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Abstract

Bacteria must segregate their DNA and position a septum to grow and divide. In many bacteria
MinD is involved in spatial regulation of the cytokinetic Z ring and ParAs are involved in
chromosome and plasmid segregation. The use of the MinD/ParA family to provide positional
information for spatial organization continues to expand with the recognition that orphan ParAs
are required for segregating cytoplasmic protein clusters and the polar localization of chemotaxis
proteins, conjugative transfer machinery, type IV pili and cellulose synthesis. Also, some bacteria
lacking MinD use orphan ParAs to regulate cell division. Positioning of MinD/ParA proteins is
either due to self-organization on a surface or reliance on a landmark protein which functions as a
molecular beacon.

Positioning cellular components

Early microscopic observation of bacteria revealed the spatio-temporal regulation that must
be operating within. Visible clues included a readily observable septum and, in some
bacteria, the presence of a unipolar flagellum or polar type IV pili. Immunoelectron
microscopy revealed the Z ring underlying the septum [1] and the advent of fluorescent
technologies including GFP-fusions revealed more clues, chromosomal origins and plasmids
duplicating and segregating to discrete cellular locations [2, 3]. More recently the
distribution of some cytoplasmic protein clusters, carboxysomes and chemotaxis clusters
was found to mimic that of plasmids [4, 5]. Investigation into these processes made it clear
that members of the ParA/MinD family of proteins are involved in positioning large
structures or regulating the position where large structures assemble. Here we look at how
the MinD/ParA family of proteins are involved in these processes.

The MinD/ParA family

ParA and MinD are ATPases but members of the large P loop GTPase superfamily [6]. This
superfamily has two classes, TRAFAC and SIMIBI, and MinD/ParA are members of the
latter class along with other related ATPases. Sequence and structure analysis allowed Liepe
et al. [6] to identify eight subfamilies (Figure 1, black). Two of these, MinD and ParA, have
been studied for some time and are fairly widely disseminated among bacteria whereas most
of the other related ATPases display a more limited distribution. An exception is the Mrp/
ApbC/NBP35 subfamily, which is widely distributed in all domains of life and is involved in
metabolism of Fe-S clusters [7, 8]. The remaining members are involved in a variety of
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cellular processes including nitrogen fixation (NifH), arsenite expulsion (ArsA), regulation
of flagella (FIgG, but has many alternative names), and membrane insertion of proteins in
eukaryotes with a C-terminal hydrophobic transmembrane domain (Get3). More recently,
additional subfamilies or distinct clades within the MinD/ParA family have been identified
that, like MinD and ParA, are involved in positioning protein structures (Figure 1, red).
They have been referred to as orphan ParAs (not associated with the usual partner ParB) and
have a limited distribution among bacteria. They include ParC (associated with positioning
polar chemotaxis proteins [9]), VirC1 (required for the polar localization of conjugative
transfer machinery [10]), TadZ/CpakE (involved in the polar positioning of type IV pili [11,
12]), YjhQ/BcsQ (required for polar synthesis of cellulose [13]) and plasmid related ParAs
(associated with segregation of cytoplasmic protein clusters [4, 5]). Other members, MipZ
and PdIP, are involved in spatial regulation of Z ring positioning in bacteria that lack MinD
[14, 15].

The hallmark of these ATPases is a ‘deviant Walker A motif - KGGXXGKT’ containing
two conserved lysines [6, 16]. The second lysine is common to all Walker A motifs and is
involved in the binding and hydrolysis of ATP. The amino terminal lysine, called the
‘signature’ lysine, mediates dimerization by binding to the phosphates of ATP bound to the
other subunit (Figure 2a). This was first demonstrated for NifH [17] but has been
subsequently shown for ParA (Soj), MinD, Get3 and others [18-20]. This lysine is also
essential for ATP hydrolysis and is the functional equivalent of the arginine finger found in
GAP proteins that activate the GTPase activity of Rho and Ras (members of the TRAFAC
division). This lysine is missing in some TadZ/CpaE family members but, in the one case
examined, its function is supplied by another lysine located elsewhere in the primary
sequence [12].

MinD/ParA are regulated by a nucleotide dependent switch

The ATP form of MinD/ParA proteins is a dimer that usually binds to a surface that allows it
to take up residency in the cell [18, 21, 22]. MinD binds to the membrane using a C-terminal
amphipathic helix and ParA binds nonspecifically to DNA through positive charges located
on one face of the protein [23-25] (Figure 2b). Even though these proteins bind chemically
different surfaces the same face of the protein is used resulting in the same orientation on the
surface. Dimerization brings together two half sites to form a binding site with increased
affinity for the surface (Figure 2b) as well as for protein partners. For example, the
dimerization of MinD results in increased affinity for the membrane but also generates
binding sites for its partners MinE and MinC [19]. Since the binding sites for the proteins
partners are at the dimer interface, they only come into existence when MinD dimerizes.

Importantly, ParA and MinD have a partner protein that acts as an ATPase activating protein
(AAP); MinE for MinD and ParB for ParA [27, 28]. The presence of an AAP with a
spatially restricted distribution ensures that the residency established on a surface by MinD/
ParA is dynamic and self-organized. For some other members of the MinD/ParA extended
family, ATP-dependent dimerization does not lead to binding to a matrix, only to other
proteins. For such proteins residency in the cell depends upon a landmark protein that acts as
a molecular beacon to recruit the MinD/ParA family member [29]. As we shall see, MinD/
ParA family members may use either mechanism, self-organization on a surface or reliance
on a landmark protein, to localize.

In contrast to the ATP form, the ADP form of the MinD/ParA member is usually a monomer
that freely diffuses in the cell. In some cases the monomer also binds to specific partners that
either sequester the monomer form to delay its return to the ATP form or provides for novel
regulation by interacting with another protein. For example, the Soj monomer (a
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chromosomal ParA in Bacillus subtilis) binds to and inhibits DnaA, the initiator of DNA
replication [30]. Useful in dissecting the functions of the two forms are mutations that
prevent dimerization (K11A, G12V in the deviant Walker A motif) or block ATP hydrolysis
(D40A) and lock the protein in the dimer form (residue numbers are from Escherichia coli
MinD) [22, 25, 31, 32]. Mutations can also be introduced that prevent nonspecific DNA
binding (ParAs) [25] or membrane binding (MinD) [24]. Such mutations also lock proteins
in the dimer form since ATP hydrolysis is not stimulated by the AAP unless the protein is
bound to its respective surface [21, 33].

Oscillation (self-organizing) versus landmark (molecular beacon)

Proteins in bacteria localize by diffusion and capture [34], and ParA/MinD family members
use two variations on this theme. One is an oscillatory mechanism observed with the Min
and the plasmid ParA systems in £. coli[9, 35, 36]. This mechanism is also likely used by
some bacteria to position large protein structures (carboxysomes and large cytoplasmic
chemotaxis clusters) [10]. The other is a landmark mechanism observed with the Min
system in B. subtilis and with a chemotaxis system in Vibrio cholerae [9, 29]. The common
feature of the oscillatory mechanism is that dynamic binding to a surface (membrane or
DNA) fueled by nucleotide hydrolysis leads to pattern formation (self-organization) whereas
in the landmark mechanism the nucleotide cycle regulates binding to a protein that is
localized in the cell and serves as a molecular beacon. Thus, the first mechanism is self-
organizing, relying only on the shape of the cell or nucleoid, whereas the second requires
another protein to provide the spatial cue.

Min system: oscillation versus landmark

The Min system contributes to the spatial regulation of the Z ring in many bacteria by
preventing its assembly away from midcell, especially near the poles [37]. The antagonist of
FtsZ assembly, MinC is activated and positioned in the cell through its interaction with
MinD. The E. coli Min system is a pure oscillatory system, getting its spatial cues directly
from the shape of the cell. The system is very responsive to the cell’s shape and the pole-to-
pole oscillation observed in wild-type cells (Figure 3a) shifts to a striped pattern in
filamentous cells [38]. The oscillatory mechanism also finds the long axis in nearly round
cells and establishes a rotating oscillation in Y-shaped cells [39, 40]. This ability to adapt to
the shape of the cell without requiring protein landmarks is consistent with the ability of
MinD and MinE to form dynamic patterns (travelling waves) on a planar lipid bilayer /n
vitro[41, 42].

The basis of the Min oscillation has been extensively explored and is due to pattern
formation developing from a dynamic instability [43—-45]. The ATP form of MinD (dimer)
binds cooperatively to the membrane [46], and the ADP form (monomer) freely diffuses in
the cytoplasm. MinE also exists in two conformations, a latent form that freely diffuses in
the cytoplasm and an active form that binds MinD and the membrane [47]. MinE binding to
MinD at the membrane stimulates the ATPase activity of MinD, releasing it from the
membrane, but MinE is now associated with the membrane, and either dissociates or jumps
to another membrane-bound MinD (the ‘Tarzan of the Jungle’ model). This latter feature
appears necessary for robust pattern formation [48]. This interplay between MinD, MinE
and the membrane leads to the observed dynamic pattern and has been modeled extensively
[43].

In contrast to the pure oscillatory system in £. coliand many other Gram-negative
organisms, the Min system in B. subtilis uses a landmark protein or molecular beacon to
recruit the Min proteins [49] (Figure 3b). This protein, DivIVA, recognizes curved
membranes at incipient septa [29]. In the absence of DivIVA, the Min inhibitor (MinC/
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MinD) is delocalized, blocking division throughout the cell causing a filamentous
morphology. DivIVA forms a ring on either side of the invaginating septum and recruits
MinJ which recruits MinD which recruits MinC [50, 51]. Once this DivIVA ring is
decorated with the Min proteins it is able to prevent FtsZ released from the constricting Z
ring from reassembling in the immediate vicinity [52]. This decorated ring maintains its
diameter as septation ensues, but once cells separate the pole takes on a hemispherical shape
and DivIVA is remodeled [29]. The Min proteins are eventually released and are able to join
DivIVA assembling at the next incipient division site.

In B. subtilis, the binding of MinD to the membrane is ATP independent (likely due to a
slightly longer amphipathic helix than £. coli MinD) [53]. Thus, the role of ATP binding is
not to drive membrane binding but to drive interaction of MinD with its partners located at
the pole. ATP binding also allows MinD to recruit MinC. How the MinD ATPase activity is
regulated is not known. Thus, although this MinD binds to the membrane it is a landmark
mechanism since the polar localization depends upon a molecular beacon, likely similar to
other non-MinD members that are located at the cell’s pole (see below). Thus, the
mechanism MinD uses depends upon its partner (MinE or DivIVA-MinJ), which varies
among different bacteria [54].

Segregating plasmids and protein clusters: an oscillatory mechanism

Three systems for segregating low copy plasmids have been classified based upon the
nucleotide hydrolyzing enzyme that powers segregation [55]. For type | the ATPase is a
ParA type whereas for type Il the ATPase (ParM) is related to actin. The third type employs
a GTPase (TubZz) that it related to the FtsZ/tubulin family. Although the latter two employ
dynamic filaments that push the plasmids apart, the ability to form cytoplasmic filaments is
more controversial for the type | ParAs. Several of them have been shown to undergo ATP
dependent polymerization /n vitro, however, the physiological significance of this is still
unclear. ParA binds nonspecifically to DNA forming a nucleoprotein filament, which is
likely the relevant form of ParA [18].

Plasmid ParAs oscillate on the nucleoid due to reversible nonspecific DNA binding (Figure
4a) [36, 56]. The oscillation requires ParB bound to the centromere site ParS located on the
plasmid. The oscillatory pattern is reminiscent of the Min system where MiInE is chasing
MinD. In this case, ParB with cargo attached (the plasmid) is chasing ParA that is spread
over the nucleoid [36]. ParB bound to the ParS site stimulates the ATPase activity of ParA
bound to nonspecific DNA (nucleoid). The simplest mechanism arising from these facts is a
burnt bridge molecular ratchet mechanism [56]. In this model ParA dimerizes with ATP and
binds nonspecifically to the nucleoid while ParB binds to ParS located on the plasmid.
Interaction of the ParB/ParS complex with ParA leads to ATP hydrolysis and release of
ParA from the DNA. Since the ParA is spread over the nucleoid it acts as a magnet to pull
the ParB/ParS complex in one direction. As the complex moves, a ParA free region develops
behind it, which in turn attracts ParA that is being released by ATP hydrolysis. Upon
duplication of the ParB—ParS complex, one complex can be pulled in each direction leading
to segregation. Modeling indicates that repeated cycles of ParA assembly and disassembly is
sufficient for segregation of the duplicated plasmids [36].

The oscillatory mechanism for segregating plasmids could be theoretically adapted to other
cargo by simply having a component of the cargo interact with nucleoid associated ParA.
This has apparently happened several times in evolution. In at least two cases orphan ParA
proteins are required for segregation of large protein clusters, carboxysomes in one case [5]
and large cytoplasmic chemotaxis clusters in another [4]. In the latter case a component of
the chemostaxis cluster functions like ParB to tether the cargo to ParA and presumably
stimulate ATP hydrolysis resulting in a molecular ratchet mechanism similar to that
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suggested for plasmids [57]. The orphan ParAs that function in this manner group with
plasmid ParAs [9].

of chromosomal origins: oscillation with cues and aids

ParAs are also involved in chromosome segregation, at least in bacteria that do not undergo
multifork replication. In comparison to plasmid segregation, however, several extrinsic
proteins are required to ensure the unidirectional movement of the chromosomal origin
(Figure 4b). The process appears similar among the two organisms studied, V. cholerae [58]
and Caulobacter crescentus [32, 59, 60], although more details are known about the latter.
The cell cycle starts with the origin sequestered at the old pole by ParB, which binds to
centromere sites scattered around the origin and a polarly localized protein — PopZ, and
ParA spread over the nucleoid [32]. As replication initiates, the ParB focus duplicates and
one of them pursues the receding ParA. When delivered to the pole, the ParB-ParS complex
binds to PopZ that has newly localized to this pole. During segregation the ParA released by
ParB stimulation is sequestered by TipN, so that it cannot accumulate behind the migrating
ParB which would cause it to stall or reverse direction (as seen with plasmids) [32]. At some
point after segregation is completed, the ParA is released and spreads over the nucleoid to be
in position for the next replication cycle. Thus, although both plasmid and chromosomal
origin segregation rely on a ParB and nonspecific binding of ParA to the nucleoid,
segregation of chromosomal origins requires additional proteins: PopZ, to tether ParB-origin
complexes to the pole and TipN to ensure unidirectional movement.

Two proteins, two gradients, one regulator

In C. crescentus a distinct MinD/ParA member MipZ forms a bipolar gradient on the
nucleoid to spatially regulate Z ring formation [14]. Like the ParA pattern in this organism,
the bipolar MipZ gradient is dependent upon ParB and nonspecific DNA binding, however,
its distribution on the nucleoid is temporally distinct from ParA (compare Figure 4, panels b
and c). How can ParB cause two similar proteins to produce different patterns? The answer
lies in the way ParB regulates the ATPase activity of the two proteins. For ParA, ParB
functions as an AAP removing ParA from the DNA, whereas, for MipZ, ParB promotes
dimerization and therefore DNA binding. Thus, the MipZ gradient emanates from ParB as
MipZ monomers, recruited by ParB, undergo dimerization, diffuse away and bind
nonspecifically to the nucleoid. So far MipZ is the only MinD/ParA member that has its
ATPase regulated in this unusual manner.

A landmark mechanism for chemotaxis and type IV pili

As mentioned above, some orphan ParAs are involved in the distribution of chemotaxis
protein clusters by using an oscillating mechanism that mimics plasmid partitioning.
However, other ParAs (designated ParCs) position chemotaxis proteins using a landmark
mechanism [9]. A newborn V. cholerae cell contains a ParC focus at the old pole and as the
cell cycle proceeds a new ParC focus develops at the new pole, so that following division
each progeny cell inherits a cluster (Figure 5a). At no time is ParC localized on the nucleoid.
Phylogenetically, ParC represents a new ParA clade whereas ParAs associated with
cytoplasmic chemotaxis clusters fall with plasmid ParAs [9] (Figure 1). Although it is not
clear how this ParA focus is recruited to the pole or how recruitment is regulated by
nucleotide hydrolysis, it is clear that ParC is required for the polar recruitment of other
chemotaxis proteins and that ATP hydrolysis is required. This mode of localizing proteins
follows the landmark mechanism. Thus, there are two types of ParAs, one that oscillates on
the DNA (and moves cargo) and one that does not bind DNA and residency depends on a
preexisting polar determinant (and functions as a link to recruit other proteins).
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Type IV pili are found in many bacteria and are often localized to a single pole where they
mediate adherence to surfaces (Figure 5b). There are at least three different subtypes, one of
which is encoded by a widespread colonization island called fad. One of the dozen or so
genes on this island, fadz/cpaF encodes a fusion of a MinD/ParA-like protein with the
receiver domain of a response regulator and both domains are needed for polar localization
[11, 12]. Some TadZs are missing the signature lysine but a recent structure analysis of one
of these revealed that this role is assumed by a lysine elsewhere in the structure [12]. It
appears that TadZ is a link between a polar determinant functioning (PodJ-TipN in C.
crescentus) as a beacon and other Tad components [62, 63].

and questions

Investigation into the Min systems of £. coliand B. subtilis has already revealed that MinD
can use either an oscillatory or landmark mechanism depending upon its protein partners.
Also, one clade of orphan ParAs (ParC) does not bind DNA and uses a landmark mechanism
to localize chemotaxis proteins, whereas other orphan ParAs are closer to plasmid ParAs and
use an oscillatory mechanism to segregate non-DNA cargo, such as cytoplasmic chemotaxis
clusters. Although there have been extensive studies of how oscillatory ATPases are
regulated, little is known about the ATPases associated with the landmark mechanism. For
example, MinE stimulation of MinD has been explored in some detail but how the ATPase
activity of MinD in B. subtilisis regulated is unknown. Also, how the ATPase activity of
VirC1 from A. tumefaciensis involved in localizing the transfer intermediate at the pole for
conjugative DNA transfer is not clear [64].

Although some ParAs are clearly involved in segregation of chromosomal origins, for others
it is not so clear. A well studied ParA from B. subtilis (Soj) and its ParB partner (SpoQJ)
have long been thought to be involved in chromosome segregation, however, the evidence
for direct involvement is not convincing [30]. SpoOJ does have a role in chromosome
organization through recruitment of a DNA organizing protein SMC (structural maintenance
of chomosomes) [61]. Also, SpoOJ and Soj cooperate to regulate the activity of DnaA; in
the ADP form Soj prevents DnaA from assembling into an initiation helix at oriC [30].
Despite the rather widespread distribution of chromosomal ParA and ParB genes, they are
not found in £. coli and closely related enterics. It may be that their involvement in
chromosome segregation may be limited to bacteria (V. choleraeand C. crescentus) that do
not carry out multifork replication (in contrast to £. coliand B. subtilis). However, this
remains to be determined.

Bacteria have come up with a variety of mechanisms to spatially restrict assembly of the Z
ring. £. coliand B. subtilis use a combination of Noc and Min to restrict Z ring assembly to
midcell [37], whereas C. crescentus uses a single protein, MipZ, that seems to combine these
functions [14]. Its ATPase activity is regulated in a very different manner. Rather than ParB
stimulating ATP hydrolysis directly, ParB promotes dimerization of MipZ which undergoes
ATP hydrolysis after binding nonspecifically to DNA. So far, this mechanism is unique to
MipZ. Recently, the spatial regulation of cell division in Corynebacterium glutamicum
(which also lacks MinD and Noc) was found to utilize another orphan ParA family member
(P1dP) [15]. Deletion of PIdP causes aberrant divisions and its localization is similar to
MinD of B. subtilis. How P1dP works has not yet been investigated.

Clearly MinD/ParA proteins can be used as adapters in localizing proteins to the poles of
cells. However, it is also clear that many other proteins can perform this task [65]. For
example, although most type IV pili are found at the poles, only one of three identified type
IV systems contains a MinD/ParA homologue [66].
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Concluding remarks

The MinD/ParA family of proteins has evolved as a nucleotide dependent switch that
regulates its affinity for a surface and other proteins. In the best studied examples, the
protein bind to a surface and the switch is activated by a partner that is spatially restricted
leading to an oscillatory pattern. Patterns have been observed on membranes that regulate
the positioning of the Z ring and on the nucleoid leading to segregation of plasmids, oriC
regions, protein clusters and positioning of the Z ring. In some cases the MinD/ParA
members do not bind to a surface but to a landmark protein that act as a molecular beacon

for recruitment. Such proteins are used to place a variety of structures at the poles of the cell.
Clearly this family, which likely evolved from the more ancient Mrp chaperone [6], is quite
adaptable and has been exploited over and over by bacteria to localize a variety of

structures.
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Figure 1.

Phylogenetic tree displaying the position of MinD/ParA family members. The MinD/ParA
family is a part of the SIMIBI class of P loop GTPases. Leipe et al. (6) recognized 8
subfamilies of the MinD/ParA/Mrp family (names in black). Get3 is closely related to ArsA.
More recently recognized members are colored red. This diagram was based upon Leipe et
al. (6) with additional information obtained from Perez-Cheeks et a/. (11) and Ringgaard et
al. (36).
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Figure 2.

MinD/ParA proteins undergo ATP dependent dimerization to bind to surfaces and other
proteins. (&) MinD dimer (PDB 3Q9L), with ATP (phosphates in orange) and signature
lysines highlighted. The expanded view on the right shows the signature lysine in proximity
to the -y-phosphate of ATP bound to other subunit. (b) ATP dependent dimerization of
MinD and ParA lead to binding to surfaces. The MinD dimer binds to membranes through a
C-terminal amphipathic helix and the ParA/Soj dimer binds nonspecifically to DNA through
positive charged residues. Although binding to different surfaces, the orientation of the
proteins on the surface is the same.
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Figure 3.

Localization behavior of MinD. MinD contributes to Z ring positioning in £. coli (a) and B.
subtilis (b). In E. coliMinD and MiInE oscillate between the poles to prevent Z ring
assembly away from midcell. In B. subtilis DivIVA localizes to the incipient septum and
recruits MinJ which recruits MinD and MinC. The decorated DivIVA ring is stable as the
septum constricts. After the cells split, the Min proteins are released and DivIVA
reorganizes.

Trends Microbiol. Author manuscript; available in PMC 2013 September 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Lutkenhaus

Page 14

Figure4.

Pattern formation involving ParA/MipZ and nonspecific DNA binding. ParA promotes the
segregation of plasmids and cytoplasmic protein clusters (a) and the origin of chromosomes
(b). (a) ParB bound to the parS site located on a plasmid displaces ParA that is bound
nonspecifically to DNA. In some cases the cargo is not a plasmid but a cytoplasmic protein
cluster (carboxysomes or chemotaxis clusters). (b) During chromosome segregation in C.
crescentus the origin region is tethered to the polarity protein PopZ at the pole. Following
duplication, one of the ParBs follows the receding ParA. The released ParA is maintained at
the pole by TipN until late in the cell cyle when it is released and it spreads over the
nucleoid. (c) MipZ, a distinct ParA protein, forms a bipolar gradient on the nucleoid to
regulate the position of the Z ring in C. crescentus. The gradient emanates from ParB bound
at the origin.
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Figureb5.
ParC and TadZ are involved in the polar localization of chemotaxis proteins and type IV pili

respectively. (a) ParC is related to ParA but does not bind DNA. The polar determinant it
binds to is unknown. (b) TadZ is a link between an unknown polar determinant and the type
IV pilus machinery.
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