the homology of 
MinD to the A proteins (Motallebi-Veshareh et al., 1990) 

(Fig. 2) and the circumstantial evidence that minD 
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mutants not only affect cell division but also chromo- 
some partition (Mulder et al., 1990). What could this 
common mechanism be? 

One common element in many models for partitioning 
is membrane attachment, as proposed in the surface 
attachment model of the replicon hypothesis (Jacob et 

al., 1963). Indeed, membrane-associated proteins appear 
to be involved in both plasmid and chromosomal 

partition (Hiraga et al., 1989; Watanabe et al., 1989) and 
in some cases association of plasmid DNA with cellular 

fractions having the properties of the outer bacterial 
membrane is dependent on possession of an active 
partition system (Gustafsson et al., 1983). The mukA 

mutation of E. coli, which affects partition but not 
chromosome replication or cell division, is in tolC, which 
encodes an outer-membrane protein (Hiraga et al., 1989). 

The ability of mini-F plasmids to partition in such 
mutants defective in membrane proteins might be 
explained by the use of a different host membrane 
protein (Ezaki et al., 1990) or by the plasmid’s provision 
of its own membrane-association component. Indeed, 

the SopB protein of F was found to sediment with the 
host membrane fraction in the presence of Mg2+ ions 

(Watanabe et al., 1989). Thus, for F, the B proteins might 
provide a link to a membrane-bound host protein 
complex. In the case of the related set of genes from 
broad host range plasmid RK2, the membrane-associat- 

ed KorF proteins might provide such a connection 
(Jagura-Burdzy et al., 1991 ; G. Jagura-Burdzy & C. M. 
Thomas, unpublished). Nevertheless, it appears that 
membrane growth is unlikely to be the force driving 

chromosome segregation. Nucleoids in dividing cells do 
not shift position slowly as the cell grows, but move 

rapidly from the centre of the cell to the 1/4 and 3/4 
positions (Donachie & Begg, 1989; Hiraga et al. 1990). In 
addition, bacterial membrane growth is thought not to 
occur exclusively at the central plane as would be needed 

to drive separation of chromosomes or plasmids (Green 
& Schaechter, 1972; Lin et al., 1971). 

Further clues as to the possible nature of partitioning 
processes comes from study of other mutants defective in 

chromosome partition, which fall into two classes. Those 
in the first class are affected in replication or decatena- 
tion and include primase, gyrase and topoisomerase 
mutants (Orr et al., 1979 ; Steck & Drlica, 1984 ; Norris et 

al., 1986; Hussain et al., 1987a, 6 ;  Kato et al., 1988,1989, 

1990; Mulder et af . ,  1990). While there is a clear need for 
proper replication and maturation of the DNA, such 
processing does not appear to provide a clue to the nature 
of mitotic processes in bacteria. More helpful in this 
respect is one of the second class of mutants (muk 

mutants; Hiraga et al., 1989), which produce cells that 
appear to replicate their DNA and divide normally but 
cannot segregate their chromosomes, with the result that 

anucleate cells are produced. The mukB mutation is in a 
gene whose product has homology to cytoskeletal 

proteins (Niki et al., 1991), including the microtubule- 
associated mechanochemical enzyme dynamin (Obar et 

al., 1990). MukB has a globular N-terminal domain, a 
central coiled-coil domain and a possible DNA binding, 
‘zinc-finger’-like C-terminal domain. Another E. coli 
protein has been discovered which cross-reacts with 

antibodies to yeast myosin heavy chain (Casaregola et 

al., 1990). The discovery of these proteins with similarity 

to eukaryotic motors (for example, Gibbons et al., 1991 ; 
Ogawa, 1991) suggests that they may drive nucleoid 

movement along an as yet undiscovered system of 
filaments bound to or associated with the cell membrane. 
Eukaryotic motors move unidirectionally on polar 

filaments (actin or microtubules) (Vale & Goldstein, 
1990). Since partitioning is an inherently symmetrical 
process, the proposed bacterial filaments would have to 

be oriented in both directions if they are analogous to 
those known in eukaryotes. Attachment of replicated 
chromosomes to each of a pair of filaments would allow 
daughter nucleoids to move in opposite directions. 

Such a model could also be applicable to some of the 

plasmid systems described above. This mechanism for 
segregating daughter molecules would provide a simple 
way of processing the paired plasmids proposed as the 
initial step for soplpar family partition. Assuming that 
paired plasmids could associate with the antiparallel 

filaments at almost any point along their length, then it 
should be possible for a large number of different 
plasmids to utilize the same apparatus simultaneously 
without interfering with each other. Association of the 

plasmid complexes with the filaments might occur in a 
number of ways and could depend on host proteins in 

addition to those that constitute the filaments them- 
selves. Thus the host may provide the motor which drives 
movement while the plasmid simply provides the basis 

for the pairing/association/separation cycle. The link 
into the host system might vary. In the case of broad host 
range plasmid RK2, KfrA with its cytoskeletal-protein- 

like structure could provide a bridge onto a host structure 
at a point different from that used by F or P1. After 
association with antiparallel filaments, the paired plas- 
mids could be separated by a conformational change in 
the complex as a result of phosphorylation catalysed 

by the ATPase activity of the A proteins. Movement 
along the filaments would involve either a motor 
moving relative to the filament or a filament which 
moves relative to the cell (e.g. by polymerization at one 
end and depolymerization at the other). Fig. 4 pro- 

vides a schematic representation of the motor-driven 
model. A model with similarities to ours has been 

presented by Hiraga et al. (1991) for chromosome 
partition. 



Active plasmid partition 13 

:p 

V 

8 

A Protein 

B Protein 

Membrane component 

Motor complex 

Antiparallel arrays 

Plasmid 

A measure of support for such a model of bacterial 
plasmid partition comes from studies on the yeast 2 p  
circle plasmid partition system. This is responsible for 
the high mitotic stability of 2 p and involves three trans- 

acting factors and a cis-acting site (Cashmore et al., 1986, 
1988; Dobson et al., 1988). One factor, the product of the 
REPI gene, like KfrA, has a degree of homology to 
myosin heavy chain and the intermediate filament 

protein vimentin and also has DNA-binding activity 

(Wu et al., 1987). It is envisaged either as the link 
between plasmid and a component of the spindle 
machinery, in a similar way to the model described 
above, or as part of the nuclear karyoskeletal network 
such that bound plasmid is evenly distributed, and hence 
stably inherited by daughter cells, in which case it is not a 
true active partition system (the association of REP1 
with tubulin supports the former idea; A. M. Cashmore, 

personal communication). Another yeast protein respon- 
sible for mitotic stability of plasmids (and also for 
transcriptional silencing), SIR4, also has the heptad 

repeat structure that forms coiled-coil interactions, 
as identified for KfrA of RK2 (Diffley & Stillman, 

1989). 

Conclusions 

A number of low copy number plasmids encode sets of 
genes which appear to fulfil the criteria required of an 
active partition system, which allows a mitotic process to 

direct daughter molecules to each side of the cell division 
plane. Hints from a range of experimental evidence and 

sequence comparisons suggest that partition in prokary- 

otes and eukaryotes may operate through basically 
similar mechanisms. The apparent similarity of some 
plasmid-encoded systems and chromosomal partition 
functions suggests that plasmids may be studied as a 
rather general model system. Finally, we have developed 

some highly speculative ideas with the purpose of 
stimulating a search for new genes and gene products 
which may provide information regarding the mecha- 
nism of this fundamental aspect of cell biology. Some of 
these ideas have already been presented elsewhere 
(Thomas & Jagura-Burdzy, 1991). 

Fig. 4. A model for plasmid partition. The partition complex consisting 

of the A protein and B protein, possibly attached to a membrane 

component and a host or host/plasmid-encoded motor complex, 
initiates specific pairing between plasmid molecules. The paired 

plasmids are then bound to antiparallel filaments or arrays anchored in 

the cell membrane. ATP hydrolysis by the A protein causes separation 
of the plasmids which are then driven to opposite halves of the cell. The 

temporal sequence of binding the components of the complex could 
vary without affecting the final result. 
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