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ABSTRACT OF THE DISSERTATION

Regulation of cytokinetic protein FtsZ in
Caulobacter crescentus by elements of the

chromosome partitioning system

Matthew Allan Gaffney Graf
Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2014

Professor James Gober, Chair

The coordination of essential cell cycle events is necessary to maintain the viability of a species
over many generations; two core processes to any replicative cell is the duplication of
chromosomal DNA and the division of a growing cell into two functional daughters. The
crescent-shaped a-proteobacteria, Caulobacter crescentus, has a distinct biphasic life cycle
making it ideal to study such cell cycle linked events. The core protein of cell division in C.
crescentus 1s the essential, and highly conserved tubulin-homologue, FtsZ. Prior to FtsZ directed
cell division, duplicating chromosomes are quickly sequestered to opposing regions of the
replicative cell such that each daughter will contain a complete chromosome after division. The
three-component partitioning complex, ParAB/parS, is homologous to plasmid segregation

systems and essential to the viability of C. crescentus. Previous work has shown that changes to

il



the cellular levels of partitioning complex proteins have a drastic effect on the cell cycle,
including the loss of FtsZ ring structures associated with cell division. Using a biochemical
approach with purified protein components, the interplay between the partitioning complex
proteins and cytokinetic protein FtsZ was addressed. The work presented in this dissertation
clearly demonstrates the ability of the partitioning complex to directly regulate FtsZ assembly.
The data shows that the ATP-bound form of ParA is a potent stimulator of FtsZ assembly and
capable of lowering the critical concentration of FtsZ required for filamentation. Additionally,
ParA seems capable of changing the nature of assembled FtsZ, causing an overall elongation of
filaments and inducing distinct curvatures into their structure. ParA is a member of a superfamily
of ATPase proteins, which comprises two known negative regulators of FtsZ filamentation. It is
therefore proposed that ParA is a physiologically relevant activator of FtsZ assembly based on
previous cytological results, the relation of ParA to known FtsZ regulators and biochemical
results presented within this work. The activation of FtsZ assembly by the partitioning protein
ParA is a novel example of stimulatory FtsZ regulation by an essential and active participant in a

core, chromosomally linked process.
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CHAPTER 1

The Role of FtsZ in Bacterial Cell Division
and the Mechanisms of its Regulation



The ftsZ gene product is an essential and widely conserved player in bacterial cell division.

Regions of the Escherichia coli K-12 genome controlling cell division and cell shape were first
identified through the selection of mutants extremely deficient in cell division when grown at
elevated temperatures: the mutants were ultimately termed fts, for the filamentous temperature-
sensitive growth observed [1-4]. Subsequent genetic analysis found that one mutant among a
phenotypically similar subset mapped not to the previously identified ftsA locus, but to a separate
gene, identified as ftsZ [5]. Concurrently, a series of mutants were being studied as having a
critical role in cell division due to their delayed recovery from filamentation after exposure to
ultraviolet light, which induces an SOS-response in E. coli [6, 7]. Mutations in a gene believed to
be a regulator of this phenotype, termed either sfiB or sulB, were shown to have dominant
phenotypes and produce filamentous cells even in the absence of UV light treatment [8, 9].
Ultimately, both su/B and sfiB mutants were mapped to the same locus as ftsZ [10, 11]. The
mapping study linking sulB to ftsZ also showed that the introduction of an additional wild-type
ftsZ gene was sufficient to complement temperature-sensitive filamentation [10]. Later work
probing the links between cell elongation and septation introduced mutations in division or
elongation genes into E. coli and monitored growth. FtsZ was demonstrated to be an early and
essential player in cell division as ftsZ mutants consistently showed in inability to form division
septa. In contrast, many other fts gene mutations showed the formation of cell division septa,
though were unable to complete cell division, suggesting a hierarchical assembly of cell division
components [12]. Overexpression of ftsZ in E. coli K-12 produced additional division sites
resulting in minicells, though not at the expense of normal cell division. Furthermore, the amount
of observed minicells was proportional to ftsZ expression levels, suggesting that FtsZ levels have

a direct effect on the number of division sites [13].



Following the demonstration of the critical role ftsZ plays in the formation of cell division septa,
genetic homologues to E. coli ftsZ were identified in a wide array of bacterial species using DNA
hybridization via Southern blots, including multiple Enterobacteriaceae species, Pseudomonas
aeruginosa, and Agrobacterium tumefaciens. Furthermore, antibodies raised against E. coli FtsZ
produced detectable bands in Western Blots against distantly related species, including the gram-
positive Bacillus subtilis, Streptococcus faecalis, and Staphylococcus aureus, suggesting of a
high degree of conservancy in FtsZ proteins [14]. Analysis of the homologous B. subtilis gene
revealed a 50% identity with the E. coli FtsZ at the amino acid level; furthermore, introduction
and expression of the B. subtilis ftsZ gene was lethal to E. coli [15]. Subsequent work in B.
subtilis confirmed a similar functional role for FtsZ, as it was demonstrated to be essential for
both vegetative cell division at the midcell, and asymmetric division associated with sporulation
[16]. The conserved role of FtsZ in bacterial cell division was further demonstrated in a pair of
papers focusing again on E. coli. Electron microscopy of FtsZ visualized with labeled antibodies
in dividing cells showed that it localizes along the inner-membrane of the cell, specifically at the
site of the cell invagination [17]. Additionally, an E. coli strain was created where an inducible
promoter controlled ftsZ expression: depletion of FtsZ from this strain resulted in markedly
increased cell length and a complete cessation of cell division [18]. Since then, it has come to be
widely accepted that FtsZ is the core protein of the multi-protein complex that is responsible for
most bacterial cell-division mechanisms. Notably, homologues of bacterial FtsZ have also been
identified as having a role in organelle fission in certain eukaryotes. Many types of plants, both
non-vascular and vascular species, contain FtsZ homologous to that of cyanobacteria within their
chloroplast division machinery; mitochondrial fission in certain protista utilizes an FtsZ with

homology tracing to the a-proteobacteria [19, 20]. These discoveries are further evidence of



widely distributed and conserved role for FtsZ, and have been used as evidence to support the

theory of the endosymbiotic origin of these eukaryotic organelles [reviewed in 21].

FtsZ is a homologue of Eukaryotic tubulin.

Visualizations of purified FtsZ in vitro via electron microscopy revealed filamentous structures
reminiscent of eukaryotic cytoskeletal proteins [22, 23]. Filament formation was found to be
dependent on GTP, in keeping with earlier studies that demonstrated guanosine-nucleotide
specific binding and GTP-hydrolysis by FtsZ [24, 25]. The GTP-dependent filamentation of FtsZ
and the highly conserved role it plays in bacterial cell division pointed to tubulin, as opposed to
Ras-like signaling proteins, as a possible model for FtsZ function [15-17, 26, 27]. FtsZ contains a
well-conserved glycine-rich sequence {GGGTGTG} in the N-terminal portion of the protein.
This sequence is nearly identical to the {(SAG)GGTG(SA)G} sequence in the GTP binding
domain of tubulin, with the exception of the penultimate threonine in FtsZ (Fig. 1.1). Single
amino-acid substitutions introduced into this sequence drastically reduces GTP binding and
hydrolysis [24, 25, 28, 29]. Despite a low primary sequence homology on the order of 10%, FtsZ
and tubulin were revealed to share a strikingly similar tertiary structure upon resolution via X-ray
crystallography [22, 23, 30, 31]. The structure of FtsZ revealed that is composed of two primary
folding domains which sandwich a long o-helix linking the domains together (Fig. 1.1). The
conserved GGGTGTG sequence was found to lie within a grouping of parallel 3-sheets linked by
a-helices, characteristic of a nucleotide-binding Rossmann motif. The structural analysis also
provided an interesting insight into the previously postulated cooperativity in GTP hydrolysis by
FtsZ. A short set of conserved residues was exposed on one face of the FtsZ monomer. This

sequence sits on an unstructured loop approximately 100 residues from the GGGTGTG



sequence, at the transition between the N- and C-terminal folding domains. This loop, termed T7,
contains a conserved NxDxxD motif, and was found on the opposite pole of FtsZ from the GTP
binding site of the GGGTGTG sequence (Fig. 1.1, 1.2). In the af-tubulin dimer, the equivalent
exposed T7-loop from one monomer was in contact with the Rossman-motif sequence of the
other dimer, creating a complete GTPase domain. This arrangement absolutely accounts for the
GTP-dependent assembly, and the requirement of assembly for GTP hydrolysis, that is observed
in both tubulin and FtsZ, since no single monomer can form a complete GTPase domain and

bound nucleotide serves as a contact bridge between assembled subunits [32, reviewed in 33].

Distinct differences in the polymerization dynamics have been observed between eukaryotic
tubulin and bacterial FtsZ, despite a common ancestry. Notably, tubulin polymers arrange into
cylindrical microtubules generally consisting of 13 linear protofilaments through strong lateral
interactions between af-tubulin dimers. Interestingly, during microtubule disassembly, linear
protofilaments are observed to peel away from the microtubule rather than dissociate in rings or
discs. This observation suggests that the head-to-tail associations common to FtsZ are more
stable than the lateral interactions unique to tubulin [reviewed in 34]. FtsZ by contrast is
observed to primarily associate into single subunit filaments [35, 36]. Though lateral interactions
and bundling have been observed between polymers in vitro, they are generally seen at higher
concentrations, or induced by buffer conditions or crowding agents [37-39]. Furthermore,
because there is rarely consistency to the bundling patterns observed across the various

conditions, lateral self-association of FtsZ is generally viewed to be an artifact [reviewed in 40].



T4-Loop
(GGGTGTG)

N-terminal
Folding Domain

Nucleotide
Binding Pocket

C-terminal

Folding Domain N-terminus

T7 — Synergy Loop
(NxDxxD)

Figure 1.1: The Structure of FtsZ.

Above is the structure of an FtsZ monomer from Pseudomonas aeruginosa, lacking the linker
region and extreme C-terminal domain. Secondary elements are labeled a or f for helices or
sheets, respectively, followed by a number indicating ordering sequence from N- to C-terminals;
the numbering restarts after the T7-synergy loop, with the addition of the letter C before the
sequential number, corresponding to the switch from the N-terminal to C-terminal folding
domains (as in Fig. 1.2). The structure is presented with a color spectrum for easier visibility:
beginning with blue at the N-terminus to red at the C-terminus. The T4 loop containing the
conserved tubulin GGGTGxG sequence is indicated, as is the T7 loop which completes the
GTPase domain upon dimerization [32, 33]. The nucleotide-binding pocket is indicated as well:
residues at the start of a-helix 1 and in a-helix 5 mediate recognition of guanine, while residues

in B-sheet 5 and a-helix 4 bind to the ribose sugar (see Fig. 1.2).

FtsZ Structure: (PDB ID: 2VAW) Oliva MA, Trambaiolo D, Lowe J. Structural insights into the conformational
variability of FtsZ. J. Mol. Biol. 373: 1229-1242, 2007.

Note: Labels and annotations were made to the structure by this author.
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Figure 1.2: Sequence alignment of bacterial FtsZ with human afp-tubulin.

The partial sequences of three bacterial FtsZ proteins (C. crescentus, E. coli, B. subtilis) were
aligned with partial human a- and 3-tubulin sequences using Clustal W alignment algorithms.
Residues with perfect conservancy are shown in white text with black highlighting, while
residues with a lesser degree of conservation are highlighted in gray. Above the alignment is a
schematic of the secondary structural elements of FtsZ, as labeled in Figure 1.1. The short HL-1
and HL-2 domains in the T2-loop and after -6, respectively, are omitted in this schematic for
simplicity. Regions that contact guanosine nucleotide are indicated by a thick black bar above

the secondary structural schematic, labeled with the contact points on the nucleotide [30].
Clustal W: Larkin MA et al., Clustal W and Clustal X version 2.0. Bioinformatics 23: 2947-2948,2007.
NCBI Sequence Accessions: C. crescentus (ACL96088), E. coli (BAB96663), B. subtilis (AAA22457),

a-tubulin (K00558), B-tubulin (JO0314)
7



Polymerization dynamics of FtsZ.

FtsZ binds GTP nucleotide with relatively high binding affinity: observed K,, values range from
10 to 100uM [36, 41]. Nucleotide binding is necessary, but not sufficient to form filaments, as
FtsZ has a minimum critical concentration for assembly around 1pM, though calculated values
can vary depending on the in vitro conditions utilized [42, 50]. Interestingly, it has been shown
that FtsZ assembly is a cooperative process: binding of nucleotide stimulates a conformational
change in monomers, which stimulates association and the formation of an FtsZ dimer [35, 43,
44, 50]. This dimer acts as a semi-stable nucleator for filament assembly because of the generally
slow intrinsic GTP hydrolysis rate of FtsZ, thus assembly is stimulated cooperatively [36, 45,

46].

Fluorescence Recovery after photo-bleaching (FRAP) experiments of FtsZ in both Escherichia
coli and Bacillus subtilis have demonstrated a half-time for recovery on the order of 10 to 20
seconds, suggesting that subunits of FtsZ filaments exchange with the cytoplasmic pool of
monomers on this time scale [47-49]. These in vivo turnover numbers are in close agreement
with turnover rate determined with FRET experiments in vitro, which ranged from 4 to 35
seconds depending on the buffering conditions used [36, 50]. Interestingly, subunit exchange in
vitro still occurred independent of GTP hydrolysis. This raises the possibility that FtsZ monomer
cycling from filaments is intrinsic and not entirely dependent on the GTPase activity of FtsZ
subunits, and thus may occur both passively and via GTP hydrolysis induced destabilization
[36]. The rapid exchange of FtsZ monomers in filaments, occurring on time scales that are a
fraction of the assembly and disassembly time of the FtsZ ring during cytokinesis, suggests that a

form of dynamic instability or treadmilling of filaments is occurring, as for tubulin or actin



cytoskeletal proteins [47, 51, reviewed in 52]. Some evidence of and directionality in FtsZ
assembly into filaments was determined with point mutations at the interface residues around the
GTPase domain. Mutations at the GTP binding pocket interface had a slight dominant-negative
effect on growth, while interface mutations near the synergy loop had little discernable effect on
E. coli, with only minor effects on the intrinsic GTP hydrolysis rate of the protein in vivo. The
stronger effect of mutations at one interface versus the other suggests that the interaction surface
at the GTP binding pocket primarily directs association, and therefore incoming monomers will
primarily attach to a filament at this exposed end, indicative of directionality to FtsZ filament

assembly [53].

FtsZ filament association with the cell membrane and stabilization of the early divisome.

Although FtsZ readily forms polymers capable of membrane constriction in the presence of GTP,
FtsZ has no ability to associate with the membrane on its own [22, 24, 54]. Thus, functional
divisome assembly requires the recruitment of associative proteins capable of holding FtsZ
filaments to the cell membrane. Two such proteins have been identified in E. coli, FtsA and
ZipA, both necessary for proper divisome assembly. The primary protein responsible for this
action is the FtsA protein, highly conserved among bacteria and one of the earliest identified
genes of the divisome apparatus [3, 15, 55]. FtsA has significant structural homology to actin and
has been shown to bind ATP; additionally, FtsA can form dimers and possibly higher order
oligomers [56-59]. FtsA interacts with the extreme C-terminal peptide of FtsZ through a
conserved C-terminal region roughly opposite the nucleotide-binding domain, as observed in the
structural analysis [56, 60-63]. Despite being highly conserved and essential, discovery of the

role of FtsA as a membrane tether for FtsZ has only recently been elucidated. While the structure



of FtsA from 7. maritima presented no clear membrane associative domains, two mutations in E.
coli FtsA suggested that such a domain likely exists: the first was a deletion that appeared to
reduce FtsZ ring stability but retained the ability to recruit late division proteins, the second was
an isolated gain-of-function mutation in the same region that allowed FtsA to completely replace
the function of ZipA [62, 64]. These mutations led to the identification of the C-terminal
amphipathic helix on FtsA, which was not only essential for FtsA function and cell division, but
was able to replace the membrane targeting domain of another essential E. coli division regulator
[65]. The E. coli transmembrane protein, ZipA, serves a similar purpose of membrane
attachment for FtsZ and recruitment of late divisome components [65, 66, reviewed in 69]. ZipA
associates with the membrane via a trans-membrane helix and is recruited to the division site by
FtsZ via an interaction between the C-terminal domains [65-68]. While both ZipA and FtsA are
essential for the recruitment of other division components to the FtsZ ring in E. coli, the ring is
still able to form in the absence of one of the components, although it is far less stable; in the
presence of non-functional temperature-sensitive ZipA and FtsA mutants, there is no formation
of FtsZ rings at the non-permissive temperature and already formed FtsZ rings quickly
disassemble [70]. Thus, in addition to linking FtsZ to the membrane, these proteins play an

important role in stabilizing the dynamic filaments so that a fully functional divisome may form.

Many additional factors have been identified which appear to regulate the stability of FtsZ
filaments and bundling at the forming divisome. In B. subtilis, assembled FtsZ recruits the
protein SepF to the division site; SepF directly interacts with FtsZ in vitro, and it is proposed that
its function is to stabilize assembled FtsZ and promote lateral bundling of filaments through

direct interactions [71-73]. Surprisingly, B. subtilis also employs a negative regulator of FtsZ

10



assembly at this stage of divisome formation. The protein EzrA, another membrane associated
late recruit to the divisome, interacts with FtsZ directly and reduces its ability to assemble;
indeed, ezrA mutants show increased FtsZ assembly at existing and aberrant sites [74, 75]. EzrA
has recently been found to recruit PBP1 to the division site. PBP1 is involved in septal cell-wall
remodeling, a finding that better justifies the role of a negative regulator of FtsZ assembly
recruited to the division site [76, 77]. The ZapAB proteins are recruited to the division site in
both B. subtilis and E. coli, where they likely contribute to FtsZ ring stability and bundling [78,
79]. While both proteins appear to interact with FtsZ directly, experiments suggest that ZapA
serves to recruit ZapB to the division site, where it serves to promote bundling of FtsZ filaments,
suggested by the complex ZapB structures observed via electron microscopy [79, 80].
Additionally, E. coli has a third protein, ZapC, which is also recruited to the division site and

also serves to bind and bundle assembled FtsZ filaments [81].

Regulation of FtsZ polymerization and cell division site selection.

The most basic form of FtsZ assembly control, but by no means simple, is a tight regulation of
protein levels within the cell and during the cell cycle. As previously discussed, FtsZ has a
critical concentration of assembly; therefore, levels must be maintained sufficiently high to allow
for assembly at the appropriate time [42, 43]. However, if levels become too high, the viability of
the cell will be at risk due to aberrant division, as demonstrated by ftsZ over-expression
experiments [13]. The transcription of Escherichia coli ftsZ is under the influence of six
identified promoter regions, the majority of which co-translate other essential genes of the
divisome, and is regulated by multiple inputs including cell cycle and environmental factors [82,

reviewed in 83]. Transcription is tied to the cell cycle and appears to peak roughly in

11



coordination with the start of DNA replication [84-86]. Additionally, transcription of ftsZ and
divisome genes are also heavily tied to the growth rate of the cell, such that transcripts increase
in faster growing populations [84, 87, 88]. Trans-acting elements have been identified which
serve to modulate ftsZ expression in response to environmental and metabolic conditions. As E.
coli enters into the stationary phase, SdiA induces transcription of divisome genes through auto-
induction via stimulatory molecules secreted into the media at high population densities [89-91].
Evidence also exists ftsZ transcription in E. coli is also responsive to the nutrient status and
metabolic state of the cell: a two-component system, RcsBC, activates f#sZ transcription along
with its primary target genes required for the synthesis of the exopolysaccharide colonic acid;
additionally, transcription of ftsZ is activated by guanosine pentaphosphate, a signaling molecule
associated with glutamine metabolism and the stringent response [92, 93]. In species with more
complex life cycles, developmental regulation of ftsZ transcription is an essential element as
well. Bacillus subtilis controls expression of ftsZ and divisome genes via three promoters, two of
which are employed during vegetative growth and a third that is activated as part of the
sporulation transcriptional program [94, 95]. The onset of sporulation activates the SpoOA
regulator, which in turn activates transcription of sporulation specific o"-factor and the spollE
gene [96]. Spo0A is essential for FtsZ asymmetry, which is achieved through an increase in ftsZ
and divisome gene transcription mediated by both SpoOA and ¢" [97]. The increase in FtsZ
levels induces a switch to polar localization of FtsZ rings via a dynamic spiral intermediate
structure; the FtsZ ring in the mother cell compartment is destabilized via an independent
transcriptional program that produces an assembly inhibitor, MciZ, discussed in detail later [98,
179]. The SpollE protein is essential for completion of sporulation and directly interacts with

FtsZ; however, it is not necessary for FtsZ asymmetry associated with sporulation. It has been
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proposed that the increase in FtsZ levels due to 0" and SpoOA fisZ-transcriptional increases is
sufficient to induce divisome FtsZ-ring reorganization, suggestive of additional unidentified
positive factors for assembly at polar regions [99-102]. Similar developmentally regulated and
environmentally responsive ffsZ transcription programs have been identified in a number of
bacterial species, including Neisseria gonorrhoeae, Streptomyces spp, Mycobacterium
smegmatis, the cyanobacterium Anabaena, and during symbiosis in a species of Candidatus,

underlying this important aspect of FtsZ regulation and cellular division control [103-108].

Regulation of the spatial positioning of FtsZ assembly is perhaps the most well characterized
mechanism. Both Escherichia coli and Bacillus subtilis utilize two complementary negative
regulator mechanisms: the first is associated with the polar regions of the cell, while a second
inhibits FtsZ polymerization in regions occupied by the chromosome. Together, these systems
ensure that the division septum is formed exclusively at the midcell while protecting the
chromosome from physical damage due to a closing divisome. The Min system was the first
identified polar-associated regulation system, and so named as min mutants divided
asymmetrically, producing mini-cells devoid of chromosome [109]. It was proposed early on that
the min phenotype resulted from a system that drove a division factor from the poles to the
medial region of the E. coli cell, since min mutants have an increased length in the DNA
containing cells, complementary to the reduced length of anucleate mini-cells [110]. Once FtsZ
had been identified as this primary division factor in bacterial cells, the demonstration that ftsZ
over-expression produced mini-cells in wild-type E. coli supported this polar versus medial
competition model [13]. Shortly thereafter, the elucidation of the minB locus and the three genes

it encodes, minCDE, confirmed the previously proposed model. Strangely, both disruptions to
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the min locus and its overexpression produced the previously observed mini-cell phenotype,
indicating a defined range of expression necessary for proper division control [27, 111].
Controlled expression of individual min genes in both wild-type and null minB genetic
backgrounds demonstrated that MinC and MinD are inhibitory factors for cell division, while
MinE acts as the spatial determinant for MinCD action [112]. Homologues to minCD have also
been identified in Bacillus subtilis, though the minE topological determinant is notably absent
from the locus [113, 114]. It was ultimately determined that the primary role of MinD is to
enhance division inhibition by MinC and to mediate the action of the MinE localization factor
[115]. FtsZ was confirmed as the target of the Min system through genetic experiments showing
that the lethality induced by a minB locus overexpression was suppressed when ftsZ was

overexpressed as well [116, 117].

MinC is the primary effector of FtsZ, resulting in an inhibition of assembly and cell division. It
has been shown that MinC reduces the extent of filament formation in vitro, though it does not
act to stimulate the GTPase activity of FtsZ. The N-terminal region of MinC is responsible for
the interaction with FtsZ, though the affinity between monomers is relatively weak in vitro [118,
119]. Solved crystal structures of MinC from the gram-negative Thermotoga maritima revealed
that it exists as a dimer, formed through C-terminal domain interactions. Interestingly, two
orientations of the N-terminal domain existed relative to the protein as a whole, due to a flexible
linker region between the two MinC domains, though the relevance of these conformations has
not been addressed [120]. Recent work has focused on the mechanisms of MinC and FtsZ
interaction, and the mode of inhibition of FtsZ assembly. Genetic work has determined that the

C-terminal peptide of FtsZ, normally associated with FtsA interactions, and residues in the H-9
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and H-10 helix regions mediate interactions with MinC. Mutations to these regions conferred
resistance to MinC without lowering GTPase activity, which can appear to counteract effectors
of FtsZ assembly by stabilizing filaments [121-124]. Finally, recent work has demonstrated that
MinC has a higher affinity for FtsZ bound to GDP than to GTP, which has led to the proposal
that MinC acts to destabilize FtsZ filaments and sequester recently released monomers from

nucleotide-exchange and reassembly [125, 126].

Though MinC is the primary effector of FtsZ assembly, it requires the activity of two factors to
actively promote assembly at the midcell, or more accurately, to inhibit assembly at the polar
regions of the cell. MinC activity is greatly increased in the presence of MinD, and the
interaction between FtsZ and MinC or a MinCD complex has been shown to have notable
differences and independent interacting regions [115, 122]. MinD is an ATPase protein, with
deviant Walker-A motifs similar to ParA and Soj, which oligomerizes when bound to ATP.
Oligomerization causes MinD to associate with the membrane through a C-terminal targeting
sequence; furthermore, oligomerized MinD binds MinC and thereby attracts it to the membrane
[127-130]. Although MinD has been shown to bind both MinC and MinE, it appears to have a
strong preference for MinE in vitro [131]. The N-terminal region of MinE stimulates MinD
ATPase activity, thus converting it from a membrane associated dimer to monomers with
reduced activity [132, 133]. It was initially observed that MinE localized primarily to the medial
regions of the cell, where it would serve to deactivate MinD and its membrane association. This
would serve to reduce the activity of MinC on FtsZ, allowing FtsZ to assemble in the middle of
the cell [134, 135]. It has since been determined that this system actually oscillates from pole to

pole with MinE as the primary effector of this switch: MinD-ATP associates with one pole of the
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cell, recruiting both MinC, that inhibits FtsZ assembly, and MinE, which deactivates the entire
system by dissociating MinD from the membrane [118, 136-138]. As medial proximal MinD is
deactivated, it reassembles at the opposite pole, which is the point farthest from ongoing MinE
activity. The accumulating MinD at the new pole, along with full dissociation from the previous
pole, leads to recruitment of MinC and MinE to the polar region now replete in MinD-ATP
initiating another oscillatory cycle. The end result of this oscillation is that MinC and MinD are
most active in the polar regions of the cell, and therefore FtsZ is best able to assemble at the
medial position [reviewed in 145]. The situation is somewhat different in B. subtilis, which lacks
MinE, but contains a topological factor DivIVA. MinCD have not been observed to oscillate,
but they do create a gradient through the cell with highest concentrations associated with polar
regions. This gradient is determined by a MinCD association with DivIVA, mediated by the
protein MinJ [139-142]. Molecular determinants for DivIVA localization have not been
identified, and it is proposed that DivIVA is localized through interactions with the curved shape

of the cellular structure at the poles [113, 143, 144].

The second spatial control mechanism, nucleoid occlusion, involves repression of assembly in
regions where chromosome exists, thus delaying cell division until DNA replication is completed
and nascent chromosomes are segregated. This mechanism complements medially directed
spatial control by preventing assembly over the chromosome that could lead to the cutting of
DNA by a dividing cell structure. The first evidence that the physical chromosome has a direct
effect on the positioning of the divisome was provided using a series of E. coli mutants in dnaA,
dnaX, gyrA, and gyrB, deficient in either DNA replication or segregation, respectively. In this

study, replication deficient mutants showed a decrease in the number of total cell constriction
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events when grown at the non-permissive temperature; segregation deficient mutants showed a
similar effect, as well as a marked increase in the production of cells lacking DNA [146]. These
findings were extended and confirmed using E. coli parC and mukB temperature sensitive
mutants, deficient in chromosome segregation or organization, respectively. In these mutants,
FtsZ rings were unable to form in the mid-cell where unsegregated nucleoids were present. It
was also observed that FtsZ rings did not form close to the poles in DNA free regions, but
appeared to be normally positioned in anucleate cells, presumably due to the action of the still
functioning Min system [147]. In mutants lacking MinCDE, FtsZ rings were widely distributed
throughout the cells, but were limited to regions free of chromosomal DNA. In cells lacking the
membrane anchor FtsA, multiple rings were clustered in nucleoid free regions, suggesting that
nucleoid occlusion mechanisms are sufficient to direct Z-ring formation in the absence of other

divisome components [148].

The first protein identified as being a direct nucleoid occlusion factor was fortuitously
discovered in a double-mutant screen of min mutants in B. subtilis. Null mutants in the
ParB/Spo0J-like gene, yyaA, led to severe division defects and filamentous cells in concert with
either mutated MinD or suppressed minD expression, and failed to form discrete FtsZ rings.
YyaA, henceforth referred to as Noc in agreement with the literature, has about 40% homology
with the DNA binding protein Spo0OJ, and Noc-GFP fluorescent fusions were observed to co-
localize with the Bacillus nucleoid. The clearest evidence of the role of Noc in nucleoid
occlusion was the observation that ftsZ over-expression in a noc null-mutant led to the formation
of Z-rings over the nucleoid, as opposed to minD mutants, which maintained division sites only

in nucleoid free regions [149, 150]. The Noc protein binds to a fourteen base-pair inverted repeat
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sequence found at 74 sites throughout the B. subtilis chromosome, though these sites are notably
absent from the ter-region of the DNA, suggesting that FtsZ suppression is diminished toward
the end of chromosomal replication [151]. A similar double-mutant screen in Escherichia coli
yielded a mutant locus that required co-expression of minCDE from an inducible promoter in
order to grow, and was named s/imA. In sImA mutants, depletion of the Min system leads to
filamentous cells and reduced viability. ZipA, which interacts with FtsZ at the division site,
localizes normally in a solely mutant simA background, confirming that the division phenotype
of the s/mA mutation is independent of the Min system. SImA contains a helix-turn-helix DNA-
binding motif similar to that of the TetR repressor system, and deletions of this motif led to a
diffuse localization of SImMA(AHTH) fluorescent fusions. Deletions of the entire s/mA gene, or
the helix-turn-helix region alone, led to cell septa forming directly over the chromosome, and
over-expression of s/mA was able to block FtsZ ring formation and cell division. SImA was also
shown to directly interact with FtsZ in vitro, apparently leading to a stimulation of FtsZ polymer
formation [152]. This final observation seems to be inconsistent with a nucleoid occlusion
mechanism since SImA stimulation of FtsZ assembly would favor cell division over the
nucleoid, and has led other groups to probe the nature of the SImA interaction with FtsZ. An
unresolved debate currently exists regarding the SImA mechanism, with two research groups
championing independent conclusions. The first hypothesis proposes that SImA forms a dimer of
dimers on DNA that promotes FtsZ proto-filaments to form anti-parallel structures by acting as a
bridge between protofilaments, and thereby inhibit functional FtsZ-ring formation. This
hypothesis was put forward through observations of the SImA crystal structure and the study of
small-angle X-ray scattering of SImA-FtsZ polymers [153-154]. The second proposal suggests

that SImA forms dimers at specific DNA sequences, and that these dimers promote disassembly

18



of FtsZ polymers by increasing GTPase activity of FtsZ [155, 156]. While debate about the
interaction mechanism is ongoing, both groups identified a roughly twenty-five base pair DNA
sequence bound the TetR-like helix-turn-helix motif of SImA; this sequence is notably absent
from the fer region of the chromosome as observed for the Noc binding region [153, 155].
Interestingly, there is little identity between the DNA binding regions for Noc and SImA and the
proteins themselves have no homology to each other, suggesting that these two nucleoid
occlusion mechanisms likely evolved independently [reviewed in 157]. A homologue to B.
subtilis Noc has recently been identified gram-positive Staphylococcus aureus, a spherical
bacterium related to B. subtilis, which lacks an identifiable Min system. S. aureus cell division is
interesting as there are an infinite number of possible division planes that could bisect a sphere,
yet cell division occurs only on orthogonal planes in three successive cell cycles [158]. The Noc
homologue from S§. aureus was observed to be closely associated with ori proximal regions of
the chromosome, using functional fluorescent fusion. Deletions of noc led to the formation of
multiple division planes within the cell, as observed by fluorescent fusions to FtsZ and EzrA;
deletion of noc also led to the bisection of the chromosome. The role of the chromosome and
Noc in determining the cell division site was further demonstrated with the addition of the
antibiotic chloramphenicol, which causes irregular condensation of the chromosome. Under
these conditions, formation of FtsZ rings occurred along planes that did not equally bisect the

cell [159].

While spatial mechanisms of cell division control are crucial to maintain viability in a normally
growing cell, they are insufficient to maintain viability over many generations under the many

conditions a bacterial population may encounter. The integration of external and internal
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environmental cues into the cell cycle has been widely observed, and unsurprisingly there are
factors that can control FtsZ-assembly and the cell cycle as part of this communication. The
SOS-response is widely distributed in bacterial cells and is induced by the accumulation of single
stranded DNA due to damage or the arresting of chromosomal duplication. In Escherichia coli,
the RecA protein binds to accumulating single-stranded DNA, promoting auto-cleavage of the
LexA transcriptional repressor, leading to the production of a swath of proteins involved in DNA
repair and recombination, as well as the inhibition of cell division [reviewed in 160 and 161].
The SOS-response induced protein SulA, was identified in the early days of cell division work in
E. coli, through a study of mutants resistant to filamentation after treatment with ultraviolet light
[7, 162]. Subsequent work identified SulA as being capable and sufficient to block cell division
through a direct interaction with FtsZ; in the absence of FtsZ, SulA has a relatively short half-life
underlining the transient nature of this control system [134, 163-167]. Initial studies on the
mechanism of inhibition suggested that SulA interaction required GTP and Mg** specifically,
followed by later work that clearly showed SulA reducing FtsZ polymerization in vitro, and
leading to a moderate reduction in the GTP-hydrolysis rate of FtsZ [37, 168, 169]. SulA from
Pseudomonas aeruginosa has sufficient stability in vitro such that the crystal structure of it
bound to FtsZ could be solved. The structure showed that SulA contacts the NxD portion of the
FtsZ T7-synergy loop (NxDxxD), consistent with the observed reduction in GTP hydrolysis and
clearly suggesting a mechanism by which assembly of filaments can be inhibited. Furthermore,
SulA dimerized in such manner as to bind two FtsZ monomers, with their orientations opposite
that of assembled FtsZ [170]. This mechanism of sequestration has been confirmed by
experiments showing that SulA has the effect of increasing the apparent critical concentration of

FtsZ in vitro, suggesting that there is less free FtsZ available to form polymers in the presence of
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SulA [44, 171]. While SOS-induced cell division inhibitors have been identified in a number of
species, as yet only SulA has been identified as having a direct interaction with FtsZ. Both the
YneA protein of Bacillus subtilis and the Rv2719c protein of Mycobacterium tuberculosis appear
to function outside of the cytoplasm where they associate with the cell wall, despite their
constitutive expression leading to a reduction in FtsZ-ring formation and a standard filamentation
phenotype [172-174]. Similarly, the overproduction of SOS-induced protein DivS in
Corynebacterium glutamicum leads to cell elongation and FtsZ misplacement, though no direct

interactions with FtsZ have been detected [175].

Another common response to changing environmental conditions among bacteria is the cessation
of normal growth to form a spore, a dormant and highly resistant cell type. As nutrient conditions
degrade, Bacillus subtilis activates the transcriptional regulator SpoOA, leading to a global
change in gene expression that ultimately produces a highly compacted chromosome protected
by a specialized cell wall structure. The spore is extremely resistant to environmental pressures
and will remain dormant until conditions improve, at which time it will differentiate back into a
normal, or vegetative, cell and resume regular growth [reviewed in 176-178]. In B. subtilis, the
onset of sporulation causes the divisome to assemble asymmetrically, as opposed to the medial
position observed during vegetative growth. The switch to an asymmetric localization of FtsZ is
believed to be primarily a product of increased FtsZ protein levels induced by SpoOA-mediated
JtsZ transcriptional increases, as previously discussed [98, 101]. Positive localization factors for
an asymmetric divisome in B. subtilis sporulation have not been definitively identified, and it has
been proposed that the divisome assembles at a site pre-determined by the architecture of the

cell, as for DivIVA [113, 143, 144]. This theory is supported by the production of an FtsZ
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assembly inhibitor, MciZ, which is produced exclusively in the mother cell dependent upon the
0" transcription factor. In the absence of MciZ, an additional septa forms within the mother cell
at an asymmetric position mirroring the normal sporulation septa; conversely, over-production of
MciZ produces filamentous cells devoid of identifiable FtsZ rings. Thus, FtsZ does not
discriminate between polar localization positions in the absence of MciZ, suggesting that an
additional factor exists that determines asymmetrical repositioning; despite extensive searches,
no FtsZ-interacting protein capable of directing this localization has yet been identified [179].
MciZ is a small peptide inhibitor of FtsZ assembly both in vivo and in vitro. Initial studies
showed that MciZ reduced GTPase activity, supported by MciZ resistant FtsZ mutants that had
an amino acid substitution in the GTP binding pocket. Recent in vitro work has proposed that
MciZ is in fact a direct competitor with GTP for FtsZ binding, consistent with all previously
observed results [179, 180]. A novel sporulation linked system of FtsZ control has been
identified in the Streptomyces spp., where FtsZ is non-essential for viability during regular
filamentous growth [181]. Prior to sporulation, the protein SsgA accumulates between the
nucleoids of filamentous cells, and recruits a second protein SsgB to its position; in turn, SsgB
stimulates the transition of FtsZ from a diffuse pattern to long helices on the long axis of the cell,
and finally to discrete FtsZ rings at the point of SsgAB localization [182]. This SsgAB system is
of special note as it is one of the only systems yet identified which is appears to be a recruiter of
FtsZ to a discrete location prior to assembly, rather than a repressor preventing mislocalization of

the divisome.

Internal cues related to the metabolic status of the bacterial cell have also been shown to interact

with FtsZ in order to control cell division. It has long been observed that growth rates and cell
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size differ for bacterial cells under different nutrient conditions, requiring a coordination of cell
division with nutrient availability [183-185]. Despite the long existing knowledge of this
relationship, and of FtsZ as the core protein in the divisome, mechanisms underlying this
regulation are only now being understood. Recent work has shown the number of cells with FtsZ
rings is inversely proportional to the growth rate in vegetative Bacillus subtilis, but that the total
FtsZ concentration remains the same under all nutrient conditions. This observation runs
contrary to the growth rate dependent transcription of ftsZ observed in Escherichia coli, and
suggests that regulation of FtsZ assembly, rather than protein levels, determines this effect in B.
subtilis [186]. The ugtP gene was identified as an effector of cell division during a screen for
mutants with increased cell length, but unaffected FtsZ localization. UgtP is involved in the
synthesis of the diglucose diacylglycerol anchor for lipoteichioic acid, a major component of the
cell wall in gram-positive bacteria. Purified UgtP was capable of inhibiting FtsZ assembly in
vitro, and fluorescent fusions localized to the division plane in rich media growth conditions.
Interestingly, the inhibitory effect was stimulated in the presence of the UgtP substrate, and
mutations in genes controlling the upstream metabolic pathway caused a diffuse localization
pattern of the UgtP fusions, suggesting that the flow of metabolites is central to the regulatory
effect of FtsZ [187]. It has subsequently been proposed that UgtP forms oligomeric structures
that are inhibited in the presence of high levels of its substrate UDP-glucose; thus, UgtP
monomers are freed to interact with FtsZ in nutrient rich conditions, an interaction stimulated by
the presence of UDP-glucose. Therefore, when metabolite flux is high through this anabolic
pathway, UgtP interacts with FtsZ and reduces the amount of FtsZ available for assembly, which
in turn increases the cell size; when metabolite flux is low, it interacts primarily with itself

leaving FtsZ assembly unaffected [188]. How this effect is ultimately controlled, and
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counteracted, such that the B. subtilis cell still divides at the proper time under nutrient rich
conditions remains unresolved. Recently, a similar system has been identified in Escherichia
coli, where the UDP-glucose binding enzyme OpgH, has been shown to negatively effect FtsZ
assembly exclusively in rich-media. The N-terminal region of OpgH, likely sequestered in the
absence of bound substrate, increases the apparent critical concentration of FtsZ for assembly
and decreases GTP hydrolysis activity, suggesting that OpgH binds FtsZ monomers. Contrary to
the Bacillus UgtP enzyme, OpgH does not require substrate for medial localization, as it has a
second localization determinant within its membrane spanning domains; however, the
determinant that prevents medial localization via the transmembrane regions in nutrient poor
conditions has yet to be determined [189]. The existence of these systems in these distantly
related bacteria suggests widespread use of UDP-glucose as a signaling molecule to link
metabolic state to cell division control, significant as UDP linked metabolites represent an entry

point to the production of the cell membrane and cell wall structures [reviewed in 190].

Recent work has identified FtsZ as a target of a member of the toxin-antitoxin (TA) system in
Esherichia coli. TA systems are widely distributed throughout bacterial species and are a
mechanism of population control to aid in species viability. TA systems are expressed as a
protein pair with toxin and anti-toxin in a relatively stable complex, and are generally
dispensable for normal growth. The free toxin is far more stable than free anti-toxin, so when
separated the toxin will persist while anti-toxin is quickly degraded. Under conditions of cellular
stress conditions the pair will become separated, leading to growth inhibition or programmed cell
death through a diversity of cellular targets and mechanisms [reviewed in 191 and 192] The

identified toxin, YeeV, was shown to inhibit cell division and lead to the formation of spherical
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cells. This phenotype is more consistent with inhibition of MreB function, which is the bacterial
homologue of actin. Indeed, YeeV was shown to directly interact with both FtsZ and MreB,
where it inhibited GTP and ATP dependent assembly activities, respectively. YeeV also reduced
GTP hydrolysis activity of FtsZ, though it does not have a similar effect on the ATP hydrolysis
activity of MreB, suggesting independent mechanisms of action for each target. Interestingly, N-
terminal residues of YeeV were shown to specifically inhibit FtsZ function, leaving MreB
assembly intact, while the C-terminal residues acted on MreB alone [193]. Conversely, the YeeV
anti-toxin, YeeU, was shown to have a direct effect on FtsZ and MreB, rather than simply
sequestering and deactivating YeeV. YeeU was capable of stimulating polymer formation in
vitro, and was able to suppress the phenotype of A22 treatment (an MreB inhibitor) or over-

expression of SulA, suggesting a powerful stimulatory effect on assembly [194].

The ClpXP chaperone-protease system [reviewed in 201] has also been identified as being
capable of inhibiting FtsZ assembly both in vivo and in vitro, a mechanism of regulation
conserved among Bacillus subtilis, Escherichia coli, and Mycobacterium tuberculosis. In B.
subtilis, the ClpX chaperone is sufficient for FtsZ interaction and assembly inhibition both in
vivo and in vitro, though it does not appear to affect the GTP-hydrolysis rate of FtsZ.
Interestingly, inhibition does not require ATP-hydrolysis by ClpX (though in vivo evidence
suggests that ATP binding may stimulate the interaction), nor does ClpX promote proteolysis of
FtsZ via ClpP. The exact mechanism of this interaction has not been fully elucidated, but likely
involves sequestration of FtsZ monomers or destabilization of existing filaments [195, 196]. A
similar ClpX sufficient inhibition of FtsZ assembly has been observed in M. tuberculosis, though

the ATP dependence and proteolysis of FtsZ were not addressed [197]. While evidence in E. coli
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suggests that ClpX alone is capable of inhibiting FtsZ assembly in vitro, it has additionally been
demonstrated that the ClpP serine-protease is also capable of degrading FtsZ, unlike in B.
subtilis. Furthermore, it has been proposed that ClpXP interacts with and degrades assembled
FtsZ more readily than it does individual monomers, suggesting a mechanism by which a
specific ratio of FtsZ filaments to FtsZ subunits might be maintained [198-200]. Despite the
differences that seem to exist between the mechanisms of FtsZ regulation by the ClpXP system,
the wide conservation of both FtsZ and ClpXP in bacteria likely suggests that this mechanism of

cell division control is rather common.

There is evidence of even more factors involved in the control of FtsZ assembly during the cell
cycle. It has been observed that FtsZ rings continue to form at the mid-cell in regions devoid of
DNA in Bacillus subtilis cells lacking the Min system and nucleoid occlusion protein Noc,
though at a time later than in wild-type cells, suggesting other systems of mid-cell determination
[202]. It has been proposed that structures within the cell membrane or peptidoglycan layers
themselves act to mark the possible division sites [113, 144]. As yet there is no direct evidence
confirming this model, or any identification of mechanisms responsible for attracting FtsZ to
these positions in the absence of other assembly factors. A recent model has linked the events of
DNA replication itself with division site selection in B. subtilis, as replication initiation and
segregation mutants show an increased misplacement of division septa, independent of SOS-
response or nucleoid occlusion factors [203, 204]. In B. subtilis cells where replication blocks are
induced through the introduction of fefR binding regions, cell division is transiently blocked.
This division block was not induced as part of an SOS-response nor dependent on the nucleoid

occlusion protein, Noc. Interestingly, this study showed in increase in septa formation over the
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chromosome when Spo0J, a ParB homologue, was deleted [204]. Additionally, in E. coli, it has
been shown that conditions that lead to a single, replication-blocked chromosome are effective at
inhibiting FtsZ assembly and cell division at the mid-cell. This effect was also shown to be
independent of the known FtsZ regulators SImA (nucleoid occlusion), SulA (SOS-response) or
the spatial determining Min system [205]. A weakly DNA-binding protein, YvcL, has been
identified as having a role in cell division in B. subtilis, where genetic evidence shows interplay
between it and the known Min and Noc systems; over-expression of ftsZ was able to suppress the
phenotype of a yveL mutant. YvcL is similar to the protein WhiA, a sporulation specific
transcriptional regulator of ftsZ in Streptomycese coelicolor, though no evidence of
transcriptional regulation in B. subtilis is observed as would be expected by the homology [206].
Cell division has also been studied in the rod-shaped gram-positive Corynebacterium
glutamicum, which does not divide strictly at the mid-cell and lacks clear homologues of either
Min or nucleoid occlusion systems, as well as a lack of other common FtsZ regulators (FtsZ,
ZipA, ZapA, and EzrA). C. glutamicum utilizes a ParAB/parS system in chromosome
partitioning [207, 208]. In this study, the deletion of parA and parB greatly altered both the birth
length and elongation length of cells, led to a randomization of cell division timing, and notably,
allowed cell division to occur over the nucleoid [209]. Taken together, these findings clearly
suggest the existence of other levels of regulation coordinating chromosome duplication and
segregation with the events of cell septation. Though the mechanisms remain unclear, replication
blocks that lead to an arrest in cell division in both B. subtilis and E. coli, the identification of
additional DNA-associated proteins with cell division effects in B. subtilis, and the observed cell

division effects of deletions of par system genes in C. glutamicum and B. subtilis (Spo0J) all
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point to still more control systems involved in FtsZ assembly by other core bacterial cell cycle

events.

FtsZ of Caulobacter crescentus and regulation of assembly.

Caulobacter crescentus is a gram-negative, rod-shaped, aerobic and oligotrophic bacterium that
undergoes a biphasic cell cycle. The primary cell is non-motile and fixed to surfaces through a
strong adhesive excreted at the end of a stalk structure made primarily of peptidoglycan;
furthermore, only this cell-type is capable of initiating DNA replication and cell division. Cell
division results in a second cell type that is motile and unable to duplicate DNA and undergo cell
division. After a certain time lag, a motile Caulobacter cell will shed its flagellum and replace it
with an adherent stalk, allowing it commence DNA duplication and cell division. This
specialized life-cycle allows Caulobacter crescentus to efficiently colonize and thrive in
environments that are extremely sparse in nutrients [210, 211]. Cell division in Caulobacter
crescentus 1s similar to that of most rod-shaped bacteria and occurs via binary fission, with a
divisome assembling once per cell cycle, roughly at the mid-cell [212]. The mass doubling time
of C. crescentus i1s approximately 90 minutes when grown in standard media at 30°C. This
differs from the time necessary for a full cell cycle, due to the temporal lag required for
differentiation from a swarmer to a stalked cell type; thus, the entirety of the cell cycle, from
formation of one swarmer cell through differentiation, division, and the formation of an
additional swarmer cell is roughly 150 minutes [212, 220, 234]. One of the great advantages to
Caulobacter crescentus as an experimental system is that swarmer cell populations may be easily
purified from a mixed culture using density centrifugation, allowing for detailed studies of cell

cycle linked events [213].
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Scoel 1 ------ MAAPQNYLAVIK LMSDADVKLDVERE LR 74
Bsubt 1 ---MLEFETNIDGLASIK LSKAEVKMQIEGAKLUR 77
Saure 1 ---MLEFEQGFNHLATLK LSKAESKIQIEEKLHR 77
Ribose
a-2A — a-2 a-4 —
Ccres 81 [EMSAMEESFPEIGEHLD, SEIQELQRY 160
Ecoli 77 [€ERNAMDEDRDALRAALE KKI§MAFIMEQEITELSKH 156
Paeru 78 [€ERQAMLEDRERISEVLE RK[NMQIMDE EIRALAES 157
Cglut 75 [€RASINEDHKNEIEETIK RRITRQMEEGIAALKEV 154
Scoel 75 [€ERKAWMEDHREEIEEVLK EDEIAELREE 154
Bsubt 78 [EKKAWMEESKEQIEEALK GEISAMKEA 157
Saure 78 [€KKAMEESREQIEDAIQEADIWEVTS aKIAKEM AGVEAMKAA 157
Guanine Phosphate: Synergy Loop
— Bp-6 —MMM M M a-5 —IZ Loop 4.c1 B-c1 ——
Ccres 161 VpT[RIVIRZVONLFRVANERT TFAENIGMADQYIBHS GYRSHMTDLMVLP| TEMEKR TEEGT 240
Ecoli 157 VpS[MITIEYDKLLKVLGRGISLLDNFGAMNDYIRKGAYQGIAELITRP SEMEYR SEVAS 236
Paeru 158 VpSIRMIATIENEKLLTILGKDASLL AKI\DD GAYRGUSDIIKRP SEMEMA TECAS 237
Cglut 155 CpT{M{VIRENDRLLELGDANLSIMENZRAMDE NGYQGHMTNLITIP, SEAESAL AR 234
Scoel 155 VpT[MIVIYDRLLSISDRQVSVLDMAFKSMDQYNLSGYQGHMTDLITTP SE S”L LESAR 234
Bsubt 158 VT[MIVIRZNDRILEIVDKNTPMLEMFREMNDNYIERQGYQGHSDLIATPEL INL IRV T I[YSNK S”L LEIAT 237
Saure 158 VR T[RIVIGNDRLLDIVDKSTPMMELZKEMNDNYIERQGYQGISDLIAVSEEVNIL MK T I SN SaL IEVSS 237
a-C2 B-C2 —— a-C3 B-C3 B-c4 ——
Ccres 241 LMAAQNAMIANJMEDEVS LKEAKAVBVNVTGEMDMTMLSVDEAANAISDQVDPEANIIFEAAFDPSLEGVIR A\T[EMD 320
Ecoli 237 EEMNAEMANASSHRREDIDLS[EIRGV[RVNITAEGFDLR FETVGNTIRAFASDNATVVI[€TSLDPDMNDELR A\T[€IG 316
Paeru 238 REMATEA ARGIMVNITAEPDLS SDVGNIIEQFASEHATVKVIETVIDADMRDELH A\T[eLG 317
Cglut 235 VSATEQLWINSJRREAT -MDEATGVELSFAGESDLG NAAASMVRERSDEDVNLIFETIIDDNLGDEVR I\T[€FD 313
Scoel 235 VAWAEMANASS[HWEEAS - IDEIRGVELSISGESDLGMFJINEAAQLVSEAAHPEANIIFEAVIDDALGDEVR IWeFD 313
Bsubt 238 AEMAKK| AQGVEMNITGETNLS QEAADIVASASDQDVNMIFESVINENLKDEIV| I\TEFI 316
Saure 238 VEMAKK AQGVEMNITGEESLS[MFSAQEAADIVQDAADEDVNMIFETVINPELQDEIV I'\T€FD 316
Ccres 321 GASIAQIEPKPVSRNISAAPLIAETSRPAPQPEPARPTARYEAARPAERPVAFAPEPAPEPEIVMSAPQPEPEAELYYDE 400
Ecoli 317 MDKRPEITLVTNKQVQQPVMDRYQQHGMAPLTQEQKPVAKVVNDNAPQTAKEPD---==--mcmmmmmm oo 370
Paeru 318 ARLEKPVKVVDNTVQGSAAQAAAPAQREQQSVNYRDLDRPTVMRNQSHGSAATAAKLNPQDDLD---------------- 381
Cglut 314 AARASAAENRRAGISAAPAAEPVQQQVPTTNATLPPEKESIFGGAREENDPYLSRSAGARHRIEETRSGGGLFTTGNDRD 393
Scoel 314 GGQPPSKRDNVLGSSSAKREEPTPARPSESRPSFGSLGSVKPKEEPEPAPVPEPVADLPVSPPPVPPSRTYSDSAAE--- 390
Bsubt 317 EQEKDVTKPQRPSLNQSIKTHNQSVPKRDAKREEPQQQNTVSRHTSQPADD------=-----cmmmmmm e mmmm e oo o 367
Saure 317 DKPTSHGRKSGSTGFGTSVNTSSNATSKDESFTSNSSNAQATDSVSERTHTTK--------ccccmm e m o - - - 369
Ccres 401 PTVAEEPRVSAAPARSVNRIVDPLVDDVAEEPLFPENNYYEERRPQKQGGFFSMFGGGRQRYEQQASAPQAQARSAQSAR 480
[ eo B R e e
o T=] oV I e e e e T e
Cglut 394 YRRDERREDHRDERRDERRDDRSYDRRDDRRDDRRDDRGD - - === === -mmmmmm oo oo oo - 433
SEOEL R S S R S S S S S SO RS S STl it o S & o S S S e
BSUbt =~ cmmmmmme oo e
ST 10 ol e
FtsA/ZipA Interacting Domain
a-¢4 —m—
Ccres 481 PQLQPIETPQADDAEDLEI[ZS|§LRRLAN-------- 508
Ecoli 371 --------------- YLDI[FA§LRKQAD-------- 383
Paeru 382 --------------- YLDIFAFLRRQAD-------- 394
Cglut 434 ----------o--- DLDVgS[§LQ------------ 442
Scoel 391 --------------- ELDVIgDI§LK------------ 399
Bsubt 368 --------------- TLDI[FT[§LRNRNKRG- - - - - - 382
Saure 370 --------------- EDDI{FSI§IRNREERRSRRTRR 390
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Figure 1.3 [Previous Page]: Sequence alignment of bacterial FtsZ proteins.

The sequence alignment of Caulobacter crescentus FtsZ with six additional FtsZ proteins was
performed using the ClustalW algorithm. Only perfectly conserved residues are indicated, with
white-type and black highlighting. Secondary structural elements are shown above the sequences
and labeled in accordance with the literature [30, 33]. The short HL- and HL-2 domains found in
the T2-loop and after 3-6 have been omitted in this schematic for simplicity. Regions that
directly contact guanosine nucleotide are indicated by a black bar and labeled with the
interacting nucleotide moiety. Due to the extreme variability of sequences, the C-terminal
domains beginning after B-C4 (VxAxG), were separately aligned using the same algorithm.
Alignment attempts produced variable and inconsistent results save for the terminal FtsA
interacting helix (data not shown), thus the C-terminal linker regions are presented unaligned and
contiguous with the rest of the FtsZ sequences to highlight the difference in linker region lengths.
Two short B-sheet regions observed in the crystal structure are indicated, however, they are left
unlabeled since subsequent work showed no apparent secondary structure in the linker [217].
The FtsA interacting region is shown as aligned by ClustalW. The a-helical nature of this C-

terminal domain was demonstrated in a co-crystal with ZipA [68].
ClustalW: Larkin MA et al., ClustalW and ClustalX version 2.0. Bioinformatics 23: 2947-2948, 2007
NCBI Sequence Accessions: C. crescentus (ACL96088), E. coli (BAB96663), P. aeruginosa (AAA95993),
C. glutamicum (CCH25295), §. coelicolor (AAD10553),
B. subtilis (AAA22457), S. aureus (AAA16512)

Caulobacter crescentus encodes an FtsZ homologue that is 508 amino acids in length with a
predicted molecular weight of about 54,207 daltons. Sequence analysis of FtsZ from
Caulobacter crescentus shows a high conservancy in major domains with other bacterial FtsZ
proteins [30, 214]. The tubulin-like domain roughly spans residues 15 through 330, with strong
sequence conservancy at all important secondary structural elements. The GGGTGTG sequence
of the split GTPase domain begins at residue 109; the T-7 synergy loop begins at residue 211
with the sequence NLDFAD, identical to both Escherichia coli and Bacillus subtilis (Fig. 1.2).
Studies that substituted wild-type residues to alanines at either of these positions were lethal to
Caulobacter and produced atypical cell morphologies even in the presence of wild-type FtsZ.
Additional charged to alanine substitutions that also proved to be dominant-lethal were located in
the C-terminal region of the tubulin-like domain at residues 237 (DR) and 278 (EVDE) [215].

These mutations align with the HC2 and HC3 a-helices of the Methanocaldococcus jannaschii
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structure, which bind four [-sheets that interact with the central H5 helix [30]. The substitution
at residues 237 and 238 (HC2 equivalent) produced cells that were filamentous, though not
entirely smooth, suggesting that this mutation interferes with the assembly of FtsZ and activation
of cell division. Conversely, the substitution to residues 278-281 produced cells that were
partially filamentous, but linked by an extended and highly constricted cell structure, suggesting
an inability to complete cell division, and perhaps a reduced ability to initiate FtsZ assembly.
The differences in these phenotypes is notable since the mutated residues should be very near

each other on the surface of FtsZ, based on the structure of the M. jannaschii FtsZ [30, 215].

The final conserved domain at the extreme C-terminal spans residues 497 to 503 and is
homologous to the FtsA binding domain of other bacteria. This region has a minor substitution at
residue 498 of glutamate for an aspartate found in the equivalent position in both E. coli and B.
subtilis. The short tail following the conserved portion of the FtsA binding domain is of
equivalent length to E. coli FtsZ; however, the third position after the domain contains a leucine
residue in C. crescentus, whereas most aligned bacterial FtsZ proteins have a basic or amide
residue at this positions (R, K, or Q) [214]. The identity of this region as an FtsA binding motif
in C. crescentus has been confirmed using yeast two-hybrid analysis [216]. Deletions of the
region containing the FtsA binding helix have a dominant-lethal phenotype to C. crescentus, and
greatly reduced viability of the cell when expressed in coordination with normal FtsZ.
Expression of FtsA region truncations produce extremely long, filamentous cells, with multiple
discrete FtsZ rings distributed along the length of the cells when visualized with labeled

antibodies. These two phenotypes suggest that this region is not required for normal assembly of
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FtsZ, but is necessary for the continuation of normal cell division, similar to observations in

other bacteria [12, 61, 216].

The most obvious difference between the FtsZ of Caulobacter crescentus and that of Escherichia
coli and Bacillus subtilis 1s the larger size of the protein, due to a linker region between the
tubulin-like domain and FtsA binding domain that is greatly extended by comparison. While E.
coli and B. subtilis have linker regions of approximately 57 and 54 amino acids in length,
respectively, the linker of Caulobacter crescentus FtsZ is approximately 178 amino acids, based
on sequence alignments [214]. An analysis of the linker region, primarily in E. coli, suggested
that the length of the linker is the major determinant in function. Notably, a construct in which
the E. coli linker was replaced with an equivalent length truncation from the C. crescentus linker
was able to complement an E. coli ftsZ deletion, while a similar construct with the full-length C.
crescentus linker was not able to rescue the ftsZ deletion mutant. Circular dichroism of the C.
crescentus linker in this study showed no identifiable secondary structural elements [217]. In a
different study, four charged residues within the linker were substituted for alanines (EERR at
residue 441), with no discernable effects on viability or morphology of Caulobacter crescentus
[215]. It would seem that due to the lack of observed secondary structure within this region and
the mutability of an introduced mutation, that this region acts as a similarly disordered peptide as
it does in E. coli. An additional difference in this region is the overall negative charge of the
linker sequence, which is -11 in C. crescentus compared with a minor positive charge of about
+1 and 43 in the linkers of E. coli and B. subtilis, respectively. This negative charge is notably
lower than that of the Rhizobium meliloti linker region that is also greatly extended, but has a

slight positive charge similar to E. coli [217]. Some evidence of a uniquely important role for the
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linker is suggested by differences observed between truncations in the FtsA binding region alone,
versus truncations in the entire linker and FtsA binding region. When the extreme terminal
region was deleted starting at residue 485, the resultant cells were division inhibited and
produced filamentous cells when overexpressed. A similar phenotype was observed for a
truncation mutant beginning at residue 281, which deletes the entire linker region as well.
However, this extended truncation produced many fewer transconjugants during genetic
crossover than the shorter truncation (~1x10” less). When the extended truncation was expressed
along with normal FtsZ, few functional FtsZ rings were observed while the shorter truncation
beginning at residue 485 showed multiple FtsZ rings throughout the cell when expressed with
normal FtsZ in a similar fashion. This could suggest that regions within the linker aid in the
formation of a stable FtsZ ring structure [216]. To date however, no directed studies have
addressed the developmental and functional significance of the extended length and greater

negative charge of the FtsZ linker region in C. crescentus.

The FtsZ of Caulobacter crescentus shows all the functional hallmarks of homologues in other
bacteria, and some notable differences related to its unique development. Expression of C.
crescentus ftsZ in Escherichia coli produces filamentous cells, similar to the phenotype observed
for constitutive overproduction of the endogenous FtsZ in E. coli, suggesting a conservation of
functionality between the homologues [13, 214]. In vitro assembly requires the addition of GTP
and produces both straight and curved filament structures observable by electron microscopy
[218, 234]. In vivo, FtsZ localizes into a single band at the midcell prior to the onset of cell
division, a localization that precedes the medial localization of all other cell division and

peptidoglycan remodeling proteins [219-221]. Observations of this medial band have shown that
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it contains multiple smaller filaments which predominantly gird the midcell perpendicular to the
long axis, suggestive of a mechanism by which GTP hydrolysis and the resultant protofilament
curvature serve to provide the concerted force needed for cell septation [222, 223]. In addition to
the common medial localization, a transient localization at one pole of a cell has been observed,
immediately following differentiation of a swarmer cell type into a stalked cell capable of
replication and division. The transient polar localization of C. crescentus FtsZ is at the same pole
where the flagellum was located and shed and the nascent stalk begins to develop [219, 224].
Notably, overexpression of ftsZ in C. crescentus produces multiple stalk structures or stalks with
bifurcations along their length, suggesting a functional role for this transient localization in the
formation of the stalk [214]. Additionally, overexpression of ftsZ in C. crescentus produces a

distinct phenotype defined by multiple thin and elongated regions connecting cells [215, 216].

FtsZ in Caulobacter crescentus is under distinct cell-type specific control, through regulation of
ftsZ transcription and proteolytic degradation of FtsZ protein. Immunoblots of synchronized
populations of C. crescentus consistently show that there is no detectable FtsZ protein in division
inhibited swarmer cells [214, 219, 224]. In one such study, even when FtsZ was over produced
throughout the cell cycle, swarmer cells showed little FtsZ localization despite detectable protein
within the cells. This could suggest the presence of an assembly inhibitor in swarmer cell
populations, though no such protein has been identified [224]. Proteolysis of FtsZ has also been
suggested as a control mechanism for FtsZ in C. crescentus. It has been observed that the half-
life of FtsZ is greatly reduced following the onset of cell division, when FtsZ levels begin to
decline. Furthermore, FtsZ levels in the swarmer cell are consistently lower than stalked cells,

even when transcribed from native promoters not linked to the cell cycle, or overexpressed from
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additional inducible promoters. This suggests that mechanisms in addition to transcriptional
regulation exist that are capable of reducing FtsZ levels in the swarmer cell [219]. While C.
crescentus does have a ClpXP serine protease system that is essential, and ClpXP is capable of
degrading FtsZ in E. coli, as yet a proteolytic system directly responsible for FtsZ degradation
has not been identified in C. crescentus [200, 225]. Control of FtsZ levels in C. crescentus is
also accomplished by transcriptional regulation, which proceeds from a single promoter, unlike
the multiple promoters utilized by E. coli and B. subtilis [85, 94, 219]. Transcription from C.
crescentus ftsZ promoter is under cell cycle control and is repressed in swarmer cell populations,
recommencing shortly after the initiation of DNA replication following differentiation into a
stalked cell, and peaking just prior to cell division [219]. Cell-type specific transcription from
this promoter is regulated by the CtrA response regulator of Caulobacter crescentus, which is
present specifically in swarmer cell populations and is degraded by the ClpXP serine-protease
system shortly after differentiation into a stalked cell. CtrA production begins shortly after the
onset of DNA replication and accumulates in the pre-divisional cell, coinciding with a reduction
in ftsZ transcription. However, ftsZ transcription is not entirely shut off since CtrA is quickly
cleared from the stalked portion of the predivisional cell, allowing continued production of FtsZ
in the nascent stalked cell. This cell-type specific control allows for continuous ftsZ transcription
in the stalked cell so that another round of cell division may begin directly following cell

division [219, 225, 226].
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Figure 1.4: FtsZ in the cell cycle of Caulobacter crescentus.

Important phases of the cell cycle of C. crescentus are diagrammed, beginning with a swarmer
cell and traced through division into nascent stalked and swarmer cells. The chromosome is
represented by the blue lines, with the approximate locations of the origin and terminus of
replication indicated by italicized letters, o and ¢, respectively. Localized FtsZ protein is marked
with red circles. A representative graph of levels of FtsZ protein and transcription from the ftsZ
promoter through the cell cycle is also presented, adapted from data presented in References 214,
219, and 236. The swarmer cell in the diagram above is relative to O division units on the graph;
each subsequent cell diagram represents an additional 0.2 division units into the cell cycle.

Chromosome and FtsZ localization are adapted from data presented in References 219, 220, 224
and Chapter 2: 3, 4.
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Research into the control of FtsZ assembly in Caulobacter crescentus has identified a few
systems with mechanisms reminiscent of those seen in other bacterial species. These include
spatial regulatory systems that limit assembly at non-medial positions, regulatory systems tied to
the progression of DNA replication and segregation, as well as systems that may be responsive to
the metabolic state of the cell. Assembly of FtsZ at the midcell is intricately tied with DNA
replication and segregation, though many of the mechanism underlying these observations
remain unidentified. The midcell localization of FtsZ requires the onset of DNA replication, and
in cells lacking the DnaA replication initiator, FtsZ rings form exclusively at the stalked pole of
predivisional cells. Notably, overexpression of FtsZ does not rescue this phenotype suggesting
that inhibition of FtsZ assembly is powerful enough to continue under increased protein levels. It
was also noted in this study that FtsZ rings formed exclusively in regions with the lowest DNA
content in cells, reminiscent of a type of nucleoid occlusion system [227]. A powerful nucleoid
occlusion mechanism, though not yet identified, would be consistent with the finding that no
FtsZ assembly was observed in swarmer cell populations even when FtsZ is overproduced, since

studies have shown that the entirety of the swarmer cell is filled with nucleoid [224, 228].

Caulobacter crescentus also employs an FtsZ filament bundling and organizing system similar to
that of ZapB or SepF in E. coli and B. subtilis, respectively. The protein FzlA, is well conserved
among o-proteobacteria, and is essential for cell division in rich media. FzIA has been shown to
interact directly with FtsZ in vitro using co-sedimentation assays; furthermore, FzIA increases
light scattering of FtsZ and reduces the GTP hydrolysis rate, consistent with a role in stabilizing
filaments. When FzlA is over-expressed, multiple FtsZ foci are seen throughout the cell, in

contrast, depletions of FzIA yield fuzzy multiple FtsZ bands at the midcell. Overall, however,
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FzIA has a limited effect on cell division, consistent with phenotypes seen for similar FtsZ
stabilizers SepF and ZapB. When FtsZ assembly is monitored with electron microscopy, the
presence of FzIA produces highly coiled FtsZ filaments that are thicker than normal filaments,
suggesting that FzlA promotes lateral bundling in a manner producing large helices of FtsZ in

vitro [229].

A mechanism of FtsZ assembly inhibition accomplished by a NADH-binding enzyme, regulated
in a cell cycle dependent manner, has recently been proposed [230]. KidO was identified in a
genetic screen focused on the identification of SpmX-independent activators of the Div] protein,
which mediates differentiation of a Caulobacter crescentus swarmer cell into a replicative
stalked cell. The Div] kinase, when activated in a differentiating swarmer, phosphorylates and
activates the DivK cell fate determinant, which leads to the proteolytic destruction of the CtrA
transcription factor. The clearance of CtrA results in the activation of DNA-replication and the
transcription of a wide array of genes, including ftsZ [219, 225, 226, 231-233]. KidO is
proteolytically degraded following swarmer to stalk differentiation by the ClpXP system, and it
was noted that accumulation of KidO caused by inhibition of proteolysis led to inhibition of cell
division, leading to an investigation of the role of KidO in FtsZ regulation. Evidence linking
FtsZ to KidO 1is primarily cytological and genetic: overexpression of kidO led to slightly
elongated cells with fluorescent fusions to FtsZ dispersed or located at non-medial foci; a non-
specific mutagenic screen for suppression of cell elongation under kidO overexpression yielded
mutant FtsZ with amino acid substitutions near the GTP binding domain or T7-synergy loop. A
direct interaction between FtsZ and KidO was observed through tandem-affinity purification of

KidO followed by FtsZ-directed immunoblots, as well as surface plasmon-resonance analysis of
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binding using the same affinity purification construct. Notably, KidO constructs with mutations
in residues that bind NADH did not lead to inhibition of cell division when overexpressed,
suggesting that the binding of the co-factor is necessary for FtsZ interaction, similar to UgtP and

OpgH in E. coli and B. subtilis, respectively [230].

Spatial regulation of FtsZ assembly at the midcell is proposed to occur via a Min-like
mechanism, though polar direction of the inhibitor is mediated through the chromosome in C.
crescentus, rather than the polar architecture as for E. coli and B. subtilis. The mipZ gene was
identified during a bioinformatics screen for highly conserved proteins among a-proteobacteria
that have cell cycle regulated promoter sequences nearby. MipZ shows some homology to MinD
and ParA, primarily in the deviant Walker-A motif characteristic of these ATPases. Depletion
and constitutive expression of mipZ cause cells to filament or produce smaller than normal
swarmer cells, respectively. Fluorescent fusions to FtsZ are dispersed throughout the cell into
discrete foci that do not appear as complete rings when MipZ is depleted; conversely, when
MipZ is overproduced, fusions to FtsZ are found exclusively at the cell poles. In vitro control of
FtsZ assembly was demonstrated via sedimentation assays, GTP hydrolysis assays, and
observation of assembled FtsZ via electron microscopy. MipZ reduced FtsZ assembly in a
concentration dependent manner, and required bound ATP for inhibition; ATP hydrolysis by
MipZ was not necessary for function as MipZ hydrolysis mutants and slowly hydrolysable ATP-
analogs produced similar inhibition of FtsZ assembly [234]. Fluorescent fusions to MipZ begin
at the flagellated pole, transitioning to bipolar foci following differentiation to a stalked cell. This
transition closely mimics the localization of ParB, involved in chromosome partitioning, and a

direct interaction between ParB and MipZ was shown via surface-plasmon resonance and
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bacterial two-hybrid analysis [234, 235]. Analysis of MipZ, and mutants deficient in ATP
binding and hydrolysis, have yielded interesting additional layers to its function. MipZ will form
homodimers in an ATP dependent manner, with each monomer bound to an ATP molecule:
these dimers are necessary for inhibition of FtsZ, but do not stably interact with ParB. MipZ has
a slow ATPase activity, and dissociates from itself when ATP is hydrolyzed. ParB is capable of
stimulating the ATPase activity of MipZ, an effect enhanced by ParB being bound to its parS
recognition sequence. Furthermore, MipZ dimers are capable of binding chromosomal DNA in a
non-specific manner [235]. Thus, it has been proposed the MipZ serves to directly repress FtsZ
assembly at the polar regions of the cell through an interaction with chromosomal DNA,
regulated by the ParB partitioning protein. It is proposed that ParB, while moving to the opposite
poles in conjunction with DNA segregation, will drag MipZ monomers behind it, mediated by
direct interactions. Nucleotide exchange by MipZ will promote dimer formation, and absent
ParB, ATP hydrolysis will be slow and this dimer will be stable enough to bind non-specifically
to chromosomal DNA. In the dimerized form near the poles of the cell MipZ will inhibit FtsZ
assembly, which will be favored at the medial position away from ParB and the highest

concentrations of MipZ [234, 235].

Discussion.

The controlled assembly of the divisome is essential to the viability of a bacterial species, and
requires the coordination of a variety of signals to ensure that cell division happens at the proper
place, at the proper time, and under the proper conditions. Cell division requires an elaborate
array of proteins that must assemble in a highly controlled and hierarchical manner to coordinate

cinching of the cell membranes with remodeling of the peptidoglycan cell wall. At the core of
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this multi-protein machine is the tubulin homologue, FtsZ. FtsZ has been found in every bacterial
species characterized and with few exceptions, is essential for growth and viability. Incredibly,
certain Protista still utilize FtsZ homologues in mitochondrial fission, and all plant species
contain FtsZ homologues involved in chloroplast division. When one considers the probable
common ancestry of FtsZ and eukaryotic tubulin, necessary for mitosis and intercellular

trafficking, the evolution of that proto-protein seems almost miraculous.

Control of FtsZ assembly is essential to maintain viability over generations, and although many
unique systems have evolved, directed by a species own development and environment, certain
hallmarks remain common. Regulators of FtsZ have been identified that respond to the metabolic
state of the cell and control FtsZ assembly directly, or through transcriptional or proteolytic
means in both gram-positive and gram-negative bacteria. Spatial control mechanisms are widely
conserved and ensure that FtsZ assembly can only occur at discrete locations within the cell;
furthermore, complementary mechanisms exist that inhibit FtsZ assembly over bacterial
chromosomes preventing the division machinery from cutting the genetic contents of the cell. In
bacteria with multiple cell types, such as sporulating bacteria or Caulobacter crescentus, FtsZ is

regulated developmentally through multiple mechanisms.

Despite the many modes and functions of these regulatory mechanisms, proteins that interact
directly with FtsZ protein work in surprisingly common ways. Inhibition of assembly usually
involves the stimulation of GTP hydrolysis in order to de-stabilize protofilaments, or the binding
and sequestration of FtsZ monomers such that attachment to growing filaments is prohibited.

Stimulation of assembly is often achieved by binding of FtsZ dimers and protofilaments to

41



stabilize their interaction, resulting in an apparent decrease in the GTP hydrolysis rate;
alternately, lateral associations of FtsZ protofilaments can be stimulated to promote assembly of
higher-order FtsZ structures aiding in the assembly of a fully functional divisome. In this work,
data is presented that suggests a novel, chromosome-associated mechanism of FtsZ regulation. It
is proposed, through biochemical analysis, that the ParAB-parS chromosome partitioning system
of Caulobacter crescentus serves to regulate FtsZ assembly, thereby linking DNA replication

and segregation directly to cell division.
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The Caulobacter crescentus chromosome and partitioning system.

The chromosome of Caulobacter crescentus is approximately 4 Mbp and circular [1, 2]. Under
normal growth conditions the cell contains a single chromosome, which is highly organized
within the cytosol [3, 4]. In Caulobacter crescentus, chromosome segregation is mediated by the
essential ParAB/parS system, homologous to Bacillus subtilis Soj/SpoOJ system involved in
sporulation and chromosome segregation [5-7, 21, 24, 27]. This system was first identified in
phage plasmid partitioning systems, and is essential for plasmid propagation and stability [8-10].
The system is comprised of a small region of centromere like DNA encoded proximally to the
operon, parS, which is bound specifically by the ParB protein (SpoOJ in B. subtilis) [6, 11, 12,
21, 23]. The operon also encodes the ParA protein, which is a member of a large family of
ATPases with diverse biological functions [13-15, 23, 24]. Transcription of the operon is
autoregulated by binding of ParB to the parS sequences [16-18, 24]. ParB and ParA interact,
regulating the function of both proteins [18, 19, 23, 24]. This system is essential in Caulobacter
crescentus, where it not only operates in chromosome segregation, but also likely plays an

additional role in the coordination of cell division by regulating the cytokinetic protein, FtsZ [21,
22,24,27, 35, 40].

TGTTTCACGTGGAACA-[42bp ] -TGTTTCACGTGAAACG- [ 30bp] - TTG(gldA)

1.9kbp 0.6kbp 0.8kbp 0.9kbp

Figure 2.1: Organization of the gidABparAB operon of Caulobacter crescentus.

The genes encoding ParA and ParB are found in an operon with gidA and gidB (Glucose
Inhibited Division protein A and B). The operon is encoded on the reverse strand of the
chromosome, approximately 10,000bp away from the origin of replication. Two parS consensus
sequences found just upstream of the operon are indicated, with the number of bases between
regions indicated in brackets. Sequences, locations, and gene sizes in this figure are based off the
CB15-strain sequence [1].
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The ParA and ParB proteins in the Caulobacter crescentus cell cycle.

Transcription of the parAB genes is controlled by an upstream promoter and is coordinated with
the development of the cell. A LacZ fusion to ParA, under control of the endogenous promoter,
has been used to monitor transcription in synchronized C. crescentus cultures. Transcription is
not apparent in the swarmer cell, and does not become detectable until after differentiation into a
stalked and replicative cell. Transcription remains low through most of the cell cycle, but
noticeably peaks prior to cytokinesis, declining following cytokinesis [21]. Direct
immunoblotting of ParA and ParB show that protein levels remain constant through the cell
cycle. This suggests that this transcriptional cycle serves to increase protein levels in
coordination with the increasing size of the predivisional cell, maintaining constant protein levels
through the cell cycle and for each daughter cell [21]. Transcription of the gidABparAB operon is
also modulated by binding of ParB to pars$ sequences found upstream of the operon; a sequence
that has been shown to play an essential role in chromosome segregation in vivo [23, 27]. During
the progression of the C. crescentus cell cycle, ParB exists as discrete foci and exhibits a
dynamic localization pattern. ParB starts in a single localized focus at the flagellated pole of
swarmer cells; in stalked cells, ParB maintains the same localization pattern early in the cell
cycle. After differentiation and the beginning of elongation, ParB foci split into two spots: one
spot remains at the stalked pole while the second ParB focus quickly moves to the opposite end
of the cell, where the flagellum will form in the nascent daughter cell [21, 22, 25, 26]. In contrast
to ParB, the ParA protein seems to be localized in a more diffuse pattern that is not limited to
discrete foci or cellular positions. While localization data of ParB is in agreement whether
visualized using immunofluorescence microscopy [21, 22] or fluorescent fusions in live cells

[25, 26], the same cannot be said of ParA. The first visualizations of ParA with fluorescently
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labeled antibodies suggested a generally diffuse localization, roughly bipolar and diffusing
toward the midcell [21]. More recent work utilizing fluorescent fusions to ParA have suggested a
uni-polar density opposite the initial position of ParB that diffuses toward the midcell [26]. This
localization pattern was also seen in another study using a different fusion construct, in addition
to a single band of ParA localization parallel to the length of the cell, running from pole to pole
[25]. Despite discrepancies in localization data for ParA, it is clear that the localization patterns

observed for ParA do not directly mimic the pattern observed for ParB [21, 25].

The ParAB/parS system in chromosome partitioning

The basis of chromosome partitioning in Caulobacter crescentus is the parS sequence, a short
inverted repeat sequence of approximately 16-bases (TGTTnCACGTGAAACA). This sequence
is found at multiple sites within the chromosome, clustered near the origin of replication
(unpublished observations). The ParB protein specifically binds the parS sequences as a dimer
[24]. In gel-shift assays, random sequences of DNA were unable to compete with parS for
binding by ParB, suggesting a highly specific and strong association [21]. Interaction with parS
is mediated by both a C-terminal dimerization domain and a DNA binding region that comprises
the internal domain of ParB; thus, dimerization is required for stable binding to parS [24]. Once
the parS sequence has been duplicated following the onset of DNA replication, ParBeparS

complexes move to the opposite poles of the cell [25, 27].

The binding of ParB to parS is modulated by the nucleotide bound state of the ParA protein.
ParA bound to ATP is able to dissociate ParB from parS DNA in vitro as observed by Surface

Plasmon Resonance experiments; in contrast, ParA* ADP is unable to cause a dissociation of the
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complex [23]. The interaction between ParA and ParB is dependent upon the N-terminal domain
of ParB: when deleted, ParB is able to bind parS as a dimer, but ParA*ATP stimulated
dissociation does not occur [24]. The effect of ParA on the ParBeparS complex was also
demonstrated in vivo through overexpression of ParA: when induced, there was a 5-fold increase
in transcription of the gidABparAB operon as monitored by LacZ fusions; furthermore, ParA
overexpression inhibited the formation of polar ParB foci as viewed by immunofluorescence
microscopy [23]. The nucleotide bound state of ParA is not passively controlled by the relative
concentration of nucleotides in the cell, but is directly modulated by both itself and ParB. ParA is
an active ATPase, like its plasmid encoded and Bacillus subtilis homologues, though turnover is
relatively slow, on the order of one hydrolysis per minute [13, 23, 28]. The interaction of ParA
and ParB stimulates nucleotide exchange by ParA, resulting in a slight stimulation of the
apparent hydrolysis rate of ATP and a mild reduction in the K for ATP from 60 to 48uM in the
presence of ParB. However, since ATP hydrolysis by ParA does not appear to be required for
nucleotide exchange, it was proposed that these in vitro observations were reflective of an
increased rate of nucleotide release and ATP binding, rather than an increase in the hydrolysis
rate itself [23]. Since cells generally have a higher ATP than ADP content, it is likely that the
ParB-induced exchange favors the ParA*ATP form in vivo [29, 30]. This would suggest that
ParB affects its own ability to bind parS$ by favoring ParA*ATP, which would in turn dissociate
ParB from parS. The ParA protein has a second distinct function when bound to ADP, which
enables the binding of single-stranded DNA in a non-specific manner, suggesting that

ParA*ADP may also play an essential role in transcription or DNA replication processes [24].
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Recent work has suggested that ParA*ATP is capable of forming filaments, and that
destabilization of these structures upon interaction with ParB provides the energetic means to
segregate the chromosomes, similar to certain plasmid systems [25, 31-33]. In Caulobacter
crescentus, fluorescent fusions to ParA formed a linear focal pattern down the long axis of the
cell, which retreated toward the flagellated pole as the cell cycle progressed [25]. ParA was
shown to polymerize in vitro, in an ATP dependent manner, as observed by 90°-angle light
scattering and electron microscopy. Fluorescent fusions to ParA mutants deficient in ATP
binding were diffuse throughout the cell, while mutants deficient in ATP hydrolysis showed
multiple punctate foci, suggesting a critical concentration of ParA*ATP necessary for proper
segregation [25]. This work also presented limited in vitro evidence that ParA®ATP is capable of
binding double-stranded DNA non-specifically, similar to DNA binding dimers formed Soj and
certain plasmid encoded ParA proteins [25, 31, 34]. It was also observed that ParA*ATP
interacts with the polarity protein TipN, and cells lacking TipN showed defects in segregation of
ParBeparS complexes and a reduced shrinking of ParA localizations [25, 35]. Recent work has
suggested a role for ParA in the recruitment of the PopZ polarity protein to the nascent flagellar
pole in late-predivisional cells using cytological experiments [36]. This work showed that N-
terminally truncated PopZ fluorescent fusions, unable to interact with ParA remained at only the
stalked pole. Furthermore, ParA fusions to DivIVA polarity factor were capable of localizing
PopZ to cell poles in B. subtilis [36]. Taken together, the authors propose that a nucleoprotein
filament of ParA*ATP and chromosome exists that extends across the cell, anchored by TipN at
the nascent swarmer pole. Interaction with ParBeparS dissociates ParA from DNA and the

filament, causing a retraction of the nucleoprotein filament toward the TipN pole. As ParA
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accumulates at the TipN pole, PopZ is recruited and TipN disperses, leading to the formation of a

new PopZ network capable of binding the incoming ParBeparS complex [25, 35, 26].

The ParAB proteins in cytokinesis.

The ParAB system of Caulobacter crescentus likely plays an essential role in the regulation of
cytokinesis as well as a conserved role in chromosome segregation. Linking of these two events
i1s common among bacterial species, and often involves a chromosomally associated inhibitor of
the cytokinetic tubulin homologue, FtsZ [37-39]. One known link between FtsZ and ParB occurs
via the protein MipZ [40]. MipZ is an ATPase protein capable of dimerization, and dimerized
MipZ is a direct inhibitor of FtsZ assembly; alternatively, monomeric MipZ interacts with ParB
[41]. It is proposed that ParB acts to arrange a polar gradient of MipZ, with the highest
concentrations near ParBeparS complexes; as ParBeparS translocates in coordination with
chromosome segregation, monomeric MipZ is dragged along behind. The higher concentrations
of MipZ in these regions favor dimerization; therefore, FtsZ assembly is inhibited near the
ParBeparS complexes, but favored in the midcell far from the segregated ParB proteins where

MipZ concentrations are low [40, 41].

In C. crescentus, changes to the normal protein levels of either ParA or ParB causes a sudden
arrest of cell division and affects the localization of FtsZ [21, 22, 27]. Overexpression of ParA or
ParB leads to the filamentation of C. crescentus as well as the formation of anucleate minicells.
Depletion of ParB from C. crescentus inhibits the formation of FtsZ rings and leads to smooth
filamentous cells, and an overall increase in cell length [22]. Interestingly, overexpression of

both ParA and ParB reduced the filamentation, though minicell formation still occurred; in these
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cells, FtsZ ring structures were capable of forming, but appeared at aberrant sites [21, 22].
Expression of N-terminally truncated ParB, which is unable to interact with ParA and therefore
is roughly equivalent to depleting ParB protein, produced a dominant-negative filamentous
phenotype similar to that of ParA overexpression [24]. In both overexpression of ParA, and the
expression of the N-terminally truncated ParB, the ratio of ParA®*ATP to ParA*ADP was shifted
toward the ADP bound form, as opposed to an abundance of ATP bound ParA in wild-type cells
[23, 24]. This suggests that changes in ParA or ParB levels, which lead to a shift toward

ParA*ADP, directly inhibit FtsZ ring formation.

The action of MipZ alone does not seem sufficient to explain all of these observations, and thus
other effectors of FtsZ likely exist; we propose that ParA itself plays a direct role in FtsZ
regulation. In C. crescentus, a burst of FtsZ assembly is seen at the functionalized pole at the
onset of cell differentiation [42]. At this time, transcription from the FtsZ promoter is still
relatively weak, and total FtsZ protein levels are low [43, 44]. Finally, the concentration of MipZ
is at the highest near the poles due to the retention of one of the segregating ParBeparS
complexes at this position [21, 40]. The relatively low levels of FtsZ protein, and high levels of
MipZ inhibitor suggest that an effector protein capable of stimulating FtsZ assembly is likely
necessary at the pole at this moment in the cell cycle. The critical role of this polar assembly of
FtsZ is confirmed by the multiple stalks and bifurcated stalk structures observed when FtsZ is
overexpressed [43]. Additionally, it has been observed that the depletion of ParB leads to
filamentation of cells and inhibition of FtsZ ring formation. The dispersal of MipZ throughout
the cell has been proposed as the likely cause of this pheontype the cell [22, 40]. However, clear

inhibition of FtsZ requires relatively high concentrations of MipZ, as well as MipZ dimerization,
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furthermore, analysis suggests that FtsZ and MipZ are maintained at similar protein levels in the
cell [40, 41]. If MipZ alone were responsible for FtsZ regulation, the dispersal of MipZ due to
ParB depletion would likely lower the localized MipZ concentration below the threshold for
efficient dimerization and FtsZ assembly inhibition. Therefore, one might expect to see an
increase in aberrant division sites, not the smooth filaments normally observed [22]. Indeed,
depletion of MipZ directly results in such aberrant division sites and minicell formation early as
the initial phenotype upon switch to non-permissive growth conditions [40]. In this dissertation,
work is presented which proposes a direct role for ParA in the regulation of FtsZ assembly. This
system likely acts in concert with the MipZ protein to modulate inhibition and stimulation of

FtsZ assembly so that the cell cycle can proceed efficiently.

A model of the cell cycle of Caulobacter crescentus and the roles of ParA and ParB.

In the Caulobacter swarmer cell, DNA duplication is arrested through a CtrA mediated block of
DnaA binding to the origin of replication (Cori). ParB is bound to parsS sites near Cori, and both
the origin of replication and the ParBeparS are located at the flagellated pole, held in place by
ParB interactions with the PopZ polarity protein [4, 21, 24, 45, 46]. At the opposite pole are both
the TipN polarity protein and the terminus region of the circular chromosome of Caulobacter
crescentus [4, 47, 48]. At the onset of cell differentiation, CtrA is degraded via the ClpXP
protease system and DNA replication begins at the previously flagellated pole [49, 50]. At this
time in the cell cycle, a short burst of FtsZ localization occurs at the functionalized pole,
suggesting a role for FtsZ in the formation of the stalk structure [42, 43]. Following replication
of parS sequences, two distinct ParB foci appear and begin to segregate. One ParBeparS

complex remains at the original PopZ-containing pole, while the other ParBeparS complex
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moves toward the opposite pole of the elongating cell [21, 25]. It is proposed that this movement
is mediated by interactions with nucleoprotein polymers of ParA*ATP, which extend out from
TipN at the far side of the cell [25, 35]. As ParA and ParB interact, the polymer destabilizes
shrinks back toward the pole by releasing ParA monomers, bringing with it ParBeparS
complexes [25, 33]. This interaction also dissociates ParB from parS and favors the formation of
ParA*ADP that can bind single-stranded DNA non-specifically, though the exact role of these
processes 1s in cell division is not fully clear [23]. It is possible that this serves to modulate
chromosome segregation by inhibiting ParBeparS formation or DNA replication as part of a
checkpoint mechanism, since ParA binding to single stranded DNA could inhibit the replication
fork. Concurrent with ParBeparS segregation, the FtsZ assembly inhibitor MipZ begins to
segregate into two foci due to a direct interaction with ParB [40]. The DNA replication
machinery slowly follows the distal ParBeparS complex and moves to the mid-cell in a likely
passive manner; thus when DNA duplication is completed, the two nascent ter regions will be at
the pole opposite the stalk or flagellum in both cells [4, 51]. As the segregating ParBeparS
approaches the pole, TipN dissociates from the nascent flagellated pole, and new PopZ protein
begins to accumulate in its place [35, 36]. FtsZ assembly commences in the mid-cell, farthest
from the two ParBeparS complexes at either pole where the concentration of MipZ is lowest [22,
40]. Observations that the ParA protein is often localized near the midcell after ParBeparS
bipolar localization could suggest a role for ParA in regulating medial FtsZ assembly [21, 25].
Coincident with the invagination of the membrane and the formation of the larger divisome
complex, TipN localizes to the division plane [47]. In the stalked cell compartment, CtrA is
preferentially degraded so that the stalked cell may immediately recommence DNA segregation

and cell division; CtrA remains active in the nascent swarmer cell compartment, suppressing
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progression of the cell cycle [49]. Thus, following complete cytokinesis, both daughter cells have
chromosome and polarity arrangements that are identical despite having different developmental
programs: PopZ, ParBeparsS, and Cori are at the functionalized cell pole (either flagellated or
stalked, dependent on cell type); TipN and ter are at the fore-pole, which represents the most

recent site of cytokinesis.

Pre-divisional Cell

Swarmer
Cell
Swarmer
Stalked

N/ PopZ /X TipN
O PaB @ Rz

D ParA

Figure 2.2: Polarity and Division in the Cell Cycle of Caulobacter crescentus.

This figure is an expanded version of that presented in Chapter 1 (Fig. 1.4); and a schematic
representation of the events described in the most recent section of this Chapter. Polarity
determinants PopZ and TipN are shown in purple and yellow, respectively; ParB is shown as a
green diamond. ParA localization follows that proposed by Ptacin, et al. [25]. Blue lines
represent the chromosomal DNA and red circles indicate assembled FtsZ, as in Figure 1 .4.
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CHAPTER 3

Stimulation of the Assembly of the Cytokinetic Protein FtsZ by the
Chromosome Partitioning System Protein ParA
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Abstract

The parAB/parS chromosome partitioning system of Caulobacter crescentus is essential to the
viability of the cell and is responsible for the earliest stages of chromosome segregation to
opposing poles of a growing and dividing cell. Bi-polar segregation of ParB foci always precedes
the mid-cell localization of FtsZ and onset of cell division [1, 2]. Previous work has shown that
changes in the expression levels of either ParA or ParB results in severe cell division defects and
misplacement of FtsZ rings within the cell [1, 3]. The ParB protein indirectly controls FtsZ
localization through its interaction with an FtsZ inhibitor, MipZ [4, 5]. Additionally, ParB acts as
a nucleotide exchange factor for ParA, which exists either bound to ATP or ADP with distinct
functions depending on the bound nucleotide [6]. When conditions are present that would favor
the ADP bound form, either depletion of ParB or over-expression of ParA, the cells exhibit a
filamentous phenotype and reduced FtsZ ring formation [1, 3, 7]. We have hypothesized that the
ATP-bound form of ParA plays a direct role in the control of cell division by regulating the
assembly of FtsZ necessary for cell division. Biochemical assays using purified components
were selected as the ideal means by which to test this theory, due to the essential nature of the
chromosome partitioning system. Additionally, the role of ParB in the regulation of the FtsZ
inhibitor MipZ could lead to phenotypically ambiguous results in cytological and genetic studies.
Using four different and previously used in vitro assays, we have shown that ParA is a potent
activator of FtsZ assembly. Furthermore, activation of FtsZ assembly requires the presence of
both ATP and ParB, the nucleotide exchange factor for ParA. We propose that these experiments
implicate the partitioning system of Caulobacter crescentus, specifically the ATP-bound form of

ParA, as playing an essential role in cell division regulation.
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Section 1: Purification of FtsZ, ParB, and ParA

1.1 Protein Expression in Escherichia coli

Caulobacter crescentus FtsZ was expressed from a pET-21a vector, provided by M. Thanbichler
[4]. ParA and ParB were independently expressed as Histidine-tagged proteins from the
pTrcHisB vector (Invitrogen), created by J. Easter [6]. Constructs were expressed in the E. coli
Rosetta 2 (DE3) strain from Novagen encoding seven rare tRNA sequences [genotype: FompT
hsdSy(rymg") gal dem (DE3) pRARE2(Cam®)]. Expression strains were grown in Luria-Bertani
media, supplemented with 20 pg/mL Chloramphenicol and 50 pg/mL Ampicillin, at 37°C with
250rpm of orbital shaking. Cultures were induced during mid-log phase growth (ODgy,= 0.5 +
0.1) with isopropyl P-D-1-thiogalactopyranoside (IPTG) to a concentration of 500uM, and
allowed to grow under the same conditions of temperature and shaking for an additional 4 hours.
Induced cultures were cooled in an ice bath for 15 minutes and harvested by centrifugation at
~7000 x g, at 4°C for 15 minutes (Sorvall GS3 rotor, Sorvall RC5B centrifuge, 6,500 rpm).
Induced cell pellets were homogenized and washed with the primary purification buffer (see

below), and harvested again as before; at this point, cell pellets were stored at -80°C if necessary.

1.2 Purification of FtsZ

Induced, washed, and harvested Rosetta 2 (DE3) cells were suspended in the primary
purification buffer supplemented with freshly added ImM phenylmethylsulfonyl fluoride
(PMSF). The primary purification buffer for FtsZ, Buffer Z1, is 25mM TRIS, 10mM MgCl,,
50mM KCI, 1mM [-mercaptoethanol [B-ME], and 10% (w/v) glycerol at pH 7.9. Cells were
lysed via two passages through a cooled microfluidizer (Microfluidics Corp., Model M110P-20)

at 17,500 psi of applied pressure. Lysates were centrifuged at ~32,500 x g, at 4°C for 45 minutes
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(Sorvall SS-34 rotor, Sorvall RC5B centrifuge, 16,500 rpm), and the supernatant was collected
for subsequent work. Saturated ammonium sulfate was added to a final concentration of 27.5%
(w/v) while the supernatant was slowly stirred over ice. The slurry was spun as previously done
to clear lysates (~32,50 Ox g, 4°C for 45 minutes), and supernatants were discarded. Precipitated
FtsZ was reconstituted in a small volume of Buffer Z1 with mild rocking at 4°C, overnight, then
dialyzed extensively against Buffer Z1 at 4°C. FtsZ was then loaded onto a DEAE-Sepharose
column pre-equilibrated with Buffer Z1 and eluted with a gradient to S00mM KCI (Buffer Z2:
25mM TRIS, 10mM MgCl,, 500mM KCI, ImM B-ME, 10% (w/v) glycerol at pH 7.9); peak
elution of FtsZ occurred at about 250mM KCI. FtsZ containing fractions were pooled,
concentrated, and dialyzed heavily against FtsZ polymerization buffer (‘HMK Buffer’: 50mM
HEPES, 10mM MgCl,, 50mM KCIl, ImM B-ME, 10% (w/v) glycerol at pH 7.5). FtsZ was
further purified via size exclusion chromatography using a HiLoad 16/60 column with Superdex
S-200 resin (Pharmacia Biotech) in 1.5mL loads at a total protein concentration of approximately
Smg/mL, as determined by Bradford colorimetric protein assays using a bovine serum albumin
(BSA) standard from Promega Life Sciences. The column was equilibrated and run with HMK
Buffer at 0.5mL/min with 0.5mL fractions collected. Peak FtsZ containing fractions were pooled
and concentrated. FtsZ concentration was monitored by Bradford Assay with BSA standards
until it reached above 1.0mg/mL. FtsZ was adjusted to 1.0mg/mL with HMK buffer, distributed

into 250puL aliquots, and snap frozen in liquid Nitrogen for storage at -80°C.

1.3 Purification of ParB
Induced, washed, and harvested Rosetta 2 (DE3) cells were suspended in the primary

purification buffer supplemented with freshly added 1mM PMSF. The primary purification
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buffer for ParB, Buffer B1, is 25mM TRIS, 500mM NaCl, 5SmM Imidazole, ImM 3-ME, 10%
(w/v) glycerol at pH 7.5. Cells were lysed via microfluidizer, and the lysates cleared by
centrifugation, using identical parameters to those described for FtsZ purification. Cleared lysate
was loaded onto a Ni(II)-chelated NTA-Agarose column (Qiagen) equilibrated with Buffer B1.
ParB-TrcHis was purified step-wise with Buffer B2 (25mM TRIS, 500mM NaCl, 500mM
Imidazole, ImM B-ME, 10% (w/v) glycerol at pH 7.5): with major impurities eluting at 15%
Buffer B2 (79mM Imidazole), and ParB-TrcHis eluted with 100% Buffer B2 (500mM
Imidazole). Peak fractions were pooled, concentrated and dialyzed heavily against HMK Buffer
(see FtsZ purification). Further purification was achieved by gel filtration with Superdex S-200
pre-equilibrated with HMK buffer, as described for FtsZ. Peak fractions were pooled and
concentrated to around 1.0 mg/mL, monitored by Bradford Assay using BSA standards. ParB-
TrcHis concentration was adjusted to 1.0mg/mL with HMK buffer, distributed into 250uL

aliquots, and snap frozen in liquid Nitrogen for storage at -80°C.

1.4 Purification of ParA

Induced, washed, and harvested Rosetta 2 (DE3) cells were suspended in the primary
purification buffer supplemented with freshly added 1mM PMSF. The primary purification
buffer for ParA, Buffer Al, is 25mM TRIS, 500mM NaCl, 5mM Imidazole, 30uM ATP, ImM
B-ME, 10% (w/v) glycerol at pH 7.5. The presence of ATP in these buffers is in accordance with
previous purifications of ParA [6]. Cells were lysed via microfluidizer, and the lysates cleared by
centrifugation, using identical parameters to those described for FtsZ purification. Cleared lysate
was loaded onto a Ni(II)-chelated NTA-Agarose column equilibrated with Buffer Al. ParA-

TrcHis was purified in a step-wise manner with Buffer A2: 25mM TRIS, 500mM NaCl, 500mM
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Imidazole, 30uM ATP, ImM B-ME, 10% (w/v) glycerol at pH 7.5. Major impurities were eluted
with 25% Buffer A2 (129 mM Imidazole), and ParA-TrcHis eluted with 100% Buffer A2
(500mM Imidazole). ParA-TrcHis was found to be extremely unstable once eluted from the
Ni(II) column, with agitation, air-bubbles, time, and increased concentration causing the
formation of precipitates or aggregates. The presence of imidazole had a stabilizing effect on
ParA-TrcHis, extending the time before spontaneous formation of precipitates occurred, thus
reducing protein loss. Therefore, ParA-TrcHis was diazlyzed heavily into a derivative of HMK
buffer, HMK-I (50mM HEPES, 10mM MgCl,, 50mM KCI, 200mM Imidazole, ImM [-ME,
10% (w/v) glycerol at pH 7.5). ParA-TrcHis was further purified with size-exclusion
chromatography as was described for ParB on an identical column equilibrated and run with
HMK-I buffer; though a load of 0.5mL was used and total protein concentration was nearer to
500pg/mL. Peak fractions were pooled and concentrated to about 500ug/mL, as monitored by
Bradford protein assay with BSA standards, the maximum apparent concentration under these
conditions without precipitation and protein loss. ParA-TrcHis was distributed into 250uL

aliquots, and snap frozen in liquid Nitrogen for storage at -80°C.
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Section 2: Monitoring FtsZ Assembly using Light Scattering

2.1 Background

The use of monochromatic light scattering to monitor the assembly of cytoskeletal elements is a
well-established technique, first employed to study the polymerization of tubulin [8, 9]. This
technique has also been successfully employed in the study of FtsZ assembly in Bacillus subtilis,
Escherichia coli, and Caulobacter crescentus; furthermore, many of these studies used this
technique to assess the action of inhibitors and activators of FtsZ assembly [4, 10-14]. In this
assay, the turbidity of the solution is measured utilizing a detector arranged at a 90°-angle from
the incident light, relative to the sample being measured. The detector is tuned to the same
wavelength as the incident light, so that only light scattering from assembled protein is
measured. The wavelength of 350nm is utilized as this is sufficiently small to give a strong
signal but not so low that fluorescent effects of protein residues would become an issue (also
note that scattering intensity at any angle is inversely proportional to the wavelength of incident
light) [8]. Furthermore, because polymerized protein is so much larger than the wavelength of
light, turbidity is roughly proportional to the size and concentration of the rod-like polymers, and

not influenced by the scattering properties related to the size and shape of protein monomers [8].

2.2 Materials and Methods

90°-angle light scattering was measured on a Fluorolog-2 Spectrofluorimeter (Photon
Technologies International; London, Ontario); incident light was produced using a 75 Watt
Xenon-Arc Lamp. The sample chamber was a rectangular Quartz cuvette with an internal
spacing of 10mm (Starna Cells; Atascadero, CA). Scattering data was recorded every 4 seconds

for 12 minutes with both Excitation and Emission set to 350nm with a 2nm bandwidth. Purified
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protein components (see Section 1) were premixed to achieve a final concentration of 1uM each
in a final reaction volume of 200uL, with or without the addition of ImM ATP. ATP was added
from a 100mM stock in HMK buffer (ATP powder: MP Biomedicals, Cat. #150226). The pre-
mixing procedure was stepwise as follows, with 198uL as the initial volume: HMK buffer, FtsZ
in HMK buffer, ParB in HMK buffer, ParA in HMK-I buffer, 2uL. 100mM ATP or HMK buffer.
For assays controls in which FtsZ or ParB were omitted, an appropriate amount of HMK buffer
was substituted; for omissions of ParA, HMK-I buffer was substituted to control for any effects
from imidazole on the experimental results. Premixed components were allowed to incubate at
room temperature for 3 minutes, and then transferred to the cuvette. Background counts were
recorded for 30 seconds to establish a scattering baseline. The cuvette was removed from the
system and 2uL of 100mM GTP in HMK buffer was added to initiate FtsZ assembly and bring
the reaction to the 200uL final volume (GTP powder: Acros Organics, Cat # 226250010);
alternatively, HMK buffer was added for controls in which GTP was omitted. After this final
addition, the system was gently mixed by pipetting for 5 seconds and immediately returned to the
system to initiate data collection. Between assays, the cuvette was cleaned by gentle scrubbing of
the insides with a cotton tipped applicator and 0.1% SDS (w/v) in water, followed by extensive

water rinsing and drying with ethanol.

2.3 Results of 90°-angle Light Scattering experiments

The full set of scattering data is presented in Figure 3.1; Figure 3.2 presents just the control
experiments to highlight differences discussed herein. For all presented data, the 30 seconds of
background counts were averaged and subtracted from all subsequent data points for each run.

Each condition presented is the averaged result of four independent experiments, normalized
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with the background subtraction method prior to averaging. The normalization procedure was
necessary due to the variability in initial scattering, likely due to mixing issues or the presence of
particulate or air bubbles. To preserve the net changes in counts for each trial, all averages were
left at the normalized value, even when less than zero. A similar graph to Figure 3.1 using
averaged, but not normalized data, is presented in the Appendix of this work. All data processing

and the graphical representation of data were performed with Microsoft Excel.

A clear stimulation of FtsZ assembly was observed solely in the presence of both ParA and ParB,
dependent on the presence of ATP (Fig. 3.1: ). Under all other tested conditions FtsZ was
unable to undergo GTP-stimulated assembly. No stimulation was seen in the presence of ParA
and ParB proteins alone, suggesting that the stimulation of FtsZ assembly is ATP dependent and
not due to molecular crowding effects (Fig. 3.1, 3.2: +, &). The small increase in scattering seen
for ParA and ParB in the presence of ATP is likely indicative of the association involved in the
ParB stimulated nucleotide exchange of ParA (Fig. 3.1, 3.2: ©). While it is possible that the
large increase in scattering observed for FtsZ*GTP with ParB/ParA*ATP is due to stimulation by
FtsZ of a ParA-ParB association, assay controls suggest that this is not the case. The increase in
scattering observed for ParAB*ATP with FtsZ alone is comparable to scattering for
ParB/ParA*ATP without FtsZ, suggesting FtsZ itself does not stimulate this association (Fig.
3.1,3.2: ©, X). ParA and ParB in the presence of FtsZ*GTP also shows a comparable change in
scattering, suggesting that FtsZ bound to GTP does not stimulate ParA and ParB association

(Fig.3.1,3.2: &).
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Figure 3.1: 90°-angle Light Scattering of FtsZ.

The light scattering of FtsZ under various conditions was recorded at 350nm, as measured by the
relative counts of scattered light over time (X-axis, seconds). All protein components were at
1uM, ATP and GTP were at 1mM; ParAB indicates the presence of both ParA and its nucleotide
exchange factor, ParB. Data and standard deviations bars shown are the result of four
independent trials for each condition. Red diamonds (4) indicate the scattering from GTP-
induced FtsZ assembly in the presence of ParB/ParA*ATP. Notable controls are: GTP-induced
assembly of FtsZ in the presence of ParA+ATP, without nucleotide exchange factor, ParB, thus
ParA*ADP (M); GTP-induced FtsZ assembly in the presence of ParB and ParA without ATP,
thus, ParA*ADP (#); ParA-ParB nucleotide exchange of ATP [ParB/ParA*ATP] without FtsZ

(O); ParA-ParB nucleotide exchange of ATP [ParB/ParA*ATP] in the presence of FtsZ ().

It is important to note that the addition of ATP should not be required for association of ParA
and ParB. Previous work has demonstrated that ParB can interact with ParA*ATP and
ParA*ADP equally, acting as a nucleotide exchange factor [6]. Since ParA was purified in the
presence of ATP, it is expected that all ParA is nucleotide bound when added to the assay from
stocks; it is likely bound to ADP due to the intrinsic ATPase activity of the ParA protein [6].
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Finally, ParA with ATP and FtsZ*GTP shows a similar change in counts to other controls over
the course of the experiment (Fig. 3.1, 3.2: W), demonstrating that activation of FtsZ assembly
requires ParB to maintain ParA in the ATP bound form. Furthermore, this also suggests that FtsZ
does not stimulate ParA self-association or polymerization, as might be suggested by data
proposing ParA assembly [15]. Taken together, these light scattering assays clearly demonstrate

that GTP induced FtsZ assembly is stimulated by the presence of ParA in the ATP-bound form

(ParA*ATP).
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igure 3.2: 90°-angle Light Scattering of FtsZ.
Presented here are the light scattering data from the various control experiments discussed above.
These data are exactly the same as that presented in Figure 3.1. The condition of FtsZ*GTP with
ParB/ParA*ATP has been omitted, and the Y-axis scale has been adjusted accordingly. For
clarity, standard deviation bars shown in Figure 3.1 have been removed, due to the denseness of
the data and high signal variability over this small range of counts.
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Section 3: Sedimentation of Assembled FtsZ

3.1 Background

We sought to confirm and extend the results 90°-angle Light Scattering experiments following
the observation that ParA in the ATP-bound form is a positive factor for assembly of FtsZ. High-
speed centrifugation is another well-established technique used to monitor assembly of FtsZ. In
sedimentation experiments, after a certain lag-time to allow for protein assembly following
induction, protein samples are centrifuged at high speeds to separate large assembled proteins
from monomers. This technique has been used to establish the critical concentration of FtsZ
required for polymerization, and also to assay the effect of FtsZ assembly factors [4, 16-18]. If
the scattering signal previously observed was indeed due to FtsZ*GTP assembly stimulated by
ParB/ParA*ATP, then FtsZ polymers should specifically sediment. This assay is also
advantageous, as it would confirm whether ParA and/or ParB assemblies induced scattering, as
these would of a size that would sediment as well. Finally, using sedimentation assays,
concentration dependence activation of FtsZ assembly could be established for ParB/ParA*ATP.
Such a concentration dependence on activity is common among regulators of FtsZ assembly [4,

12,17, 23].

3.2 Materials & Methods

Sedimentation assay components were premixed in polycarbonate centrifuge tubes to a final
assay volume of 100uL, at the protein concentrations described for each condition below; GTP
and ATP were added to ImM final concentration when included. In controls, omitted
components were substituted with their corresponding buffer, namely, HMK-I buffer in the place

of ParA. Assay components were added step-wise in the same order as described for 90°-angle
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light scattering experiments to an initial volume of 99uL, then allowed to incubate at room
temperature for 3 minutes. After addition of 1uL of 100mM GTP or HMK buffer, samples were
allowed to incubate at room temperature for 15 minutes; samples were then transferred to a pre-
cooled rotor for centrifugation for 15 minutes at 4°C and ~278,000 x g (Beckmann-Coulter
Optima TLX centrifuge, Beckmann-Coulter TLA-100 rotor, 80,000 rpm). Supernatants were
removed and saved; 100uL. of HMK buffer was added to each tube and gently mixed by
pipetting to preserve the pelleted proteins. Reserved supernatants and pelleted samples were
mixed with 4X-loading dye containing 200pug/mL lysozyme (USB Corp., Cleveland, OH Cat.
#9001-63-2), which served as a loading control [19]. Samples were run on a denaturing 12%-
acrylamide gel at 120V in tris-glycine buffer [19]. Following electrophoresis, gels were stained
overnight in 1:5000 Sypro Orange (Invitrogen, Cat. # S-6650) in 7.5%(v/v) acetic acid in water,
and scanned on a Pharos FX Plus imager (BioRad: Hercules, CA) with 488nm/530nm Ex/Em.
FtsZ and lysozyme bands were quantified with QuantityOne software (BioRad: Hercules, CA)
using identically sized rectangles. Quantification of SyproOrange stained gels was used to
determine the relative concentration of FtsZ in supernatants and collected pellets. All
quantifications were calculated as a relative unit of the fluorescence intensity of the FtsZ band
normalized to the intensity of the corresponding loading lysozyme loading control band. This
method of quantification was employed to normalize for differences in SyproOrange staining
intensities between different gels. A standard curve of Lysozyme-normalized SyproOrange
staining was created using known concentrations of FtsZ from six independent runs, ranging

from 0-250pug/mL (R*= 0.98469, see Appendix).
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Figure 3.3: Sedimentation of FtsZ under different conditions.

Representative polyacrylamide gels from a single run of FtsZ sedimentation experiments are
shown above: FtsZ alone (a), FtsZ with ParA and ParB at 1uM each, ATP at ImM (b), FtsZ with
ParA and ParB at 2uM each, ATP at ImM (c). Supernantants and pellets from each condition are
grouped and marked with S or P, respectively. Initial FtsZ concentrations are identical in gels a-
c, with GTP added at 1mM to each: 50pg/mL, Lanes 1&2; 75ug/mL, Lanes 3&4; 100ug/mL,
Lanes 5&6; 125ug/mL, Lanes 7&8.

(d) Gel of Control sedimentations: Initial FtsZ concentration was 125ug/mL in both conditions,
ParA and ParB were at 2uM each. Lane 2&3: ATP only at ImM. Lane 4&5: GTP only at ImM.
Lane 1 contains a protein-standard (Invitrogen, Cat # 10747).
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3.3: Results of Sedimentation Assays

Sedimentation assays of pure FtsZ in the presence of GTP were used to determine the baseline of
assembled FtsZ at increasing initial concentrations. A marked increase in the amount of pelleted
FtsZ did not occur until the initial concentrations reached 100ug/mL (Fig. 3.3: a).
Quantifications suggested that some FtsZ was collected in the pellet at lower concentrations,
however, the collected FtsZ similar to the amount collected in control assays where no GTP was
added (Fig. 3.3: d) suggesting that this pelleted FtsZ is representative of unfolded FtsZ or simply

an artifact of the analysis.
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Figure 3.4: Quanitified FtsZ concentration in pellets under different conditions.

Gels were quantified by normalizing the fluorescence intensity of the FtsZ band to the intensity
of the corresponding lysozyme band. Using a standard curve of FtsZ concentrations normalized
in a similar manner, the amount of FtsZ collected in the pellet was determined. Data and standard
deviations are the product of three trials for each condition.
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In the presence of ParA, ParB, and ATP, sedimentation assays of FtsZ show a clear increase in
the amount of pelleted FtsZ. Furthermore, FtsZ is observable in pellets at initial FtsZ
concentrations below 100ug/mL (Fig. 3.3: b). Doubling of the ParAB-ATP concentration from
1uM to 2uM further increased the amount of FtsZ in the pellet at all initial concentrations of
FtsZ (Fig. 3.3: ¢). Notably, ParA and ParB were not observed in the pellets suggesting that no
co-sedimentation occurs between FtsZ and the ParAB proteins. This analysis is further
supported by control sedimentations lacking GTP, which showed no observable FtsZ in the
pellet. Finally, an additional control lacking ATP showed very little FtsZ in the pellet (Fig. 3.3:
d), suggesting that increased sedimentation is nucleotide dependent and not a by product of
molecular crowding effects due to the presence of additional protein species, namely ParA and
ParB [20]. These results demonstrate that ParA and ParB stimulates GTP-induced FtsZ
assembly, in an ATP dependent manner. Quantified amounts of FtsZ collected in the pellet are
presented in Figure 3.4, produced from a minimum of three trials. This analysis demonstrates a
significant increase in the quantity of pelleted FtsZ in the presence of ParA and ParB, in an ATP-
dependent manner. Furthermore, these experiments show that this effect is also concentration
dependent on ParA and ParB, as an increase in their concentration yielded increases in collected
FtsZ. Thus, these sedimentation assays are taken as a confirmation of the initial findings of 90°-
angle light scattering experiments: that ParA and ParB in the presence of ATP has a stimulatory

effect on the assembly of FtsZ filaments.
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Section 4: A Coupled and Continuous GTPase Assay of FtsZ

4.1 Background

Having confirmed that FtsZ assembly is stimulated in the presence of ATP-bound ParA
(ParB/ParA*ATP) by two independent biochemical assays, a more mechanistic study of this
interaction was sought. Sedimentation assays did not reliably quantify the lowering of the critical
concentration for FtsZ assembly by ParA*ATP due to errors in the quantification method; though
an increase in pelleted FtsZ at all initial concentrations was consistently observed. A GTPase
assay would be an ideal experiment for such a determination as it provides quantified data that
directly relates to the assembly state of FtsZ. Since the GTPase domain of FtsZ is split into two
parts on a single FtsZ molecule, at minimum, a dimerization of FtsZ is required for GTP
hydrolysis [21, 22]. Because our experimental system includes ParA, which has weak ATPase
activity [6], an assay that quantified inorganic phosphate would be more difficult to interpret

since both FtsZ and ParA activity could produce a positive signal.

A GTPase assay using the reduction of NADH as an output signal source has been used in the
past to study the assembly of FtsZ [23]. In this assay, GDP produced by the GTPase activity is
taken up by a two-component enzymatic system resulting in the regeneration of GTP allowing
for a continuous assay, and a terminal reduction of NADH cofactor, which allows for a
spectrophotometric based read-out of the rate of GDP production, and therefore, GTPase
activity. The two-component system is comprised of pyruvate kinase (PK) and lactate
dehydrogenase (LDH) enzymes. The pyruvate kinase reaction takes up GDP produced by the
action of FtsZ, and along with phosphoenolpyruvate (PEP) supplied to the system, producing

GTP and pyruvate.
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Figure 3.5: Reactions of a Coupled and Regenerative GTPase Assay.

A schematic of the three reactions comprising the GTPase assay are shown above. The
stimulation of FtsZ assembly by GTP results in the hydrolysis of GTP to GDP and inorganic
phosphate. GDP is consumed by pyruvate kinase and regenerated to GTP using
phosphoenolpyruvate (PEP) as a phosphate donor. This GTP product is free to re-enter the
polymerization and hydrolysis cycle of FtsZ assembly. The pyruvate product of the GTP-
regenerative reaction is reduced to lactate using an NADH cofactor by lactate dehydrogenase.
The oxidation NADH by this reaction results in a decrease in absorbance at 340nm, since the
reduced form absorbs at this wavelength while the oxidized form (NAD") does not. Below the
schematic are the chemical equations of all the components of the system. The “n” term is used
to define stoichiometric ratios of the individual components; [FtsZ*GTP],,, denotes assembled
FtsZ polymers. Because the GTPase domain of FtsZ is divided into two parts, one additional
FtsZ molecule is required for every GTPase reaction. Each released GDP is regenerated to GTP
at the expense of a single PEP, resulting in a single pyruvate. This is irreversibly reduced to
lactate at the expense of a single NADH. Thus, each GTPase event ultimately results in the
oxidation of a singe NADH cofactor. The balanced equation of the system shows that only PEP
and NADH are consumed, all other cofactors are either regenerated (GTP) or exist only as
intermediates (GDP / pyruvate); therefore, PEP and NADH are the limiting reagents for this
assay. The inorganic phosphate product is a result of GTP hydrolysis by FtsZ, since GTP
regeneration by pyruvate kinase uses PEP as the phosphate donor.
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The newly synthesized GTP molecule regenerates the initial pool so that it is not a limiting
substrate in this system. The pyruvate product of the PK enzyme reaction is readily converted by
lactate dehydrogenase to lactate; this conversion requires the oxidation of an NADH cofactor
also supplied to the system (Fig. 3.5). The activity of this system is easily monitored by
measuring absorbance since reduced NADH absorbs light at 340nm, while the oxidized form
does not at this wavelength. Thus, a reduction in light absorbance at 340nm is indicative of a
reduction of NADH that is stoichiometrically equivalent to GTP hydrolysis; thus, the rate of

signal reduction at 340nm directly correlates to the rate of GDP production by FtsZ.

4.2 Materials & Methods

Regenerative GTPase assays were conducted in 96-well plates (Corning: flat, transparent,
polypropylene; Cat #25861) with a reaction volume of 150uL, adapted from previously
published methods [24]. Samples were read on a Tecan Infinite M1000 plate reader (Tecan
Systems: San Jose, CA) at 340nm with absorbance readings taken every 15 seconds for 10
minutes at 25°C. Two concurrent assays were performed for each tested condition, additionally
repeated three more times. A Master-Mix of all components, except FtsZ, ParA, and ParB, was
prepared and distributed to two aliquots. ParA and ParB were then added to each aliquot
followed by FtsZ, resulting in a final reaction volume of 200uL. From each of these reactions,

150uL. was immediately removed, placed into a multi-well plate, and read as described above.

A Master-Mix (enough for two reactions) was prepared using HMK buffer, 10X pyruvate kinase
(Roche, Cat # 10128155001), 10X lactate dehydrogenase (Roche, Cat # 10127876001), 40X PEP

dissolved in HMK buffer (MP Biomedicals, Cat #151872), 40X NADH dissolved in HMK
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buffer (MP Biomedicals, Cat# 101167), and 100X GTP and 100X ATP (same source as previous
experiments). After distribution of this mix into aliquots, the 5X mixture of ParA and ParB was
added to each tube, and allowed to incubate at room temperature for 5 minutes. This incubation
was done to allow nucleotide exchange by ParA/ParB to form ParA*ATP. Furthermore, this
incubation allowed for any ADP released by ParA or spontaneously formed GDP to be converted
to GTP and ATP by pyruvate kinase. This was important since any GDP or ADP present in
solution at the start of the assay could be used by pyruvate kinase, leading to a reduction in
absorbance at 340nm independent of GTPase activity from FtsZ. After initial incubations, 10X
FtsZ was added to each reaction aliquot, mixed briefly, and then measured as described above.
Final reaction concentrations of all components were as follows: GTP and ATP at ImM, NADH
at 600uM, PEP at 1mM, pyruvate kinase at 20U/mL, and lactate dehydrogenase at 20U/mL; the
concentration of FtsZ, ParA, and ParB were variable and are defined in presented data. Pyruvate
kinase and lactate dehydrogenase assay amounts were calculated using manufacturer’s data on
activity per mg of protein (U/mg) at 25°C. These enzymes were purchased as a slurry in 3.2M
ammonium sulfate, thus each reaction had a small amount of ammonium sulfate present (~64mM
in final reaction); however, since this amount roughly corresponds to 0.8% (w/v) ammonium

sulfate, it is not expected that this would have a significant effect on the assay system.

98



4.3 Results GTPase assay

As measured in this continuous GTPase assay, FtsZ assembly at 1pM in the presence of
saturating GTP (1mM) lowers the absorbance at 340nm by NADH at a rate of approximately
0.0011 (AU/min). Using relationship defined by the Beer-Lambert Law (A=beC), we can
convert the rate of absorbance change directly into the rate of NADH concentration change.
Using the extinction coefficient of NADH (g = 6220 M'cm™), and previously described methods
[24], the height of the sample solution in the multi-well plates was determined to be 0.38cm; this
value corresponds to the path-length (b) in the Beer-Lambert law. Because the production of
GDP by FtsZ leads to a stoichiometrically equivalent consumption of NADH, we can directly
correlate the rate of NADH consumption to the rate of GDP production by FtsZ. Using these

methods, the rate of GDP production by FtsZ alone at 1uM is roughly 0.47pmols/min.
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Figure 3.6 [Previous Page]: Absorbance Decrease at 340nm Under Different Conditions.
Absorbance reading taken over a 10 minute period (with data acquisition every 15 seconds) is
graphed for FtsZ assembly under three different conditions. The average data and standard
deviations presented for each condition is the product of eight readings: two samples measured
concurrently for four independent runs. Red circles represent FtsZ at 1uM in the presence of
ImM GTP. Blue squares represent FtsZ at 1uM in the presence of ParA and ParB at 1uM each,
with only ImM GTP. Green diamonds represent FtsZ at 1uM in the presence of ParA and ParB
at 1pM each, with both GTP and ATP at ImM. Linear trendlines were fit to the data using
Microsoft Excel; the corresponding linear equations are shown next to the appropriate condition
as part of the symbol legend in the top-right of the graph.

Surprisingly, in the presence of ATP-bound ParA (ParB/ParA*ATP), the rate of GDP production
was not significantly altered. Based on our previous findings that ParA*ATP stimulated FtsZ
assembly, we assumed that the likely outcome of these experiments would be an increase in the
rate of GDP production by FtsZ. Since increasing FtsZ assembly should bring together more
FtsZ monomers, the extent of GTP hydrolysis should increase as well. Strictly speaking, an
increase in the rate of GTP hydrolysis may still be occurring in the presence of ParA*ATP. This
assay relies on the release of GDP in order to initiate the metabolic cascade that results in the
reduction of NADH, which ultimately produces the output signal of the assay. While it is
assumed that the rate of NADH consumption is directly correlated to the GTPase rate of FtsZ, a
more accurate description of the relationship would be that the rate of NADH consumption is
directly correlated to the rate of GDP turnover. Thus, if the process of nucleotide exchange (GDP
for GTP) by FtsZ were hindered by ParA*ATP, then the rate of NADH consumption would be
slowed, independent of any changes to the rate of GTP hydrolysis by FtsZ. One possibility is that
ParA*ATP is acting to stabilize FtsZ filaments or perhaps creating a nucleation complex. Both of
these scenarios would increase filament formation, consistent with the results of light scattering
and sedimentation assays; furthermore, either stabilized filaments or the formation of a

nucleation complex would result in an apparent decrease in the GTPase rate by this assay
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because filaments would be less able to break apart into monomers, allowing for GDP release. A
similar decrease in the rate of GTP hydrolysis by FtsZ has been observed in the presence of

filament stabilizing factors SepF, and FzIA [12, 14].

Finally, it is important to note that the conclusions that can be drawn from this assay are
somewhat limited. A clear issue with this assay as performed is the very small rates of change in
absorbance as well as the relatively high variability in initial absorbance values as well as
variablility in readings throughout the assay time course. The result of this, coupled with
variability in readings throughout the time course, is a rather large standard deviation of values
that spans absorbance readings of all 3 tested conditions. In the appendix of this work, individual
rate graphs of the three tested conditions are provided showing the average readings of each trial
pair, as well as the average absorbance of all eight readings shown in Figure 3.6. These graphs
show that all three conditions had an equivalent range of initial absorbance values; therefore this
issue is likely intrinsic to the assay as performed and not a result of mechanistically important
events. Figure 3.7 shows the average rate of change in absorbance for all three conditions. The
average was obtained by applying a linear regression to all eight individual absorbance runs for
each condition using the Microsoft Excel program; the individual rates were then used to
produce the average rate and standard deviation for each condition shown in the figure. Though
variability is still clearly an issue, it does not span the range of values to the same extent as is
seen for the data presented in Figure 3.6. The advantage of this analysis is that it does not

incorporate the variability in initial absorbance as it only looks at the rate of change for each run.
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Figure 3.7: Average Rate of Change in Absorbance at 340nm.

Raw absorbance data collected for each individual run (four independent trials for each
condition, two runs for each trial) was graphed over time and a linear trendline applied using
Microsoft Excel. The individual rates for each run were then averaged, and a standard deviation
calculated, for each condition. The average rate and standard deviation of the eight runs for each
condition tested are presented in the bar graph above.

Further work with GTPase assays is clearly still required in order to get a clear picture of the
mechanism of ParA®ATP stimulation of FtsZ assembly. This continuous and coupled assay may
yet provide interesting answers, but must be approached differently in order to achieve
significant results. One course of action would be to preform all assays individually in a single
cuvette spectrophotometer. This would be advantageous as absorbance readings could be
measured before the addition of FtsZ, which would allow for normalization of all data to initial
absorbance readings for each run. Additionally, higher concentrations of FtsZ could be used to

increase the rate of GDP production and NADH consumption. If ParA*ATP does in fact slow the
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rate of GDP production as proposed here, then such an effect should still be apparent at higher
concentrations of FtsZ as well. Alternatively, other GTPase assay could be employed. Analysis
of the GTPase rate of FtsZ using radiolabelled GTP is a well-established technique, and would
provide data independent of GDP release or nucleotide exchange, or any ATPase activity of
ParA. Additionally, the rate of nucleotide exchange could be directly measured using fluorescent
analogs of GTP such as mant-GTP; such experiments have been previously used to understand
exchange dynamics in FtsZ from M. jaanaschii and have shown that FtsZ-bound nucleotide is

stabilized against exchange with free nucleotide when FtsZ is assembled [25].
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Section 5: Visualization of FtsZ filaments via Transmission Electron Microscopy

5.1: Background

Following the surprising results of the GTPase assay, suggesting that ATP-bound ParA has little
effect on the production of GDP by FtsZ, we decided that it was necessary to directly visualize
the formation of FtsZ filaments. If ParA*ATP indeed stimulates FtsZ assembly, then filaments
should be seen at very low concentrations of FtsZ only in the presence of ParB/ParA*ATP. This
would serve to confirm the conclusions drawn from the results of light scattering and
sedimentation assays. Furthermore, by visualizing FtsZ filaments at higher concentrations, with
and without ParB/ParA*ATP, it might be possible to discern some mechanism of ParA*ATP
action. If ATP-bound ParA acts as a nucleator of assembly, it would be likely that more
filaments of shorter length would be observed due to an increase in the number of nucleating
FtsZ dimers, as proposed by Erickson et al. [23]. Alternatively, if ParA*ATP serves to stabilize
filaments from breakdown into monomers, then we might expect to see an increase in the
number and length of assembled FtsZ structures. A third possibility, consistent with previous
data, is that ParA* ATP bundles assembled FtsZ; this too would be observable as there should be
an increase in grouped and clumped filaments in the presence of ParB/ParA* ATP. Transmission
electron microscopy (TEM) has a long history of success in visualizing fine structures, and has
been regularly used to observe filament formation of FtsZ from a number of bacterial species,
including Caulobacter crescentus [4,26, 27]. Furthermore, transmission electron microscopy has
been previously used to observe the effects of apparent stimulators of FtsZ assembly, making it

an ideal and proven technique for our purposes [12, 14].
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5.2: Materials & Methods

Prior to protein sample preparation, copper transmission electron microscope grids with a 300
mesh (Cat # IGC300: Ted Pella, Inc., Redding, CA) were coated with parlodion, followed by a
coating of graphite. Coated grids were then subjected to ionizing radiation to create a hydrophilic
surface. Samples of FtsZ at different concentrations in the presence or absence of ParA and ParB
with ATP were prepared in 100uL reaction volumes. Components were added step-wise in the
following order from sources previously described: buffer HMK, FtsZ, ParB, ParA, and ATP (to
a total volume of 99uL). All protein component concentrations were variable and are listed with
corresponding images below; ATP and GTP were present at a final concentration of 1mM each
when added. In conditions where ParA was omitted, and equivalent volume of HMK-I buffer
was added to account for any effects of imidazole. After all components were mixed, the samples
were allowed to incubate at room temperature for 3 minutes to allow for nucleotide exchange by
ParA. Following incubation, 1pL of 100mM GTP was added to the reaction to initiate FtsZ
assembly and mixed gently by pipetting; samples were allowed to incubate for an additional 3
minutes at room temperature to allow for assembly. A small aliquot (10uL) was removed and
placed onto pre-treated copper TEM grids and allowed incubate for 2 minutes. Buffer was
wicked away and sample coated grids were stained with 4 rounds of 10uL additions of 1% (w/v)
uranyl acetate in water; stained grids were dried in a sealed desiccator overnight. Grids were
visualized using a Hitachi H-7000 electron microscope (Hitachi, Ltd.: Tokyo, Japan) at 50,000X
magnification. Images were recorded with a 2.5 second exposure onto Kodak 4489 Electron
Microscope film (Cat# 161 3108). Film was developed in Kodak D19 (Cat #146 4593) and
standard fixer (Cat# 197 1746) according to manufacturers instructions. Developed films were

scanned on an Epson Expression 1680 scanner. Brightness and contrast only were adjusted for
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visability using Adobe Photoshop; resulting images were cropped and annotated with the same

program.

5.3: Electron Microscopy of Assembled FtsZ

Micrographs taken from conditions where initial FtsZ concentration was held at 400nM,
expected to be below the critical concentration for assembly, are nearly completely devoid of
discernable structure (Fig. 3.8: A-D). Occasional filaments were observed, but these were in
general short and straight (Fig. 3.8: D). By contrast, the introduction of ParA and ParB
consistently shows FtsZ filaments (Fig. 3.8: E-H). A clear increase in the number of observable
filaments can be seen in all the grid regions observed. In addition to an increase in number, many
filaments are also of considerable length: sometimes surpassing 100nm (Fig. 3.8: F, H), which is
near the average length for FtsZ filaments formed above the critical concentration [reviewed in
28]. It is also notable that the filaments observed with ParA and ParB present are rather curved

compared to the occasional filament formed with FtsZ alone at these concentrations.
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Figure 3.8 [Previous Page]: FtsZ Filaments Formed at 400nM.

Electron micrographs of assembled FtsZ alone (A-D) or in the presence of ParA and ParB with
ATP (E-H). FtsZ was at 400nM; ParA and ParB were at 800nM each; ATP and GTP were added
at I1mM each. Images were taken at 50,000X magnification, scale bars equivalent to 100nm are
given for reference. Each image shown covers approximately 20% of the original electron
micrograph; original images are provided in the appendix of this work.

FtsZ assembly was next monitored at 750nM, a concentration near the expected critical
concentration for filamentation. FtsZ readily formed abundant filaments under the conditions
used (Fig. 3.9: A-D). In general, these filaments appeared to be straight, with the occasional
filaments showing slight curvatures. Filaments ranged in length from less than 20nm to the
occasional filament in excess of 200nm. The average filament length was around 80nm, and the
distribution of measured filaments can be seen in Figure 3.10. Overall, however, the majority of
filaments appear to be in the range of 50-100nm, and are roughly straight. The introduction of
ParA, ParB, and ATP had a surprising effect on the observed filaments. The number of observed
filaments seemed to decrease in the presence of the ParAB proteins (Fig. 3.8: E-H). Despite an
apparent decrease in the number of filaments, the overall length increased dramatically. The
average length of quantified filaments increased to over 150nm, almost double the average
length of pure FtsZ. The smallest observed filament was around 60nm in the presence of
ParB/ParA*ATP, quite close to the average length of filaments observed when pure FtsZ was
assembled; furthermore, a relatively large population of filaments are in excess of 200nm as
compared to FtsZ assembly alone (Fig. 3.9). Another dramatic difference between the conditions
is the extent of the filament curvature in the presence of ParB/ParA*ATP. The majority of
filaments show some degree of curvature when ParB/ParA*ATP is present; occasionally,
filaments seem to completely curve back onto themselves to form a circle, though the resolution

is insufficient to determine if these filaments indeed form closed loops (Fig. 3.8: G, H).
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Figure 3.9 [Previous Page]: FtsZ Filaments Formed at 750nM.

Electron micrographs of assembled FtsZ alone (A-D) or in the presence of ParA and ParB with
ATP (E-H). FtsZ was at 750nM; ParA and ParB were at 1.5uM each; ATP and GTP were added
at ImM each. Images were taken at 50,000X magnification, scale bars equivalent to 100nm are
given for reference. Each image shown covers approximately 20% of the original electron
micrograph; original images are provided in the appendix of this work.
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Figure 3.10: Quantification of FtsZ Filament Length.

Raw scanned images were used for quantifications (see appendix). Filaments were measured
using the “Segmented Line” tool of ImageJ and subsequently converted to length in nanometers
using the scanned picture resolution of 236.22 pixels/cm, and the picture scale of 100nm =
0.5cm. For each condition at total of 80 filaments were measured. The inset graph in the upper
right corner shows the average length and standard deviation of all 80 measured filaments for
both conditions.

Imagel: Schneider , C.A., Rasband, W.S., and Eliceiri, K.W. NIH Image to ImagelJ: 25 years of image analysis.
Nature Methods 9: 671-675,2012.
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Introduction

The coordination of cell division with the other core events of the cell cycle is essential to
maintain the viability of a species. The oligotrophic and gram-negative o-proteobacteria,
Caulobacter crescentus, is an ideal organism for the study of cell cycle linked events due to its
biphasic life cycle and assymetric cell division. The primary engine of cytokinesis in bacteria is
the highly conserved FtsZ protein, found to be essential in nearly every bacterial species studied
to date. Like its eukaryotic homologue, tubulin, FtsZ monomers quickly assemble into linear
filaments in the presence of GTP; assembly into filaments at the division plane is one of the first
events of cell division and essential to the occurrence of any subsequent cell division processes.
Bacteria have developed a diverse array of mechanisms that control FtsZ assembly spatially,
temporally, and even in response to changing environmental conditions. The first chapter of this
dissertation provides an in depth look at the FtsZ protein as well as a review of the many systems

employed to regulate FtsZ assembly.

With this work, it is proposed that Caulobacter crescentus may employ proteins associated with
chromosome partitioning as part of its regulation of FtsZ assembly. The chromosome
partitioning system of C. crescentus is comprised of three core components, each essential to the
viability of the cell. The first component is a small sequence chromosomally encoded of DNA,
parS, found at multiple sites near the origin of replication; the parS sequence is specifically
bound by the protein ParB. Binding of ParB to parS is regulated by the third conserved
component, ParA, a weak ATPase protein with differing functions based on its nucleotide bound
state. Previous work has shown that changes to the intracellular levels of either ParA or ParB

results in an impairment of cell division, including the inhibition of FtsZ assembly at the mid-
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cell. The second chapter of this dissertation reviews the ParAB/parS chromosome partitioning
system of C. crescentus and the previous data that has connected this system to cytokinetic

events.

In order to further study the link between chromosome partitioning and cell division,
biochemical assays in vitro were used to directly analyze the effects of the partitioning proteins
ParA and ParB on the assembly of FtsZ. The successful in vitro analysis of FtsZ assembly in the
presence of effector proteins is well established in the literature. In the third chapter of this
dissertation, data is presented showing that the ParA protein stimulates the assembly of FtsZ.
Furthermore, this stimulation of assembly appears to require that ParA be bound to ATP,

consistent with the previously demonstrated nucleotide-dependent multi-functionality of ParA.

Results

Using light scattering assays, ParA stimulation of FtsZ assembly was observed, dependent on
both ATP and its nucleotide exchange factor, ParB. FtsZ assembly was monitored near its
expected critical concentration of 1uM, and under the presented assay conditions, FtsZ alone
with GTP produced little change in the scattering counts. There was no discernable increase in
counts under any tested conditions except when ParA, ParB and, ATP were all supplied. This
dependence on all three components suggests that ParA in the ATP-bound state (ParA*ATP) is
responsible for this stimulatory effect. This proposal seems reasonable since ParA is purified in
the ADP-bound form, and requires both an excess of ATP and the nucleotide exchange factor,
ParB, for stimulation of assembly. Sedimentation by ultracentrifugation confirmed that FtsZ

assembly was stimulated in the presence of ParA, ParB, and ATP. ParA*ATP was capable of
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lowering the apparent critical concentration for assembly, showing increased pelleted FtsZ at all
initial FtsZ concentrations. Furthermore, this assay showed that stimulation by ParA*ATP is
concentration dependent, showing increased pelleted FtsZ at higher concentrations of ParA and
ParB. Using these two well-established biochemical assays, it is clearly demonstrated that ParA
in the ATP bound form behaves as an activator of FtsZ assembly: it stimulates formation of FtsZ

filaments and lowers the apparent critical concentration for assembly.

Following these results, further quantification of the effect of ParA*ATP was sought by looking
at the GTPase rate of assembled FtsZ. A continuous and regenerative GTPase assay was
selected, that has been previously used to study the effect of the inhibitor, SulA, on FtsZ
assembly. It was initially theorized that increased assembly should stimulate GTPase events by
FtsZ, and therefore we should see an increase in activity in the presence of ParA, ParB, and ATP
(ParA*ATP). Surprisingly, ParA*ATP seemed to have little effect on the GTPase rate of FtsZ.
This is somewhat counterintuitive, since increased FtsZ assembly would increase the number of
functional GTPase domains. This result may be a particular product of the assay employed,
which requires the release of the GDP after hydrolysis in order to produce the assay signal. Thus,
this assay is more accurately an assay of the rate of GDP production, which comprises both the
rate of GTP hydrolysis and the rate of nucleotide exchange or release with the surrounding
media. These results are still informative, however, since a reduced rate of GDP production
could indicate the FtsZ filaments are not depolymerizing or exchanging hydrolysis products with
the external pool of nucleotide. The differing effects of ParA and ParB with and without ATP is
in keeping with the sedimentation and light scattering assays, and suggests that relevant effects

maybe occurring, though not in statistically significant amount as measured.
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Finally, direct visualization of FtsZ filaments was performed, with and without ParA®*ATP, using
transmission electron microscopy. Electron micrographs of FtsZ at a concentration expected to
be well below the critical concentration for assembly (400nM) showed little discernable filament
formation. However, in the presence of ParB/ParA*ATP, there was a dramatic increase in the
number of observable filaments, confirming our other results showing that ParA* ATP stimulated
FtsZ assembly. Additionally, we looked at FtsZ assembly at concentrations near the critical
concentration to gain insight into the mechanism by which ParA*ATP stimulates assembly. It
was expected that if ParA* ATP were acting as a nucleator of FtsZ filament formation an increase
in the number of filaments, resulting from an increase in the number of filament starting points,
would likely be observed. When polymerized alone at 750nM, FtsZ readily formed into
filaments of about 85nm in length, on average. The majority of the filaments were essentially
straight, occasionally showing some curvature. The filaments formed in the presence of
ParA*ATP were extremely long and highly curved by contrast, with an average length of over
150nm. The curvature of these filaments was striking, with many looping so extensively that

they appeared to form a full circle.

The Effect of ParA* ATP on FtsZ Assembly

The data presented in this work clearly shows that ParA, in the ATP-bound form, is a potent
stimulator of FtsZ filamentation in vitro, and is capable of lowering the apparent critical
concentration for assembly. Surprisingly, ParA*ATP does not seem to affect the rate of GTP
hydrolysis despite increasing assembly, and therefore the number of complete GTPase domains.

These effects on FtsZ assembly are reminiscent to those observed for other proteins generally
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considered to be involved in the stabilization and organization of FtsZ filaments as part of
divisome formation. The Bacillus subtilis protein, SepF, directly interacts with FtsZ and
stimulates its assembly by reducing the apparent critical concentration and lowering the rate of
GTP hydrolysis [1-4]. Additionally, the homologous proteins ZapA (B. subtilis) and YgfE (E.
coli) have similar effects on the assembly dynamics of FtsZ in vitro, stimulating assembly while
lowering the apparent rate of GTP hydrolysis [5-7]. Notably, Caulobacter crescentus also has a
homologue of ZapA. Fluorescent fusions to ZapA localize to the division plane early in
cytokinesis, though no biochemical studies have directly addressed the effects of ZapA on the
assembly of C. crescentus FtsZ [8]. Caulobacter crescentus also encodes an essential protein,
FzIA, which localizes to the midcell and directly interacts with FtsZ in vitro; like SepF and
ZapA, FzIA increases FtsZ assembly in a concentration dependent manner and reduces the rate

of GTP hydrolysis [9].

All of these activators of FtsZ assembly induce striking changes to the structures of filaments
when viewed by electron microscopy (EM), with variable morphological changes. ZapA causes
extensive bundling of FtsZ filaments, though the bundling pattern generally appears to be
irregular [5-7]. SepF by contrast, induces the lateral bundling of FtsZ filaments into large tube-
like structures, similar to the microtubules formed by tubulin. SepF alone forms ring structures
with a diameter of about 50nm, suggesting that SepF provides a scaffold for the lateral
association of FtsZ filaments to form a tube structure [4, 10]. Recent work has shown that SepF
can associate with liposomes and may act as mediator of FtsZ contacts with the cell membrane;
these findings coupled with the structures observed in vitro have implicated SepF as playing a

role in membrane invagination in Bacillus subtilis [11]. The C. crescentus protein FzIA induces
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the formation of circular FtsZ filaments and larger helical structures [9]. Though ParA*ATP
clearly induced filamentation at low FtsZ concentrations, it did not appear to bundle filaments in
any obvious way. The overall lengthening and induced curvature suggests that FtsZ filament
reshaping of some sort may be occurring. It should be noted that the FtsZ concentration used in
our EM studies was considerably lower than the others discussed here. It will be informative to
continue on with these studies at still higher concentrations of proteins to see if regular filament

patterns emerge.

ParA is a member of a large group of ATPase proteins that contain deviant Walker-A motifs.
Notable members of this putative family of proteins are MinD (E. coli, B. subtilis) and MipZ (C.
crescentus), both inhibitors of FtsZ assembly (indirectly and directly, respectively) as part of
spatial regulation mechanisms [12-15]. Furthermore, localization of MipZ in Caulobacter
crescentus 1s dependent on an interaction with ParB, the nucleotide exchange factor for ParA.
This places ParA in a position to be a physiologically relevant activator of FtsZ assembly: it is
functionally related to two established regulators of FtsZ, shares a binding partner with a known
FtsZ regulator in Caulobacter crescentus, and in vitro it behaves like a stimulator of FtsZ

assembly.

The Physiological Importance of ParA-Stimulated FtsZ Assembly

One crucial question remaining is when in the cell cycle of Caulobacter crescentus ParA induced
FtsZ assembly is important, or the stabilization of filaments necessary. Previous localization
studies have shown that ParA is certainly present throughout most of the cell, even if there is no

clear agreement in localization among the methods used [16, 17]. However, neither ParA
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localization study has shown anything mirroring the FtsZ ring at the midcell, arguing against the
sustained stabilization of FtsZ filaments as part of divisome assembly. C. crescentus is already
known to contain two stabilizers of FtsZ filaments structures, ZapA and FzIA, both of which co-
localize with FtsZ at the midcell during cell division [8]. This could suggest that ParA activation
is not necessary for normal midcell assembly of FtsZ, though the loss of these FtsZ rings under
non-endogenous ParA and ParB expression levels suggests otherwise [18, 19]. Thus it is possible
that ParA plays a very early and transient role in stimulation of FtsZ assembly. This would agree
with our EM studies that showed clear FtsZ filament formation at very low concentrations, only
in the presence of ParA*ATP, and explain why no obvious co-localization with divisome
structure is observed. Toward this idea of a transient interaction, our sedimentation assays did
not show significant ParA in the pellet despite a clear increase in the amount of pelleted FtsZ, as
is the case for stabilizers such as SepF. Furthermore, a bacterial two-hybrid screen performed on
many chromosomal segregation components and FtsZ has not shown an interaction between
ParA and FtsZ. Notably, this screen did not show an interaction between ParA and ParB either,
but was capable of identifying the interaction of ParB with itself (unpublished results). Thus, it is
possible that the interaction of ParA with FtsZ is more equivalent to the interaction of ParA with
its nucleotide exchange factor ParB than it is to more stably interacting proteins such as the ParB

multimerization on parsS sequences. Undoubtedly, protein interaction experiments are ongoing.

Early over-expression studies with C. crescentus FtsZ showed clear defects in the formation of
stalks, leading to production of multiple stalks that were often bifurcated [20]. This is
informative since it may suggest that another important event in the Caulobacter lifecycle, stalk

biogenesis, is influenced by the actions of ParA. Early in the cell cycle a short burst of FtsZ
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localization is observed at the stalked pole of the cell, notable since the levels of ftsZ
transcription and FtsZ protein are relatively low early in the cell cycle [8, 20, 21]. Furthermore,
localized peptidoglycan synthesis is observed at the stalked pole prior to the peptidoglycan
synthesis associated with cell elongation and cell division. This short round of localized cell wall
synthesis is abolished when FtsZ is depleted from the cell, and notably, stalks lack characteristic
lateral bands under these conditions [22]. Thus, FtsZ assembly at this pole is important for this
essential cell cycle event. Additionally, the MipZ inhibitory protein is localized to this pole at
this time through its interaction with ParB, while the FtsZ stabilizers ZapA and FzIA are
localized to the opposite pole and diffuse through the cell, respectively [8, 15]. Taken together,
this suggests the need for an additional and potent activator of FtsZ assembly during this time:
FtsZ protein levels are low, an assembly inhibitor is present, and identified assembly promoters
are not in the vicinity. Thus, ParA could play an essential role in stalk biogenesis by stimulating
the assembly of FtsZ; furthermore, the constant presence of ParB at this pole suggests that ParA
in the ATP-bound state would be the predominant form, as is required for the activation of FtsZ

assembly observed in vitro.

Future Directions

Continuing work with this system will proceed down two primary avenues. Biochemical results
already obtained will be confirmed and extended, and through assay refinement more
quantifiable changes to the GTPase rate and critical concentration of FtsZ in the presence and
absence of ParA will be attempted. Electron Microscopy studies will focus on the identification
of any FtsZ bundling activities by ParA at higher protein concentrations than previously

employed. Additionally, ParA and FtsZ interaction studies will continue using traditional
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methods such as co-immunoprecipitations or affinity-tag based pull-downs, as well as in vitro
cross-linking with purified components. The strong curvature of FtsZ filaments induced by
ParA*ATP when viewed by EM may also be of importance. Using reconstituted liposomes and
fluorescent fusions to FtsZ, a system that has been previously used to study FtsZ dynamics [23,
24], real-time changes to the assembly and membrane reformation mediated by FtsZ will be
monitored. If the observed curvature is of real significance, it should be obvious in the changes
to the liposome shape that occur with and without the presence of ParA. Though not discussed in
this work, experiments have begun addressing the effect of ParB on the assembly of FtsZ,
following the observation that ParA and ParB without ATP slightly increased the production of
GDP in our regenerative GTPase assay. Early sedimentation studies show a slight decrease in
pelleted FtsZ at increasing concentrations of ParB, though insufficient work has been done to
confirm these results. It will be interesting to see if this effect is enhanced by the presence of
parS DNA; if so, this would be an indication of a direct nucleoid occlusion mechanism in
Caulobacter crescentus, similar to Noc or SImA in B. subtilis and E. coli. Finally, in the long
term, it could prove insightful to compare the sequence of ParA with other known effectors of
FtsZ assembly, and thereby identify residues or regions that should be mutagenized and studied
with FtsZ. Comparisons with MipZ and MinD could highlight regions that mediate interactions
between FtsZ and members of this family of deviant Walker-A ATPases. Additionally,
comparisons to SepF, ZapA, and FzIA could identify regions that are responsible for the FtsZ

filament-stabilizing effects of ParA observed in vitro.

The second focus of continuing work will be on the physiological importance of the activity of

ParA in relation to FtsZ. An important starting point will be to address the discrepancy in ParA
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localization data when visualized as a fluorescent fusion or by epitope tagged
immunofluorescence. Clear localization data may help elucidate when and where ParA
localization occurs in conjunction with FtsZ assemblies. Over-expression and rescue studies will
also be used to confirm our in vitro results. Either over-expression of ParA or depletion of ParB
will result in a shift toward ParA*ADP, as previously demonstrated [19, 25]. If over-expression
of FtsZ is capable of suppressing the phenotype observed in a ParA*ADP dominant cell, then the
in vitro results are very likely physiologically relevant. Additionally, using similar over-
expression and depletion experiments, possible effects on stalk biogenesis can be monitored in
ParA*ADP or ParA*ATP dominant-cells. If the proposed model is correct, then a ParA*ADP
dominant cell should produce stalks that lack a banding pattern, as are observed in FtsZ depleted
cells, while ParA*ATP dominant cells should produce multiple and bifurcated stalks, similar to
FtsZ over-expression strains. It would also be interesting to see if FtsZ assembly and ring
formation can be induced at aberrant sites through the forced relocation of ParA. This could be
achieved through fusions to proteins not normally associated with the poles or division plane,
such as the SMC protein, though many options exist [26, 27]. Additionally, the localization of
ParB could be changed by inserting parS sequences into terminus proximal regions of the
chromosome, which may induce ParA*ATP accumulation in regions where it would not
normally occur. These experiments will be undoubtedly difficult since ParA plays an essential
role in chromosome partitioning beyond any possible role in FtsZ regulation, thus phenotypes
may be multifaceted and confusing; however, the possible information culled from such
experiments make these approaches worth pursuing. Finally, if any residues or regions of interest
are targeted for mutagenesis following sequence comparisons with FtsZ interacting proteins as

described above, conditional expression strains will be created to monitor the effects of such
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mutations in vivo in the absence of wild-type ParA. Another long-term goal for experiments with
this system is to identify additional binding partners of ParA that may act as a nucleotide
exchange factor. The ParB protein is discretely localized at the poles of the Caulobacter cell and
only passes the midcell during its relatively rapid partitioning following the onset of DNA
replication [16, 28]. Thus, if ParA*ATP is essential for the stimulation of FtsZ assembly at the
midcell, it may be necessary to have an additional exchange factor to maintain the ATP-bound
state. This search could be accomplished through a broad based tandem affinity purification of
ParA followed by mass spectrometry, or through a more directed approach. The N-terminal
portion of ParB has been shown to be essential for its interaction with ParA, and expression of
truncated ParB produces similar FtsZ effects as a full depletion of ParB [19]. A search for
uncharacterized proteins with similar motifs may yield a small subset of targets that could be
further refined through other parameters, such as the presence of cell cycle dependent promoters
for the particular identified genes. Identified targets would then be assayed for localization, and
the effects of over-expression and depletion on the progression of the cell cycle and Caulobacter

crescentus viability.
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Light-Scattering Counts over Time (averaged, raw)
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Figure S1: Averaged Raw Light Scattering Data (Chapter 3, Section 3).

Light scattering data from FtsZ assembly monitored under different conditions. This figure is
identical to that presented in the main text, except that initial background counts have not been
removed from the data prior to averaging. Recorded scattering data from the four trials for each
condition was averaged and plotted versus time. The increase in the standard deviation of the
averages versus that of the normalized data presented in the text is apparent. It should be noted
that the increase in scattering observed in the presence of ParB/ParA*ATP still increases over the
control conditions to a significant degree without the normalization of data.
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Standard Curve of SyproOrange Staining
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Figure S2: SyproOrange Standard Curve (Chapter 3, Section 3).

The standard curve of SyproOrange staining intensity of FtsZ, normalized to the staining
intensity of a lysozyme loading band, is shown above produced from six protein gels using
unique FtsZ preparations. FtsZ concentration was determined by Bradford assay using BSA as a
standard. Band intensity was quantified using an identically sized box for all gels using the
BioRad QuantityOne program. FtsZ concentration ranged from 0 to 250pg/mL in 25ug/mL
increments. Graph, standard deviations, and linear trendline and equation were produced with
Microsoft Excel.
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GTPase Assay of Pure FtsZ
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Figure S3: Absorbance data from individual runs of regenerative GTPase assay.

The averaged absorbance data from the two concurrent trials of each continuous and regenerative
GTPase assay are shown. For each condition, four independent assays were performed, with each
assay run in tandem. The averaged absorbance data duplicate sets are shown over time. The
overall average rate, also shown in Figure 3.5 in the text, is presented with each condition for
comparison. The equation of the applied linear trendline for each duplicate assay is presented
next to the symbol legend. The first graph (above) shows data from the GTPase assay performed
on pure FtsZ with GTP alone (at 1uM and 1mM, respectively). The subsequent graphs
(following page) show data from the GTPase assay performed with FtsZ and GTP as before, with
ParA and ParB (at 1uM each). The top graph presents data in the absence of ATP; the second
graph in the presence of ImM ATP.
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Figure S4: Full Electron Micrographs of FtsZ Assembly Experiments.

Shown below are the full micrographs from experiments described in Chapter 3, Section 5. The
white scale bar in the right corner corresponds to 100nm. Note: The long lines visible at the edge
of some images are due to the glass support used during the scanning of micrograph negatives.

Images 1-4: FisZ (400nM) + GTP (ImM)
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Images 5-8: FtsZ (400nM) +GTP (ImM) + ParA (800nM) + ParB (800nM) + ATP (ImM)
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Images 9-12: FtsZ (750nM) + GTP (ImM)
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Images 13-16: FtsZ (750nM) + TP ImM) + ParA (1.5uM) + ParB (1.5uM) + ATP (ImM)

137



Images 17-20: ParA (1.5uM) + ParB (1.5uM) + ATP (ImM)
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APPENDIX II

The gene products of the operon encoding condensin proteins
ScpA and ScpB in Caulobacter crescentus
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Introduction

Coordination of cytokinesis with the events of chromosomal segregation is likely not limited to
the partitioning system of Caulobacter crescentus. Genes encoding probable homologues to the
condensin proteins ScpA and ScpB have been identified, within an operon that includes a
homologue of Escherichia coli FtsN protein. FtsN is a conserved and late recruit to the divisome
that binds peptidoglycan through a conserved SPOR motif [1, 2, reviewed in 3]. The condensins
are a family of proteins homologous to eukaryotic kleisins, which interact with double-stranded
DNA and the architectural chromosome binding protein SMC (Structural Maintenance of
Chromosomes) [4 - 6, reviewed in 7]. Also within this operon is a third gene encoding a protein
that has motifs similar to glycosyl-hydrolases, a catalytic motif possibly related to peptidoglycan
targeted enzymes. The arrangement of a conserved divisome component and chromosomal
organizational proteins within a single operon suggests that these two systems may be
functionally linked, or at least that a coordinated transcriptional program is necessary for the
proper function of both systems. Compiled within this appendix is preliminary work assessing
general features of these proteins, including protein localizations within the cell cycle, work with
a null-mutation of the condensin protein ScpA; also provided is a list of bacterial strains created
for the study of this operon. Based on CB15-sequence designations [8], the genes of the operon
are as follows: fisN (CC_2007), uncharacterized gene with glycosyl-hydrolase homology
(CC_2006), scpA (CC_2005), scpB (CC_2004). During the course of this work, CC_2007 was
termed SpoR (spoR) and CC_2006 was termed GlyH (glyH) as convenient shorthand, due to the
uncharacterized nature of these proteins. Concurrent with these experiments, work was published

implicating CC_2007 as the Caulobacter crescentus homologue of FtsN [2].
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Figure S5: Cell Cycle Dependant Localization mCherry fusions.
Fusion of mCherry to the C-terminus of SpoR expressed from a vanillate inducible promoter on

a low-copy plasmid. Cells were grown in M2-minimal media with 200uM vanillate, harvested,
washed with M2 mineral salts, and synchronized by centrifugation in 50% Percoll in M2-salts.
Swarmer population was isolated, washed with M2-salts, and suspended in M2-media. Samples
were taken every 20 minutes and placed on a pre-treated poly-lysine slide for immediate
visualization by fluorescence and DIC. Fluorescent images are the deconvolved product of 13
stacks of 0.1uM.
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Figure S5: Cell Cycle Dependant Localization mCherry fusions.
Fusion of mCherry to the C-terminus of GlyH expressed from a vanillate inducible promoter on

a low-copy plasmid.
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Figure S5: Cell Cycle Dependant Localization mCherry fusions.
Fusion of mCherry to the N-terminus of ScpA expressed from a vanillate inducible promoter on
a low-copy plasmid.
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Figure S5: Cell Cycle Dependant Localization mCherry fusions.
Fusion of mCherry to the N-terminus of ScpB expressed from a vanillate inducible promoter on
a low-copy plasmid.
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Growth of AscpA and Asmc versus wild-type
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Figure S6: Growth of smc and scpA mutants at 31°C versus 37°C.

Small batch cultures of mutant Caulobacter crescentus were grown to mid-log phase in PYE.
Fresh PYE was innoculated with each strain such that all starting cell densities were roughly
equivalent. Optical density at 600nm was recorded every hour during the course of growth.
Growth at both 31°C (blue) and at 37°C (red) is shown in the graph above: wild-type (bla) is
represented by squares, a null mutation in scpA is indicated by diamonds, and a mutant smc by
triangles. At the final time-point, each culture grown at 37°C was fixed in 2.5% formaldehyde at
room temperature for 1 hour. Samples were washed of fixative with cold 1X PBS and stained
with 2.5ng/mL of DAPI to visualize genomic DNA. Samples were imaged using the same
microscope and program as the mCherry fusions, and deconvolved over 8 stacks of 0.1um
thickness.
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Figure S7: Localization of SMC via Immunofluorescence.

Strains were grown in PYE to mid-log phase. Aliquots of the cultures were fixed in 2.5%
formaldehyde for 2 hours. Fixative was washed with 1XPBS, followed by treatment of the
samples with 10ug/mL lysozyme in GTE for 15 minutes. Lysozyme was washed with 1XPBS
supplemented with 2% BSA (w/v). Samples were placed onto poly-lysine treated slides and
incubated for 2 hours with 1:500 dilution of rabbit derived SMC antibody [10] in PBS-T (0.2%
w/v Tween-20) with 2% BSA. Samples were washed with PBS-T, followed by treatment with
1:1000 goat derived anti-rabbit IgG antibody conjugated with Cy3 fluorescent marker for 1 hour,
supplemented with 2ng/mL DAPI as a counter stain. Samples were washed again with PBS-T,

placed under 70% glycerol in water (w/v), and imaged as previously described. Images were
deconvolved over 13 stacks of 0.1 um thickness.
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Table S1: Bacterial Strains.

Strain Name

Genotype

{Caulobacter crescentus}

NA1000
Abla

JG3003

MAG?2205

MAG?2206

MAG?2207

MAG?2208
MAG2209

wild-type
wild-type

Asmc

van::spoR-mchy
van::glyH-mchy
van::mchy-scpA

van::mchy-scpB
AscpA

{Escherichia coli - DH50.}

MAG2101

MAG2102

MAG2103
MAG2104
MAG2105

MAG2106
MAG2107
MAG2108
MAG2109

MAG2110

lac::his-spoRA59

lac::his-glyH

lac::his-scpA
lac::his-scpB
xyl::spoR

xyl::glyH
xyl::scpA
xyl::scpB
spoR-FLAG

glyH-FLAG

Notes

[9]

point mutation in 3-lactamase
(NA1000 background) conferring
broad antibiotic resistance

[Figure S6]

insertion of Spec® gene into smc [10]
[Figure S5] Vanillate inducible
fluorescent fusion. Chlor® low-copy
replicating plasmid pVCHYC-6 [11]
Same as above.

Same as above.

Same as above.

See note below.

N-terminal His-tag to periplasmic
portion of SpoR(G59>end). Amp®
pET-15b vector.

N-terminal His-tag to full length
GlyH; Amp"®. Expression: positive.
Same as above.

Same as above.

Full length gene in integrating xylose
inducible plasmid pXTCYC-5 [11]
(Tet®), endogenous stop codon.
Same as above.

Same as above.

Same as above.

C-terminal tag to full length gene on
integrating plasmid for expression at
native locus. Spec®; pFLAG-1 [11]
Same as above.

Notes on scpA null mutation: The scpA gene was deleted in-frame from the full operon leaving 24bp of the scpA
gene intact on the 5’ and 3’ end, using by polymerase chain reaction (PCR) of an upstream and downstream
fragment. PCR fragments were sub-cloned into pNTPS129 [M.R K Alley, unpublished]. Isolated plasmid borne
mutant operon was transformed into NA1000 by electroporation and selected on media plates containing kanamycin
(25pg/mL). Positive transformants were spotted on regular media and additionally on media containing 3% sucrose;
sucrose sensitive transformants were grown overnight in liquid culture without any selection, and plated onto media
plates containing 3% sucrose. Sucrose resistant mutants were checked for sensitivity to kanamycin. Sucrose resistant
and kanamycin sensitive Caulobacter crescentus were checked for the in-frame deletion of scpA via PCR on
purified chromosomal DNA using primers specific to genes flanking the operon, CC_2008 and CC_2003.
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