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Abstract of the dissertation

FtsZ dynamics and the regulation of division site selection by the MinCD

division inhibitor in Bacillus subtilis

by

James Alan Gregory

Doctor of Philosophy in Biology
University of California, San Diego, 2009
Professor Kit Pogliano, Chair

Bacillus subtilis and Escherichia coli regulate division site selection through
two overlapping systems that together restrict FtsZ-ring assembly to midcell. The first
system is nucleoid occlusion, which is mediated by the nonspecific DNA binding
protein Noc and SImA in B. subtilis and E. coli respectively. Nucleoid occlusion
prevents assembly of the Z-ring across the nucleoid. The second system prevents
division at the cell poles and is mediated by MinC and MinD (MinCD). In the absence
of MinCD, division occurs at the cell poles, resulting in anucleate minicells in both E.

coli and B. subtilis.

The cellular localization of MinCD in E. coli and B. subtilis is differentially

regulated by the unrelated proteins MinE and DivIV A respectively. B. subtilis DivIVA

Xiii



sequesters MinCD to the cell poles, where it interacts with FtsZ to prevent Z-ring
assembly. MinE promotes the pole-to-pole oscillation of MinCD that results in a time
averaged concentration of MinCD that is highest at the cell poles. The drastic
difference between the localization of MinCD in E. coli and B. subtilis led me to

reinvestigate the localization of B. subtilis MinCD using new methods.

I constructed a transposon that I call TAGIT (Tn5 Assisted Gene Insertion
Technology) to transcriptionally fuse gfp to minCD. TAGIT randomly inserts gfp into
a target gene and allows for the rapid identification of in-frame insertions. I utilized
TAGIT to construct a library of gfp-minCD insertions, from which I isolated a fully
functional MinC-GFP that was subsequently integrated at the native chromosomal
locus in B. subtilis in order to maintain wild type regulation of minCD. I then carried
out time-lapse epifluorescence microscopy, TIRFM (Total Internal Reflection
Fluorescence Microscopy), and SI (Structured Illumination) microscopy of MinC-GFP

and FtsZ-GFP to study their cellular localization in growing cells.

I propose a new model of MinC function; MinC prevents FtsZ structures that
assemble immediately after cytokinesis at the new cell pole from supporting cell
division. The highest concentration of MinC is found at midcell during the last stages
of cytokinesis. MinC is then released from the division site thereby placing it in the
same region of the cell at the same time that aberrant FtsZ structures assemble. There
it disrupts the lateral interactions between FtsZ protofilaments, which promotes FtsZ

to relocalize to the midcell, thus ensuring proper placement of the division site.
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Chapter I

Introduction

A History of Cell Division in Bacteria

Cell theory states that the functional unit of life is the cell and that all cells are
derived from existing cells (Turner, 1940). The ability to divide is therefore essential for
the propagation of life that has evolved on Earth. Cell division has evolved to
accommodate division in all organisms, regardless of size, shape, or the amount of
DNA. Cell division occurs only after the parent cell has duplicated and segregated its
DNA. Indeed, the primary purpose for cell division is the maintenance and propagation
of genetic material. Each daughter cell possesses identical genetic material as well as
the RNA and proteins necessary for future division and therefore the continued survival
of the species. A fundamental question in biology is how organisms coordinate cell
division with the many of other cellular processes that they must perform (reviewed by
(Asato, 2006; Haeusser & Levin, 2008; Hett & Rubin, 2008;Jorgensen&Tyers,2004).

The “simplest” organisms to study this process of cell division are bacteria that
possess a single chromosome. In rod shaped bacteria, the cell replicates its DNA and
subsequently segregates it by a poorly understood active mechanism. Following DNA
segregation, a contractile ring forms at midcell, which then constricts to give rise to two
daughter cells, each containing identical copies of the DNA. The contractile ring

responsible for division is made up of a complex of proteins; the function of many of



these proteins has yet to be elucidated. The mechanism by which these processes occur

is a central question in contemporary biological research.

The bacterial cell cycle

Rod shaped bacteria such as Escherichia coli and Bacillus subtilis propagate by
binary fission, whereby the cell elongates and then divides symmetrically to produce
two identical daughter cells (Errington et al, 2003; Ryan & Shapiro, 2003; Slater &
Schaechter, 1974). Towards that end, the cell must coordinate a few basic cellular
processes: replicating and segregating the chromosome, doubling the cell mass,
assembling the necessary machinery for division in the proper position, and finally
carrying out cytokinesis. While on the surface this process appears simple, countless
studies have demonstrated otherwise; cell division is complicated not only in its
regulation, but also the process itself. Furthermore, bacterial cell division is affected by
external stimulus such as temperature, nutrient availability, and numerous chemical
compounds, which in turn, affect growth rate. The mechanisms by which these

regulatory stimuli are integrated into the cell cycle largely remain unknown.

Arthur Henrici published the first studies on bacterial cell division in the 1920’s.
Henrici conducted numerous studies on freshwater bacteria and was mostly interested in
studying natural bacterial communities rather than purified monocultures (Henrici,
1933). He did, however, analyze the growth of Bacillus megaterium (Henrici, 1925) and

E. coli (Henrici, 1928) over time in various media using light microscopy. The results



indicated that bacteria undergo “cytomorphosis,” a term coined by Henrici, whereby
cells undergo a series of progressive morphological changes that correlate to the
position on a typical bacterial growth curve. For example, bacterial cell size changes
depending on growth rate, with growing cells being larger than stationary phase cells.
Henrici did not address specific mechanisms of division or cell size regulation, but he
did understand that continual observation of cell growth over time was essential for
understanding the cell cycle of an organism. This was accomplished either by removing
cells from a growing culture at predefined time intervals or by the continuous
observation of a group of cells using time-lapse microscopy. Both methods are still used

today.

Subsequent studies quantified many of the biochemical changes that different
growth rates imposed on the cells. For example, Schaechter et al. were later able to
quantify many of the biochemical changes that accompanied different growth rates
when they studied the relationship of growth rate with cellular composition and cell size
in Salmonella typhimurium (Schaechter et al, 1958). In doing so, they discovered that S.
typhimurium are not simply in a resting or a growing state, but assumed a physiological
state that is growth rate dependent and predominantly determined by the growth
medium. This physiological state can be measured in terms of mass, RNA, and DNA
per cell, which change exponentially with growth rate during steady growth.
Furthermore, the physiological state can be either maintained by dilution with fresh
media or altered by changing the growth media. Interestingly, the rate of RNA synthesis

and mass increases within minutes of switching growth media, but there is



approximately seventy minutes of lag time at 37°C before changes in the rate of cell
division are observed regardless of the growth rate before and after the shift in S.
typhimurium (Kjeldgaard et al, 1958). These discoveries imply that cell division is not
governed by diffusion rates that are determined by the surface to area ratio of a cell (i.e.
cell size). Instead, the growth rate must be coupled to the synthesis of proteins required
for cell division. This demonstrated a connection between growth rate and the
production of proteins required for division, but it provided little insight into the

biochemical regulation of cell division.

The first identification of proteins that regulate cell division: the SOS response
The first step toward understanding the biochemical regulation of cell division
came from the isolation of the E. coli lon mutant (formerly known as capR;(Hua &
Markovitz, 1972)) that is defective in septation following low doses of ultraviolet (UV)
radiation, which causes it to grow in long filaments that eventually lyse (Howard-
Flanders et al, 1964). The sensitization of this strain to DNA damage by addition of
bromodeoxyuridine suggests that filamentation is a direct consequence of DNA damage

(Walker & Pardee, 1967).

The continued study of the link between chromosome replication, DNA damage
and cell division led to the characterization of the SOS response (Fig. 1), which has
been well characterized in E. coli (reviewed by (Butala et al, 2009; Janion, 2008;

Walker, 1984)) and partially characterized in B. subtilis (reviewed by (Fernandez et al,



2000; Yasbin et al, 1991)). The SOS response is a cellular stress response that promotes
DNA repair and increases cell viability in response to DNA damage (Witkin, 1976).
Gudas and Pardee put forth the first model for DNA repair in 1975, which proposes that
the RecA protein, a DNA dependent ATPase, mediates the SOS response (Gudas &
Pardee, 1975). RecA is ATP dependent and catalyzes DNA strand exchange (Shibata et
al, 1979) (McEntee et al, 1979) and DNA recombination (Rupp & Howard-Flanders,
1968). Upon DNA damage, single stranded DNA is present in the cell, which activates
RecA (Rupp & Howard-Flanders, 1968). Then RecA, in a complex with single stranded
DNA and ATP (Phizicky & Roberts, 1981), promotes the autoproteolytic of cleavage
LexA (Little, 1984), which is a repressor of the SOS response genes (Little & Harper,
1979; Mizusawa et al, 1983; Mount, 1977). Thus, LexA cleavage induces DNA repair

enzymes.

The SOS response in E. coli also delays cell division until DNA repair has been
completed. Thus, included in the genes that are repressed by LexA is sulA, which was
discovered while searching for suppressors of lon (Gayda et al, 1976). SulA (suppressor
of ultraviolet light) provided the link between the SOS response and the arrest of cell
division (D'Ari et al, 1979; Huisman & D'Ari, 1981). Overexpression of sulA using an
inducible promoter is sufficient to arrest cell division (Huisman et al, 1984; Schoemaker
et al, 1984), and sulA mutants fail to arrest cell division that occurs after UV treatment
in lon mutants (Gottesman et al, 1981). There was also genetic evidence that SulB,
another suppressor of lon, was the target of SulA and that SulB may be directly

involved in division (Gottesman et al, 1981; Huisman et al, 1984). Indeed, subsequent



research demonstrated a direct interaction between SulA and SulB (Holland & Jones,
1985; Jones & Holland, 1985) and that su/B mutations are in fact specific alleles of ftsZ
(Lutkenhaus, 1983), which encodes a key cell division protein (Lutkenhaus et al, 1980).
SulA cannot interact with FtsZ that is coded by the sulB allele, and therefore cannot
mediate the arrest of cell division by blocking FtsZ polymerization (as described

below).

The lon gene that was instrumental in discovering the link between DNA
damage and cell division, encodes an ATP-dependent protease that allows UV-treated
cells to ultimately resume normal growth by degrading SulA (Charette et al, 1984;
Goldberg et al, 1994; Mizusawa & Gottesman, 1983). Lon is involved in many cellular
processes including protein degradation (Gottesman & Zipser, 1978), lysogeny of
temperate phages (Gayda & Markovitz, 1978), and production of capsular

polysaccharide (Markovitz, 1964).

The bacterial cousin of tubulin, FtsZ

The extent of cellular organization in bacteria is remarkable, especially when
one considers that the volume of most bacteria is just a few cubic microns. The notion
that bacteria are simply bags of enzymes was abandoned in the 1990's and has been
replaced by a view of the bacterial cells as highly organized cells that contain an
elaborate cytoskeleton (reviewed by (Dye & Shapiro, 2007; Graumann, 2007; Moller-

Jensen & Lowe, 2005). Arguably the most studied of the cytoskeletal elements in



bacteria is FtsZ (reviewed by (Dajkovic & Lutkenhaus, 2006; Lowe & Amos, 2009;
Pichoff & Lutkenhaus, 2007)), which is nearly ubiquitous in bacteria. FtsZ (filament
temperature sensitive) got its name from E. coli cell division mutants isolated in the
1960's that formed elongated filaments at elevated temperatures because they are unable

to divide at nonpermissive temperatures (Hirota et al, 1968; Van De Putte et al, 1964).

FtsZ, the bacterial homologue to eukaryotic tubulins (reviewed (Erickson, 2007;
Lowe & Amos, 2009)), plays a critical role in bacterial cell division, as it recruits all
other cell division proteins to future division sites. This family of proteins shares the
ability to hydrolyze GTP and polymerize in a head to tail fashion. Despite the low
overall sequence similarity between FtsZ and tubulin (less than 10% sequence identity),
the structures of the core domain of B-tubulin and FtsZ bound to GDP are super-
imposable (Lowe, 1998; Lowe & Amos, 1998; Nogales et al, 1998). Sequence
alignment demonstrated that the most conserved amino acids are part of the GTP
binding pocket, which is formed between two FtsZ monomers in bacteria and between

a and B-tubulin in eukaryotes (Erickson, 2007).

Tubulins form linear polymers called protofilaments that assemble into higher
order structures called microtubules, which are hollow bundles of protofilaments
(reviewed by (Beghin et al, 2007; Desai & Mitchison, 1997; Wade, 2007), (Mitchison,
1992)). Microtubules undergo periods of growing and shrinking called dynamic
instability (Mitchison & Kirschner, 1984]. Following GTP hydrolysis, GDP is trapped
in the growing microtubule leaving a polymer that is composed of GDP-tubulin.

Dynamic instability is a consequence of the inherent instability of GDP-tubulin



polymers, which will rapidly depolymerize in the absence of a stabilizing GTP-tubulin
cap. The dynamic instability allows microtubules to perform mechanical work, which is
essential for cell polarity {Siegrist, 2007 #1190), chromosome segregation (Bhalla &
Dernburg, 2008), cell motility (Mitchell, 2007), and intracellular trafficking

(Akhmanova et al, 2009).

FtsZ monomers also assemble into protofilaments (Fig. 2)(Oliva et al, 2004), but
these protofilaments do not appear to assemble into microtubules and instead makes
lateral interactions to assemble “bundles” of protofilaments, nor is there definitive
evidence that they undergo dynamic instability. The crystal structure of FtsZ
protofilaments suggests they do not trap GDP, which may explain the absence of
dynamic instability (Lowe & Amos, 2000). Biochemical evidence is not definitive,
however, with some experiments suggesting that FtsZ protofilaments contain mostly
GTP (Romberg & Mitchison, 2004) and others GDP (Scheffers & Driessen, 2002).
Lateral interactions have been demonstrated between FtsZ protofilaments in vitro,
which mediate assembly into tubes, bundles, and sheets of FtsZ protofilaments under
certain conditions (Kuchibhatla et al, 2009; Lowe & Amos, 2000; Yu & Margolin,
1997). Bundles of filaments have also been observed in cryoelectron tomography of
Caulobacter crescentus although it is unclear if the bundles observed were FtsZ
(Briegel et al, 2006). It has been postulated that lateral interactions between FtsZ
protofilaments may be important for the structural integrity of the Z-ring (Dajkovic et
al, 2008), which is a ring-like structure composed of FtsZ that assembles at midcell (see

Visualizing FtsZ in bacterial cells).



Assembly of FtsZ and tubulin is cooperative (Mukherjee & Lutkenhaus, 1994)
(Chen et al, 2005) (Caplan & Erickson, 2003). Microtubule subunits encounter head to
tail interactions as well as lateral interactions during microtubule polymerization
therefore addition of a tubulin to a growing microtubule is more favorable than an
interaction between two microtubule subunits. There is also a kinetic barrier on
initiation of new microtubules, which requires the nucleation factor, y-tubulin.
Together, these barriers to initiation of polymerization prevent aberrant assembly of
microtubules in eukaryotic cells. Bacteria do not have a homologue of y-tubulin and
FtsZ does not assemble the striking hollow tubules therefore cooperative assembly
cannot be achieved by the same mechanisms. The strongest evidence for the
cooperative assembly of FtsZ is the requirement of a critical concentration for GTPase
activity and polymerization in vitro (Caplan & Erickson, 2003; Huecas & Andreu,
2004). Alternate hypothesis for cooperative assembly of FtsZ have been proposed
(Caspar, 1980; Gonzalez et al, 2005; Miraldi et al, 2008). In these models, a
conformational change (Fig. 2B) in FtsZ polymers is proposed to result in a higher
affinity interaction with FtsZ monomers than interactions between monomeric FtsZ

therefore polymerization is favored over nucleation.

Possibly the most significant difference between FtsZ and tubulins is their
divergence in function. Cytokinesis in bacteria is dependent on FtsZ whereas
cytokinesis in eukaryotes is largely mediated by actins (Barr & Gruneberg, 2007). The
origin of this divergence is unclear, but it has been postulated that a redundant copy of

FtsZ in an ancient eukaryotic cell allowed it to evolve a role in chromosome segregation
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(Erickson, 2007). TubZ, which is distantly related to FtsZ and Tubulin, ensures the
stability of pBtoxis, a low copy plasmid in Bacillus thuringiensis and is an example of a
bacterial tubulin that is functionally similar to eukaryotic tubulins that are involved in
DNA segregation (Larsen et al, 2007). FtsZ is highly conserved, even among divergent
organisms, with 41% identity between E. coli and B. subtilis FtsZ. A reasonable
conclusion is that FtsZ is evolutionarily constrained because it must maintain a
particular three-dimensional structure to be viable for cell division. A redundant copy of

FtsZ would not be confined by the same restraints.

Visualizing FtsZ in bacterial cells

Prior to the 1990’s, the study of FtsZ was largely confined to biochemists who
analyzed the function of proteins in vitro, and geneticists who were using relatively
primitive microscopy techniques to study cell division mutants. In fact, a review of E.
coli cell division in 1993 stated that the present microscopy techniques lacked the
sensitivity and resolution necessary to study the cellular distribution of proteins in
bacteria (de Boer, 1993). The limitations of microscopy were clearly a large hurdle to
overcome for microbiologists, but an equal hurdle was the view that bacteria were
simply bags of enzymes lacking in subcellular organization, so there was not much to
be gained by cell biological studies. Ironically, one year prior to de Boer’s review,
Douglas Prasher published a paper that elucidated the structure of the Aequorea victoria
Green Fluorescent Protein (GFP) (Prasher et al, 1992). Two years later he would

express GFP in E. coli and make the cells fluoresce when illuminated with light at 488
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nanometers (Chalfie et al, 1994). He also proposed that GFP might be a suitable marker
to track protein localization in vivo. The use of fluorescence microscopy to study the
subcellular localization of proteins in bacterial cells was first demonstrated in 1993,
when studies from Lucy Shapiro’s lab demonstrated the polar localization of the
chemoreceptor complex in E. coli (Maddock & Shapiro, 1993) and in 1995, when Rich
Losick's lab demonstrated the specific localization of proteins to cell division sites

(Arigoni et al, 1995).

A modern view of bacterial cell division

FtsZ localizes to future division sites in E. coli, B. subtilis, and all other
organisms in which it has been localized using immunoelectronmicroscopy (Bi &
Lutkenhaus, 1991), immunofluorescence, (Levin & Losick, 1996) or GFP fusions (Ma
et al, 1996). In E. coli, expression of the wild type ftsZ was necessary because FtsZ-
GFP could not complement an ftsZ- strain, while in B. subtilis, the expression of FtsZ-
GFP by itself was possible, but accompanied by a temperature sensitive phenotype. This
suggested that fusing GFP to FtsZ interferes with FtsZ function. Despite this drawback,
FtsZ-GFP allows researchers to directly visualize FtsZ in live cells in order to address
Z-ring dynamics, Z-ring constriction, and FtsZ movement during the cell cycle and

development.

These studies have revealed that FtsZ is highly dynamic. FRAP (fluorescence

recovery after photobleaching) experiments of Z-rings, in which FtsZ-GFP in the Z-ring
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was bleached using a laser, revealed that the fluorescence of the Z-ring recovers,
indicating that unbleached FtsZ-GFP from the cytoplasm is rapidly incorporated into
the Z-ring (Anderson et al, 2004; Stricker et al, 2002). This suggests the exchange of
FtsZ monomers or protofilaments from the cytoplasm with the Z-ring, or the
rearrangement of FtsZ protofilaments within the Z-ring, since only half of the Z-ring
was bleached in these experiments. Remarkably, the half-time of recovery of the Z-ring
is the same in E. coli and B. subtilis. One limitation of these studies is that they did not
discriminate between dividing and non-dividing cells, making it unclear if FtsZ turnover
is identical before and after cell division. Thus, the published studies of FtsZ dynamics
using FRAP did not fully harness the potential of this method to investigate
mechanisms of constriction, nor did they illuminate the mechanism for turnover within

the Z-ring.

There are several possible mechanisms for constriction. First, in eukaryotes it is
common for a motor protein to drive the sliding action between two adjacent filaments
(reviewed by (Bramhill, 1997)). In theory, FtsZ filaments sliding across one another
would decrease the length between their distal ends thus providing a constrictive force.
However, no cytoskeleton-associated motor proteins have been identified in bacterial
cells. Second, FtsZ might simply be a scaffold that recruits other proteins that direct the
inward growth of the septum. For example, the Z-ring positioned at midcell recruits
proteins involved in PG biosynthesis (reviewed by (Scheffers & Pinho, 2005)), which
might mediate cell constriction through synthesis of the cell wall. Third, it is possible

that a conformational switch between straight and bent FtsZ protofilaments might
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provide the force necessary for constriction by bringing the ends of a single
protofilaments, and the membrane to which it is attached, closer together (Ghosh &
Sain, 2008). In keeping with this model, recent data from cryoelectron tomography of
FtsZ protofilaments in Caulobacter crescentus favors a conformational switch from
straight to bent protofilaments as the driving force (Li et al, 2007). Recent
crystallographic data refutes this hypothesis on the grounds that there is no observable
nucleotide-dependent switch from straight to bent protofilaments (Oliva et al, 2007).
Reconstitution of Z-rings in tubular liposomes demonstrates that FtsZ can produce
visible constrictions when a membrane anchor is provided, suggesting that FtsZ
generates a constrictive force (Osawa et al, 2008), or that the diameter of Z-rings is
smaller than the liposomes and the membrane anchor pulls the liposome inward. Thus,
the models for constriction are dependent on membrane-anchored FtsZ protofilaments,

which are pushed or pulled inward by an unknown mechanism.

The Z-ring in the daughter cell begins to assemble while the parent cell is in the
final stages of cytokinesis (Sun & Margolin, 1998), relocalizing to the midpoint of the
new daughter cells. Relocalization of FtsZ has been proposed to occur through an
extended helical structure that has been observed in vitro (Lowe & Amos, 2000), as
well as in living vegetative cells (Michie et al, 2006; Peters et al, 2007; Thanedar &
Margolin, 2004), and sporulating cells (Ben-Yehuda & Losick, 2002). A helical
intermediate could be formed by polymerization emanating from the completed septa or
by the movement of a coil by a spring-like mechanism. This model proposes that the

helical structure would reassemble or collapse into a ring at the nascent division site. In
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contrast to this model, my studies of FtsZ-GFP (Chapter IV) suggests that FtsZ moves
about the cell as short membrane associated protofilaments. These protofilaments are
highly dynamic and appear to coalesce into a Z-ring at midcell. Consistent with this
model of Z-ring assembly, cryoelectron tomography of Caulobacter crescentus revealed

a Z-ring that is composed of multiple protofilaments (Li et al, 2007).

Spatial Regulation of FtsZ-ring assembly and divisome maturation

There is abundant evidence that Z-ring ring assembly is spatially regulated to
ensure that the divisome is positioned at midcell. Indeed, unstressed E. coli and B.
subtilis cells spatially regulate FtsZ assembly by two systems: the Min system and the
nucleoid occlusion proteins (SImA and Noc). Together these systems confine cell
division to the midcell by preventing cell division at the cell poles (Min) and over the

chromosome (SImA, Noc) (Fig. 3).

The widely conserved MinCD proteins, which spatially regulate cell division in
a variety of organisms (Lutkenhaus, 2007; Mazouni et al, 2004; Ramirez-Arcos et al,
2001; Rothfield et al, 2005; Szeto et al, 2001), prevent division at the cell poles that
would result in production of anucleate minicells. MinC inhibits division at the cell
poles through a direct interaction with FtsZ that perturbs the lateral interactions between
FtsZ protofilaments in E. coli (Dajkovic et al, 2008; Shen & Lutkenhaus, 2009) and B.
subtilis (Scheffers, 2008), which might destabilize Z-rings or compromise interactions

between the Z-ring and the late division proteins. In vivo, MinC exists as a dimer and is
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composed of an N- and C-terminal domain that are responsible for direct interaction
with FtsZ and dimerization, respectively (Cordell & Lowe, 2001; Hu & Lutkenhaus,
2000). Overproduced MinC can inhibit cell division in E. coli (de Boer et al, 1992) and
B. subtilis (Levin et al, 2001), but only when expressed at 15-50X greater levels than
the normal physiological concentration. This suggests that MinC must be properly
localized to be a potent cell division inhibitor. This localization is mediated by MinD,
which sequesters MinC to the membrane through a conserved C-terminal amphipathic
helix (Szeto et al, 2002; Zhou & Lutkenhaus, 2004) and localizes MinC (as described
below), thereby increasing the concentration of MinC on the membrane. MinD is a
ParA-like ATPase and is the most highly conserved of the Min proteins (Szeto et al,
2002). Mutations in the ATP binding domain cause mislocalization of MinD and
concurrent mislocalization of MinC (Hayashi et al, 2001). This suggests that the ATP

binding activity of MinD is essential for membrane binding and localization of MinC.

The localization of MinCD in E. coli (Fig. 3A) and B. subtilis (Fig. 3B) are
drastically different despite their conservation and nearly identical cellular functions in
both organisms. First, MinCD localization is mediated by the unrelated proteins MinE
and DivIVA in E. coli and B. subtilis respectively. In E. coli, MinE promotes MinD
ATPase activity, which drives a periodic oscillation of MinCD from one cell pole to the
other cell pole (Zhao et al, 1995). Mathematical modeling of E. coli MinCD dynamics
shows that the oscillatory behavior results in a time average concentration of MinCD
that is highest at the cell poles, where it must prevent cell division (Howard, 2004).

Prior to my thesis work, it was thought that B. subtilis DivIVA sequesters MinCD to the
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cell poles (Marston & Errington, 1999; Marston et al, 1998), via the recently identified
MinJ linker protein (Bramkamp et al, 2008; Patrick & Kearns, 2008). In this view, the
stable polar localization of B. subtilis MinC achieves the same aim as oscillation of E.
coli MinC, providing a high enough concentration of MinC to prevent polar FtsZ-ring
formation. However, my studies (Chapter III) have shown that MinC in not stably
associated with the cell poles and predominantly localizes to the nascent division sites.
Furthermore, my studies indicated that B. subtilis MinC is highly dynamic leaving
newly completed septa and moving towards midcell, but I found no evidence of
oscillatory behavior (Fig. 4). My data indicate that in B. subtilis, MinC prevents
normally transient FtsZ structures that assemble immediately after cytokinesis adjacent
to the completed septum from supporting cell division. This is consistent with recent
biochemical studies, which demonstrate that MinC acts by disrupting the lateral

interactions between FtsZ protofilaments.

A process known as nucleoid occlusion provides a second means negative
regulation of cell division, by preventing FtsZ from assembling over the chromosome
(Mulder & Woldringh, 1989; Woldringh et al, 1991; Yu & Margolin, 1999). The
recently discovered nonspecific DNA binding proteins, Noc and SIlmA, mediate
nucleoid occlusion in B. subtilis (Wu & Errington, 2004) and E. coli (Bernhardt & de
Boer, 2005) respectively. Mutations in noc (yyaA) and simA were identified as
synthetically lethal with mutations in minCD and depletion of either s/mA or noc in a
minCD strain causes severe defects in cell division, although single mutants in noc or

slmA have no obvious phenotype under normal growth conditions. GFP fusions to Noc
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and SImA localize to the nucleoid suggesting both are nonspecific DNA binding
proteins, although GFP-SImA showed some affinity for the polar proximal regions of
the chromosome. Consistent with being a division inhibitor, overexpression of simA and
yyaA inhibits cell division although the mechanism of inhibition of FtsZ assembly

remains unknown.

Evidence for other spatial regulation mechanisms

EzrA is a B. subtilis transmembrane protein thought to decrease the critical
concentration of FtsZ required for polymerization in vivo based on the observation that
deleting ezrA results in polar Z-rings and suppression of the temperature sensitive ftsZ
alleles at nonpermissive temperatures. Biochemical data suggests that EzrA prevents
FtsZ polymerization without affecting FtsZ GTPase activity (Haeusser et al, 2004),
suggesting that it might act in a similar manner to MinC by disrupting the lateral
interactions between FtsZ protofilaments or by capping FtsZ protofilaments and
preventing elongation. Unlike MinCD, EzrA colocalizes with FtsZ and is recruited to
the division site immediately after Z-ring formation through a direct interaction with
FtsZ (Haeusser et al, 2007). EzrA’s function at midcell, while unclear, is genetically
separable from its role as a spatial regulator of Z-ring assembly. Ezra contains a
conserved C-terminal patch of amino acids known as the QNR patch (Haeusser et al,
2007). Mutations in the QNR patch prevent Ezra from localizing to midcell, but do not
affect its role in preventing polar Z-rings, which suggests that EzrA has two distinct

functions in vivo.
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Regulation of FtsZ polymerization and Z-ring assembly

Similar to microtubules, FtsZ assembly is regulated to ensure that the correct
balance between polymerization and disassembly is achieved (reviewed by (Dajkovic &
Lutkenhaus, 2006; Errington et al, 2003; Goehring & Beckwith, 2005; Margolin, 2005;
Romberg & Levin, 2003). This regulation is accomplished by both negative and
positive regulatory proteins (Fig. 5). While progress has been made in understanding the
mechanism by which individual proteins affect Z-polymerization in vitro and in vivo, it
remains unclear how the activities of these proteins are coordinated or regulated to

achieve the correct spatial and temporal regulation of cell division.

Key negative regulators of FtsZ polymerization include the E. coli proteins
SulA, MinCD, and SImA and the B. subtilis proteins EzrA, Noc, MinCD, ClpX, and
UgtP. Three of these proteins, MinCD, Noc, and SImA are principally involved in
restricting FtsZ-ring assembly to the midcell (see spatial regulation of FtsZ ring
assembly) or, in the case of MinCD, in preventing non-polar FtsZ rings from maturing
into divisomes and initiating cell division. SulA, the effector of the E. coli SOS
response, inhibits FtsZ polymerization by binding to and sequestering FtsZ monomers
thereby preventing cell division (Trusca et al, 1998). DNA damage activates RecA,
which in turn promotes autolytic cleavage of the LexA repressor thereby allowing
transcription of the SOS response genes including SulA. ClpX, an ATPase and bacterial
chaperone protein (Zolkiewski, 2006), was identified as a negative regulator of FtsZ

polymerization in a screen for mutations that rescue the temperature sensitivity of FtsZ-
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GFP in B. subtilis, but the mechanism or circumstances under which this regulation is
important remain unclear (Haeusser et al, 2009; Weart et al, 2005). UgtP, the last
protein in the glucolipid biosynthesis pathway, negatively impacts FtsZ assembly
during rapid growth (Weart et al, 2007). Mutations in the enzymes of the glucolipid
synthesis pathway cause rapidly growing cells to be unusually short compared to wild
type cells suggesting that division occurs too early. UgtP-YFP localizes to the division
site in response to elevated UDP-glucose levels, which is a metabolic indicator of rapid
growth. Biochemical experiments suggest that UgtP directly interacts with FtsZ to
inhibit FtsZ assembly. Initial studies of mutations in E. coli glucolipid biosynthesis

suggest that UgtP might be a conserved link between growth rate and cell division.

The exact mechanisms by which EzrA, MinCD, ClpX, and Noc affect Z-ring
assembly in living cells are largely unknown. In part, this is a reflection of our lack of
understanding into the mechanism of FtsZ polymerization and assembly into Z-rings in
vivo, which involves numerous positive regulators of FtsZ assembly that are essential
for Z-ring assembly. For example, how does EzrA prevent division at the cell poles
while allowing FtsZ assembly at the midcell despite a direct interaction with FtsZ
during the early stages of Z-ring assembly. We also do not yet understand how the
recruitment order of FtsZ regulatory proteins to midcell affects their activity. Is the
divisome where their activity is needed or do they act at another time and place during

the cell cycle?

The positive regulators of FtsZ assembly are less well understood, but appear to

promote FtsZ assembly by anchoring FtsZ to the membrane or by promoting bundling
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of FtsZ protofilamets. It has been postulated that ZipA and FtsA facilitate Z-ring
assembly in E. coli through a direct interaction with a conserved C-terminal domain
FtsZ that recruit FtsZ to the membrane (Moreira et al, 2006; Wang et al, 1997). ZipA is
a membrane protein (Hale & de Boer, 1999) whereas FtsA is an actin-like ATPase that
is targeted to the membrane through a C-terminal amphipathic helix (Pichoff &
Lutkenhaus, 2005). The absence of both proteins abolishes Z-ring formation, but
inactivation of either protein arrests cell division despite Z-ring assembly [Pichoff, 2002
#1053}, suggesting that both are necessary for a stable divisome. Like E. coli, B.
subtilis FtsA has been proposed to mediate FtsZ association with the cell membrane
along with YImF (Ishikawa et al, 2006; Jensen et al, 2005). Neither of these proteins is
essential for cell division, but mutations in ylmF are synthetically lethal with ftsA,
which suggests that they possess partially redundant functions. Unlike YImF, the
absence of FtsA has a deleterious effect on Z-ring assembly (Beall & Lutkenhaus, 1992)
suggesting that FtsA serves a more critical role in FtsZ assembly. The membrane
binding activity of FtsA, ZipA, and YImF suggests that they anchor FtsZ, a soluble
protein, to the membrane and that this activity is required for Z-ring formation, perhaps
simply by increasing the concentration of FtsZ above the critical concentration for

polymerization

FtsZ protofilaments assemble into sheets and ribbons in vitro (Lowe & Amos,
2000; Romberg et al, 2001) and ZapA (FtsZ associated protein) has been shown to
enhance this phenomenon in B. subtilis and E. coli (Addinall et al, 2005; Gueiros-Filho

& Losick, 2002), suggesting that it promotes bundling or stabilizes these structures.
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Consistent with this hypothesis, overexpression of ZapA can suppress MinCD induced
filamentation in vivo (Gueiros-Filho & Losick, 2002) and counteract the destabilizing
action of MinC on FtsZ bundling in vitro (Scheffers, 2008). The absence of ZapA is
lethal in cells producing less than normal levels of FtsZ. Recently, ZapB was discovered
in E. coli (Ebersbach et al, 2008). Inactivation of ZapB results in misshaped Z-rings and
a delay in cell division whereas overexpression causes condensation of the nucleoid.
Both ZapA and ZapB interact directly with FtsZ and localize to the Z-ring early in
divisome assembly where they likely promote Z-ring assembly by enhancing the lateral

interactions between FtsZ protofilaments or by stabilizing Z-rings.

Maturation of the Z-ring to a divisome

The assembled Z-ring recruits additional proteins that are involved in cell
division to the future site of septation. The protein complex that assembles with the Z-
ring to promote efficient cytokinesis is called the divisome (reviewed by (Errington et
al, 2003; Harry et al, 2006; Ryan & Shapiro, 2003; Vicente et al, 2006; Weiss, 2004)).
For simplicity, the recruitment of proteins to the divisome of E. coli and B. subtilis will

be discussed separately.

The earliest proteins recruited to the E. coli divisome (‘early’ division proteins)
are those that regulate Z-ring assembly, including FtsA, ZapA, ZapB, and ZipA. All of
these except for ZapA and ZapB have been shown to be required for recruitment of the

other divisome proteins to the midcell. The ‘late’ division proteins include FtsK, FtsQ,
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FtsL, FtsB (YgbQ), FtsW, Ftsl, FtsN, FtsEX, and AmiC. An early model of divisome
assembly proposed that protein recruitment was semi linear (reviewed by (Buddelmeijer
& Beckwith, 2002)) although this seemed unlikely after an extensive two-hybrid
analysis of the protein interactions in the divisome revealed a network of interactions
between the proteins in the divisome (Di Lallo et al, 2003). Furthermore, assembly
appears to be cooperative as pairs of division proteins are often more effective at

recruiting interacting proteins than either could alone (Karimova et al, 2005).

The current model of divisome recruitment proposes an inside out approach
whereby the cytoplasmic side of the ring is assembled first at the cell membrane,
followed by proteins that function in part as a periplasmic connecter to the last group of
proteins, the peptidoglycan (PG) biosynthesis machinery (Vicente & Rico, 2006). The
initial recruitment of the cytoplasmic side of the divisome includes FtsZ, ZipA, FtsA,
FtsEX, and FtsK. FtsZ, ZipA, and FtsA simultaneously localize to the midcell (Pichoff
& Lutkenhaus, 2002; Rueda et al, 2003) followed by FtsEX, a predicted ABC
transporter that is essential only in salt free media, (Schmidt et al, 2004) and finally
FtsK, a DNA translocase. Next, the periplasmic connecter (FtsQ, FtsL, and FtsB) forms
a complex (Buddelmeijer & Beckwith, 2004) that is recruited by FtsK through a direct
interaction between FtsK and FtsQ (Grenga et al, 2008). The main function of FtsQ,
which contains separate domains in the membrane and periplasm, may be to connect the
cytoplasmic side of the Z-ring to the periplasmic PG biosynthesis machinery (van den
Ent et al, 2008). The PG biosynthesis machinery complex, FtsI and FtsW, is recruited

next, followed by FtsN (Addinall et al, 1997).
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There is evidence that the order of recruitment does not fully describe the
interactions that take place in the divisome. Surprisingly, FtsA fused to DivIVA, which
localizes to the cell poles, can artificially recruit Ftsl to the cell poles, but it is unclear if
FtsA can recruit Ftsl to the division site in the absence of the other division proteins
(Corbin et al, 2004). Furthermore, several interactions were demonstrated by an in vivo
two-hybrid analysis that would not be predicted by the order of assembly presented here
(Di Lallo et al, 2003). The importance of the order of recruitment is unclear. For
example, the periplasmic connector (FtsQ, FtsL, FtsB) and the PG biosynthesis
machinery (FtsI, FtsW) can be artificially recruited in reverse order by prematurely
targeting FtsI and FtsW to the divisome by fusing them to ZapA (Goehring et al, 2006).
It has been postulated that the order of assembly could contribute to the cooperative
assembly of the divisome, which likely prevents weaker interactions from mediating

aberrant assembly of the divisome complexes (Karimova et al, 2005).

The recruitment of B. subtilis divisome proteins has not been characterized to
the same extent as E. coli. Thus far, these proteins have been characterized as ‘early’
division proteins (FtsA, ZapA, YImF, and EzrA), which encompass the cytoplasmic
side of the divisome, or ‘late’ (GpsB, FtsL, DivIB, DivIC, FtsW, Pbpl (ponA), Pbp2B,
and DivIVA) division proteins, which are the periplasmic connector proteins and the
PG biosynthetic machinery. Recent studies using timelapse microscopy in synchronized
B. subtilis cells suggests the lag between recruitment of the ‘early’ and ‘late’ division

proteins in approximately twenty percent of the cell cycle (Gamba et al, 2009).
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The early division proteins appear to arrive at midcell simultaneously and their
assembly is dependent on FtsZ, but not on the late division proteins or each other
(Gueiros-Filho & Losick, 2002; Haeusser et al, 2007; Ishikawa et al, 2006; Jensen et al,
2005). Similar to E. coli, these proteins anchor FtsZ to the membrane and regulate Z-
ring assembly, although unlike their E. coli counterparts, none appear to be essential for
division, suggesting at least partially overlapping function. Mutations in ezrA and zapA
are synthetically lethal despite having antagonistic biochemical effects on Z-ring
assembly (Gueiros-Filho & Losick, 2002), which suggests that one or the other is
required for recruiting the ‘late’ division proteins. YImF was classified as a ‘late’
division protein because it is involved in septation (Hamoen et al, 2006), but is here
classified as an ‘early’ division protein because it localizes to the divisome
independently of the late division proteins Pbp2B and FtsLL (Hamoen et al, 2006), and

because it regulates Z-ring assembly (Ishikawa et al, 2006; Singh et al, 2008).

The ‘late’ division proteins GspB, FtsW, and DivIVA appear to localize to
midcell simultaneously (Gamba et al, 2009), which suggests that all of the late division
proteins might localize in this manner. Pbpl, GspB, and DivIB are dispensable for
growth and therefore not required for the recruitment of the late division proteins
(Claessen et al, 2008; Harry & Wake, 1997; Scheffers & Errington, 2004). DivIB,
DivC, FtsL, and Pbp2B appear to be codependent for recruitment to the divisome
(Errington et al, 2003), but the dependencies of the remaining late division proteins
have not been fully elucidated. FtsL is naturally unstable in vivo, which is exacerbated

by the absence of DivIB at higher temperatures (Daniel & Errington, 2000; Katis et al,
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2000). Furthermore, in the absence of FtsL, DivIC is rapidly degraded. Several lines of
evidence suggest that FtsL may play a role in the regulation of cell division (Bramkamp
et al, 2006). First, the rapid turnover of FtsL suggests that FtsLL may be the limiting
reagent in cell division. Second, the DNA replication initiation factor DnaA regulates
the transcription of FtsL. (Goranov et al, 2005). Third, YIuC, a potential RIP (regulated
intramembrane proteolysis) protease, mediates the turnover of FtsL. YIuC degradation
of FtsLL could provide a molecular on/off switch by modulating the amount of FtsL
present in the cell. FtsL is required for the localization of Pbp2B and therefore the
absence of FtsL might stall division by preventing the recruitment of Pbp2B, which is

required for septal PG biosynthesis.

Pbpl and Pbp2B are responsible for septal PG biosynthesis during cytokinesis
(Scheffers et al, 2004). Pbp1 studies demonstrate that it also localizes to positions of PG
synthesis in elongating cells as well suggesting it has dual roles in division and
elongation (Claessen et al, 2008). EzrA (in addition to its role in regulating FtsZ
polymerization) and GspB have been proposed to mediate the switch between septal
and lateral PG synthesis, respectively although severe growth defects are only seen in
the double mutant, which suggests that they are partially redundant (Claessen et al,
2008). Pbp2B is a transpeptidase and is the only PBP that localizes solely to the septum
(Scheffers et al, 2004). Pbp2B and is required for cell division and depletion results in
filamentous cells that contain Z-rings and division sites that have stalled during
cytokinesis, which suggests that Pbp2B is required for the inward growth of the septum

(Daniel et al, 2000).
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The biochemical function of many of the late division proteins is unknown. For
example, DivIB and DivIC are essential for the stability of FtsL and all of them are
required for division, but no biochemical activity has been identified for any of them.
FtsW is a membrane protein that belongs to the SEDS (shape, elongation, division,
sporulation) family of proteins and is a paralogue of SpoVE and RodA, which are
required for cortex PG biosynthesis during sporulation (Vasudevan et al, 2007) and cell
shape in B. subtilis respectively (Henriques et al, 1998). These studies and others on E.
coli FtsW suggest that it is required for PG biosynthesis during division, but the exact
role is unclear. Finally, DivIVA is required for the localization of the division inhibitor,
MinCD, to midcell (Gregory et al, 2008), but likely plays a more direct role in division

as MinC and MinD are not required for division.

Conclusions and Perspectives

The preponderance of FtsZ-regulating proteins is evidence that proper FtsZ
dynamics is paramount in bacteria, but how these regulators are coordinated to ensure
that division occurs at the proper place and time during the cell cycle is unclear. Clearly
some of these regulator proteins are themselves spatially regulated. For example, Noc,
which prevents cell division over the chromosome also localizes to the chromosomes.
Others are coordinated with growth (UgtP) or DNA damage (SulA) to ensure that the
proper amount of protein is produced at the correct time. However, the mechanism by
which the activity of other regulatory proteins is regulated remains unclear. Notable

among these proteins are EzrA and MinC, which negatively regulate cell division, yet
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localize to midcell prior to cytokinesis. This conundrum raises the possibility that the
predominant subcellular localization of a protein might not accurately reflect where it is
biologically active. Interactions with other proteins, possibly those in the divisome, may
be required for their activity or for inactivation. For example, EzrA may not promote
disassembly of the Z-ring at midcell due to interactions with other proteins in the

divisome, which prevent it from effectively inhibiting Z-ring assembly.

The characterization of FtsZ regulatory protein localization throughout the cell
cycle, in conjunction with biochemical and structural studies, will be required to
elucidate the mechanisms for the regulation of Z-ring assembly. Accomplishing this
goal will require the use of gfp fusions that are expressed from their native signal
sequences and visualized by fluorescence microscopy in growing cells as well as by
fluorescence methods that allow for higher temporal and spatial resolution in living
cells, including TIRF, SI, PALM, and STORM (Schermelleh et al, 2008) (Axelrod,
2003; Heintzmann & Ficz, 2006; Shroff et al, 2007). These methods make it possible to
visualize dynamic proteins, such as FtsZ protofilaments, and determine the

stoichiometry of proteins in the divisome.
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Figure 1. Induction of the SOS response genes, including SulA, in response to
DNA damage. (A) During normal growth, the LexA repressor binds and represses the
expression of the SOS response genes. FtsZ assembles at midcell and cell division
proceeds normally. (B) Upon DNA damage, RecA is stimulated by single stranded
DNA and promotes the autoproteolysis of LexA, thus the SOS response genes are
derepressed. SulA is produced and binds to FtsZ thereby inhibiting FtsZ assembly and
arresting cell division. (C) Lon degrades SulA following DNA repair, allowing FtsZ
assembly and cell division to resume.
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Figure 2. Proposed model of FtsZ polymerization and bundling. The slow step in
FtsZ assembly is (A) the assembly of an unknown number of FtsZ monomers into a
short protofilament followed by a (B) conformational change. (C) The conformational
change favors polymerization of this short protofilament over the assembly of new
protofilaments. (D) The lateral interactions between protofilaments mediates the
assembly FtsZ protofilament bundles, which ultimately (E) assemble into the Z-ring at
midcell.
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Figure 3. Models of the topological regulation of MinCD in E. coli and B. subtilis.
Z-ring assembly is restricted to the midcell by the combined action of MinCD and
nucleoid occlusion. (A) In E. coli, the MinE ring stimulates the ATPase activity of
MinD, which drives the periodic oscillation of MinCD from pole to pole. The Z-ring
assembles at midcell where the effective concentration of MinCD is the lowest (figure
from (Thanbichler & Shapiro, 2008)). (B) In B. subtilis, DivIVA anchors MinCD to
the cell poles, which results in a concentration gradient of MinC that is lowest at the

midcell, thus restricting Z-ring assembly to the midcell (figure from (Gregory et al,
2008)).
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Figure 4. Summary of MinC dynamics in B. subtilis and a proposed role for
MinC in relocalization of FtsZ from new cell poles (Gregory et al, 2008). (A) MinC
(red) localizes to septa before septal biogenesis, rotating around sites of active cell
division (top cell) and constricting as septal biogenesis completes (middle cell). After
septation is complete, it leaves the new pole and moves to mid-cell. (B) Model for the
role of MinC (yellow) in relocalization of FtsZ (green filaments) during the cell cycle.
Chromosomes are shown in cyan. Cells 1 and 2 show the formation of an FtsZ ring at
mid-cell from short FtsZ protofilaments (green filaments) (Li et al. 2007; Osawa et al.
2008), cells 3 and 4 show the onset of septal biogenesis and the recruitment of MinC
(yellow) to the active divisome (solid green ring). As septation completes (cells 4 and
5), FtsZ is released from the new cell pole and accumulates in ring-like structures near
the cell pole that is destabilized by MinC. (C) In the absence of MinC, these normally
transient structures persist and are used for cell division.
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Figure 5. Summary of the positive and negative regulators of FtsZ assembly in
(A) E. coli and (B) B. subtilis. Proteins involved in step one are thought to anchor FtsZ
to the membrane while the proteins in step 2 and 3 are positive and negative regulators
of Z-ring assembly respectively.



Chapter 11
Transposon Assisted Gene Insertion Technology (TAGIT): A tool for

generating GFP fusion proteins

Abstract

We constructed a transposon (transposon assisted gene insertion technology, or
TAGIT) that allows the random insertion of gfp (or other genes) into chromosomal
loci without disrupting operon structure or regulation. TAGIT is a modified Tn5
transposon that uses KanR to select for insertions on the chromosome or plasmid, [3-
galactosidase to identify in-frame gene fusions, and Cre recombinase to excise the
kanR and lacZ genes in vivo. The resulting gfp insertions maintain target gene reading
frame (to the 5° and 3’ of gfp) and are integrated at the native chromosomal locus,
thereby maintaining native expression signals. Libraries can be screened to identify
GFP insertions that maintain target protein function at native expression levels,
allowing more trustworthy localization studies. We here use TAGIT to generate a
library of GFP insertions in the Escherichia coli lactose repressor (Lacl) and to
identify fully functional GFP insertions and partially functional insertions that bind

DNA but fail to repress the lacZ operon.

37
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Introduction

The latest advances in optical microscopy enable fluorescently tagged proteins
to be observed with subdiffraction-limited spatial resolution and outstanding temporal
resolution. The combination of Photo Activated Localization Microscopy (PALM) and
Stochastic Optical Reconstruction Microscopy (STORM) provides a ten-fold gain in
spatial resolution and allows individual proteins to be counted (Bates et al, 2007,
Betzig et al, 2006; Heintzmann & Ficz, 2007; Manley et al, 2008; Shroff et al, 2008).
However, achieving the maximum gain from these promising methods requires that
the behavior of the fluorescently-tagged fusion protein accurately represents that of the

native protein.

Studies of protein localization in living cells are often compromised by protein
overproduction or by partially functional fusion proteins (reviewed by (Margolin,
2000; Wang et al, 2008)). Examples of partially functional fusion proteins include
GFP fusions to the Bacillus subtilis engulfment proteins, which cause synergistic
engulfment defects (Aung et al, 2007) and GFP fusions to FtsZ, which are temperature
sensitive in most species, including B. subtilis (Levin et al, 1999). Co-expressing
tagged and untagged proteins is a frequently-used solution that makes it impossible to
use PALM/STORM techniques to quantify the number of molecules at a particular
location, since the complex will be a mixture of untagged and tagged protein.
Overexpression can also cause misleading protein localization. A two-fold
overexpression of a partially functional GFP-SpollQ fusion protein changes its

localization (Broder & Pogliano, 2006). Overexpression of B. subtilis MinC causes it
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to accumulate at the cell poles (Marston & Errington, 1999; Marston et al, 1998),
although when produced under its native expression controls MinC localizes to
midcell (Gregory et al, 2008). Furthermore, even modest overproduction of some
proteins, particularly those involved in signal transduction and cell division, can have

deleterious effects on cell viability and on cellular architecture.

The ideal strategy for imaging studies is to have fully functional fluorescent
fusion proteins produced from a gene in its native chromosomal context. This is
difficult to achieve using existing technologies, which typically use conventional
molecular biology techniques to fuse gfp to the 5’ or 3’ end of the target gene
(Datsenko & Wanner, 2000; Kaltwasser et al, 2002; Yu et al, 2000). It is particularly
difficult to maintain appropriate expression of genes encoded in bacterial operons,
which can be transcribed from several promoters and in which translation of

consecutive genes can depend on overlapping translation signals.

We developed a method for the random insertion of gfp into target genes in
their normal chromosomal context, without disrupting expression of upstream or
downstream genes. This method, which we call TAGIT (transposon assisted gene
insertion technology), allows rapid isolation of in-frame hybrid genes (Figure 1). The
resulting genes encode “sandwich” fusion proteins in which GFP is inserted into the
middle of a protein; we call these fusions “GFP insertions” (abbreviated GFPi), to
distinguish them from N- or C-terminal GFP fusions. The feasibility of sandwich
fusions was originally demonstrated for MalF, an integral membrane protein

component of the maltose-maltodextrin transport system (Ehrmann et al, 1990).
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Insertion of alkaline phosphotase into MalF produced a hybrid protein retaining both
alkaline phosphatase and maltose transport activities. GFP is well-suited for the
construction of sandwich fusions, because its N- and C-termini are close to one
another (Prasher et al, 1992). We built TAGIT to take advantage of this feature and to
facilitate the construction of GFP sandwich fusions expressed from the native

chromosomal locus to avoid protein overproduction artifacts.

TAGIT offers several advantages over previously published GFP transposons
(Lambertsen et al, 2004; Merkulov & Boeke, 1998; Osawa & Erickson, 2005;
Pinheiro et al, 2008; Sheridan et al, 2002; Sheridan & Hughes, 2004). First, TAGIT
includes the lacZ gene to allow the rapid identification of in-frame insertions and
significantly reduce the number of insertions screened. Second, TAGIT allows
removal of the selectable marker necessary to isolate transposition events and lacZ
using the Cre recombinase (Abremski & Hoess, 1984) rather than restriction enzymes.
Cre is functional in bacterial and eukaryotic cells and therefore allows excision of
selectable markers on the chromosome of living cells. Thus, TAGIT generates
fluorescent insertion genes that maintain their native expression signals rather than
utilizing inducible promoters. Together these modifications eliminate the time and
resource intensive processes of identifying in-frame fusions with DNA sequencing and
excising selectable markers in vitro using restriction endonucleases, which hinders

future efforts to integrate the fusions into chromosomal loci.

We previously used TAGIT to isolate two functional GFP insertions in B.

subtilis MinC (Gregory et al, 2008), but these insertions were close to the N-terminus
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of MinC. To demonstrate that TAGIT can be used to isolate internal insertions of GFP
into a target protein, we tested TAGIT on the E. coli lactose repressor (Lacl). Lacl is
an ideal candidate because of extensive studies of its function, structure, and
regulation (Lewis, 2005; Suckow et al, 1996; Wilson et al, 2007). Epitope insertion
mutagenesis of lacl identified linker regions that tolerate a 31 amino acid insertion
(Nelson et al, 1997), which might also tolerate GFP insertion. After constructing a
library of Lacl-GFP insertion proteins (Lacl-GFPi) using TAGIT, we identified six
sites in Lacl that are tolerant to GFP insertion, including those previously identified by
epitope insertion mutagenesis. We also isolated several insertions that maintained the
ability to bind to the lac operator, but were unable to repress the lac operon. These
partially functional LacI-GFPi proteins could potentially be used to track chromosome
dynamics without the affects on chromosome segregation sometimes observed for

fully functional LacI-GFP fusions (Lau et al, 2003).

Results

Construction of TAGIT

TAGIT consists of five elements that together allow identification of in-frame
insertions and the subsequent in vivo removal of marker genes to construct a library of
gfp insertions within a target gene (Fig. 1). (1) At either end of TAGIT are the
optimized minimal inverted repeats (19 bp mosaic ends; ME) that allow the
hyperactive Tn5 transposase to mediate transposition (Goryshin et al, 1998). (2) Near

the 5' end of TAGIT is the 'lacZ gene, which lacks translational initiation sequences,
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such that [3-galactosidase is only expressed after insertion into an open reading frame.
(3) Encoded downstream of 'lacZ is an aminoglycoside phosphotransferase (kan) gene,
which confers resistance to kanamycin (KanR) in both B. subtilis and E. coli, allowing
selection for transpositions in either organism. (4) Near the 3' end of TAGIT is the gfp
gene, which also lacks translational initiation sequences. (5) Finally, two loxP sites are
within the transposon, the first immediately upstream of ‘lacZ and the second
immediately downstream of kan and upstream of gfp. These loxP sites allow Cre
recombinase (Abremski et al, 1986) to mediate excision of 'lacZ and kan either in vivo
or in vitro. The delivery vector for TAGIT, pTAGIT-1, contains the R6KYy origin of
replication, which functions only in E. coli strains expressing the pir gene (Gregory et

al, 2008; Wu et al, 1992).

TAGIT-1 (the first version of TAGIT) contains a single open reading frame
extending through the leftward ME and loxP site into 'lacZ. This ensures that [3-
galactosidase will be expressed only if TAGIT has inserted into an expressed open
reading frame. In addition, the rightward loxP site is in the same reading frame as the
leftward loxP site, and this reading frame continues through gfp and the rightward ME,
into the target gene. Thus, after Cre-mediated excision, the gfp gene maintains the
same reading frame as the excised lacZ gene, and translation continues out of gfp and
into the 3' end of the target gene. The resulting genes therefore encode 'sandwich'
fusion proteins; we call these fusions "GFP insertions", to distinguish them from

conventional N- or C-terminal fusions.
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Isolating GFP insertions in Lacl

We previously used TAGIT-1 to construct gfp insertions into the B. subtilis
minCD operon (Gregory et al, 2008). We found that the [-galactosidase activity
provided a reliable indication of in-frame TAGIT-1 insertions on the B. subtilis
chromosome. However, when we attempted to use TAGIT-1 to isolate in-frame
insertions on E. coli plasmids, we found that both in-frame and out-of-frame TAGIT
insertions produced indistinguishable [3-galactosidase activity. We solved this issue by
first mutagenizing pTAGIT-1 to change an internal ATG codon at codon 3 of lacZ,
which provides a potential internal translational initiation codon to GCG (which
encodes alanine) and by lowering the copy number of the plasmid by using an E. coli

pcnB strain (Lopilato et al, 1986). We named the resulting transposon TAGIT-2.

We performed in vitro transposition with pTAGIT-2 into the lacl’ containing
plasmids pEB363 and pEB364 (which have lacl inserted in opposite orientations
relative to the plasmid backbone) using purified Tn5 transposase (Goryshin et al,
1998). The resulting insertion library was transformed into the pcnB strain KJ622,
selecting for KanR on plates containing the 3-gal indicator X-gal. DNA sequencing
revealed that all 57 blue colonies contained insertions in the same reading frame as
lacl. The 30 unique insertion sites were distributed throughout lacl and provided
sufficient coverage of Lacl (Fig. 2) for comparison with previously constructed
epitope insertion mutants of Lacl (Nelson et al, 1997). One of the gfp insertions (Lacl-
144-GFPi) was in-frame on the 5’ side of gfp, but out of frame on the 3’ side of gfp,

thereby producing a protein containing the first 144 amino acids of Lacl followed by
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GFP, because the frame shift resulted in a stop codon following the 3’ end of gfp.
Thus, the incorporation of ‘lacZ into TAGIT facilitates the rapid identification of in-
frame gfp insertions thereby reducing the cost and effort required to identify in-frame

insertions.

We excised kan and ‘lacZ in vivo with Cre recombinase (Abremski & Hoess,
1984) by transforming the plasmids into an E. coli strain that transiently expresses Cre
(Materials and Methods). The transformants were selected on ampicillin (bla is
encoded on the plasmid backbone) and tested for kanamycin sensitivity to ensure that
excision had occurred. Successful excision occurred in approximately 80% of
transformants (data not shown). We used Cre for excision of kan and ‘lacZ because
the 21 base pair loxP sites are unlikely to be present in the target gene. It also
eliminates the time consuming process of isolating plasmid DNA, performing a
restriction digest, and transforming E. coli with the ligated plasmid. Finally, restriction
enzymes must be used in vitro on plasmid DNA and ultimately results in the loss of
the selectable marker, thus eliminating the possibility of integrating the gene into the
native chromosomal locus. Cre can be expressed in vivo after integration of the
modified gene into the native locus, thereby leaving the chromosomal structure intact

and maintaining the native expression signals.
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Test of the LacI-GFP insertion proteins for function

We first tested if the Lacl-GFP insertion proteins were able to repress the
lacZYA operon in E. coli strain CSH140, in which a lacl mutation renders expression
constitutive (Miller, 1972). We transformed CSH140 with the control plasmids
pEB363 or pEB364 (in opposite orientations) and the TAGIT-2 constructed GFP
insertions and performed -galactosidase assays on strains cultured in the absence of
lactose or IPTG. Repression activity was calculated as the ratio of the p-galactosidase
activity (Miller units) produced by the parent strain (CSH140) to that of the
transformant. Lacl produced from pEB363 and pEB364 repressed the lac operon with
equivalent efficiency and the combined data is shown in Table 1 for the Lacl+ control.
Six of the thirty unique LacIl-GFPi proteins repressed the lac operon at least two-fold
over background (GFP insertions at amino acid 158, 221, 312, 315, 320, and 351),
with the most active, Lacl-312-GFPi, showing a repression activity of 3,100. Five of
the six of repression-competent GFP insertions were also induced by IPTG, increasing
B-galactosidase activity 2-1500 fold, with only LacI-320-GFPi showing no induction.
We conclude that six of our GFP insertions retained a significant amount of repression

activity and that all but one of these is inducible.

Relative protein abundance of LacIl-GFP insertion proteins
The insertion of GFP into domains of Lacl critical for folding might decrease
the stability and accumulation of the Lacl-GFPi proteins thereby decreasing repression

activity. To determine if reduced protein accumulation was solely responsible for
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decreased repression activity, we quantified the amount of protein being produced by
each lacl-gfp insertion. Protein samples were prepared from each strain for in-gel
detection of GFP (Drew et al, 2006) and accumulation was quantified using a
Typhoon 9400 (Materials and Methods). We observed one major band of ~70 kD in
all samples except the frame-shift mutant Lacl-144-GFP (which migrated at ~50 kD).
There was little variability in the apparent size of Lacl-GFPi proteins and little
evidence of degradation products (Figure 2B). The amount of protein varied
approximately twenty-fold across all the samples, but protein levels did not correlate
with repression activity (Table 1). For example, the highest and lowest protein levels
(LacI-27-GFPi and Lacl-99-GFPi respectively) were observed for nonfunctional
proteins, while the repression activity of Lacl-320-GFPi was down nearly 300-fold
compared to Lacl-312-GFPi despite greater protein accumulation relative to Lacl-312-
GFPi. We conclude that the repression activity of each insertion protein due to the

position at which GFP is inserted, not to the level at which the protein accumulates.

Localization of LacI-GFP insertion proteins

We next tested the ability of the Lacl-GFPi proteins to bind the lac operator
(lacO) in living cells. We introduced TAGIT-2 derived lacl-gfp insertion alleles into
an E. coli strain that contains tandem copies of lacO integrated near the chromosomal
origin of replication (oriC)(Lau et al, 2003). LacI-GFPi proteins that are capable of
binding lacO should assemble discrete foci near oriC, which is located near the 1/4

and 3/4 positions of the cell after chromosome replication. Fluorescence
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microscopy(Gregory et al, 2008) demonstrated three classes of localization (Figure 3;
Figure S1 shows localization of all Lacl-GFPi proteins). One class showed irregularly
sized foci that were typically either randomly positioned or localized near each cell
pole (Fig. 3A) that are likely inclusion bodies. Some GFP insertions appeared to
contain both inclusion bodies and DNA bound foci, perhaps because some protein
molecules did not fold efficiently and aggregate to form inclusion bodies (Fig. S1,
insertions 283 and 285). A second class showed cytoplasmic fluorescence, which
likely indicates that the proteins failed to bind lacO (Fig. 3B). A third class showed
fluorescent foci that were associated with the DNA and regularly spaced within the
cells, as would be expected for proteins that bound the oriC-proximal lacO array (Fig.
3C-F). This class included all of the Lacl-GFPi proteins that repressed the lactose
operon. Surprisingly it also included several fusions that failed to repress the lactose
operon (Fig. 3C), including GFP insertions at amino acid 93, 133, 143, 191, and 240,
suggesting that these proteins were able to bind lacO, but could not mediate
repression. We conclude that many GFP insertions in Lacl maintain both GFP

fluorescence and the ability of Lacl to bind lacO DNA.

LacI-GFPi proteins that disrupt cell division

Studies of chromosome and plasmid dynamics during cell growth have become
increasingly dependent on the ability to track movement of DNA by fusing GFP to
DNA binding proteins that recognize specific DNA sequences. Lacl-GFP has been

used extensively for such studies, but it can cause defects in cell division when a lacO
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array is integrated into the chromosome (Lau et al, 2003). Indeed, we noted that many
of the repression competent insertions showed various degrees of filamentation during
growth (Fig. 3F; Fig. S1). Increasing growth temperature generally exacerbated this
phenotype. However, several of our newly isolated GFP insertions alleviate the
filamentation associated with lacO arrays and localized to DNA associated foci,
including insertions at amino acid 93, 133, 143, 191, 221, 240 (Fig. 3C-D). These GFP

insertions could provide ideal tools for non-disruptive DNA tagging experiments.
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Discussion

We successfully used TAGIT to randomly generate gfp insertions into the E.
coli lactose repressor (Lacl) and identified Lacl-GFPi proteins that maintain GFP
fluorescence and various levels of Lacl repressor activity. The incorporation of the
‘lacZ gene into TAGIT facilitated the rapid identification of 57 in-frame gfp insertions
into lacl, which represented 30 unique insertion sites across lacl. The effect of GFP
insertion on Lacl activity was largely consistent with genetic and structural
information available for Lacl (Lewis, 2005; Suckow et al, 1996; Wilson et al, 2007).
The most active Lacl-GFPi protein contained GFP inserted after amino acid 312, 48
amino acids before the end of the protein. Therefore Lacl activity was best preserved
when GFP was inserted within the protein, not at the conventional N- or C-terminal
positions. We also isolated Lacl-GFPi proteins that lost the ability to repress the
lactose operon, but retained the ability to bind a lacO array integrated into the E. coli
chromosome. These proteins alleviate the filamentation associated with more active
Lacl-GFP fusions and therefore could provide a less disruptive method to track
movement of chromosome loci. Thus, TAGIT is a useful molecular tool that can be
used to rapidly generate a library of GFP insertion proteins, which can subsequently
be screened to isolate fully functional GFP insertion proteins as well as mutant

proteins with novel biological activities.
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Analysis of LacI-GFPi proteins

We characterized thirty unique GFP insertions in the lactose repressor. Not
surprisingly, most GFP insertions produced nonfunctional proteins. However, several
retained Lacl repressor activity while others bound DNA but failed to repress the lac
operon. In the next section, we analyze the insertions with respect to the domain
structure of the Lacl protein (Fig. 4A) (Lewis, 2005; Lewis et al, 1996; Suckow et al,

1996; Wilson et al, 2007).

DNA binding domain. The N-terminus of Lacl consists of four helices that

together comprise the DNA binding domain (residues 1-62; not shown in Fig. 4A) of
Lacl and a linker to the core domain(Lewis et al, 1996). This region has been
previously identified as sensitive to mutation and substitution. We therefore expected
this region to be intolerant of GFP insertion. Indeed, the four insertions we isolated in
this domain (GFP insertions at amino acid 8, 14, 27, and 40) showed no repression
activity and localized to the cytoplasm or inclusion bodies. Lacl-27-GFPi and Lacl-
40-GFPi had the highest relative protein accumulation, which could account for the

presence of inclusion bodies.

Inducer binding domain. The inducer-binding domain of Lacl contains two

separate subdomains of similar structure, the N-terminal core domain (residues 61-163
and 293-320) and the C-terminal subdomain (residues 164-292). Both domains
contribute to a six stranded parallel f—sheet located between four alpha helices (Lewis,

2005). The N-terminal core domain contains four regions that are highly tolerant to
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substitutions (amino acids 100-112, 129-145, 151-160, and 305-318 (Markiewicz et al,
1994)) and to epitope insertions at amino acids152 and 317 (Nelson et al, 1997). We
therefore predicted that these regions were likely to tolerate GFP insertion. Indeed,
Lacl-312-GFPi (Fig. 4B and 4C) is the most active repressor that we isolated from our
screen and the repression activity of Lacl-315-GFPi is just two-fold lower than Lacl-
312-GFPi. Interestingly, Lacl-320-GFPi is approximately 300 fold less active than
Lacl-312-GFPi, which correlates well with a decreased tolerance for substitution from
residues 319-330 (Suckow et al, 1996). Lacl-320-GFPi is nearly unresponsive to the

inducer IPTG, suggesting that it interferes with lactose binding.

We expected Lacl to be tolerant of insertions in the hinge region between the
N- and C-terminal core domains(Nelson et al, 1997; Suckow et al, 1996), but the
repression activity of Lacl-158-GFPi is down three orders of magnitude from Lacl-
312-GFPi. Residues 151-158 of Lacl form a mutationally tolerant hinge that connects
the N-terminal core domain to the C-terminal core domain that is in close spatial
proximity to the loop that contains residue 312. It is likely that the 237 codon GFP
insertion in this region is more detrimental to protein function than the 31 codon

epitope insertion (Nelson et al, 1997) because it is much larger.

Dimerization interface. The functional unit of Lacl is a tetramer comprised of a

dimer of dimers. Proteins that assemble into dimers, tetramers, polymers, etc. pose a
greater challenge when identifying sites that can tolerate GFP insertion. Four principle
clusters of amino acids are involved in dimerization (159-163,221-226, 251-259, 280-

285)(Lewis et al, 1996; Suckow et al, 1996). We were surprised to find that an
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insertion near one of these sites, Lacl-221-GFPi, retains some repression activity. The
crystal structure of Lacl reveals that amino acid 221 is at the end of a short linker
region adjacent to the second alpha helix of the C-terminal core domain. It is possible
that the long linker connecting Lacl to GFP encoded by TAGIT may be sufficiently

flexible to allow Lacl dimerization.

Tetramerization domain. In Lacl-351-GFPi, GFP is inserted nine amino acids

from the C-terminus (Fig. 4B and 4C) and is almost equivalent to the C-terminal GFP
fusion protein typically used to localize DNA molecules in living cells. As expected,
Lacl-351-GFPi can repress the lactose operon, but it was less active than Lacl-312-
GFPi. Hence, the optimal site for GFP insertion is not at the N- or C-terminus and
would therefore have been very difficult to identify using conventional GFP tagging

methods.

Potential utility of repression defective Lacl-GFPi mutants

Lacl-GFP fusions are commonly used to track the movement of plasmids or
chromosome loci into which arrays of lactose operators have been integrated.
Tracking the movement of chromosomes in growing cells using this method poses
challenges because lacl-gfp can cause growth defects when expressed in cells that
contain a chromosomal lacO array (Lau et al, 2003). We found this to be the case for
GFP insertions at amino acids 158, 283, 288, 312, 315, and 351 of Lacl, and we found

that filamentation was exacerbated by increased growth temperature (from room
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temperature to 30°C). We identified several Lacl-GFPi proteins that alleviate these
problems. GFP insertion proteins at amino acid 133, 143, 191, and 240 of Lacl were
unable to repress the lactose operon, but nevertheless retained sufficient DNA binding

activity to localize as lacO array-associated foci (Fig. 3, Fig. S1).
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Materials and Methods

Strains, reagents, and recombinant DNA techniques

The following E. coli strains were used in this study: CSH140(Miller, 1992),
ILO6(Lau et al, 2003), DHS5«(Hanahan, 1983), ToplO (Invitrogen), and
KJ622(Abanes-De Mello et al, 2002). Restriction enzymes were purchased from New
England Biolabs. Tn5 transposase was a gift from Dr. William Reznikoff (University
of Wisconsin). DNA digestion and ligation reactions and transformations of E. coli
were performed according to standard protocols (Ausebel FM, 1992). Cultures were
grown in Luria broth (LB) or M63 supplemented with 0.2% glucose or 1 mm IPTG as
appropriate. When required, antibiotics were used at the following concentration:

kanamycin (50 ug/ml), ampicillin (100 ug/ml).

Construction of pTAGIT-1 and pTAGIT-2.

Plasmid pTAGIT-2 was constructed in the following manner. Plasmid
pMDS12 (Sharp & Pogliano, 2002) was digested with the restriction enzymes BamHI
and Spel to isolate the fragment corresponding to the superbright gfp gene (Cormack
et al, 1996). This fragment was gel purified and then ligated to a BamHI and Sphl
digested pUC19 vector (Yanisch-Perron et al, 1985) to yield pEB49. Next, we
introduced the kanR gene with its native promoter from plasmid pEB9. Plasmid pEB9
was constructed by amplifying the kanR gene from pDG364 (Karmazyn-Campelli et

al, 1992) by PCR using primers EB15 and EB16, which create a fragment containing
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the kanR gene flanked by loxP sites. This fragment was digested with the restriction
enzymes BamHI and Spel and ligated to pMDS73 (Sharp & Pogliano, 2002) that had
also been digested with BamHI and Spel to give pEB9. The kanR loxP fragment was
amplified using PCR from pEB9 using primers EB106 and EB128. This fragment was
digested with Spel and Notl, gel purified, and then ligated to pEB49 that had been
digested with Spel and Notl to give pEB118. The loxP ‘lacZ fragment was amplified
by PCR from pEB9 using primers EB105 and EB127. This fragment was cloned into
pCR3.2-topo blunt (Invitrogen) and subsequently isolated by restriction digest with
Spel and Ascl. We then constructed plasmid pEB123 by cloning the loxP ’lacZ
fragment into Spel and Ascl digested pEB118. Plasmid pEB123 contains all the parts
of TAGIT except for the ME (hyperactive mosaic end) that are recognized by the Tn5
transposase. To introduce the ME’s we used primers JG10 and EB143, both of which
contain the ME sequence, to amplify TAGIT from pEB123. This fragment was then
poly A-tailed using Taq polymerase and ligated to Smal digested pUC19 that had been
poly T-tailed in the same manner to give plasmid pEB163. Plasmid pTAGIT-1 was
constructed by digesting pEB163 with Kpnl and Sphl and ligating it to the conditional
R6K-a origin of replication (Dennis & Zylstra, 1998), a modified origin from the R6K
plasmid (Kolter et al, 1978). The R6K-a origin was amplified by PCR with primers
EB180 and EB181 from plasmid pRL27 (Larsen et al, 2002). To ensure that blue
colonies were the result of in frame transpositions we used primers JG119 and JG120

to change the methionine codon near the 5’ end of ‘lacZ to a codon corresponding to
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alanine using the Quick-Change Site-Directed Mutagenesis protocol (Stratagene, La

Jolla, CA).

Construction of lacl-gfpi library

The target plasmids, pEB363 and pEB364, were constructed by amplifying and
cloning lacl’ from pMUTIN-GFP+ (Kaltwasser et al, 2002) into the pSMART vector
(Lucigen) using primers EB231 and EB232. The two target plasmids contain the lacl’
insert in the opposite orientation. In vitro transposition was carried out using pTAGIT-
2 and either pEB363 or pEB364 using TnS transposase. The transposition was
transformed into XL-10 Gold competent cells (Stratagene) and plated on LB with
kanamycin. The resulting transformants were pooled and plasmid DNA was isolated
using QIAprep miniprep columns (Qiagen). The resulting plasmid DNA was
transformed into the pcnB strain KJ622 and plated on LB with kanamycin and X-Gal.
Blue colonies were purified and plasmid DNA was prepared and transformed into
Strataclone Solopack competent cells (Stratagene). This strain transiently expresses
Cre recombinase and successfully excises the kanR and ‘lacZ genes in approximately
80% of transformants. After Cre mediated excision, plasmid DNA corresponding to
each of the blue colonies was prepped and sequenced using primers JG33

(downstream) and EB46 (upstream) to determine the position of gfp insertion in lacl.
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-galactosidase assays

P-galactosidase activity was measured as Miller units in strain CSH140
transformed with each lacl-gfpi plasmid separately, pEB363, and pEB364. (-
galactosidase activity was identical in CSH140 containing pEB363 or pEB364. Strains
were grown overnight in LB ampicillin. Cultures of LB with ampicillin with or
without IPTG (1 mM) were then inoculated with 20 ul of the overnight and grown to
an ODg,, of 0.4 — 0.6. Assays were then carried out as described(Kleina & Miller,
1990). The strain harboring lacl-221-gfpi was grown in M63 salts supplemented with
glucose to ensure the retention of the F plasmid that contains the lactose operon.
Optical densities were measured with a Beckman DU640 spectrophotometer.
Repression activity was calculated as the ratio of the (-Galactosidase activity of
CSH140 to the B-galactosidase activity of CSH140 containing the appropriate plasmid

grown in the appropriate media.

Quantification of LacI-GFP insertion protein levels by in-gel fluorescence

Protein accumulation of Lacl-GFPi protein was measured by in-gel
fluorescence (Drew et al, 2006). The same strains used to measure [-Galactosidase
activity were grown in LB with ampicillin to an OD, of 0.5. Approximately 1.0
ODq, of cells were pelleted by centrifugation and resuspended in 100 ul of SB buffer
(140mM Tris-HCI pH 8.8, 14% glycerol, 3.5 mM EDTA, 0.02% bromophenol blue,
0.05 M DTT, 4% SDS) Samples were analyzed by 12.5% SDS-PAGE and scanned

using a Typhoon 9400 variable mode imager followed by coomassie staining.
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Quantification was performed using ImageQuant 5.2. Relative protein levels were
reported as a ratio of the fluorescence of each sample to the fluorescence of Lacl-99-

GFPi, which had the lowest protein accumulation of all the samples.

Microscopy

Strains were prepared by transforming strain IL06 with each lacl-gfpi plasmid.
Transformants were grown on LB with ampicillin and IPTG. All microscopy was
performed using LB agar pads without antibiotics as described previously (Gregory et
al, 2008) at 30°C or at room temperature. Images were acquired using an Applied
Precision Spectris microscope and deconvolved using softWoRx version 3.3.6

software (Applied Precision). Figures were assembled with Photoshop CS.

3D cartoon model
The three-dimensional structure of the lactose repressor (PDB ID: 1LBI and
PDB ID: 1LBG; (Lewis et al, 1996) was manipulated using Visual Molecular

Dynamics (VMD ver. 1.8.6).
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Table 1. in vivo activities and accumulation of LacI-GFP insertion proteins

Relative
Strain Repression Activity' | Inducibility? Protein Level’ | Localization
Lacl+ 16,500 = 5800 744 +£7.1 NA NA
LaclI8-GFPi 0.814 £0.03 ND 6.84 Cytoplasmic
Lacl14-GFPi 0.921 £0.09 ND 142 Cytoplasmic
LaclI27-GFPi 0.867 £0.04 ND 23.0 Inclusion
bodies
Lacl40-GFPi 0916 +0.10 ND 20.5 Inclusion
bodies
Lacl63-GFPi 1.03+£0.12 ND 5.19 Inclusion
bodies
Lacl74-GFPi 0.812+0.05 ND 3.04 Cytoplasmic
Lacl85-GFPi 127 £0.64 ND 5.83 Inclusion
bodies
Lacl93-GFPi 0.908 £0.16 ND 8.97 DNA foci
Lacl97-GFPi 0.928 +0.09 ND 1.83 Cytoplasmic
Lacl99-GFPi 0.979 £0.12 ND 1.00 Cytoplasmic
Lacl114-GFPi 0.924 £0.12 ND 7.68 Cytoplasmic
Lacl120-GFPi 0.890 £0.10 ND 8.50 Cytoplasmic
Lacl133-GFPi 1.19+042 ND 12.1 DNA foci
Lacl143-GFPi 1.10+£0.13 ND 5.34 DNA foci
Lacl144-GFPi 1.14 £ 0.31 ND 10.9 Cytoplasmic
Lacl158-GFPi 231042 0.863 £0.05 11.7 DNA foci
Lacl175-GFPi 0.978 £0.07 ND 201 Cytoplasmic
Lacl176-GFPi 1.02 +£0.08 ND 1.47 Cytoplasmic
Lacl191-GFPi 0984 £0.12 ND 349 DNA foci
LaclI221-GFPi 795+0.54 0.789 £0.48 342 DNA foci
LaclI240-GFPi 1.14 £0.10 ND 6.33 DNA foci
LaclI248-GFPi 123 +£0.04 ND 3.34 Cytoplasmic
LaclI265-GFPi 127 +£0.10 ND 4.29 Cytoplasmic
LaclI283-GFPi 127 £0.09 ND 991 DNA foci,
inclusion
bodies
LaclI288-GFPi 1.14 £0.05 ND 7.75 DNA foci,
inclusion
bodies
Lacl294-GFPi 1.32+0.08 ND 11.1 Inclusion
bodies
LaclI312-GFPi 3110 =730 2.09+£0.33 16.3 DNA foci
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Table 1. continued

LacI315-GFPi 1660 + 98 2.59+0.32 16.7 DNA foci
LacI320-GFPi 9.09 +0.39 73817 19.6 DNA foci
LacI351-GFPi 2000 + 160 337+£033 11.1 DNA foci

'Repression activity = B-gal activity CSH140 divided that of the indicated plasmid in CSH140.
Cells were grown in the absence of IPTG

*Inducibility = Repression activity of cells grown in the absence of IPTG divided by that of cells
grown in the presence of IPTG. At least three cultures were assayed.

*Protein levels were adjusted to reflect relative amounts by dividing each sample by the protein
level of LacI99-GFP which had the lowest protein accumulation
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Figure 1. Structure of TAGIT, which randomly inserts gfp into target genes. (A)
pTAGIT-2 is an independently replicating plasmid that was constructed by ligating
TAGIT-2 to the R6K-gamma origin of replication. (B) ME = mosaic ends recognized
by Tn5 transposase, loxP = recognition sequences for Cre recombinase, kanR =
encodes KanR in B. subtilis and E. coli. gfp = gene for GFP mutant 2. GFP is not
fluorescent when exported via the Sec pathway, so the use of -galactosidase, which is
also only active in the cytoplasm, allows the isolation of GFP insertions into the
cytoplasmic domain of membrane proteins. A single ORF extends through the
leftward ME and loxP site into ‘lacZ, so that after transposition, B-galactosidase will
be expressed only if TAGIT has inserted in the correct reading frame. Both loxP sites
are in the same reading frame, so that after excision of the ‘lacZ and kanR genes by
the Cre recombinase, gfp is in the same reading frame as was lacZ so that translation
can continue out of gfp and into the 3° end of the target gene. The resulting proteins
have GFP is inserted into the middle of the target protein. The TAGIT “guts” (lacking
ME) can also be used to create chromosomal gfp insertions in operons by cloning,
recombining into the operon, and then excising the lacZ and kanR genes. This is useful
for membrane proteins with very short cytoplasmic domain into which to insert GFP,
such as the late division proteins, which are also in operons.
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Figure 2. Analysis of TAGIT-2-constructed GFP insertion proteins in the E. coli
lactose repressor Lacl. (A) Amino acid sequence and structural features of Lacl. Red
arrowheads indicate the position of non-functional GFP insertions (Repression-,
Focus-). Green arrowheads indicate GFP insertions that fail to repress lacZ, but form
foci (Repression-, Focus+) when introduced into a strain with the lacO array
integrated near the origin of replication. Blue arrowheads indicate insertions that
repress lacZ (Repression+, Focus+). (B) Expression of Lacl-GFP insertions is
variable and depends on the GFP insertion site. Numbers correspond to the last
undisrupted lacl codon before TAGIT. Cells were harvested at an ODg,, of ~0.5.
Samples were then normalized and run on a 12.5% SDS-PAGE gel. Protein
accumulation was determined using in-gel GFP fluorescence (top panel) and the gel
was subsequently stained with Coomassie blue to reveal total protein (bottom panel).
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FM 4-64 + GFP GFP FM 4-64 + GFP GFP FM 4-64 + GFP GFP

Figure 3. Binding of Lacl-GFPi proteins to lacO arrays near the E. coli origin of
replication in growing cells. Numbers correspond to the location of GFP insertion
into Lacl. (A) Lacl-40-GFPi localizes in inclusion bodies. (B) Lacl-114-GFPi
localizes to the cytoplasm. (C) Lacl-143-GFPi, (D) LacI221-GFPi, and (E) LacI-312-
GFPi localize as foci. (F) Lacl-351-GFPi localizes as foci in elongated cells. Scale bar,
1 pm.
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A 351 tetramerization
domain

Inducer binding domain

Figure 4. Cartoon of Lacl-GFPi proteins mapped onto the crystal structure of
Lacl. (A) The monomeric structure of Lacl without the DNA binding domain (PDB
ID: 1LBI). All LacI-GFPi proteins that localize as foci were mapped onto a ribbon
representation of the Lacl crystal structure. The amino acid corresponding to the site
of GFP insertion is labeled and represented as a space-filling model. Red amino acids
correspond to insertion proteins that are unable to repress the lac operon and green
amino acids correspond to insertion proteins that retain some level of repression
activity. (B) Model of the Lacl crystal (PDB ID: 1LBG) structure including the DNA
(white), DNA binding domain (orange), N-terminal core domain (blue), C-terminal
core domain (light purple), and tetramerization domain (pink). The most active GFP
insertion (Lacl-312-GFPi) and Lacl-351-GFPi are shown as green balls and two
examples of inactive GFP insertions as red balls. (C) Same as in (B) but rotated to
show the projection of amino acid 312 from the surface.
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Supplemental Table 1. List of primers

EB15 cctactagtaaataacttcgtatagcatacattatacgaagttatgcgctcgggacccctatcta
EB16 acggatccataacttcgtataatgtatgctatacgaagttatcccagcgaaccatttgaggtga
EB46 tctaattcaacaagaattgggac

EB105 ttttactagtataacttcgtataatgtatgc

EB127 aaaggcgcgecggcecgttattatttttgacacca

EB143 tttgaattcctgtctcttatacacatctttttgtatagttcatccatgec

EB180 tttttgcatgegttgtccacaaccgttaaaccttaaaage

EB181 ttttggtaccccggecacgatgegte

EB231 aaatctagagccgggcctcttgeggg

EB232 aaaagcttgcgatgetgtcggaatggacg

JG10 acgaattctgtctcttatacacatctacccggggatccactagt

JG33 aagatcccaacgaaaagagag

JG119 ctatacgaagttatttactagtaccgcgattacggattcactggecg

JG120 cggccagtgaatccgtaatcgeggtactagtaaataacttcgtatag
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Supplemental Figure 1. Binding of Lacl-GFP insertions to lacO arrays at the
terminus of E. coli. Labels correspond to the amino acid location of GFP insertion.
Scale bar, 1 um.
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Supplemental Figure 1. continued
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Supplemental Figure 1. continued

--
..
.-

..
..

.

76



Supplemental Figure 1. continued
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Supplemental Figure 1. continued
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Chapter II1
Bacillus subtilis MinC destabilizes FtsZ-rings at new cell poles and

contributes to the timing of cell division

Abstract

Division site selection in rod shaped bacteria depends on nucleoid occlusion,
which prevents division over the chromosome and MinCD, which prevent division at
the poles. MinD is thought to localize MinC to the cell poles where it prevents FtsZ
assembly. Timelapse microscopy demonstrates that in B. subtilis transient polar FtsZ
rings assemble adjacent to recently completed septa and that in minCD strains these
persist and are used for division, producing a minicell. This suggests that MinC acts
when division proteins are released from newly completed septa to prevent their
immediate reassembly at new cell poles. The minCD mutant appears to uncouple FtsZ
ring assembly from cell division and thus shows a variable interdivisional time and a
rapid loss of cell cycle synchrony. Functional MinC-GFP expressed from the
chromosome minCD locus is dynamic. It is recruited to active division sites before
septal biogenesis, rotates around the septum, and moves away from completed septa.
Thus high concentrations of MinC are found primarily at the septum and, more
transiently, at the new cell pole. DivIVA and MinD recruit MinC to division sites,
rather than mediating the stable polar localization previously thought to restrict MinC

activity to the pole. Together our results suggest that B. subtilis MinC does not inhibit
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FtsZ assembly at the cell poles, but rather prevents polar FtsZ rings adjacent to new

cell poles from supporting cell division.
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Introduction

Division site selection in rod shaped bacteria is a highly regulated and reliable
process achieved by two systems that restrict FtsZ assembly (and the subsequent
assembly of a complete divisome) to midcell. One system, nucleoid occlusion (Noc),
prevents FtsZ from assembling over the chromosome while the other, MinCD,
prevents FtsZ assembly and division at the cell pole (Fig. 1A, reviewed by (Barak &
Wilkinson, 2007; Errington et al, 2003; Margolin, 2005; Rothfield et al, 2005)).
Although unrelated DNA binding proteins mediate nucleoid occlusion in B. subtilis
and E. coli (Bernhardt & de Boer, 2005; Wu & Errington, 2004), the MinCD proteins
are broadly conserved and encoded by many bacterial genomes (Rothfield et al, 2005).
The simultaneous inactivation of the Noc and MinCD systems is lethal in both species,
resulting in the assembly of multiple FtsZ structures that fail to coalesce into

functional rings (Bernhardt & de Boer, 2005; Wu & Errington, 2004).

The MinCD system functions in many bacterial species and is therefore well
suited for comparative studies of the spatial regulation of cell division. Indeed,
disruption of minC or minD changes the position at which FtsZ assembles in both rod
shaped bacteria such as E. coli and B. subtilis and in cocci such as Neisseria
gonorrhoeae (Ramirez-Arcos et al, 2001; Szeto et al, 2001) and the cyanobacterium
Synechocystis (Mazouni et al, 2004). Furthermore, while the absence of MinC and
MinD allows assembly of additional FtsZ rings (Z-rings) at aberrant positions (Levin
et al, 1998), their overexpression blocks Z-ring assembly and cell division (Bi &

Lutkenhaus, 1993; Justice et al, 2000; Levin et al, 2001), suggesting that the Min
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system inhibits Z-ring formation. In keeping with this hypothesis, disruption of
proteins that spatially regulate MinCD activity (MinE in E. coli and DivIVA in B.
subtilis) block FtsZ assembly in a MinC-dependent manner, producing filamentous
cells (de Boer et al, 1989; Marston et al, 1998; Pichoff & Lutkenhaus, 2001; Zhao et
al, 1995). MinC appears to be the primary division inhibitor in E. coli (de Boer et al,
1992; Hu et al, 1999), while MinD tethers MinC to the membrane, allowing it to be
effective at physiological concentrations (de Boer et al, 1991). The biochemical
mechanism by which MinC inhibits polar Z-ring formation is unclear, but in E. coli it
appears to do so without affecting either FtsZ GTPase activity (Cordell et al, 2001; Hu
et al, 1999) or the addition of FtsZ monomers to existing Z-rings (Anderson et al,
2004). Indeed recent evidence suggests that MinC inhibits lateral interactions between
FtsZ-protofilaments in E. coli (Dajkovic et al, 2008) and B. subtilis (Scheffers, 2008),
which might destabilize FtsZ rings and decrease their ability to recruit proteins

involved in cytokinesis to potential division sites.

Understanding the spatial distribution of MinC and MinD within the cell is
critical to understanding how they regulate Z-ring formation. Given the similar effects
of MinC and MinD in B. subtilis and E. coli, one might expect them to display similar
subcellular behavior. This is not the case. E. coli MinC and MinD oscillate from pole
to pole with a periodicity of ~50s (Hu & Lutkenhaus, 1999; Raskin & de Boer,
1999a), while B. subtilis MinCD is static, localizing to the septum late in division and
being retained at new cell poles by DivIVA (Marston & Errington, 1999; Marston et

al, 1998). Current models of MinCD function in both species propose that these
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division inhibitors have the highest time-averaged concentration at the cell poles,
thereby inhibiting polar cell division while allowing division at midcell (Fig. 1A,
reviewed by (Lutkenhaus, 2007; Rothfield et al, 2005; Ryan & Shapiro, 2003)). By
these models, the static polar localization of B. subtilis MinCD could achieve the same

biological function as the oscillation of E. coli MinCD.

We here reinvestigate the function and localization of B. subtilis MinC. First,
we use a functional GFP insertion expressed from the native minC locus that maintains
wild type operon structure. We find that B. subtilis MinC moves rapidly along the cell
membrane and appears to rotate around division sites, with little accumulation at the
poles. Next, we investigated FtsZ dynamics and the timing of cell division in wild type
and minCD mutant cells using timelapse fluorescence microscopy. These experiments
indicate that even in wild type cells, polar FtsZ rings often form adjacent to the
recently completed septum. In the absence of MinCD, these normally transient
structures are stabilized and used for cell division. We therefore propose that in B.
subtilis, MinCD primarily acts at the new cell pole to prevent the maturation of
transient FtsZ structures into active divisomes. Our data also suggest that MinCD
affect the timing of cell division, because the interdivisional time is highly variable in

minCD mutant cells.
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Results

Localization of GFP insertions in MinC and MinD

We were concerned that the apparent contrast between the dynamic behavior
of E. coli MinC and MinD and the stable polar localization of B. subtilis MinC and
MinD might be explained by overexpression of the latter proteins from inducible
promoters, because even a minor static population can mask the presence of a dynamic
population of molecules using standard fluorescence microscopy. We therefore
constructed and used a GFP insertion transposon (Materials and Methods) to isolate
two functional gfp insertions into the chromosomal minC locus that preserve minCD
operon structure. These fusions have gfp inserted after the 4" (minC4-gfp) or 8"
(minC8-gfp) minC codon, produce <0.3% minicells and have wild type cell length
(Fig. 1, Fig. S1, Table S1). Because these insertions were generated by Tn5-mediated
transposition (see Materials and Methods), there is a small duplication of the coding
region. Thus, after GFP, the fusion proteins encode most of MinC, starting with the 3™
(minC4-gfp) or 7" (minC8-gfp) amino acid. We visualized these GFP insertions in
growing bacteria at 30°C. Both localized in an identical manner distinct from that
reported in previous publications, forming foci and rings at new and constricting septa,

with little or no MinC observed at the poles (Fig. 1C, Fig. S1).

The septal localization of MinC was lost and replaced by cytoplasmic
fluorescence when cells were immobilized on poly-lysine treated coverslips (Fig.

S2A), indicating that proteins might be lost from division sites when slides are
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prepared by this method. Indeed, FtsZ-GFP also showed increased cytoplasmic
fluorescence when visualized on poly-lysine coverslips rather than agarose pads (Fig.
S2B-C), and the Z-rings contained only ~20% of the fluorescence of cells growing on
agarose pads (Table S3). Thus, there is a dramatic reduction in septal localization of
both FtsZ and MinC when slides are prepared in a manner that does not support

growth.

We also isolated many gfp insertions in the chromosomal minD locus, one of
which (minD4-gfp) was at a location that would generate a fusion protein that is nearly
identical to the previously published GFP-MinD fusion (Marston et al, 1998). Both
constructs encode GFP followed by amino acids 2-268 of MinD, but minD4-gfp is
integrated at and expressed from the native minCD locus rather than being integrated
into an ectopic position and expressed by an inducible promoter in a minD background
(Marston et al, 1998). Surprisingly, we found that MinD4-GFP produced elongated
cells and minicells at a level similar to the minCD null (Table S2) and that it showed
weak and inconsistent fluorescence intensity and therefore did not meet our criteria for
a functional insertion. We attempted to rescue MinD4-GFP by introducing a wild type
copy of minCD expressed from the minCD promoter at the amyE locus. This construct
cannot rescue a minCD null for minicell production (Table S2), likely because minCD
is also expressed from the P, promoter upstream of the maf-radC-mreBCD genes
that are immediately upstream of minCD (Lee & Price, 1993). The strain containing
both minD4-gfp and this extra copy of wild type minCD produced fewer minicells than

either alone (Table S2) indicating that MinD4-GFP is partially functional. Unlike
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MinC4-GFP, MinD4-GFP appeared to be retained at some cell poles, so it is possible
that MinD is retained at the cell pole to a greater extent than MinC. However, this
polar localization might be caused by overexpression or the partial functionality of

MinD4-GFP. We did not further characterize this fusion.

MinC is dynamic

We used timelapse fluorescence microscopy to investigate MinC dynamics
during the cell cycle. MinC localized to the division site before visible constriction,
often forming a single focus at a future division site (Fig. 1E, arrowhead). MinC then
assembled a ring-like structure that constricted during division and was lost from new
septa with faint membrane-associated fluorescence detected throughout the cell
(including the cell poles) in foci that appeared to move between timepoints. Thus
MinC localizes to septa immediately before the onset of septal biogenesis and
disappears from completed septa, thereby behaving as expected for a late cell division
protein. MinC also appeared dynamic, leaving completed septa and moving to new
division sites (Movie S1). This dynamic population of molecules was more evident
using total internal reflection fluorescence (TIRF) microscopy (Fig. S3, Movies S2-3),
which has decreased excitation depth and increased excitation intensity thereby
allowing observation of relatively few fluorophores and rapidly moving molecules
(Axelrod, 2001; Axelrod, 2003; Kusumi et al, 2005; Sako & Uyemura, 2002). This
method showed that MinC moved along the cell membrane and around the pole (Fig.

S3, Movies S2-3). Thus, B. subtilis MinC appears to show two distinct behaviors, a
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stable localization to midcell and a more dynamic movement throughout the cell

membrane.

The poles are a secondary localization site for MinC

The previously observed polar localization of GFP-MinC (Marston &
Errington, 1999; Marston et al, 1998) could be a consequence of over-expression from
the inducible xylose promoter (P,), which could saturate septal binding sites or it
could be a consequence of different slide preparation methods. We therefore compared

localization of MinC4-GFP and P,,,-GFP-MinC in growing cells (Fig. 2). Inducible

xyl

P,.,-GFP-MinC localized to division sites before and during septal biogenesis (Fig. 2B

xyl
arrows) as well as to the cell poles (Fig. 2B, arrowheads). The most intense fluorescent
signal was consistently observed at the midcell of dividing cells (Fig. 2B), with less
intense fluorescence at the cell pole. In contrast, MinC4-GFP fluorescence was largely
confined to midcell (Fig. 2A), even when a longer exposure yielded twice the
maximum pixel intensity compared to the inducible fusion. Polar localization of P, -
GFP-MinC depended on expression level, because decreasing the xylose concentration
from the previously used concentration of 0.5% (Fig. 2B,E) to 0.05% (Fig. 2D)
reduced polar but not midcell localization, while retaining the ability of GFP-MinC to
prevent minicell formation. Thus, both MinC4-GFP, which is expressed from the

native promoter, and inducible P, ,-GFP-MinC localize to midcell, but the inducible

xyl™
fusion is stably associated with the cell poles only when substantially overproduced.

We also noted that MinC4-GFP is recruited to the cell poles during intermediate stages
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of FtsZ depletion (Fig. S4, Movie S4). These results suggest that the poles are
secondary localization sites that recruit MinC when the primary site (active division

sites) is either missing or saturated by overproduced MinC.

Dynamic behavior of MinC at the septum

MinC initially assembles an asymmetric focus at the future division site (Fig
1C). We noted that MinC often remained asymmetric during constriction, with one
side of the septum appearing >2X brighter than the other (Fig. 3, arrows). Timelapse
epifluorescence microscopy with images collected at 1 minute time intervals showed
that MinC at individual septa appeared to transition between foci and symmetric or
asymmetric rings and back to foci (Fig. 3C, Movie S5, S6). In addition, the region of
highest fluorescence intensity appeared to move from one side of the septum to the
other (Fig. 3C, arrows and arrowhead). To quantitatively view this data, we devised a
kymogram-like method that projects the GFP fluorescence at the septum through time
(Fig. 3A). Briefly, the y-axis was manually aligned to each septum, the septum was
cropped and plotted against time giving a two-dimensional projection of each septum
through time. After projection, a uniform static ring would show two parallel lines of
equal intensity, whereas an asymmetric static ring would show one brighter line (Fig.
3B). The pixel intensity data of these projections clearly showed that the maximum
pixel intensity of MinC moved from one side of the septum (Fig. 3D, arrows) to the
other (Fig. 3D, arrowheads) in many cells, including each of the three shown in Fig.

3C (cells 1,2,3). The apparent movement across the septum required ~4 minutes for
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the cells shown in Fig. 3, and was sometimes visualized as a diagonal line in the
projections (cells 2,3). In contrast, variation in FM 4-64 staining intensity was always

symmetric (likely due to fluctuations in excitatory light intensity).

Thus MinC appears dynamic even at the septum, moving from one side of the
septum to the other. This behavior could represent the circumferential movement of
MinC foci or arcs around the septum, or it could represent the assembly and
disassembly of MinC complexes on different sides of the septum. At this time, we
cannot distinguish between these two possibilities. However, if MinC is rotating
around the septum, then its calculated velocity around the septum is 0.25-0.34 pm/min

for slightly constricted septa.

MinC localizes to the septum after the early division proteins

MinC localization is consistent with that of a late division protein, as the
protein appears to arrive at midcell just prior to septal biogenesis, which is readily
visualized at early stages by two spots of increased fluorescence after staining with the
vital membrane stain FM 4-64 (Fig. 1E, 10 min). Indeed, quantification of MinC in
growing cells revealed that it was present at midcell in 12% of pre-divisional cells (in
which FM 4-64 staining showed no evidence of septal biogenesis) compared to 93%
of dividing cells (Table S4). To confirm that MinC arrives after the early division
proteins we colocalized MinC4-GFP with EzrA fused to CFP in growing cells (Fig.
4A, Table S5). We found that 87% of predivisional cells showed localization of EzrA
but not MinC at midcell, while 13% showed MinC and EzrA at midcell. In contrast,

92% of cells that were actively dividing showed both EzrA and MinC localized at the
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nascent septum. Thus, EzrA arrives at midcell prior to MinC and both proteins remain
at the septum during constriction. Septal localization of MinC4-GFP was dependent
on MinD and DivIVA (Fig. 4B,C), which were previously shown to be required for
polar localization of MinC (Marston & Errington, 1999; Marston et al, 1998). These
results indicate that MinC is a late recruit to the septum as it arrives after the early
division protein EzrA, and that DivIVA localizes MinC to the septum, rather than

stably sequestering it at the cell pole.
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FtsZ dynamics visualized by timelapse microscopy

The results described above indicated that MinC is recruited to nascent
division sites after the early division proteins and immediately before septal
biogenesis, and that it leaves the new cell pole to relocalize to the midcell of the
newborn daughter cells. Thus, MinC spends little time associated with the cell poles,
where it must act to prevent minicell formation. We therefore hypothesized that MinC
might prevent minicell formation by inhibiting the assembly of a mature divisome
immediately adjacent to the most recently completed septum (or more specifically in
the space between the pole and the chromosome where Noc is not inhibiting Z-ring
formation). This hypothesis predicts that in minCD mutant cells, polar FtsZ rings
would frequently assemble adjacent to the recently completed septum, and that
minicells would most frequently form at these sites, rather than at the old cell pole

where FtsZ polymers are not present.

To test this hypothesis and to gain further insight into FtsZ dynamics during
the cell cycle, we used timelapse fluorescence microscopy to watch FtsZ-GFP
relocalization in wild type and minCD mutant cells. We first used FtsZ-GFP, which
expresses ftsZ-gfp as the only copy of ftsZ (Fig. 5A), and is somewhat temperature
sensitive for growth, but at higher temperatures than used in our timelapse
experiments (Levin et al, 1999). Similar fusions are routinely used for studies of FtsZ
localization and dynamics. We noted two behaviors of FtsZ-GFP in this strain. First,
the FtsZ ring often assembles at midcell by the collapse of a dynamic spiral-like shape

into a ring (Fig. 5A, asterisk; Movie S7), as previously suggested by other studies
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(Peters et al, 2007; Thanedar & Margolin, 2004). Second, when FtsZ leaves a recently
completed septum (Fig. SA, arrows), it often resulted in the transient assembly of FtsZ
structures near the cell pole that fall apart and relocalize to midcell within ~10 minutes
(Fig. 5A arrowheads). Similar minor populations of FtsZ are detected in some
timelapse images of FtsZ-YFP (Peters et al, 2007). We suspect that these transient
structures are labile and not readily visualized without timelapse microscopy, given
our finding that the amount of FtsZ present even in medial rings decreases five fold in

non-growing cells.

We hypothesized that the transient polar FtsZ rings we observed in wild type
cells might mature into active divisomes in a minCD mutant. We therefore analyzed
FtsZ-GFP dynamics in a minCD mutant (Movie S8). In a minCD mutant, FtsZ-GFP
assembled polar FtsZ structures adjacent to the recently completed septum, but unlike
wild type cells these structures persist and eventually support cell division (Fig. 5B
arrowheads; Movie S8). Indeed, in FtsZ-GFP 73% of the minicells were the result of
FtsZ rings that assembled adjacent to recently completed septa (here defined as those
that contained FtsZ-GFP in previous timepoints) rather than at the older cell pole (here
defined as those that lacked FtsZ-GFP in previous timepoints; Fig. 5B; Table S6). The
remaining minicells were typically formed from long cells that assembled multiple
FtsZ rings, some of which were at the cell poles (Fig. 5C arrowheads) and which could
constrict nearly simultaneously to give a cell with two poles of equal age. These
results suggest that MinC and MinD ensure that polar FtsZ structures visualized in

wild type are transient and unable to support cell division. This view is consistent with
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recent biochemical evidence that MinC does not inhibit FtsZ polymerization, but
rather the lateral interactions between protofilaments that are likely necessary for
septation (Dajkovic et al, 2008; Scheffers, 2008) We propose that MinCD act
immediately after cell division, when the high concentration of FtsZ and other cell
division proteins at the new cell pole would favor the immediate re-assembly of the
cell division proteins adjacent to the new pole, a hypothesis consistent with the MinC

localization data presented above.

Increasing the FtsZ/MinCD ratio causes the assembly of Z-rings near the new cell
pole

It has previously been shown that overproducing FtsZ overcomes Min
inhibition and produce minicells (Ward & Lutkenhaus, 1985; Weart & Levin, 2003).
If MinC acts primarily at new cell poles, then under these conditions, minicells should
also be assembled from FtsZ rings that assemble adjacent to recently completed septa.
We therefore examined FtsZ dynamics in a strain that expresses gfp-ftsZ in addition to
a wild type copy of ftsZ (denoted FtsZ-GFP/FtsZ+). This strain makes slightly shorter
cells than wild type, likely because it produces more FtsZ (Table S6). The extra copy
of ftsZ rescues the temperature sensitivity of the GFP fusion and also causes the
production of approximately 7% minicells in the presence of wild type MinCD (Table
S6, Movie S8). This is likely due to the increased levels of cytoplasmic FtsZ

overcoming Min inhibition, as supported by our observation that overexpression of
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MinCD in the FtsZ-GFP/FtsZ+ strain reduces the number of minicells from 9.9% to
2.6% (Table S6). Polar FtsZ assemblies were readily visualized in this strain (Fig. 6A,
Movie S9), and 79% of the minicells were formed adjacent to a recently completed
septum (again defined as those that contained FtsZ-GFP in previous timepoints), from

these polar FtsZ-GFP structures.

As expected, the absence of MinCD in the FtsZ-GFP/FtsZ+ strain exacerbated
this defect and caused additional polar FtsZ rings to persist and mature into active
division sites, producing minicells (Fig. 6B-C arrowheads; Movie S10). Again, most
minicells were assembled adjacent to the recently completed septum, but some were
also assembled in long cells with multiple FtsZ rings (Fig. 6C; Table S6). These
results suggest that reducing the MinC/FtsZ ratio below that needed to prevent polar
cell division allows minicells to form, most adjacent to the most recently completed

septum.

The minCD mutant affects the coupling between FtsZ ring assembly and cell
division

In wild type cells, a single stable FtsZ ring assembles at midcell and is used for
septal biogenesis in each cell cycle, so septation and FtsZ ring assembly are both
temporally and spatially correlated. However, our studies of FtsZ dynamics in the
minCD mutant revealed an uncoupling of FtsZ ring assembly and septation, so that

septation no longer provided an accurate indicator of the timing of FtsZ ring assembly.
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For example, multiple FtsZ rings assembled at approximately the same time often
constricted at different times (Fig. 5C, arrowheads), so that an FtsZ ring assembled in
the parent cell could be used in a subsequent division event in the daughter cell. Thus,
an FtsZ ring could assemble and persist at a new pole until after another FtsZ ring in
the cell had divided, ultimately producing a minicell at the old cell pole, but one cell
cycle after the FtsZ ring was assembled. Our analysis also revealed that in the minCD
mutant multiple cell division events could occur in rapid succession or even
simultaneously producing cells that did not have a clear old and new pole. This defect
made it impossible to use a simple lineage analysis to determine if minicells generally
formed from FtsZ assembled adjacent to a recently completed septum. Our results
suggest that the absence of MinCD affects the either the time required for Z-ring

assembly or the time required for the onset of septal biogenesis, or both.

The absence of MinCD alters the timing of cell division

Timelapse observation of minCD mutant cells stained with the fluorescent
membrane stain FM 4-64 revealed that they appeared defective in the timing of cell
division (Movie S11). First, unlike the wild type (Fig. 7A), newly formed sister cells
produced by a medial division rapidly became asynchronous (Fig. 7B). Second, the
strain often produced abnormally long cells, even in the absence of a minicell division
(Fig. 7B). These results were surprising because it has been proposed that the longer
than normal cells observed in minCD mutants are the result of an asymmetric division
that gives rise to a mini cell and a long cell. Third, individual cells often initiated

multiple cell division events simultaneously (Fig. 7B, division #4), rather than having
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only a single division event per cell as observed in wild type in wild type (Fig 7A).
Together these data suggest that minCD cells have a defect in the timing of cell
division in addition to an inability to prevent maturation of FtsZ-rings at the new cell

pole.

To more quantitatively investigate this possibility, we used timelapse
microscopy of wild type and minCD strains, collecting images of FM 4-64 stained
membranes every three minutes at 30°C. We noted the time at which each division
event was completed (with uniform FM 4-64 staining across the cell) and the time at
which septal biogenesis commenced in each daughter cell (two spots of FM 4-64
staining on each side of the cell). The difference between these times (the
interdivisional time) was plotted on a histogram (Fig 7C-D). Wild type cells have a
well-coordinated cell cycle during which the time between completion of division and
subsequent formation of a new septum is never shorter than 20 minutes with an
average of 29+6 minutes. We then repeated this using minCD cells and separated the
midcell to midcell divisions (dark blue; 25+12 minutes) and those that form a minicell
(light blue; 13+12 minutes). Neither population maintained the 20 minute minimum
interdivisional time, as cells were able to initiate cell division events simultaneously
(see Fig. 6B, divisions 4). There was also a population of cells that had long
interdivisional times, which would result in the production of cells that are longer than

wild type and capable of assembling multiple FtsZ rings.
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Discussion

Most current models for MinC function indicate that this division inhibitor is
restricted to the cell poles, where it inhibits FtsZ assembly (Barak & Wilkinson, 2007;
Lutkenhaus, 2007; Margolin, 2006; Rothfield et al, 2005; Ryan & Shapiro, 2003). The
activity of E. coli MinC is restricted to the cell poles by oscillation from one pole to
the other (together with MinD), while B. subtilis MinC is thought to be stably tethered
to the cell pole by DivIVA (again together with MinD). Surprisingly, several of our
observations (discussed below) contradict this view and suggest a modified model for

Min function.

First, functional GFP fusions to MinC expressed from the native chromosomal
locus do not stably localize to the cell poles, but rather are primarily associated with
sites of active cell division, to which they are recruited late in divisome assembly and
prior to septation. Our data suggests that the prominent bipolar localization of MinC
previously observed is due to protein over-expression, which causes MinC to localize
to the cell poles as a secondary localization site that is also observed when division is
blocked by FtsZ depletion. Thus, rather than being stably localized to both cell poles,
MinC is only transiently associated with the new cell pole, remaining at this site for a

short amount of time after constriction and then moving to midcell.

Second, B. subtilis MinC is dynamic, although in a manner distinct from that
of E. coli. Specifically, we find that the net movement of B. subtilis MinC is from the
new pole to midcell, rather than oscillating from pole to pole. B. subtilis MinC

relocalizes from the new cell pole to midcell immediately prior to division via



98

membrane associated foci that move at rates of ~3 um/min. During division, it also
appears to move from one side of the invaginating septum to the other once every ~4
min (for a predicted rate of ~0.3 um/min). Both of these latter rates of movement are
slower than the measured diffusion rate of cytoplasmic or membrane proteins of
similar sizes (~500 wm*/min, ~10 wm*/min, respectively (Elowitz et al, 1999;
Mullineaux et al, 2006)), and more similar to proteins in which movement is mediated
by polymerization (0.2-2 um/min, (Perez et al, 1999; Watanabe & Mitchison, 2002;
Waterman-Storer et al, 1999)), and similar to the rate of MinC oscillation in E. coli
(Hu & Lutkenhaus, 1999; Raskin & de Boer, 1999a; Raskin & de Boer, 1999b). This
suggests that MinC might be moved by a cytoskeletal protein, such as MinD, which
polymerizes in a membrane and ATP-dependent manner (Hu et al, 2002; Suefuji et al,
2002) and is required for the oscillatory movement of E. coli MinC (Hu &
Lutkenhaus, 1999; Raskin & de Boer, 1999a; Raskin & de Boer, 1999b). Thus, B.
subtilis MinC shows two distinct dynamic behaviors, movement of smaller
populations along the cell envelope that result in a net relocalization from the new

pole to midcell and its apparent rotation around the septum (Fig. 8A).

Finally, we were surprised to observe that polar FtsZ rings (or ring-like
structures) assemble in wild type cells adjacent to recently completed septa, as most
models propose that MinC prevents the formation of these structures. This indicates
that MinC does not prevent FtsZ from assembling at the poles, but rather interacts with
and destabilizes polar FtsZ polymers or newly formed Z-rings before they can become

active sites of cell division. Timelapse fluorescence microscopy demonstrated that in
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the minCD mutant, 75-83% (Table S6) of minicells are produced from these polar
FtsZ structures; the remaining minicells are produced in long cells that result from a

defect in the initiation of cell division (discussed below).

A refined model for Min function

Our results suggest a refined model of MinCD function in B. subtilis (Figure
8B). First, FtsZ coalesces into a ring at midcell, recruiting the early division proteins
FtsA, EzrA and ZapA, then the late cell division proteins, followed by DivIVA, and
ultimately MinD and MinC (Fig. 8B, cell iii). Septal biogenesis begins and as it
completes, FtsZ leaves the old division site to assemble ring-like structures adjacent to
the new cell pole (cell iv-v). After septation, the affinity of MinC for the pole is
reduced, and it moves away from the pole, probably together with MinD (cell v-vi).
This movement from the newly completed septum effectively scans the new cell pole
for FtsZ polymers that could assemble divisomes in the chromosome free space
adjacent to the cell pole. We propose that MinC and MinD interact with these FtsZ
polymers and either prevent them from associating with the late division proteins or
directly destabilize the FtsZ assemblage, thereby allowing FtsZ to relocalize to midcell
more efficiently. These possibilities are consistent with recent biochemical data
demonstrating that E. coli and B subtilis MinC do not inhibit FtsZ polymerization, but
rather inhibit lateral interactions between FtsZ protofilaments (Dajkovic et al, 2008;
Scheffers, 2008). Such interactions are likely necessary to stabilize transient FtsZ rings

and to allow their association with the late division proteins. Interestingly, E. coli
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MinC is capable of disassociating previously assembled FtsZ networks (or bundles;
(Dajkovic et al, 2008)); if this is also true of B. subtilis MinC, then it could directly

dissociate the FtsZ rings that assemble adjacent to the new cell pole.

The mechanism by which MinC is kept inactive and unable to block cell
division upon recruitment to midcell remains unclear, but we can envision two
possibilities. First, the different protein-protein interactions that mediate these events
could regulate MinC activity: recruitment of MinC to midcell depends on DivIVA and
the late cell division proteins (Edwards & Errington, 1997; Marston et al, 1998),
whereas MinC is capable of directly inhibiting FtsZ bundling both in vitro and in vivo
(Dajkovic et al, 2008; de Boer et al, 1992; Marston et al, 1998; Scheffers, 2008). It is
therefore possible that DivIVA and/or the late division proteins inhibit MinC activity.
Second, it is possible that MinC interacts with transient FtsZ assemblages before the
late division proteins, and that it cannot disrupt the activity of the complete divisomes
to which it is recruited at midcell. Additional experiments are required to discriminate
between these models, but our studies clearly demonstrate that in B. subtilis, MinC
activity is not restricted to the poles by localization, but rather is regulated by an

unknown mechanism.

The absence of MinC and MinD causes a cell cycle timing defect

The B. subtilis minCD mutant also has a striking defect in the timing of cell
division. Whereas wild type B. subtilis shows well-synchronized chains of daughter
cells and regular interdivisional times, minCD daughter cells (even those produced by

medial division) are not synchronized and the strain shows highly variable
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interdivisional times. We find that it is the longer interdivisional times, rather than the
production of minicells, that produces the long cells that are characteristic of the
minCD strain, because long cells are often produced either before or without a
minicell division. Such longer cells are capable of assembling multiple FtsZ rings that
constrict nearly simultaneously, resulting in very short interdivisional times and often
producing a polar minicell. Similar observations have been made regarding the timing
of cell division in E. coli minCD mutants (Akerlund et al, 1992), suggesting that the
role of the Min system in controlling the timing of cell division is conserved. One
possible model for this timing defect is that in the absence of MinC, FtsZ polymers,
perhaps together with other division proteins, accumulate at the new cell pole as well
as the midcell thus splitting these proteins between two sites instead of a single
midcell site as in wild type. This might cause the cell to grow longer until both sites
accumulate enough FtsZ and other proteins to support cell division, resulting in an
extended latent period between assembly of the FtsZ ring and the onset of constriction.
This model is in keeping with the observation that minCD mutant cells often make two

concurrent or nearly concurrent divisions (Fig. 7; (Akerlund et al, 1992)).

The rotation of MinC at active division sites suggests it might associate with
another septal component that rotates. Indeed, timelapse microscopy indicates that
FtsZ itself is highly dynamic within the cell and appears to rotate around midcell
before coalescing into a more stable ring (Fig. 5, Movies S5-6). It is possible that this
rotation persists during division, and that we are unable to observe it in our timelapse

experiments because the Z-ring is relatively uniform. Previous photobleaching
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experiments have indicated that the Z-ring is dynamic and exchanging subunits from a
non-localized pool (Stricker et al, 2002). It is therefore possible that rotation is a

general characteristic of the divisome, rather than a unique property of MinC.
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Materials and Methods

Strains and reagents

Strains are derived from PY79 (Youngman et al, 1984) except PAL1213 and
PL642 (which are 0168 derivatives), using standard methods (Hoch, 1991). The
methods used to construct the minD deletion (JAG79), EzrA-CFP (JAGI151),

amyE::P

xyl

-gfp-minCD (PAL1213), and FtsZ-GFP/FtsZ (AD3007) are described in

supplemental information.

Isolation of GFP insertions in minCD

We wanted to localize functional GFP fusions to MinC and MinD expressed at
native levels, to minimize potential artifacts. We therefore constructed the GFP
insertion transposon TAGIT (to be described in detail elsewhere, J.A.G, E.C.B, Ida P.
Tuwatananurak, James Jung, and K.P., in preparation) to mediate the random insertion
of GFP into the chromosomal minCD locus, without disrupting normal transcriptional
regulation or operon structure. Briefly, TAGIT is a Tn5-based transposon into which
we cloned ‘lacZ without translational initiation sites to allow identification of in frame
insertions in an expressed target gene, a kanR gene to allow selection for insertions in
both E. coli and B. subtilis, and gfp without translational initiation sites. We flanked
‘lacZ and kanR with loxP sites to allow Cre-mediated excision of lacZ and kanR.
TAGIT generates insertions of the GFP protein into the middle of a target protein,
similar to Alkaline Phosphatase “sandwich” fusions that generate bi-functional fusion

proteins (Ehrmann et al, 1990). As described below, we integrated TAGIT insertions
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into B. subtilis chromosome at minCD and expressed Cre in vivo to excise lacZ and

kanR from the in-frame and expressed fusions.

We used in vitro transposition (Goryshin et al, 1998) to insert TAGIT into
pJAGI1, a TOPO plasmid (pCR2.1-topo, Invitrogen) containing a 3.2 kb fragment
encoding minCD genes plus ~600 nucleotides upstream and downstream amplified
with primers JG3 and JG4 (Supplemental Materials). To allow selection for TAGIT
insertions, the kanR gene in the pCR2.1 vector was inactivated by digesting the
plasmid with Narl, which cuts twice within the gene. After in vitro transposition, the
resulting pool was transformed into XL-10 Gold competent cells (Stratagene), and the
plasmid DNA isolated and transformed into wild type B. subtilis strain EBS42
(amyE::P,,o-cre). The transformation was plated on LB containing 10 ug/ml
kanamycin to select for integration of the plasmid into the chromosome and 10 ug/ml
X-Gal to screen for insertions in which TAGIT had inserted into the same reading
frame as minCD, allowing expression of [3-galactosidase. Strain EBS42 expresses the
Cre recombinase from the sporulation specific spollQ promoter, so to excise the lacZ
and kanR genes we sporulated the cells in DSM for 24 hrs, heated the culture for 20
min at 80°C to kill vegetative cells. The cells were plated on LB and patched to LB
kanamycin to identify Kan® colonies in which lacZ and kanR had been excised to
leave GFP in the same reading frame as upstream and downstream coding regions.
PCR was used to ensure that the plasmids had integrated by the desired double

recombination event (replacing minCD with minCD::TAGIT from the plasmid) rather
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than a single recombination event (duplicating minCD and integrating the entire

plasmid into the chromosome).

We initially used fluorescence microscopy of FM 4-64 stained cells to screen
for functional GFP insertions, but noted that at 42°C on DSM plates the minCD null
strain made irregular star-shaped colonies with projecting tendrils, while the wild type
strain made smooth edged colonies. This allowed us to more rapidly screen for
functional GFP insertions. In total ~500 colonies with in frame GFP insertions were
screened for minCD function by this assay and 100 by microscopy. Only two
functional insertion sites (minC4-GFP and minC8-GFP) were isolated. To assess the
randomness of TAGIT transposition, 100 randomly selected insertions were
sequenced; these were distributed throughout the gene (Figure S5), although the only
functional insertions were at the N-terminus of MinC. In other experiments, we have
used TAGIT to isolate functional GFP insertions in the middle of Lacl (J.LA.G, E.C.B,
Ida P. Tuwatananurak, James Jung, and K.P., in preparation), suggesting that the

failure to isolate functional GFP sandwich fusions in these studies is specific to MinC.

Timelapse Microscopy

Timelapse microscopy used 1.2% agarose pads (Becker & Pogliano, 2007)
prepared as follows. FM 4-64 (Molecular Probes) was added to a final concentration
of 0.5 ug/ml in a 1.2% solution of molten agar/media (CH or LB diluted 1:5 in water)

and added to the well of a culture slide and covered with a glass slide. To induce P, -
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GFP-MinC, xylose was added to the indicated concentration. After cooling, the slide
was removed and two air pockets were cut out of the agar leaving a 3 to 5 mm agar
bridge in the center of the well. Cells were grown overnight on the appropriate solid
media at 30°C and applied to the agar bridge and covered by a glass cover slip. To
prevent drying during the experiment, 50% glycerol was applied to the region of
contact between the slide and the coverslip. The slide was then allowed to equilibrate
in an environmentally controlled chamber at 30°C (Precision Control Weather Station)
for at least 30 minutes prior to visualization. Exposure times were minimized to
reduce phototoxicity. These slides supported growth at nearly the same rate as in
liquid (a doubling time of ~50 minutes on slides vs. ~40 minutes in liquid). Images
were acquired using an Applied Precision Spectris microscope and deconvolved using
softWoRx v3.3.6 software (Applied Precision). Figures were assembled with

Photoshop v7.0 software (Adobe).

Total Internal Reflection Fluorescence (TIRF) Microscopy

TIRF experiments were performed using the same microscope and a 488 nm
argon laser installed in a TIRF module supplied by Applied Precision and a Plan
Apochromat 100X 1.40 NA objective. GFP was visualized with using FITC excitation
and emission filters and 0.3 second pulses at 35% power. FM 4-64 was imaged once
using the 488 nm laser (with 0.1 second pulses at 35% power) to excite and the
rhodamine emission filter (control experiments demonstrated that no FM 4-64

fluorescence was visualized with the GFP emission filter). Summation and maximum
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intensity projections were constructed using the Quick Projection tool (softWoRx

3.3.6).

Quantitative image analysis: 2-D, 3-D, and kymogram-like plots

3-D and 2-D pixel intensity plots were created using the Data Inspector tool in
the softWoRx v3.3.6 software (with the heat intensity setting), with plots exported to
Photoshop. To create kymogram-like plots of EBS499, the septum was cropped and
rotated to align with the y-axis using the Resample 2D function. The Volume Viewer
function normally creates 3D projections of 2D images by using several Z-sections of
one sample. This function was utilized to project 2D images through time by
converting time points into Z-sections in the file header. Care was taken to align
(Align Image Tool) and crop (Resample 2D tool) each septum to the smallest area
possible to faithfully represent the movement of GFP molecules through time. If
images could not be aligned for any reason (focal plane and X/Y drift, rapid
movement of cells due to growth, etc.) they were not used to create kymogram-like

projections.

Quantification of Interdivisional Time
Cells were grown according to timelapse microscopy methods and images
were taken every three minutes. The interdivisional time was defined as the amount of

time that elapsed between the completion of division in the parent cell and beginning
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of constriction in each daughter cell. The interdivisional time for each daughter
cell/parent cell pair was recorded and plotted in a histogram using 20 bins (giving each
timepoint its own bin; 3 minute timepoints for 60 minutes). The histogram was created

using Matlab and edited in Adobe Photoshop.
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Tables



Table 1. Strains used in this study

110

Strain Genotype Reference or
source

PY79 wild type (Youngman et al,
1984)

PB302 minCD::cat, trpC2 (Lee & Price,
1993)

FG94 divIVA::spec, amyE: P divIVAQcat R. Losick

MDS642  \minCD::cat::tet lab stock

MDS651 |amyE::P,, minCDQcat lab stock

MDS652 |\amyE::P,,,,-minCDScat lab stock

PALI1213 |amyE::P, gfp-minCDScat, trp, phe P. Levin

PL642 ftsZ-gfp"* Qcat, trp, phe P.Levin

AD3007  |ftsAZ::ftsAZ-gfpQerm this study

EBS483 minC4-gfp, ftsZ::P,,, ftsZphleo, sacA::P, ;- | this study

creQspec

EBS499 minC4-gfp, sacA: :tet this study

EBS42 sacA: P, z-creLspec (Becker et al,
20006)

JAGI5 minC8-gfp, sacA::P,,,,,-creSspec this study

JAG32 minC4-gfp, sacA::P,,,,,-creSspec this study

JAG67 minC4-gfp, sacA::tet, divIVA::spec this study

JAGT9 minC4-gfp, sacA::tet, 110ind::loxP-kan-loxP this study

JAG114 minD4-gfp, sacA::P,,,z-creS2spec this study

JAGI118 minD4-gfp, sacA::P,,,,-creQspec, amyE::P,,~ |this study

minCDScat
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Table 1. continued

JAG120 minD4-gfp, sacA::P,,,x-creSspec, this study
amyE::P,, -,-minCDScat
JAGI135 JtsAZ: :ftsAZ-gfpQerm, minCD: :cat this study
JAGI151 ezrA-cfpSlerm this study
JAGI189 minCD::cat::tet, amyE: P, ,-gfp-minCD8cat this study
JAG226 ezrA-cfpSerm, minC4-gfp-Qcat, this study
JAG252 minCD: :cat: :tet, ftsZ-gfp" Qcat this study
JAG431 amyE::P -gfp-minCD, ftsAZ: :ftsAZ-gfpQerm this study
JAG437 minD4-loxP- ‘lacZ-kan-loxP this study
JAG439 amyE::P,,.c,-minCDQcat, minCD: :cat: :tet this study
JAG441 amyE::P, minCDScat, minCD: :cat: :tet this study
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Figure 1. Localization of MinC4-GFP (EBS499) and MinD4-GFP (JAG118). (A)
the current model for the spatial regulation of cell division in B. subtilis and E. coli,
indicates that the DNA binding protein Noc blocks division over the chromosome,
while MinC (green) has the highest time averaged concentration at the poles, thereby
blocking polar cell division. In E. coli the increased concentration of MinCD at the
poles is achieved by its oscillation from one cell pole to the other, while in B. subtilis
MinCD were previously thought to localize to the cell poles. (B) Our studies find
MinC to have the highest concentration at midcell, with a few molecules moving
rapidly along the cell envelope. Thus, MinC has a high concentration only at the most
recent cell pole (right pole), and only before it relocalizes to midcell. (C)
Epifluorescence microscopy of MinC4-GFP (EBS499) and (D) MinD4-GFP
(JAG118) in growing B. subtilis cells. The non-functional MinD4-GFP fusion here
complemented by amyE::P,, .,-minCD, which does not express sufficient MinC or
MinD to fully complement the minCD null mutation for minicell production
(supplemental data), but does complement MinD4-GFP, suggesting that MinD4-GFP
retains some function. (E) Timelapse microscopy showing the localization of MinC4-
GFP throughout the cell cycle. FM 4-64 and GFP images were collected every 10
minutes. Movie S1 shows MinC4-GFP. Scale bars, 1 um.
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Figure 2. Quantitative comparison of MinC4-GFP and inducible GFP-MinC (P~
GFP-minC) localization. Arrowheads indicate the cell poles; arrows indicate the
midcell position. The pixel intensities are shown as a heat intensity plot with red being
the highest, blue the lowest with colors corresponding to the scale on the right for each
image. (A) MinC4-GFP (EBS499) with a 5 second exposure, which results in a 2x
higher maximum pixel intensity than P, GFP-MinC. The highest fluorescence
intensity is at midcell, with low levels of fluorescence elsewhere along the membrane
including the cell pole. No polar caps of MinC are observed. (B) P,,GFP-MinC
(PAL1213) grown with 0.5% xylose and imaged with a 1 second GFP exposure. The
protein localizes both to septa and to midcell. (C-E) P, GFP-MinC was expressed at
various levels by titrating the xylose concentration from (C) 0.02%, a concentration
that does not produce sufficient protein to block minicell formation, to (D) 0.05% and
(E) 0.5%, both of which produce sufficient protein to prevent minicell formation.
Decreasing the xylose concentration to 0.05% decreases polar GFP-MinC localization
while maintaining midcell localization. Scale bars, 1 um.
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Figure 3. Movement of MinC4-GFP at division sites visualized by epifluorescence
microscopy. To quantify changes in the appearance of MinC4-GFP at septa over time,
we employed a kymogram-like method to follow individual septa through time,
together with an analysis of the pixel intensities over time. (A) Briefly, the septa were
rotated to align the septa with the Y-axis, cropped, stacked and the Y-axis projected
through time. (B) An example of the expected kymograms for symmetric rings (top),
for an asymmetric assembly (middle) and for an asymmetric assembly that rotates
about the septum (bottom). (C) Timelapse microscopy of MinC4-GFP (EBS499) at
three adjacent division sites (numbers 1-3). Images were taken at approximately 1
minute intervals; the time in seconds is shown on the right. MinC appeared to
translocate from one side of the septa (arrows) to the other (arrowhead). See movies
S5-6 for more examples. (D) Kymograms of each septum (labeled 1-3) showing GFP
(right) and FM 4-64 fluorescence (left) and the corresponding 3D-pixel intensity plots.
The number in the upper right indicates the septum in C; the arrows and arrowheads
also correspond to those in C for each cell. The FM 4-64 intensity fluctuates evenly
across the septum, in contrast to the GFP intensity, in which one side can gain or lose
intensity. Scale bar, 1 um. Time indicated in seconds.
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Figure 4. MinC localizes to division sites late in division in a manner dependent
on DivIVA and MinD. (A) Colocalization of EzrA-CFP (blue) and MinC4-GFP
(green) with FM 4-64n stained membranes (red) in strain JAG226. (B) MinC4-GFP
fails to localize in the absence of MinD (JAG79) (C) or DivIVA (JAG67) and shows
low fluorescence that is barely above background. Thus, DivIVA and MinD appear to
be required for septal localization of MinC, rather than for retention at the cell pole.

Scale bars, 1 um.
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Figure 5. Comparison of FtsZ-GFP dynamics in wild type and minCD cells.
Images of FtsZ-GFP (green) and FM 4-64 (red) were collected every 1-3 minutes for
several cell division events. Times were selected for display that best showed the
illustrated behavior; additional timepoints and examples of wild type and minCD
mutant cells can be found in supplemental movies S7-S8). Time is indicated in
minutes in the right panel of each set. (A) Relocalization of FtsZ-GFP (JAG212) from
a completed septum (arrows), showing the transient assembly of an FtsZ-ring adjacent
to the new pole (arrowheads) that disappears while an FtsZ ring assembles at midcell
(arrowheads). The assembly of an FtsZ ring at midcell often entails stabilization of a
dynamic structure into a single, brighter ring (asterisk). (B) In the minCD strain
JAG252, FtsZ-GFP assembles structures (arrowhead) adjacent to the recently
completed septum (arrow); these ultimately constrict to generate a minicell. This
pathway accounts for 75% of all minicells. (C) The remaining minicells are produced
in long cells that assemble several FtsZ rings. The arrow indicates the first FtsZ ring to
assemble, arrowheads subsequent rings. The leftmost ring constricts to generate a
minicell. Scale bars, 1 um.
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FtsZ-GFP/FtsZ+

Figure 6. FtsZ dynamics in strains co-expressing FtsZ-GFP and FtsZ. Images of
FtsZ-GFP (green) and FM 4-64 (red) were collected every 3 minutes for several cell
division events. (A) Relocalization of FtsZ-GFP/FtsZ+ (AD3007) from a completed
septum (arrow) to a transient polar site and to midcell (arrowhead). (B) Relocalization
of FtsZ-GFP/FtsZ+ (AD3007) from completed septum (arrow) to a polar site that
constricts to form a minicell (arrowhead). (C) In the minCD strain JAG135, FtsZ-
GFP/FtsZ+ assembles polar FtsZ rings (arrowheads) adjacent to completed septa
(arrow), which constrict to form minicells. This strain also forms long cells (D) that
assemble multiple FtsZ-rings that can constrict nearly simultaneously (arrowheads).
Scale bars, 1 um.
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Figure 7. Comparison of interdivisional time in wild type and minCD -cells.
Timelapse microscopy of FM 4-64 stained cells was performed with images collected
every 6 minutes. Numbers above septa indicate the order they were formed. Identical
numbers in the same timepoint denote septa that formed simultaneously. (A) The wild
type strain PY79 shows well-synchronized daughter cells. (B) The minCD strain
MDS642 shows asynchronous division in the daughter cells (divisions 2, 3), and
simultaneous divisions (divisions 4). Scale bar, 1 um. (C-D) The time between the
completion of one septum and the start of the next (described in materials and
methods) was plotted for (C) PY79 and (D) MDS642. Dark blue lines denote midcell
to midcell interdivisional time and light blue lines denote that for any division
involving a minicell.
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Figure 8. Summary of MinC dynamics in B. subtilis and a proposed role for
MinC in relocalization of FtsZ from new cell poles (A) MinC (red) localizes to
septa before septal biogenesis, rotating around sites of active cell division (top cell)
and constricting as septal biogenesis completes (middle cell). After septation is
complete, it leaves the new pole and moves to midcell. (B) Model for the role of MinC
(yellow) in relocalization of FtsZ (green filaments) during the cell cycle.
Chromosomes are shown in cyan. Cells 1-2 show the formation of an FtsZ ring at
midcell from short FtsZ protofilaments (green filaments; (Li et al, 2007; Osawa et al,
2008)), cells 3-4 the onset of septal biogenesis and the recruitment of MinC (yellow)
to the active divisome (solid green ring). As septation completes (cells 4-5), FtsZ is
released from the new cell pole and accumulates in ring-like structures near the cell
pole that MinC either disrupts prevents from recruiting the late division proteins. (C)
In the absence of MinC, these normally transient structures persist and are used for
cell division.
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Supplemental Methods
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Description of the MinC and MinD GFP insertions

The fusion used in most of these studies (MinC4-GFP) contains GFP and
flanking recombination sites inserted into the 4™ codon of minC, and includes two
duplicated amino acids flanking the insert (T;K,) that were generated by transposition,
an N-terminal linker encoded by restriction and recombination sites and one amino
acid on each side of GFP that is encoded by the junction between minC and the

transposon. The protein sequence for MinC4-GFP is:

MK, T; K, NCLLYTSITSYNVCYTKLWAAA(SKGE//LYK)KMCIRDRT;K,

K,Q,...MinC

Amino acids with numbers are MinC, the underlined amino acids are created
by junction of the insertion element and minC, the amino acids in parenthesis are GFP,
while the remaining amino acids are encoded by DNA sequences including restriction
and recombination sites. A second functional fusion was isolated that contains GFP

inserted into the 8" codon of minC. The sequence of this insertion (MinC8-GFP) is:

M K,T.K,T,KK,Q.NCLLYTSITSYNVCYTKLWAAA(SKGE/LYK)KMCI

RDRK,Q; ...MinC

A partially functional fusion was isolated that contains GFP inserted into the
4" codon of  minD. The sequence of  this insertion is:
M,G,E;A,CLLYTSTRGSTSITSYNVCYTKLWAAA(SKGE//LYK)KMCIRDRG,E,

A,..MinD.
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Construction of MinD knockout

The minD strain was constructed using plasmid pJG32, a derivative of pEB71
(which contains a kanamycin resistance cassette flanked by loxP sites (Becker et al,
2006). The 5’ region of minD was amplified using PY79 chromosomal DNA with
primers JG34 (5’-catatgtattcggcattcagtctttg-3”) and JG35 (5°-
actagtctcacccaattcacattcctc-3’) and cloned into Spel/Ndel of pEB71 to create pJG24.
Then the 3° region was amplified with  primers JG36 (5°-
ctcgagcaagatcttaatgtgatagaatc-3’) and JG37 (5’-cagctgtgcacatggatctttaagataagg-3’)
and cloned into Pvull/Xhol of pJG24 to create pJG32. The plasmid was integrated into
the chromosomal minD locus by a double recombination event to replace minD with
the kanR cassette. PCR amplification used Pfu DNA polymerase (Stratagene) with
oligonucleotides from Integrated DNA Technologies. Restriction endonucleases and
T4 DNA ligase were acquired from New England Biolabs and cloning was performed

in E. coli Top10 from Invitrogen.

Construction of EzrA-CFP

Strain JAG151 contains a fusion to CFP to the B. subtilis ezrA gene that is
integrated at the chromosomal ezrA locus. JAGI151 was created by integrating
pJAG60 into PY79. This was accomplished by the following method. pJAG34 was
created using primers JG75 and JG76 to mutagenize pMUTIN-CFP to insert an Nhel
site at the beginning of CFP. A 1 kb fragment of EzrA was then amplified from PY79

chromosomal DNA using PCR with primers JG&9 (5-



128

gctagcecatttccaggeggctageggatatgtcagctttgattttttcaactg-3') and JG90 (5-
cggccggtgccgaagetgttagetgact-3') and cloned into pCR2.1-topo to give pJAGS6.
pJAG56 was then sequentially digested with BamHI then Nhel. The approximately 1
kb band was then digested with Eagl. This fragment was ligated to pJAG35 digested
with Nhel and Eagl to give pJAG60. pJAG60 codes for a cfp fusion to ezrA with the
intervening four amino acid linker SRLE, as in (Levin et al, 1999). pJAG60 was then
integrated by single recombination into PY79 by transformation and selection for
resistance to erythromycin at 2 mg/ml to yield JAG151. Primers were purchased from
IDT, restriction endonucleases and T4 DNA ligase were acquired from New England
Biolabs and cloning was performed in E. coli Top10 from Invitrogen and XL-10 Gold

from Stratagene.

Construction of AD3007

Strain AD3007 contains a fusion of gfp+ to the B. subtilis ftsZ gene that is
integrated at the chromosomal fzsAZ locus. The integrant was generated from plasmid
pAID3001, which was constructed by amplifying genomic DNA from B. subtilis
strain PY79 with the primers 5'-gagggtaccagcgctatcgatcggecggactggtgetcggaatag-3'
and 5'-ctttgctagccatttccaggeggcetgecgegtttattacgg-3', and  ligating the resulting
amplicon to the vector pMUTIN-GFP+ after restriction of amplicon and vector with
Eagl and Nhel. The resulting plasmid encodes a GFP fusion to the C-terminus of FtsZ

with the intervening four amino acid linker SRLE, as in (Levin et al, 1999). The 3024
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bp chromosomal insert begins at base pair 1595252 in the published B. subtilis 168
sequence and contains in addition to the entire ftsZ gene, the upstream ftsA gene, and
upstream of that, about half of the sbp gene. The structure of pAID3001 was
confirmed by restriction endonuclease digestion, and the plasmid was integrated by a
single recombinational event into the PY79 chromosome by transformation and
selection for resistance to erythromycin at 2 mg/ml. The integrant contains two copies

of ftsA, one copy of ftsZ, and one copy of ftsZ-gfp.

Construction of PAL1213

Strain PAL1213 contains a xylose inducible copy of GFP-MinC and MinD that
is integrated at the amyE locus. The integrant was generated from plasmid pPL123,
which was constructed by amplifying genomic DNA from B. subtilis 168 with primers
GFP-MinC  (5'-gatcgcggccgcaagaccaaaaagcageaatatg-3')  and GFP-MinD  (5'-
gatcggatcccacattaagatcttactccg-3') and ligating the resulting amplicon to pEA18 after
digesting the vector and amplicon with Notl and BamHI. The resulting plasmid

contains GFP fused to the N-terminus of minC followed by minD.

Quantification of MinC velocity
The rate of MinC movement was calculated by assuming that it travelled in a
circle with a radius of approximately 0.45 um, which equals half the measured width

of FM 4-64 stained cells. The circumference of that circle was then divided by the
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approximate time it took to travel completely around the circle, to give rates of 0.25—
0.34 um/min. The rate of MinC foci in TIRF experiments was calculated by summing
the distances that the spot moved between each time point using the measure distance
function. That distance was then divided by the total time it took the foci to travel that

distance to give rates of 2-3 um/min.

Quantification of the percent FtsZ in the ring in pads versus poly-lysine treated
coverslips

Images were analyzed using softWoRx 3.3.6. Three z-sections including the
medial focal plane and flanking optical sections 0.2 microns apart were merged from
deconvolved images, summing the pixel intensities so that most of the Z-ring was
included in the calculation. Pixel intensity data and areas were determined using the
edit polygon function, by drawing polygons around the selected area in the merged

image. Data was exported to Excel, where all calculations were performed (Table S2).

Quantification of the percent minicells produced adjacent to recently completed
septa

To quantify the number of minicells that assemble from Z-rings that form at
the old pole versus the new pole we performed timelapse microscopy of cells with
FtsZ-GFP, because the minCD mutant partially uncouples FtsZ ring assembly from

cell division. A Z-ring at the new pole was defined as a Z-ring that assembled adjacent
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to the most recently completed septum in a cell. Most often these Z-rings formed
shortly after division was complete when FtsZ could be seen moving away from the
completed septum in the previous timepoints. However in the minCD mutant polar
FtsZ rings could persist and be used for division even after another cell division had
occurred in the cell because the time required for FtsZ ring assembly and the onset of
septal biogenesis appeared variable. Such division events would appear to produce a
minicell near an old cell pole, but the polar FtsZ ring assembled in the previous cell
cycle. The timing defect in a minCD strain often caused multiple divisions to occur in
rapid succession or even simultaneously in one cell. In this case a Z-ring at the new
pole was defined as a Z-ring where FtsZ could be observed moving from one

completed septum in the timepoints preceding the assembly of the polar Z-ring.
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Supplemental Table 1. Quantification of cell length and minicells in minC-GFP

strains
JAG189 (1/5

EBS499 (LB) JAG189 (LB)
PY79 (LB) . . LB)
minC4-GFP P.,-GFP-minC P.-GFP-minC
Cell length
(um) . 36+0.9 3.8+0.9 7.8+3.0 68+22
Excluding
Mini-cells
None
.. 0.2 30.2 12.0
% minicells detected 1 = 480 =341 n=313
n =250

Mini-cells and cell lengths were quantified after growth on 1.2% agarose pads with 0.5
pg/ml of FM 4-64 and the indicated medium for >60 minutes.
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Supplemental Table 2. Quantification of cell length and minicells in minD strains
JAG114 JAG118 JAG120 JAGA437 JAG439 JAG441

Cell length

(um), excluding

minicells 51+17 37x1.1 42+19 52+22 52+18 31x1.1
% 139 43 72 14.8 84 8.2

minicells n=216 n=141 n=221 n=115 n=119 n=170

Mini-cells and cell lengths were quantified after growth on 1.2% agarose pads with 0.5 pg/ml of FM
4-64 and 1/5 LB.

JAG114 = minD4-gfp; JAG118 = minD4-gfp, P,,minCD; JAG120 = minD4-GFP, P,;,cp-minCD;
JAG437 = minD: :kan; JAG439 = P,;,cp-minCD, minCD; JAG441 = P,,,-minCD, minCD
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Supplemental Table 3. Quantification of FtsZ-GFP localization in cells imaged on
agarose pads versus glass slides/poly-lysine treated cover slips.
A. Cells imaged on agarose pads

O 00 31NN AW

L L W RN MMM NN NN — o s s s e e
NP = OO0 0N Nk WNR=O WO Nk W —O

AV
G
STD
EV

Total CF!

2.18E+06
2.24E+06
1.83E+06
1.27E+06
2.79E+06
2.21E+06
2.46E+06
1.77E+06
1.26E+06
1.31E+06
2.29E+06
1.95E+06
8.13E+05
9.35E+05
1.94E+06
1.24E+06
1.38E+06
9.89E+05
1.56E+06
1.34E+06
1.71E+06
1.41E+06
1.70E+06
1.07E+06
2.26E+06
1.12E+06
1.31E+06
1.05E+06
1.40E+06
2.22E+06
1.87E+06
1.02E+06

1.62E+06

5.16E+05

Z-ring
CF*

6.59E+05
8.38E+05
8.19E+05
4.03E+05
7.73E+05
8.28E+05
8.64E+05
4.88E+05
4.77E+05
5.12E+05
7.36E+05
4.97E+05
4.89E+05
4.99E+05
7.97E+05
4.06E+05
2.66E+05
3.30E+05
6.88E+05
6.13E+05
5.01E+05
4.88E+05
5.11E+05
4.43E+05
7.57E+05
4.87E+05
5.91E+05
4.86E+05
5.76E+05
8.23E+05
6.70E+05
4.26E+05

5.86E+05

1.64E+05

% FtsZ
in Z-
ring®
30.21%
37.37%
44.89%
31.77%
27.61%
37.37%
35.15%
27.59%
37.82%
39.24%
32.20%
2545%
60.09%
53.39%
41.07%
32.74%
19.23%
33.39%
44.03%
45.59%
29.26%
34.68%
30.10%
41.43%
33.56%
4341%
44.95%
46.49%
41.12%
37.15%
35.87%
41.70%

37.37%

8.31%

Cyto
FtsZ©

1.52E+06
1.40E+06
1.01E+06
8.66E+05
2.02E+06
1.39E+06
1.59E+06
1.28E+06
7.84E+05
7.93E+05
1.55E+06
1.45E+06
3.25E+05
4.36E+05
1.14E+06
8.35E+05
1.12E+06
6.59E+05
8.75E+05
7.31E+05
1.21E+06
9.19E+05
1.19E+06
6.26E+05
1.50E+06
6.35E+05
7.24E+05
5.60E+05
8.25E+05
1.39E+06
1.20E+06
5.95E+05

1.04E+06

3.99E+05

Cyto

Area

(um?)
5.13
479
4.60
408
5.82
436
5.70
5.13
454
3.92
5.66
6.96
2.18
2.16
493
3.77
5.50
474
545
482
6.30
420
6.65
436
493
3.03
242
241
5.02
5.10
458
2.84

4.57

1.24

B. cells imaged on poly-lysine coverslips and slides

N A W=

Total
CF*

1.48E+06
1.32E+06
1.69E+06
1.52E+06
1.86E+06
1.42E+06
1.67E+06

Z-ring
CF*

1.01E+05
1.39E+05
1.33E+05
1.58E+05
1.28E+05
1.29E+05
1.07E+05

% FtsZ

in Z-
ring®
6.83%
10.54%
7.87%
1037%
6.92%

9.08%
6.41%

Cyto
FtsZ©

1.38E+06
1.18E+06
1.56E+06
1.36E+06
1.73E+06
1.29E+06
1.57E+06

Cyto
Area
(um?)

591
437
6.82
5.18
6.12
495
7.1

Ring

Area

(um?)
042
0.48
0.48
043
0.48
045
0.52
0.51
0.59
0.54
0.48
0.36
043
042
0.48
042
0.30
0.52
0.68
0.56
0.54
0.46
0.48
0.56
043
0.38
047
043
043
0.50
043
032

047

0.08

Ring
Area
(um?)

03
0.32
0.36
0.38
0.27
041
0.35

Cyto
Ftsz/

2D
um

2.97E+05
2.93E+05
2.19E+05
2.12E+05
3.47E+05
3.18E+05
2.80E+05
2.50E+05
1.73E+05
2.02E+05
2.74E+05
2.09E+05
1.49E+05
2.02E+05
2.32E+05
2.21E+05
2.03E+05
1.39E+05
1.61E+05
1.52E+05
1.92E+05
2.19E+05
1.78E+05
1.44E+05
3.04E+05
2.10E+05
2.99E+05
2.32E+05
1.64E+05
2.73E+05
2.62E+05
2.10E+05

2.26E+05

5.58E+04

Cyto
FtsZ/

um?
2.34E+05
2.70E+05
2.29E+05
2.63E+05
2.82E+05
2.62E+05
2.21E+05

Ring/ uﬁ
Cyto/um*®

5.29
595
7.81
442
4.64
5.78
5.94
3.83
4.68
4.69
5.60
6.60
7.63
5.89
7.16
4.37
4.37
4.57
6.30
721
4.82
4.85
597
551
5.79
6.12
4.20
4.87
8.15
6.03
5.96
6.35

5.67

1.12

Ring/u
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Supplemental Table 3. continued.

8 1.44E+06 = 9.44E+04 6.56% 1.35E+06 5.79 0.27 2.33E+05 1.50
9 1.34E+06 = 1.08E+05 8.04% 1.23E+06 547 0.25 2.25E+05 191
10 8.98E+05  8.24E+04 9.18% 8.15E+05 4.82 0.25 1.69E+05 1.95
11 1.26E+06 = 1.13E+05 9.00% 1.14E+06 6.39 0.32 1.79E+05 1.97
12 1.62E+06 = 1.27E+05 7.82% 1.49E+06 5.77 0.31 2.59E+05 1.58
13 1.07E+06 = 1.26E+05 11.76% 9.46E+05 4.85 0.33 1.95E+05 1.96
14 1.63E+06 = 1.50E+05 9.18% 1.48E+06 6.39 0.27 2.32E+05 2.39
15 1.57E+06 = 1.54E+05 9.82% 1.42E+06 6.15 03 2.30E+05 1.97
16 1.81E+06 = 1.12E+05 6.21% 1.69E+06 7.02 03 2.41E+05 1.86
17 1.20E+06 = 1.05E+05 8.69% 1.10E+06 5.64 03 1.95E+05 1.49
AVG 146E+06 = 1.22E+05 8.49% 1.34E+06 5.81 0.31 2.30E+05 1.71
STDEV = 257E+05 @ 2.14E+04 1.61% 2. 49E+05 0.80 0.04 3.19E+04 0.29

ACF = corrected fluorescence. CF was calculated by subtracting the background fluorescence using
the using the “edit polygon” function of Delta Vision software to define regions and calculate the
total fluorescence and volume of the shapes defined. The average background (from a cell free
region) was calculated in fluorescence/um?. The Total CF was calculated by summing the
fluorescence in a cell, then subtracting the background fluorescence/um? multiplied by the area of the
cell. Example - Total CF = Total Fluorescence — [(Background/um?®)x(cell area/um?)]. The corrected
fluorescence of the FtsZ ring was similarly calculated from the region of the cell containing an FtsZ
ring.

BUsing CF for the cell and the Z-ring, the percentage of FtsZ in the Z-ring was calculated by (Z-ring
CF)/(Total CF) x 100.

“Cytoplasmic FtsZ = (Total CF) — (Z-ring CF)

PThe total cytoplasmic FtsZ will increase as the cells get longer, although the concentration of FtsZ
should not change. We therefore calculated cytoplasmic FtsZ-GFP intensity per square micron —
(Cytoplasmic FtsZ)/(Cytoplasmic area). Although not listed in the above table, the exact same
calculation was made for the Z-ring.

EUsing the calculations of pixel intensity per square micron described above, a ratio of the Z-ring
intensity versus the cytoplasmic intensity was calculated — (Z-ring/area)/(Cyto/area). This calculation
is not affected by cell length variability and gives a more accurate reflection of the amount of FtsZ in
the Z-ring relative to the cytoplasm.
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Supplemental Table 4. Quantification of MinC4-GFP localization to midcell in
pre-divisional and dividing cells

Predivisional cells Dividing cells
(n=242) (n=30)
MinC 12.4% 93.3%
No MinC 87.6% 6.7%

MinC4-GFP was visualized in growing cells on 1.2% agarose pads with 20% LB and 0.5
pug/ml of FM 4-64 at 30°C. Dividing cells are those with an incomplete septum in which

FM 4-64 staining does not fully traverse the cell. Predivisional cells showed no evidence
of septal biogenesis.



Supplemental Table 5. Quantification of MinC4-GFP and EzrA-CFP
colocalization to midcell

Pre-divisional cells (n = 86) Dividing cells (n=37)
EzrA only 87.2% 8.1
EzrA and MinC 12.8 91.9

MinC4-GFP and EzrA-CFP were visualized in growing cells on 1.2% agarose pads with
20% LB and 0.5 pg/ml of FM 4-64 at 30°C, and scored for the presence or absence of
MinC and EzrA. Dividing cells are those with an incomplete septum in which FM 4-64
staining does not fully traverse the cell.

138
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Supplemental Table 6. Quantification of cell lengths and minicells in FtsZ-GFP

fusions*
JAG212 | JAG252 | AD3007 JAG135 JAG431° JAG431
FtsZ- FtsZ- FtsZ- FtsZ- FtsZ- FtsZ-
GFP GFP GFP/Z+ GFP/Z+, GFP/Z+, GFP/Z+,
minCD minCD Py-minCD | P,,-minCD
0.5% xyl
Cell length 8.7+ 41+1.1 | 3516 34+1.1 NAC NA
(xm) 3.5 n=126 n=158 n=127
Excluding n=389
minicells
% minicells NDP 94 7.0 45 99 2.6
n=120 | n=139 n =187 n=224 n =384 n =383
% minicells NA 73 79 83 NA NA
from Z- n=15 n=15 n=29
rings at
new poles”

AMinicells and cell lengths were quantified after growth on 1.2% agarose pads with 20% LB

and 0.5 ug/ml of FM 4-64 for >60 minutes.

This strain expresses wild type minCD and also a second copy of minCD that can be

overexpressed from the xylose promoter.
“NA = Not assessed
PND = none detected

"Here defined as minicells that formed from FtsZ that assembled adjacent to a recently
completed septum (in which FtsZ that was present in previous timepoints). These FtsZ rings
sometimes assembled in the parent cell but persisted and were ultimately used for division

in the daughter cell.
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Supplemental Figures
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Supplemental Figure 1. Localization of MinC4-GFP, MinC8-GFP and MinD4-
GFP. (A) EBS499 (MinC4-GFP) was grown on CH plates and transferred to CH
agarose pads at 30°C. One minicell was found among several fields containing 480
cells (see Table S1). (B) JAGI2 (MinC8-GFP) was grown on CH plates and
transferred to CH agarose pads at 30°C. (C) JAG118 (MinD4-GFP, amyE::P,,
minCD) was grown on 10% LB 1.2% agarose pad at 30°C without FM 4-64 to reduce
background fluorescence and prevent aberrant GFP signal from FM 4-64 caused by
overlapping excitation and emission spectra between GFP and FM 4-64. Scale bar, 5

pm.
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Supplemental Figure 2. MinC4-GFP and FtsZ-GFP are lost from midcell when
imaged on a glass slide using a poly-lysine treated coverslip rather than on an
agarose pad. (A) EBS499 (MinC4-GFP) imaged on a poly-lysine treated coverslip
and slide, rather than on an agarose pad that supports growth. (B) JAG212 (FtsZ-GFP)
was grown on LB plates and transferred to an LB agarose pad at 30°C. Quantification
revealed that 37+8% of FtsZ-GFP was present in the medial FtsZ ring (Table S2a). (C)
JAG212 (FtsZ-GFP) was grown in liquid LB, concentrated 10 fold, and placed on a
glass slide using a poly L-lysine treated coverslip. Quantification revealed that
8.5+1.6% of FtsZ-GFP was present in the medial ring (Table S2b). Scale bar, 1 ym.
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overlay

Supplemental Figure 3. Localization of MinC4-GFP using Total Internal
Reflection Fluorescence (TIRF) Microscopy. EBS499 was applied to agarose pads
and 0.3s TIRF images collected every 4s for a total of ~50s (see movies S2-3). Panels
show two methods by which the images were collapsed. (A) Summation of the pixel
intensities throughout the experiment, which highlights locations at which MinC
spends the most time. (B) Maximum pixel intensity projection, which highlights
transient Min foci. (C) Seven consecutive TIRF images ~4s apart that follow MinC4-
GFP foci observed in the maximum intensity projection. In this example, one bright
focus appears to move towards and then around the cell pole, although we cannot be
absolutely certain that the same focus is observed in all of the images. Scale bars, 1
pum. See movies S2-3.
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Supplemental Figure 4. MinC localizes to the poles at intermediate stages of FtsZ
depletion. EBS483 (P, ftsZ, minC4-gfp) was grown overnight with 40 mM IPTG
and then placed on 20% LB 1.2% agarose pads either (A) containing 40 mM IPTG or
(B-C) lacking IPTG. Cells were grown at 30°C for (B) 2.5 or (C) 5.5 hours. Scale bar,

1 um.
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Supplemental Movie Legends
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Supplemental Movie 1. MinC4-GFP during the cell cycle. Epifluorescence images
were acquired with 2-4 second exposures at 10 minute time intervals for a total of 90
minutes. Scale bar, 5 ym.

Supplemental Movies 2 and 3. TIRF movies of MinC4-GFP. TIRF images of GFP
were acquired with 0.3 second exposures (35% laser power) every 4 seconds for a
total of 50 seconds. A single FM 4-64 image was collected at the beginning of the
experiment and overlaid with the GFP images for reference. Scale bar, 5 ym.

Supplemental Movie 4. Dynamic localization of MinC4-GFP to the poles during
FtsZ depletion. Epifluorescence images were acquired every 15 seconds for a total
time of 15 min. Scale bar, 5 ym.

Supplemental Movie 5. Epifluorescence movies showing MinC4-GFP apparently
rotating around septa. Images were acquired every minute with 1-2 second
exposures for a total of ~10 minutes. Scale bar, 5 ym.

Supplemental Movie 6. Epifluorescence movies showing MinC4-GFP apparently
rotating around septa. Images were acquired every minute with 1-2 second
exposures for a total of ~10 minutes. Scale bar, 5 ym.

Supplemental Movie 7. Epifluorescence movie of JAG212 (FtsZ-GFP). GFP and
FM 4-64 images were acquired every minute for 90 min. Scale bar, 5 ym.

Supplemental Movie 8. Epifluorescence movie of JAG252 (minCD, FtsZ-GFP).
GFP and FM 4-64 images were acquired every minute for 90 min. Scale bar, 5 ym.

Supplemental Movie 9. Epifluorescence movie of AD3007 (FtsZ-GFP/FtsZ+).
GFP and FM 4-64 images were acquired every three minutes for approximately two
hours. Scale bar, 5 ym.

Supplemental Movie 10. Epifluorescence movie of JAG135 (minCD, FtsZ-
GFP/FtsZ+). GFP and FM 4-64 images were acquired every three minutes for
approximately 2 hrs. Scale bar, 5 ym.

Supplemental Movie 11. Epifluorescence movie of MD642 (minCD). Sytox Green
and FM 4-64 images were acquired every three minutes for approximately 100
minutes. Scale bar, 5 ym.



Chapter IV

In vivo analysis of FtsZ dynamics in growing Bacillus subtilis cells

Abstract

The tubulin-related protein FtsZ plays a critical role in bacterial cell division.
FtsZ assembles into a ring-like structure at midcell known as the Z-ring, which serves
as a scaffold that recruits proteins that are required for cell division into a complex
known as the divisome and likely provides a constrictive force during cytokinesis. The
movement of FtsZ to midcell and subsequent assembly into the Z-ring has been
proposed to occur via an extended helical structure. We have examined the in vivo
localization pattern of FtsZ-GFP in Bacillus subtilis using timelapse epifluorescence
microscopy, total internal reflection microscopy (TIRFM), and three-dimensional
structured illumination microscopy (3D-SIM) in growing cells. We show that FtsZ
assembles into short protofilaments and that these protofilaments are highly dynamic.
Furthermore, Z-ring assembly occurs via multiple FtsZ protofilaments that move to
the midcell by an unknown mechanism that ultimately coalesce into a ring like

structure.
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Introduction

The tubulin-related protein FtsZ is conserved in nearly all bacteria and is
essential for cell division. In the first step of cell division, FtsZ assembles into a ring
like structure known as the Z-ring (Bi & Lutkenhaus, 1991) that serves as a scaffold
for recruiting the ‘early’ and ‘late’ division proteins to the divisome. The divisome
includes proteins that are involved in septal biogenesis, cytokinesis, and cell cycle
regulation (reviewed by (Dajkovic & Lutkenhaus, 2006; Errington et al, 2003;
Goehring & Beckwith, 2005)). Following the completion of cytokinesis, the divisome
disassembles by an unknown mechanism so that it may reassemble at the future

division site.

FtsZ monomers assemble in a head-to-tail fashion to form short polymers
called protofilaments (Lowe & Amos, 1999; Lowe & Amos, 2000). Polymerization of
FtsZ into protofilaments is dependent on GTP binding (Mukherjee & Lutkenhaus,
1994), which is mediated by the GTP binding pocket that is formed by the cleft
between two FtsZ monomers within a protofilament (Lowe & Amos, 1999).
Protofilaments further assemble into sheets and bundles under certain conditions in
vitro (Kuchibhatla et al, 2009; Lowe & Amos, 2000; Yu & Margolin, 1997). It has
been proposed that bundling and higher order assembly of FtsZ is mediated by lateral

interactions between FtsZ protofilaments (Popp et al, 2009).

The cells ability to spatially and temporally regulate FtsZ polymerization is
essential to proper division. This is accomplished in part by three systems that

negatively regulate FtsZ assembly. The first prevents FtsZ from assembling over the
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chromosome, in a process known as nucleoid occlusion that occurs in Bacillus subtilis
(Wu & Errington, 2004) and Escherichia coli (Bernhardt & de Boer, 2005). Nucleoid
occlusion depends on the NocA DNA-binding protein, which acts by a biochemically-
undefined mechanism (Wu & Errington, 2004). The second is EzrA, which prevents
the assembly of additional Z-rings in the cell (Levin et al, 1999); biochemical studies
suggest that EzrA inhibits FtsZ polymerization (Chung et al, 2007; Haeusser et al,
2004; Singh et al, 2007). The third system involves the widely conserved MinCD
proteins, which spatially regulate cell division in a variety of organisms (Lutkenhaus,
2007; Mazouni et al, 2004; Ramirez-Arcos et al, 2001; Rothfield et al, 2005; Szeto et
al, 2001), and whose absence produces anucleate minicells. Recent biochemical data
indicate that MinC inhibits the lateral interactions between FtsZ-protofilaments in E.
coli (Dajkovic et al, 2008) and B. subtilis (Scheffers, 2008), which might destabilize
Z-rings or compromise interactions between the Z-ring and the late division proteins.
Consistent with this latter hypothesis is my observation that B. subtilis MinC prevents
transient FtsZ rings that assemble near the new cell poles from persisting and maturing

into active divisomes (Chapter 3, (Gregory et al, 2008)).

Several proteins have been identified as positive regulators of FtsZ assembly
that act by tethering FtsZ to the membrane or by promoting FtsZ bundling. FtsZ is a
soluble protein and therefore requires the accessory proteins FtsA and ZipA, which
interacts directly with FtsZ to anchor it to the membrane and are essential for divisome
assembly in E. coli (Liu et al, 1999; Pichoff & Lutkenhaus, 2002; Pichoff &

Lutkenhaus, 2005). B. subtilis FtsZ appears to be anchored to the membrane through
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the overlapping function of FtsA, YImF, ZapA, and EzrA, although only the absence
of FtsA decreases the efficiency of Z-ring assembly (Beall & Lutkenhaus, 1992;
Gueiros-Filho & Losick, 2002; Ishikawa et al, 2006; Jensen et al, 2005), suggesting
that it performs a more critical role in FtsZ assembly. E. coli ZipA, ZapA, and YgfE
and B. subtilis SepF and ZapA promote bundling of FtsZ protofilaments in vitro
(Gueiros-Filho & Losick, 2002; Hale et al, 2000; Singh et al, 2008; Small et al, 2007).
The exact mechanism for FtsZ bundling is unclear, but it appears that these proteins
directly bind to FtsZ to either stabilize or act as crosslinking agent between FtsZ

protofilaments.

The combined action of the FtsZ-regulating proteins produces a net movement
of FtsZ from completed septa to the nascent division site and allows recruitment of the
late division proteins to the Z-ring at midcell. The mechanism for the movement of
FtsZ is largely unknown. One possible mechanism is via a helical FtsZ intermediate
that has been proposed to extend out from the completed septum to the new division
site at midcell. Helical structures have been observed using fluorescence microscopy
techniques in vegetative cells (Peters et al, 2007; Shih et al, 2003) as well as those
undergoing the initial stage of sporulation in which polar Z-rings are assembled (Ben-
Yehuda & Losick, 2002). It remains unclear how these helical structures form and
move throughout the cell. FtsZ could also move by the treadmilling of short
protofilaments, a process by which a polymer moves by addition of subunits to one
end of the polymer and loss of subunits from the other. This mechanism has recently

been demonstrated for the bacterial tubulin TubZ, which is involved in plasmid
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segregation (Larsen et al, 2007). Given the limited resolution of fluorescence
microscopy, it is possible that the extended spirals previously reported do not
represent a contiguous extended FtsZ spiral, but rather a collection of protofilaments

anchored to the cell envelope.

The limited resolution of fluorescence microscopy has also been a barrier to
determining the ultrastructure of the Z-ring, which could provide insight into the
mechanism of constriction. The Z-ring appears to be a contiguous structure when
visualized by fluorescence microscopy, suggesting that constriction could be mediated
by a eukaryotic-like sliding filament model, but a protein that is analogous to the
motor protein responsible for the movement of the filaments has yet to be indentified.
Alternatively, the depolymerization of FtsZ protofilaments could provide the
constrictive force (Waterman-Storer et al, 1995). Recently, cryoelectron tomography
of Z-rings in Caulobacter crescentus suggests that the Z-ring may be a collection of
short separate FtsZ protofilaments rather than a contiguous structure (Li et al, 2007).
This model proposes that each protofilament provides a constrictive force that is
generated by a conformational switch between straight and bent protofilaments that
results in the iterative pinching of the membrane (Ghosh & Sain, 2008). All of these
mechanisms rely on FtsZ protofilaments being anchored to the cell membrane, which
would allow a sliding, depolymerizing, or bending protofilament to pull the

membrane.

Here we present a detailed study of FtsZ-GFP dynamics and ultrastructure in

living B. subtilis cells using timelapse epifluorescence microscopy, total internal
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reflection microscopy (TIRFM), and structured light microscopy (SIM). These
methods allowed us to visualize a variety of novel FtsZ structures, including ~300 nm
protofilaments that move along the cell membrane in TIRFM, and partially assembled
FtsZ rings that SIM suggests to be discontinuous and often branched. Our data

suggest that FtsZ moves throughout the cell as protofilaments that coalesce at midcell.
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Results

Timelapse microscopy of FtsZ-GFP

We used timelapse epifluorescence microscopy to investigate FtsZ dynamics
during the cell cycle in strain AD3007 (Gregory et al, 2008), which contains a wild
type copy of ftsZ in addition to ftsZ-gfp. We first performed timelapse experiments to
observe FtsZ movement during the entire cell cycle. Under the conditions used in our
timelapse experiments the doubling time was approximately 60 to 70 minutes (see
Materials and Methods). In these experiments, FtsZ forms a stable ring that persists
during much of the cell cycle, followed by cytokinesis, and finally relocalization to the
nascent division site (Fig. 1). In some cells a transient ring-like structure assembled
adjacent to the recently completed septum before ultimately relocalizing to the nascent
division site (Fig 1; arrowhead). We also observed FtsZ foci (Fig. 1; asterisks) outside
of the Z-ring that appeared to localize to the cell membrane. The signal for these foci
was dim compared to the Z-ring, which made interpretation of the foci difficult.
Unfortunately, increasing the exposure time in these experiments results in arrest of

cell growth, presumably due to phototoxicity.

We decided to perform shorter timelapse experiments with increased temporal
resolution and exposure times to better observe the FtsZ foci outside of the Z-ring.
Previous studies suggest that FtsZ relocalizes from the completed septum to the
nascent division site via an extended helical structure (Ben-Yehuda & Losick, 2002;

Shih et al, 2003). To determine if the FtsZ foci we observed are part of these helical
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structures, we examined cells in which FtsZ was moving from a completed septum to
a stable Z-ring in newborn daughter cells (Z-ring transition). These shorter timelapse
experiments revealed FtsZ foci that are associated with the cell membrane, which
often change position with time. Figure 2A shows three newborn cells without a
medial Z-ring shortly after constriction. In these cells, we observed multiple dynamic
membrane associated foci. Overlaying the GFP images from all three timepoints
illustrates the amount of movement that occurred over a one minute interval (Fig 2A;
time overlay). Figure 2B shows two newborn cells with slightly different FtsZ
localization. The cell on the left appears to have several dynamic FtsZ foci whereas
the cell on the right formed a ring like structure near the new cell pole (arrowhead)
and the midcell. The polar Z-ring persisted for a few minutes, but ultimately
disassembled leaving a single medial Z-ring. The dynamic nature of FtsZ in these
timelapse experiments is inconsistent with previous reports of an extended helical FtsZ
structure. To further investigate this discrepancy we reconstructed three-dimensional

images of cells without a medial Z-ring.

3D reconstruction of FtsZ-GFP using structured illumination microscopy
Conventional fluorescence microscopy cannot differentiate between foci that
are independent of one another and a continuous helix wherein each of the foci are
part of a connected filament. This is due to limited spatial resolution, which will make
discontinuous structures appear continuous, and a relative overemphasis of polymers

that are perpendicular to the imaging plane rather than those on the cell surface. The
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latter is evident when a Z-ring appears as two opposing foci at midcell connected by a
much fainter horizontal ring. We were therefore unsure whether the FtsZ foci we
observed during Z-ring transitions using timelapse microscopy were due to rapidly
moving foci or protofilaments or to an inherently dynamic or unstable helical

structure.

We collected stacks of optical sections of growing B. subtilis cells containing
FtsZ-GFP using the Applied Precision OMX™ microscope to determine if the foci we
observed are part of a helical structure or are independent filaments (Fig 3). The
OMX™ microscope achieves a ~100nm spatial resolution, or two-fold better
resolution than that of conventional light microscopes, by using 3D-structured
illumination (SI) microscopy (see materials and methods). Using 3D-SI microscopy
we expected to detect extended helical FtsZ structures in cells undergoing Z-ring

transition as well as potential discontinuities in the Z-ring itself.

We first performed a 3D-reconstruction of a cell that contained a medial Z-ring
and rotated it 180 degrees around the Y-axis (Fig. 3A). The Z-ring appears to be
completely assembled and of nearly uniform intensity. Then we reconstructed a cell
that was undergoing a Z-ring transition (Fig. 3B). This cell contains FtsZ near the
completed septum and also at the nascent division site suggesting that FtsZ is
relocalizing to midcell and should contain an extended helical structure. Instead there
were several protofilaments emanating from the completed septum and two resolvable
polymers (Fig. 3B; arrowheads) at the midcell that can be seen by rotating the midcell

about the Y-axis and the X-axis. These two putative protofilaments at midcell
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appeared to be ~0.5 um and 1 um in length and did not appear to be connected to one
another. Clearly cells can contain several FtsZ polymers of variable length that are not

necessarily connected into a contiguous helix.

We also observed a cell that contained four resolvable FtsZ protofilaments of
between 200-500 nm in length on one side of the cell (Fig. 3C; arrowheads). From
these data we conclude that FtsZ does not move from the completed septum to midcell
via an extended helical structure, but rather by the movement of short protofilaments
of FtsZ. We postulated that the previously observed helical structures were the result
FtsZ protofilaments that were moving in a helical pattern due to the constraints of
movement that are imposed by membrane anchored polymer moving within a
cylindrical cell. To further examine the FtsZ microdynamics with greater temporal
resolution we used TIRFM (Total Internal Reflection Fluorescence Microscopy). We
define microdynamics as the movement of FtsZ before and after Z-ring assembly to

distinguish it from the dynamics of the Z-ring demonstrated by FRAP experiments.

Movement of FtsZ protofilaments by TIRFM

We used Total Internal Reflection Microscopy (TIRFM) in an attempt to
visualize minor populations of FtsZ moving along the membrane. TIRFM has an
increased signal to noise ratio compared to epifluorescence thus allowing for increased
temporal resolution and the ability to detect smaller numbers of molecules.

Furthermore, TIRFM has a limited excitation depth making it well suited for
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observing the top of the cell that is closest to the cover slip rather than a medial focal
plane that is generally seen with epifluorescence microscopy (Axelrod, 2001; Axelrod,
2003). Together, these two features make TIRFM ideal for visualizing dynamic
protofilaments that move across the cell, perhaps in a helical pattern. Alternatively, if
the FtsZ-GFP foci we observed are part of an extended helix, then the arcs of the helix

should be clearly evident in the TIRFM images.

We first performed a direct comparison between epifluorescence and TIRF in
the same cells (Fig. 4A-B). In cells that contained a medial Z-ring, we observed two
adjacent foci using epifluorescence and a solid band using TIRFM, indicating that
TIRFM was visualizing of the top of the Z-ring. Several cells also showed dynamic
foci and arcs away from the ring that could only be visualized with TIRFM. To
visualize the movement of FtsZ in these experiments we overlaid three separate
timepoints using green (0 seconds), blue (20 seconds), and red (40 seconds). The
white indicates stable FtsZ localization during the timecourse whereas individual
colors correspond to transient FtsZ. These data suggest that FtsZ assembles foci in the
cells that are highly dynamic. These foci might represent protofilaments, which are

120-240 nm in length and would therefore appear as diffraction limited spots.

Figure 4C is the first image of timelapse using TIRFM overlaid with the
medial focal plane showing the cell membranes imaged with deconvolution
fluorescence microscopy. The cell indicated by an arrowhead appears to be
assembling an FtsZ ring midcell. As shown in the timelapse series in Fig. 4D, in this

cell FtsZ-GFP foci moved rapidly about the cell, occasionally traversing the short axis
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of the cell. The FtsZ at midcell appears to go back and forth from one or more foci to
an arc over a two minute interval. This suggests that at early stages in Z-ring

assembly, a dynamic population of FtsZ protofilaments move around midcell.

Timelapse of Z-ring assembly and disassembly

The movement of FtsZ during Z-ring transition suggests that the Z-ring is not
formed from bidirectional polymerization at midcell, nor is it assembled from an
extended helical structure. We hypothesized that Z-rings might form from dynamic
FtsZ protofilaments that coalesce at midcell. To test this hypothesis we observed Z-
ring formation in growing cells using timelapse microscopy. In figure SA, FtsZ in the
cell on the right (arrow) starts as a single foci and then appears as multiple foci or arcs
that move about the midcell in subsequent timepoints. This series of events is typical
of cells that are assembling a Z-ring although the amount of time required to assemble
a Z-ring appears to be quite variable. The cell on the left (Fig. 5A; asterisks)
undergoes a similar pattern of FtsZ localization, but fails to assemble a ring in during
the course of the timelapse experiment. From these data, in conjunction with the
movement seen by TIRFM, we conclude that there are multiple dynamic FtsZ

protofilaments at midcell immediately prior to Z-ring assembly.

FtsZ protofilaments also appear in the later stages of cytokinesis. The Z-ring
constricts to a single focus at the end of cell division and at some later stage FtsZ foci

and arcs begin to appear on the membrane (Fig 5B; arrowheads). These foci persist
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and begin to move away from the completed septa following cytokinesis. These data
suggest that the protofilaments in the FtsZ ring fall apart at some late stage of
cytokinesis or that polymerization of FtsZ protofilaments occurs simultaneously with

Z-ring constriction.
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Discussion

The first observable step in bacterial cell division is the formation of the Z-ring
at midcell. The Z-ring serves as a scaffold for the recruitment of additional proteins
that are required for division. Several papers have proposed that the Z-ring assembles
via an extended helical structure that emanates from the old division to the nascent
division site (or possibly the length of the cell) after the completion of cytokinesis
(Ben-Yehuda & Losick, 2002; Peters et al, 2007; Thanedar & Margolin, 2004). We
here analyzed the movement of FtsZ in growing cells using timelapse epifluorescence
microscopy, TIRFM, and structured illumination microscopy (SIM). We found that
FtsZ foci rapidly move about the cell membrane, eventually accumulating at midcell,
and finally coalescing into a ring at the nascent division site. Importantly, we did not
observe any helical structures that extended from the old division site to the new

division site, indicating that they are either highly unstable or do not assemble.

Timelapse microscopy of FtsZ-GFP in growing cells revealed highly dynamic
foci that are associated with the cell membrane in cells that lack a medial Z-ring. At
any given timepoint, many of these foci are often offset to suggest the presence of a
helical structure. The dynamic nature of these foci, however, is inconsistent with an
extended helix and more indicative of individual FtsZ protofilaments. Dynamic foci
could be the result of a dynamic helix, but this seems unlikely given that the number

of foci on each side is highly variable and changes rapidly.

We postulate that the foci we sometimes observed using epifluorescence

correspond to highly dynamic foci we observed using TIRFM. There is no apparent
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path that FtsZ follows, but we suspect that movement along the long axis of the cell is
accomplished by moving in a helical pattern. This is likely the reason that previous
studies have observed extended helical structures. FtsZ polymerization does not
require accessory proteins in vitro therefore it is likely that the movement is
independent of other cytoskeletal proteins, but we cannot rule out the possibility that
they are moving along another cytoskeletal protein such as MreB or Mbl (Carballido-

Lopez & Formstone, 2007).

Visualizing FtsZ-GFP using structured illumination revealed individual FtsZ
protofilaments rather than an extended helical structure in cells that are in the process
of assembling a central FtsZ ring. These protofilaments appear to be no longer than
one half of the cell circumference. This suggests that FtsZ protofilaments are too
unstable to form longer helices and that they might move by treadmilling. If FtsZ does
move by a treadmilling mechanism then the length of FtsZ protofilaments would be
governed by the rate of polymerization and depolymerization at the plus and minus
end respectively. The FtsZ protofilaments we observed were always associated with
the cell membrane. FtsA and possibly ZapA, EzrA, and YImF are responsible for
anchoring FtsZ to the membrane. Since these proteins are not required for
polymerization in vitro, it is likely that they raise the local concentration of FtsZ at the
membrane to reach the critical concentration necessary for polymerization. FtsZ
protofilaments often emanated from division sites that had either completed

cytokinesis or were nearly completed. It is unclear whether these protofilaments were
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already assembled as part of the Z-ring or if they are newly polymerized

protofilaments.

Timelapse epifluorescence and SI microscopy suggest that there are multiple
FtsZ protofilaments at midcell prior to the assembly of the Z-ring. These
protofilaments then assemble into a Z-ring, possibly through bundling interactions that
are mediated by ZapA and the lateral interactions between protofilaments. This view
of the FtsZ ring as a collection of protofilaments is consistent with recent cryoelectron
tomography visualization of the FtsZ ring in C. crescentus, which demonstrates that

the Z-ring is a collection of short individual protofilaments.

These studies suggest a novel assembly pathway for Z-rings whereby
individual FtsZ protofilaments move to the midcell, possibly by treadmilling, and then
coalesce into a nearly uniform ring at midcell. The number of protofilaments in the Z-
ring is unknown. There is likely an equilibrium between FtsZ protofilaments and FtsZ
monomers that is determined by the critical concentration for FtsZ assembly in vivo.
Our results also suggest that the Z-ring is a collection of FtsZ protofilaments that are
bundled together, however, the organization of these bundles is unclear. Several
different structures, including sheets and bundles (Erickson et al, 1996; Lowe &
Amos, 1999), have been observed in vitro, but the biological relevant structure has yet

to be determined.

Finally, how is the movement of FtsZ regulated to ensure that sufficient FtsZ
protofilaments are present at midcell to assemble the Z-ring? It is possible that

nucleation of FtsZ protofilaments is favored at midcell, but we prefer the hypothesis



164

that the movement of FtsZ protofilaments is random, but that they prevented from
moving away from midcell by the nucleoid after sufficient chromosome segregation.
Further studies are required to identify the mechanisms by which FtsZ protofilaments

moved to the midcell.
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Materials and Methods

Strains and reagents
Strains are derived from PY79 (Youngman et al, 1984). Strain AD3007 and

JAG212 are described in (Gregory et al, 2008).

Timelapse microscopy

Timelapse microscopy used 1.2% agarose pads (Becker & Pogliano, 2007)
prepared as follows. FM 4-64 (Molecular Probes) was added to a final concentration
of 0.5 ug/ml in a 1.2% solution of molten agar/media (LB diluted 1:5 in water) and
added to the well of a culture slide and covered with a glass slide. After cooling, the
slide was removed and two air pockets were cut out of the agar leaving a 3 to 5 mm
agar bridge in the center of the well. Cells were grown overnight on the appropriate
solid media at 30°C and applied to the agar bridge and covered by a glass cover slip.
To prevent drying during the experiment, 50% glycerol was applied to the region of
contact between the slide and the coverslip. The slide was then allowed to equilibrate
in an environmentally controlled chamber at 30°C (Precision Control Weather Station)
for at least 30 minutes prior to visualization. Exposure times were minimized to
reduce phototoxicity. Images were acquired using an Applied Precision Spectris
microscope and deconvolved using softWoRx v3.3.6 software (Applied Precision).

Figures were assembled with Photoshop v7.0 software (Adobe).
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Total Internal Reflection Fluorescence Microscopy

TIRF experiments were performed using the same microscope and a 488 nm
argon laser installed in a TIRF module supplied by Applied Precision and a 100X 1.65
NA objective, sapphire coverslips (Olympus), and 1.78 refractive index oil (Cargille
Labs). GFP was visualized with using FITC excitation and emission filters and 0.3
second pulses at 35% power. FM 4-64 was imaged using conventional epifluorescence
microscopy as in timelapse microscopy. Cells were prepared in an identical manner to

timelapse microscopy.

Structured Illumination Microscopy

Cells were prepared as in timelapse microscopy and imaged with the
Deltavision OMX microscope (Applied Precision, Issaquah, WA). The OMX
microscope achieves 100 nm resolution by applying three-dimensional structured
illumination technology (3D-SIM; (Schermelleh et al, 2008)). The OMX also provides
increased spatial resolution by using faster and more sensitive cameras as well as true
multicolor simultaneous imaging. The cameras were constructed by applied precision
and use monochrome 20Mhz camera with Sony ICX285 ER progressive scan CCD.

Excitation was achieved using monochromatic lasers with standard filter sets.
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Figures
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Figure 1. Timelapse microscopy showing the relocalization of FtsZ-GFP from
completed septa to a nascent division site followed by cytokinesis. Images of FtsZ-
GFP (green) and FM 4-64 (red) were collected every minute for several division
events. FtsZ can be seen as a focus at midcell as well as smaller membrane associated
foci (asterisks). FtsZ leaves the completed septum and assembles into a polar Z-ring
(arrowhead), which ultimately disassembles. FtsZ relocalizes to midcell and ultimately
constricts into a foci. Scale bar 1 ym.
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Figure 2. Movement of FtsZ-GFP foci visualized by epifluorescence microscopy.
To observe the changes in FtsZ localization over a shorter timescale, we utilized
timelapse microscopy with increased temporal resolution and increased excitation.
Images of FtsZ-GFP (green) and FM 4-64 (red) were acquired every 30 seconds. (A)
Multiple foci of FtsZ are observed at different subcellular locations in each timepoint.
Images from the O (green) and 30 (blue) and 60 (red) second timepoints were overlaid
to emphasize the movement of foci between timepoints. (B) FtsZ assembles into a
transient polar Z-ring in the cell on the right (arrowhead). Several FtsZ foci are
observed in the left cell that appear to change location in each timepoint. Scale bar 1

pm.
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Figure 3. Three-dimensional reconstruction of FtsZ-GFP in growing cells using
SIM (Structured Illumination Microscopy). Images of FtsZ-GFP (green) and FM 4-
64 (red) were acquired using the OMX™ microscope. Panels show the rotation of the
3D image in space. (A) Reconstruction of a Z-ring at midcell. The ring was rotated
180° about the Y-axis to show the entire Z-ring. (B) Reconstruction of FtsZ-GFP
undergoing a transition from the completed septum to the nascent division site.
Rotating the GFP image from the midcell 180° about the X and Y-axis revealed two
resolvable FtsZ protofilaments. (C) FtsZ-GFP during the final stages of cytokinesis
reveals membrane associated FtsZ-GFP foci. Rotating the GFP image 180° about the
X- and Y-axis reveals four resolvable FtsZ protofilaments on one side of the cell.




171

Epifluor.

e
—
-

TIRF

TIRF overlay

FM 4-64 overlay

Time (seconds)

60
63
Figure 4. Comparison of the localization of FtsZ-GFP using Total Internal

120
Reflection Fluorescence (TIRF) microscopy and epifluorescence microscopy and
timelapse using TIRF microscopy. (A) and (B) are mages of FtsZ-GFP (green) and
FM 4-64 (red) were acquired in identical cells for direct comparison. Epifluorescence
shows two adjacent dots indicating a ring whereas TIRF reveals the top of the Z-ring.
The 0 (green), 20 (blue), and 40 (red) second timepoints from the timelapse using
TIRF were overlaid to emphasize the movement of FtsZ foci. (C) The first timepoint
of a timelapse showing FtsZ-GFP (green) imaged by TIRF and FM 4-64 (red) imaged
by epifluorescence. The panels below (D) are evenly spaced timepoints
(approximately 6 seconds apart) of the area indicated by the arrowhead in (C) of FtsZ-

GFP imaged by TIRFM.
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Figure 5. FtsZ foci emanate from the completed septum in the later stages of
cytokinesis and are visible at midcell prior to Z-ring formation. Images of FtsZ-
GFP (green) and FM 4-64 (red) were acquired every minute under timelapse
conditions. (A) FtsZ-GFP foci (arrowheads) can be seen at midcell prior to the
assembly of a complete Z-ring. (B) FtsZ-GFP can been seen as faint lines that emanate

from the constricting Z-ring (arrowheads) and form membrane associated foci after
cytokinesis is complete.



Chapter V

Conclusions and perspectives

My studies on MinC and FtsZ have led to a new model for MinCD function in
B. subtilis. Previous models of division site selection proposed that DivIVA anchored
MinCD to the cell poles where it inhibited FtsZ polymerization. I found that MinC is
highly dynamic and predominantly localizes to active division sites. Following
cytokinesis, MinC is released from the division site where it acts to destabilize Z-rings
that immediately reassemble adjacent to the new cell pole. Timelapse microscopy of
FtsZ-GFP suggests that these polar Z-rings and midcell Z-rings are assembled from
short FtsZ protofilaments that emanate from the completed septum. In the absence of
MinCD, these Z-rings progress into a divisome that ultimately constricts giving rise to

an anucleate minicell.

Towards understanding the mechanism of MinCD

There are numerous proteins that affect FtsZ dynamics, but surprisingly little is
known about the mechanism by which they affect FtsZ assembly. My studies of FtsZ-
GFP demonstrate that transient FtsZ ring-like structures assemble near the new cell
pole shortly after cytokinesis, and these Z-rings become competent for division in the
absence of MinCD (Gregory et al, 2008). This suggests that the primary role of MinC

in vivo is not to prevent FtsZ polymerization as previously thought, but rather to

173



174

perturb bundling of FtsZ protofilaments. A key question that needs to be addressed is

the mechanism by which MinC destabilizes FtsZ bundles in vivo.

There are two distinct biochemical activities that could account for the
destabilization of polar Z-rings by MinC. First, MinC might perturb the lateral
interactions between FtsZ protofilaments, which directly promotes the disassembly of
Z-rings. In support of this hypothesis, MinC is sufficient to destabilize FtsZ scaffolds
and reduces bundling of FtsZ protofilaments in vitro (Dajkovic et al, 2008) (Scheffers,
2008). Importantly, the effect of MinC is concentration dependent and is most
effective at MinC to FtsZ ratios of one to one in E. coli and closer to two to one in B.
subtilis, which are higher than the physiological ratios of MinC to FtsZ. The
stoichiometry of the interaction between MinC and FtsZ in vivo remains unknown.
Second, MinC my act indirectly to destabilize FtsZ bundles by disrupting the
interactions between FtsZ and other stabilizing proteins such as ZapA or FtsA. It has
been proposed that E. coli MinC prevents the recruitment of FtsA to the Z-ring, which
arrests the development of the divisome therefore rendering the Z-ring incapable of
constriction (Justice et al, 2000). In support of this hypothesis, Shen et al recently
demonstrated that E. coli MinC competes with FtsA for binding to the C-terminal end
of FtsZ (Shen & Lutkenhaus, 2009). Thus MinC appears to act through both direct and
indirect methods. MinC directly interacts with FtsZ, which might itself destabilize

FtsZ bundles, and it can displace FtsA in E. coli, which is required for cell division.

The activity of MinC must be temporally and spatially regulated to ensure that

it does not interfere with appropriate Z-ring assembly. Surprisingly, the highest
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concentration of MinC in B. subtilis cells is found at division sites, but MinC does not
destabilize Z-rings at the midcell. Furthermore, there is no established role for MinC
during cytokinesis. In B. subtilis, DivIVA may render MinCD inactive when it is
localized to the divisome, therefore it is not until MinCD is released from the
completed septum that it can act on bundles of FtsZ. This implies that the predominant
subcellular localization of MinC is not where it is biologically active. How then do we
determine when a protein is active? The difference for MinC may be the presence or
absence of DivIVA, but the implications of this on other FtsZ regulatory proteins is

unclear.

FtsZ dynamics

My studies demonstrate that FtsZ is highly dynamic and moves about the cell
in the form of short protofilaments. These protofilaments coalesce at midcell to form
the Z-ring and emanate from completed septa following cytokinesis (Chapter IV). This
model of FtsZ movement contrasts previous models that suggest that FtsZ polymerizes
into extended helical structures during relocalization from the completed septum to the
nascent division site. I suspect that the helical FtsZ structures that were previously
observed were an artifact caused by the helical pattern of movement in which FtsZ is

confined; the cell is essentially a cylinder.

The number of FtsZ protofilaments in the cell is likely influenced by the

equilibrium between FtsZ monomers and protofilaments, which is controlled in part,
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by the critical concentration for FtsZ polymerization and the ultrastructure of FtsZ
protofilaments in vivo. Essential to our understanding of cell division will be the
characterization of the equilibrium between FtsZ monomers, FtsZ protofilaments, and
the bundles of FtsZ protofilaments that comprise the Z-ring. What causes FtsZ bundles
to favor assembly at midcell and then disassembly during constriction? My studies
have demonstrated that FtsZ protofilaments can immediately reassemble into a ring-
like structure at the new cell pole immediately after constriction (Chapter III). Is this
due to a high concentration of FtsZ protofilaments at the cell pole immediately after
cytokinesis or the presence of accessory proteins such as ZapA that promote bundling?
It is possible that there is a critical concentration of FtsZ protofilaments that, once met,

results in Z-ring assembly?

The assembly of Z-rings from FtsZ protofilament precursors provides some
insight into the ultrastructure of the Z-ring itself. At present, the only high resolution
images of FtsZ are from Caulobacter crescentus (Li et al, 2007). Interestingly, the FtsZ
protofilaments observed at midcell were not part of a contiguous ring, suggesting the
Z-ring may not be a ring at all. My studies of FtsZ in B. subtilis using three-
dimensional structure illumination microscopy (3D-SIM), which affords a 100 nm
resolution, revealed a contiguous and nearly uniform Z-ring (Chapter IV). These
conflicting results could be due to a difference between species, insufficient resolution
in my studies of B. subtilis FtsZ, or fixation artifacts due to cryoEM imaging.

Resolving this dilemma will narrow the possibilities for the mechanism of constriction
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because a sliding filament model is not consistent with a discontinuous Z-ring. It

might also reveal the organization of other proteins within the divisome.
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