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partition. 

Doctor of Philosophy , 1997 
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The Pl  prophage plasmid is stably maintained in its bacterial host despite its low 

copy number. This stability is due in part to an active partition systern, par, that encodes the 

genes for two proteins, ParA and ParB, as well as a cis acting site, parS. ParA is required 

for at least two roles during partition in vivo. First, ParA represses expression of its own 

gene as well as pari3 from a promoter upstream of parA. This repression by ParA is 

stimulated by ParB. There is a second requirement for ParA that is thought to reflect a 

direct, as yet undefmed role for ParA in the partition process. In vitro, ParA is an ATPase 

that is stimulated by ParB and by non-specific DNA. In addition, ParA binds the par operon 

promoter region, consistent with ParA's repressor activity in vivo. In this thesis I examine 

the effects of ATP binding and hydrolysis on ParA, particularly on ParA interaction with 

parOP and with ParB. 1 show that adenine nucleoside di- and triphosphates stimulate ParA 

DNA binding. ATP hydrolysis is not required for ParA DNA binding and, in fact, inhibits 

ParA DNA binding. The efiects of ATP binding and hydrolysis on ParA-parOP interaction 

are correlated with changes in ParA conformation including, but not limited to, ParA 

dimerization. 1 have also found that ParB stimulates ParA DNA binding in vitro, consistent 

with ParB's role as a CO-repressor in vivo. ParB stimulation of ParA DNA binding requires 

ATP hy droly sis. However, preliminary results suggest that ATP hydroly sis is not required 

on ParA-ParB 

repressor 

for physical association of ParA and ParB, therefore ATP must exert its effect 

interaction via a different mechanism. My results have led to a mode1 of ParA 



function in which ATP binding and ATP hydrolysis have separable roles and have led to the 

suggestion that ATP binding and hydrolysis have separable roles in ParA's partition function 

as well. 
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CHAPTER 1 : Generai Introduction 



Nanirally occurring plasmids such as Pl, F, and R1 are stably maintained in 

bacterial populations despite the fact that their copy number is extremely low. Their stability 

is dependent on an active segregation or "partition" system. The mechanism of partition is 

not howu, however it can be thought of as a process that positions plasmids to ensure that 

each daughter ce11 receives a copy of the plasmid. For many plasmids, including P 1, F, and 

RI, the plasmid-encoded elements required for partition have been identified, although their 

functions in the partition process are not completely understood. Host-encoded factors are 

also thought to participate in plasmid partition, but very few host factors have been 

identified. In addition. very linle is known about the partition of bactenal chromosomes. 

Plasmid partition systerns are thought to mimic the partition system of the bactenal 

chromosome and may utilize components of the chromosome partition apparatus. In 

particular, P l  and F partition systems, studied in Escherichia coli, serve as good rnodels for 

chromosome partition because they are the best characterized systems to date and the 

plasmids are the same copy number as the E. coli chromosome. These plasmids are easy to 

study, because unlike the chromosome, plasmids are not usually essential to the growth of 

the cell. Pl  and F also serve as models for other low-copy-number plasmids. Of particular 

interest are homologous systems encoded by naturally occurring low-copy-nurnber plasmids 

that carry virulence factors or antibiotic resistance genes and by the chromosomes of several 

pathogenic bacteria. 

The partition systems of low-copy-number plasmids such as F, Pl and R1 share 

several common characteristics (see below), which suggest some sirnilarities in their partition 

mechanism. Many plasmid partition systems encode an ATPase that is requhed for plasmid 

partition, however a role for these ATPases in plasmid partition has not yet been identified. 



In this thesis, 1 discuss the roles of ATP binding and hycûolysis in the function of the Pl 

plasmid partition ATPase, ParA. 

PLASMID PARTITION 

General mechadans: Partition systems have been identified on many different Iowtopy- 

number plasmids. Partition loci usuaily encode one or more tram acting factors that bind to a 

cis acting site on the plasmid. This "partition site" is the site of assembly of the partition 

apparatus which presumably consists of both plasmid and host encoded factors. 

In order for partition to occur, a plasmid must be able to sense its position with 

respect to the division plane in the ce11 and with respect to the other copy or copies of the 

plasmid in the cell. One can predict therefore that the plasmids will interact via their partition 

sites with specific components in the host ce11 and/or with each other. These predictions must 

also account for the phenomenon of "partition-mediated incompatibility" expressed by the cis 

acting partition sites. Partition-mediated incompatibility refers to the inability of two different 

plasmids carrying the same partition site to exist stably in the same cell. This incompatibility 

or cornpetition is specific for a particular partition site; plasmids with different partition sites 

do not compete. The phenomenon of partition-mediated incompatibility predicts that plasmids 

are randomiy selected from a pool of plasmids for partition. 

An early mode1 for partition (86) incorporates some, but not dl,  of these predictions 

and has greatly influenced the development of subsequent models. Jacob et al. (86) proposed 

that plasmids are continually bound to specific sites on the ceIl membrane. Both replication 

and partition of the plasmid would be mediated by the plasmid's interaction with these sites. 

Replication would result in duplication of the plasrnid and of the site to which the plasmid is 

bound. Partition would be achieved by the ordered growth of membrane between the two 

sites; the daughter plasmids would be moved apart as the ce11 elongates. While most current 



partition models favour some type of membrane atmchment, several observations are 

inconsistent with the Jacob model. First, this mode1 predicts that replication and partition 

would be fûnctionally Iinked . However , plasmid par loci stabilize heterologous replicons 

(Le., plasmids with different replication origins; 10, 28, 63, 1 12, 149). In addition, for Pl at 

least, replication is not required for partition (188). Second. this model requires that new 

membrane growth is selectively deposited at the center of the cell, pushing older material to 

the poles. However, w w  material is deposited in the membrane dispersively (71), 

consequently membrane growth would not necessarily direct partition of plasmids. Finaily, 

this model predicts that plasmids would not be selected at random for partition since 

replication and partition occur at the same site. This is inconsistent with the observation that 

partition sites carried on otherwise compatible replicons mediate incompatibility. 

Limiring sire versus plasmid pairing models: Two more recent models incorporate aspects of 

the Jacob model, but are more consistent with experimental observations. In one of these 

models, plasmids are proposed to interact with specific sites in the host cell, on the inner 

membrane for example (Fig. 1-1A). These sites are Iirnited in number (ideally, two per cell 

at cell division), specific for the plasmid's partition apparatus, and located on either side of 

the division plane. Following DNA replication, sister plasmids bind to these sites via their cis 

sites. The location of one site on either side of the division plane ensures that each daughter 

ce11 receives a copy of the plasmid. Incompatibility would result from cornpetition among 

plasmids carrying the same partition locus for the limited sites. This model aiso predicts that 

the ce11 would contain a different type of limiting site for each plasmid type or 

incompatibility group. The large number of different plasmid incompatibility groups (more 

than 20; 145) makes this model less appealing because the ce11 would require at least that 

number of these putative limiting sites. Atternatively, plasmids could pair via their cis sites 



limiting site J \ pairing 

O lowcopy-number plasmid 

Figure 1 - 1. Limiting site and plasmid pairing models. The plasmids (biack 

circles) are partitioned by their par sites (blue circles). In A plaunids are partitioned 

by interacting with a specific site in the host that is W t e d  in number (orange 

shape). In B plasmids pair before being partitioned by a general partition 

mechanism, 



(Fig. 1-1B) (10). The paired plasrnids would then be partitioned by a general partition 

apparatus. In this model, the specificity for partition is provided by the plasmid rather than 

by the host. Incompatibility would &se from heterologous pairing of plasmids. This 

"pairing" model is generally favoured over the f ~ s t ,  "limiting site" model, however there is 

no direct evidence for plasmid pairing. 

Role of the membrane Ni panition: These models predict that plasmids will interact with 

specific components in the host ce11 via the plasmid's partition system. Host-encoded factors 

that spatially confime or move plasmids have not yet been identified. The only known 

subcellular structures in E. coli cells are the chromosome and the ce11 membrane. Potentially, 

plasmids could be partitioned sirnply by attaching to the chromosome via specific DNA sites. 

However, F and Pl, two unit copy plasmids, segregate independently of the chromosome 

(49, 62). Therefore, the membrane is a likely site of plasmid interaction with the host cell. 

Partition-specific interactions with the membrane have not yet been fully exarnined. Although 

it has been reported that plasmids or Par proteins precipitate with ce11 membranes during ce11 

fractionation (72, 194), further examination of one of these reports (194) indicated that there 

was no membrane association (78). In addition, the purification properties of several partition 

proteins show that they are soluble and therefore these proteins are not exclusively membrane 

bound. Nevertheless, some type of membrane association is a common characteristic in 

partition models. 

One pair partition versus equipanition: Another question that must be addressed is how many 

copies of the plasmid are actively partitioned. Since plasmid copy number is measured per 

bacterial chromosome, in a rapidly growing E. coli ce11 where there are more than two 

copies of the chromosome, there wiii be more than IWO copies of a unit copy plasrnid. At 

one extreme, only one pair of plasmids is paaitioned, referred to as "one pair partition". 
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Any remaining plasmids would be randomly segregated. At the other extreme, al1 plasmid 

copies are actively segregated, referred to as "equipartition" . Alternatively , some copies of 

the plasmid may be actively partitioned and some copies may be randomly segregated. One 

pair partition is most consistent with a limiting site model and equipartition is most attractive 

for the plasmid pairing model. However, an observation that one pair partition or 

equipartition occurs would not exclude either the limiting site or pairing models. 

Experimentally, it has not been possible to distinguish between one pair partition and 

equipartition (eg . 143, 188). This question will most likely be answered when al1 plasmid- 

host interactions have been identified. 

Swnmary: It has not been possible to distinguish between the limiting site and plasmid 

pairing models and between the one pair and equipartition models in vivo. Researchers are 

restricted by having to measure populations of cells rather than individual cells and by the 

modest amount of information about the factors involved in the positioning process. 1 have 

taken the approach of characterizing one of the known components of the Pl partition 

system, ParA. This characterization as well as the identification and characterization of other 

factors involved in plasmid partition are necessary steps for the development of in vitro tests 

of partition models. 

Pl  Partition: The Pl prophage is a unit copy plasmid that is stably maintained in its 

Escherichia coli host; Pl  is lost from a bacteriai ce11 less than once in every lû" ce11 

divisions (84, 162). This faithful segregation is dependent on the plasmid's partition system 

termed par (10). Pl par is included in a 2.6 kb Hindm-EcoRV fragment of Pl (Fig . 1-2A) 

(3) that is sufficient to stabilize heterologous replicons (10, 12). The par region contains the 

genes for two proteins, ParA and ParB, and a cis-acting site, pars (Fig. 1-2A and B) (3). 

parA and parB constitute an operon, and are aanscribed from an autoregulated promoter 



Figure 1-2. The P l  plasmid partition system. A: The Pl par operon. The genes for ParA 

and ParB are marked by the arrows, pars by the grey box and the promoter region @nrOP) 

by the white box (3). The positions of restriction sites referred to in this and subsequent 

chapters are indicated. The scaie in kbp is shown below the fragment. B: Sequence of the 

pars site (3). The Box A and Box B ParB recognition motifs (60) are indicated by the white 

orrows and grey boxes, respectively. The position of the IHF binding site (57) is indicated by 

the hatched bar and restriction sites are indicated by the square brackets. C: The 388 bp 

HindIII-XhoI fragment from Pl that contains the par operon promoter region. The positions 

of the -35 and -10 transcriptional signals as well as the ribosome binding site (RBS) and the 

parA start codon (ATG) (3) are marked by the boxes. The inverted arrows mark the position 

of the 20 bp imperfect inverted repeat (3). The transcriptional start site is indicated by the 

star (77). The scale, in bp, is marked above and below the fragment. 
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upstream of parA (in purOP; Fig 1-2C) (55). Disruption of parA, parB or pars results in 

piasmid destabiiization (3). Pl partition is believed to hvolve the assembly of Pl and E. culi 

encoded partition factors at parS. This assemblage mediates positionhg of the plasmid in a 

process that is not yet understood. The only known host factor for Pl  partition is integration 

host factor 0 which contributes to partition but is not required (58). Other host factors 

are believed to be involved, but they have not yet ken identified. Since Pl  segregates 

independently of the chromosome, the host factor is not a DNA site on the E. coli 

chromosome (62). 

The Paniriorz Compla: The earliest recognized step in partition is ionnation of the partition 

complex1 by binding of ParB and IHF to pars (38. 57, 58). ParA is no& required for 

formation of t h i s  complex and the protein is thought to act at a later undefmed step in 

partition (see below) (38, 57, 58). The pars site is the only element that is required on a 

low-copy-number plasmid to ensure its proper segregation (as long as ParA and ParB are 

provided Ni tram; 11). Its action is likened to eukaryotic centromeres; it foms the site at 

which the segregation machinery is thought to assemble and at which pairing of the plasmids 

is thought to occur (1 1). 

pars is located in a 109 bp TaqI-Sv1 fragment from Pl (Fig. 1-2B). This region 

includes two sets of ParB binding sites separated by an MF binding site. As determined by 

footprinting assays, DMS interference assays and mutagenesis, ParB binds two different 

sequence motifs, denoted "Box A" (A'MTCAA/C) and "Box B" (TCGCCA) (Fig. 1-2B) (40, 

60). There is one copy of each Box to the left of the MF binding site and three copies of 

Box A and one copy of Box B to the nght of the MF binding site. The limits of a functional 

-- - - - . - - - - - - 

'In this thesis, "partition complex" refen specifically to the complex formed when Pl  
ParB and MF bind to Pl parS. This term should not be confused with partition apparatus or 
partition mechanisrn which refer to generai complexes of partition factors. 
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pars site can be defined by its partition and incompatibility phenotypes. The 109 bp Ta@- 

SgI fragment is referred to as pars' and is wild-type for partition and incompatibility. 

However, pars-srnail, the 34 bp DraI-StyI fragment which does not contain the left half of 

pars or the IHF binding site (Fig. 1-2B). is also active for partition (117). However, 

pars-small is a less efficient par site than pars and is unable to compete with (ie. exert 

incompatibility against) pars+ in an MF-dependent manner. 

A role for IHF in P 1 partition was fmt discovered by its ability to stimulate ParB 

binding to pars  in vitro (58). IHF also stimulates, but is not required for, partition in vivo. 

In E. coli mutants lacking MF. Pl  is relatively stable. However, the plasmid is less stable in 

MF* mutants than it is in wild-type cells (58). In addition, the 

pars-small which lacks the DIF binding site, supports partition NI vivo (57, 118). Aithough 

MF is not essential for partition, the incompatibility phenotype of pars-small bearing 

plasmids indicates that MF is a component of the wild-type partition apparatus: In wild-type 

cells, P l  is destabilized by heterologous plasmids bearing pars+ whereas pars-small-bearing 

plasmids are unable to compete (117). In MF- mutants, pars' behaves essentially as 

pars-small and pars-small plasmids c m  now compete with parSc (58). These observations 

show that in wild-type cells the partition complex contains MF and that partition complexes 

that do not contain MF cannot compete with partition complexes that do contain IHF, 

probably because of their differing aff i t ies  for ParB (58). 

Several observations suggest that the partition cornpiex has a specific three 

dimensional structure in which pars  sequeaces are wrapped around a core of ParB and MF. 

Fint, IHF binds to its site between the left and nght anns of pars, inducing a large bend 

(57). In the absence of MF, ParB binds better to its sites in the nght half than in the Ieft half 

of pars  (57, 60). However, when IHF is present both arms are bound equally well by ParB. 
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Since IHF increases ParB a"nity for purs? this suggesu that IHF stimulates ParB binding by 

aüowing ParB to contact both the left and right halves of pars simultaneously (57, 60). In 

addition, the ParB-MF-purs complex prefen to form on supercoiled DNA (57); supercoiling 

would favour a wrapped complex. Finally, helical phasing between ParB sites in the lefi and 

right halves of pars is important suggesting that these sites interact with each other via ParB 

(60, 74). 

ParA plays a? l e m  two roles in panirion. The fmt function of ParA is to repress 

transcription of the par genes (55). A second function for ParA is ioferred from the 

foilowing genetic experiments. First, mutations in parA are not complemented by plasmids 

carrying only pari3 expressed from a heterologous promoter. even though such plasmids 

efficiently complement parB mutants. These parA mutants require both parA and parB for 

plasmid stability (55). Second, a mutant par promoter was constmcted that is not regulated 

by ParA but expresses parA and parB at levels that allow partition. Under these conditions 

ParA is not required for its regulatory function but is still required for partition (41). ParA's 

second function in partition, referred to as its partition function, is assumed to be a direct 

role in the positioning process. 

Regularion of par gene expression: The genes for ParA and ParB form an operon, the 

transcription of which is initiated from a promoter upstream of parA (Fig. 1-2A and C). 

ParA represses transcription from this promoter in vivo (55). ParA repressor activity is 

stimulated by ParB, however ParB has no repressor activiq on its own (55). A second 

putative promoter lies between parA and parB (3) and there is some evidence that ParB may 

also be expressed (unreylated) from this promoter (3, 55) but this has not yet been cleariy 

demonstrated. ParA and ParB levels are important for proper segregation; overexpression of 

either, or in some cases both, ParA ancilor ParB destabilizes P l  (3, 56, 77). Overexpression 
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of partition proteins in other plasmid partition systerns has similar effefts (e.g . 9 1, 103). In 

addition, many other plasmid partition genes are autoregulated, including those encoded by 

F, P7, RIINRI, RK2, and pTAR (42, 47, 63, 65, 77, 91, 132, 182). PUA and ParB 

provided from a mutant par promoter that is not autoregulated and expresses less protein than 

the unregulated wild-type promoter support partition (41). It seems likely therefore that 

autoregulation is required to maintain a low, but sufficient, level of protein. ParA binds site- 

specificaliy to the par operon promoter region (par00 in virro (39). This binding activity is 

thought to mediate ParA repressor activity in vivo. The sequence requirements for ParA 

DNA binding are not well understood, but the information for ParA binding is probably 

included in the 20 bp imperfect, inverted repeat sequence located between the -10 

transcriptional signal and the ribosome binding site (Fig. 1-2C). The region of purOP 

protected from DNase 1 attack by ParA includes these repeats (Chapter 2; 35, 39) and 

mutations in these repeats affect ParA's ability to repress par gene expression in vivo (77). 

ParA DNA binding was reported to require ATP (39), but more recently my results 

demonstrate that ATP is not required for ParA DNA binding, although ATP greatly 

stimulates ParA DNA binding (Chapter 2; 35). 

The region protected fiom DNase 1 cleavage by ParA corresponds to the region 

protected by RNA polymerase at other promoters (-45 to +20; Ref. 70) and includes the 

major transcription start site (Chapter 2; 35, 39, 77). This suggests that ParA represses 

transcription by preventing RNA polymerase from binding to the promoter rather than 

affecting RNA polymerase a c t i v i ~  after it has bound to the promoter. It is not clear why a 

repressor that seems to act by preventing RNA polymerase from binding would utilize ATP. 

ATP also affects the repressor activity of TyrR, a negative and positive regulator of the tyr 

regulon in E. coli (156, 200). TyrR interaction with tyrosine requires ATP, and TyrR 



interaction with tyrosine is in tum required for repression by TyrR (9, 156). 

ParA ATPase: ParA ATPase activity was fmt suggested by sequence homology to the 

Walker nucleotide binding motifs A and B (Fig . 1-3A) (133, 193). ParA ATPase activity is 

quite weak (about 1@ times lower than the RecBCD ATPase, for example Refs. 39 and 100). 

It is stimulated by DNA of no specific sequence or topology and by ParB (39). The ATPase 

activity does not seem to reflect either a protein kinase activity or a topoisornerase activity 

(39). Deletion or mutation of the Walker A motif results in loss of ParA's regulatory and 

partition functions (41). Partition is a process that requires energy and one can speculate that 

ParA provides this energy via its interaction with ATP. The steps at which the ParA ATPase 

may act are not known, however putative steps in the partition process, such as plasmid 

movement andfor plasmid pairing, may require ParA's ATPase activity. 

Very few site-specific DNA binding proteins are directly affected by ATP. Some of 

these proteins, such as the replication initiation protein ORC of Saccharomyces cerevisiae and 

T antigen of SV40, are involved in processes that are regulated with respect to the ce11 cycle. 

It has been suggested that ATP may regulate the activities of these proteins with respect to 

the ce11 cycle (16). Shce partition is likely to be similarly regulated, perhaps ATP also 

regulates ParA activity with respect to the ce11 division cycle. 

ParA-ParB interachu: ParB stimulates ParA's repressor actvity in vivo (55) and ParA's 

ATPase activity in vitro (39) suggesting that the two proteins interact. There is presumably a 

direct role for this interaction in partition since ParB is a component of the partition complex 

(57, 58) and ParA is also required for partition (41, 55). A direct role for ParA in partition 

requires that ParA interact with the partition complex. Further characterization of the 

interaction between ParA and ParB is required to understand its potential roles in partition. 
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ParA and ParB homologs: Homologs to ParA and ParB are encoded by other plasmids as 

well as by several bacterial chromosomes. The ParA homologs have been grouped in a 

superfamily by vimie of their sequence similanties, particularly in the A motif for nucleotide 

binding (Fig. 1-3) (99. 133, 193). This superfarnily includes proteins of diverse fiinctions 

including ce11 division, nitrogen fixation, membrane transport as well as partition. Some of 

these homologs, including some chromosomally encoded homologs, have not been 

characterized functionally but are proposed to have roles in partition because (i) they are 

more similar to the partition proteins than to proteins of other known functions and (ii) many 

of these homologs are encoded by genes upstrearn of a gene for a ParB homolog (99). 

Bacillus subtilis encodes ParA and ParB hornologs, Soj and SpoOJ, respectively, that are 

involved in sporulation (146). SpoOJ is required for chromosome partition in Bacillus, 

however Soj is not (85). E. coli encodes no ParA-ParB homolog pair (the entire E. coli 

chromosome has been sequenced) although it dws encode homologs to ParA. For example, 

these homologs include MinD, a ce11 division protein that is not thought to be directly 

involved in partition (see below) . 

The proteins in the ParA superfamily are most sirnilar in motif A, motif B and 

another motif between the two, referred to as either "motif 2" or "motif A"' (Fig. 1-3A) (99, 

133). One member of this superfamily . NifH, has been crystallized (64). Its structure 

suggests that motif 2 may also form part of the nucleotide binding site. Some of the ParA- 

like proteins including the putative and known partition proteins, share similarities in another 

region called "motif 3" (133). The functional significance of these homologies in ParA is not 

completely understood. 



Figure 1-3. ParA and ParB contain regions of homology to other proteins. A: The 

positions and sequences of the nucleotide binding motifs (motif A and matif B) as well as 

morifAD and motif 3 in ParA (398 amino acids) are shown. The one letter code for the amino 

acid sequence is used. Underlined residues in motifs A, A' and B are invariant residues in 

the PUA superfmily (99). The underlined amino acid in motif 3 is conserved in the ParA- 

like partition proteins (133). B: Some of the conserved regions in ParB (333 amino acids) are 

indicated. The putative helix-tum-helix motif sequence is sho wn (single letter amino acid 

code) (46). The underlined amino acids are conserved in at least five of six proteins 

compared (1 10). The positions of the conserved acidic residues, potentially phosphorylation 

sites, are indicated by the stars (133). 
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ParB shares short regions of homology with other proteins in the database (Fig . 1 - 

3B) (1 10, 133). The conserved regions include a putative helix-nim-helix DNA binding motif 

(46) and amino acids that could be substrates for phosphorylation (133). Four acidic residues 

at positions 68, 204, 250 and 314 are conserved among ParB homologs. By analogy to 

Salmonella fyphimuBum CheY, these amho acids might form an acidic pocket, a potential 

site for phosphorylation (133). Although ParB phosphorylation has not been detected in vitro 

(39; my unpublished observations), mutation of two of these amino acids, at positions 204 

and 250, result in a Par- phenotype in vivo, but do not affect any of the ParB in vitro 

activities tested, such as DNA binding and dimerization (110). 

Swnmary: P l  partition is summarized in schematic form in Fig. 14. The f i t  recognized 

step in partition is formation of the partition complex by interaction of ParB and MF with 

pars. The subsequent steps in partition are not defmed, however they must allow the plasmid 

to recognize where it and its cognate plasmid are within the cell. The latter can be achieved 

by pairing of the plasmids via their partition complexes. The former c m  be achieved by 

plasmid interaction with specific sites in the host. 1 have drawn plasmids interacting with the 

developing septum, however this is only one possible way to orient plasmids within the cell. 

Either or both of these events could require the action of ParA a.nd/or host factors. For 

example, ParA interaction with the partition complex may mediate interaction of the partition 

complex with host factors. Plasrnid interaction with specific factors in the host could in tum 

position plasmids. As part of, or subsequent to, the positioning step, plasmid pairs must be 

separated so that each daughter ce11 receives a copy of the plasmid. Al1 of these events must 

be CO-ordinated with ce11 division. 

Other plasmid partition systems: Partition loci have been identified on many different low- 

copy-number plasmids. As with the P l  partition system, more is known about the plasmid 



Figure 1-4. A model for P l  plasmid partition. This schematic depicts a general description 

of Pl partition. Briefly, after formation of the partition complex, ParA andor host factors 

may associate with the partition complex to assist in positioning of the plasmid and perhaps 

plasmid pairing. The model is descnbed in greater detail in the text. 
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encoded components of the partition apparatus ihan the host encoded components and the 

mechanism of partition is not known. Some partition systems encode proteins that share 

sequence homology to the P l  proteins and some partition systems have analogous 

components, however other partition systems exhibit very little resemblance to the Pl 

partition system. Many of the partition systems have, or are postulated to have, a cis acting 

site that expresses incompatibility. As well, these systems encode a protein(s) that acts at this 

site. The genes for these proteins are usually autoregulated. Most of the plasmids encode a 

putative ATPase that is required for partition, although the role(s) of ATP binding and 

hydrolysis in partition remains unclear. These similarities suggest that the different partition 

systems utilize similar partition mechanism, at least at sorne steps . 

F and P7pZasmidr: Both the F plasrnid partition system, sop, and the P7 partition system, 

par, are functionally analogous to Pl par. The F sop region stabilizes otherwise unstable 

plasmids without altering the copy number of the plasmid (149). F sop encodes two tram 

acting factors, SopA and SopB, that have limited identity to Pl  ParA and ParB respectively, 

as well as a cis acting site downstream of the genes for the two proteins, sopC (Fig. 1-5) 

(13 1). As with P 1 pars, sopC exerts incompatibility against F (13 1). sopC however is very 

different from parS. sopC contains 12 copies of a 43 bp repeat sequence (105, 13 1) to which 

SopB binds (73, 132). One copy of the 43 bp repeat is sufficient to support partition (19, 

115). The SopB-sopC complex may fonn a high order protein-nucleic acid complex of 

defiwd three dimensional structure, analogous to the P l  partition complex (20, 114). 

Putative host factors for F plasmid partition have k e n  identified, however they have not 

been well characterized. These host factors include 75 kDa and 33 kDa proteins that were 

isolated fiom E. coli extracts by v h e  of their ability to bind sopC in the presence of SopB 

(73). Like P l  ParA, SopA is an ATPase that is stimulated by its cognate B protein 



Figure 1-5. The plasmid partition systems of F, P7, RI and RIC2. The genes for proteins 

thought to be involved in the partition of the various plasmids are indicated by the arrows. 

The purple arrows indicate the (putative) ATPases . Cis-acting sites (where known) are 

indicated by the blue boxes. Promoter regions (P) are indicated. The binding site of the site- 

specific RK2 ParA recombinase is marked by the black box. The scaie is indicated at the top 

of the figure in kilobase pairs. The W partition system is most closely related to the P l  

partition system. The maps are derived from Refs. 27, 1 12, 13 1 and 196. 
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(1 95) and SopA binds specificaliy to the sop promoter region (132). The latter interaction 

presumably mediates regulation of expression from this promo ter (1 32). SopB s tirnulates 

SopA interaction with the promoter region in vitro, suggesting that SopB may also have a 

role in autoregdation (132). 

The partition system of the P7 plasmid, par, is homologous to Pl par (112) and 

their components (ParA, ParB and par9 behave similarly (Fig. 1-5) (39, 77). Although 

homologous, the Pl components cannot substitute for the P7 components and vice versa (39, 

75). Hybrîd proteins and sites have been used to defme parts of the proteins and of the sites 

that determine the species specificity (75, 157). For example, P l  and W pars Box A 

sequences are interchangeable, but the Box B sequences are not (76). A hybrid Pl  ParB 

protein that contains P7 sequences in its C-terminus binds to P7 pars, suggesting that the C- 

terminus recognizes Box B sequences (157). 

The sirnilarities shared by the partition systems of F, Pl, and P7 suggest that these 

systems may utilize similar mechanisms. These plasmids are compatible so their partition 

systems must have different specificities, perhaps determined at a pairing step. 

ZncFIIpl~smidr: R1 and NR1 belong to the Incm incompatibility group (a different group 

from Pl) and have identical partition loci. The partition locus of RI parA shares some 

superficial similarity to the Pl par locus but has no sequence similarity to Pl par. The R1 

parA region stabilizes a Sop' F plasmid without affecting plasmid copy number or the growth 

of the host ce11 (65). R1 parA encodes two tram-acting factors, ParR and ParM, the genes 

for which are coexpressed from a promoter upstream of parM (Fig. 1-5) (129, 9 1). In 

addition, a centromere-like site parc is located upstream of parR and parM rather than 

downstream of the par  genes as in Pl, F, and P7 (Fig. 1-5) (33, 65). ParR binds to two sets 

of five direct repeats in parc  located on either side of the parA promoter (33). ParR 
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interaction with pu< has two functions. It represses transcription of the parA operon (91) 

and is aiso required for a partition function (27). There are conflicting reports as to whether 

ParM stimulates ParR repressor activity in vivo (91, 182). No interaction between ParM and 

parc has k e n  detected, nor has any effect of ParM on ParR DNA binding been detected 

(33, 182). Like P l  pars, parc expresses incompatibility , however ody weakly (33). It has 

been suggested that this weak uicompatibility results from the preference of ParR and 

perhaps ParM to bind parc in cis. ParM is an ATPase (as cited in Ref. 27) and it has been 

proposed that the ParM ATPase like P l  ParA provides the energy for partition. ParM is 

homologous to other ATPases (24), but it does not share any sequence homology with the 

ParA superfamily suggesting that partition ATPases may have evolved more than once. 

RK2: RK2, also known as RP4, is a promiscuous transmissible medium copy number 

plasmid (5-8 copies per host chromosome; 52). Two putative partition regions have been 

identified on the plasmid (67, 133, 160). Very Little is understood about the function of these 

partition systems. They are fairly cornplex, encoding other functions in addition to theu 

partition functions. 

The korABF region encodes several genes, korA, incC, korB, korFI, kkoFZZ and @-A 

(Fig. 1-5) which have been shown to have regulatory roles in control of expression of several 

RK2 genes including their own (14, 89, 90, 185, 186, 201). Roles for at least some of these 

genes in partition are based on the foilowing observations. First, the korABF region stabilizes 

a heterologous medium-copy-number replicon without changing plasmid copy number or 

affecting ce11 growth (133). Second, IncC and KorB share sequence homology to P l  ParA 

and ParB, respectively (133). Finally, disruption of IncC destabilizes plasmids canying the 

rest of the region (133). IncC expresses incompatibility against RK2 (172). however no cis 
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acting site has yet been identifed. It is not clear what contribution, if any, the other genes in 

this operon make to plasmid partition. 

A second RK2 partition region is encodeci by the parCBA operon (Fig. 1-5) which is 

divergently aanscribed from a post-segregational killing system parDE (also involved in 

plasmid stability, see below) (42, 47, 160, 161). Both operons are autoregulated (42, 47). A 

role for the parCBA region in partition is suggested by its ability to stabilize medium copy 

number plasmids without altering the copy number of the plasmids (174). ParA encodes a 

site-specific recombinase, that promotes multimer resolution using a site in the promoter 

region (67). Multimer resolution systems can stabilize plasmids (see below), however ParA's 

resolution function is not sufficient to account for the stabilizing effect of the parCBA region 

(67, 159, 174). ParA also regulates transcription from the parC'A promoter (42, 47). ParB 

has an endonuclease activity whose function is not hown (as cited in Ref. 174). The role of 

parc in RK2 partition is also not known. The parCBA region exerts incompatibility against 

RK2, however no cis acting site has been identified so far (169). 

Other plasmidi: There are several other putative partition loci that have been identified on 

various plasmids (eg. 28, 63, 109, 123, 183). Many of these loci are uncharacterized except 

for their sequences and were identified as partition systems by virtue of their homology to 

the systems I have described. In al1 cases the mechanism of partition is not known. The 

similarities between some of these systems, such as a cis site and an ATPase, suggest 

similarities in their mechanisms. Further characterization of these systems as well as 

identification of host factors, is required to determine if a general partition mechanism exists. 

OTHER FACTORS CONTRIBUTING TO PLASMID STABILITY 

Stable maintenance of a plasmid is effected by several different systems. In addition 

to partition these systems include mechanisms that maintain the optimal copy number of the 
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plasmid and impair the growth of plasmid-free segregants. With the exception of replication 

control, the contributions that these mechanisms make to plasmid stability are not as large as 

the contribution of the partition systerns to plasmid stability (3, 13, 23). 

Copy number control: Both the average plasmid copy number and the distribution of 

plasmid copy number will affect the stability of a plasmid in a cell. For proper segregation, 

the ce11 must contain at least two copies of a plasmid at the time of ce11 division. In addition, 

many naturally occurring plasmids are quite large (P 1 is about 90 kbp; 84) and their copy 

number is kept Iow so as not to drain the host's resources. The distribution of copy number 

in a ce11 population also affects plasmid stability. If the distribution is relatively broad, then 

there is a greater frequency of plasmid free cells (144). Consequently, plasmids are more 

stable when their copy numbers are maintained within a narrow range. The number of copies 

of a plasmid is controlled by replication and recombination systems. 

Replication control of copy number: Three different mechanisms have k e n  shown to 

regulate initiation of plasmid replication: regulation by a repressor protein, by antisense RNA 

and by iterons. Iterons are multiple repeats of DNA sequences to which a plasmid-encoded 

Rep protein binds (reviewed in Ref. 142). Plasmids such as F and P l  are maintained at very 

low copy number, about one per host chromosome (53, 84). Pl copy number is controlled, 

at least in part, by iterons located in a region called inc . .  Deletion of this region results in 

an 8 to 10 fold increase in Pl copy number (153). RepA binds to the iterons in ind  as well 

as to sites in oriR, the plasmid origin of replication (1, 29). Binding of RepA to these sites 

mediates interaction between incA and oriR, presumably via RepA-RepA interactions (152). 

It has k e n  suggested that this interaction between onR and incA interferes with initiation of 

plasmid replication, perhaps by steric hindrance (2, 134, 142, 152). As the copy number of 

the plasmid increases the number of possible interactions that RepA molecules bound at 



different sites cm make with each other increases, thereby inhibithg replication. 

Multimer resolution: In Rec+ ceiis, plasmids can recombine to form multimers, in effect 

lowering the copy number of the plasmid. Many plasmids encode site-specific recombination 

systems that catalyze the resolution of plasmid multimers to monomers. This maximizes the 

number of independently partitionable molecules. Deletion of plasmid-encoded multimer 

resolution systems results in an increase in plasmid multimea and a concomitant decrease in 

plasmid stability (13, 180). Pl encodes a multimer resolution system consisting of the loxP 

site and the Cre recombinase (176). Pl  plasmids without a functioning loxPICre system are 

less stably maintained in Rec+ strains than plasmids that do have a functioning recombinase 

(13). A bias in the loxPICre reaction towards resolvase function, that is towards formation of 

monomers, would be preferred to perform this stabilizing function. Although in vitro snidies 

suggest that Cre îünctions equally well to promote and resolve dimers, some observations 

suggest that it may function predominantly as a resolvase in vivo (4). 

m e r  systems: Killer systems contribute to the stability of a plasmid by kiiiing cells that 

lose the plasmid. In al1 the systems characterized to date, the plasmid encodes a toxin and an 

antidote for the toxin's lethal action (for reviews see Refs. 66 and 92). The antidote is less 

stable than the toxin so when the plasmid is lost from a cell, the antidote is degraded before 

the toxin and the ce11 is killed. The toxin is usually a protein, but antidotes c m  be either a 

protein, or an antisense RNA that prevents expression of the toxin (66, 92). 

Pl  has a kiiler system encoded by the genes pM and doc Qrevents b s t  &ath and 

death on curing, respectively; 106). Doc is lethal to E. coli in the absence of Phd, however - 
the cellular target of the Doc toxin is not known (106). Phd is a target for the E. coli ClpXP 

protease in vivo. In ClpXP strains, Phd is stable and the killer system does not function 

(107). Analogous killer systems have been characterized on F, R1 and RK2 (148, 161, 189). 
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The F killer system, ccd, encodes two proteins, CcdA and CcdB (88, 124, 126, 148). CfdB 

is toxic to E. d i  and its target is DNA gyrase (18, 125). DNA gyrase is not thought to be 

the target of Pl Doc (106). 

Curiously, the E. coli chromosome encodes homologs to the RI pem kiiler locus 

(1 19) and at least three different homologs to the R1 Hok toxin (25. 65). The pem homologs 

ChpAK and ChpBK inhibit cellular growth when overexpressed in the absence of ChpAI or 

ChpBI proteins, respectively. The chpA and chpB genes are located near stringent response 

genes and it is suggested that the ChpA and ChpB I and K proteins may serve to inhibit 

growth under conditions where rapid growth might be hannful to the ce11 (1 19). The roles of 

the other homologs are not known. 

CHROMOSOME PARTITION 

Little is known about the partition mechanism of the bacterial chromosome. 

Chromosome partition has been examined to a lirnited extent cytologically, by following the 

movement of stained chromosomes. These types of experiments were initially interpreted to 

suggest that chromosomes moved rapidly fiom mid-ceIl positions after DNA replication was 

complete to positions that are 114 and 314 along the length of the cell (15, 80). In these 

experiments chromosome position was measured from the center of the chromosome to the 

ce11 poles. When the position of the chromosome was subsequently measured from the edge 

of the chromosome to the ce11 poles a more gradua1 movement of the chromosome, 

concomitant with ce11 growth and DNA replication was observed (192). The seemingly rapie 

movement of the chromosome in the fust set of measurements argued for a positionhg 

mechanism similar to mitosis in eukaryotic cells (80). The second set of measurements 

suggested that chromosome segregation may occur by a more passive, non-motive m d~..m 
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(192). Regardless, there must be a mechanism to ensure proper distribution of the 

chromosome as less than 0.03 % of E. coli ceils are anucleate (79). 

Events prior to positioning: Very few of the "partition" mutants that have been identified in 

E. coli are thought to directly affect the positioning of chromosomes. Many of the mutants 

that have k e n  identified affect steps prior to this event, such as replication, multimer 

resolution and decatenation. Defects affecting these earlier steps produce a different 

phenotype (called Pd-) from defects affecting the positioning step of partition (cailed ParII-). 

The ParI' phenotype is characterked by elongated cells with one large centrally located 

nucleoid (203). Sometirnes anucleate cells of variable length will be produced. The ParI- 

phenotype includes decatenation and recombination defecu; chromosomes are entangled or 

dimeric so that the positioning mechanism cannot separate them. The ParII- phenotype is 

typified by an increased number of anucleate cells the same length as newbom cells. The 

nucleoids are of normal size (203). ParII' mutants are thought to directly affect the 

positioning reaction. 

Decatemtion of the chromosome: DNA replication causes two topological problems. First, 

unwinding of double stranded DNA by the advancing replication fork introduces tighter 

twists ahead of the fork which must be removed to allow continued fork movement. Second, 

catenanes are formed that interfere with separation of the chromosomes during partition. 

There are two type 2 topoisornerases in E. col& D N A  gyrase and topoisomerase IV (topo 

IV), that can resolve catenanes in vitro and in vivo (5, 101, 1 16, 154). The genes encoding 

DNA gyrase, gyrA and gyrB, and the genes encoding topo IV, parc and parE, are essentia' 

genes. Decatenation of the products of DNA replication is thought to be carried out 

predorninantly by topo IV, since plasrnid catenanes that result from replication accum ..,G in 

strains defective in topo IV and these strains have the Pari- phenotype. In additic ., topo IV 
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more efficiently unlinks catenanes in vitro than DNA gyrase unlinks catenanes (190). It has 

been suggested that DNA gyrase makes a minor contribution to this activity in vivo, but that 

the primary function of DNA gyrase is to introduce negative supercoils ahead of the 

replication fork (5, 202). However, some mutations in the DNA gyrase genes result in a 

ParI- phenotype and catenated chromosomes. This observation is unexplained since these cells 

contain wild-type topo IV (95, 150, 175). Whether one or both enzymes catalyse 

decatenation in vivo, this activity is clearly a necessary step before positioning of 

chromosomes. 

Resoiution of chromosome multimers: The E. coii chromosome possesses a multimer 

resolution system that presumably contributes to chromosome segregation by generating 

monomers from dimeric daughter chromosomes that arise because of homologous 

recombination. This site-specific recombination system. located in the replication terminus 

region of the chromosome is not directly involved in the positioning process. Site-specific 

recombination at the dif site in the E. coli replication terminus region by the XerCD 

recombinase was discovered concurrently by three different labs (21, 31, 102). The 33 bp 

site, dif. is located in the replication terminus region of the bacterial chromosome and is 

sufficient for either inter- or intramolecular recombination by the XerC and XerD 

recombinases (2 1, 3 1, 32, 102, 108, 184). Deletion of dif or xerC results in füamentation 

and aberrant nucleoid distribution and size (Pa& phenotype ; 2 1, 102). XerCDldif can be 

replaced by Pl CrelloxP without disrupting the ce11 (108). The dif locus is homologous to tk 

cer site on ColEl (21) which is also a substrate for XerCD (22, 32). Unlike at cer, the ac: 

of XerCD at dif is not biased towards resolution (monomer formation) in vitro. It has bet 

suggested that resolution bias occurs in vivo simply because chromosomes are segrega- 

away from each other (21, 102). 



Chromosome positioning: 

nie E. coli muk mu?mzts: The muk mutants were isolated using a screen that selected for 

non-lethal mutants that gave rise to a high frequency of anucleate ceils (ParII- phenotype; 79, 

140). The m M ,  mukB, mukC and mukD mutants were identified in this screen. mukC and 

mukD have not yet been characterized. MukA is identical to TolC, an outer membrane 

protein (79). The effects of tolC mutations on E. coli are pleiotropic, affecting resistance to 

detergents, antibiotics, colicins as well as expression of other outer membrane proteins (37). 

TolC's role in partition is not well understood. One suggestion is that it helps to foxm 

attachrnent of the chromosome to the ce11 membrane via a cotranscriptional complex whereby 

concomitant transcription, translation and membrane insertion of an integral membrane 

protein gene, such as tolC, form a transient link between the chromosome and the inner 

membrane (1 13, 192). 

mukB encodes a 177 kDa protein with lirnited homology to rat dynamin D 100 (79). 

The predicted secondary structure of M W  suggests that it resembles eukaryotic motor 

proteins. MukB is predicted to have two globular domains, one at the amino temiinus and 

one at the carboxyl terminus, separated by a central rod domain that contains a flexible 

"hinge" region (140). MukB binds ATP and GTP as well as DNA of no specific sequence 

(139). It was originalïy proposed that MukB propels the chromosomes to their proper 

positions in the ce11 dong some as yet undefmed network of fdaments (140). More recently 

however it has been suggested that M W  may have a role in chromosome condensation 

based on the observations that (i) its proposed structurai organization is similar to eukaryotic 

proteins that are involved in chromosome condensation (82, 155, 178) and (ii) mukB 

mutations are suppressed by genes that affect chromosome condensation when these genes are 

expressed Born high-copy-number plasmids (82, 198). Chromosome condensation may be 
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required for partition to occur or may be a motive force in chromosome positionhg (82). 

The genes for two other proteins, MukF and M U E .  were identified upstream of 

muk,  and their disruption causes anucleate ce11 formation (199). The functions of these 

proteins in partition are not known. MukF, which is similar to histone-like proteins, may 

have a role in chromosome condensation since a mukF nul1 mutant strain has irregularly 

s haped diffuse nucleiods ( 1 99). 

Other mutants: Mutation of sorne chromosomal genes that have functions in other cellular 

processes in E. coli give rise to anucleate cells. Mutations Ui r e d  for instance, give rise to 

anucleate cells without affecting DNA replication (171, 203). However, this phenotype was 

shown to be the result of chromosome degradation (170). Certain mutations in min, a ce11 

division locus, result in aberrant chromosome segregation (6, 87, 135). The min mutants 

were originally identified as mutations that give nse to minicells resulting from aberrant 

septum placement at the poles of cells (7, 36). Interestingly, one of the proteins encoded by 

this locus, MinD, is a member of the ParA ATPase superfamily (99, 133). However more 

recent results suggest that the effect of min mutations on chromosome partition are indirect 

via their effects on septum formation (34). 

No other ParA homologs, particularly ones encoded by genes upstream of the gene 

for a ParB homolog, are encoded by the E. coli chromosome. Other bactena such as Bacillus 

subtilis, Pseudornonas putida and Mycobacterium leprae encode ParA and ParB homologs on 

their chromosomes (59, 99). Of these homologs, ody the B. subrilis ParB homolog, SpoOJ, 

has so far been shown to have a role in chromosome partition (85). 

Clearly more information is required to understand chromosome segregation in 

bacteria. This will require an understanding of the fûnctions of the genes already identifid as 

well as identification of other factors involved in partition. 



ATP BINDING AND HYDROLYSIS 

As noted earlier, many plasmid partition systems encode an ATPase that is required 

for plasmid partition. Sorne of these partition ATPases have been grouped into a superfamily 

by vimie of their sequence sirnilarities (99, 133). The Waker A and B motif sequences 

found in the ParA superfarnily of ATPases are also found in many but not al1 ATPases and in 

GTP-binding proteins (99, 165, 193). The general consensus for motif A is G/AX,GKS/T 

and is X,KGGX,KT/S for the ParA superfamily (one letter amino acid code, X is any amino 

acid; Fig. 1-3A) (99, 193). The less-well conserved motif B contains an invariant aspartic 

acid preceeded by hydrophobie arnino acids (193). Some of the proteins that contain these 

motifs have been characterized struchirally, including one member of the ParA superfamily, 

the nitrogenase Fe-protein (Nia)  from Azotobacter vinlandii (64). These structural studies as 

well as mutagenesis of proteins containing these motifs implicate these motifs in interaction 

with the phosphate moiety of nucleotides and consequently in nucleotide hydrolysis (eg. Refs. 

64, 15 1 and 177). The structure formed by motif A is similar in the different proteins 

containing it and foms a loop, called the P-loop, containing the partially conserved glycines 

(64, 127, 128, 136, 177). The highly conserved lysine residue in motif A (the second lysine 

in the ParA superfamily consensus) is in close proximity to the f l  and y phosphates of the 

bound nucleotide in many structures (Fig. 1-6) (eg . Refs. 64, 165 and 177). In addition, 

mutation of this residue usually affects ATP binding andfor hydrolysis in these 

proteins, including Pl  ParA (eg . Refs. 41, 45, 165 and 168). The invariant aspartic acid of 

motif B is also implicated in interaction with the phosphate moiety either directly or via 

coordination of Mg++ (Fig. 1-6) (93, 177, 197). The consemecl serine or threonine of the 

motif A may also coordinate Mg++ (Fig. 1-6) (15 1, 177). A sequence motif that interacts 



Figure 1-6. ATP binding and hydrolysis. Interaction between the phosphate moieq of the 

bound nucleotide and the conserved residues of the A and B nucleotide binding motifs, 

denved from the structure of RecA bound to ADP (177) is shown. Only the conserved 

residues of the motifs that interact with the phosphate groups are shown. The Thr and Lys 

residues are from motif A and the Asp residue is from motif B. The black circle represents a 

water molecule. Not drawn to scale. 
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with the sugar and base of ATP has not been identified in proteins containing motif A. There 

is some similarity in terms of shape and hydrophobicity in the regions that interact with the 

adenylyl group but no sequence similarity, suggesting that many aitemative sequences are 

capable of forming the correct binding environment (130). 

Hydrolysis of ATP or GTP is thought to occur by an in-line attack of a water 

molecule on the y-phosphate. The phosphate is either transferred directiy to the water 

molecule or via formation of a phosphoprotein intermediate (eg. Refs. 48, 5 1 and 68). 

THESIS RATIONALE 

The two roles that ParA plays in partition, repression of par gene expression (55) 

and a second as yet undefmed role (41, 55).  both require an intact nucleotide-binding motif 

in ParA (41). The steps at which ATP binding and hydrolysis function are not well 

understood. ParA interaction with parOP, which is affected by ATP (39), Iikely mediates 

ParA repressor activity in vivo. 1 have examined the interaction of ParA with adenine 

nucleotides and the par promoter region in vitro to address the roles of ATP binding and 

hydrolysis in ParA function. ParA interaction with ParB was also examined since (i) ParB 

affects ParA repressor activity in vivo (55), (ii) ParB stimulates ATP hydrolysis by ParA (39) 

and (iii) ParB interaction with ParA very likely plays a role in the positioning reaction. My 

results point to separable roles for ATP binding and ATP hydrolysis in ParA repressor 

activity and perhaps in the positioning process. 



CHAPTER 2: A role for ATP in ParA site-specific 
DNA-binding activity 

1 performed al1 of the experiments presented in this chapter except for construction of pMD4 
and pMD9 which were made by Liane Gagnier. 

This chapter is a modified version of the paper: 

Davey, M. J., and B. E. Funneil. 1994. The Pl plasmid partition protein ParA: A role for 
ATP in site-specific DNA binding. J. Biol. Chem. 269:29908-29913 
Reproduced with permission fkom the American Society for Biochemistry and Molecular 
Biology , Inc. 
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INTRODUCTION 

The bacteriophage Pl  prophage is a plasmid that is maintaineci in Escherichia coli at one 

or two copies per host chromosome (162). Consequentiy, stable inheritance of the plasrnid in 

a bacterial population is dependent on an active partition system, which ensures that plasmids 

are positioned correctly so that each daughter ce11 receives a copy of the plasmid. 

P l  encodes two proteins, ParA and ParB, and a cis-acting site, parS. that are required 

for partition (3). An excess of either protein (3, 56), or in some cases both proteins (77), 

interferes with partition. The genes for the Par proteins comprise the par operon and are 

transcnbed from a promoter upstream of parA (55).  ParB and the E. coli-encoded protein, 

integration host factor (IHF), bind to pars to form the partition complex (38, 56-58, 60, 

117). The partition complex is thought to mediate cognate plasmid pairing prior to ce11 

division (1 1, 149). ParA is not required for formation of the partition complex (38, 56, 58) 

and it is not known when, or in fact whether, ParA interacts with the partition cornplex. 

ParA regulates par gene expression by repressing transcription from the par 

promoter, rneasured using lac2 fusions to the par operon (55). ParB inhibits expression even 

further, although ParB alone has no repressor activity (55). The partition systems of other 

low-copy-number plasmids such as F, P7, pTAR, RllNRl and RK2 are also autoregulated, 

suggesting that this may be a general feature of partition system regulation (42, 47, 63, 65, 

77, 91, 132, 182). 

Genetic evidence indicates that the regulatory function of ParA is not its only role 

(41, 55). When ParA's regulatory function is bypassed by expressing the par genes from an 

unregulated promoter, ParA is s t i l l  required for plasmid stability. It is assurned that this 

requirement reflects a direct role for ParA in plasmid positioning. 



Two biochemical activities have been associated with ParA. ParA has a weak 

ATPase activity that is stimulateci two-fold by nonspecific DNA and about five-fold by ParB 

(39), however the step at which ParA's ATPase activity acts in partition is not known. In 

vitro DNase 1 protection assays indicate that ParA binds to the par promoter region in a site- 

specific, ATP-dependent manner (39). Over 100 bp of DNA are protected from DNase 1 

cleavage by ParA (39) and Little is known about the sequence detenninants of ParA binding. 

Protection from DNase 1 cleavage centers on a 20 bp imperfect inverted repeat sequence 

located upstrearn of parA (39). Mutations in the inverted repeat sequence that interfere with 

ParA's ability to repress expression from the pur promoter have been described (77). No 

effect of ParB on ParA DNA-binding activity has yet been detected (39). 

The interaction between ParA and the par promoter is somewhat unusual; it is a 

site-specific DNA-binding activity that requires ATP. Here . 1 have further examined this 

ATP requirement for DNA binding. My results in this chapter lead me to propose that the 

effects exerted on DNA binding by ATP, ADP, and ATP analogues are mediated through 

ParA oligomerization. 
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EXPERIMENTAL PROCEDURES 

Strains and Plasmids: The Escherichia coli KI2 strain DH5 (F e n d l  hsdUI7 (rK-mK+) 

supE44 thi-I recAl gyrA96 relA1) was used to maintain d l  plasmids. The strain BUl(XDE3, 

pLysS) ( h a  gal (hcIts857 indl Sam7 nin5 lacWS-T7 gene 1)) (Novagen; 179) was used to 

express ParA protein from pBEF198. 

Restriction digests, ligations , and transformations were performed using standard 

methods (164). The plasmid used for ParA protein production, pBEF198 (33,  contains the 

parA gene under the control of a bacteriophage T7 promoter in the vector pET17b 

(Novagen) . 

The plasmids pMD6 and pMD9 contain the par promoter region. pMD6 contains the 

388 bp Pl HindIII-Hz01 par fiagrnent (Fig. 1-2) in pBlueScript SK+ (Stratagene), and pMD9 

contains the 153 bp Rra1 fragment (Fig . 1-2) in the SmaI site of pBlueScript SK + . The 

plasmids pMD3 and pMD4 were constnicted to express TrpE-ParA and GST-ParA fusion 

proteins, respectively . The TaqI site at the start of the parA coding h e  (Fig . 1-2) was 

changed to BamHI without destroying the start codon. The BamHI-Bgm fragment encoding 

al1 but the f d  amino acid of ParA was ligated into the pATH2 (98) BamHI site, creating an 

in frame fusion with the 323 amino terminai residues of the E. coli rrpE gene product. The 

1202 bp SmaI-XbaI fragment from pMD3 was inserted into the Sm1 site of pGEX-3X 

(Pharmacia) to create pMD4. 

Reagents and Buffers: Sources for reagents and resins were as follows: S-Sepharose resin 

and Mono Q column, Phannacia; ATP, GTP, glutathione-Sepharose, bovine s e m  albumin 

(BSA), Sigma; isopropyl-0-D-thiogalactopyranoside (IPTG), ADP, adenylyl- 

imidodiphosphate (AMP-PNP) and adenine-5'-O-(3-thiotriphosphate) (ATPyS), Boehringer- 

Mannheim; ethy lene glycolbis(succinllnidylsuccinate) (EGS) , Pierce; [g2P]ATP, [d2P] dATP 
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and [d2P]dCTP, NEN-Dupont; lUI-labelled donkey-anti-rabbit-immunoglobulin antibody, 

Amersham; polyethyleneimine ceilulose thin layer chromatography (TLC) sheets, Machery- 

Nagel; and Bradford concentrated dye, BioRad. Enzymes were purchased from the following 

companies: enzymes for cloning, New England Biolabs or Boehringer-Mannheim; bovine 

pancreatic DNase 1, Boehringer-Mannheim. 

The following buffers were used for ParA purification: Sonication buffer, 50 m M  

Tris HCl pH 7.5, 50 mM (m&S04, 1 mM EDTA and 0.5 mM 1,4-dithiothreitol @TT); S 

buffer, 25 mM imidazole pH 6.5, 0.1 mM EDTA, 10% (vh) glycerol; Q buffer, 25 mM 

HEPES pH 7 3,  0.1 mM EDTA, 10 % (vlv) glycerol. ParA assay buffer consists of 50 mM 

Tris-acetate pH 7.5, 100 rnM NaCl and 10 m M  MgCI,. 

Antibody Production and Purification: Antibodies were raised in rabbits against TrpE-ParA 

fusion protein, which was expressed from pMD3 and prepared essentially as previously 

described (97). Injection into rabbits and subsequent blood sampling were performed by the 

Division of Comparative Medicine at the University of Toronto. Anti-ParA antibodies were 

affinity purified from crude sera using the GST-ParA fusion protein immobilized on 

nitrocellulose (164). GST-ParA fusion protein was isolated from cmde ce11 lysates using 

glutathione-Sepharose affinity chromatography as described (173). 

ParA Purification: The strain BL2 1 (XDE3 ,pLysS ,pBEF198) was grown at 37 OC in 2 liters 

LB medium (164) containing 40 pg cchlramphenicollml and 100 pg ampicillin/ml to an %, 

of approxirnately 0.4. IPTG was added to 0.5 mM, and the culture was incubated at 37OC 

for another hour. Cells were chilled on ice, collected by centrifugation, washed and 

resuspended in sonication buffer and fiozen in liquid nitrogen. The cells were thawed on ice, 

lysed by sonication, and cenmfuged at 25,000xg for 1 h at 0°C. T ' e n  0.35 g of (NH4),S04 

per ml of supernatant were added and the mixture was re-centîifuged. AU subsequent steps 
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were d e d  out at 4°C. The protein pellet was resuspended in, and then didysed against, S 

buffer with 1 rnM DTT. This protein (FrII) was loaded on a 20 ml S-Sepharose column 

equilibrated with S buffer containing 25 mM NaCl and 1 mM DTT, and bound proteins were 

eluted with a linear 400 ml, 25 mM to 1 M NaCl gradient in S buffer and 1 mM Dm. 

Fractions containing ParA were c o d m e d  by Western blotting. Peak fractions were pooled 

(FrIII) and loaded on a 1 mi Mono Q column equilibrated with Q buffer containing 100 mM 

KCl and 1 mM DTT. Bound proteins were eluted with a 20 ml, 100 mM to 1 M KCI 

gradient in Q buffer containing 1 mM DTT. The fractions containing ParA were pooled 

(FrIV) and used in al1 assays. ParA was stored in Q buffer containing 300 mM KCl and 10 

m M  DTT at -80°C. 

DNase 1 Protection Assays: Substrates were DNA fragments derived from pMD6 and pMD9 

(see text). Fragments were labelled on their 3' ends with [d2P]d~TP or -dCTP using DNA 

polymerase I large fragment (164). Footprint assays contained (in 25 pl), 10-50 fino1 (see 

text) 32P-end-labelled par promoter fragment, 10-2000 ng ParA FrIV, 2 pg sonicated salmon 

sperm DNA, 20 pg BSA, and 2 rnM CaCI, in ParA assay buffer. Assays were incubated for 

10 min at 30°C and then 1 pl of 1.25 pg bovine pancreatic DNase I/ml was added. M e r  

further incubation at 30°C for 60 sec, cleavage was stopped with 75 pl of 1.6 M ammonium 

acetate, 200 pg sonicated salmon spem DNA/ml and 0.1 M EDTA. After phenol/chloroform 

extraction of proteins, the DNA was precipitated with ethanol and resuspended in 4 pl of 

formamide dye (164). Samples were electrophoresed on a 6% polyacrylamide urea gel. The 

gel was dried on Whatman DE81 paper and exposed to film or storage phosphor screens for 

quantification on a PhosphorIrnager (Molecular Dynamics). 
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RESULTS 

Purifkation of ParA: ParA protein was purifiai to over 99% homogeneity, as judged by 

Coomassie Blue stained SDS-polyacrylamide gels (Fig. 2-1). Afier S-Sepharose and Mono Q 

chromatography (ParA FrIV), I detected both the Pa*-stimulateci ATPase activity and the 

DNA-binding activity reported for ParA (39). DNA binding to the par promoter was not 

detected in less pure pooled ParA fractions, although binding was detected in the most pure 

peak fraction from the S-Sepharose column. ParA's ATPase activity is relatively weak (39) 

as compared to other cellular ATPases (e.g., approximately 2xlP-fold lower than the 

RecBCD ATPase; lm), so ATPase activity was not assayed in samples less pure than FrIV. 

ATPase time courses of ParA (FrIV) with or without ParB confirxned that ParB 

stimulates ParA's ATPase activity (Fig. 2-2A) (39). In addition to ATP, ParA also 

hydrolysed dATP, albeit at a lower rate (Fig. 2-2B). My experiments showed that ATP 

hydrolysis by ParA continues to increase linearly for at least 120 minutes at 30°C with and 

without ParB (Fig. 2-2A). Since ParB does not affect ParA's KM for ATP (39), these data 

suggest a direct stimulation of the catalytic activity of ParA by ParB rather than an indirect 

effect via stabilization of ParA by ParB. In the latter case, one might expect a stimulation of 

the extent of hydrolysis (ie., a non-linear increase in product) rather than the rate of ATP 

hydrolysis, particularly after a 90 minute incubation. 

DNA binding is stimuiated by, but does not require, ATP: Previous snidies (39) indicated 

that ParA binds to the par operon promoter in an ATPdependent, sequence-specific manner. 

When binding by ParA FrIV was assayed in the absence of ATP at an approximate 1000-fold 

excess of ParA monomers to DNA molecules, binding to the promoter fragment was easiiy 

detected (Fig. 2-3A). ATP (1 mM) stirnulated binding by about 10 fold; that is, ten-fold less 

ParA was necessary to see the same footprint (Figs. 2-3, A and B) . It was formaily possible 



Fig. 2-1. hification of ParA. Fractions from a ParA purification were analyzed on a 12% 

SDS-polyacrylamide gel (104) stained with Coomassie Blue. Lmes with total cells are: in the 

"-" lane (no ParA), 0.15 %, units of BUl(XDE3,pLysS) cells; and in the " +" lane (with 

ParA), 0.15 %, units of BL2 1 (XDE3, pLysS, pBEF 198) cells after a one-hour induction. The 

protein fraction lanes are 10 pg offrnctiom I (crude lysate), II ((rn4)2S04 precipitate), III 

(pooled S-Sepharose eluate) and N (pooled Mono Q eluate) as indicated. ParA was identified 

as the major band at approximately 45 kDa (its predicted size from the DNA sequence is 44 

kDa; 3), because it reacted with affity-purified anti-ParA antibody (data not shown), and 

was absent from cells containing no ParA. The positions of molecular size standards are 

indicated on the fefl in kilodaltons @Da). 
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Figure 2-2. ATP and dATP hydrolysis by ParA. A: T h e  course of ATP hydrolysis by 

ParA with and without ParB. ParA (1000 ng) with (A) or without (i) 1400 ng ParB was 

incubated in a total volume of 20 pl ParA assay buffer containhg 1 mM [~'*P]ATP (1 

gCi/pmol) and 100 ng sonicated salmon spem DNNpl at 30°C. At the indicated times 2 pl 

was removed and spotted ont0 a 0.6 x 6 cm polyethyleneimine cellulose TU: strip. The TLC 

strips were developed in 0.5M LiCl in 1 M formic acid (8) and exposed to a Phosphor 

storage screen overnight. The amount of ATP hydrolysis in each sample was determined 

using ImageQuant software (Molecular Dynamics) by cornparing the amount of 32Pi (which 

migrates faster than 3 2 ~ - ~ T ~  through the TLC strips) on each sûip to known amounts of "P- 

ATP on undeveloped strips. The amount of ATP hydrolysis in the absence of ParA and ParB 

( 7 )  as well as with ParB in the absence of ParA ( 0 )  are also shown. Each point is the 

average of quadruplicate assays. B: ParA hydrolyses dATP. ATP ( i )  and dATP (*) 

hydrolysis by ParA was measured using [y32P]ATP and [d2P]dATP (respectively, 1 mM, 1 

pcilpmol) in 20 pl of PUA assay buffer containing 100 ng sonicated salmon sperm DNA/pl 

and the indicated amounts of ParA. The assays were incubated for 90 min at 30°C before 2 

pl of each assay was spotted on a TLC strip. Thin Iayer chromotography and quantification 

of the assays were carried out as in A,  except that for the dATP assays, the amount of dATP 

hydrolysis was determined from the amount of [ d 2 ~ ] d ~ ~ ~  produced in each assay. Each 

point is the average of duplicate assays. 
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that the ParA fi-action contained a low level of nucleotide that supported DNA binding when 

a large volume of ParA was used. A ParA sample, which had been purified over two ion- 

exchange columns, was dialysed for 18 h against Q buffer containhg 300 mM KCl and 1 

mM D'IT. This highly dialysed sample behaved identically to the original FrIV in the 

absence and presence of ATP (data not shown). I concluded therefore, that ParA site-specifc 

DNA binding is stimulated by, but not dependent on, ATP. 

The protection pattern obtained with ParA in the absence of ATP at high protein 

concentrations was identical to that observed at lower ParA levels with ATP. For example, 

compare lane 6 (700 ng ParA, no ATP) with lane 8 (70 ng ParA, with ATP) in Fig. 2-3A. 

The extended footprint seen at high ParA with ATP (lane 11, Fig. 2-3A), was dso  observed 

at very high ParA (approximately 3 pg) without ATP (data not shown; summarized in Fig. 2- 

4). At high ParA concentration the protected region extended from upstrearn of the -35 

region into the parA coding sequence, including the 20-bp inverted repeat. The footprint 

covered approxirnately 150 bp (Fig. 2-3). 1 consistently observed a pattern of ParA- 

dependent enhanced cleavages and poorly protected residues as compared to most nearby 

residues that were fully protected from DNase 1 cleavage (Figs. 2-3 and 2-4). 

Effects of ATP hydrolysis on DNA binding: 1 tested the effects of the non-hydrolysable 

ATP analogues, ATPyS and AMP-PNP, and of ADP on ParA DNA-binding activity. Al1 

tkee nucleotides had a stronger effect than ATP. Fig. 2-SA shows the results of a nucleotide 

titration experiment at a level of ParA that gave a partial footprint with ATP. Under these 

conditions, the ParA footprint with ADP, ATPyS and AMP-PNP was much more extensive, 

and equivalent to that at higher ParA concentrations with ATP. The differences observed 

were probably not due to a difference in ParA affinity for the nucleotides, since ParA 

required a similar concentration of each nucleotide to bind parOP at this concentration of 



Figure 2-3: ATP stimulation of ParA-pdP interaction: A: DNase I protection assays 

were performed using 16 h o 1  of the pMD9 BamHI-Rra1 169 bp fragment labelled at BamHI 

on the coding strand (upper strand in Fig . 2-4). Where added, ATP was present at 1 mM. 

nie amount of ParA added was: lanes 2 and 7 ,  none; lanes 3 and 8 ,  70 ng; ianes 4 and 9,  

140 ng; fanes 5 and 10, 280 ng; lanes 6 and 11, 700 ng. Lane 1 is the same fragment treated 

with dimethyl sulphate where cleavages at G are stronger than cleavages at A (120). 

B: DNase 1 protection assays performed at lower ParA concentrations, with ATP, than in A. 

Each assay contained 7 h o 1  of pMD6 HindIII-XhoI fragment labelled at HindIII on the 

non-coding strand. The amount of ParA was: fane 1, none; fane 2, 55 ng; lane 3, 110 ng 

and fane 4 ,  220 ng. In both A and B. the inverted 20 bp repeat (inverted arrows), the -35 and 

-10 promoter signals, ribosome binding site (RBS) and parA start codon (ATG) are shown on 

the lefr. Sequences upstrearn of the &ai site in pMD9 (in A) have been replaced with vector 

sequences resulting in a partial -35 promoter signal. 





Figure 2 4 .  Summary of the extent and pattern of protection from DNase 1 cleavage by 

ParA protein. The results from several DNase 1 protection assays of the par promoter are 

summarized on the DNA sequence (GenBankTM accession X02954). The brackets indicate the 

lirnits of protection by ParA from DNase 1 cleavage. Positions of enhanced cleavage are 

indicated by the solid arrowheads and positions that were poorly protected are indicated by 

the open arrowheads. The upper strand is the coding strand for parA and parB. The -35 

and -10 regions, ribosome binding site (RBS), and parA start codon (ATG) are indicated by 

the boxes. The inverted, imperfect repeat is delineated by the inverted arrows. The major 

transcription start site is indicated by the star (77). The patterns depicted here are from 

several different experiments using both pMD6 and pMD9 labelled on the coding and non- 

coding strands as substrates. No difference in the protection pattern was detected using either 

plasmid as a source of substrates. The protection pattern upstream of the &a1 site is from 

f o o t p ~ t s  of pMD6 oniy; however, the Iength of the protected region was similas on pMD9 

where the sequences upstrearn of the Rra1 site were replaced with vector sequences (data not 

shown). 
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Figure 2-5. Nucleotide effects on ParA DNA-binding activity: A: ATP, ADP, ATPyS, 

AMP-PNP and GTP were added to DNase 1 protection assays at the concentrations indicated 

(millirnolar). The fmt lane (G> A) is a dimethyl sulphate cleavage ladder of the fragment. 

Each reaction mixture contained 14 fmol of the 388 bp XhoI-Ifindm fragment from pMD6, 

labelled on the non-coding s ~ d  and 220 ng of ParA, except ime C which is a control assay 

that contained neither ParA nor nucleotide. B: ParA binding in the presence of 1 mM ATP 

or ADP. The substrate was 30 h o 1  of pMD6 Hindm-XhoI fragment labelled at HindIII end 

(the non-coding strand). Each assay contained: Ianes 1 and 8 ,  no ParA; lanes 2 and 9 ,  70 ng; 

lnnes 3 and 10, 140 ng; lunes 4 and 1 1 ,  280 ng; iane 5, 700 ng; lane 6, 1400 ng and lane 7 ,  

2800 ng of ParA. C: ParA interaction with parOP in the presence of either 1 mM ATP or 

dATP. Each assay contained 10 mol  of the pMD6 388 bp Hindm-XhoI fragment, labelled at 

Hindm. The amount of ParA in each assay was: Iane 1 and 5 ,  none; lunes 2 and 6 ,  26 ng; 

lanes 3 and 7 ,  52 ng; and lanes 4 and 8 ,  104 ng. In A. B and C, the location of the -35 and - 

10 promoter signals, inverted repeat (inve~ed arrows) ribosome binding site (RBS), and parA 

start codon (ATG) are shown on the lep. 
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ParA (Fig. 2-5A). In fact, 1 later show that ParA has a lower affinity for ADP thm for ATP 

(Chapter 3). ParA protein titrations in the presence of various nucleotides confmed that 

ADP (Fig. 2-SB), A m S  and AMP-PNP (data not shown) stimulated ParA binding about 5- 

fold more than ATP. The ADP used in these assays contained less than 0.5 % ATP, as 

determined by thin layer chromatography (as in the legend to Fig. 2-2). AMP, adenosine, 

adenine and sodium pyrophosphate (data not shown), or GTP (Fig. 2-4A) had no effect on 

binding activity. dATP, which is hydrolysed to a lesser extent than ATP by PUA (Fig. 2-2B) 

stimulated ParA DNA-binding activity slightiy better than ATP (Fig . WC). Therefore, 

adenine nucleoside di- or tri-phosphates are required to stimulate ParATs DNA-binding 

activity. My observation that ADP stimulated DNA binding to the same degree as the non- 

hydrolysable analogues, and the previous fiiding that ADP and phosphate are the products of 

the ParA ATPase (39), suggest that a bound ADP or ATP is required for stimulation, but 

that the act of hydrolysis itself inhibits DNA binding. The observation that the ability of a 

cofactor to stimulate ParA DNA binding is inversely related to the rate at which it is 

hydrolysed by ParA supports this conclusion. 

ATP and ADP affect the sedimentation behaviour of ParA: One possible explmation for 

the effect of ATP and ADP on ParA's DNA-binding activity is that they affect the 

conformation or the oligomerUation of the protein. The extensive protection from DNase 1 

cleavage of the par promoter region suggested that more tban one ParA molecule was bound 

to the site. 1 used glycerol gradient sedimentation to examine whether ATP or ATP 

analogues affected the hydrodynamic properties of ParA. ADP was used as the cofactor in 

most experiments, since ADP had a stronger effect than ATP on the DNA-binding activity. 

Without ADP, ParA sedimented at a rate consistent with a molecular size slightly larger 

than predicted for a monomer of ParA (44 kDa; Fig. 2-6A). The presence of ADP (1 mM) 



Figure 2-6. ADP and ATP affect ParA sedimentation rate. Purified ParA (FrIV) was 

analyzed by glycerol gradient sedimentation. Each panel depicts the results from two parallel 

gradients, one with no ADP (O) and the other with 1 m M  ADP included throughout the 

gradient (e). Glycerol gradients (3.9 ml of 10 to 40% (v/v) glycerol in ParA assay bufier) 

were poured in seven steps, allowed to diffise for 1 h at 21°C and then equilibrated to 4 T  

for 1 h. A mixture of the indicated arnount of ParA and 300 pg BSA in 78 pl was layered 

ont0 the top of each gradient. The gradients were centrifuged at 55,000 rpm for 18 h at 5°C 

in a TST60.4 swinging bucket rotor (Dupont). Two drop fractions (80-100 pl) were collected 

from the bottom of the tube using a syringe needle. Fractions were analyzed on Western 

blots using anti-ParA antibody and '=I-labelled donkey-anti-rabbit IgG antibody as the 

primary and secondary antibodies, respectively. The blots were exposed to a storage 

phosphor screen and bands were quantified on a Phosphorhager (Molecular Dynamics). 

BSA, which was included with ParA in the gradients, was detected using Bradford assays 

(A,,, dashed fine). At each concentration of ParA, gradient profdes with and without ADP 

were aligned by their BSA peaks (relative fraction number=O) to correct for one or two 

fraction differences that resulted from variations in collection needle insertion. The positions 

of other size standards, run in parallel gradients, are also indicated. The standards were 

bovine IgG (158 kDa), chicken ovalbumin (ovd;  44 kDa) and equine myoglobin (myo, 17 

kD a). 
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Figure 2-6 cont. B: The sedimentation of ParA in the presence of 1 mM ATP (m) or 1 mM 

ADP (a). The gradients were perfomed as described in A using 8.6 pg of ParA for each 

gradient. BSA (A5,, dashed line) was included in each of the gradients and its sedimentation 

was used to align the gradients. C: The sedimentation of ParA through gradients with (+ ) 

and without (O) 1 mM GTP are shown. The experiments were performed as described in A 

using 8.6 pg PUA. The scale on the lef: is in arbitrary units (fiom the PhosphorIrnager 

values) since the protein was not quantified to ParA standards in this experiment. 
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increased ParA's sedimentation rate to a position intermediate to monomer and dimer shes at 

low concentration, and to dimer size at high ParA concentration. These sizes were estimated 

by comparing ParA sedimentation to BSA (66 kDa) in the same gradient, or to other size 

standards nin in parallel gradients. The change in sedimentation rate caused by ADP was 

sensitive to the concentration of PUA such tbat the sedimentation rate increased with 

increasing ParA (Fig. 2-6A). ATP had the same effect as ADP in these experirnents, whereas 

GTP had no effect on sedimentation rate (Fig. 26B and C). 

These observations indicate that ADP and ATP affect ParA structure. Since 

sedimentation is sensitive to size and shape, ATP and ADP could be influencing one or both 

properties of ParA. However, the concentration dependence of the sedimentation rate 

suggested a size effect; that ADP was influencing a monomer-dimer transition. Proteins that 

exist in a rapid monomer-dimer (or oligomer) equilibnum can sediment as a single peak 

whose size is closer to the predominant species. This hypothesis makes a couple of 

predictions: First, ParA must be able to form dimers (or oligomers), and second, that this 

transition is reversible. ParA, collected from a gradient containing ADP, sedirnented at the 

same rate as a previously untreated sample of ParA when run through separate gradients 

without ADP (data not shown), suggesting a reversible effect of ADP on ParA sedimentation. 

ParA forms dimers: 1 used chemical cross-linking to analyze the oligomeric state of ParA. 

ParA was treated with EGS, a homobifunctional chemical cross-linker, in the presence (1 

mM) or absence of ADP. EGS reacts with available primary amine groups, mainly at 

lysines. Higher molecular weight forms of ParA were observed after addition of EGS both in 

the presence and absence of ADP, consistent with the formation of dimers (Fig. 2-7). A very 

small amount of tetramer may also be formed, although the majority of the cross-linked 

products were dimer-sized. The doublet bands in the samples treated with cross-linker 



Figure 2-7. EGS crosslinking of ParA: ParA (80 nglpl) in ParA assay buffer, with or 

without 1 mM ADP (as indicated), was treated with EGS (15 pg/ml). At the indicated times, 

500 pl were removed and quenched in 150 mM lysine. Samples were precipitated in 15% 

(w/v) trichloroacetic acid, washed w ith acetone, resuspended in Laemmli sarnple buffer and 

analyzed by electmphoresis on an 8 % SDS-polyacrylamide gel (104) which was stained with 

Coomassie Blue. In this experiment, there was a slight difference in recovery at each time 

point. The no EGS lane contains 10 pg ParA FrIV that has not been treated with EGS or 

precipitated with trichloroacetic acid, diluted in Laemmli buffer. Migration of size standards 

is indicated on the nghr in kDa. Identical patterns were observed when cross-linking was 

performed at lower ParA concentration (40 pglml). 



na ADP 1 mM ADP 
na I 

EGS O 1530 O 15 30 min 
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indicate intramolecular cross-links. Both the monomer- and dimer-sized populations consisted 

of two bands suggesting that these intramolecular cross-links did not interfere with 

dimerization. These experirnents were performed at low concentrations of ParA to ensure 

that monomers did not cross-link, and these conditions may not have k e n  sensitive enough 

to detect a kiwtic effect of ADP on dimer formation. Alternatively. the cross-linking 

reaction might push the equilibriurn towards dimer formation by irreversibly forming dimers. 

Nevertheless, this experiment demonstrates that ParA forms dimers in solution. 



DISCUSSION 

P l  ParA protein binds specifically to a site in the par operon promoter region (39). 1 

have found that its DNA-binding activity was dramatically infiuenced by several adenine 

nucleotides. ATP and dATP, which are both hydrolysed by ParA, stimulated ParA's DNA- 

binding activity approxirnately 10-fold. ADP, one of the products of ATP hydrolysis, and the 

non-hydroly sable analogues, ATPy S and AMP-Pm , stimulated ParA binding about 50-fold. 

ParA bound to its specific site on DNA in the absence of ATP suggesting that ATP 

stabilises a less stable ParA conformation that represents the more active DNA binding fom. 

Non-hydrolysable ATP analogues, or the product of ATP hydrolysis (ADP), showed a much 

greater stimulation of ParA DNA-binding activity than ATP alone. These observations 

suggest that bound nucleotide (ATP or ADP) is required for stimulation of ParA's DNA- 

binding activity, and that the act of ATP hydrolysis by ParA inhibits DNA binding, perhaps 

by causing dissociation of ParA-DNA complexes. Initial attempts to measure the off-rate of 

ParA from DNA indicated that ParA dissociation was too rapid to measure in my assays 

( < 30 sec. ; unpublished observations). Alternatively , the act of ATP hydrolysis by ParA 

could be inactivating ParA before it binds to DNA, in effect reducing the concentration of 

active protein. ATP hydrolysis has been demonstrated to cause dissociation of the E. coli 

RecA protein from DNA (121, 122). RecA is a DNA-dependent ATPase (147, 158) that 

binds DNA non-specifically (122). RecA's DNA-binding activity is also stimulated by ATP. 

However, unlike ParA's DNA-binding activity, the product of hydrolysis, ADP, promotes 

RecA-DNA complex dissociation (121). 1 cannot determine from my results whether ATP 

hydrolysis infiuences the binding or the release of DNA by ParA. 

ATP and ADP also had ciramatic effects on the hydrodynamic properties of ParA. 

Both nucleotides increased the sedimentation rate of ParA in glycerol gradients, suggesting 
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either oligomerization or a change to a more spherical, less asymmetric, shape. ParA forrned 

at l e s t  dimers as indicated by chernical cross-linking experiments with both EGS (Fig. 2-7) 

and dithiobis(succinimidylpropionate) @SP; data not shown). A rapid monomer-dimer 

equilibrium will yield an average sedimentation rate between true monomer and dimer; 

shifting the equilibrium towards dimer formation will increase the average sedimentation 

rate. 1 believe that ATP and ADP are promoting dimer formation, or siabilking existing 

dimers, such that the equilibrium is shifted towards dimer formation. I favor this idea 

because the increase in sedimentation rate caused by nucleotide was also influenced by 

protein concentration. More complicated interpretations of the sedimentation data are of 

course possible, perhaps involving a combination of shape and size changes. However, und  

firther physical analyses of ParA structure are performed (see Chapter 3), 1 think that the 

simplest interpretation is that ADP and ATP affect the oligomerization state of ParA. 

I predict therefore, that the most active DNA-binding form of ParA is an oiigomer, 

and most likely a dimer, and that adenine nudeoside di- or tri-phosphates stimulate DNA 

binding by promoting or stabilizing dimer formation. Both ADP and ATP increased ParA 

sedimentation rate and both stimulated DNA-binding activity (Figs. 2-3, 2-5 and 2-6). GTP 

neither affected sedirnentation behaviour nor stimulated ParA's DNA-binding activity (Figs. 

2-6C and 2-5A). Finally, although the sequence requirements for ParA recognition have not 

been completely defmed, binding probably requires the inverted repeat sequence (77), which 

is often diagnostic of dimeric DNA binding proteins. 

ParA bound to the par promoter, although weakly, in the absence of nucleotide, 

under conditions where 1 detected no significant change in ParA sedimentation behaviour. 

Since ParA cm dimerize Ui the absence of nucleotide (Fig. 2-7), a low concentration of 
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dimer may be present but undetectable by sedimentation. Alternatively, DNA may stabilize 

dimer formation, or ParA monomers may bind parOP weakly. 

The same increase in sedimentation rate was observeci when ATP was added to the 

gradients as when ADP was added (Fig. 26%). ATP was hydrolysed under these conditions 

(18 hr at 4°C; data not shown). Why do ATP and ADP have sunila. effects on ParA 

dimerkation, when these nucleotides affected DNA binding differentiy? Several explanations 

are possible. These gradients may not be sensitive enough to detect small differences in 

dimer formation caused by ATP and ADP. Alternatively, the dBerence between the ATP 

and ADP foms of ParA may be manifested ody in the presence of DNA. For example, 

ATP hydrolysis could cause dimer dissociation only in the presence of DNA. Or f d l y ,  the 

act of ATP hydrolysis by ParA may be coupled to some other change in ParA, inhibithg 

DNA binding. In the next Chapter (Chapter 3) 1 will extend my analyses of these complex 

roles of ATP binding and hydrolysis on ParA activity. 

About 150 bp of DNA were protected from DNase 1 cleavage by ParA (Fig. 2-3). 

Although the more active ParA DNA binding form may be a dimer, the footprint length 

argues that several dimers bind to this region. The extent and pattern of cleavage could be 

explained by ParA binding in a linear array, or by DNA wrapping around ParA. The pattern 

of poorly protected residues partially resembled the protection pattern observed in wrapped 

complexes, such as nucleosomes (96, 141). However, the poorly protected residues in the 

ParA footprint did not strictly confonn to a helical periodicity observed in footprints of 

nucleosomes (10 bp, staggered by 5 bp on opposite strands). 

There are very few proteins whose sequence-specific DNA bimiing activities are 

directiy affected by ATP. Two such factors, aside from ParA, are the origin recognition 

complex (ORC) isolated from Saccharomyces cerm'siae (16) and the SV40 and polyoma 



virus large himour antigens (T antigens) (43, 44, 1 1 1). These proteins are involved in 

initiation of DNA replication as well as other processes. SV40 T antigen is the better 

understood protein biochemically and ATP has similar effects on T antigen and ParA. Aside 

from stimulating T antigen DNA-binding activity, ATP also stimulates T antigen 

oligomerization into structures as large as hexamers (69, 163). The involvement of ATP in 

the activities of T antigen and ORC, as well as other replication initiators, led to the proposa1 

that ATP may be involved in regulating the activities of these proteins with respect to the ce11 

cycle, although not necessarily their DNA binding activities (16). If ATP-mediated regulation 

or coordination of Pl partition with respect to E. coli ce11 division does exist, it could be 

through the control of ParA's activities. 

1 have focused on the effects of ATP, ADP, and ATP analogues on ParA, 

specifically on the ParA DNA-binding activity . Presumably , this binding activity mediates 

the ParA repression of transcription from the par promoter. How do these activities relate to 

ParA activities during partition, and to ParA interaction with ParB? ParB stimulates ParA 

ATPase in virro (39) yet increases repression at the par promoter by ParA in vivo (55) .  In 

agreement with previous studies (39), Pa* had no effect on ParA DNA-binding activity in 

my assays (under the conditions assayed, see Chapter 3). it may be that the effect of ParB in 

vivo is mediated through a third as yet unidentified protein. Perhaps stimulation of the ParA 

ATPase by ParB reflects a role for the ATPase and PUA-ParB interaction in the positioning 

process. The formation of the partition complex at the partition site, pars, requires ParB and 

M F  but not ParA (38, 56, 58). 1 infer that partition complex assembly is an early event in 

partition, with ParA acting later. For example, ParA could be acting to position plasmids via 

an interaction with this ParB/IHFlparS complex. An amactive possibility is that ParA 

dimerkition mediates plasmid pairing and that ATP hydrolysis causes dissociation of plasmid 
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pairs at ce11 division. Association of ParA and ParB in this context may stimulate the ATPase 

activity which may serve to regulate assembly, disassembly or positioning of these 

complexes. Clearly , a better understanding of ParA/ATP and ParMarB interactions will 

help in d e f d g  the role of ParA in P l  plasmid partition. 



CHAPTER 3: Modulation of the P l  Plasmid Partition 
Protein ParA by ATP, ADP and Pl ParB 

1 performed al1 of the experiments in this chapter. 

A version of this chapter has been submitted for publication to the Journal of Biological 
Chemistry . 



mODUCTION 

ParA is an essential component of the Pl plasmid partition system (3). The prophage 

of bacteriophage P l  exists as an autonomously replicating plasrnid and its copy number is 

about the same as that of the bacterial chromosome (84). The P l  partition system, par, 

directs proper segregation and thus stable maintenance of the plasmid. The mechanisrn of 

partition is unknown, but cm  be thought of as a positioning process that via interaction with 

the E. coli host ensures proper distribution of the plasmid. par encodes two essential 

tram-acting proteins, ParA and ParB, and contains a DNA site called p a s  that is required in 

cis (3). In addition, the E. coli integration host factor, MF, also participates, dthough it is 

not absolutely required (58). ParB and MF bind to pars to form the partition complex (38, 

57, 58). Assembly of this complex is assumed to be an early step in the partition pathway. 

Formation of this complex does not require the action of ParA (38, 57, 58), and I infer that 

ParA acts during a later step in the partition process. 

ParA has at least two roles in partition. First, ParA represses transcription of its 

own gene and parB from a prornoter upstrearn of parA (55). ParA repressor activity is 

stimulated by ParB, however ParB has no efiect on par gene expression on its own. A 

second role for ParA in partition is inferred from genetic data that show a requirement for 

ParA in partition even when its regulatory role is bypassed (see Chapter 1) (41, 55). 

Therefore, 1 consider ParA's repressor activity its "regulatory" function, and this second, as 

yet undefmed role as ParA's "partitiont' function because 1 think it reflects a direct role of 

ParA in the positioning reaction. The latter function requires that ParA interact, directly or  

indirectly, with the ParB-MF-pars partition complex. 

ParA is an ATPase and a site-specific DNA binding protein (39). The ATPase is 

stimulated by Par!3 and non-specific DNA (39). ParA is one of the better characterized 



proteins in a s u p e r f d y  of ATPases defined by a modified Wallcer type A motif in the 

protein sequence (99, 133, 193). This s u p e r f ' y  includes other plasmid partition proteins 

such as F SopA as well as plasmid and chromosomally-encoded proteins from various 

bacteria species whose functions have not yet k e n  determined (59, 99, 133). Many of the 

plasmids and bacterial chromosomes also encode a ParB homolog adjacent to the ParA 

homolog. The similarities of these ParA-like proteins with P l  ParA and F SopA have led to 

the suggestion that these homologs are also involved in plasmid or chromosome segregation 

(99, 133). 

ParA binds to a specific DNA site in the par promoter region (39), and this binding 

is thought to mediate ParA repressor activity in vivo. The recognition site for ParA is likely 

a large inverted repeat in the par promoter region (caiied parof), since (i) several mutations 

in these repeats reduce or elirninate ParA repression in vivo (77) and (ii) in DNase 1 

foo tp~ t ing  experiments, protection centers over these inverted repeats, especially at low 

ParA concentrations (39; Chapter 2). ParA DNA-binding activiw is strongly stimulated by 

ATP (39; Chapter 2). ATP hydrolysis is not required for this stimulation; in fact, it appears 

to be inhibitory since ATP./S, AMPPNP and ADP stimulate ParA DNA binding about 5-fold 

better than ATP (Chapter 2). In addition, ATP and ADP promote ParA dimerization 

(Chapter 2), suggesting that ParA prefers to bind DNA as a dimer. 

1 am interested in how ParA performs both its regulatory and partition roles. 

Mutation of the ParA nucleotide binding motif interferes with both ParA repressor and 

partition functions (41). However, the steps at which ATP binding and hydrolysis modulate 

ParA function are not understood. To address these questions, I have further probed ParA 

interaction with ATP, ADP and ParB, by examining their effects on ParA structure and 

function. 1 show that ATP binding and hydrolysis alter ParA conformation and that these 



conformational changes can be correlatecl to changes in ParA activity. In addition, 1 

demonstrate that ParB stimulates ParA site-specifc DNA-binding activity , consistent w ith 

ParB's role as a corepressor. ParB modulation of ParA DNA-binding activity requires ATP 

hydrolysis. 1 conclude that ATP binding and hydrolysis have different roles in repression and 

perhaps partition, presumably mediated by their effects on the conformation of ParA. 
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EXPERIMENTAL PROCEDURES 

Reagents and Buffers: Sources for reagents were as foiiows: Mono Q and Mono S columns, 

GTP, Sephadex G-25 M, Pharmacia; bovine senun aibumin (FrV), ATP and ADP, Sigma; 

ATPyS , bovine pancreatic DNase 1, Boehringer Mannheim; heparin agarose, Bio-Gel Pd, 

dithiothreitol (DTT) and Bradford protein assay dye, BioRad; and [d2P] ~ATP,  [$'Pl ATP 

and [2,8 'HIADP, NEN. Restrictions enzymes and E. coli DNA polymerase I large fragment 

were purchased from New England Biolabs. 

Buffer A contains 10 mM Tris-acetate, pH 7.5, 30 mM NaCl and 5 mM MgCl,. 

Buffer B is 50 mM HEPES pH 7.5, 0.1 mM EDTA and 20% glycerol. Dilution buffer is 50 

rnM Tris-HC1, pH 7.5, 100 rnM NaCl and 10% glycerol. 

Proteins: ParA was prepared as described (Chapter 2) except that the glycerol concentration 

of FrIV was adjusted to 50% (vlv) and the protein was stored at -20°C. 1 consistently 

maintain ParA in buffen containing 10 mM DTT (Chapter 2) because 1 have observed that at 

lower DTî concentrations ParA oxidizes and forms disulphide cross-linked multimers, 

particularly after long-term storage (data not shown). 

ParB (FrTV) was prepared as descnbed (57, 58) except that ParB FrIII was 

concentrated using a 1 ml Mono S column prior to gel filtration. ParB FrIII was diluted to 50 

mM KCl in buffer B containing 2 m M  DTT and then loaded on a Mono S column 

equilibrated in the same buffer . ParB was eluted in one step with 600 rnM KCI in buffer B 

containing 2 mM DTT. Fractions containing P a s  were then purified by gel filtration (57). 

ParB (FrIV) occasionally contained a contaminiiting ATPase activity that could 

potentially interfere with the ParA assays. This ATPase activity was removed by 

chromatography through a heparin agarose column. ParB (FrlV) in buffer B containing 50 

mM KCI and 2 m M  DTT was applied to a 5 ml column equilibrated in the same buffer and 
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eluted with a 100 ml, 50 mM-1 M KCl gradient in buffer B. ParB was stored at -80°C. 

For DNA-binding assays, ParB W o r  ParA were equiiibrated in dilution buffer by 

gel fikation through either 1 ml Sephadex G 25 M or Bio-Gel P-6 columns. 

Nucleotide binding: Hummel1 and Dreyer equilibnum gel fdtration experiments were used to 

measure ATP and ADP binding by ParA (83, 137). Binding was determined as the amount 

of ATP andfor ADP that CO-eluted with ParA through a gel filtration column. The column 

was equilibrated in the same buffer and "P-ATP ancilor 3 H - ~ D P  concentration as the ParA 

sample. A 5 ml Bio-Gel P-6 column was equilibrated in bufier A containhg [y'2P]~TP 

(10-20 pCiIpmol) andfor [2 ,83Hl~DP (10 pCiIpmo1). Two hundred microliters of ParA in 

the same buffer with the same concentration of nucleotide was applied to the column. Four 

drop fractions were collected (150-180 pl) and the radioactivity in 100 gl of each fraction 

was measured by liquid scintillation counting. The amount of ParA in the peak fractions was 

determined by Bradford assay, using a ParA standard whose concentration was determined 

by arnino acid analysis (next section). The amount of ATP bound by ParA was detemined as 

the arnount of ATP in the peak minus the background ATP (in the buffer). Experirnents were 

perfomed with bufien containing 0.5, 2, 5, 10, 15, 20, 30, or 50 pM ATP, using either 31 

pM or 62 p M  ParA in the sample loaded on the column. At ieast two experiments were 

performed at each concentration of ATP. Concentrations used in the ADP binding assays are 

in Table 3-1. 

Protein concentration determination: Protein concentration was routinely measured by 

Bradford assay (26). The accuracy of this assay for ParA was determined by comparing the 

measurement of protein concentration by amino acid analysis to the measurement by 

Bradford assay. For amino acid analysis, ParA was equilibrated to 20 mM NH,HCO, by gel 

filtration through a 1 ml Bio-Gel P-6 column. ParA hydrolysis and amino acid analysis were 



performed at the HSC Biotech Service Centre (Universify of Toronto). ParA molar 

concentration is expressed as a monomer and ParB as a dimer. 

DNA binding assay: ParA DNA binding to parOP was measured using DNase 1 protection 

assays (Chapter 2). The substrate was the 388 bp Hindm.-Bo1 fragment from pMD6 

(Chapter 2) and was labelled at H i n m  on the 3' end with [ d 2 P ] d ~ T P  using DNA 

polymerase 1 large fragment (164). A typical binding assay contained between 0.1- 10 pmol 

ParA (monomer), 10 fmol pMD6 HindIII-XhoI fragment and 1 pg sonicated salmon spem 

DNA in 15 pl buffer A. Nucleotide, when added. was present at 1 mM. The mixtures were 

incubated for 10 minutes at 30°C, 1.25 pg of bovine pancreatic DNase 1 was added and the 

mixtures were incubated for a further 60 sec at 30°C. DNase 1 digestion was stopped by the 

addition of 5 pl of "stop" solution (98% forniamide, 10 m M  Na2EDTA pH 8, 0.025% xylene 

cyanol, 0.025 % bromphenol blue; 164). The samples were heated to 90 OC for 3 minutes and 

loaded on a 6 % acry lamide urea gel. After electrophoresis , the gel was dried on Whatman 

DE81 paper and exposed to a PhosphorIrnager screen (Molecular Dynamics) and/or to Kodak 

XRP film. 

Quantification of DNase 1 protection assays: DNase I protection assays were quantified 

using a Phosphorhager and ImageQuant software (Molecular Dynamics). 1 defined binding 

as protection fiom DNase 1 digestion of the inverter? repeat sequences in parOP by ParA. To 

quantify this binding in each iane 1 drew a box in the area that corresponded to the inverted 

repeats and another box around a set of bands outside of the protected region but in the same 

lane. The volume ("counts") of the box correspondhg to the inverted repeats was divided by 

the volume of the box outside of the footprint to yield the relative DNase 1 sensitivity of the 

inverted repeats. The sensitivity values obtained were normalized so that the assays that did 



n 
not contain ParA had a DNase 1 sensitivity of 1. As the sensitivity to DNase 1 decreases, the 

protection or binding by ParA increases. 



RESULTS 

ATP and ADP bhding by ParA: Since ATP affects ParA activity I decided to directiy 

measure ATP binding by ParA. I used equilibrium gel fdtration (83, 137) which measures 

ATP binding as the amount of ATP that co-elutes with protein through a gel filnation 

column. Since this is an equilibrium technique, one can deduce ATP stoichiometry as well as 

binding affinity. ParA was loaded on a Bio-Gel P-6 column that had been equilibrated in the 

same 32P-~TP concentration as the ParA sample. ATP that bound to ParA CO-eluted with the 

ParA peak and there was a corresponding trough of ATP concentration after ParA eluted 

(Fig 3-1A) (83). ParA concentration was detexmined by amino acid analysis (see 

Experimental Procedures). A typical gel filtration experiment is shown in Fig. 3-1A. The 

experiment was repeated multiple times, varying ATP concentration from 0.5 to 50 pM and 

using two different concentrations of ParA (31 or 62 PM). The ratio of ATP bound per 

monomer of ParA was calculated for each experiment and each expriment represents one 

point on a binding curve (Fig. 3-1B) or a Scatchard transformation of the data (Fig. 3-1C). 1 

was unable to measure ATP binding by ParA to saturation (i.e. at higher nucleotide and 

protein concentrations) because of limitations of ParA solubility at high concentration. 

Regression analysis on the Scatchard transformation of the data resulted in a & of 33 p M  

ATP and 0.8 ATP binding sites (n) per ParA monomer. This K, is close to the K, for ParA 

ATPase (50 PM; 39). 

Mixing experiments indicate that ParA has a slightiy lower affinity for ADP than for 

ATP. When [YZP]ATP and [2,8 3H]ADP were present at equai concentrations in an 

equilibrium gel fdtration experiment , ParA bound approximately 1.5 times less ADP than 

ATP (Table 3-l), suggesting that the ParA affinity for ADP is about 1.5 times weaker than 

ParA affinty for ATP. When the ADP concentration was 1.5 times that of ATP, 



Figure 3-1: Equilibrium gel ritration analysis of ATP binding by ParA: A: The profde 

from a typical equilibrium gel filtration experiment is shown. In this experirnent a 200 pl 

sampie containing 50 pM ATP and 62 pM ParA was loaded on a 5 ml Bio-Gel P-6 column 

and eluted as descnbed in "Experimental Procedures". The ATP concentration in each 

fraction (a) and the ParA concentration in peak fractions (O) is plotted against the fraction 

number. Note that the fractions containing proteîn have a slightly larger volume than the 

fractions without protein, thus the peak appears srnaller than the trough. B: Binding curve of 

the results from many equilibrium gel filtration experiments performed at 31 pM (*) and 62 

p M  (i) ParA (in the sarnple load) at various ATP concentrations in the column buffers (see 

"Experimental Procedures") is shown. AU data points (ie both data sets) were used to derive 

the curve. C: The data from B are plotted on a Scatchard curve (166). 
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Table 3-1: Relative binding of ATP and ADP by ParA as measured using 

equilibrium gel filtrationa. 

Nucleotide concentrationb 

(PM) 

nucleotide bound per ParA monomer 

(prnoYpm01) 

ATP ADP ATP:ParA ADP:ParA 

a ParA concentration was 60 pM 

These assays measured binding of '*P-ATP and 'H-ADP (alone or together) to ParA 

as described in " Experimentai Procedures " . 
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approxirnately equal amounts of each nucleotide were bound by ParA (Table 3-1). In the 

presence of ADP, less ATP was bound by ParA than when the same concentration of ATP 

alone was used, suggesting that ATP and ADP are binding to the same site. 1 estirnated a K, 

of 50 p M  for ADP, approximately 1.5 times weaker than the K, for ATP (33 PM). The 

different affinties of ParA for ATP and ADP indicate that ParA can distinguish between 

adenine nucleoside diphosphates and triphosphates. 

Nucleotide effects on ParA stabüity: Adenine nucleoside di- and tri-phosphates strongly 

stimulate ParA DNA bindkg (Chapter 2; 39), however ADP and ATPyS are better cofacton 

than ATP (Chapter 2). To test whether the ability of adenine nucleotides to modulate ParA 

activity was a consequence of their effects on ParA conformation 1 examined ParA stability 

with and without nucleotide. 1 found that although ParA was quite stable at O°C (for at l e s t  

4 days), it was rapidly inactivated by short heat treabnents at 52 OC (Fig . 3-2) and 1 used this 

treatment to detect nucleotide-dependent changes in ParA conformation. 

ParA stability at 52OC was measured in the presence of various nucleotides (Fig. 3- 

2). When ParA was heated to 52°C for 3 minutes in buffer containhg 1 mM ATP or ATPyS 

the protein retained significantly more DNA-binding activity than when heated in buffer with 

1 m M  GTP (Fig. 3-2A and B). ADP (1 rnM) also stabilized ParA, although not to the same 

extent as did ATP and ATPyS (Fig. 3-2A and B). After this heat treatment, ParA with GTP 

was essentially inactivated (Fig. 3-2A and B). After a shorter heat treatment (1 min), ParA 

with GTP retained the same activity as ParA that was heated without any nucleotide (Fig. 3- 

2C), consistent with cther assays that indicate that ParA does not bind GTP (Chapter 2; 39). 

Therefore ATP, ADP and ATPyS stabilize ParA, suggesting that ParA interaction with these 

nucleotides alters ParA conformation. However ADP is less effective than ATP or ATPyS. 



Figure 3-2: ATP, ATPyS and ADP stabilize ParA. A: Activity of heat-treated ParA 

assessed by DNase 1 footprinting at the parOP site. ParA was heated for 3 min at 52°C in 

buffer A containing 100 mM NaCl, 10% (vlv) glycerol, 100 ng bovine serum albumidpl and 

1 mM of the indicated nucleotide (ATP, ATPyS, ADP or GTP; above each set of lanes). 

Following the heat treatment, ParA was diluted and titrated into DNA binding assays 

containing 1 mM ATP at 30°C. as described in "Experimental Procedures". Each lane is 

labelled with the amount of PUA in pmol added to the DNA binding mixture. Note that this 

ParA scale varies; ParA concentration was lower in assays containing ATP or ATPyS than 

ones containing ADP or GTP. The labels and boxes on the lep indicate the -10 and -35 

transcriptional signals, the ribosome binding site (RBS) and the parA start codon (ATG) . The 

irnperfect inverted repeat sequence is delineated by the inverfed arrows. B: ParA DNA- 

binding activity was quantified from the data in A as described in "Experimental 

Procedures". The relative sensitivity to DNase 1 cleavage of the inverted repeat sequence in 

each lane was plotted against the amount of ParA (pmol), heated in buffer containing 1 rnM 

ATP (a), 1 rnM ATPyS (O), 1 m M  ADP (a) or 1 mM GTP (O). C: DNase 1 footprints of 

ParA following a heat treatment with (+) or without (-) 1 rnM GTP. ParA was heated for 1 

minute at 52°C in buffer A c o n t a k g  100 mM NaCl, 100 ng bovine semm albumidpl, 10% 

(v/v) glycerol with or without 1 m M  GTP before measuring DNA binding. ParA DNA 

binding was assayed in the presence of 1 rnM ATP at 30° C as described in " Experimental 

Procedures". The heating step was shorter in this experirnent than in A because ParA is less 

stable in these conditions. The positions of the DNA sequence elements are represented as 

described in A. 



Relative DNase I cleavage 
of the inverted repeats 



GTP - + 
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In these experiments, ParA was heated with different nucleotides and then assayed 

for DNA-binding activity in 1 mM ATP. Although different adenine nucleotides stimulate 

ParA DNA binding to different extents (Chapter 2). the differences in DNA-binding activity 

observed here were not due to carry over of nucleotide fiom the heating step into the DNA 

binding step for the following reasons. First, the nucleotide specificity for stability (Fig 3-2) 

was different than the nucleotide specificity for DNA binding (Chapter 2). Second. when 

ParA was incubated at 0°C rather than 52°C in buffer containhg 1 mM ATP, ADP or 

ATPyS and then assayed for DNA-binding activity in 1 m M  ATP, there was no difference in 

activity compared to each other or to untreated ParA (data not shown) . Finally , when ATP 

was added to ParA after rather than before the incubation at 52"C, the ATP had no 

stabilizing eEect on ParA (not shown). Therefore, 1 have rneasured the effect of nucleotide 

on protein stability, not on DNA-binding activity, in these assays (Fig. 3-2). 

ATPyS and ATP stabilized ParA to the same extent in this assay, suggesting that 

ATP hydrolysis is not required for maximum ParA stability under these conditions. However 

because some ATPases can hydrolyse ATPyS, 1 tested whether ParA hydrolysed ATPyS at 

52°C. I did not detect any ParA-dependent hydrolysis of ATPyS at 52°C under conditions 

where 1 could detect 1 % or more hydrolysis (data not shown). Under the same conditions, 

2-596 of ATP (at 1 mM) was hydrolysed, which is approximately 2- to 5-fold more than the 

rate of hydrolysis at 30°C (data not shown). The sirnilarity between the results with ATP and 

those with ATPyS was not due to ATP contamination of ATPyS. When a sample of ATPyS 

was fractionated on a Mono Q column, using conditions where ATP and ATPyS elute 

differently, no ATP was detected in the sample (as littie as 1 % could be detected; data not 

shown) . 



These experirnents show that adenine nucleotides stabilize ParA, however the 

triphosphate-bound forms are more stable than the diphosphate-bound form. This difference 

may reflect the difference in ParA affinity for adenine nucleoside diphosphates and 

triphosphates, but may also reflect a difference in ParA conformation. These observations 

suggest that ParA interaction with adenine nucleotides alter ParA conformation, resulting in 

increased stabiiity of ParA. 

ATP binding and hydrolysis alter ParA conformation: I tested the conclusion that adenine 

nucleotides alter ParA conformation using circular dichroism (CD). Addition of 1 m M  ATP 

elicited a decrease in ParA molar ellipticity (8) indicating that ATP alters ParA conformation 

(Fig. 3-3). ADP or ATPyS (1 mM) each had a smaller, but measurable effect in this assay 

(Fig . 3-3). AMP, which does not stimulate ParA DNA-binding activity (Chapter 2), had no 

effect on ParA conformation (Fig. 3-3). The high absorbance of light in the samples 

containhg nucleotide prevented accurate measurement of ellipticity below 219 m. In this 

assay 1 used AMP rather than GTP as a negative control so that the absorption spectra of al1 

nucleotides in the buffers were identical. The decrease in molar ellipticity at 222 xm 

indicated an increase in helicity upon ParA interaction with nucleotides (Table 3-2) (30). This 

increase in helicity corresponded to approximately 16 peptide bonds changing conformation 

in a ParA monomer (398 amino acids) with ATP and approximately 8 peptide bonds 

changing conformation with ADP or ATPyS. ParA, therefore, assumes three different 

conformations as detected by CD: ParA without nucleotide, ParA bound to nonhydrolysable 

nucleotide (ADP or ATPyS) and ParA bound to hydrolysable nucleotide (ATP). 1 did not 

detect a change in ParA helical content that could be attributed to binding of adenine 

nucleoside diphosphates versus triphosphates. 1 conclude therefore that ParA interaction with 

nucleotide alters ParA structure and that hydrolysis M e r  alters that structure. Hydrolysable 



Figure 3-3: ParA conformation with and without nucleotide: A: CD spectra of ParA 

(20 pM) in buffer A containhg 100 mM NaCl without nucleotide (@) or with 1 mM AMP 

(O), 1 mM ADP (A), 1 mM ATPyS (A) or 1 mM ATP (i) are shown. Spectra were 

measured on an Aviv 62A DS circular dichroism specîmmeter. Measurements were read 

from 300 to 219 nm in 1 nm intervals with a 1 sec averaging t h e .  The spectrum of a buffer 

blank with or without 1 m M  nucleotide was subtracted Born the ParA spectrum with or 

without the corresponding nucleotide. Each experiment is the average of five scans and each 

experiment was performed at least three times. B: The data between 219 and 225 nm from A 

replotted on an expanded scale. 
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Table 3-2: Effects of adenine nucleotides on ParA helicity, 

measured by CD. 

nucleo tide % helicity' 

none 

AMP 

ADP 

ATPyS 

ATP 

' Calculated from the molar ellipticity at 222 nm as described in Chen 

et al. (30). The data are the average of at least three different 

experiments . 
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and nonhydrolysable nucleotides also have different effects on ParA DNA binding (Chapter 

2). It follows therefore that one role for the conformational changes induced by ATP 

hydrolysis as well as those induced by ATP binding is to modulate ParA DNA binding and 

likely ParA repressor function in vivo. 

1 aiso used circular dichroism to examine the effects of adenine nucleotides on ParA 

stability and confmed rny initial results (Fig. 3-2). 1 measured temperature dependent 

changes in ParA conformation by monitoring ParA molar ellipticity at 220 nm between 25°C 

and 65 OC (Fig . 3-4). Since ParA precipitated when it was heated, denaturation was not 

reversible and 1 cannot make any conclusions about the thennodynamics of ParA 

conformation in response to heat, such as the free energy change. However, 1 can estimate 

the temperatures at which ParA denatured with and without nucleotide (Table 3-3). As in the 

initial stability assay, adenine nucleotides increased ParA stability as indicated by the 

increased temperature at which ParA denatured in the presence of nucleotides (Fig. 3-4, 

Table 3-3). However, in this assay ATPyS did not stabiiize ParA as well as ATP did (Table 

3-3). This result suggests that ATP hydrolysis modifies ParA conformation, as was also 

suggested by the ATP hydrolysis dependent increase of ParA helical content (Fig. 3-3). 

However, ADP-bound ParA was still less stable than both adenine nucleoside triphosphate 

bound forrns. 

ParB sümulates ParA DNA binding: ParB stimulates ParA repressor activity in vivo, 

however ParB has no repressor activity on its own (55). Simplistically one might expect that 

ParB stimulates ParA repressor activity in vivo via a direct interaction of ParB with ParA at 

parOP. 1 predicted that such an interaction would influence ParA DNA binding to the 

operator, either by increasing ParA affrnity for parOP or by aitering ParA activity, making it 

a more effective block to RNA polymerase (resulting, for example, in a change in the DNase 



Figure 3-4: The effects of adenine nucleotides on ParA stability: ParA conformation was 

monitored by CD at 220 nm (averaging time 15 sec) from 25 "C to 65 OC. The temperature 

was increased in 2°C increments, and the sample was equilibrated to each temperature for 1 

minute before measurement of the signal. ParA (20 pM) was in buffer A containing 100 mM 

NaCl and 1 rnM ATP (A). 1 mM ADP (i) or no nucleotide (a). The experiment shown is 

one of three experiments performed. 



temperature (OC) 



Table 3-3: Effects of adenine nucleotides on heat denaturation of ParA. 

none 

ADP 

ATPyS 

ATP 

a Concentration of nucleotide, when present, was 1 mM 

Temperature at which the signal at 220 nm had changed by 50% of 

total change. The data are the averages from three experiments. 
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1 footprint). In initial experiments no ParB effect on ParA DNA binding was detected 

(Chapter 2; 39). However, 1 show here that a large molar excess (10-fold as ParB dimers to 

ParA monomers) of ParB over ParA stimulated ParA DNA-binding activity up to 5-fold in 

the presence of ATP (Fig. 3-SA). At low ParB to ParA ratios, ParB stimulation of ParA 

DNA binding was observed when ParA and ParB were preincubated together More assaying 

for DNA binding. Less stimulation of ParA DNA binding by ParB was observed under these 

conditions (about 2-fold; Fig. 3-5B). Without this preincubation, no effect of ParB on ParA 

DNA binding was observed, consistent with previous results (Fig. 3-5B) (Chapter 2). Since 

ParB stimulates ParA DNA binding at lower ParB to ParA ratios after preincubation 1 think 

it reasonable that the initial requirement for a large excess of ParB over ParA is the result of 

a weak ParB-ParA interaction rather than a high stoichiometric ratio. ParB did not protect 

purOP from DNase I cleavage on its own (Fig. 3-SB) nor did ParB alter the pattern of 

DNase 1 cleavage in the presence of ParA (e.g. compare the last lane without ParB to the 

fifth lane with ParB in Fig. 3-5A). This implies that ParB does not directly contact the DNA 

and that ParB probably acts by increasing ParA affinity for parOP. 

Nucleotide specifcity of ParB stimulation of ParA DNA-binding activity: ParB stimulated 

ParA DNA-binding activity only in the presence of ATP. I did not detect any stimulation of 

ParA DNA binding by ParB in the presence of ADP (Fig. 3-6A) or in absence of nucleotide 

(Fig. 3-6B). In the absence of nucleotide, ParA bhds parOP weakly, about 10-fold less well 

than ParA-ATP binds parOP (Chapter 2). Because a large amount of protein was required in 

these assays and because non-specific DNA binding interfered, 1 could not add a 10-fold 

molar excess of ParB to ParA DNA binding assays without nucleotide. Instead, less ParB 

was used and the two proteins were preincubated on ice before assaying for ParA DNA- 

binding activity (as in Fig 3-SB). Under these conditions, ParB did not affect ParA activity 



Figure 3-5: ParB stimulates ParA DNA binding in the presence of ATP. A: DNase 1 

footprints of ParA binding to parOP in the absence of ParB (-) or in the presence of a 

10-fold molar excess of ParB (+) were performed as describeci in "Experimental 

Procedures". Each assay contained the indicated amount of ParA and 1 mM ATP. The 

amount of ParB, when present, was 10 pmol ParB (dimer) for every 1 pmol ParA 

(monomer). In the absence of ParB the same molar concentration of BSA in ParB buffer was 

added to the assays. The parA start codon (ATG), the ribosome binding site (RBS) and the 

-10 and -35 transcriptional signais are indicated by the boxes to the lep. The position of the 

inverted repeat sequence is indicated by the inverted arrows. B: DNA binding was measured 

in the presence or absence of ParA and a 2-fold molar excess of ParB (ParB dimers to ParA 

monorners). The proteins were preincubated together (b) or separately (a, c and d) on ice in 

dilution buffer for 1 hour before assaying for DNA binding at 30°C. In the third set of lanes 

("c")  ParA and ParB were pre-incubated separately before being added to the DNA binding 

assays. DNase 1 footprints were performed in the presence of 1 mM ATP as described in 

"Experimental Procedures". The positions of the DNA sequence elements are labelled as in p 

part A. 





Figure 3-6: ParB does not stimulate ParA DNA bindhg in the presence of ADP or in the 

absence of nucleotide: A: DNase 1 footprints of ParA binding to parOP in 1 mM ADP with 

or without a 10-fold molar excess of ParB (dimer), as indicated. The positions of the ParA 

start codon (ATG), the ribosome binding site (RBS) and the -10 and -35 transcriptional 

signals are indicated by the boxes on the f@. The invened arrows mark the position of the 

inverted repeat sequences. B: ParA binding to parOP in the absence of nucleotide, with and 

without ParB, was measured using DNase 1 footprints as descnbed in "Experimental 

Procedures". ParA was mixed in dilution buffer with a 2-fold molar excess of either bovine 

serum albumin ("-") or ParB (dimer) and preincubated on ice for 1 hour before assaying for 

ParA DNA-binding activity at 30°C. The positions of the various DNA sequence elements 

are marked as described in A. 
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(Fig. 3-6B). In the presence of ADP or ATPyS (but without ParB), ParA binds to parOP 

very well; about 5-fold better than in the presence of ATP. When a 10-fold molar excess of 

ParB was added to ParA DNA binding assays in the presence of 1 mM ADP, no effect of 

ParB was detected (Fig. 3-6A). ParB also did not stimulate ParA DNA binding in the 

presence of ATPyS (data not shown). 

Since ParA-ADP binds to DNA better than PUA-ATP binds (Chapter 2), and ParB 

stimulates ParA ATPase (39), one explanation of my results is that ParB stimulates ParA 

DNA binding via ParB stimulation of ParA ATPase and hence production of ADP. This 

seemed a remote possibüity since approximately 0.1 m M  ADP is required to stimulate ParA 

DNA binding (Chapter 2), ParA has a lower affinity for ADP than ATP (Table 3-1) and 

previous measurements of ParA ATPase with a large molar excess of ParB indicated that 

insufficient ADP was produced to stimulate ParA DNA binding (39). Nevertheless, I 

measured ATP hydrolysis by ParA under DNA binding conditions with a 10-fold molar 

excess of ParB. Insuficient ADP was produced ( f u l  concentration < 1 pM; data not shown) 

to account for ParB stimulation of ParA DNA-binding activity. It is also unlikely that ADP 

was a contaminant in my ParB preparations since ParB was purified in several steps and 

ParB did not stimulate ParA DNA binding in the absence of nucleotide (Fig. 3-6B). 

1 suggest therefore that ParB stimulates ParA DNA binding via a direct interaction 

with ParA. Interestingly , ParB stirnulated ParA DNA binding (with ATP) to the same extent 

that ADP does over ATP without ParB (up to 5-fold; Chapter 2; Fig. 3-SA). Since ParB 

stimulates ParA ATPase (39) and ATP hydrolysis by ParA is inhibitory to ParA DNA 

binding (Chapter 2), 1 propose that ParB stimulates ParA DNA binding by circumventing the 

negative action of ATP hydroly sis on ParA DNA- binding activity . 



DISCUSSION 

P l  ParA binds (Fig . 3- 1) and hydrolyses ATP (39), and one or both of these 

activities are essential for both its regulation and partition activities (41). Nucleotide-binding 

experiments (Fig. 3-1) suggest one ATP-binding site per ParA monomer, which agrees well 

with the presence of one putative ATP-binding site defined by sequence d y s i s  (133), and 

the observation that deletion of this region of the protein destroys ATPase activity (41). I 

have used different adenine nucleotide cofactors to probe the structure and function of ParA. 

My results suggest that ATP binding and ATP hydrolysis by ParA induce different 

conformations of ParA that in nini have different roles in ParA's activity. In addition, I 

suggest that ATP binding and hydrolysis play separable roles in ParA activities in vitro and 

consequently in partition and par gene expression in vivo. 

ParA conformation with and without nucleotide: Upon interaction with ATP, ADP and 

ATPyS, ParA changes conformation (Fig. 3-3) and ParA dimerization and DNA binding are 

stimulated (Chapter 2; 39). The nucleotide specificities of the changes in ParA helical content 

detected by CD and of the stimulation of PUA DNA binding are the same, irnplying that the 

effects of ATP binding and hydrolysis on ParA DNA-binding activity are mediated by their 

effects on ParA conformation. However, the nucleotide specificities for dimerization and 

helical content are different, suggesting that dîmerization is not the ody factor detennining 

the change in ParA conformation upon interaction with nucleotides. The concentration of 

intracellular nucleotide pools is sufficiently high (eg, ATP is in the millimolar range; 54) that 

ParA would rarely be free of nucleotide in vivo. However, differences between ParA-ATP 

and ParA-ADP or perhaps the interchange between these conformations are likely to be 

important for ParA function in partition. 



103 

Differentiation between adenine nudeoside di phosphates and triphosphates: 1 found it 

intriguing that ADP and ATPyS behaved similarly in my assays, such as site-specifc DNA 

binding (Chapter 2) and conformation (Fig . 3-3). This raised the formal possibility that ParA 

did not discriminate between nucleoside di- and triphosphates, except via the act of ATP 

hydrolysis. Here, measurements of nucleotide binding indicate a slightly better affinty for 

ATP than for ADP, and a large difference in the ability of adenine nucleoside tri- and 

diphosphates to stabilize ParA. The differences in stability may be a function of the 

differences in affhity for nucleotide, andlor due to differences in ParA conformation that 1 

cannot detect by CD. Differences in ParA stability mediated by nucIeotide could also 

potentially play roles in partition or reguiation. 

Effects of ATP hydrolysis on ParA structure and function: ParA consistently behaves 

differently when bound to a hydrolysable nucleotide than when bound to a nonhydrolysabie 

nucleotide. The ATP bound form of ParA has a lower affinity for DNA (Chapter 2), it has a 

different conformation than the other fonns (Fig. 3-3 & 3-4) and it is the only form 

detectably modrilated by ParB (Fig. 3-5 & 3-6). My current results provide further support 

that ATP hydrolysis plays roles in ParA function that are distinct and separable fiorn ATP 

b ind ing . 

ParA-ParB interactions: ParB stimulates ParA binding to parOP, but only in the presence 

of ATP. ParB did not stimulate DNA binding by ParA lacking nucleotide (Fig. 3-6B), a form 

of ParA that binds parOP weakly (Chapter 2). 1 detected no ParB effect on DNA binding by 

ParA-ADP or ParA-ATPyS (Fig. 3-6A; data not shown), forms of PUA which bind to DNA 

about bfold better than ParA-ATP binds to DNA (Chapter 2). ParB stimulates ParA-ATP 

DNA-binding activity to the same level as ParA-ADP DNA-binding activity with or without 

ParB. Since ATP hydrolysis by ParA in the absence of ParB is inhibitory to DNA binding 
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(Chapter 2), 1 think that the simplest explanation is that ParA association with ParB prevents 

the inhibitory action of ATP hydrolysis on PUA DNA binding. This mode1 also explains the 

observation that ParB stimulates both ParA ATPase and ParA DNA binding, since one might 

otherwise expect increased ATP hydrolysis by ParA to further interfere with ParA DNA 

binding. Mutations have been identified in other ATPases that can bind but not hydrolyse 

ATP (165, 191). My hypothesis predicts that a similar ParA mutant would repress 

transcription from purOP as well as wild-type ParA represses in the presence of ParB (S), 

and that this repression would be independent of ParB. 

Skce ParB stimulates ParA DNA-binding activity only in the presence of ATP (Fig. 

3-5) and not with ADP, ATPyS or without nucleotide (Fig. 3-6; data not shown) 1 conclude 

that ParA-bound nucleotide is required for ParB stimulation of ParA DNA binding and this 

bound nucleotide must be hydrolysable. Why is hydrolysis required? One possible 

explanation is that ATP hydrolysis is required for physical association of ParA and ParB. 

Preliminary CO-immunoprecipitation experiments suggest that ParA and ParB associate in the 

absence of ATP (Chapter 4), so 1 favor other interpretations of these results. Perhaps a 

ParA-ParB complex foms regardless of the nucleotide present but is detectable by my DNA 

binding assay only in the presence of ATP hydrolysis. ParA has no detectable kinase activity 

(39; my unpublished data) so 1 think it unlikely that phosphorylation of either protein by 

ParA is required for activity. 

Roles of ATP in par gene regulation and partition: The ATP site in ParA is essential for 

both ParA's regulatory and partition activities in vivo (41). One role of ATP binding is to 

promote ParA binding to parOP for ParA repressor activity (Chapter 2; 39). A role for ATP 

hydrolysis in repression is suggested by its ability to make ParA DNA binding and thus ParA 

repressor sensitive to ParB levels. Alternatively, one rnight argue that the role of ParB in 
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repression is to make ParA DNA binding insensitive to ATP hydrolysis. I do not yet kuow 

what other roles ATP binding and hydrolysis have for ParA function in vivo. It is possible, 

for example, that ATP hydrolysis is necessary only for partition and not regdation. Thus a 

putative ParA mutant that c m  bind but not hydrolyse ATP would function as a repressor, but 

would not be able to support partition in vivo. InhiitiveIy, 1 think it likely that ATP 

hydrolysis is required for the positioning reaction, to fulfd the energy requirement inherent in 

the partition process. For example, confoxmational changes induced by ATP binding and 

hydrolysis in some proteins are thought to mediate the displacement of other structures in the 

cell, such as tramport across membranes (MalK; 167), passage of one DNA strand through 

another (topoisornerase II; 17) or movement dong microtubules (kinesin; 8 1). Perhaps the 

conformational changes induced in ParA by ATP binding and hydrolysis result in the 

movement or orientation of the partition apparatus. As a component of the partition cornplex, 

ParB could assist with ParA function via ParB interaction with ParA and by ParB stimulation 

of ParA ATPase. 

ParA-ParB interactions are likely important for ParA7s activity in the positioning 

reaction. PUA interaction with the partition cornplex via interaction with ParB may be 

required for subsequent steps in the positioning process, such as interaction with host factors. 

Host factors rnight Uiteract with ParA, ParB or both proteins. These host factors are still 

undefmed although they are not DNA sites on the host chromosome (62). 1 assume that they 

are proteins or membrane components that position partition complexes andlor time 

positioning events with respect to the cell division cycle. A careful analysis of ParA-PUB 

interactions at pars, including the roles of ATP binding and hydrolysis in these interactions, 

as well as identification of host factors, are crucial to the dissection of the P l  plasmid 

partition pathway . 



CHAPTER 4: Isolation of ParA-ParB complexes 
and Future Directions 

This chapter presents prelirninary experiments to isolate ParA-ParB complexes. 



INTRODUCTION 

ParA-ParB imractions have a role in repression (Chapter 3; 55) and are potentiaiiy 

important for ParA hinction in the positionhg process. ParB's role in par gene expression is 

to stimulate ParA repressor activity (55). My results in Chapter 3 suggest that at least part of 

ParB's stimulatory effect on ParA DNA-binding activity is the result of ParB's abüity to 

overcome the inhibitory effects of ATP hydrolysis on ParA-parOP interaction. ParA's second 

role in partition, inferred from genetic experiments (Chapter 1 ; 55, 77), is likely mediated by 

ParA interaction with ParB in the partition complex (ParB-MF-pars complex). Further 

characterization of ParA interaction with ParB and the partition complex as well as 

examination of the effects of adenine nucleotides on these interactions are crucial to 

understanding ParA function in partition. 

Although ParA and ParB interact (Chapter 3; 39. 5 3 ,  a complex of the two proteins 

has not previously been isolated. ParB effects on ParA activity have been detected only in the 

presence of ATP hydrolysis by ParA (Chapter 3; 39). suggesting that ATP hydrolysis may be 

required for physical association of ParA and ParB. Here. 1 isolate ParA-ParB complexes 

using CO-immunoprecipitation assays and present pre1imhx-y results that suggest that ATP 

hydrolysis is not required for formation of these complexes. The results in this chapter as 

well as in the previous chapters make certain predictions about ParA and its interactions with 

ATP, ADP and ParB in partition. 



METHODS 

Preparation of 35S-labelled ParA extracts: ParA-encoding ceIIs (BL2 1 (XDE3 pLysS 

pBEF198); 35). which express parA under control of the T7 RNA polymerase promoter, 

were grown in M9 minimal medium (164) containing 1% (wlv) glucose, 100 pg 

arnpicillin/mi and 25 pg chloramphenicoYml. When the A, of the culture had reached 0.5, 

ParA expression was induced with 0.5 mM IPTG (BioRad). After 15 minutes at 37OC, 10 

pCi 35S-methionine (Amersham)/rnl was added and the cells were grown for another 30 

minutes at 37°C. The cells were harvested, excess label was removed by two washes in M9 

media and the cells were resuspended in 50 mM Tris-HCI pH 7.5, 10% (wlv) sucrose and 

frozen to -80°C. Cells were lysed by lysosome lysis (58) and ce11 debris was removed by 

centrifugation. The amount of ParA in the ce11 lysate was estimated by comparing to known 

arnounts of pure ParA on a Western blot using anti-ParA antibodies (Chapter 2). 

Preparation of 3 5 S - ~ a r ~  protein: Labelled crude extracts were prepared from BL21 (hDE3 

pLysS pBEF198) cells as described above except that rifampicin was added 7 minutes after 

IPTG induction to suppress transcription by E. coli RNA polymerase. 35S-methionine was 

then added afier a further 8 minutes incubation at 37°C. Cells were incubated for 30 minutes 

before processing as described above. "S-ParA (FrJII) was isolated from these crude extracts 

as described in Chapter 2. except on a smailer scale. 

Antibodies and Protein A Sepharose beads: Anîi-ParB antibody (61) was affinity purified 

against a version of ParB tagged at the amino tenninus with 6 histidine residues and a heart 

muscle kinase recognition site (a gift from J. Surtees; 181). The ParB hision protein was 

immobilised on nitrocellulose and used to affiiinity puri@ anti-ParB antibody using standard 

methods (164). The Protein A Sepharose beads (Sigma) were swelled in IP buffer (10 mM 
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Tris-acetate, pH 7.5, 100 mM NaCl, 5 mM MgCl, and 0.1 % (dv)  Triton X-100) for at least 

one hour and washed twice in IP buffer before use. 

Co-immunoprecipitation of ParA and ParB: ParA was precipitated with ParB using affin@ 

punfied anti-ParB antibodies and Protein A Sepharose beads. Each 100 pl assay contained 

approximately 3 pg ParA in crude extract or 3sS-ParA ( F r a ,  8 pg ParB (FrN; 57, 58) and 

40 pg BSA (Sigma FrV) in IP buffer (10 mM Tris-acetate, pH 7.5, 100 mM NaCl, 5 mM 

MgCl, and 0.1 % (vlv) Triton X- 100). Five microliters of 10 % (w/v) Protein A Sepharose in 

IP buffer was added to each assay. Following a 30 min incubation at room temperature, the 

mixtures were cenaifbged at 12,000 rpm for 10 min. Approxirnately 5 pg of a f f i t y  purified 

anti-ParB antibody was added to the supernatant and the mixture was incubated for 1 hou at 

room temperature with constant mixing. Twenty-five microliters of 10% (w/v) Protein A 

Sepharose in IP buffer were added. The mixtures were incubated for 1 hr at room 

temperature with constant end-over-end rnixing. The Sepharose beads were then pelleted by 

centrifugation and the supernatant was removed. The beads were washed three times with IP 

buffer and then resuspended in 50 pl L a e d i  sample buffer (104). The proteins were 

separated by SDS-PAGE (10%) and exposed to a PhosphorIrnager (Molecular Dynamics) 

screen. 



RESULTS 

Using a CO-immunoprecipitation assay 1 have isolated a ParA-ParB complex from 

crude E. coli extracts that contained ParA (Fig. 4-1). ParB was incubated with 35S-labelled 

crude E. coli lysates containing ParA, and ParB was precipitated using anti-ParB antibodies 

and Protein A Sepharose. Co-precipitation of ParA depended on the presence of ParB (Fig. 

4-2) and anti-ParB antibodies (Figs. 4-1 and 4-2). There was some background binding of 

ParA to the Protein A Sepharose beads, however signifcandy more ParA was precipitated 

when antibody and ParB were present (approxirnately 8-fold more, Fig. 4-1B). When 

partially purified, 35S-labelled ParA (Frm) was used identical results were obtained (Fig. 4- 

2). These data c o n f i i  that ParA and ParB interact directly and show that a ParA-ParB 

complex can be isolated. 

IR vitro, effects of ParB on ParA activity have only been detected in the presence of 

ATP hydrolysis (Chapter 3; 39), suggesting that ATP hydrolysis may be required for 

formation of a ParA-ParB complex. However, I detected CO-irnrnunoprecipitation of ParA 

( F r a  with ParB in the absence of any added ATP. Although it has not yet been fomally 

demonstrated, ParA (FrIII), ParB, a f f ~ t y  purified antibody and the Protein A Sepharose 

beads are unlikeIy to contain nucleotide; ParA and ParB were purified using at least one ion- 

exchange column and the antibody was af f i ty  purified. Therefore since ParA and ParB 

interact in the absence of nucleotide, ATP and ATP hydrolysis do not seem to be required 

for association of ParA and ParB. 

Relatively large amounts of both ParA and ParB were present in these assays. 

Although the precipitation of ParA was specific and ParB-dependent, only a small percentage 

(about 2-5%) of the total ParA present was precipitated. This low recovery may reflect a 

weak ParA-Pd interaction. Consistent with a weak ParA-ParB interaction, a relatively high 



Figure 4-1. Physical d a t i o n  of ParA and ParB. A ParA-ParB complex was isolated by 

precipitation of ParA by ParB and anti-ParB antibodies. An SDS-polyacrylamide gel of "S- 

labelled ParA in crude extracts before ("Lw) or after ("IP") CO-immunoprecipitation is shown. 

Antibody (no Aby) or Protein A Sepharose beads (no beadr) was omitted in the indicated 

lanes. The migration of rnolecular size markers (New England Biolabs) is indicated to the le# 

of each gel. The band correspondhg to ParA is marked by the arrow. B: ImageQunt 

(Molecular Dynamics) software was used to quanti@ the relative amount of ParA precipitated 

from crude lysates by ParB. anti-ParB antibody and Protein A Sepharose beads ("complete") 

compared to assays from which antibodies ("no A b " )  or Protein A Sepharose beads ("no 

beadr") had been omitted. Quantification of a line through each of the three "IP" lanes in A 

was used to obtain the arbitrary values in the Y-axis. 
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Figure 4-2. Association of ParA and ParB in the absence of nucleotide. Co- 

immunoprecipitation of purified ParA (FrIII) and ParB using anti-ParB antibodies and Protein 

A Sepharose beads ("cornpiete"). Anti-ParB antibodies ("no Aby") or ParB ("no ParB") was 

omitted fiom the indicated lanes. The faster migrating species in the FrIII ParA sample are 

likely degradation products of ParA since they reacted with anti-ParA antibodies on a 

Western blot (data not shown). The migration of molecular size standards through the gel is 

indicated to the Z e j t  of the gel. 



concentration of ParB is required to rnaximdiy stimulate ParA DNA binding and ParA 

ATPase in vitro (Chapter 3; 39). Perhaps nucleotide stimulates ParA-ParB interaction and 

more complex would be isolated in the presence of nucleotide. The amount of ParB 

immunoprecipitated in these assays has not k e n  quantified and it is possible that not al1 of 

the ParB was precipitated. In addition, the anti-ParB antibodies are polyclonal and may 

interfere with ParA-ParB interactions. Therefore fuIther optimi7irtion of these preliminary 

assays is required to make any conclusions about the strength of the interaction between ParA 

and ParB using these assays (see Discussion and Future Directions). 
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DISCUSSION AND Fü'ïURE DIRECTIONS 

In this thesis, 1 have presented experiments that address the roles of ATP binding and 

hydrolysis in ParA function, particularly in ParA repressor function. In addition to its role in 

repression, ParA is required for an undefmed role in the partition process (41, 55). The 

importance of ParA repressor activity for P l  plasmid stability is illustrated by the 

destabilizing effect of ParA andor ParB overexpression on Pl (3, 56, 77). ParA repressor 

activity is probably mediated by ParA interaction with parOP. 1 have s h o w  that ATP is not 

required for ParA interaction with parOP (Chapter 2) as was previously believed (39), 

although ATP does greatly stimulate ParA-parOP interaction (Chapter 2 ) .  1 have 

demonstrated that either adeniae nucleoside di- or tn-phosphates are required to stimulate 

ParA DNA binding, and that ATP hydrolysis by ParA inhibits ParA DNA binding (Chapter 

2). These effects of adenine nucleotides on ParA are mediated by their effects on ParA 

conformation, including but not limited to, stimulation of ParA dimerization (Chapters 2 and 

3). My results have led to a mode1 of ParA repressor function in which ATP binding and 

ATP hydrolysis have separable roles (Chapter 3). ParA interaction with ParB is also 

important for ParA function in repression (55) and, 1 believe, for ParA's partition function. 1 

have s h o w  that ParB stimulates ParA interaction with parOP in vitro (Chapter 3), consistent 

with ParB's role as a CO-repressor in vivo (55). This stimulation by ParB requires ATP 

hydrolysis (Chapter 3) which has implications for ParA-ParB interactions (see below). As a 

first step towards addressing the roles of ParA-ParB interactions in partition 1 have begun to 

examine the physical association of the two proteins. 

ParA-ParB interactions: What are the potential roles for ParA-ParB interactions in 

partition? I think it likely that ParB interaction with ParA mediates ParA interaction with the 

partition cornplex, an interaction that must occur if ParA has a direct role in the positionhg 
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process. ParA interaction with the partition complex may be required for plasmid pairing or 

for specific interactions with host components that in tum mediate positioning of the 

plasmids. Alternatively, ParATs effect on the partition complex may be negative, for example 

by causing dissociation of paired or attacheci complexes. 

The CO-immunoprecipitation assays provide the f ~ s t  evidence that a complex of ParA 

and ParB can be isolated. This information wii1 be important in developing assays to detect 

and measure ParA-ParB interaction at pars (see below). In addition, these assays are a good 

qualitative assay for ParA-ParB interaction and will be useful for assessing ParA and ParB 

point mutations and deletions for their abilities to interact. 

Only a small percentage of the total ParA added to the assays was precipitated, and 

although this may reflect a weak ParA-ParB interaction, it may also be due to lirniting 

quantities of anti-ParB and Protein A Sepharose beads in the assays. In addition, the 

antibodies used in these assays are polyclonal and may interfere with ParA-ParB interaction. 

Optimization of the amounts of ParA, ParB, antibody and beads in these prelirninary assays 

will address some of these questions. If these assays are to be used to examine nucleotide 

effects then the reagents must be assayed for contaminating ATPase activity and nucleotides. 

However, further characterization of ParA-ParB interactions, specifically measurement of the 

strength of the interaction and measurement of the effects of adenine nucleotides on ParA- 

ParB interaction, may require a different approach. 

ParA interaction with ParB in vitro has only been observed in the presence of ATP 

hydrolysis (Chapter 3; 39). Using CO-immunoprecipitation assays 1 have shown that ATP 

hydrolysis does not seem to be required for physical association of ParA and ParB (Fig . 4-2), 

so ATP hydrolysis must have some other effect on ParA-ParB interactions at parOP. ATP 

hydrolysis may affect ParA affinïty for ParB and without this increase in affinity, ParB 
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stimulation of ParA DNA binding could not be detected. Alternatively, ParB rnay alter ParA- 

ATP conformation so that it resembles ParA-ADP and hence binds parOP with greater 

aff i ty.  These possibiiities have implications for ParA function in partition. If ATP 

hydrolysis stimulates PUA-ParB interaction then ATP hydrolysis may also stimulate ParA 

interaction with the partition compIex. Thus ParA-ADP would be less active for partition 

than ParA-ATP. Quantification of the interaction between ParA and ParB as weIl as 

rneasurement of the effects of different factors such as ATP or ADP on this interaction can 

be measured using surface plasmon resonance (related to refiactive index) on a BIAcore 

Biosensor system (eg., 138). BIAcore measures interactions between proteins or proteins and 

DNA (94) and can be used to determine the aff ï ty  and kinetic parameters of the interactions 

kg., 50). 

If ParB alters ParA-ATP conformation then perhaps the transition from one 

conformation to the other plays a role in positioning. Conformational changes hiduced by 

ATP binding and hydrolysis in other proteins mediate movement of molecules in the ce11 

(eg . , Refs . 17, 8 1 and 167). ParB interaction with ParA would facilitate ParA's function in 

this capacity by stimulating ParA ATPase, by inducing the conformational change in ParA 

and by anchoring ParA to the partition complex. One possible way to examine 

conformational changes in ParA and/or ParB associated with ParA-Pa* interactions is 

limited proteolysis of the proteins. 

ParA interaction with the partition complex: If ParA interacts directiy with ParB at pars, 

then one might expect ParA to affect ParB interaction with parS. There are several different 

DNA binding assays for ParB binding to pars (38, 57, 60) that can be used to examine ParA 

effects on ParB DNA binding using conditions similar to those used to detect ParB 

stimulation of ParA DNA binding (Chapter 3) and those used to isolate ParA-ParB 
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complexes (Figures 4-1 and 4-2). Conversely, effects of the partition complex on ParA 

activities, such as its ATPase activity, can also be examined. 

Roles of ATP binding and hydrolysis in pur gene expression and partition: An energy 

requirement is inherent in the positioning process ; it is an entropically unfavourable event. 

Many plasmid partition systems encode ATPases that are required for partition (Chapter 1), 

suggesting that these ATPases are important for plasrnid partition. For example, these 

ATPases may be required to move or orient plasmids in the ce11 (see Chapter 3). Davis et. al 

(41) show that mutating the Walker A motif of the putative ATP binding site interferes with 

ParA repressor and partition functions. However, their mutant was inactive for al1 activities 

tested and they did no: test their mutant for ATP binding, therefore one cannot make any 

fm conclusions about the differential roles of ATP binding and hydrolysis by ParA in 

repression and partition from this mutant. It wodd be interesting to search for ParA mutants, 

created by random or site-directed mutagenesis, that affect ATP hydrolysis and/or binding in 

vitro and test thern for their abilities to support par gene repression and partition in vivo. 

In addition to these approaches, specific roles for ParA in positioning c m  be tested. 

For instance, plasmid interaction with the ce11 membrane has been proposed in many 

partition models (Chapter 1). 1s ParA the anchor that holds Pl at the membrane? This 

activity would require that ParA is localized, at least some of the tirne, to the membrane. 

There is no evidence to suggest that ParA is an integral membrane protein (the purification 

properties of ParA suggest that it is soluble), however ParA may associate with specific 

factors at the membrane. Some members of the ParA superfarnily are associateci with the 

membrane (45, 187). If ParA interacts with the membrane then specifc membrane 

components rnay also affect ParA biochemical activities in vitro, such as ParA ATPase 

activity or ParA interaction with ParB. Further analysis of ParA interaction with ATP, ADP 
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and ParB, as well as examination of potentiai interactions of ParA with host factors, are 

crucial to derstanding the function of ParA, and partition ATPases in general, in the 

positioning process. 
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