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Abstract 

Bacterial division requires the coordination of cytoskeleton constriction and insertion of new 

peptidoglycan (PG) into the existing cell wall by PG synthase enzymes. At the launch of this 

work, we hypothesized that FtsZ filament curvature promotes cell constriction. We therefore 

chose to study FzlA, a division protein that stabilizes highly curved FtsZ filaments, as a tool for 

assessing the contribution of FtsZ filament curvature to constriction. We show that in 

Caulobacter crescentus, FzlA must bind to FtsZ for division to occur and that FzlA-mediated 

FtsZ curvature is correlated with efficient division. We observed that FzlA influences 

constriction rate, and that this activity is mildly correlated with its ability to bind and curve FtsZ 

polymers. Further, we found that a slowly constricting fzlA mutant strain develops “pointy” 

poles, suggesting that FzlA influences the relative contributions of radial versus longitudinal PG 

insertion at the septum. These findings implicate FzlA as a critical coordinator of envelope 

constriction rate through its interaction with FtsZ, though they did not strongly show that FtsZ 

curvature is a major driver efficient constriction in C. crescentus. 

 We then asked if FzlA is able to regulate constriction because it signals through the 

division-specific PG synthesis pathway and discovered a promising genetic link. We found that 

hyperactive mutants of the PG synthases FtsW and FtsI specifically render fzlA, but not other 

division genes, non-essential. However, FzlA is still required to maintain proper constriction rate 

and efficiency in a hyperactive PG synthase background. Intriguingly, loss of fzlA in the presence 

of hyperactivated FtsWI causes cells to rotate about the division plane during constriction and 

sensitizes cells to cell-wall-specific antibiotics. We demonstrate that FzlA-dependent signaling to 

division-specific PG synthesis is conserved in another α-proteobacterium, Agrobacterium 

tumefaciens. These data establish that FzlA helps link FtsZ to cell wall remodeling and is 
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required for signaling to both activate and spatially orient PG synthesis during division. Overall, 

our findings support the paradigm that activation of SEDS-PBP PG synthases is a broadly 

conserved requirement for bacterial morphogenesis. 

 

Primary Reader: Erin D. Goley, Ph.D. 

 Secondary Reader: Jie Xiao, Ph.D. 
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 1 

Chapter 1: Cell division in Caulobacter crescentus: A 

molecular-scale model  

 

1.1   Introduction 

 For a replicating bacterium, the objective of cell division is relatively simple: split into 

two viable cells that are themselves capable of growing and dividing. Despite the simplicity of 

this goal, the mechanism for achieving successful division in Caulobacter crescentus (hereafter, 

Caulobacter) is in fact exceedingly sophisticated. The first layer of complexity involves proper 

timing of division initiation, such that the start of division is coordinated with the other events of 

the cell cycle. Caulobacter cells begin their life cycle as motile, flagellated swarmer cells, which 

grow, but do not themselves divide (Terrana and Newton, 1975; Aaron et al., 2007). In their 

natural habitat, swarmer cells are believed to swim around in search of a nutrient-rich zone. 

Upon finding such an environment, swarmer cells undergo a cell-type transition in which they 

lose their flagella and grow a long, thin extension of the cell body called the stalk. At this time, 

stalked cells begin to replicate their DNA, grow, and initiate the pre-constriction phase of the cell 

division program. At some point after DNA replication has begun, cells begin to constrict, 

eventually dividing into two daughter cells.     

 Division in Caulobacter requires that cells undergo a complex series of synchronized 

shape changes in the cell envelope. In Gram-negative cells including Caulobacter, the envelope 

is the multi-layered casing around the cell made up of an inner membrane (IM), an outer 

membrane (OM), and a cell wall in between the two, occupying the space known as the 
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periplasm. The cell wall in Caulobacter is a semi-rigid structure made of the macromolecule 

peptidoglycan (PG), which helps resist turgor pressure and maintain cell shape (Cabeen and 

Jacobs-Wagner, 2005; Woldemeskel and Goley, 2017). PG itself is made of glycan strands of 

repeating disaccharides that run along the circumference of the cell and are attached to each 

other by pentapeptide crosslinks (Hayhurst et al., 2008; Gan et al., 2008; Huang et al., 2008). 

Incorporation of new PG material into the cell wall (also referred to as PG or cell wall 

remodeling) drives both constriction, the inward invagination of the envelope, and elongation, 

the longitudinal extension of the envelope that occurs before and during constriction in 

Caulobacter.  

The next layer of the complexity of division lies within the sheer number of factors 

involved in facilitating cell wall remodeling and other events during the division process. The 

components of the cell division machinery are collectively known as the divisome, with each 

protein playing one or more specialized role(s) in division. The structural core of the divisome, 

FtsZ, forms a cytokinetic ring referred to as the Z-ring. In Caulobacter, the Z-ring marks the site 

of division, which is located approximately at midcell. There, the Z-ring acts as a scaffold for the 

rest of the division machinery, including the enzymes that insert new PG into the cell wall. Such 

a scaffold nucleates an intricate network of interactions among the various divisome proteins that 

is crucial for allowing division to occur. 

 The last level of complexity in Caulobacter division lies in the requirement for tight 

coordination of the activities of the numerous members of the divisome in time and space, such 

that the envelope can undergo the correct shape changes at the right time. Here we present a 

description of division in Caulobacter. We have divided division into five concrete steps, which 

we will explain in brief here and in greater detail in the following sections. Note that we 
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introduce these events each in turn for simplicity, but they are not strictly separate. Instead, they 

are tightly coordinated and overlapping in time and space. These steps are as follows: 1. 

Formation of the Z-ring 2. Cell elongation at midcell 3. Envelope maintenance 4. Activation of 

the constriction machinery and constriction 5. Cell separation and polar organization (Fig. 1). Z-

ring formation marks the beginning of the cell division program in Caulobacter and consists of 

localizing the Z-ring to midcell at the correct point in time in the cell cycle with the help of other 

divisome proteins and additional factors. Following assembly of the Z-ring, proteins involved in 

cell elongation and envelope maintenance localize to the ring to initiate growth at midcell, and 

preserve integrity of the cell wall. While cells elongate, additional division proteins gradually 

localize to midcell in a stepwise fashion. We will refer to these later arriving division proteins as 

the constriction machinery, as they are more directly responsible for either activating or effecting 

constriction. Once all of the constriction machinery has assembled, constriction initiates, 

whereby the entire envelope starts to invaginate. When cells are close to finishing division, that 

is they are characterized by deep constrictions, polarity determining factors arrive at midcell and 

factors responsible for separating the two future daughter cells help execute the last stages of the 

division process. Finally, the cell splits into two, thus completing division. Having introduced the 

major steps of division, we will go into each in more detail in the rest of this chapter. First, 

however, we will introduce the Z-ring and describe what is known about its structure and 

dynamics. 

 

1.2   Z-ring composition, structure, and dynamics 

 The Z-ring is an essential apparatus required for division in most bacteria, including 

Caulobacter, though the full range of its activities are still being investigated. A guiding 
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principle in this endeavor has been that the structure of the Z-ring dictates its functions within the 

cell, and so a detailed understanding of its architecture has been a longstanding goal. The 

fundamental building block of the Z-ring is the GTPase FtsZ, a tubulin-like protein that 

polymerizes into head-to-tail assemblies of monomers to form protofilaments. In vivo, these FtsZ 

protofilaments assemble into a dynamic, annular superstructure - the Z-ring - along the 

circumference of the cell’s short axis at midcell. Formation of this structure is crucial for FtsZ to 

serve as a scaffold for the rest of the divisome, a concept that we will explore in a later section. 

In order to lay the groundwork for understanding the functions of the Z-ring during division, this 

section will focus first on the composition of the Z-ring, then on its structure and dynamics. 

 

1.2.1   FtsZ: The building block of the Z-ring 

 FtsZ is a widely conserved protein (Vaughan et al., 2004) that is essential for division in 

Caulobacter and most other bacterial species. First characterized in E. coli, ftsZ was identified by 

complementation of a mutation that conferred cell filamentation at restrictive temperature, 

indicating that it is required for division. Subsequent studies established FtsZ as a crucial 

positive regulator of division by demonstrating its overexpression rescued various division 

mutant phenotypes (Lutkenhaus et al., 1986; Bi and Lutkenhaus, 1990). FtsZ was then found to 

localize to midcell at the site of division, first in E. coli, then in Bacillus subtilis, forming a ring-

like structure now known as the Z-ring (Bi and Lutkenhaus, 1991; Wang and Lutkenhaus, 1993; 

Ma et al., 1996).  

 FtsZ is considered to be a tubulin homolog through amino acid sequence and structural 

comparison (Mukherjee et al., 1993; Löwe and Amos, 1998; Löwe, 1998; Vaughan et al., 2004). 

Like tubulin, FtsZ is a GTPase, capable of binding and hydrolyzing GTP in its GTPase domain 
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(de Boer et al., 1992; RayChaudhuri and Park, 1992; Mukherjee et al., 1993). However, unlike 

tubulin, Caulobacter FtsZ contains two additional motifs: a C-terminal conserved (CTC) peptide 

and a disordered C-terminal linker (CTL), which connects the GTPase domain to the CTC 

(Sundararajan et al., 2015).  

Like tubulin, FtsZ monomers form protofilaments in a nucleotide-dependent manner in 

vitro (Mukherjee and Lutkenhaus, 1994), with GTP binding and hydrolysis influencing polymer 

assembly and disassembly dynamics (Mukherjee and Lutkenhaus, 1998; Mukherjee and 

Lutkenhaus, 1999). FtsZ binds GTP to initiate polymerization, with FtsZ-GTP subunits 

assembling in an end-to-end fashion (Mukherjee and Lutkenhaus, 1994; Löwe and Amos, 1999) . 

GTP is quickly hydrolyzed into GDP, which subsequently destabilizes the filaments (Scheffers 

and Driessen, 2002; Chen and Erickson, 2005). Finally, subunits fall off the protofilament and 

exchange GDP for GTP to begin the cycle anew (Scheffers and Driessen, 2002; Chen and 

Erickson, 2005). By electron microscopy (EM), FtsZ protofilaments form straight or gently 

curved polymers in the presence of GTP, but they can also form highly curved mini-ring-shaped 

assemblies under strongly stabilizing conditions (i.e., on DEAE-dextran) with GDP present 

(Mukherjee and Lutkenhaus, 1994; Erickson et al., 1996; Mukherjee and Lutkenhaus, 1998; 

Mukherjee and Lutkenhaus, 1999; Goley et al., 2010b). Additional structural and in vitro data 

indicate that individual FtsZ protofilaments can associate with one another further to form higher 

order structures, depending on in vitro conditions. Specifically, FtsZ protofilaments can interact 

laterally to form small filament bundles (made up of as few as two filaments), larger multi-

filament bundles, or structured sheets, with such lateral interactions appearing to be required for 

division in E. coli (Erickson et al., 1996; Yu and Margolin, 1997; Mukherjee and Lutkenhaus, 

1999; Löwe and Amos, 1999; Oliva et al., 2004; Milam and Erickson, 2013; Guan et al., 2018).  
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1.2.2   Z-ring structure and dynamics 

 In vivo, by conventional fluorescence microscopy (FM), FtsZ localizes to midcell to form 

the band-like Z-ring (Ma et al., 1996). Super-resolution microscopy has provided additional 

insight into the architecture of the Z-ring. Viewing cells from a top-down perspective, 

photoactivated localization microscopy (PALM) shows that FtsZ is tightly focused at midcell, 

with a mean longitudinal width of 71-108 nm in Caulobacter (Biteen et al., 2012; Holden et al., 

2014; Woldemeskel et al., 2017). Imaging Caulobacter cells in cross-section by PALM confirms 

the suspected ring-like structure, with FtsZ most concentrated near the membrane (Holden et al., 

2014), similar to the ring-like organization observed in other organisms (Fu et al., 2010; Strauss 

et al., 2012). Caulobacter Z-rings were found to have a diameter roughly corresponding with cell 

diameter [150 nm (near the z resolution limit) to 650 nm, depending on what stage of division 

the cell is in] and a mean radial thickness of around 65 nm (Biteen et al., 2012; Holden et al., 

2014). Caulobacter Z-rings, similar to other organisms, have a clustered distribution of FtsZ 

suggesting the Caulobacter Z-ring is patchy and discontinuous (Strauss et al., 2012; Holden et 

al., 2014; Coltharp et al., 2016; Lyu et al., 2016).  

Whole cell cryo-electron tomography (cryo-ET) has provided a higher resolution view of 

the Caulobacter Z-ring. In one study, curved filamentous FtsZ structures have been observed at 

midcell roughly 16 nm from the membrane (Li et al., 2007). Over-expression of FtsZ or 

expression of a less dynamic form of FtsZ increased the number these structures, suggesting they 

are in fact made of FtsZ (Li et al., 2007). These structures are similar in width to single FtsZ 

protofilaments (5 nm wide by cryo-ET vs. 4 nm wide FtsZ structure by crystallography), with 

neighboring structures being either approximately parallel or slightly overlapping (Li et al., 
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2007). Moreover, these structures are relatively short at 80-160 nm in length and are 

heterogeneously distributed at midcell, providing additional evidence for a discontinuous Z-ring 

(Li et al., 2007). A follow-up study showed that in the initial stages of constriction, FtsZ 

filaments were often found localized to one side of the cell at a site of invagination, suggesting 

the heterogeneous distribution of the Z-ring begins early in the division process (Yao et al., 

2017). However, in similar experiments from another group, the Z-ring instead appears as a 

single connected, continuous filament (Szwedziak et al., 2014). Since cryo-ET does not use 

labeling, not all of the FtsZ in a cell may be visualized, which may account for discrepancies 

between the two sets of experiments. Questions therefore still remain about the continuous nature 

of the Caulobacter Z-ring, though evidence presented in subsequent sections, as well as the 

super-resolution light microscopy data discussed above, support the discontinuous ring model.  

Although the Z-ring displays a relatively ordered architecture, it is highly dynamic at 

multiple timescales. On a longer timescale, the structure of the Z-ring is dynamic through the cell 

cycle: FtsZ moves from the pole to midcell during the swarmer to stalked cell transition, 

assembles into a focused ring, then decreases in diameter throughout the constriction process 

(Goley et al., 2011; Holden et al., 2014). On a much shorter timescale, fluorescence recovery 

after photobleaching (FRAP) experiments from E. coli suggest that the Z-ring exchanges with 

cytoplasmic FtsZ on the order of seconds, with the speed of this process dependent on FtsZ’s 

GTPase rate (Stricker et al., 2002; Anderson et al., 2004). In addition to subunit exchange, recent 

work in other species suggests the Z-ring exhibits another form of dynamics: treadmilling. In 

both E. coli and B. subtilis, by three dimensional structured-illumination microscopy (3D-SIM) 

or total internal reflection fluorescence microscopy (TIRFM), FtsZ polymers/clusters appear to 

move around the circumference of the cell (Bisson-Filho et al., 2017; Yang et al., 2017). 
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However, FtsZ molecules are actually motionless, and the polymers themselves likely do not 

“move” either (Bisson-Filho et al., 2017; Yang et al., 2017). Yang et al and Bisson-Filo et al 

instead propose that FtsZ clusters treadmill, potentially achieving dynamics through addition of 

FtsZ subunits (or oligomers or polymers) at the leading edge of the cluster and loss of FtsZ from 

the lagging edge (Bisson-Filho et al., 2017; Yang et al., 2017), allowing FtsZ clusters to have the 

appearance of movement. The speed of this movement is dependent on the GTPase rate of FtsZ, 

indicating that polymerization and depolymerization dictate FtsZ dynamics within the cell 

(Bisson-Filho et al., 2017; Yang et al., 2017). Experiments to assess FtsZ treadmilling in 

Caulobacter have not yet been reported, likely because its smaller diameter complicates 

resolution of the Z-ring. However, since FtsZ treadmilling is conserved in both Gram-positive 

and Gram-negative bacteria, we can infer that it occurs in Caulobacter as well. 

 

1.3   Building the Z-ring: Spatiotemporal regulation of Z-ring formation 

 Having detailed the architecture of the Z-ring, we will now consider how the Z-ring 

forms. The timing of Z-ring formation must be tightly controlled since precise timing of the 

Caulobacter cell cycle is necessary to ensure that cells balance replication speed with fitness of 

both mother and daughter cells. Z-ring formation is prevented in swarmer cells both by 

transcriptional and post-translational limitation of FtsZ levels, and by inhibition of FtsZ 

polymerization. Removal of these blocks occurs only when swarmer cells are ready to transition 

into the division-competent stalked cells, thus allowing the Z-ring to assemble. Spatial regulation 

of Z-ring formation is also crucial for the division process, ensuring that division yields two 

properly sized daughters. As cells enter the stalked phase, the site of Z-ring formation is set at 

approximately midcell in a process that is tightly coupled to the cell cycle. Shortly after the 
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midcell division plane is established, FtsZ rapidly assembles into a ring-like structure. Additional 

factors are required to “focus” the ring to a defined width. Concurrently, at least one other factor 

is thought to attach FtsZ polymers to the membrane in order to bring the Z-ring proximal to its 

site of action. The result is a highly ordered super-structure that is now ready to serve as the 

backbone for the rest of the divisome for the remainder of the division process. 

  

1.3.1   Cell cycle control of FtsZ protein levels 

 The initiation of division is regulated, at least in part, through temporal control of 

division protein concentrations. As such, FtsZ protein levels in Caulobacter fluctuate over the 

course of the cell cycle (Quardokus and Brun, 2002); FtsZ is absent or in low abundance in 

swarmer cells, with its expression increasing around the time of the swarmer to stalked cell 

transition (Quardokus and Brun, 2002). FtsZ levels peak in pre-divisional cells, before finally 

dropping significantly after division is complete (Quardokus and Brun, 2002). At least two 

mechanisms are responsible for the control of FtsZ protein levels: transcriptional regulation and 

proteolysis. ftsZ mRNA levels were found to fluctuate over the course of the cell cycle in a 

manner dependent on the cell cycle regulator CtrA(Kelly et al., 1998; Laub et al., 2000). 

Depletion of CtrA leads to a corresponding increase in ftsZ expression, whereas overexpression 

of CtrA reduces ftsZ expression (Kelly et al., 1998). CtrA therefore represses ftsZ expression 

during the swarmer phase by directly binding to its promoter (Laub et al., 2002), and as its own 

levels decrease upon transition to the stalked cell phase, ftsZ levels go up. Other cell-cycle 

associated transcriptional regulators – DnaA, GcrA, and CcrM – have been implicated in directly 

activating ftsZ expression, allowing for its transcription throughout the majority of the division 

process (Hottes et al., 2005; McAdams and Shapiro, 2009; Gonzalez and Collier, 2013; 
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Haakonsen et al., 2015). Additionally, transcripts of other division genes (ftsA, ftsQ, ftsW, ftsI, 

ftsK, fzlA, ftsB, kidO, murG) have also been found to fluctuate over the course of the cell cycle 

(Laub et al., 2000; Goley et al., 2011). Multiple transcriptional regulators probably control these 

transcript levels, as kidO, fzlA, and ftsK have CtrA binding motifs and ftsA, ftsQ, and ftsB have 

both CtrA and CcrM motifs. 

The levels of FtsZ and at least a few other divisome proteins are also regulated post-

translationally. When either ftsZ, ftsQ, or ftsA are constitutively transcribed, levels of the 

corresponding protein still change over the cell cycle similar to WT cells (Kelly et al., 1998; 

Martin et al., 2004), suggesting cell cycle-linked protein degradation by proteolysis. The AAA+ 

protease ClpXP, which was first found to degrade FtsZ in E. coli (Camberg et al., 2009), was 

determined to be partially responsible for the cell cycle-dependent proteolysis of FtsZ in 

Caulobacter (Bhat et al., 2013; Williams et al., 2014). Another protease, ClpAP, also degrades 

both Caulobacter FtsZ and FtsA in a cell cycle-dependent manner (Williams et al., 2014). 

Deletion of ClpA or inactivation of ClpX leads to accumulation of FtsZ in swarmer cells 

(Williams et al., 2014), indicating that these proteases are critical for preventing premature FtsZ 

accumulation and Z-ring formation. Initiation of the cell division program is therefore inhibited 

during G1 phase and only begins once FtsZ (and FtsA) transcript and protein levels increase 

sufficiently to support Z-ring formation upon transition to S phase. 

 

1.3.2   Z-ring site selection 

 As cells enter S phase, and FtsZ levels increase, the Z-ring is now ready to assemble. 

Formation of the Z-ring is not, however, merely dependent on the presence of FtsZ. In fact, 

despite multiple forms of negative regulation of FtsZ accumulation during G1 phase, a small 
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amount of FtsZ is actually present in cells localized to the pole opposite the flagellum, indicating 

a mechanism is in place to regulate FtsZ localization. It is only upon transition to S phase, 

concurrent with the increase in FtsZ protein levels, that FtsZ relocates from the pole to midcell 

(Fig. 1 and Fig. 3). How, then, does FtsZ exhibit dynamic localization and how is localization 

eventually limited to midcell? Additionally, how is FtsZ localization regulated temporally? A 

negative regulator of FtsZ polymerization, the dimeric ATPase MipZ, is primarily responsible 

for regulating localization of the Z-ring in time and space (Thanbichler and Shapiro, 2006). 

MipZ is technically non-essential, though its deletion (or depletion) causes severe perturbations 

in division including cell filamentation and loss of nearly all constriction sites (Thanbichler and 

Shapiro, 2006; Radhakrishnan et al., 2010). In swarmer cells, MipZ localizes to the flagellated 

pole (opposite from the FtsZ-localized pole). Coincident with FtsZ’s relocation to midcell, MipZ 

becomes bipolar in cells that have recently undergone the swarmer to stalked cell transition (Fig. 

1 and Fig. 3), forming a gradient with maxima at the poles and a minimum at midcell 

(Thanbichler and Shapiro, 2006; Goley et al., 2011). Overexpessing mipZ, which causes it to 

become diffuse throughout the cytoplasm, makes FtsZ localize to the poles instead of midcell. 

MipZ therefore dictates FtsZ localization, with FtsZ present at the minimum of the MipZ 

gradient. What is the mechanism of this regulation? In vitro, MipZ has been shown to destabilize 

FtsZ filaments and promote polymer turnover. MipZ is thus proposed to negatively regulate FtsZ 

polymerization in vivo through its formation of a gradient, spatially limiting where FtsZ can 

localize and polymerize. This regulation is necessary for allowing FtsZ polymers to condense 

into a focused Z-ring, since depletion of MipZ leads to the formation of FtsZ puncta instead of 

rings (Thanbichler and Shapiro, 2006).  
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If MipZ is able to dictate FtsZ’s localization, how then is its own localization 

determined? The DNA partitioning protein ParB, which binds to the centromeric DNA locus 

parS to help segregate the chromosome in a ParA-dependent manner, also directly interacts with 

and colocalizes with MipZ (Thanbichler and Shapiro, 2006). MipZ localization is dependent on 

ParB, becoming diffuse upon ParB depletion. MipZ’s localization is therefore determined by the 

localization of the ParB-parS complex. During G1 phase, ParB-parS localizes to the flagellated 

pole; upon DNA replication in S phase, one copy of ParB-parS is segregated to the opposite cell 

pole. Localization of ParB-parS to the poles therefore underlies MipZ gradient formation 

(Thanbichler and Shapiro, 2006). In light of these localization dependencies, it is therefore 

unsurprising that proper FtsZ localization to midcell requires initiation of DNA replication 

(Quardokus and Brun, 2002). When the DNA replication initiator DnaA is depleted, FtsZ forms 

constrictions at subpolar regions of the cell (Quardokus and Brun, 2002). Interestingly, FtsZ also 

appears to become punctate in some cells blocked for DNA replication (Quardokus and Brun, 

2002), reminiscent of MipZ depletion. Further study is required to flesh out the links between 

DNA replication and the localization patterns of MipZ and FtsZ.  

MipZ’s dimerization state also influences both its own and FtsZ’s localization within the 

cell, as indicated by a study involving MipZ mutants with aberrant ATP binding, hydrolysis, 

and/or dimerization (Kiekebusch et al., 2012). Polar ParB recruits ADP-bound MipZ monomers 

to the poles. MipZ then exchanges ADP for ATP, causing MipZ to dimerize and release ParB. 

Dimeric MipZ begins to diffuse from the pole, but its diffusion is limited by sequence non-

specific interactions with the chromosome. This dimeric form of MipZ is also able to inhibit FtsZ 

polymerization. MipZ eventually hydrolyzes ATP and becomes monomeric again, releasing from 

the chromosome and going back to the poles due to its high affinity for ParB. These dynamics 
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allow for formation of a MipZ gradient in the cell with the poles serving as the points of highest 

concentration. Since a large concentration of dimeric MipZ is still close to the poles, FtsZ is 

forced to polymerize near midcell where the concentration of MipZ is the lowest (Kiekebusch et 

al., 2012). More accurately, however, the Z-ring does not actually localize to the exact midpoint 

between the poles – rather, it tends to assemble slightly closer to the non-stalked pole. Shtylla 

proposes that this is due to the presence of more free ParB at the stalked pole, allowing slightly 

more MipZ to localize to this pole, pushing the MipZ minimum closer to the other pole (Shtylla, 

2017).  

In addition to chromosome segregation, cell polarity also helps MipZ regulate Z-ring 

placement spatially and temporally. Disrupting proper cell polarity through deletion of tipN, a 

polarity determinant, has multiple effects on MipZ activity, which in turn adversely affects Z-

ring localization (Schofield et al., 2010). TipN directly influences ParA localization, both 

spatially and temporally, impacting the timing and location of ParB, and finally MipZ 

localization (Schofield et al., 2010). Accordingly, in tipN deleted cells, MipZ establishes its 

bipolar gradient both less robustly, with weaker MipZ maxima at each pole, and also later in the 

cell cycle, which causes the Z-ring to form later (Schofield et al., 2010). Additionally, the MipZ 

gradient was flipped in TipN deleted cells, with a higher concentration of MipZ found at the non-

stalked pole instead of the stalked pole, causing reversed Z-ring asymmetry (Schofield et al., 

2010). Since proper MipZ localization depends on the timing of ParAB-mediated DNA 

segregation, itself a tightly timed process, MipZ-mediated Z-ring formation is intimately linked 

to the cell cycle both temporally and spatially.  
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1.3.3   Cell cycle control of FtsZ self-interaction: A putative model 

 Another mode of Z-ring assembly inhibition, which is still poorly understood, entails 

temporal regulation of FtsZ self-interaction. Two non-essential FtsZ-binding proteins, GdhZ, an 

NAD+-dependent glutamate hydrolase, and KidO, an NADH binding protein, are proposed to 

negatively regulate FtsZ self-association in a cell cycle-dependent manner (Radhakrishnan et al., 

2010; Beaufay et al., 2015). In vivo, KidO and GdhZ are present in high concentrations during 

G1 phase and are diffusely localized, but their protein levels decrease during S phase in a CtrA-

dependent manner. Intriguingly, qualitative observations suggest that deletion of either protein 

may cause the Z-ring to assemble earlier than normal (Radhakrishnan et al., 2010; Beaufay et al., 

2015). However, a more quantitative analysis would be useful in confirming this hypothesis. In 

vitro, GdhZ (which can also convert NAD+ into NADH) inhibits FtsZ polymerization in an 

NAD+- or a glutamate- dependent manner, while KidO inhibits FtsZ polymer bundling in an 

NADH-dependent manner (Radhakrishnan et al., 2010; Beaufay et al., 2015). Beaufay et al have 

proposed a model by which GdhZ and KidO regulate Z-ring formation (Beaufay et al., 2015): 

GdhZ and KidO inhibit self-interaction of what little FtsZ is present in G1 phase, preventing Z-

ring formation (Beaufay et al., 2015). Upon a downshift in gdhZ and kidO transcript levels 

during S phase, FtsZ self-interaction is no longer inhibited, and it is now able to form the Z-ring 

(Beaufay et al., 2015). These negative regulators are proposed to act in synergy, with GdhZ 

supplying the NADH required for KidO’s activity (Beaufay et al., 2015). Finally, GdhZ’s 

glutamate hydrolysis activity may link FtsZ polymerization state to metabolism (Beaufay et al., 

2015), though the implications of this are still unclear. Though Beaufay et al present a tantalizing 

model to explain Z-ring assembly regulation, more data are required to fully validate it. 
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1.3.4   Focusing the Z-ring 

 Although MipZ is necessary for localizing FtsZ to the future division site, it is not 

sufficient for forming a coherent Z-ring. Additional factors are indeed required to help focus the 

Z-ring into a narrow band that can efficiently promote constriction. Key players in this process in 

Caulobacter are the non-essential, cytoplasmic, coiled-coil proteins ZapA and ZauP (Fig. 2), 

which are recruited to midcell by FtsZ shortly after FtsZ itself arrives (Fig. 3) (Goley et al., 

2011; Woldemeskel et al., 2017). ZapA directly interacts with both ZauP and FtsZ, and mediates 

recruitment of ZauP to midcell. Similar to deletion of zapA in E. coli, deletion of Caulobacter 

zapA, zauP, or both causes the Z-ring to become more dispersed and less tightly focused along 

the longitudinal axis. The mechanism through which this occurs may be distinct from E. coli, 

however, based on a few divergent observations. The most recent cellular scale model in E. coli 

suggests that ZapA’s ability to focus the Z-ring depends on connections to the chromosome 

mediated by two proteins, MatP and ZapB, which forms a ring concentric to ZapA (Buss et al., 

2015; Buss et al., 2017). However, Caulobacter lacks homologs to these factors, and ZauP, 

which forms a ring with the same diameter of ZapA, does not bind DNA. Like ZapB in E. coli, 

ZauP midcell foci persist upon FtsZ depletion, suggesting that ZauP may form a stable scaffold, 

albeit independent of the chromosome. The observation that zapB and zauP homologs are 

mutually exclusive further indicates that there is a separate mode of Z-ring focusing. The details 

of this proposed ZauP-dependent process are still unknown, however. On the molecular scale, E. 

coli ZapA’s ability to bundle FtsZ was initially thought to be important for its activity in vivo, 

though this has been called into question (Buss et al., 2013). Therefore, the finding that 

Caulobacter ZapA does not affect FtsZ polymerization or bundling suggests an alternate 

mechanism may indeed be more plausible. E. coli ZapA has also been shown to crosslink FtsZ, 
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which may instead contribute to its activity in vivo (Dajkovic et al., 2010). Further testing will be 

required to determine if Caulobacter ZapA also crosslinks FtsZ.  

 Additional divisome proteins also help to focus the Z-ring. Genetic perturbation of the 

membrane anchor FzlC or the putative membrane anchor FtsEX, a complex of the proteins FtsE 

(a cytoplasmic ATPase) and FtsX (a transmembrane protein), has effects on Z-ring focusing 

(Meier et al., 2016; Meier et al., 2017). FzlC and FtsE each interact directly with FtsZ, as 

demonstrated in Caulobacter and E. coli respectively (Corbin et al., 2007; Meier et al., 2016). 

Overexpression of either ftsEX or fzlC causes Z-rings to become broader, and overexpression of 

ftsE alone results in punctate FtsZ. Deletion of fzlC alone does not impact FtsZ width, but 

deletion of ftsE alone or fzlC and ftsE together yields dispersed Z-rings. Interestingly, 

overexpression of fzlC in a background lacking ftsE largely rescues its phenotype, making Z-

rings become more focused again. Finally, ftsE, but not fzlC, displays synthetic interactions with 

zapA. Proper stoichiometry between FtsZ and the assembly factors FtsE, FzlC, and potentially 

ZapA, therefore appear to be required for properly focused Z-rings. As will be discussed below, 

FzlC (and possibly FtsEX) is a membrane anchor for FtsZ, so varying the number of FtsZ 

polymers attached to the membrane likely has an impact on how focused the Z-ring appears to 

be. 

 

1.3.5   Attachment of the Z-ring to the membrane 

 By PALM and cryo-ET, the Caulobacter Z-ring forms proximal to the membrane in 

stalked cells, and because FtsZ on its own does not interact strongly with the membrane, a 

separate protein (or proteins) is required to anchor FtsZ to the membrane. FtsA is thought to be 

the primary FtsZ membrane anchor in many species, but it arrives at the site of division in 
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Caulobacter well after initial Z-ring assembly (Goley et al., 2011). Caulobacter therefore likely 

has at least one additional FtsZ membrane anchor that functions early in the cell cycle, with one 

candidate being FzlC. FzlC, an FtsZ binding protein that arrives early at the Z-ring (Fig. 2 and 

Fig. 3) (Meier et al., 2016), has been shown by fluorescence microscopy to localize to 

membranes both in Caulobacter when FtsZ is depleted, and when heterologously expressed in E. 

coli. Additionally, FzlC is found in the membrane fraction of whole cell lysate of Caulobacter 

cells and it directly interacts with phospholipid vesicles in vitro. Compellingly, FzlC was found 

to drive localization of FtsZ to vesicle membranes in vitro, specifically interacting with the C-

terminus of FtsZ, a known binding site for other membrane anchors. In aggregate, these data 

implicate FzlC as a membrane anchor for FtsZ, likely acting before FtsA arrives (Meier et al., 

2016). However, while overexpression of FzlC causes division defects, it is not essential and can 

be deleted without causing deleterious effects on Z-ring assembly (Meier et al., 2016). It is 

therefore possible that another early divisome protein is able to anchor the Z-ring in a redundant 

way. 

 FtsEX has been proposed to be another membrane anchor for FtsZ. FtsEX belongs to the 

ABC transporter protein family, with FtsE predicted to be a cytoplasmic ATPase, and FtsX 

thought to be a transmembrane protein (Fig. 2) (Arends et al., 2009; Meier et al., 2016). FtsE has 

been shown to interact with FtsZ in E. coli by co-immunoprecipitation, suggesting FtsEX could 

link FtsZ to the membrane (Corbin et al., 2007). In Caulobacter, FtsE arrives at the division 

plane early (Fig. 3), around the same time as FzlC (Goley et al., 2011). Overexpression or 

deletion of FtsE causes the Z-ring to become punctate, consistent with a direct interaction 

between FtsE and FtsZ (Meier et al., 2017). In addition, FtsE genetically interacts with FzlC. 

Deletion of both gives a synthetic sick phenotype, whereas overexpression of fzlC reduces the 
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severity of an ftsE deletion phenotype (Meier et al., 2016). Taken together, these data present a 

case that FtsEX may serve as a membrane anchor, though biochemical evidence of this activity 

will be required to advance this hypothesis.  

 The last known FtsZ membrane anchor to arrive to the divisome is FtsA (Fig. 2 and Fig. 

3), an essential division protein in Caulobacter that is widely conserved across bacteria (Sackett 

et al., 1998; Rothfield et al., 1999; Pichoff and Lutkenhaus, 2005; Goley et al., 2011). FtsA has 

been shown to anchor FtsZ to the membrane in a number of in vitro and in vivo systems (Pichoff 

and Lutkenhaus, 2005; Szwedziak et al., 2012; Szwedziak et al., 2014), an activity facilitated by 

its FtsZ-interacting domain (Pichoff and Lutkenhaus, 2007) and a C-terminal amphipathic helix 

capable of binding to the membrane (Pichoff and Lutkenhaus, 2005; Szwedziak et al., 2012). An 

actin homolog, FtsA is an ATPase capable of both forming protofilaments and binding to 

membranes in vitro, with polymerization being required for membrane attachment (Szwedziak et 

al., 2012; Krupka et al., 2014). Cryo-ET of liposomes containing Thermotoga maritima FtsZ and 

FtsA demonstrate that, at least in vitro, FtsA protofilaments can form a ring-like structure 

sandwiched between the membrane and FtsZ protofilaments (Szwedziak et al., 2014). E. coli 

FtsA has been shown to stimulate FtsZ dynamics at the membrane in vitro (Loose and Mitchison, 

2014), indicating FtsA is not simply a passive membrane anchor. Interestingly, genetic data 

suggests that FtsA functions in a distinct manner compared to one of the other Caulobacter FtsZ 

membrane anchors, FzlC (Meier et al., 2016). Overexpression of fzlC in Caulobacter cells 

causes Z-rings to become wider and cells to become slightly longer, whereas overexpression of 

ftsA induces broad Z-rings and patchy FtsZ localization, as well as severe cell filamentation 

(Meier et al., 2016). The ability of FtsA to regulate FtsZ dynamics could account for these 

phenotypic differences, although it is has not been tested if FzlC also possesses this activity. 
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Alternatively, or in addition, FtsA is believed to be involved in signaling to the PG synthetic 

machinery in the divisome, whereas FzlC has genetic interactions with factors involved in PG 

hydrolysis, further highlighting functional differences between the two. 

 

1.4   The Z-ring: A scaffold for the rest of the divisome 

 Having explored how the Z-ring is assembled, we are now ready to consider the function 

of the Z-ring in the context of division. Itself a well-defined and tightly focused structure, the Z-

ring helps to ensure that the division site is also well-defined by spatially constraining the site of 

envelope remodeling. The Z-ring achieves this feat by acting as a scaffold for the divisome, 

precisely positioning the division machinery near midcell in the longitudinal axis.  

What comprises the division machinery? The divisome is made up of over thirty proteins 

that are involved in remodeling the envelope during division, which we have categorized into 

functional groups: Z-ring formation factors (ZapA, ZauP, FzlC, FtsA), discussed in the previous 

section; elongation machinery (MreB, MurG, RodZ); constriction machinery (FzlA, FtsN, FtsQ, 

FtsI, FtsK, FtsL, FtsW, FtsB, PbpX, PbpY, DipI); envelope maintenance machinery (the Tol-Pal 

complex); cell separation factors (AmiC, LdpF, CtpA); Z-ring disassembly factors (KidO, GdhZ, 

ClpXP); polarity determining factors (TipN, TipF); and multifunctional factors (FtsEX, DipM, 

SdpA, SdpB) (Fig. 2). Note that we have categorized a handful of factors as multifunctional 

since they contribute to multiple processes, which will be discussed throughout the chapter.  

The order and timing of midcell localization for most of these proteins has been 

determined, with timing of functional group localization corresponding well to the activity 

associated with that group (Goley et al., 2011). In general, proteins within each functional group 

localize to the Z-ring in close temporal proximity to one another (Fig. 3). The Z-ring formation 
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factors are the first to arrive to midcell, which ensure proper focusing and membrane attachment. 

Shortly after this, the elongation and envelope maintenance machineries both begin to localize to 

the future site of division. The constriction machinery assembles to the Z-ring in a more drawn 

out fashion, with the first factor appearing early, and the subsequent proteins arriving up until 

constriction starts. The factors involved in cell separation, Z-ring disassembly, and polarity 

determination localize to midcell last, only after constriction has initiated. All members of the 

divisome require FtsZ for localization and there is a non-linear hierarchy of assembly (Goley et 

al., 2011), with numerous protein-protein and protein-envelope interactions likely important for 

divisome assembly.  

Having introduced the concept that the Z-ring serves as a scaffold for the divisome, we 

are now ready to describe the next steps in division and the role that each divisome protein plays 

in more detail. First we will discuss divisome-associated elongation, followed by constriction. 

We will then examine the importance envelope maintenance in the division process. Finally, we 

will consider cell separation and the completion of division. 

 

1.5   Divisome-associated elongation 

 Caulobacter cells begin to elongate shortly after assembling the Z-ring, and both before 

and during constriction, suggesting a potential link between the division machinery and 

elongation. In a landmark study, Aaron et al showed that Caulobacter elongation occurs 

primarily via insertion of PG at the midcell, colocalized with the Z-ring (Aaron et al., 2007). 

Insertion of PG was found to start in relatively young stalked cells, before the initiation of 

constriction. Additionally, this process was found to be FtsZ-dependent since loss of FtsZ leads 

to PG incorporation throughout the entire length of the cell (Aaron et al., 2007). Intriguingly, 
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links have been found between FtsZ and the elongation machinery, also known as the 

elongasome. Soon after Z-ring assembly, at least two members of the elongasome arrive at 

midcell (Goley et al., 2011). MreB, an actin homolog located in the cytoplasm that scaffolds the 

elongasome and MurG, a PG precursor synthesizing enzyme also found in the cytoplasm, 

localize to the future site of division in an FtsZ-dependent manner (Fig. 3) (Aaron et al., 2007; 

Goley et al., 2011). FtsZ is therefore thought to at least passively regulate elongation (Aaron et 

al., 2007), though the details of this mechanism are still hazy.  

Two additional elongasome proteins, MraY (a PG precursor synthesis enzyme) and RodZ 

(a transmembrane MreB binding protein, required for its circumferential motion in E. coli), have 

also been shown to localize to midcell either concurrent with constriction in E. coli (MraY) or 

prior to constriction in Cauobacter (RodZ) (Fig. 2 and Fig. 3) (Alyahya et al., 2009; 

Morgenstein et al., 2015; Liu et al., 2018). However, it is unclear if the rest of the elongasome 

localizes to midcell. On the one hand, patchy localization has been reported for numerous other 

elongasome proteins, including PG modifying enzymes, with localization to midcell only 

occurring after exposure to cell shape stressors such as osmolarity upshift or MreB inhibition 

(Divakaruni et al., 2007; White et al., 2010; Hocking et al., 2012). On the other hand, MreB 

localization itself is either patchy or primarily midcell localized, depending on the stage of the 

cell cycle (Figge et al., 2004; Gitai et al., 2004; Aaron et al., 2007; Goley et al., 2011). A 

comprehensive study assessing elongasome localization throughout the cell cycle will be 

required to address these concerns.  

Inversely, some proteins associated with the elongasome also play a role in division. 

MurG and, probably MraY, contribute to cell wall remodeling during constriction, since division 

also requires the synthesis of PG precursors. It has also been proposed in E. coli that MreB 
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somehow “transfers” PG synthesis enzymes to FtsZ prior to constriction (Fenton and Gerdes, 

2013), though this hypothesis relies heavily on two-hybrid data and has not been validated in 

Caulobacter. Additional work will be required to clarify the relationship between the 

Caulobacter elongasome and divisome. 

 

1.6   Constriction: A PG synthesis-driven process 

 Constriction in Caulobacter is marked by the simultaneous increase in length and 

decrease in width at a particular spot. Like elongation, constriction is thought to be facilitated by 

the insertion of new PG into the cell wall at midcell. Vital to this process is the constriction 

machinery, made up of the constriction-specific PG synthesis enzymes and their regulators, and 

of course the Z-ring, which plays a crucial role in recruiting, scaffolding, and potentially 

activating the constriction machinery at midcell. The members of the constriction machinery 

localize to the Z-ring in an ordered fashion, with the first protein, FzlA, arriving around the same 

time that elongation starts (Goley et al., 2011). Subsequently, the rest of the constriction 

machinery factors (FtsA, FtsN, FtsQ, FtsI, FtsK, FtsL, FtsW, FtsB) gradually assemble at the Z-

ring, with the arrival of FtsB coinciding with the initiation of constriction (Goley et al., 2011). In 

our model for constriction initiation, we propose that FtsZ activates the constriction-specific PG 

synthases through its dynamics, physical signals, and/or interaction partners (Fig. 4). A number 

of downstream constriction activators likely help transduce the activation signal from FtsZ to the 

PG synthases, potentially occupying multiple pathways.    

 



 23 

1.6.1   Force generation through PG synthesis 

 One of the major questions concerning not only Caulobacter division, but bacterial 

division in general, is what drives constriction? That is, what generates the force needed to push 

or pull the cell envelope inward at the site of division? Early models implicated FtsZ as the 

primary driver of constriction, since FtsZ alone was able to facilitate liposome constriction in 

vitro (Osawa et al., 2008; Osawa and Erickson, 2013). FtsZ-mediated constriction was proposed 

to work either through maximization of lateral bonds through Z-ring condensation or through 

FtsZ curvature-mediated bending of the IM (Lan et al., 2009; Erickson et al., 2010; Xiao and 

Goley, 2016; Erickson and Osawa, 2017; Coltharp and Xiao, 2017). The second model is 

supported by evidence that FtsZ protofilaments can deform membranes with directional 

specificity (Osawa et al., 2009), with FtsZ filament curvature likely driving membrane bending 

in a GTP-hydrolysis independent manner (Erickson and Osawa, 2017; Osawa and Erickson, 

2018). However, these FtsZ-centric models have been disfavored recently for a few major 

reasons. The force required to counter turgor pressure and constrict the IM at the division site is 

predicted to be 400 pN, whereas the Z-ring is calculated to only produce between 8-100 pN of 

force (Lan et al., 2007; Allard and Cytrynbaum, 2009; Lan et al., 2009; Paez et al., 2009; Xiao 

and Goley, 2016; Coltharp and Xiao, 2017) . Additionally, FtsZ leaves the divisome in E. coli 

before completion of constriction and before the PG synthases leave, indicating FtsZ is not 

required for this later step (Söderström et al., 2014; Söderström et al., 2016; Xiao and Goley, 

2016). Finally, alteration of FtsZ GTPase rate does not affect the constriction rate in E. coli, 

indicating that any mechanism of FtsZ-mediated force that requires GTP hydrolysis cannot be 

rate-limiting for constriction (Coltharp et al., 2016; Xiao and Goley, 2016; Yang et al., 2017). 

Instead, mutation of FtsI, a PG synthase highlighted below, was found to slow the constriction 
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rate in E. coli, suggesting that midcell PG synthesis is the primary driver of constriction in that 

organism (Coltharp et al., 2016). This hypothesis is supported by computational work suggesting 

that the chemical energy released upon PG bond formation generates sufficient force for 

constriction (Lan et al., 2007; Banerjee et al., 2016; Xiao and Goley, 2016; Coltharp and Xiao, 

2017). A PG-centric force generation model may hold not across all species, however. Alteration 

of FtsZ GTPase rate in B. subtilis does influence the constriction rate and inhibition of FtsZ in S. 

aureus blocks constriction initiation (but not its completion), indicating that GTP hydrolysis can 

be rate-limiting during constriction in other organisms (Bisson-Filho et al., 2017; Monteiro et al., 

2018). Regardless of these differences, it is clear that both the PG synthesis machinery and the Z-

ring play central roles in constriction in Caulobacter. The following sections will therefore 

explore the contributions of Caulobacter’s PG synthases and their regulators, including FtsZ, to 

constriction. 

 

1.6.2   Constriction-specific PG synthesis machinery 

 During constriction, the cell wall is remodeled at the division plane through the addition 

of new PG (Aaron et al., 2007; Divakaruni et al., 2007). As described above, PG consists of 

glycan strands attached to each other by peptide crosslinks. Addition to this network requires that 

these glycan strands are extended or polymerized de novo through glycosyltransferase (GTase) 

enzymatic activity and that new peptide crosslinks are made via transpeptidase (TPase) activity. 

The enzymes responsible for this activity, the constriction specific GTases and TPases, together 

will be referred to as the PG synthetic machinery in this text from this point on. This machinery 

is thought to be crucial for facilitating efficient constriction, though the activities of its individual 
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components and their collective mechanism of action is still poorly defined in Caulobacter and 

other organisms. 

 Perhaps the best understood constriction-specific PG synthetic enzyme in Caulobacter is 

the TPase FtsI, also known as PBP3. FtsI plays an essential role in constriction, with loss of 

functional FtsI in Caulobacter causing cell filamentation (Costa et al., 2008). FtsI is similarly 

essential for constriction in E. coli (Goehring and Beckwith, 2005; Typas et al., 2012), with 

partial inhibition of function slowing the rate of constriction (Coltharp et al., 2016) and full 

knockdown completely blocking division (Spratt, 1977b; Pogliano et al., 1997). A single pass 

transmembrane protein, FtsI contains a small cytoplasmic motif and periplasmic transpeptidase 

domain capable of catalyzing the PG transpeptidation reaction (Wissel and Weiss, 2004; 

Sauvage et al., 2014:3). FtsI localizes to the IM and, along with the rest of the constriction 

machinery, is recruited to midcell in an FtsZ-dependent manner before the initiation of 

constriction (Fig. 2 and Fig. 3) (Costa et al., 2008; Goley et al., 2011). FtsI localization at the 

Caulobacter midcell was found to be highly dynamic by FRAP (Costa et al., 2008). Higher 

resolution imaging in E. coli and B. subtilis showed that their division-specific TPases (FtsI in E. 

coli; Pbp2B in B. subtilis) move around the circumference of the division site in a manner 

dependent on FtsZ treadmilling speed (Bisson-Filho et al., 2017; Yang et al., 2017), insinuating 

that Caulobacter FtsI may demonstrate similar dynamics. Conversely, in Streptoccocus 

pneumoniae, FtsZ treadmilling does not influence the rate of directional movement of the FtsI 

homolog PBP2X (Perez et al., 2019). Further work on Caulobacter FtsI will be required to 

determine whether or not its dynamics depend on FtsZ treadmilling.    

 Another essential member of the constriction machinery in Caulobacter is FtsW, which 

has been shown to bind to FtsI in E. coli (Karimova et al., 2005; Fraipont et al., 2011). FtsW, 
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whose depletion leads to filamentation and loss of constriction initiation (Goley et al., 2011), is a 

multipass transmembrane protein that is part of the SEDS (shape, elongation, division, and 

sportulation) family (Meeske et al., 2016). Located at the IM (Fig. 2) (Fraipont et al., 2011), 

FtsW arrives at midcell just before the start of constriction (Fig. 3) (Goley et al., 2011). FtsW 

was recently shown to be a GTase in a number of species (Caulobacter was not tested, however), 

whose enzymatic activity is regulated by its cognate PBP, FtsI (Taguchi et al., 2019). It is worth 

mentioning that, based on in vitro work, E. coli FtsW was previously hypothesized to act as a 

flippase for the PG precursor lipid II, transferring lipid II from the cytoplasmic face of the inner 

membrane to the periplasmic side (Mohammadi et al., 2011; Mohammadi et al., 2014). 

However, in vivo data has failed to demonstrate FtsW’s flippase activity in E. coli (Sham et al., 

2014). As an aside, it will also be important to identify the lipid II flippase in Caulobacter, as 

this is likely a key player in all processes requiring PG synthesis, including division. The leading 

candidate is MurJ, which was shown to be required for flipping lipid II in E. coli (Sham et al., 

2014) and has a homolog in Caulobacter. 

 Caulobacter has additional putative PG synthases that may contribute to constriction. 

Pbp1A, PbpC, PbpX, PbpY, and PbpZ are bifunctional penicillin binding proteins (PBPs) located 

at the IM, each containing a transmembrane domain, a TPase domain, and a GTase domain 

(Yakhnina and Gitai, 2013; Strobel et al., 2014). Each of these PBPs is nonessential and, with 

the exception of PbpZ, each individually is sufficient for supporting growth and/or division 

(Yakhnina and Gitai, 2013; Strobel et al., 2014). However, deletion of pbpX leads to a mild 

elongation phenotype and deletion of all five together is lethal (Yakhnina and Gitai, 2013; 

Strobel et al., 2014). PbpX and PbpY localize along the length of the cell at the IM prior to 

constriction, with PbpX relocating to midcell at or just prior to constriction initiation and PbpY 
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arriving shortly after (Fig. 2 and Fig. 3) (Yakhnina and Gitai, 2013; Strobel et al., 2014). 

Additionally, both PbpX and PbpY have been found to interact with the divisome proteins FtsN, 

FtsL, and DipM by bacterial two-hybrid analysis, strengthening the claim that these PBPs are 

involved in division (Strobel et al., 2014). Intriguingly, PbpC and Pbp1A do not localize to 

midcell (PbpZ localization could not be determined) (Yakhnina and Gitai, 2013), so enrichment 

of a bifunctional PBP at midcell is not absolutely required for division. Altogether, the sequence 

homology, localization, and interaction data strongly suggest that PbpX and PbpY play an 

auxiliary role in division, possibly as a secondary function to general PG maintenance. The 

nature of the roles that PbpZ, PbpC, and Pbp1A play in division is still unknown. 

 

1.6.3   FtsZ-mediated PG synthase localization and activation 

So what role does FtsZ play in constriction, then? FtsZ of course is necessary for 

localizing the constriction machinery to the site of division, and it now seems that treadmilling is 

important for directing movement of PG synthases at the division site. As described in previous 

sections, FtsZ in E. coli and B. subtilis has been shown to treadmill around the circumference of 

the cell, with its GTPase rate dictating treadmilling speed (Bisson-Filho et al., 2017; Yang et al., 

2017). FtsI in E. coli (or Pbp2B in B. subtilis), but not S. pneumoniae (PBP2X), moves around 

the cell at a speed that is dependent on FtsZ treadmilling (Bisson-Filho et al., 2017; Yang et al., 

2017; Perez et al., 2019). In B. subtilis, but not E. coli, treadmilling speed also correlates with the 

rate of PG synthesis (Bisson-Filho et al., 2017; Yang et al., 2017). Interestingly, in S. aureus, it 

was recently shown that FtsZ treadmilling is required for an early phase of constriction, but is 

dispensable later on (Monteiro et al., 2018). S. aureus FtsZ may therefore activate PG synthases 

early in division, but is not required for their continued regulation, highlighting mechanistic 
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similarities to both E. coli and B. subtilis FtsZ (Monteiro et al., 2018). Altogether, these data 

suggest Caulobacter FtsZ probably treadmills too and is therefore important for spatial 

regulation of PG insertion. However, they do not provide any coherent insight as to whether FtsZ 

regulates the rate of PG synthesis, which may well vary from species to species.  

Based on the FtsZ treadmilling studies, to what extent FtsZ regulates PG remodeling is 

still in question, with evidence from E. coli pointing toward a passive role for FtsZ and evidence 

from B. subtilis indicating a more active role for FtsZ. Studies from our lab have helped to shed 

light on this point, suggesting that FtsZ may more actively regulate PG synthase activity in 

Caulobacter. FtsZ’s CTL, the flexible linker between the GTPase domain and C-terminal 

peptide, has been shown to be essential for proper PG synthesis in Caulobacter, a function that is 

conserved across α-proteobacteria (Sundararajan et al., 2015; Howell et al., 2019). Cells 

producing an FtsZ variant lacking its CTL (FtsZ-ΔCTL) form bulges instead of constrictions at 

midcell, similar to the cell shape changes induced by β-lactam treatment (Sundararajan et al., 

2015). Muropeptide analysis revealed that PG composition in these cells is altered, indicating a 

defect in the activity of cell wall remodeling enzyme(s) downstream of FtsZ (Sundararajan et al., 

2015). Because the rest of the divisome appears to still form properly in the presence of FtsZ-

ΔCTL, it was proposed that FtsZ regulates PG synthesis in a CTL-dependent manner, possibly 

by facilitating mechanical signaling to the PG synthesis machinery (Sundararajan et al., 2015).  

Another pathway by which Caulobacter FtsZ regulates activation of PG synthase is 

through the FtsZ-bending protein, FzlA. An early localizing FtsZ binding protein (Fig. 3), FzlA 

is cytoplasmic (Fig. 2) and has been shown to curve FtsZ protofilaments in vitro (Goley et al., 

2010b). Mutations in FzlA that resulted in weakened interaction with FtsZ also caused a decrease 
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in constriction rate relative to elongation rate, indicating that FzlA, through its interaction with 

FtsZ, regulates the rate of constriction (Lariviere et al., 2018).  

More recently, we demonstrated that FzlA is specifically required for regulating the 

activation of FtsWI in both Caulobacter and A. tumefaciens (Lariviere et al., 2019). Loss of FzlA 

can be suppressed by hyperactive forms of FtsWI, suggesting it lies upstream of these enzymes 

in a PG synthesis activation pathway. Even in the presence of hyperactive PG synthases, FzlA is 

still required for efficient constriction. Interestingly, in the presence of hyperactive PG synthases, 

FzlA appears to be required for proper morphogenesis and resistance to cell wall metabolic 

stress: cells lacking fzlA but possessing hyperactive PG synthases are S-shaped and are more 

sensitive to β-lactam antibiotics. Overall, these findings suggest FzlA is required for regulating 

the geometry and rate of PG insertion through its interaction with FtsZ (Lariviere et al., 2019). 

Further, these results both confirm the paradigm hypothesized for elongation-specific PG 

synthases by Rohs et al (Rohs et al., 2018) that SEDS-PBP enzymes require activation and, 

further, expand it to a division context (Lariviere et al., 2019).  

 Based on the above data, we propose two models by which FtsZ could regulate PG 

remodeling during division, whereby the Z-ring acts as either a “dynamic scaffold” or a 

“dynamic activator”. In the dynamic scaffold model, which is in line with FtsZ function in E. 

coli, FtsZ treadmilling is required only for distributing the PG synthases at the site of division, 

not for affecting their activity. According to the dynamic activator model, which more accurately 

describes FtsZ function in B. subtilis, FtsZ treadmilling is needed to both distribute and activate 

the PG synthases at midcell. We therefore propose that Caulobacter FtsZ is also a dynamic 

activator (Fig. 4). We can envision several possible mechanisms through which Caulobacter 

FtsZ might activate PG synthesis according to a dynamic activator model, which need not be 
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mutually exclusive: mechanical signaling to PG synthases requiring force transduction through 

the CTL; FzlA-dependent signaling to PG synthases; and treadmilling-dependent distribution 

and/or activation of PG synthases (Fig. 4). FtsZ does not directly bind to FtsW or FtsI, therefore 

each of these proposed mechanisms likely requires that signal transduction from FtsZ to the PG 

synthases goes through one or more intermediary factors (Fig. 4). Substantial future work will be 

required to determine the precise mechanisms and proteins through which FtsZ activates PG 

synthesis in Caulobacter.  

 

1.6.4   Stress response-mediated constriction regulation 

 Downstream of FtsZ, additional factors are likely required to regulate the PG synthetic 

machinery activity, ensuring that constriction occurs at the correct time. However, before 

discussing this regulation under normal conditions, we will consider how the PG synthases can 

be deactivated (leading to a constriction block) under stress, as this will provide us with valuable 

insight into the activation process. The best studied stress that leads to a late stage constriction 

block in Caulobacter is DNA damage. Induction of DNA damage results in the upregulation of 

numerous genes involved in DNA repair, as well as two genes responsible for inhibiting division 

in Caulobacter, sidA and didA. sidA is a member of the canonical DNA damage response SOS 

regulon, with its expression driven by cleavage of the SOS repressor LexA (Modell et al., 2011). 

didA, on the other hand, is not part of the SOS regulon, with its expression driven instead by a 

poorly understood transcriptional activator, DriD (Modell et al., 2014). Normally, when cells 

sense DNA damage, they halt division to allow time for DNA repair. However, when sidA or 

didA are deleted, division occurs more quickly and leads to more growth defects in the presence 

of DNA damage (Modell et al., 2011; Modell et al., 2014). Deletion of both genes together 
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greatly enhances this effect, indicating SidA and DidA are both needed for proper division 

inhibition in response to DNA damage (Modell et al., 2011; Modell et al., 2014). 

Overproduction of either protein alone in the absence of DNA damage results in division 

inhibition, indicating each protein is sufficient to block division (Modell et al., 2011; Modell et 

al., 2014). SidA and DidA each localize to midcell, with SidA binding FtsW and both binding 

FtsN (Modell et al., 2011; Modell et al., 2014). FtsN is an essential transmembrane divisome 

protein (Fig. 2 and Fig. 3), which binds to PG via a periplasmic SPOR domain (Möll and 

Thanbichler, 2009). FtsN likely binds to FtsW and FtsI, putatively forming an FtsWIN complex 

(Karimova et al., 2005; Alexeeva et al., 2010; Fraipont et al., 2011; Modell et al., 2011; Modell 

et al., 2014). Because neither SidA nor DidA recruitment to midcell results in delocalization of 

any of the divisome proteins tested, including FtsW, FtsI, or FtsN, Modell et al proposed that 

they inactivate the FtsWIN complex (Modell et al., 2014). In support of this hypothesis, 

mutations in FtsW and FtsI which have been shown to increase constriction rate under WT 

conditions (Lambert et al., 2018), as well as a mutation in FtsN proposed to hyperactivate 

constriction under WT conditions, suppress the ability of SidA or DidA to block division 

(Modell et al., 2014). These data suggest FtsWIN may occupy either an inactive state or an 

active state (Modell et al., 2014), though it is still unclear precisely how SidA and DidA alter the 

transition from one to the other.    

 

1.6.5   Downstream PG synthase activation pathways 

Having discussed regulation of the PG synthesis machinery in response to stress, we now 

have a better understanding of how PG synthase regulation downstream to FtsZ may occur under 

normal conditions. FtsN is thought to activate the PG synthases FtsW and FtsI, since mutation of 
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FtsN can suppress a constriction block caused by SidA and DidA overproduction, thus allowing 

FtsW and FtsI to function (Modell et al., 2014). Because FtsN forms a complex with FtsW and 

FtsI, this activation is likely direct (Modell et al., 2014). However, data from E. coli suggests 

FtsN may also activate FtsW and FtsI via an indirect route as well. FtsN is proposed signal to the 

PG synthases through the FtsQLB complex, comprising the IM transmembrane proteins FtsQ, 

FtsL, and FtsB (Fig. 2 and Fig. 3) (Goley et al., 2011; Liu et al., 2015; Tsang and Bernhardt, 

2015; Glas et al., 2015). This may occur through direct interactions with FtsQLB in the 

periplasm and/or through FtsA in the cytoplasm. This latter assertion not only suggests that FtsA 

is more than a passive membrane anchor for FtsZ, but also implicates a parallel, overlapping 

pathway in constriction initiation (Liu et al., 2015; Tsang and Bernhardt, 2015). Thus, by 

analogy to E. coli, there are potentially a number of ways in which FtsN activates FtsWI in 

Caulobacter, all of which require validation before we can propose a fully fleshed out model. 

Further, the interaction between FtsQ and FtsB appears to be essential in E. coli (Kureisaite-

Ciziene et al., 2018), though it is unclear whether this interaction contributes to activation by 

FtsN, FtsA, or both. 

 In addition to the above factors, several other proteins have been implicated in 

constriction activation in Caulobacter. FtsK is a DNA translocase, with transmembrane and 

cytoplasmic portions (Fig. 2), that localizes to midcell just prior to constriction (Fig. 3) and is 

essential for proper chromosome segregation (Wang et al., 2006; Grainge, 2010; Goley et al., 

2011; Wolfe et al., 2014). In E. coli, FtsK binds members of the FtsWI and FtsQLB complexes, 

and a temperature sensitive mutant allows for partial suppression of deletion of FtsQ, FtsB, FtsN, 

and FtsA (Geissler and Margolin, 2005; Grainge, 2010). FtsK has therefore been proposed to 

play a regulatory function in the divisome, possibly licensing constriction initiation after DNA 
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segregation has occurred, though no mechanism has been described (Grainge, 2010). FzlA is 

another essential activator of constriction in Caulobacter as described earlier. Yet another 

essential protein required for division in Caulobacter, DipI, was recently discovered. Believed to 

reside in the periplasm (Fig. 2), DipI localizes to midcell just prior to constriction initiation (Fig. 

3), and is thought to bind FtsQLB (Osorio et al., 2017). Osorio et al therefore propose that DipI 

helps FtsQLB to activate the PG synthesis machinery, though the details of this mechanism are 

unresolved (Osorio et al., 2017). 

 As a note, we have characterized the above pathways as downstream of FtsZ in our 

dynamic activator model, in which they relay activating signals from FtsZ to PG synthases (Fig. 

4). However, at this time it is unclear how biophysical signals from FtsZ are relayed to FtsQLB, 

FtsN, FtsK, and/or DipI, or if any of these pathways are parallel to FtsZ activation signals instead 

of downstream. Future work will focus on characterizing how these constriction activators 

interact genetically with one another and how they transduce an activation signal from FtsZ to 

PG synthases.  

 

1.7   Envelope maintenance 

 Addition of new PG to the cell wall is not sufficient for efficient division to occur in 

Caulobacter. The integrity of the envelope needs to be maintained during division in order to 

ensure that the entire Caulobacter envelope invaginates in a concerted manner and that cells do 

not lyse in the process of division. The IM and OM, separated by a distance of 31.5 nm in 

Caulobacter (Goley et al., 2010a), must be physically linked in order to maintain envelop 

integrity and to ensure equal rates of constriction of both membranes. The Tol-Pal complex is a 

multi-protein system that spans the entire length of the envelope and serves precisely such a 
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function, with TolA, TolQ, and TolR located at the inner membrane, TolB at the periplasm, and 

Pal at the outer membrane (Fig. 2) (Gerding et al., 2007; Yeh et al., 2010). Given the location of 

each protein within the envelope, TolA is thought to bind Pal in the periplasm, physically 

tethering the IM to the OM. Accordingly, by cryo-EM, the OM to PG distance increases in cells 

depleted of Pal and the PG to IM distance increases in cells depleted of TolA (Yeh et al., 2010), 

indicating loss of a functional Tol-Pal system weakens the IM to OM connection. Depletion of 

TolA or Pal leads to membrane blebbing throughout the cell, including at the division plane, with 

loss of TolB causing blebbing at the division plane as well (Yeh et al., 2010). Because blebbing 

results from loss of envelope integrity and impaired IM-PG-OM attachment, its occurrence at the 

site of division prevents efficient and concerted constriction of the envelope. However, while this 

envelope maintenance function is important for constriction, it is unlikely to be specific to it. 

TolQ, followed by TolA, localizes to midcell well before constriction is initiated, around the 

time that the elongation machinery assembles (Fig. 3) (Yeh et al., 2010; Goley et al., 2011); the 

rest of the Tol-Pal machinery is presumed to follow suit. This early assembly, in conjunction 

with the presence of cell-wide shape defects in Tol-Pal depletion strains, suggests that the Tol-

Pal system is likely active during elongation as well. 

 Another envelope maintenance protein well characterized in Caulobacter is the LytM and 

LysM domain-containing protein, DipM. Located in the periplasm (Fig. 2), DipM is proposed to 

be involved in PG hydrolysis, causing cell lysis when it is overexpressed (Goley et al., 2010a; 

Möll et al., 2010; Poggio et al., 2010). Like the Tol-Pal proteins, deletion of dipM causes 

membrane blebbing at the site of division and throughout the rest of the cell (Goley et al., 2010a; 

Möll et al., 2010). And similar to TolQ, DipM localizes to midcell early, around the time that the 

elongation machinery arrives (Fig. 3) (Goley et al., 2010a; Möll et al., 2010; Poggio et al., 2010; 
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Goley et al., 2011). Intriguingly, cells depleted of DipM were found to have thicker PG 

throughout the entire length of the cell, indicating that DipM is important for regulating PG 

width (Goley et al., 2010a). Further, it has been hypothesized that proper PG width is required to 

maintain contact between TolA and Pal in the periplasm, with thicker PG pushing TolA and Pal 

out of reach of each other (Goley et al., 2010a). This results in loss of IM-OM contact and would 

explain the OM blebbing present in ΔdipM cells.  

DipM is likely not a PG hydrolase itself, however. While zymogram analysis shows that 

DipM can bind PG, this assay cannot differentiate PG binding from hydrolysis (Uehara et al., 

2010; Möll et al., 2010). By RBB-labeled sacculus dye release assay, a more reliable method for 

measuring PG hydrolysis, DipM does not show hydrolytic activity on its own (Meier et al., 

2017). Instead, DipM’s crucial function is likely to recruit and/or activate other PG hydrolases in 

order to drive PG breakdown (Meier et al., 2017; Zielińska et al., 2017). SdpA and SdpB are two 

such putative lytic transglycoslyases, which reside in the periplasm and localize to midcell early 

in the division process in a FtsN- and DipM-dependent manner (Fig. 2 and Fig. 3) (Zielińska et 

al., 2017). Deletion of sdpA and sdpB causes membrane blebbing, highlighting their importance 

in envelope maintenance (Zielińska et al., 2017). Further deletion of dipM in a background 

lacking sdpA and sdpB results in a synthetic sick/lethal phenotype, indicating DipM may have 

other downstream targets (Zielińska et al., 2017). What lies upstream of DipM? Interestingly, 

FtsN has been shown to interact with DipM by bacterial two hybrid analysis, and is also required 

for recruitment of DipM, SpdA, and SdpB to midcell (Möll et al., 2010; Zielińska et al., 2017). 

Although it is unclear precisely how the late arriving FtsN recruits the early arriving DipM, the 

localization dependencies and interaction data indicate a potential link between the constriction 

and envelope maintenance machineries, suggesting that FtsN may help coordinate their activities 
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(Möll et al., 2010). Finally, while DipM, SdpA, and SdpB are all involved in envelope 

maintenance during constriction, like Tol-Pal, they are likely also important during elongation 

due to their early midcell localization and cell-wide envelope defects. 

 

1.8   Cell separation, polar organization, and the final events of division 

 Following the initiation and continuation of constriction, the final stage of division is 

marked by a few major events. During cell separation, the IMs fuse, compartmentalizing the 

cytoplasm into two separate daughters; PG hydrolases cleave PG connecting the daughter cells in 

a process we will refer to as terminal PG hydrolysis; and finally, the OMs fuse. Prior to or 

concurrent with these events, polarity factors are recruited to the constriction site to mark the 

creation of a new pole. Towards the end of division, MreB disperses and the Z-ring begins to be 

dismantled. Finally, the completion of division results in two new daughter cells, with two new 

poles, shaped by the constriction process, in place of the division plane. 

 

1.8.1   Cell separation 

 A number of factors have been implicated in cell separation that function in at least three 

pathways: 1. The FtsEX-LdpF pathway; 2. The AmiC pathway; 3. The DipM-SdpAB pathway 

(Meier et al., 2017) (Fig. 5A). FtsEX, which we introduced as a putative FtsZ membrane anchor, 

has also been implicated in terminal PG hydrolysis (Meier et al., 2017). LdpF is a LytM-domain 

containing protein that is predicted to be periplasmic, and like DipM, LdpF is thought to lack the 

endopeptidase activity typically associated with LytM proteins due to the absence of key active 

site residues (Meier et al., 2017; Zielińska et al., 2017). [Note that while LdpF is thought to be 

active at midcell, it localizes diffusely throughout the cell, so it is not included in Fig. 2 (Meier et 
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al., 2017).] AmiC is an N-acetylmuramoyl-L-alanine amidase, responsible for cleaving the bond 

between MurNac and the pentapetide stem in PG (Meier et al., 2017; Zielińska et al., 2017; 

Dubey and Priyadarshini, 2017). AmiC is predicted to reside in the periplasm and localizes to 

midcell shortly after constriction starts (Fig. 2 and Fig. 3) (Meier et al., 2017; Zielińska et al., 

2017). Finally, DipM, as previously mentioned, is another early recruit involved in envelope 

maintenance, that is a periplasmic PG binding protein (Goley et al., 2010a; Möll et al., 2010; 

Poggio et al., 2010). The soluble lytic transglycosylases (SLTs) SdpA and SdpB, which have 

putative lytic transglycosylase activity, are dependent on DipM for localization for midcell 

(Zielińska et al., 2017).  

Genetic perturbation of the cell separation factors has informed functional grouping 

according to phenotype (Fig. 5B). Loss of ftsE, amiC, or ldpF alone or together results in a 

similar chaining phenotype with varying severity (Meier et al., 2017; Zielińska et al., 2017). 

Specifically, cells lacking one or more of these factors constrict to a very late point, then extend 

thin connections between daughter cells that remain unresolved. In an ftsE amiC double mutant, 

unfused inner membrane connections were observed in these thin cell-cell connections, 

implicating these genes in inner membrane fusion (Fig. 5B). Deletion of dipM, sdpA, or sdpB, on 

the other hand, yields short, blunt, septum-like connections, in which the OM has not constricted 

fully, but the IMs have fused (Goley et al., 2010a; Möll et al., 2010; Meier et al., 2017; Zielińska 

et al., 2017). Deletions of ftsE or ldpF are each synthetic sick or synthetic lethal with loss of 

amiC or dipM; depletion of AmiC is additionally synthetic lethal with ∆dipM (Meier et al., 2017; 

Zielińska et al., 2017). Loss of both ftsE and ldpF results in a mild synthetic sick phenotype 

(Meier et al., 2017). In light of these phenotypic and genetic interaction data, we can describe a 

preliminary model of the three cell separation pathways (Fig. 5A). In the FtsEX-LdpF pathway, 
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FtsEX may transduce a signal from FtsZ to LdpF, which then activates an unknown PG 

hydrolase (Meier et al., 2017). FtsX and LdpF interact by bacterial two-hybrid analysis, 

indicating a series of direct protein-protein interactions from FtsZ to LdpF (Meier et al., 2017). 

In the AmiC pathway, DipM weakly activates the PG hydrolase AmiC, supported by in vitro 

evidence that AmiC cleaves PG in the presence of DipM (but not LdpF) (Meier et al., 2017). 

Interestingly, LdpF is required for AmiC localization to midcell (Zielińska et al., 2017), 

suggesting the activity of the AmiC pathway may be partially dependent on the FtsEX-LdpF 

pathway. As for the DipM-SdpAB pathway, DipM likely activates the putative hydrolases SdpA 

and SdpB (Zielińska et al., 2017). We would like to note here that the membrane anchor FzlC 

also interacts genetically with a number of cell separation factors (Meier et al., 2016). Loss of 

dipM, ftsE, or amiC in a fzlC deletion background yields synthetic sick phenotypes (Meier et al., 

2016), indicating that FzlC may be involved in cell separation, possibly helping to integrate the 

three pathways described above. 

 In addition to the above factors, an additional protein, CtpA, is implicated in cell 

separation in Caulobacter. Essential in Caulobacter, CtpA is a putative tyrosine phosphatase that 

resides on or near the IM (Fig. 2) and localizes to midcell before constriction starts (Fig. 3) 

(Shapland et al., 2011). Although CtpA does not have detectable activity in vitro, it has 

homology to other tyrosine phosphatases, and mutation of its predicted catalytic site leads to 

growth inhibition (Shapland et al., 2011). Depletion of CtpA not only causes cell chaining and 

inefficient cell separation, but also results in OM blebbing throughout the cell body (Shapland et 

al., 2011). CtpA is therefore proposed to regulate a factor/factors involved in OM maintenance, 

cell separation, or both (Shapland et al., 2011).  Further work is required to identify CtpA’s 

specific targets. 
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1.8.2   Recruitment of polarity determining factors 

The last proteins recruited to the divisome are the polarity determining factors, TipN and 

TipF (Huitema et al., 2006; Lam et al., 2006; Goley et al., 2011). Predicted to be transmembrane 

proteins at the IM (Fig. 2), TipN and TipF are responsible for marking the new cell pole that will 

be formed after division, a function necessary for properly localized flagellar development, 

chromosome segregation, and daughter cell length determination (Huitema et al., 2006; Lam et 

al., 2006; Ptacin et al., 2010). TipN arrives at midcell in an FtsZ-dependent fashion after 

constriction is well underway, and is itself necessary for recruitment of TipF to midcell (Fig. 3) 

(Huitema et al., 2006; Goley et al., 2011). TipN recruitment to midcell also depends on the Tol-

Pal system, with which it was shown to interact by co-immunoprecipitation (Yeh et al., 2010). 

 

1.8.3   Z-ring disassembly and MreB dispersal 

 Upon completion of division, the former constriction site becomes the new poles, FtsZ 

levels decrease in both daughter cells (Williams et al., 2014), and the Z-ring is disassembled. In 

the new swarmer cell, a small amount of FtsZ remains at the new pole, whereas in the new 

stalked cell, FtsZ immediately leaves the new pole for the new midcell (Goley et al., 2011; 

Williams et al., 2014). Several mechanisms are proposed to facilitate these changes. The 

cytoplasmic proteases ClpXP and ClpAP, which were previously shown to limit FtsZ levels in 

G1 phase through degradation, are hypothesized to also be involved in Z-ring disassembly. 

Although ClpA remains diffuse throughout the entire Caulobacter cell cycle, ClpX localizes to 

midcell just before completion of division (Fig. 2 and Fig. 3) (Williams et al., 2014). ClpXP may 

therefore assist in Z-ring disassembly by reducing FtsZ concentration at the old constriction 
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site/new poles to a point below its critical concentration and thereby favoring depolymerization. 

GdhZ and KidO, cytoplasmic inhibitors of FtsZ self-interaction in G1 phase, may also contribute 

to Z-ring disassembly. Expression of GdhZ and KidO is downregulated during S phase, but 

increases again starting in pre-divisional cells (Radhakrishnan et al., 2010; Beaufay et al., 2015). 

KidO subsequently localizes to midcell shortly after the initiation of constriction, whereas GdhZ 

appears to arrive some time before constriction starts (Fig. 2 and Fig. 3) (Radhakrishnan et al., 

2010; Goley et al., 2011; Beaufay et al., 2015). Around the time that constriction finishes, KidO 

and GdhZ are thought to help disassemble the Z-ring by blocking FtsZ self-interaction 

(Radhakrishnan et al., 2010), though it is unclear how they delay their activity until completion 

of division. Finally, the other negative regulator of Z-ring assembly, MipZ, likely plays a role in 

disassembly of FtsZ foci at newborn cell poles. MipZ localizes to the new pole in stalked cells as 

soon as chromosome segregation has occurred (Thanbichler and Shapiro, 2006; Goley et al., 

2011), suggesting it helps to quickly displace FtsZ from the last division site. Altogether, Z-ring 

disassembly from the old division site appears to be due to a combination of decreased FtsZ 

levels and localized inhibition of self-interaction.  

It is also worth mentioning that MreB disperses from the division plane toward the end of 

division, after constriction has initiated and before the cell has completed separation (Fig. 3) 

(Goley et al., 2011). Precisely why or how MreB leaves midcell at this time is not currently 

known, though we can speculate that if MreB contributes to elongation earlier during division, its 

departure may allow for an increased focus of PG synthesis on constriction.  
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1.8.4   Cell pole shape determination 

 Following cell separation, a single Caulobacter cell splits into two, and the constriction 

site becomes two new poles. Because the shape of the poles can be influenced by numerous 

factors during constriction, analysis of its shape is sometimes useful for assessing the efficiency 

of different processes during division. Cell pole shape can be characterized according to two 

metrics: “pointiness”, a measure of how tapered or blunt the pole looks, and envelope topology, 

which indicates if the OM, PG, and IM are still properly attached. As pole pointiness is dictated 

by the events of division, it is logically determined by the ratio of the elongation rate to the 

constriction rate, such that cells elongating faster relative to constriction will have pointier poles. 

This has been shown to be the case in E. coli, where a mutation in FtsI causes cells to start to 

develop pointy poles during division (Taschner et al., 1988; Costa et al., 2008). In Caulobacter, 

however, it has previously been shown that poles become pointier well after division has finished 

(Aaron et al., 2007), so it is less clear to what extent division also plays a role in pole shape 

determination in this species. Consideration of division protein mutants that alter cell pole 

pointiness has helped to shed some light on this matter. Mutation of FzlA has been shown to 

yield pointy poles, likely because it slows the rate of constriction relative to elongation (Lariviere 

et al., 2018). Overexpression of FzlC also leads to pointy poles, though the reason for this is still 

unclear (Meier et al., 2016). Finally, deletion of DipM leads to blunter poles, though again it is 

not clear if DipM deletion impacts constriction and/or elongation rate (Möll et al., 2010). A 

properly functioning divisome is therefore required for WT pole pointiness, though studies with 

finer temporal resolution will be required to determine if DipM and FzlC influence pole 

pointiness during or following division. 



 42 

The other metric for pole shape, envelope topology, is determined by members of the 

envelope maintenance machinery described in previous sections, including DipM and the Tol-Pal 

system. Loss of envelope integrity due to DipM or Tol-Pal deletion/depletion leads to OM 

blebbing during constriction, which is often still present at the new poles following division, 

either in the form of a small bulge or a larger bleb (Goley et al., 2010a; Möll et al., 2010; Yeh et 

al., 2010). All in all, the determination of cell pole shape is highly sensitive to the interplay 

amongst multiple division processes. 

 

1.9   Conclusions and Outlook 

 In this chapter we have outlined what is currently known about division in Caulobacter. 

The Z-ring is a central player in division, helping to coordinate temporally overlapping 

processes. Multiple assembly factors regulate Z-ring formation in both time and space, defining 

the division plane at midcell after chromosome replication has begun. The Z-ring subsequently 

recruits a host of divisome proteins, the first of which contribute to cellular elongation from the 

midcell. Upon arrival of the constriction machinery, FtsZ is hypothesized to activate PG 

synthesis through one or multiple putative mechanisms, including dynamics-, mechanical-, or 

protein interaction-based signal transduction, involving up to a dozen potential additional 

regulators. Since both elongation and constriction involve cell wall remodeling, maintenance of 

envelope integrity is crucial for effective division. As a cell nears the end of division, PG 

hydrolysis drives cell separation, the Z-ring begins to disassemble, and the cell finally splits into 

two daughter cells. 

 Though numerous studies in recent years have greatly informed our understanding of 

division in Caulobacter, we would like to highlight some of the remaining fundamental 
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unanswered questions. To what extent do FtsZ and PG remodeling contribute to the forces 

required for constriction to occur? Direct evidence that PG remodeling generates a constrictive 

force is still lacking. What is the nature of FtsZ’s role in activating PG synthesis in Caulobacter? 

How is this activation mechanistically facilitated and to what degree, if at all, do dynamics, force 

transduction, and downstream protein signaling each play a role in PG synthase regulation? How 

do the constriction machinery activators (FtsN, FtsQ, FtsL, etc…) interact with one another and 

effect constriction? Is the PG remodeling that facilitates elongation during division distinct from 

or related to the PG remodeling that drives constriction? How are the activities of constriction-

specific PG synthases and PG hydrolases regulated with respect to one another? How are the 

activities of the factors involved in cell separation coordinated to drive OM fusion, terminal PG 

hydrolysis, and IM fusion? Finally, how is division influenced by metabolic processes?  

 In order to address these questions and gain a better understanding of division in 

Caulobacter, the use of emerging tools will be invaluable. Advanced imaging techniques such as 

PALM and cryo-ET have proved useful for gaining a higher resolution view of microscopic 

processes. Computational analyses of single-cell experiments have allowed for the rapid and 

easy generation of high quality datasets. Additionally, the declining cost of whole genome 

sequencing and the proliferation of other genomics techniques, such as transposon-sequencing 

and CRISPR-based editing, should make genetic analysis faster and more accessible. The use of 

cutting edge technologies to complement tried-and-true approaches like genetics and in vitro 

biochemistry will drive future discoveries in the field. Our hope is that their implementation in 

the study of Caulobacter will provide insight into the fundamental nature of division. 
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1.10   Figures and Legends 

 

Figure 1. Overview of division in Caulobacter. 

Caulobacter cells undergo a series of events during division, facilitated by maturation of the 

divisome. (1) Cells begin in the swarmer phase, with unipolar MipZ and FtsZ at opposite poles. 

(2) During the swarmer to stalked cell transition, MipZ localizes to both poles to initiate Z-ring 

formation, forcing FtsZ to localize in an unfocused band at midcell. (3) Z-ring formation factors 

arrive (red) to help focus the Z-ring and tether FtsZ to the membrane. (4) The elongation 

machinery (yellow) arrives and cells begin to elongate by PG insertion at midcell; at the same 

time, the envelope maintenance machinery (also yellow) arrives to ensure envelope integrity is 

preserved throughout the division process.  (5) The constriction machinery (green) arrives and 

constriction begins. (6) As constriction progresses, factors involved in cell separation and 

polarity determination (dark blue) arrive at midcell to help terminate division and mark the future 
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site of the new pole. (7) Division terminates when the cell finally splits apart, forming two new 

daughter cells. 
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Figure 2. Architecture of the Caulobacter divisome. 

Depiction of all of the known members of the Caulobacter divisome at the envelope at midcell 

(IM = inner membrane; PG = peptidoglycan; OM = outer membrane). Members of the divisome 

have been placed into functional groups: Z-ring assembly factors (red); elongation machinery 

(orange); envelope maintenance machinery (yellow); multifunctional factors (gray); constriction 

machinery, subdivided into PG synthesis activation factors (green) and PG synthesis enzymes 

(turquoise); cell separation factors (dark purple); Z-ring disassembly factors (lavender); polarity 

determination factors (magenta). Note that the divisome is a dynamic structure and not all of its 

components are necessarily localized to midcell at the same time, as shown here. See figure 3 for 

divisome localization timing. Adapted from Goley et al., 2011.  

  



 47 

 

Figure 3. Timing of divisome localization. 

Midcell localization timing and order of the members of the divisome. The half-maximal midcell 

localization time of each protein (the time at which half of all of a protein has localized to 
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midcell; t1/2) was either calculated from measured data (black circles, reported in Goley et al., 

2011) or predicted (empty boxes). Measured data were taken from Goley et al. 2011 

in which timing of localization of 19 different divisome proteins were assessed in parallel. For 

proteins where t1/2 was predicted, localization timing was extracted from the literature. When 

possible, the timing of protein localization was compared to the timing of localization of another, 

already characterized protein. Absent such information, a best guess was made (ie, a protein was 

predicted to arrive around the same time as interaction partners or before/after a major event, 

such as constriction initiation). Adapted from Goley et al., 2011. 
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Figure 4. A dynamic activator model for FtsZ-mediated constriction initiation. 

Model for FtsZ-directed activation of constriction in Caulobacter. FtsZ is proposed to signal 

through the PG synthase activators (e.g. FtsQLB, FtsN, FtsK) to PG synthases (e.g. FtsWI), 

initiating PG remodeling and potentially impacting PG synthase dynamics (turquoise dashed 

line), to start constriction. There are a number of putative mechanisms by which FtsZ may signal 

to the PG synthase activators (black arrows, as shown) or potentially directly to the PG synthases 

(not shown): Through FtsZ’s CTL, which may influence protein-protein interactions directly or 

indirectly, possibly through mechanical signaling and/or through an interaction with FtsA 

(double-headed black arrow); through a FzlA-mediated protein-protein interaction; and/or 

through FtsZ dynamics (blue dashed line), which may influence protein-protein interactions 

indirectly. FtsA dynamics (red dashed line) may also play a role in constriction activation, 

though precisely how is still unclear.  

  



 50 

 

Figure 5. Cell separation pathways. 

(A) Model for cell separation pathways in Caulobacter. (1) In the FtsEX-LdpF pathway, FtsEX 

and LdpF are proposed to signal to an unidentified PG hydrolase to initiate cell separation. FtsZ, 

which interacts with FtsEX, may serve as an upstream activator for this pathway. (2) In the 

AmiC pathway, LdpF recruits AmiC to midcell, and DipM subsequently activates AmiC’s PG 

hydrolase activity. (3) In the DipM-SdpAB pathway, DipM recruits the putative PG hydrolases 

SdpA and SdpB to midcell, which then begin PG hydrolysis. Synthetic interactions between 
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genes (red solid, dashed, and dotted lines) indicate varying degrees of highlight the complexity 

of the interactions among and between pathways. Adapted from Meier et al., 2017.  

(B) Deletion or depletion phenotypes of ftsE, amiC, and dipM in Caulobacter. Deletion of ftsE 

and depletion of AmiC yields a heterogeneous population of chained cells, with some connected 

by a long, skinny connection and others connected by a much shorter connection. Deletion of 

dipM leads to filamentation, envelope defects, blunter poles, and septum-like constriction sites. 

The gene deletions correspond with the cell separation pathways depicted in panel A and 

highlight the heterogeneity of roles that each protein/pathway plays in cell separation.  
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Chapter 2. FzlA, an essential regulator of FtsZ filament 

curvature, controls constriction rate during Caulobacter 

division 

 

2.1   Introduction 

Cell division in bacteria is a highly complex process that requires coordination of 

numerous distinct events in time and space. The cell must invaginate and remodel the inner 

membrane, cell wall, and outer membrane, all while maintaining envelope integrity. FtsZ, an 

essential and widely conserved tubulin-like GTPase (de Boer et al., 1992), acts as a central hub 

for the assembly and action of dozens of proteins (the divisome) that collectively remodel the 

cell envelope (Goley et al., 2011; Sundararajan and Goley, 2017). Prior to division, FtsZ 

protofilaments coalesce at midcell and with the help of accessory proteins, form a focused 

superstructure called the Z-ring (Wang and Lutkenhaus, 1996; Woldemeskel et al., 2017; Meier 

et al., 2017). The Z-ring is in turn anchored to the inner membrane by adapter proteins (Ma et 

al., 1996; Pichoff and Lutkenhaus, 2005; Szwedziak et al., 2014; Meier et al., 2016). The Z-ring 

successively recruits components of the divisome (Rueda et al., 2003; Aarsman et al., 2005; 

Goehring et al., 2006; Goley et al., 2011; Du and Lutkenhaus, 2017), which include factors 

involved in peptidoglycan (PG) synthesis and hydrolysis (Boyle et al., 1997; Weiss et al., 1999; 

Daniel et al., 2000; Bernhardt and De Boer, 2003; Goley et al., 2010a). However, the 

mechanisms by which the Z-ring facilitates or organizes envelope constriction have not yet been 

fully elucidated.  
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The biochemical and biophysical properties of FtsZ are proposed to be central to its role 

in division (Erickson et al., 2010). FtsZ assembles into polymers in a guanosine nucleotide-

dependent manner, with both straight and curved filament conformations observed in vitro and in 

vivo (Lu et al., 2000; Mingorance et al., 2005; Li et al., 2007). Membrane-targeted FtsZ is able 

to deform membranes in the same direction as FtsZ filament curvature (Osawa et al., 2009), 

suggesting a force generation mechanism that could be used to drive constriction (Erickson et al., 

2010). However, it is unknown if FtsZ filament curvature contributes to division in cells or how 

this activity might be regulated during the tightly timed constriction process. A critical 

downstream outcome of Z-ring function is synthesis and remodeling of PG at the division site, 

and mounting evidence suggests that this requires active direction of PG metabolism by FtsZ 

(Xiao and Goley, 2016; Coltharp and Xiao, 2017). In Caulobacter crescentus, FtsZ influences 

the chemical composition of the PG in a manner requiring its C-terminal linker (Sundararajan et 

al., 2015). Moreover, recent studies in both Escherichia coli and Bacillus subtilis demonstrated 

that FtsZ dynamics in vivo drive the dynamics of PG synthetic enzymes during division (Bisson-

Filho et al., 2017; Yang et al., 2017). In B. subtilis, but not E. coli, FtsZ dynamics dictate the rate 

of constriction during division (Coltharp et al., 2016; Bisson-Filho et al., 2017; Yang et al., 

2017). It is still unknown how FtsZ and PG metabolism are mechanistically coupled or if FtsZ 

filament curvature plays a role in regulating PG synthesis or constriction dynamics. 

Here, we have studied FzlA, a C. crescentus division protein that promotes formation of 

stable, highly curved FtsZ filaments in vitro (Goley et al., 2010b), both as a handle for probing 

the effect of FtsZ curvature on division, and with the aim of scrutinizing the ability of FtsZ to 

influence constriction rate. FzlA is an essential FtsZ-binding protein conserved across α-

proteobacteria (Goley et al., 2010b). Depletion of FzlA leads to cell filamentation, but leaves Z-
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ring and divisome assembly unperturbed, suggesting that FzlA is required for active constriction 

(Goley et al., 2010b; Goley et al., 2011). In vitro, FzlA not only binds to FtsZ, but promotes 

formation of stable, double-stranded helices containing two highly curved FtsZ protofilaments 

(Goley et al., 2010b). We previously hypothesized that FzlA promotes constriction through its 

ability to regulate FtsZ filament curvature and, perhaps, the generation of FtsZ-mediated force 

(Goley et al., 2010b).  

We now present the crystal structure of FzlA and use it to inform a structure-function 

analysis of FzlA with respect to its interaction with FtsZ. We demonstrate that the FtsZ-FzlA 

interaction is essential for division, and that FzlA-mediated FtsZ curvature is correlated with 

division efficiency. Specifically, we demonstrate that FzlA modulates the rate of constriction 

during division through its interaction with and curving of FtsZ filaments. We find that slowly 

constricting fzlA mutant strains form tapered, “pointy” poles, consistent with our observations 

that mutation of fzlA decreases the rate of constriction relative to the rate of elongation during 

division. These results implicate FzlA as a key regulator of envelope constriction through its 

interaction with FtsZ, and are consistent with a role for FtsZ curvature in efficient cell envelope 

constriction in C. crescentus. 

 

2.2   FzlA forms a GST-like homodimer 

To guide our investigation into the interaction of FzlA with FtsZ and its role in cytokinesis, we 

sought to solve its structure using X-ray crystallography. To this end, we expressed an N-

terminal hexahistidine-tagged version of C. crescentus fzlA in E. coli. FzlA could be purified in 

large quantities and crystallized readily. The cubic crystals, both native and heavy metal 

derivatives, diffracted well, so that it was possible to collect all the data in house (Table 1). 
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Subsequent data processing, phasing, model building, and refinement produced an electron 

density map at 2 Å and the corresponding model was of very good quality. It was possible to 

resolve residues 3-228 of FzlA and the asymmetric unit contained one molecule (Fig. 6A and 

Fig. 7 for stereo view of a portion of the structure). Based on sequence homology, FzlA was 

classified as a member of the GST protein family in C. crescentus (Goley et al., 2010b). Indeed, 

the structure of FzlA can be superimposed on that of GST from Proteus mirabilis (PDB 1PMT) 

(Rossjohn et al., 1998) with an RMSD of 2.09 Å over 179 Cα atoms (Fig. 6B). FzlA does not 

bind glutathione (Goley et al., 2010b), however, and lacks the catalytic histidine and 

serine/cysteine residues found in other GST proteins (Ma et al., 2009; Federici et al., 2010), 

suggesting that it no longer retains glutathione transferase activity. Applying crystal symmetry 

revealed that FzlA is most likely a homodimer (interface area 1263 Å2 as determined by PISA) 

(Fig. 6C). In contrast to the rest of the structure, residues 212-228 at the C-terminus do not show 

any secondary structure, but are still ordered (Fig. 6C). In the course of our work, the structure 

of a FzlA homolog from Sinorhizobium meliloti (SmFzlA) was deposited in the PDB (PDB 

4MDC). The two structures can be superimposed with an RMSD of 1.03 Å over 176 Cα atoms.  

 Though FzlA runs as an apparent monomer by calibrated size exclusion chromatography 

(Goley et al., 2010b), both CcFzlA and SmFzlA crystallized as dimers, and we found that FzlA 

self-interacts by bacterial two-hybrid (BTH) analysis (Fig. 8A). As a further test for dimerization 

in C. crescentus cells, we performed co-immunoprecipitation with differentially tagged variants 

of FzlA. We created a C. crescentus strain (EG2452) with 3xflag-fzlA replacing fzlA at its native 

locus and mCherry-fzlA integrated at the vanA chromosomal locus, with expression driven by the 

inducible Pvan promoter. Cells expressing both tagged variants of fzlA were lysed and anti-FLAG 

conjugated agarose beads were used to immunoprecipitate 3xFLAG-FzlA and its binding 
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partners (Fig. 8B). Immunoblot analysis demonstrated that mCherry-FzlA robustly and 

specifically co-immunoprecipitates with 3xFLAG-FzlA. Though FtsZ co-immunoprecipitates 

with 3xFLAG-FzlA in the presence of a chemical crosslinker (data not shown), it does not 

precipitate in the absence of crosslinker (Fig. 8B). These data indicate that the interaction 

between 3xFLAG-FzlA and mCherry-FzlA is direct and not mediated by FtsZ. In conjunction 

with the structural and BTH analysis data, these results suggest that FzlA forms a dimer in vivo. 

 

2.3   Attempts to co-crystallize FtsZ and FzlA were unsuccessful 

Since FzlA was previously shown to bind FtsZ (Goley et al., 2010b), we attempted to co-

crystallize FtsZ and FzlA at the MRC-LMB crystallization facility to gain deeper insight into the 

nature of this interaction. His6-FzlA was mixed with either full length FtsZ or FtsZΔCTL. We 

expected that full length FtsZ might not crystallize readily due to flexibility of the linker domain 

and we had found that FzlA interacts with FtsZΔCTL. Protein mixtures were made containing 

either a 1:1 ratio of FtsZ:FzlA or an excess of either FtsZ or FzlA, then incubated at room 

temperature or 4°C to allow for crystal growth. Co-crystallization proved to be unsuccessful and 

the only crystals that could be found were FzlA alone. For these experiments, His6-FzlA and 

FtsZ/FtsZΔCTL were purified individually, as described in the methods section.      

 

2.4   FzlA interacts with the GTPase domain of FtsZ 

Since co-crystallization proved to be unsuccessful, we instead performed co-sedimentation 

assays with His6-FzlA and either FtsZ, FtsZDCTL (FtsZ lacking the C-terminal linker), or 

FtsZDCTLC (FtsZ lacking the C-terminal linker and conserved C-terminal peptide) to determine 
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what domain of FtsZ mediates interaction with FzlA. FzlA co-sedimented with each FtsZ 

variant, suggesting that the GTPase domain of FtsZ is the site of interaction with FzlA (Fig. 9).  

  

2.5   Creation of FzlA mutant library 

With the structure of FzlA in hand, we undertook a directed mutagenesis approach to probe the 

role of the FzlA-FtsZ interaction in division (Fig. 10A). We identified surface residues that were 

charged and/or conserved across a-proteobacteria and used site-directed mutagenesis to create a 

library of 34 fzlA mutant variants, each encoding a protein containing one to four non-

conservative point mutations (Fig. 10B, Table 2, and Table 3). We anticipated that these 

mutations might disrupt FtsZ binding, helix formation, or other unknown functions of FzlA. We 

were particularly interested in identifying mutations that were proficient in FtsZ binding, but 

deficient in curving FtsZ filaments, so that we could probe the link between FtsZ curvature and 

cell division. 

As discussed below, we screened each mutant strain for FzlA localization, cell 

morphology and growth, and steady state FzlA protein levels in vivo, then selected a subset for 

biochemical characterization and further follow-up (Fig. 10A). Based on our results, we created 

a strategy for naming the mutants for ease of reference. Eleven mutants displayed WT (W) 

characteristics in vivo, so we named these fzlAW1- fzlAW11 and did not characterize these further 

(Table 3). Seven mutants had poor protein stability (ST) by immunoblotting, named fzlAST1-

fzlAST7, and were also not pursued further. Six mutants displayed poor solubility (SOL) in vitro, 

named fzlASOL1-fzlASOL6, which could not be purified for biochemical assays. The remaining 

mutants were functionally grouped and named primarily according to their biochemical activity 

towards FtsZ, as described below: weakened binding (WB) to FtsZ, fzlAWB1; unknown non-
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essential activity (UN), fzlAUN1-fzlAUN2; unknown essential activity (UE), fzlAUE1 & fzlAUE2; no 

binding to FtsZ (NB), fzlANB1& fzlANB2; and no helices (NH), fzlANH1- fzlANH3 (Table 2).     

 

2.6   fzlA mutants display a range of localization and division defects 

To functionally characterize our panel of FzlA mutant strains, we devised an in vivo microscopy-

based assay to identify strains deficient in division and/or FzlA localization. mCherry was fused 

to the 5’ end of each mutant fzlA allele and placed under the control of a vanillate-inducible 

promoter. These fusions were integrated at the vanA locus in a strain background containing 

xylose-inducible fzlA at the xylX locus and a fzlA deletion at its native locus (Fig. 11A). Cells 

were grown to log phase with xylose to induce WT fzlA, then washed and grown with vanillate to 

induce mutant fzlA and deplete WT FzlA for 24 hours. Each strain was subsequently imaged by 

phase contrast and fluorescence microscopy and FzlA levels were probed by immunoblotting 

[Fig. 11B (includes mutants discussed at length) and Fig. 12A (includes mutants that were not 

further characterized) and Fig. 13]. Strains were also imaged with xylose alone to only produce 

WT FzlA (Fig. 14A) or with neither inducer (Fig. 15A). We additionally determined growth rate 

and cell viability using spot dilutions to assess the fitness of each strain (Fig. 11C-D, Fig. 12B, 

Fig. 14B, and Fig. 15B).  

 As previously shown, mCherry-FzlA localizes to midcell and complements the loss of 

FzlA, yielding cells of WT length and growth rate (Goley et al., 2010b). Screening the library of 

mutant strains yielded a wide range of FzlA localization and length phenotypes in the presence 

of vanillate (Table 2 and Table 3). Many of these mutants were indistinguishable from WT in 

viability, length, and FzlA localization (fzlAW1- fzlAW10) (Fig. 12). Numerous mutants had diffuse 

FzlA localization, increased cell length, and reduced growth rate and viability (fzlANB1 - fzlANB2, 
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fzlAST1- fzlAST7, fzlASOL1- fzlASOL5) (Fig. 11 and Fig. 12). Three mutants (fzlANH1, fzlAUE1, fzlAUE2) 

had localized FzlA, yet displayed elongated cell morphologies, reductions in growth rate, and 

had lower colony forming units (CFUs). Five mutants (fzlAUN1, fzlAUN2, fzlANH1, fzlANH2, and 

fzlASOL6) similarly had FzlA localization and a mixed population of elongated and short cells, but 

were less impaired in growth rate and/or viability. Interestingly, one mutant (fzlAWB1) had diffuse 

FzlA, but was otherwise comparable to WT cells in terms of cell length, growth, and viability.  

 It should be noted that in nearly all mutant strains (except for the poor stability mutants), 

vanillate induction resulted in varying degrees of mutant FzlA overexpression (Fig. 13). 

Although some of these mutant proteins appeared to be more highly expressed than others, all 

except the poor stability mutant proteins were expressed at levels greater than native WT FzlA. 

Therefore, any division defects in these mutants are unlikely to be due to insufficient protein 

levels. Further, the previous observation that FzlA overexpression does not result in increased 

cell length (Goley et al., 2010b), suggests mutant protein levels do not likely underlie the 

division defects observed in vivo. 

 Expression of WT FzlA alone in cells without induction of mCherry-mutant FzlA 

supported normal growth of each strain, as expected (Fig. 14). However, we were curious if any 

mutant FzlA screening strains could grow in the absence of either inducer. We found when we 

grew cells in the absence of xylose or vanillate that numerous mutant strains had cells that 

became elongated and had reduced viability (fzlAWB1, fzlAUE1-fzlAUE2, fzlANB1-fzlANB2, fzlANH1, 

fzlAW9, fzlAST1-fzlAST7, fzlASOL1-fzlASOL6), as expected (Fig. 15). Surprisingly, however, WT cells 

and many of the mutant strain cells exhibited WT cell length and were viable (fzlAUN1, fzlANH2-

fzlANH3, fzlAW1-fzlAW8, and fzlAW10) (Fig. 15). a-FzlA immunoblotting of the mutants that were 

subsequently characterized biochemically revealed that in the absence of inducers, low levels of 
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the mCherry-FzlA variants and WT FzlA were present (Fig. 16). This suggests that the Pvan, and 

to a lesser extent Pxyl, promoters were leaky. The low expression levels of the functional or 

partially functional mutant FzlA variants were apparently sufficient to enable growth.  

 After the initial screening, we sought to visualize the Z-ring in a subset of mutant strains 

deficient in division. Since depletion of FzlA does not obviously affect Z-ring organization by 

conventional microscopy (Goley et al., 2010b), we hypothesized that mutation of FzlA would 

not affect it either. To test this, we imaged cells depleted of WT FzlA, producing both mCherry-

mutant FzlA and Venus-FtsZ (Fig. 17). For each strain tested, we observed that Z-ring structure 

was similar to WT, and that filamentous cells typically contained one or two focused Z-rings per 

cell. This is similar to what has been previously reported in C. crescentus cells blocked for 

division at stages downstream of Z-ring assembly, where relatively few Z-rings are observed 

even in filamentous cells (Costa et al., 2008; Modell et al., 2014; Osorio et al., 2017). We also 

found that in strains where FzlA mutant proteins formed rings or foci, FtsZ co-localized with 

FzlA. In mutant strains where FzlA was diffuse, such as fzlANB1 and fzlANB2, FtsZ still formed 

rings. We therefore conclude that the division and/or localization defects that we observed are 

not due to global defects in Z-ring assembly. 

 

2.7   FzlA mutant proteins display distinct defects in activities towards FtsZ in 

vitro 

Having screened the fzlA mutant strains for localization and division phenotypes in vivo, we 

compiled a list of mutant proteins for characterization of activity towards FtsZ in vitro. We did 

not pursue the fzlAW or fzlAST mutants, since they were fully functional or displayed poor protein 

stability in vivo by immunoblot analysis, respectively (Fig. 13). We additionally did not follow 
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up on FzlAUN2, since its mutated residue (Y223A) was included in another mutant, FzlAUE1 

(Y223A, D227K, F228A) and the phenotype of the triple mutant was identical to that of FzlAUE2 

bearing the single D227K mutation. We attempted to purify the remaining 15 mutant proteins by 

expressing them as His6-SUMO fusions, followed by affinity purification and cleavage of the 

His6-SUMO tag. Six of these mutant proteins (FzlASOL1-FzlASOL6, Table 3) were insoluble when 

expressed in E. coli, so we focused our efforts on the nine biochemically tractable mutant 

proteins that corresponded with non-WT phenotypes in vivo (Table 2). Following purification, 

we subjected these nine mutant proteins to a series of biochemical assays, testing for FtsZ 

binding, higher order structure formation, and helix formation (Fig. 18).  

We first optimized these assays using untagged WT FzlA, since the conditions previously 

reported used His6-FzlA (Goley et al., 2010b). His6-FzlA was previously shown to bind, form 

helices with, and lower the GTPase rate of FtsZ using HEK polymerization buffer (50 mM 

HEPES-KOH [pH7.2], 50 mM KCl, 0.1 mM EDTA) with 2.5 mM MgCl2 and 2 mM GTP. For 

our study, we sought to characterize the activity of untagged FzlA mutant proteins, in order to 

control against any potential His6 artifacts. We purified His6-SUMO-WT FzlA, then cleaved the 

affinity tag. Interestingly, when we conducted the FtsZ interaction assays with untagged FzlA 

using HEK polymerization buffer and the same conditions as before, although FzlA still bound 

FtsZ efficiently, we rarely observed FtsZ helix formation or an effect on GTPase rate. After 

optimizing numerous variables, we found that untagged FzlA promotes formation of FtsZ helices 

efficiently at pH 6.5, but not pH 7.2 (data not shown). This may reflect the difference in the 

predicted pI of the two forms of FzlA: His6-FzlA is predicted to have a pI of 7.4 and untagged 

FzlA is predicted to have a pI of 6.8. Untagged FzlA would therefore be above its pI at pH 7.2 

whereas the His6-tagged version would be below its pI. Lowering the pH to 6.5 would be 
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predicted to place both proteins below their pI and render each a net positive charge. Since FtsZ 

still efficiently polymerizes and hydrolyzes GTP at this lower pH, we carried out all FzlA-FtsZ 

interaction assays using these conditions.  

Although the pH and salt concentration of the E. coli cytoplasm has been reported to be 

close to neutral and 250 mM potassium, respectively, there is no information on the conditions of 

the C. crescentus cytoplasm. Given the distinct environmental niches occupied by E. coli and C. 

crescentus it may not be fair to assume equivalent pH and salt concentrations in C. crescentus. 

Therefore, it is difficult to know what the appropriate “physiological” conditions might be to 

inform conditions for our in vitro assays. In order to maximize our ability to distinguish possible 

differences between our mutant FzlA proteins and WT, we used pH 6.5, 50 mM KCl buffer for 

all of our in vitro assays. We acknowledge that it is impossible to fully recapitulate the chemical 

and physical conditions of the cell – even when these are known - in a test tube, so all activities 

observed in vitro must be viewed with the caveat that they may not occur in the context of the 

cell.  

Having identified in vitro conditions that maximized WT FzlA activity (pH 6.5, 50 mM 

KCl), which were in line with commonly used conditions for FtsZ activity assays (Chen et al., 

2007; Pacheco-Gómez et al., 2011; Milam and Erickson, 2013), we were now ready to probe the 

activities of different mutant proteins and attempt to identify potentially subtle defects in activity. 

To test for binding to FtsZ, we performed a high speed co-pelleting assay in which FtsZ 

polymers pellet on their own and can bring bound FzlA to the pellet (Fig. 18A and Fig. 19). In 

the absence of FtsZ polymers, FzlA remains in the supernatant (Goley et al., 2010b) (Fig. 18Ai). 

To quantify formation of higher order structures, we used a low speed co-pelleting assay where 

neither FzlA nor FtsZ polymers pellet in isolation, but both co-sediment when combined under 
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polymerizing conditions due to formation of large helical structures (Goley et al., 2010b) (Fig. 

18B and Fig. 20). To confirm the formation of higher order structures, we used right-angle light 

scattering (RALS) (Fig. 21). Lastly, we used negative stain transmission electron microscopy 

(TEM) to directly observe helix formation. 

It has been previously shown that WT FzlA co-pellets with FtsZ at both high and low 

speeds, forms large structures by RALS, and makes helices by TEM (Goley et al., 2010b). 

Subjecting the nine biochemically tractable mutant proteins to these assays gave a range of 

activities compared to WT. FzlAUN1 (UN=unknown non-essential) behaved similarly to WT 

FzlA in all assays (Fig. 18). Two additional mutant proteins (FzlAUE1 & FzlAUE2; UE=unknown 

essential activity) also bound to FtsZ and formed helices, but were binned into a separate group 

based on their phenotypes in vivo (discussed below). FzlANB2 (NB=no binding to FtsZ) was 

found to neither bind nor form helices or other higher order structures with FtsZ. Additionally, 

three mutant proteins (FzlANH1, FzlANH2, FzlANH3; NH=no helices) appeared to uncouple FtsZ 

binding from helix formation: they bound to FtsZ, albeit to a lesser extent than WT FzlA, but did 

not form helices. 

Two mutant proteins, FzlAWB1 (WB=weak binding to FtsZ) and FzlANB1(NB=no binding 

to FtsZ), appeared to self-aggregate (Fig. 18Ai), making it difficult to assess binding to FtsZ by 

high speed co-pelleting under the standard conditions used in this study (pH 6.5, 2:1 FzlA:FtsZ). 

Increasing pH to 7.2 and using a 1:1 FzlA:FtsZ ratio significantly reduced aggregation and 

allowed us more confidently assess binding by high speed pelleting. Under these conditions, 

neither mutant co-sedimented with FtsZ significantly better than when alone (Fig. 22). 

Interestingly, under our standard conditions, FzlAWB1 still formed structures by low speed 
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pelleting and helices by TEM, whereas FzlANB1 did not (Fig. 18B-C). FzlAWB1 therefore appears 

to weakly bind FtsZ since it is able to form helices, while FzlANB1 does not bind at all. 

FzlA was previously shown to reduce FtsZ’s GTPase activity (Goley et al., 2010b), 

similar to other FtsZ polymer stabilizing proteins (Gueiros-Filho and Losick, 2002; Hale et al., 

2011; Durand-Heredia et al., 2012). We measured GTPase rate of FtsZ in the presence of FzlA 

mutant proteins to determine if variants retained the ability to lower activity (Table 2). The 

mutant proteins that interacted more strongly with FzlA and formed helices lowered the GTPase 

rate more than the weak interactors, though FzlAWB1 (which forms helices, but weakly binds 

FtsZ) did not significantly lower FtsZ’s GTPase rate. From these data we conclude that reduction 

in GTPase rate generally correlates with helical FzlA-FtsZ bundle formation. 

 

2.8   FzlA-FtsZ binding is necessary for allelic complementation 

To clarify the contributions of FzlA’s biochemical activities to cell division, we next asked if any 

of the nine fzlA mutant alleles corresponding with the mutant proteins we characterized 

biochemically, were able to replace WT fzlA as the only copy of the gene in the cell. To this end, 

we attempted allelic exchange at the fzlA locus using each of the above nine mutant genes. 

However, we were only able to successfully replace WT fzlA with three of these (fzlAUN1, 

fzlANH2, fzlANH3) (Fig. 23A and Fig. 24). The proteins corresponding to each of these three 

mutant alleles bound to FtsZ to some extent and, conversely, the alleles corresponding to 

binding-deficient mutant proteins (fzlANB1 & fzlANB2) were unable to complement loss of fzlA. 

These observations indicate that the FzlA-FtsZ interaction is essential for viability and division. 

Additionally, the alleles corresponding to the proteins that bound FtsZ and formed helices in 

vitro, but themselves caused cell elongation and very severe growth defects (fzlAUE1 & fzlAUE2) in 
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vivo, also could not complement loss of fzlA. Since the residues altered in the proteins 

corresponding with these two mutant alleles do not appear to be necessary for interaction with 

FtsZ in vitro, we propose that they mediate an unknown, but essential activity distinct from FtsZ 

binding. Interestingly, although fzlAWB1 cells were not particularly sick in the FzlA depletion 

experiment (Fig. 11), fzlAWB1 could not replace WT fzlA on the chromosome. This was somewhat 

surprising, but we reason that since induction with vanillate causes overexpression of the mutant 

allele (Fig. 13), higher protein levels may compensate for FzlAWB1’s weak affinity for FtsZ. 

 

2.9   Mutant fzlA strains display growth and shape defects 

We characterized the phenotypes of the fzlA allelic exchange strains in detail in order to further 

assess the link between in vitro activity of FzlA and its in vivo function. fzlAUN1 and fzlANH3 grew 

similarly to WT by spot dilution (Fig. 23B), but displayed a moderate reduction in growth rate 

(Fig. 23C) and were elongated (Fig. 23A, 23D). The phenotype of fzlANH2 was much more 

severe, as evidenced by reduced colony size and number (Fig. 23B), significantly lower growth 

rate (Fig. 23C), and elongated and filamentous cells (Fig. 23A, 23D). The steady state protein 

levels of FzlAUN1 and FzlANH3 were similar to WT, while there was a moderate increase in levels 

of FzlANH2 (Fig. 24). The mild overexpression of fzlANH2 is unlikely to underlie the 

morphological defects observed, however. As previously mentioned, overexpression of fzlA 

(Goley et al., 2010b), mCherry-fzlA, or many of the mCherry-fzlA mutant variants we tested 

(Fig. 13), did not result in significant cell length defects. 

 We sought to quantify cell shape abnormalities of each mutant strain using Celltool 

(Pincus and Theriot, 2007). To this end, we synchronized mutant and WT cells to minimize cell 

cycle-dependent differences in shape and imaged them prior to the initiation of constriction. Cell 
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contours from WT and the three mutant strains were extracted and principle component analysis 

(PCA) was performed to determine variation in shape across the four populations. The modes 

which accounted for the most variation from mean cell shape roughly reflected cell length, 

curvature, and width (Fig. 23E). Each mutant strain, but particularly fzlANH2, was elongated 

compared to WT, consistent with our cell length measurements of a mixed population of cells. In 

addition, fzlANH2 cells and to a lesser extent, fzlANH3 cells, were skinnier than WT. Cell curvature 

did not appear to be affected by mutations in fzlA. In sum, the three fzlA strains capable of allelic 

exchange were distinct from WT in growth rate, cell length, and cell width, with fzlANH2 having 

the most severe phenotype. 

 Characterizing the phenotypes of the allelic exchange strains allowed us to more 

precisely correlate the biochemical activity of their corresponding mutant proteins with their 

division defects. While FzlANH1, FzlANH2, and FzlANH3 were found to bind FtsZ, they do not 

form helices or higher order structures (Fig. 18A-C). As shown above, expression of each of 

these mutant genes in a FzlA depletion background (fzlANH1) or on its own (fzlANH2, fzlANH3) led 

to division defects. fzlANH2 and fzlANH3 had severe and mild deficiencies, respectively, in growth 

rate, length, and shape.  fzlANH1, on the other hand, was not capable of allelic replacement. From 

this we conclude that, while FzlA-FtsZ helices are not necessarily required for division, loss of 

these structures in vitro does correlate with a decrease in division efficiency. The mechanisms 

behind the mild growth phenotypes observed in fzlAUN1, which still forms helices, are not 

currently clear. We observed a slight, but not statistically significant, reduction in FzlAUN1 co-

pelleting, which might reflect mildly reduced binding affinity for FtsZ (Fig. 18Ai).  
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2.10   fzlA mutant strains display reduced constriction rates 

Mutation of FzlA has a clear effect on the efficiency of division. Additionally, we previously 

showed that depletion of FzlA leads cells to grow into smooth filaments without affecting 

divisome assembly, indicating a role in the constriction process itself (Goley et al., 2010b). We 

therefore hypothesized that FzlA regulates the rate of constriction and that this rate may be 

impaired in the fzlA mutant strains. To address this possibility, we performed single-cell 

timelapse microscopy on WT, fzlAUN1, fzlANH2, and fzlANH3 cells. Cells from each strain were 

synchronized, then placed onto an agarose pad for imaging by phase-contrast microscopy at five 

minute intervals (Fig. 25A). MicrobeJ (Ducret et al., 2016) was used to track individual cells, 

quantify cell length and width at each time point, and mark time of constriction initiation. The 

time of completion of division was manually scored for each cell. From these data, the number of 

frames required to complete constriction was determined for single cells, giving the constriction 

time. We then calculated constriction rate by dividing the change in cell width during 

constriction by constriction time (Fig. 25B). The constriction rates for fzlAUN1 (11.7 ± 0.1 

nm/min) and fzlANH3 (11.7 ± 0.2 nm/min) were decreased compared to WT (13.6 ± 0.2 nm/min). 

Consistent with the more severe phenotype of fzlANH2, these cells constricted even more slowly 

(9.3 ± 0.2 nm/min).  

The decrease in constriction rates observed for the fzlA mutant strains might be explained 

by an overall decrease in the rate of cell wall synthesis. If this was the case, we would expect to 

see a corresponding decrease in elongation rate, which also depends on cell wall synthesis, for 

each strain. Elongation rate during constriction was actually increased by a small degree for 

fzlAUN1 (31.4 ±0.2 nm/min) and fzlANH3 (31.9 ±0.2 nm/min), compared to WT (28.2 ±0.2 

nm/min), whereas it was slightly decreased for fzlANH2 (25.2 ±0.2 nm/min) (Fig. 25C). We 
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examined the ratio of constriction rate to elongation rate for cells of each strain to account for 

possible global differences in cell wall synthesis (Fig 25D). Importantly, we found that this ratio 

decreased by 20-25% in each mutant strain compared to WT. We observed similar trends when 

we compared constriction rate to the elongation rate prior to constriction or to the elongation rate 

during constriction. We therefore conclude that the decrease in constriction rate of each mutant is 

not merely due to a decrease in global cell wall production, but rather includes a constriction-

specific defect. 

We additionally observed an increase in the time of constriction initiation (pre-

constriction time) in fzlANH2 cells (Fig. 26A), indicating that this mutation of FzlA results in 

delayed constriction onset. The change in constriction timing is correlated with a slight increase 

in the change in cell length before constriction (Fig. 26B). Finally, we found in all of the fzlA 

allelic exchange mutants that the decreased constriction rates (Fig. 25D) and increased 

constriction times are correlated with greater changes in length during constriction (Fig. 26C, D), 

as expected. 

To further validate the observed differences in constriction versus elongation rates for the 

fzlA mutants, we assessed cell pole shape. Pole shape is indicative of the relative rates of 

constriction and elongation: a mutant strain that constricts faster (without a corresponding 

increase in elongation rate) forms blunter poles, while one that constricts slower (without a 

corresponding decrease in elongation rate) forms more tapered, pointed poles. We therefore 

determined the maximum instantaneous curvature at the cell poles as a readout for pole 

“pointiness” (Fig. 25E). fzlANH2 cells, and to a lesser degree fzlAUN1 and fzlANH3 cells, were found 

to have significantly “pointier” poles than WT. These data are consistent with our observation 

that while the constriction rate (i.e. rate of decrease of the diameter of the cell) had been lowered, 
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the elongation rate (i.e. rate of longitudinal insertion of cell wall material) was not affected to the 

same degree. We conclude that FzlA, through its interaction with FtsZ, plays a specific role in 

regulating the rate of constriction during C. crescentus division. 

 

2.11   Discussion 

In this study, we undertook a structure-function approach to characterize the role of FzlA in 

division in C. crescentus. We solved the structure of FzlA and found that it forms a GST-like 

dimer, then created a library of point mutants with the goal of altering its interaction with FtsZ. 

After correlating in vivo localization and function with in vitro activity towards FtsZ for each 

mutant allele and corresponding protein, we demonstrated that FzlA binding to FtsZ is required 

for division (Fig. 27). Further, the ability of FzlA to curve FtsZ filaments, while not essential, 

contributes to the efficiency of division (Fig. 27). Importantly, FzlA appears to play a key role in 

determining cell constriction rate through its interaction with FtsZ (Fig. 27).  

The structural, BTH analysis, and co-immunoprecipitation data provide evidence that 

FzlA forms a dimer. In the co-immunoprecipitation, 3xFLAG-FzlA is able to pull down a 

roughly equimolar amount of mCherry-FzlA and other FzlA species that are not reactive with the 

FLAG antibody (e.g. mCherry-FzlA and 3xFLAG-FzlA degradation products), suggesting the 

interaction is unlikely to be the result of binding to a bridging protein (Fig. 8B). That FzlA 

dimerizes potentially provides insight into how FzlA is able to mold FtsZ protofilaments into 

double stranded helices. The most straightforward model is that monomers within a FzlA dimer 

may bind to FtsZ subunits on opposing strands, positioning them in an offset orientation that 

causes twisting and helix formation upon polymerization. Alternatively, it is possible that each 

monomer within a FzlA dimer binds to discrete FtsZ subunits on a single strand, imposing a 
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slight twist. Each strand may then bind to a second either through intrinsic lateral interactions or 

potentially via self-association of FzlA dimers. In any case, since we never observed highly 

curved single FtsZ filaments in the presence of WT or any mutant FzlA protein, we propose that 

FzlA’s curvature-inducing activity requires and/or is linked to pairing of FtsZ filaments. 

 FtsZ has been shown to exist in a curved conformation in vivo (Li et al., 2007), but little 

is known about the coordination and specific function of curved conformations of FtsZ. So far, 

only a few proteins have been implicated in FtsZ curvature regulation: B. subtilis ZapA forms 

mini-rings with FtsZ in the absence of nucleotide (Gueiros-Filho and Losick, 2002), Thermotoga 

maritima FtsA curves FtsZ filaments on membranes through the repeat distance mismatch 

(Szwedziak et al., 2012; Szwedziak et al., 2014; Ghosal and Löwe, 2015), and FzlA curves FtsZ 

through the formation of double-stranded helices (Goley et al., 2010b). In the current study, we 

focused on the FtsZ-FzlA interaction and have specifically identified sites that contribute to 

binding to FtsZ. Mutation of one set of residues (D109 and E122 [FzlAWB1]) weakens interaction 

with FtsZ, while perturbation of others (W38, R124 [FzlANB1] and E119 [FzlANB2]) completely 

eliminates binding. In addition, we identified residues (P131, L136, R137 [FzlANH1], R140, E141 

[FzlANH2], and R144 [FzlANH3]) that when mutated, retained some ability to bind but were no 

longer able to curve FtsZ filaments. Satisfyingly, these residues map to the same face on FzlA’s 

surface (Fig. 6C). The residues required for curvature all border one another and while the 

residues required for binding are nearby on the same face, they are not directly adjacent to each 

other. This region of FzlA is likely in physical contact with FtsZ, though not all of these residues 

necessarily directly interact with FtsZ.  

Though our mutational analysis suggests a link between FzlA-FtsZ helices and division 

efficiency, we surprisingly found that the ability of FzlA to interact with FtsZ and promote 
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formation of helices is not sufficient for division. Two mutant proteins (FzlAUE1 & FzlAUE2) 

localize in vivo, robustly bind to FtsZ, and form helices, yet their corresponding strains are 

unable to function in division. The altered residues in these mutant proteins (Y223, D227, and 

F228) are located close to the C-terminus of FzlA, a region that is spatially distant from the FtsZ 

binding residues on the surface of FzlA; this separation likely explains why their mutation had 

little impact on interaction with FtsZ (Fig. 6C). The Y223A (fzlAUN2) and F228A (fzlAW11) single 

mutant strains were viable, while the D227K (fzlAUE2) mutant strain was indistinguishable from 

the triple mutant strain (fzlAUE1), suggesting that mutation of D227 (fzlAUE2) is largely 

responsible for the severe division defect associated with mutation of the C-terminus (Fig. 12 

and Fig. 11). Interestingly, the C-terminus of FzlA is a highly acidic region of about 20 amino 

acids lacking secondary structure, making it a possible protein interaction site. The C-terminus 

may regulate FzlA’s interaction with itself, though we did not observe an interaction of the 

isolated C-terminus with FzlA by BTH analysis (data not shown). Alternatively, the C-terminal 

tail may bind to an unidentified, essential division protein, possibly through residue D227.  

Previous work has correlated FtsZ curvature with membrane deformation in vitro, 

suggesting a role in force generation (Osawa et al., 2009). Though other studies indicate FtsZ 

polymers can occupy a curved conformation in vivo (Lu et al., 2000; Li et al., 2007; Li et al., 

2013), FtsZ curvature has not previously been linked to an effect on division in cells. Through 

our combination of in vivo phenotypic characterization and biochemical assays, we describe a 

mutant protein (FzlANH2) that binds FtsZ, but is incapable of forming helices, and that is 

associated with severe growth, division, and shape defects. Interestingly, loss of helix formation 

yielded a range of phenotypes in other mutant strains, from a milder effect on division and 

constriction rate (fzlANH3), to an inability to complement loss of fzlA (fzlANH1). We conclude that, 
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though not strictly essential, FzlA-induced FtsZ curvature is correlated with efficient division. 

Based on previously described models (Erickson et al., 2010), it is possible that FzlA-mediated 

FtsZ curvature directly enables constriction through contractile force generation. 

 It is important to note that the structure of the FzlA-FtsZ complex in vivo is currently 

unknown. That FzlA and FtsZ form helices in vitro does not necessarily suggest they form these 

exact structures in vivo. Indeed, highly curved or helical FtsZ polymers have not been observed 

by cryo-electron tomography (cryo-ET) in C. crescentus cells (Li et al., 2007; Szwedziak et al., 

2014; Yao et al., 2017). However, it is possible that FzlA and FtsZ do form highly curved 

structures in vivo that have not yet been resolved by cryo-ET since we lack methods for 

specifically labeling proteins for cryo-ET imaging. Alternatively, or in addition, the highly 

curved helices observed in vitro by TEM may be in a relaxed or unconstrained state; in cells, 

they may be constrained through membrane attachment to appear less curved (i.e. to follow the 

curvature of the cell membrane, much like is proposed for crescentin (Cabeen et al., 2009)). 

Although demonstration of helix formation by TEM does not necessarily indicate helix 

formation in cells, the properties of FzlA that allow it to promote helix formation in vitro are 

clearly important for its role in promoting constriction in cells.  

Our observations also indicate that the interaction of FzlA with FtsZ filaments influences 

constriction rate, which logically would be mediated through peptidoglycan (PG) metabolism. 

Recent work has shown that FtsZ dynamics regulate PG synthesis, and that slowing FtsZ 

turnover by reducing its GTPase rate causes cell envelope morphology defects in E. coli and 

slowed constriction rate in B. subtilis (Bisson-Filho et al., 2017; Yang et al., 2017). Our study 

provides evidence that FtsZ regulates constriction rate in C. crescentus, but also suggests that 

FtsZ polymer structure may be important for this regulation. Interestingly, while mutation of 



 73 

FzlA lowered the constriction rate (68.4% of WT constriction rate), the cell elongation rate was 

not altered to the same degree (89.3% of WT elongation rate) (Fig. 25C). Partial inactivation of 

the septal PG transpeptidase FtsI in E. coli also leads to a decrease in constriction rate compared 

to elongation rate (Coltharp et al., 2016) and to formation of pointed cell poles (Taschner et al., 

1988; Costa et al., 2008). These data not only confirm that mutation of FzlA has a greater impact 

on constriction rate over elongation rate, but also suggest a potential genetic link between FzlA 

and the PG synthase FtsI.  

The observation that the cell poles become more “pointy” in the fzlANH2 mutant strain 

indicates that new cell wall material is still being added at the division site, but with a slower 

decrease in cell diameter than for WT. We can envision at least two possible mechanisms 

underlying this apparent uncoupling of PG synthesis rate (i.e. elongation rate) and constriction 

rate. In the first, FzlA influences the enzymatic activity of cell wall enzymes specific to division 

(e.g. FtsW and FtsI), and when FzlA is mutated to slow the constriction rate, the total activity of 

these enzymes is reduced. In this case, much of the new material being inserted at midcell must 

be mediated by the elongasome (e.g. RodA and PBP2) or general PG synthetic enzymes (e.g. the 

bifunctional PBP family) to maintain the elongation rate. Alternatively, all of the new material 

being inserted at midcell is synthesized by the divisome in the fzlANH2 mutant strain. In this case, 

the directionality of insertion in a radial direction – but not overall enzymatic activity of PG 

enzymes in the divisome – requires input from FzlA and FtsZ.  

The role of FtsZ in defining the rate of division, as well as the contribution of FtsZ 

curvature to division, have been longstanding questions in the field. Through mutational 

analysis, we provide evidence in this study that a regulator of FtsZ curvature, FzlA, affects the 

rate of constriction for C. crescentus cytokinesis. Future work will be aimed at determining if the 
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FzlA-FtsZ interaction facilitates division through force generation, by communication with PG 

remodeling enzymes, or a combination of the two.  
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2.12   Tables 

 
Table 1. Crystallographic data.  

 FzlA native FzlA mercury derivative 

Components Caulobacter crescentus 
FzlA 

Caulobacter crescentus 
FzlA 

GenBank IDs ACL97219.2 ACL97219.2 
UNIPROT A0A0H3CDY2 A0A0H3CDY2 
 
Data collection 

  

Beamline Cu anode Cu anode 
Wavelength [Å] 1.54 1.54 
 
Crystal 

  

Space group I213 I213 
Cell [Å] 124.33 121.77 
 
Scaling 

  

Resolution [Å] 2.0 3.0 
Completeness [%]i 97.3 (92.6) 99.7 (100.0) 
Multiplicityi 4.9 (4.7) 11.9 (12.0) 
Ano completeness [%]i  99.6 (100.0) 
Ano multiplicityi  6.3 (6.2) 
Ano correlationi,ii  0.285 
I / sIi 7.3 (1.7) 4.1 (0.5) 
Rpimi 0.043 (0.226) 0.081 (0.687) 
CC1/2i, ii 0.997 (0.857) 0.996 (0.648) 
 
Phasing 

  

Scatterer / mode  Hg 
Number of sites  2 
 
Refinement 

  

Residues 3-228  
Resolution 2 Å  
R-factor, R-free 0.161, 0.200  
B averageiii  28.4 Å2  
Geometry bonds/anglesiv 0.012 Å, 1.298°  
Ramachandranv 97.3%/0.0%  
 
PDB ID 

 
5NR1 

 

 
i Values in parentheses refer to the highest recorded resolution shell. 
ii Correlation coefficient between half sets (CCP4 SCALA). 
iii Temperature factors averaged for all atoms. 
iv RMS deviations from ideal geometry for bond lengths and restraint angles. 
v Percentage of residues in the most and additionally favoured regions of the Ramachandran plot and percentage of outliers (CCP4 
PROCHECK). 
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Table 2. FzlA mutant phenotypes and activity. 
 

  
Pvan mChy-mutant fzlA,  

Pxyl fzlA 
mutant fzlA (allelic 

exchange) 
High 
Speed 
Pellet 

Low 
Speed 
Pellet 

 

 

 

   
 

Mutant 
Class Name Residue 

Mutations 
Doubling 
Time 
(min) 

Max 
OD600  

FzlA 
Localization 

Doubling 
Time 
(min) 

Max 
OD600  

Cell 
Length 
(µm) 

Fold 
change  
of FzlA  
in pellet  

Fold 
change  
of FzlA  
in pellet   

% of  
FtsZ 

GTPase 
rate 

Forms 
Helices 

WT FzlA n/a 131.8 ± 
1.3 

2.27 ± 
0.0024  Midcell  108.4 ± 

0.7 
1.45 ± 
0.03 

2.71 ± 
0.04 

20.43 ± 
1.09 

11.07 ± 
1.22 

Trial 1: 
60.63 ± 
2.65 
Trial 2: 
48.89 ± 
5.51 

Y 

Weakened 
Binding to 
FtsZ 

FzlAWB1 D109R 
E122K 

135.1 ± 
2.1 

2.01 ± 
0.0409 Diffuse - - - 1.14 ± 

0.13* 
1.25 ± 
0.08* 

85.52 
± 5.32 Y 

Unknown 
Non-

essential 
activity 

FzlAUN1 P131A  143.4 ± 
1.6 

2.17 ± 
0.0053 Midcell 127.3 ± 

1.3 
1.19 ± 
0.0172 

3.70 ± 
0.1 

9.85 ± 
0.84 

9.86 ± 
1.56 

55.69 
± 4.28 Y 

Unknown 
Essential 
activity 

FzlAUE1 
Y223A 
D227K 
F228A 

372.4 ± 
19.6 

0.07 ± 
0.0004 Midcell  - - - 5.85 ± 

0.33 
6.10 ± 
0.55 

77.33 ± 
8.05  Y 

FzlAUE2 D227K 284.0 ± 
10.0 

0.19 ± 
0.0206 Midcell  - - - 59.02 ± 

2.45 
12.26 ± 
0.33 

42.63 ± 
4.28 Y 

No 
Binding to 
FtsZ 

FzlANB1 W38A 
R124D 

142.0 ± 
1.0 

0.79 ± 
0.0102 Diffuse - - - 0.91 ± 

0.14 
1.25 ± 
0.15 

96.29 ± 
6.32 N 

FzlANB2 E119K 158.9 ± 
0.2 

0.32 ± 
0.0278 Diffuse - - - 1.24 ± 

0.05 
1.18 ± 
0.16 

98.90 ± 
5.77  N 

No 
Helices 

FzlANH1 
P131A 
L136A 
R137E  

146.4 ± 
3.0 

1.00 ± 
0.06 Midcell  - - - 2.34 ± 

0.22 
1.03 ± 
0.02 

86.25 ± 
6.62  N 

FzlANH2 R140D 
E141K 

142.8 ± 
2.0 

2.02 ± 
0.0208 Midcell  201.6 ± 

2.8 
0.55 ± 
0.0094 

4.70 ± 
0.15 

7.21 ± 
0.18 

1.30 ± 
0.29 

84.95 ± 
5.65 N 

FzlANH3 R144D 145.4 ± 
2.2 

2.14 ± 
0.03 Midcell  132.9 ± 

4.1 
1.28 ± 
0.0182 

3.43 ± 
0.07 

3.51 ± 
0.05 

1.00 ± 
0.18 

89.05 ± 
4.52 N 

Values shown as mean ± SEM. For co-pelleting data, values are reported as fold change of % FzlA in pellet alone vs. with FtsZ. 
*: FzlAWB1 had significant pelleting on its own, making the fold change of FzlA in pellet appear low. However, this mutant still 
forms helices, indicating it binds FtsZ at least weakly. 
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Table 3. Additional FzlA mutant phenotype and activity. 

   Pvan mChy-mutant fzlA, Pxyl fzlA    

Mutant Class Name Residue Mutations 
Doubling 
Time 
(min) 

Max OD600  FzlA 
Localization 

Poor Stability 

FzlAST1 E25K - - No signal 
FzlAST2 R94D E96K R98D - - Diffuse 

FzlAST3 E151K K188D D189R - - No signal 

FzlAST4 W159A W196A K199D - - Diffuse 

FzlAST5 G183W V185A 122.9 ± 
2.9 1.85 ± 0.0327 Diffuse 

FzlAST6 W187A K194E - - Diffuse 

FzlAST7 K201D S202A R203D 
P204A - - Diffuse 

Poor Solubility 

FzlASOL1 R20D - - Diffuse 

FzlASOL2 R99D W103A D105K - - Diffuse 

FzlASOL3 D109R R127D 133.0 ± 
0.7 2.24 ± 0.0355 Diffuse 

FzlASOL4 E111K H146D 150.9 ± 
4.2 0.85 ± 0.0425 Diffuse 

FzlASOL5 W187A - - Diffuse 

FzlASOL6 R207D L210A 144.6 ± 
0.6 1.63 ± 0.0225 Midcell 

WT-like 

FzlAW1 P14A - - Midcell 

FzlAW2 R27D E81K E83K - - Midcell 

FzlAW3 K60D H61D R63D - - Midcell 

FzlAW4 R89D D90R - - Midcell 

FzlAW5 K120D D184R - - Midcell 

FzlAW6 D132R - - Midcell 

FzlAW7 L153A R157D - - Midcell 
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FzlAW8 D158R R163D R164D - - Midcell 

FzlAW9 D212R R213D - - Midcell 

FzlAW10 P219A H222D - - Midcell 

FzlAW11 F228A - - Midcell 

Unknown Non-
essential activity FzlAUN2 Y223A - - Midcell 

Values shown as mean ± SEM. For co-pelleting data, values are reported as fold change of % FzlA in pellet 
alone vs. with FtsZ.  
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2.13   Figures and Legends 

 

Figure 6. FzlA forms a homodimer in the GST structural family. 

(A) Ribbon plot outlining the crystal structure of a FzlA monomer at 2 Å resolution. The 

structure is shown in rainbow colors from the N-terminus in blue to the C-terminus in red. 

(B) A superposition between PDB 1PMT (RMSD of 2.09 Å over 179 Cα atoms) (cream) and 

FzlA (blue) is shown.  

(C) A FzlA dimer with the relevant mutations shown: WB and UN mutations (D109R E122K 

and P131A) – red; UE mutations (Y223A D227K F228A) – orange; NB mutations (W38A 

R124D and E119K) – green; NH mutations (P131A L136A R137E, R140D E141K, and R144D) 

– purple. The C-termini are boxed.  
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Figure 7. Close-up of a stereo image of the electron density map of FzlA. 

Shown are wall-eyed stereo images of the 2Fo-Fc map contoured at the sigma level 1.0. Views of 

the map with and without fitted atomic model are presented next to each other displaying H146, 

L147 and Y149.   
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Figure 8. FzlA self-interacts in vivo. 

(A) Cultures of E. coli BTH101 strains producing the indicated FzlA fusions or carrying empty 

vector controls spotted on plates containing IPTG and X-Gal. T18-FzlA interacts with both N- 

and C-terminal T25 FzlA fusions.  
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(B) mCherry-FzlA co-immunoprecipitates with 3xFLAG-FzlA from C. crescentus cell lysates. 

Western blot analysis of whole cell lysates of strains producing the indicated FzlA variants (left) 

and eluates from samples of the same strains obtained by immunoprecipitation with α-FLAG 

resin and elution with FLAG peptide (right). Cultures were grown to log phase and induced for 

1hr with vanillate before preparation of lysates and immunoprecipitation. Antibodies used for 

western blotting (WB) are indicated to the left of the blots. Long=longer exposure. Short = 

shorter exposure. ‡ = FtsZ degradation product. Red = mCherry-FzlA derived species. * = 

mCherry-FzlA degradation products. Blue = 3xFLAG-FzlA derived species. # = 3xFLAG-FzlA 

degradation products. mChy = mCherry. Strain key: 3xFLAG-FzlA (EG2217), WT FzlA + 

mChy-FzlA (EG2451), 3xFLAG-FzlA+ mChy-FzlA (EG2452). 
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Figure 9. FzlA Interacts with the GTPase domain of FtsZ. 

Coomassie-stained SDS-PAGE gels of supernatant and pellet fractions from high-speed co-

sedimentation assays of 3 µM His6-FzlA + 3 µM FtsZ (top), 3 µM FtsZDCTL (middle), and 3 

µM FtsZDCTLC (bottom). Both His6-FzlA and each FtsZ variant are preferentially recruited to 

the pellet in the presence of GTP. Reactions were performed in HEK50 polymerization buffer 

(50 mM HEPES-KOH [pH 7.2], 50 mM KCl, 0.1 mM EDTA) with 2 mM GTP, 2.5 mM MgCl2, 

and 0.05% Triton X-100.    
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Figure 10. Structure-function analysis workflow. 

(A) A list of conserved, charged, and surface exposed residues were identified from the FzlA 

structure as potential sites of interaction with FtsZ. A library of non-conservative point mutants 

of 34 groups of residues was made in which the mutant proteins were fused to mCherry, with 

expression driven by a vanillate inducible promoter. These constructs were placed in a 

background where WT FzlA expression was controlled by xylose. We depleted these cells of 

WT FzlA and induced with vanillate, then screened for mCherry-FzlA localization and division 

defects using fluorescence microscopy, growth rate analysis, and spot dilution. Twenty-five 

mutant genes were either associated with wild-type looking strains or yielded protein that was 

unstable in vivo or insoluble in vitro, so were not further characterized. Nine mutant proteins 

associated with strains displaying a range of FzlA localization and division phenotypes were 

soluble when purified. We screened these mutant proteins for activity towards FtsZ in vitro, 
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using co-pelleting, right-angle light scattering (RALS), and transmission electron microscopy 

(TEM). We successfully performed allelic exchange on three of these nine mutant alleles, and 

further characterized their phenotypes by assessing cell length, shape, constriction rate, and 

elongation rate.  

(B) Dimer of FzlA showing sites originally targeted for in vivo screening (red), sites tested 

biochemically (yellow), and sites that allowed for allelic exchange (green). 
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Figure 11. fzlA mutant strains display a range of division and localization deficiencies. 

(A) Cartoon depicting genetic backgrounds for in vivo testing. In these strains, fzlA has been 

deleted at the native locus and a xylose-inducible copy of fzlA is at the xylX locus. A vanillate-

inducible copy of the mCherry-fzlA variant is integrated at the vanA locus.  

(B) Merged fluorescence and phase contrast microscopy images depicting mCherry-FzlA mutant 

protein (yellow) localization in cells depleted of WT FzlA and grown with vanillate to induce the 
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indicated mCherry-FzlA variant for 24 hours prior to imaging. White arrowheads mark localized 

FzlA bands. Scale bar = 2 μm.  

(C) Growth curves of the same strains as in (B) grown with vanillate and depleted of WT FzlA 

for 24 hours prior to the start of the experiment. Mean of three technical replicates ±	SEM is 

shown.  

(D) Spot dilutions of strains as in (B), plated on PYE agar with vanillate, without pre-depletion 

of WT FzlA. Strain key: WT (EG1310), FzlAWB1 (EG1435), FzlAUN1 (EG1312), FzlAUE1 

(EG1313), FzlAUE2 (EG1621), FzlANB1 (EG1430), FzlANB2 (EG1438), FzlANH1 (EG1311), 

FzlANH2 (EG1441), FzlANH3 (EG1442). 
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Figure 12. Many fzlA mutant strains displayed wild-type phenotypes or were unstable or 

insoluble. 

(A) Merged fluorescence microscopy images depicting mCherry-FzlA mutant protein (yellow) 

localization in cells in ∆fzlA Pxyl-fzlA Pvan-mCherry-fzlA mutant backgrounds (labels indicate 

mutant alleles fused to mCherry, with expression driven by Pvan). Cells were depleted of WT 

FzlA and grown with vanillate for 24 hours prior to imaging. White arrowheads mark localized 

FzlA bands. Scale bar = 2 µm.  

(B) Spot dilutions of ∆fzlA Pxyl-fzlA, Pvan-mCherry-fzlA mutant strains, plated on PYE-agar with 

vanillate. Strain key: FzlAW1 (EG1426), FzlAW2 (EG1428), FzlAW3 (EG1431), FzlAW4 
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(EG1432), FzlAW5 (EG1439), FzlAW6 (EG1440), FzlAW7 (EG1443), FzlAW8 (EG1444), FzlAW9 

(EG1455), FzlAW10 (EG1456), FzlAW11 (EG2304), FzlAUN2 (EG2302), FzlAST1 (EG1429), 

FzlAST2 (EG1433), FzlAST3 (EG1454), FzlAST4 (EG1450), FzlAST5 (EG1451), FzlAST6 

(EG1314), FzlAST7 (EG1452), FzlASOL1 (EG1427), FzlASOL2 (EG1434), FzlASOL3 (EG1436), 

FzlASOL4 (EG1437), FzlASOL5 (EG1315), FzlASOL6 (EG1453). 
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Figure 13. Protein levels of mCherry-FzlA under induction conditions. 

a-FzlA (top) and a-HU (bottom, loading control) immunoblot of ∆fzlA Pxyl-fzlA Pvan-mCherry-

fzlA mutant strain lysates depleted of WT FzlA and grown for 24 hours with vanillate and 

glucose. *=degradation product. V = vanillate, G = glucose. The strain containing mCherry-

fzlAST1 was severely sick and did not reach log phase in 24 hours. It was therefore not included in 

immunoblot analysis. Strain key: Pvan mChy FzlA, Pxyl FzlA (EG1310), FzlANB1 (EG1430), 

FzlANB2 (EG1438), FzlANH2 (EG1441), FzlANH3 (EG1442), FzlAUN1 (EG1312), FzlANH1 

(EG1311), FzlAWB1 (EG1435), FzlASOL3 (EG1436), FzlASOL4 (EG1437), FzlAST5 (EG1451), 

FzlAUE2 (EG1621), FzlAUE1 (EG1313), FzlASOL6 (EG1453), FzlAST6 (EG1314), FzlASOL5 

(EG1315), FzlAW1 (EG1426), FzlASOL1 (EG1427), FzlAW2 (EG1428), FzlAW3 (EG1431), FzlAW4 

(EG1432), FzlAST2 (EG1433), FzlASOL2 (EG1434), FzlAW5 (EG1439), FzlAW6 (EG1440), 

FzlAW7 (EG1443), FzlAW8 (EG1444), FzlAST4 (EG1450), FzlAST7 (EG1452), FzlAST3 (EG1454), 

FzlAW9 (EG1455), FzlAW10 (EG1456), FzlAUN2 (EG2302), FzlAW11 (EG2304).  
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Figure 14. fzlA mutant strains grown with xylose to induce WT FzlA grow normally. 

(A) Phase contrast images depicting mutant cells with ∆fzlA Pxyl-fzlA Pvan-mCherry-fzlA mutant 

backgrounds. Cells were grown with xylose. Scale bar = 2 µm.  

(B) Spot dilutions of ∆fzlA Pxyl-fzlA Pvan-mCherry-fzlA mutant strains, plated on PYE-agar with 

xylose. Strain key: WT (NA1000), FzlAWB1 (EG1435), FzlAUN1 (EG1312), FzlAUE1 (EG1313), 
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FzlAUE2 (EG1621), FzlANB1 (EG1430), FzlANB2 (EG1438), FzlANH1 (EG1311), FzlANH2 

(EG1441), FzlANH3 (EG1442), FzlAW1 (EG1426), FzlAW2 (EG1428), FzlAW3 (EG1431), FzlAW4 

(EG1432), FzlAW5 (EG1439), FzlAW6 (EG1440), FzlAW7 (EG1443), FzlAW8 (EG1444), FzlAW9 

(EG1455), FzlAW10 (EG1456), FzlAW11 (EG2304), FzlAUN2 (EG2302), FzlAST1 (EG1429), 

FzlAST2 (EG1433), FzlAST3 (EG1454), FzlAST4 (EG1450), FzlAST5 (EG1451), FzlAST6 

(EG1314), FzlAST7 (EG1452), FzlASOL1 (EG1427), FzlASOL2 (EG1434), FzlASOL3 (EG1436), 

FzlASOL4 (EG1437), FzlASOL5 (EG1315), FzlASOL6 (EG1453). 
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Figure 15. fzlA mutant strains grown without inducers display a range of growth 

phenotypes that correlate with their activities in the presence of vanillate. 

(A) Phase contrast images depicting mutant cells with ∆fzlA Pxyl-fzlA Pvan-mCherry-fzlA mutant 

backgrounds. Cells were grown without inducers and with glucose to repress the Pxyl promoter 

for 24 hours prior to imaging. (FzlAST1 cells displayed severe growth defects and did not reach 
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log phase in 24 hours. These cells were imaged after 48 hours.) Scale bar = 2 µm. Note that for 

WT cells and strains with mutant fzlA genes that support division, leaky expression from the Pvan 

promoter is sufficient to support growth.  

(B) Spot dilutions of ∆fzlA Pxyl-fzlA Pvan-mCherry-fzlA mutant strains, plated on PYE-ager with 

glucose and without inducers. Strain key: WT (NA1000), FzlAWB1 (EG1435), FzlAUN1 

(EG1312), FzlAUE1 (EG1313), FzlAUE2 (EG1621), FzlANB1 (EG1430), FzlANB2 (EG1438), 

FzlANH1 (EG1311), FzlANH2 (EG1441), FzlANH3 (EG1442), FzlAW1 (EG1426), FzlAW2 

(EG1428), FzlAW3 (EG1431), FzlAW4 (EG1432), FzlAW5 (EG1439), FzlAW6 (EG1440), FzlAW7 

(EG1443), FzlAW8 (EG1444), FzlAW9 (EG1455), FzlAW10 (EG1456), FzlAW11 (EG2304), 

FzlAUN2 (EG2302), FzlAST1 (EG1429), FzlAST2 (EG1433), FzlAST3 (EG1454), FzlAST4 

(EG1450), FzlAST5 (EG1451), FzlAST6 (EG1314), FzlAST7 (EG1452), FzlASOL1 (EG1427), 

FzlASOL2 (EG1434), FzlASOL3 (EG1436), FzlASOL4 (EG1437), FzlASOL5 (EG1315), FzlASOL6 

(EG1453). 
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Figure 16. Protein levels of mCherry-FzlA under depletion conditions. 

a-FzlA (top) and a-HU (bottom, loading control) immunoblot of ∆fzlA Pxyl-fzlA Pvan-mCherry-

fzlA mutant strain lysates depleted of WT FzlA and grown for 24 hours with glucose. 

*=degradation product. G = glucose. Only strains that were biochemically characterized are 

shown. Strain key: NA1000 (WT), Pvan mChy FzlA, Pxyl FzlA (EG1310), Pxyl FzlA (EG312), 

FzlANB1 (EG1430), FzlANB2 (EG1438), FzlANH2 (EG1441), FzlANH3 (EG1442), FzlAUN1 

(EG1312), FzlANH1 (EG1311), FzlAWB1 (EG1435), ), FzlAUE2 (EG1621), FzlAUE1 (EG1313). 
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Figure 17. FtsZ forms rings in cells expressing fzlA mutant alleles. 



 97 

Merged fluorescence microscopy images depicting mCherry-FzlA mutant protein (red) and FtsZ-

Venus (green) localization in cells with ∆fzlA Pxyl-fzlA Pvan-mCherry-fzlA mutant backgrounds 

that carry a low copy plasmid containing Plac-FtsZ-Venus. Cells were depleted of WT FzlA and 

grown with vanillate for 24 hours prior to imaging. IPTG was not added as we found that leaky 

expression was sufficient for low levels of FtsZ-Venus expression. Yellow indicates co-

localization of mCherry-FzlA and FtsZ-Venus.  Scale bar = 2 µm. Strain key: WT (EG1760), 

FzlAWB1 (EG1762), FzlAUN1 (EG1628), FzlAUE1 (EG1767), FzlAUE2 (EG1766), FzlANB1 

(EG1761), FzlANB2 (EG1765), FzlANH1 (EG1770), FzlANH2 (EG1629), FzlANH3 (EG1768).  
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Figure 18. FtsZ binding and/or helix formation is perturbed for a number of FzlA mutant 

proteins. 

(A-B) Quantification of the percent of WT or mutant FzlA protein (i) or FtsZ (ii) found in the 

pellet after high speed (A) and low speed (B) centrifugation of 4 μM FzlA variant ± 2 μM FtsZ 

under polymerizing conditions. Mean ±	SEM is shown. For WT controls (FzlA alone, FtsZ 
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alone, and FtsZ + FzlA), representative experiments in triplicate are shown, as these controls 

were run numerous times. For (i), unpaired t-tests were performed to analyze the difference 

between a given FzlA mutant protein alone vs. with FtsZ. Either unpaired t-tests or a one way 

ANOVA with Dunnett’s multiple comparison test was performed to assess differences between 

each FzlA mutant protein + FtsZ and WT FzlA + FtsZ (lower asterisks), depending on the 

number of mutants in a particular run. For (ii), a one way ANOVA with Dunnett’s multiple 

comparison test was performed to assess differences between WT FzlA or mutant FzlA + FtsZ 

vs. FtsZ alone. For all statistical tests, nsP>0.05, *P≤0.05,  **P≤0.01, ***P≤0.001 and n=3 for each 

sample. For the Commassie-blue SDS-PAGE gels from which pelleting data is drawn, see the 

supporting information.  

(C) Negative stain TEM images of 4 μM FzlA variant + 2 μM FtsZ under polymerizing 

conditions. Scale bar = 50 nm.  
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Figure 19. High speed co-pelleting of FzlA mutant proteins and FtsZ. 

Coomassie-blue stained SDS-PAGE gels of FtsZ (2 µM) and FzlA mutant proteins (4 µM) that 

have been co-sedimented at high speed under polymerizing conditions, used for quantification 

(main text). S=supernatant, P=pellet. Experiments performed in triplicate, as shown. Each row 
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shows samples run on the same day. Control experiments with FtsZ and WT FzlA were run each 

time for comparison to different FzlA mutants and to control for day-to-day variations. 
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Figure 20. Low speed co-pelleting of FzlA mutant proteins and FtsZ. 

Coomassie-blue stained SDS-PAGE gels of FtsZ (2 µM) and FzlA mutant proteins (4 µM) that 

have been co-sedimented at low speed under polymerizing conditions, used for quantification 

(main text). S=supernatant, P=pellet. Experiments performed in triplicate, as shown. Each row 
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shows samples run on the same day. Control experiments with FtsZ and WT FzlA were run each 

time for comparison to different FzlA mutants and to control for day-to-day variations. 
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Figure 21. Some FzlA mutant proteins are able to form higher order structures in the 

presence of FtsZ. 

(A) Plots of RALS over time for 4 µM FzlA WT or mutant protein ± 2 µM FtsZ. Mean ± SEM is 

shown.  Cuvettes containing FtsZ received injections of FzlA mutant protein (single arrow), then 
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2 mM GTP (double arrow) to induce polymerization. Experiments were performed in triplicate 

(except for FzlAUE1 alone, which was done in duplicate).  Some mutant proteins (WB1, NB1, 

NB2) displayed self-association on their own, as evidenced by an increase in signal without FtsZ 

(red lines).  

(B) Plot of RALS over time for the FtsZ + FzlA control reaction for each experiment shown in 

panel A. Experiments were performed on three separate days, with the relevant mutant proteins 

noted: Day 1 (FzlAUE1, FzlAUE2, FzlAUN1), Day 2 (FzlAWB1, FzlANh1, FzlANH2, FzlANH3), and 

Day 3 (FzlANB1, FzlANB2). FtsZ + FzlA displayed mild variability in terms of rate of light 

scattering and maximum intensity, but the characteristic shape of the curve remained relatively 

constant. 
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Figure 22. High speed co-pelleting of FzlAWB1 or FzlANB1 and FtsZ. 

(A-B) Quantification of percent FzlA found in pellet (A) and Coomassie-blue stained SDS-

PAGE gels (B) of FtsZ (4 µM) and FzlA mutant protein (4 µM) that have been co-sedimented at 

high speed in HEK50 polymerization buffer (50 mM HEPES, 50 mM KCl, pH 7.2; 2 mM GTP; 

10 mM MgCl2). For (A), a one way ANOVA with Dunnett’s multiple comparison test was 

performed to assess differences between each FzlA mutant protein + FtsZ and WT FzlA + FtsZ 

(lower asterisks). Unpaired t-tests were performed to analyze the difference between a given 

FzlA mutant protein alone vs. with FtsZ. For all statistical tests, nsP>0.05, ***P≤0.001 and n=3 for 

each sample. For (B), S=supernatant, P=pellet.  
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Figure 23. Three fzlA mutant genes are capable of allelic replacement, causing a range of 

division and morphological defects. 

(A) Phase contrast images of unsynchronized (top) and synchronized (bottom) cells from strains 

carrying mutant fzlA alleles as the only copy. Scale bar = 2 μm.  

(B) Spot dilutions of mutant fzlA allelic exchange strains.  
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(C) Growth curves of mutant fzlA allelic exchange strains. Mean of three technical replicates ±	

SEM is shown.  

(D) Lengths of unsynchronized cells from fzlA allelic exchange strains. Mean ±	SEM is shown. 

A one way ANOVA with a Kruskal-Wallis test was performed to analyze differences compared 

to WT: ***P≤0.001. From left to right, n= 610, 618, 607, 610. E. PCA of cell shape in 

synchronized fzlA allelic exchange strains. For each of the three shape modes that account for 

most of the variance in the population, mean cell contour ± 1 or 2 standard deviations (s.d.) is 

shown (left). Shape mode values for cells in each strain are plotted and mean ±	SEM is indicated 

(right). A one way ANOVA with with a Kruskal-Wallis test was performed to assess differences 

compared to WT: nsP>0.05, **P≤0.01, ***P≤0.001.  From left to right, n=261, 288, 249, 245. 

Strain key: WT (NA1000),  fzlAUN1 (EG1908), fzlANH2 (EG1600), fzlANH3 (EG1909). 
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Figure 24. Protein levels of FzlA in fzlA allelic exchange strains. 

a-FzlA (top) and a-HU (bottom) immunoblots of fzlA allelic exchange strain lysates. Strain key: 

NA1000 (WT), fzlANH2 (EG1600), fzlAUN1 (EG1671), fzlANH3 (EG1909).  
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Figure 25. fzlA mutant strains show protracted constriction. 

(A) Phase contrast images of representative constricting cells from fzlA allelic exchange strains, 

acquired at 5 minute intervals. For each strain, constriction begins in the second frame (t=0) and 

ends upon cell separation in the last frame. Scale bar = 1 μm.  

(B-C) Plots of constriction rate (B) and elongation rate during constriction (C) for a population 

of synchronized cells from each fzlA strain, calculated from single cell microscopy data. Mean ±	

SEM is shown.  One way ANOVA tests with Tukey’s multiple comparison test were performed 

to analyze differences compared to WT: ***P≤0.001. From left to right, n= 271, 295, 260, 249 (B) 

and 266, 293, 258, 246 (C).  

(D) Plots of the ratio of constriction rate to elongation rate before constriction (left) and during 

constriction (right) for a population of synchronized cells from each fzlA strain, calculated from 
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single cell microscopy data. Mean ±	SEM is shown.  One way ANOVA tests with Tukey’s 

multiple comparison test were performed to analyze differences compared to WT: ***P≤0.001. 

From left to right, n=271, 295, 260, 249 (left) and 266, 293, 258, 246 (right).  

(E) Plot of the maximum curvature of the poles for a synchronized population of single cells for 

each fzlA allelic exchange strain. Mean ±	SEM is shown. A one way ANOVA with a Kruskal-

Wallis test was performed to analyze differences compared to WT: *P≤0.05, ***P≤0.001. From 

left to right, n= 261, 288, 249, 245. Strain key: WT (NA1000),  fzlAUN1 (EG1908), fzlANH2 

(EG1600), fzlANH3 (EG1909). 
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Figure 26. Pre-constriction time and change in cell length for fzlA allelic exchange strains. 

(A-D) Plots of pre-constriction time (A), change in cell length before constriction (B), 

constriction time (C) and change in cell length during constriction (D) for a population of 

synchronized cells from each fzlA strain, calculated from single cell microscopy data. Pre-

constriction time was calculated by determining the number of frames from initial image 

acquisition until cells began to divide, then converting to minutes. Constriction time was 
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calculated by counting the number of frames from constriction initiation until cell separation, 

then converting into minutes. Mean ± SEM is shown. A one way ANOVA with Tukey’s multiple 

comparison test was performed to analyze differences compared to WT: nsP>0.05, **P≤0.01, 

***P≤0.001. From left to right, n= 271, 295, 260, 249 (A, B, C) and 266, 293, 258, 246 (D). 

Strain key: fzlA (NA1000),  fzlAUN1 (EG1908), fzlANH2 (EG1600), fzlANH3 (EG1909).  
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Figure 27. Model of FzlA function in regulating constriction 

Full interaction with FtsZ, including helix formation, is required for wild-type constriction rate. 

Top: Constriction is shown for normally dividing WT cells (white) and slower dividing fzlANH2 

cells (purple). fzlANB1,2 cells (bright green) grow, but do not constrict or divide. Bottom: Close-up 

of the division septa, depicting FtsZ (dark green) bound to WT or mutant FzlA protein (pink). 

WT FzlA binds and curves FtsZ, and corresponds with normal, fast constriction (bottom left). 

FzlANH2 binds, but does not curve FtsZ filaments, and correlates with slower constriction 

(bottom middle). (Note, FzlANH2 is shown to bundle FtsZ filaments, however it is unclear by 

TEM if this is indeed the case.) FzlANB1-2 mutant proteins do not bind or curve FtsZ, which 

prohibits constriction and division (bottom right).  
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Chapter 3. An essential regulator of bacterial division links 

FtsZ to cell wall synthase activation 

 

3.1   Introduction 

Bacterial division is driven by the insertion of new cell wall material at midcell in a tightly 

regulated manner, allowing for determination of cell shape and maintenance of envelope 

integrity (Cabeen and Jacobs-Wagner, 2005; Woldemeskel and Goley, 2017). The cell wall is 

made of peptidoglycan (PG), a meshwork consisting of glycan strands crosslinked by peptide 

stems (Gan et al., 2008; Huang et al., 2008). PG synthesis requires the coordination of glycan 

polymerization and peptide crosslinking by either coupled monofunctional glycosyltransferases 

(GTases) and transpeptidases (TPases), or bifunctional enzymes that contain both activities, with 

these proteins being more generally referred to as PG synthases (Cabeen and Jacobs-Wagner, 

2005).  

 Monofunctional PG synthase pairs have been implicated as the primary synthetic 

enzymes of the elongation (elongasome) and division (divisome) machineries. A paradigm has 

been proposed whereby a shape, elongation, division, and sporulation (SEDS) family GTase is 

functionally coupled to a penicillin binding protein (PBP) TPase, which together facilitate cell 

wall synthesis (Meeske et al., 2016; Rohs et al., 2018; Taguchi et al., 2019). Through 

characterization of the elongation-specific PG synthases RodA and PBP2 in Escherichia coli, it 

has been postulated that SEDS-PBP enzymes require activation to function (Rohs et al., 2018). 

Specifically, mutations in RodA or PBP2 that increase GTase activity in vitro and PG synthesis 

in cells render other components of the elongasome non-essential, arguing that their normal 
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function is to activate the RodA-PBP2 complex (Rohs et al., 2018). Intriguingly, analogous 

mutations in the division-specific SEDS-PBP enzymes, FtsW and FtsI, allow cells to constrict 

faster than normal (Lambert et al., 2018), indicating that these mutations promote formation of 

an activated PG synthase complex (Modell et al., 2014; Rohs et al., 2018). However, it is unclear 

precisely how SEDS-PBP activation normally occurs during division. 

Recent studies have established that the conserved cytoskeletal protein FtsZ (Vaughan et 

al., 2004; Sundararajan and Goley, 2017), which recruits the division machinery to a ring-like 

structure at midcell (Fu et al., 2010; Goley et al., 2011; Holden et al., 2014), is coupled to PG 

synthesis activation during division. In multiple organisms, the C-terminal linker domain of FtsZ 

was found to be required for regulating cell wall integrity (Buske and Levin, 2013; Gardner et 

al., 2013; Sundararajan et al., 2015) and shape, as well as PG chemistry (Sundararajan et al., 

2015; Howell et al., 2019). Moreover, in E. coli and Bacillus subtilis, FtsZ dynamics were 

demonstrated to drive PG synthase dynamics in both organisms, as well as division site shape in 

E. coli and constriction rate in B. subtilis (Bisson-Filho et al., 2017; Yang et al., 2017). 

Collectively these data indicate that, at least in some organisms, FtsZ acts as a “dynamic 

scaffold” or “dynamic activator” of PG synthesis likely impinging on FtsWI. However, the 

signaling pathway connecting these two endpoints remains unresolved. 

 We previously demonstrated that an essential FtsZ-binding protein, FzlA (Goley et al., 

2010b), is required for division and regulates the rate of constriction in the α-proteobacterium 

Caulobacter crescentus (Lariviere et al., 2018). Mutations in FzlA with diminished affinity for 

FtsZ were found to have slower constriction rates and altered cell pole shape, indicative of 

reduced PG synthetic activity during division (Lariviere et al., 2018). We therefore postulated 
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that FzlA facilitates a link between FtsZ and PG synthesis by serving as an upstream activator of 

PG synthases and, here, set out to test this hypothesis.  

 

3.2   fzlA lies upstream of ftsWI in a PG synthesis pathway 

We reasoned that if FzlA impacts constriction through PG synthases, it likely acts on the 

division-specific SEDS family GTase FtsW and/or the monofunctional PBP TPase FtsI. To 

assess if FzlA is required for activation of FtsWI, we exploited fast-constricting strains 

containing hyperactive mutant variants of FtsI and/or FtsW termed ftsW**I* (Modell et al., 

2014; Lambert et al., 2018) and ftsW* (Modell et al., 2014). ftsW**I* bears the mutations F145L 

and A246T in FtsW and I45V in FtsI, whereas ftsW* contains only the FtsW A246T mutation 

(Modell et al., 2014). These mutations are thought to stabilize an activated form of the FtsWI 

complex (Modell et al., 2014; Rohs et al., 2018), leading to increased rates of constriction 

(Lambert et al., 2018) via unrestrained PG synthesis.  

If fzlA lies upstream of ftsWI in a PG synthesis pathway, then the hyperactive variants 

ftsW**I* and/or ftsW* may bypass the essentiality of fzlA. Accordingly, we found that fzlA could 

be readily deleted in either the ftsW**I* or ftsW* strain backgrounds (Fig. 28A-B). This is a 

particularly striking finding given that depletion of FzlA in a WT background completely 

inhibits division and induces cell filamentation and death (Goley et al., 2010b). Interestingly, a 

number of ftsW**I*/ftsW* ΔfzlA cells appeared to be “S”-shaped with the direction of curvature 

in future daughter cells facing opposite directions, as opposed to the characteristic “C”-shape of 

pre-divisional WT and ftsW**I* Caulobacter cells (Fig. 28A, asterisk, discussed further below). 

Strains lacking fzlA displayed a slight reduction in colony forming units, compared to the 

corresponding hyperactive PG synthase mutant strains (Fig. 28C), whereas growth rate was 
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unaffected (Fig. 28D). Additionally, ftsW**I*/ftsW* ΔfzlA cells displayed an increase in length 

(Fig. 28E), suggesting a division defect. Because ftsW* ΔfzlA cells are longer than ftsW**I* 

ΔfzlA cells, we conclude that ftsW**I* suppresses loss of fzlA better than the single mutant.  

We also observed that ftsW**I* suppresses length, width, shape, and fitness defects 

associated with slowly constricting fzlA point mutants fzlANH2 and fzlANH3 (Fig. 29), further 

indicating that hyperactivated ftsWI are dominant to, and likely downstream of fzlA. To 

determine the contribution of the FtsZ-FzlA interaction to activation of FtsWI, we assessed cell 

morphology, fitness, and cell length of ftsW**I* strains containing FzlA mutants with decreasing 

affinity for FtsZ (Lariviere et al., 2018) (Fig. 30; FzlA > FzlANH2 = FzlANH3 > FzlANH1; FzlANB2, 

FzlANB1 = no binding). We found that decreased affinity of FzlA towards FtsZ correlated with an 

increase in cell length (Fig. 30E), indicating that high-affinity binding to FtsZ is required for 

FzlA to contribute to the FtsWI activation pathway. We term this activation pathway the [FtsZ-

FzlA]-FtsWI signaling pathway.  

We previously showed that mutation of FzlA’s conserved C-terminus inhibits division, 

but does not affect binding to FtsZ, suggesting the C-terminus might facilitate an essential 

interaction with another protein (Lariviere et al., 2018). We reasoned that if this other essential 

interaction is involved in the PG synthesis activation pathway, then FzlA’s C-terminus should be 

mutable in an ftsW**I* background. Indeed, fzlAUE2, which encodes a charge reversal mutation 

in the C-terminus of FzlA normally preventing division but not FtsZ-binding, phenocopies loss 

of fzlA in an ftsW**I* background. ftsW**I* fzlAUE2 cells are slightly elongated and “S”-shaped 

(Fig. 31A), but have normal cell growth, viability, and FzlA levels (Fig. 31B-D). Because the 5’ 

end of fzlA’s coding sequence overlaps with the non-essential downstream gene, CCNA_03753, 

we exogenously expressed fzlAUE2 in an ftsW**I*  ΔfzlA background to leave CCNA_03753 



 119 

intact. Again, cells became slightly elongated and “S”-shaped in the presence of fzlAUE2 (Fig. 

31E), with no major impact on growth or viability compared to exogenous expression of fzlA 

(Fig. 31F-H), confirming that change in cell shape is due to mutation of FzlA’s C-terminus. 

Because FzlA’s C-terminus becomes dispensable upon hyperactivation of ftsW**I*, we propose 

that the C-terminus facilitates interaction with another essential factor in the PG synthesis 

activation pathway. 

 

3.3   ftsW**I* specifically permits loss of fzlA  

To assess the specificity of the fzlA-ftsWI genetic interaction and potentially identify additional 

components of this pathway, we performed comparative transposon sequencing (Tn-Seq) on WT 

and ftsW**I* strains. Surprisingly, fzlA was the only essential gene to become non-essential in 

the ftsW**I* background, with few insertions in WT but plentiful insertions in ftsW**I* cells 

(Fig. 28F-G). All other known essential division genes, e.g. ftsZ (Fig. 28G), had few transposon 

insertions in either background; examination of known division genes’ insertion profiles showed 

all domains remain essential in ftsW**I*. These data indicate that ftsW**I* specifically rescues 

loss of fzlA, confirming that FzlA is normally required for activation of FtsWI. We expect that 

other essential division proteins participate in this pathway too, but that they have additional 

essential functions. 

 

3.4   FzlA contributes to efficient division in a hyperactive PG synthase 

background 

Given that cells lacking fzlA in the hyperactive PG synthase backgrounds were elongated, we 

assessed constriction rate and division efficiency of ftsW**I* and ftsW* cells ± fzlA using time-
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lapse microscopy and MicrobeJ to track division (Ducret et al., 2016; Lariviere et al., 2018) (Fig. 

32A). Consistent with previous findings (Lambert et al., 2018), ftsW**I* and ftsW* cells 

constrict more quickly than WT (Fig. 32B). Intriguingly, the hyperactive PG synthase strains 

lacking fzlA constricted significantly more slowly than the corresponding strain with fzlA present, 

with constriction rates cut nearly in half (Fig. 32B). This suggests that hyperactivated FtsWI are 

not sufficient for efficient division and underscores the importance of FzlA in dictating 

constriction rate. As with cell length and fitness, ftsW**I* acted as a better suppressor to fzlA 

deletion, allowing for a faster constriction rate than did ftsW* (Fig. 32B).  

 To ensure that changes in constriction rate were not due to global differences in PG 

synthesis, we determined elongation rates across strains (Fig. 32C), which enabled calculation of 

the ratio of constriction to elongation rate (Fig. 32D). We saw the same trend as for constriction 

rate itself, with ftsW**I* and ftsW* mutant strains having higher ratios of constriction to 

elongation and loss of fzlA giving lower ratios (Fig. 32D). Interestingly, elongation rate was 

inversely correlated with constriction rate in all mutant strains (Fig. 32C-D), perhaps reflecting 

competition between the elongasome and divisome for PG precursor substrate (Coltharp et al., 

2016). Altogether, these data support the conclusion that alterations to the [FtsZ-FzlA]-FtsWI 

pathway affect constriction to a greater extent than they affect elongation, with FzlA increasing 

the constriction rate in both WT and hyperactive PG synthase mutant backgrounds. 

While tracking division in ftsW**I*/ftsW* ΔfzlA cells, we noticed that some cells 

initiated, then aborted division at one location, before successfully dividing at a second (or third 

or fourth) site (Fig. 32E). We found that 16.6-19.5% of ftsW*/ftsW**I* DfzlA cells aborted 

division at one site before successfully dividing at another, compared to a 0-0.3% failure rate for 

WT or hyperactive PG synthase cells with fzlA present (Fig. 32F). These data further 
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demonstrate that ftsW**I* are not sufficient for efficient division, and that fzlA is required to 

ensure division processivity and efficiency.  

 

 3.5   fzlA is required for maintenance of proper cell shape 

As mentioned earlier, deletion of fzlA in the hyperactive PG synthase backgrounds impacted 

global cell morphology, with many pre-divisional cells appearing “S-shaped”. By scanning 

electron microscopy (SEM), we saw a relatively high frequency of S-shaped ftsW**I* DfzlA 

cells, whereas most WT or ftsW**I* cells displayed the typical “C-shaped” morphology 

characteristic of Caulobacter (Fig. 33A). To quantify S-shape frequency, we utilized Celltool to 

isolate variance in cell shape to shape modes (Pincus and Theriot, 2007; Lariviere et al., 2018). 

Shape mode 3 captured the variation due to degree of S- versus C-shape and we set a cutoff such 

that cells with a standard deviation |sd| > 1 from the mean for this shape mode are considered S-

shaped (Fig. 33B-C). We found a significant difference in variance in degree of S-shape across 

populations (Fig. 33B), corresponding with a large difference in S-shaped cells across strains: 

26.9% of dividing ftsW**I* DfzlA cells are S-shaped, compared to 2.4% of WT and 1.1% of 

ftsW**I* cells (Fig. 33D).  

To shed light on the origin of S-shape, we next asked at what point during growth do 

ftsW**I* DfzlA cells begin to adopt this morphology. Using time-lapse microscopy, we observed 

that ftsW**I* DfzlA cells were C-shaped at the beginning of the cell cycle and began to twist or 

rotate about the division plane after constriction initiated. S-shape only became apparent in the 

latter part of constriction, when daughters had rotated ~180° relative to each other (Fig. 33E). 

This finding suggests that the [FtsZ-FzlA]-FtsWI pathway determines geometry of PG insertion 
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at the site of division in a manner that influences global cell morphology, normally constraining 

cells in their characteristic C-shape as constriction progresses.  

 Changes in division site shape and formation of S-shaped cells have been previously 

linked to aberrant localization of FtsZ and the elongation factor, MreB, respectively (Bi and 

Lutkenhaus, 1992; Addinall and Lutkenhaus, 1996; Charbon et al., 2009; Yang et al., 2017). 

However, mNG-FtsZ and Venus-MreB localization in ftsW**I* DfzlA cells was comparable to 

ftsW**I* cells (Fig. 34A-B). Additionally, imaging with HADA did not reveal any gross changes 

in PG synthesis localization (Fig. 34C). Together, these findings suggest that cell twisting is 

likely induced by a finer scale alteration of PG synthesis at the division site due to disruption of 

the [FtsZ-FzlA]-FtsWI pathway. Finally, we observed that affinity of mutant FzlA for FtsZ was 

inversely correlated with the frequency of S-shaped cells (Fig. 35), demonstrating that the FtsZ-

FzlA interaction is important for maintaining proper morphology. 

 

3.6   The [FtsZ-FzlA]-FtsWI pathway contributes to resistance to PBP-

targeting antibiotics 

Because FzlA is important for regulation of PG synthesis in the context of determining 

constriction rate and cell shape, we hypothesized that it might also contribute to resistance to cell 

wall-targeting antibiotics. ftsW**I*, as has been previously shown (Modell et al., 2014), 

displayed sensitivity to cephalexin (Fig. 36A), which inhibits FtsI and other penicillin-binding 

proteins in Caulobacter (Pogliano et al., 1997; Costa et al., 2008). Interestingly, deletion of fzlA 

in the ftsW**I* background exacerbated sensitivity to cephalexin (Fig. 36A). We found a similar 

trend upon treatment with mecillinam, which targets the elongation-specific PG synthase PBP2 

(Spratt and Pardee, 1975; Spratt, 1977a), whereby the minimum inhibitory concentration (MIC) 
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for ftsW**I* cells was decreased compared to WT, with deletion of fzlA further lowering the 

MIC (Fig. 36B). However, neither ftsW**I* nor ftsW**I* DfzlA cells displayed sensitivity to the 

β-lactam ampicillin or antibiotics that block other aspects of cell wall synthesis (Fig. 37A). fzlA 

therefore supports robust cell wall synthesis in the presence of PBP-inactivating drugs, perhaps 

by compensating for partial PBP-inactivation by boosting the intensity of cell wall synthesis 

activation signaling. To determine if the interaction between FtsZ and FzlA is important for 

maintaining cell wall integrity, we assessed sensitivity to cephalexin using the panel of fzlA 

mutants which display varying affinities towards FtsZ (Fig. 37B). We found that mutants with 

decreased FzlA affinity towards FtsZ in fact became more sensitive to cephalexin (Fig. 37B), 

demonstrating that the entire [FtsZ-FzlA]-FtsWI pathway is required for promoting cell wall 

integrity during antibiotic treatment. 

 Since ftsW**I* cells are more sensitive to perturbation of other PG synthetic activities 

even when fzlA is present, we asked if any normally non-essential division genes become more 

important for fitness in an ftsW**I* background, as they might help bolster resistance to assaults 

on PG synthesis. Examination of the ftsW**I* Tn-Seq data indicated that pbpX (encoding a 

bifunctional PG synthase) (Yakhnina and Gitai, 2013; Strobel et al., 2014), and to a lesser extent 

ftsX (encoding a cell separation factor) (Meier et al., 2017) and dipM (encoding an envelope 

maintenance/cell separation factor) (Goley et al., 2010a; Möll et al., 2010; Meier et al., 2017; 

Zielińska et al., 2017), had fewer transposon insertions in an ftsW**I* background than in WT 

(Fig. 28F and Fig. 38A-B). Depletion of the otherwise nonessential DipM or PbpX completely 

inhibited growth of ftsW**I* cells (Fig. 38C), validating our Tn-Seq results. Because ftsW**I* 

cells have misregulated division site PG synthase activity, we suspect that DipM and PbpX 

become important for ensuring robust PG synthesis during constriction. Surprisingly, the 
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normally non-essential nhaA locus, coding for a putative sodium-proton antiporter (Zuleta et al., 

2003), was also predicted by Tn-Seq to become essential in ftsW**I* cells (Fig. 28F and Fig. 

38A-B). Disruption of nhaA in the presence of sucrose has been shown to arrest division (Zuleta 

et al., 2003), suggesting nhaA may be important for osmoregulation during division under certain 

conditions, possibly explaining its apparent synthetic lethality with ftsW**I*.  

 

3.7   The fzlA-ftsW genetic interaction is conserved in diverse α-proteobacteria  

To assess the conservation of FzlA’s role in regulating PG synthesis, we sought to characterize 

the genetic interaction between fzlA and PG synthases in another α-proteobacterium, 

Agrobacterium tumefaciens. While A. tumefaciens and Caulobacter display disparate growth 

patterns (Aaron et al., 2007; Brown et al., 2012; Kuru et al., 2012; Figueroa-Cuilan and Brown, 

2018), the components of the division machinery are largely conserved. To test if the genetic 

interaction between fzlA and ftsW is conserved, we made an IPTG-dependent FzlA depletion 

construct in a WT background or in a background with a single hyperactivating mutation in A. 

tumefaciens ftsW (F137L, equivalent to Caulobacter FtsW F145L) at the ftsW locus. Depletion 

of FzlA in a WT background resulted in reduced viability, division arrest, and ectopic pole 

formation at midcell (Fig. 39), reminiscent of FtsW depletion in A. tumefaciens (Howell et al., 

2019). Importantly, we found that the decrease in viability and morphology defects associated 

with depletion of FzlA were rescued by ftsW F137L (Fig. 39). These data indicate that FzlA’s 

essential role in regulating division-specific PG synthesis is conserved in another α-

proteobacterium and further highlight the importance of FzlA as a key regulator of constriction 

and cell morphology. 
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3.8   Discussion 

Here we have described a conserved PG synthesis activation pathway in which FtsZ and FzlA, 

likely via its C-terminus, regulates PG synthesis during division in α-proteobacteria by signaling 

to FtsWI (solid arrow) and/or possibly by influencing FtsZ dynamics (dashed arrow) (Fig. 40, 

left). Specifically, the [FtsZ-FzlA]-FtsWI pathway determines geometry of cell wall insertion at 

the site of division, sets the constriction rate, and promotes cell wall integrity (Fig. 40, left). 

FtsW**I* can still receive input from FzlA which, in combination with their intrinsic 

hyperactivity, leads to shorter, faster-constricting cells with sensitivity to cell wall antibiotics 

(Fig. 40, middle). In the absence of fzlA, ftsW**I* cells lose critical regulation of PG synthesis, 

leading to rotation during division, slower constriction, and increased sensitivity to cell wall 

antibiotics (Fig. 40, right). We establish FzlA as a critical participant in signaling from FtsZ to 

FtsWI and demonstrate that this division-specific SEDS-PBP pair require FzlA-dependent 

activation for normal division.  

 On a molecular level, how does FzlA provide input into the PG synthesis process? We 

can envision at least two potential mechanisms. In the first, FzlA influences PG synthesis by 

regulating FtsZ superstructure or dynamics. According to this model, FzlA would function 

analogously to ZipA or FtsA, which have been proposed to contribute to constriction, at least in 

part, by influencing FtsZ assembly properties (Hale and de Boer, 1997; Hale et al., 2000; Tsang 

and Bernhardt, 2015; Haeusser et al., 2015; Du et al., 2016; Schoenemann et al., 2018). 

FtsW**I* hyperactivation could suppress loss of fzlA by overcoming the requirement for 

regulation by FtsZ dynamics or, perhaps less likely, by restoring the requisite dynamic properties 

of FtsZ. We previously demonstrated that FzlA can alter FtsZ superstructure and reduce its 

turnover in vitro under certain biochemical conditions (Lariviere et al., 2018), which would be 
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consistent with this model. However, our prior identification of FzlA mutants (e.g. FzlANH3) that 

fail to alter FtsZ superstructure or dynamic properties in vitro but that, nevertheless, function in 

division suggests that these effects on FtsZ assembly properties are not required for activation of 

constriction (Lariviere et al., 2018). We cannot, however, rule out the possibility that FzlA 

contributes to PG synthesis activation by influencing FtsZ dynamics. 

We favor a model in which FzlA serves as a bridge between FtsZ and the conserved core 

PG synthesis activation pathway, transducing a cell wall synthesis activation signal. We have no 

evidence that FzlA and FtsWI directly interact, and hypothesize that other intermediary factor(s) 

transduce the activation signal from FzlA to FtsWI. Our finding that FzlA’s normally essential 

C-terminus, which is not involved in FtsZ binding (Lariviere et al., 2018), becomes non-essential 

in an ftsW**I* background implicates this region of the protein as the likely interface with the 

downstream division activation pathway. Genetic studies in E. coli have implicated a number of 

divisome proteins as part of the core divisome activation machinery, including FtsA, FtsN, FtsK, 

and FtsQLB (Geissler and Margolin, 2005; Grainge, 2010; Liu et al., 2015; Tsang and 

Bernhardt, 2015), each of which is essential and conserved in Caulobacter. FtsN is proposed to 

signal to FtsQLB, either directly or through FtsA, to lead to FtsWI activation (Liu et al., 2015; 

Tsang and Bernhardt, 2015; Du et al., 2016), with FtsK also playing a role in constriction 

licensing (Geissler and Margolin, 2005; Grainge, 2010). According to our signal transduction 

model, FzlA contributes to this activation signal by providing regulatory input via its C-terminus 

into the core conserved signaling pathway. The two models described above are not mutually 

exclusive; indeed, the two may work in concert (Fig. 40). Future work will clarify how FzlA 

contributes to PG synthesis activation.  
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That cells become “S”-shaped upon deletion of fzlA and hyperactivation of ftsW**I* 

suggests that regulation of cell wall synthesis during division is required to globally maintain cell 

shape. Although further studies will be required to inform the precise mechanism of cell twisting, 

we propose a few potential models. If FzlA influences FtsZ dynamics, then loss of fzlA could 

result in aberrant FtsZ movement and misdirection of PG synthesis dynamics that ultimately 

induces rotation, somewhat reminiscent of the D158A and D212G ftsZ mutants in E. coli (Yang 

et al., 2017). In those mutants, FtsZ forms helical structures that induce helical septa. For a 

similar model to hold in Caulobacter, the scale on which dynamics are altered would need to be 

significantly more finely focused, since FtsZ localization and septum morphology is obviously 

aberrant in the E. coli ftsZ mutants, but not in ftsW**I* DfzlA cells. Alternatively, loss of fzlA 

may impact PG synthase dynamics independent of FtsZ dynamics, effectively uncoupling the 

two, but still leading to aberrant movement of PG synthases and altered patterning of PG 

insertion. Finally, FzlA may be required for balanced transpeptidation and transglycosylation 

activities, thereby impacting PG chemistry and cell shape, as is the case for maintenance of 

helical shape in Helicobacter pylori (Sycuro et al., 2010).  

  More broadly, our model advances the idea that regulation of SEDS-PBP pairs for 

growth and division is conserved at numerous levels. The finding that FzlA governs division-

specific PG synthesis in both Caulobacter and A. tumefaciens argues that α-proteobacteria 

require FzlA as a part of a conserved and dedicated pathway to activate FtsWI. FzlA is absent 

outside of this clade, however, so we propose that other divisome components play equivalent 

roles in contributing to FtsWI activation in other organisms. On a greater scale, our findings 

expand the paradigm for PG synthesis by SEDS-PBP PG synthase pairs in bacteria and provide 

evidence that the requirement for PG synthase activation is conserved. Elongation is facilitated 
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by the coordination of the SEDS family GTase RodA and the monofunctional TPase PBP2, 

orthologs to FtsW and FtsI, respectively (Rohs et al., 2018). During elongation activation (in E. 

coli) these PG synthases are activated by another protein, MreC, forming an activated complex 

that in turn regulates assembly and directional motion of the polymerizing scaffold MreB (Rohs 

et al., 2018). In this system, hyperactivating mutations in RodA or PBP2 allow for bypass of the 

activator, MreC, similar to our finding that FtsW**I* can bypass the activator FzlA. Our data 

provide experimental support for the proposal that the requirement for activation of the SEDS-

PBP pair of PG synthases is generally conserved for elongation and division.  

There are prominent differences between the models for elongasome and divisome 

activation, however. Containing fewer proteins than the divisome, the elongasome is akin to a 

stripped down version of the divisome (Szwedziak and Löwe, 2013), with hyperactive RodA or 

PBP2 rendering dispensable all elongasome components save MreB and the PG synthases (Rohs 

et al., 2018). Thus for elongation, the cell needs an activated SEDS-PBP pair and a spatial 

regulator to orient their motion (Rohs et al., 2018). Conversely, hyperactive FtsWI in 

Caulobacter only allows for disruption of FzlA, with the rest of the divisome remaining 

essential. Since division requires invagination and fission of all layers of the envelope in 

coordination with DNA segregation and cell cycle progression, this added complexity 

necessitates functions beyond PG synthesis and remodeling. Further, whereas PG synthesis 

during elongation comprises insertion of new PG in the same plane as old cell wall material, PG 

synthesis during constriction requires a lasting, directional change to shape the new cell poles. So 

while there are key similarities in the paradigm of PG synthase activation, regulation of division 

likely requires a more complicated network of inputs to manage the additional outputs and 

constraints discussed above. In summation, this work provides evidence that the requirement for 
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SEDS-PBP activation is conserved across multiple modes of PG synthesis, which has broad 

implications for determining the speed of division, cell shape, and cell wall robustness.  
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3.9   Figures and Legends 

 

Figure 28. Hyperactive ftsWI mutants suppress loss of fzlA. 

(A) Micrographs of WT Caulobacter and PG synthase hyperactive mutant cells +/-  fzlA. White 

asterisks mark S-shaped cells. Scale bar: 2 µm. 

(B) α-FzlA immunoblot (top) and α-HU immunoblot (bottom, loading control) of the indicated 

strains.  
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(C, D) Spot dilutions (diluted ten-fold) (C) and growth curves (D) of the indicated strains.  

(E) Lengths of unsynchronized cells from the indicated strains. Mean ± SEM shown. Kruskal-

Wallis tests with Dunn’s post-test were performed to compare WT and the indicated strains: 

***P≤0.001. From left to right, n = 254, 262, 261, 260, 258.   

(F) Volcano plot of the negative log10 of the false discovery rate (-log(FDR)) vs. log2 of the fold 

change of each gene in WT vs. ftsW**I* strains determined by Tn-Seq analysis.   

(G) Plot of transposon insertion frequency in essential division genes in WT (top) vs. ftsW**I* 

(bottom) cells determined by Tn-Seq analysis.  

Strain key (Caulobacter): WT (EG865 A-E; EG2366 F-G), ftsW**I* (EG1557), ftsW**I* ΔfzlA 

(EG2170), ftsW* (EG1556), ftsW* ΔfzlA (EG2166).  
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Figure 29. ftsW**I* rescue the fitness/morphological defects of two fzlA mutants. 

(A) Phase contrast microscopy images depicting cells of the indicated strains. Scale bar = 2 µm.  

(B, C) Spot dilutions (diluted ten-fold) (B) and growth curves (C) of the indicated strains.  

(D) α-FzlA immunoblot (top) and α-HU immunoblot (bottom, loading control) of the indicated 

strains.  

(E, F) Lengths (E) and widths (F) of unsynchronized cells from the indicated strains. Mean ± 

SEM shown. Kruskal-Wallis tests with Dunn’s post-test were performed to analyze differences 

compared to the indicated strains: ***P≤0.001. From left to right, n = 674, 609, 606, 653, 618, 

645. Strain key (Caulobacter crescentus): WT (EG865), ftsW**I* fzlA (EG1557), fzlANH2 

(EG1600), ftsW**I* fzlANH2 (EG2111), fzlANH3 (EG1909), ftsW**I* fzlANH3 (EG2489). 
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Figure 30. In the presence of hyperactive PG synthases, the interaction between FtsZ and 

FzlA determines division efficiency, but not growth rate or viability. 

(A) Phase contrast microscopy images depicting cells of the indicated strains. White asterisks 

mark S-shaped cells. Scale bar = 2 µm.  

(B) α-FzlA immunoblot (top) and α-HU immunoblot (bottom, loading control) of the indicated 

strains.  

(C, D) Spot dilutions (diluted ten-fold) (C) and growth curves (D) of the indicated strains. (E) 

Lengths of unsynchronized cells from the indicated strains. Mean ± SEM shown. Kruskal-Wallis 
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tests with Dunn’s post-test were performed to analyze differences compared to WT and the 

indicated strains: nsP>0.05, ***P≤0.001. From left to right, n = 609, 653, 645, 688, 674, 729, 612. 

Strain key (Caulobacter crescentus): ftsW**I* fzlA (EG1557), ftsW**I* fzlANH2 (EG2111), 

ftsW**I* fzlANH3 (EG2489), ftsW**I* fzlANH1 (EG2492), ftsW**I* fzlANB2 (EG2485), ftsW**I* 

fzlANB1 (EG2495), ftsW**I* ΔfzlA (EG2170). 
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Figure 31. Mutation of FzlA’s essential C-terminus phenocopies loss of fzlA in an ftsW**I* 

background. 

(A) Phase contrast microscopy images depicting cells of the indicated strains. Scale bar = 2 µm.  
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(B,C) Growth curves (B) and spot dilutions (diluted ten-fold) (C) of the indicated strains.  

(D) α-FzlA immunoblot (top) and α-HU immunoblot (bottom, loading control) of the indicated 

strains.  

(E) Phase contrast microscopy images depicting cells of the indicated strains with no xylose (top) 

or incubated in the presence of 0.24% xylose (bottom) for 24 hours to control expression of the 

indicated gene. Scale bar = 2 µm.  

(F) Growth curves of the indicated strains with no xylose (no X) or incubated in the presence of 

0.24% xylose (+X) to control expression of the indicated gene.  

(G) Spot dilutions (diluted ten-fold) of the indicated strains.  

(H) α-FzlA immunoblot (top) and α-HU immunoblot (bottom, loading control) of the indicated 

strains with no xylose (no X) or incubated in the presence of 0.24% xylose (+X) for 3, 9, or 24 

hours to control expression of the indicated gene. Strain key (Caulobacter crescentus): ftsW**I* 

(EG1557), ftsW**I* ΔfzlA (EG2170), ftsW**I* fzlAUE2 (EG2895), ftsW**I* ΔfzlA + Pxyl mChy 

(EG2879), ftsW**I* ΔfzlA + Pxyl fzlA (EG2866), ftsW**I* ΔfzlA + Pxyl fzlAUE2 (EG2874). 
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Figure 32. FzlA contributes to efficient division in a hyperactive PG synthase background. 

(A) Time-lapse micrographs of constriction in WT or PG synthase hyperactive mutant cells +/- 

fzlA. Constriction starts at t=0 and concludes in the last frame upon cell separation. Time relative 

to constriction initiation (minutes) is indicated. Scale bar: 1 µm. 
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(B, C, D) Plots of constriction rate (B), total elongation rate (C), and ratio of constriction rate to 

total elongation rate (D) for a population of synchronized cells from each indicated strain, 

calculated from single cell microscopy data. Mean ± SEM shown. Kruskal-Wallis tests with 

Dunn’s post-test were performed to compare WT and the indicated strains: ***P≤0.001. From left 

to right, n = 324, 280, 161, 366, 139 (B) and 321, 280, 161, 363, 139 (C, D).  

(E) Micrographs of constriction failure at the initial division site (single white arrowhead), then 

initiation and completion at a second site (double white arrowhead) in ΔfzlA cells. As in (A), 

constriction initiates at t=0 and concludes in the last frame. Scale bar: 1 µm. 

(F) Plot of the constriction failure rate in cells in which constriction initiated, then failed at one 

division site and subsequently initiated and finished at another division site. “Number of aborted 

division events” refers to the number of times a cell abandoned division at distinct sites within 

the cell. The y-axis indicates the percentage of cells out of the whole population that aborted 

division at least once. From left to right, n = 324, 280, 193, 368, 174. 

Strain key (Caulobacter): WT (EG865), ftsW**I* (EG1557), ftsW**I* ΔfzlA (EG2170), ftsW* 

(EG1556), ftsW* ΔfzlA (EG2166).  
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Figure 33. fzlA is required for global shape maintenance. 

(A) SEM images of cells from the indicated strains. Scale bar: 200 nm. 

(B) PCA of cell shape in a population of cells that have initiated constriction from the indicated 

strains. Shape mode 3 approximately captures degree of S-shape in cells. Mean cell contour ± 1 

or 2 standard deviations (s.d.) is shown (left). Shape mode values for cells in each strain are 

plotted and mean ± SEM is shown (right). The dashed line drawn at s.d.=1 indicates the cutoff 

for S-shaped cells (cells with an |s.d.| ≥ 1 are considered to be S-shaped). A Brown-Forsythe 
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Levene-type test (used in populations not assumed to be normally distributed) was performed 

using R to compare population variances (†): nsP>0.05, ***P≤0.001. From left to right, n = 292, 

279, 290. 

(C) Plot of shape mode 3 (S-shape) vs. shape mode 1 (length) values for a population of cells 

that have initiated constriction from the indicated strains. The dashed lines drawn at |s.d.|=1 

indicates the cutoff for S-shaped cells. 

(D) Plot of percentage of S-shaped cells present in a population of cells that have initiated 

constriction from the indicated strains. Cells from (B) with an |s.d.| ≥ 1 are considered S-shaped. 

(E) Micrographs of cell twisting during division in an ftsW**I* ΔfzlA cell. Constriction starts at 

t=0 minutes and concludes in the last frame upon cell separation. Scale bar: 1 µm. 

Strain key (Caulobacter): WT (EG865), ftsW**I* (EG1557), ftsW**I* ΔfzlA (EG2170).  
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Figure 34. FtsZ, MreB, and PG synthesis localization is unaffected in ftsW**I* ΔfzlA cells. 

(A) Phase contrast, fluorescence, and merged microscopy images depicting mNG-FtsZ 

localization in cells of the indicated strains in the presence of inducer (xylose). White asterisks 

mark S-shaped cells. Scale bar = 2 µm.  
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(B) Phase contrast, fluorescence, and merged microscopy images depicting Venus-MreB 

localization in cells of the indicated strains in the presence of inducer (xylose). White asterisks 

mark S-shaped cells. Scale bar = 2 µm.  

(C) Phase contrast, fluorescence, and merged microscopy images depicting HADA localization 

in cells of the indicated strains after a 5 minute HADA pulse. White asterisks mark S-shaped 

cells. Scale bar = 2 µm. Strain key (Caulobacter crescentus): ftsW**I* + pXyl mNG-ftsZ 

(EG2157), ftsW**I* ΔfzlA + pXyl mNG-ftsZ (EG2326), ftsW**I* + pXyl Venus-mreB (EG2377), 

ftsW**I* ΔfzlA + pXyl Venus-mreB (EG2378), WT (EG865), ftsW**I* (EG1557), ftsW**I* 

ΔfzlA (EG2170). 
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Figure 35. Interaction of FtsZ with FzlA is necessary for proper division site shape 

maintenance. 
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(A) PCA of cell shape in a population of unsynchronized cells (not all cells are necessarily 

actively constricting) from the indicated strains. Shape mode 3 approximately captures degree of 

S-shape in cells. Mean cell contour ± 1 or 2 standard deviations (s.d.) is shown (left). Shape 

mode values for cells in each strain are plotted and mean ± SEM is shown (right). A Brown-

Forsythe Levene-type test (which is used in populations not assumed to be normally distributed) 

was performed to determine differences between population variances (†): nsP>0.05, ***P≤0.001. 

From left to right, n = 269, 375, 218, 250, 177, 289, 211.  

(B) Plot of shape mode 3 (degree of S-shape) vs. shape mode 1 (length) values in a population of 

unsynchronized cells (not all cells are necessarily actively constricting) from the indicated 

strains. The dashed lines qualitatively demark the boundary between cells that appear to be S-

shaped and those that display normal curvature. Inset presents a zoomed in view of the 

highlighted region of interest. Strain key (Caulobacter crescentus): ftsW**I* fzlA (EG1557), 

ftsW**I* fzlANH2 (EG2111), ftsW**I* fzlANH3 (EG2489), ftsW**I* fzlANH1 (EG2492), ftsW**I* 

fzlANB2 (EG2485), ftsW**I* fzlANB1 (EG2495), ftsW**I* ΔfzlA (EG2170). 
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Figure 36. Loss of fzlA leads to increased cell wall antibiotic sensitivity. 

(A) Spot dilutions (diluted ten-fold) of the indicated strains plated on PYE ± cephalexin (6 

µg/ml). 

(B) Plates of the indicated strains grown in the presence of mecillinam minimum inhibitory 

concentration (MIC) test strips, with antibiotic concentration decreasing from top to bottom. The 

zone of clearance is highlighted in white (dashed line).  

Strain key (Caulobacter): WT (EG865), ftsW**I* (EG1557), ftsW**I* ΔfzlA (EG2170). 
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Figure 37. Effect of loss of FzlA and FzlA-FtsZ interaction on resistance to cell wall 

antibiotics. 
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(A) Plates of the indicated strains grown in the presence of antibiotic minimum inhibitory 

concentration (MIC) test strips, with antibiotic concentration decreasing from top to bottom.  

(B) Spot dilutions (diluted two-fold) of the indicated strains plated on PYE ± cephalexin (6 

µg/ml). Strain key (Caulobacter crescentus): WT (EG865), ftsW**I* fzlA (EG1557), ftsW**I* 

fzlANH2 (EG2111), ftsW**I* fzlANH3 (EG2489), ftsW**I* fzlANH1 (EG2492), ftsW**I* fzlANB2 

(EG2485), ftsW**I* fzlANB1 (EG2495), ftsW**I* ΔfzlA (EG2170), fzlANH2 (EG1600), fzlANH3 

(EG1909). 
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Figure 38. Multiple non-essential division genes become essential in a hyperactive PG 

synthase background. 
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(A) Volcano plot of the negative log10 of the false discovery rate (-log(FDR)) vs. log2 of the fold 

change of each gene in WT vs. ftsW**I* strains determined by Tn-Seq analysis. This is a 

zoomed in and cropped view of the volcano plot from Figure 1F.  

(B) Plot of transposon insertion frequency in essential division genes in WT (top) vs. ftsW**I*  

(bottom) cells. Genetic loci are annotated below the plot. Number of reads is displayed on a 

logarithmic scale. 

(C) Spot dilutions (diluted ten-fold) of the indicated strains grown +/- xylose (to induce gene 

expression) or +/- glucose (non-inducer control).  

Strain key (Caulobacter): WT (EG2366), ftsW**I* (EG1557), Pxyl dipM (EG2771), Pxyl pbpX 

(EG2772), ftsW**I* dipMΔC Pxyl dipM (EG2779), ftsW**I* pbpXΔC Pxyl pbpX (EG2781).  
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Figure 39. The ability of hyperactive ftsW to suppress loss of fzlA is conserved. 

(A) Micrographs of PG synthase hyperactive mutant cells ± FzlA in Agrobacterium tumefaciens. 

fzlA was induced where indicated with IPTG and depleted where indicated upon removal of 

IPTG, then grown for 16 hours on agarose pads. White arrowheads mark ectopic poles at 

midcell. Scale bar: 2 µm. 

(B) Spot dilutions (diluted ten-fold) of the indicated strains grown in the presence or absence of 

IPTG to control fzlA expression, in A. tumefaciens. 
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(C) Phase contrast time-lapse microscopy images depicting WT and PG synthase hyperactive 

mutant cells depleted of FzlA over time. White arrowheads mark ectopic poles at midcell. Scale 

bar: 2 µm.  

Strain key (A. tumefaciens): WT (PBA44)(Figueroa-Cuilan et al., 2016); ΔfzlA PlacfzlA 

(PBA199); ΔfzlA PlacfzlA ftsWF137L (PBA232). 
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Figure 40. FzlA is required for activation of FtsWI and regulates the geometry of PG 

insertion. 

FzlA is required for activation of FtsWI and likely signals (solid arrow) through unidentified 

intermediate factor(s), possibly via its C-terminus, in a manner dependent on interaction with 

FtsZ to effect normal cell shape, normal constriction rate, and antibiotic resistance (left). FzlA 

may also or alternatively contribute to cell wall synthesis activation by influencing FtsZ 

dynamics (dashed arrow, left). FtsW**I* can still receive input from FzlA (either through 

signaling, influence of FtsZ dynamics or some combination of both), which in addition to its own 

hyperactivity, leads to faster constriction and antibiotic sensitivity likely associated with positive 

misregulation of PG insertion (middle). FtsW**I* can function in the absence of FzlA, but with 

misregulated activity, leading to twisting during constriction, slower constriction speed, and 

increased antibiotic sensitivity (right). 
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Materials and Methods 

 

4.1   Plasmid construction 

Plasmids were created using standard molecular cloning procedures including PCR, restriction 

digestion, and ligation, unless otherwise indicated. Creation of the fzlA mutant gene library was 

performed using Multi SiteDirected Mutagenesis Kit (Agilent Genomics), described briefly 

here. First, a list of potential FtsZ-interacting residues was first complied based on a number of 

criteria. Residues chosen were generally surface-exposed, charged, conserved across a-

proteobacteria or a combination of these factors. Mutagenesis was then performed using a 

QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent Genomics). Primers were 

designed using Agilent’s QuikChange Primer Design Program and contained 1-4 mutated 

residues each. The resulting mutations were non-conservative, containing either charge reversals 

(for charged residues) or dissimilar amino acids (eg, Ala for Trp). Mutations were made in 

pEG910 (pVCHYN-2 fzlA), a plasmid encoding a vanillate-inducible mCherry-fzlA fusion, for 

use in in vivo screening. Mutagenesis of ftsW for A. tumefaciens was similarly performed using a 

QuikChange Lightning Multi SiteDirected Mutagenesis Kit (Agilent Genomics), with primers 

designed using Agilent's QuikChange Primer Design Program, as described above and 

previously (Lariviere et al., 2018). Finally, pEG1345 was constructed using an NEBuilder HiFi 

DNA Assembly Cloning Kit (NEB). 
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4.2   Strains 

Caulobacter crescentus strains were derived from the NA1000 WT strain. Unless otherwise 

indicated, Caulobacter colonies were isolated from solid 1.5% agar peptone yeast extract (PYE) 

plates grown at 30 °C and cells were grown in liquid culture in PYE shaking at 30 °C (Meier et 

al., 2016). Antibiotic MIC analysis was performed using antibiotic test strips (Liofilchem), 

which include a concentration gradient of 0.016-256 mg/L for all antibiotics tested. Inducers	

and	antibiotics	were	added	to	liquid	(and	solid)	PYE	media	at	the	following	concentrations:	

0.3	(0.3)%	xylose,	0.3	(0.3)%	glucose,	0.5	(0.5)	mM	vanillate,	5	(25)	µg	ml-1	kanamycin,	25	

(100)	µg	ml-1	spectinomycin,	(5	µg	ml-1)	streptomycin,	and	1	(1)	µg	ml-1	chloramphenicol.	

Where indicated, Caulobacter cells were treated with 6 µg	ml-1	of cephalexin. Prior	to	induction	

or	depletion,	cells	were	washed	three	times	in	plain	PYE.	

 A. tumefaciens were grown in A. tumefaciens glucose and (NH4)2SO4 (ATGN) minimal 

medium (Morton and Fuqua, 2012), with 0.5% glucose at 28°C. E. coli strains were grown in LB 

medium at 37°C. IPTG was added at a concentration of 1 mM when necessary. To make the 

ΔfzlA PlacfzlA strain (PBA199), first, a mini-Tn7 vector containing IPTG inducible fzlA, along 

with the pTNS3 helper plasmid, were introduced into DtetRA a-attTn7 cells (PBA44) via 

electroporation as previously described (Figueroa-Cuilan et al., 2016). Deletion of fzlA (for 

PBA199) and allelic exchange of ftsW (for PBA232) were subsequently performed by 

transferring the corresponding suicide vector to A. tumefaciens via conjugation with E. coli S17.  

 

4.3   Spot dilutions, growth analysis, and synchrony  

Spot dilutions for Caulobacter were performed by serially diluting cells at the indicated fraction 

(1/10 or 1/2), before plating. Growth rates were obtained by measuring optical density at 600 nm 
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(OD600) values every 30 minutes of cells grown in a 96-well plate shaking at 30°C, using a Tecan 

Infinite 200 Pro plate reader. Caulobacter cell synchrony was performed as previously described 

(Goley et al., 2011). Briefly, log phase cells were washed with M2 salts (6.1 mM Na2HPO4, 3.9 

mM KH2PO4, 9.3 mM NH4Cl) (Hottes et al., 2004), resuspended in 1:1 M2:Percoll, then 

centrifuged at 11,200 x g. The swarmer band was isolated, and cells were subsequently washed 

twice in M2, then resuspended in PYE.  

 For A. tumefaciens spot dilutions, cells were grown overnight in ATGN minimal medium 

in the presence of IPTG at 1 mM concentration, washed, then pre-depleted of IPTG for 16 hours 

where indicated. Cells were then serially diluted (ten-fold) and spotted on ATGN minimal 

medium with the presence or absence of IPTG. 

 

4.4   Protein Purification 

FtsZ, FtsZDCTL, and FtsZDCTLC were expressed in E. coli Rosetta (DE3) pLysS and purified 

as previously described (Sundararajan et al., 2015). To purify His6-FzlA for crystallization and 

co-sedimentation, FzlA (GenBank ID ACL97219.2, UNIPROT number A0A0H3CDY2) was 

cloned with an N-terminal His6-tag. The protein was expressed at 37°C in E. coli C41 (DE3) 

cells for 4 hours. Cells were lysed in buffer A (50 mM Tris, 300 mM NaCl, 40 mM imidazole, 

pH 8.0) by passing through a Constant Systems cell disruptor at 25 kpsi. The soluble fraction 

was loaded on a nickel column (2x5 ml HisTrap, GE Healthcare), washed thoroughly with 250 

ml buffer A and the protein was eluted by 0-1 M imidazole gradient. Peak fractions were pooled, 

concentrated and subjected to size-exclusion chromatography on Sephacryl S200 (GE 

Healthcare) in buffer B (50 mM Tris, 300 mM NaCl, pH 8.0). Peak fractions were concentrated 

to 10 mg/ml and stored at -80°C.  
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 To purify untagged FzlA for biochemical characterization, His6-SUMO-FzlA or FzlA 

mutant was first expressed at 30°C in Rosetta (DE3) pLysS E. coli cells for 4 hours following 

induction with 0.25 to 1mM isopropylthioglactoside (IPTG). Cells were pelleted by 

centrifugation at 6,000 x g for 10 minutes at 4°C, then resuspended in 40 ml buffer A (50 mM 

HEPES-KOH, 300 mM KCl, 20 mM imidazole, 10% glycerol, pH 7.2) per 1 L of culture, and 

snap frozen in liquid nitrogen. The cell suspension was thawed and incubated at room 

temperature for 1 hour, after receiving the following additives: 1 mg ml-1 lysozyme, 2 mM 

phenylmethyl sulphonyl fluoride (PMSF), 2 units ml-1 DNAse I (New England Biolabs), and 2.5 

mM MgCl2. Cells were sonicated, then centrifuged at 15,000 x g for 30 minutes at 4°C. The 

supernatant was filtered and loaded onto a HisTrap FF 1 ml nickel column (GE Life Sciences). 

The column was washed first with 100% buffer A, then 3% buffer B (50 mM HEPES-KOH, 300 

mM KCl, 1 M imidazole, 10% glycerol, pH 7.2) to remove non-specifically bound proteins. The 

His6-tagged protein eluted upon addition of 30% buffer B. Peak fractions were concentrated, 

then simultaneously incubated with His6-ULP protease to cleave the His6-SUMO tag and 

dialyzed overnight into buffer A. The solution was again loaded onto a HisTrap FF 1 ml nickel 

column and the flow through was collected, concentrated, and dialyzed overnight into storage 

buffer (50 mM HEPES-KOH, 300 mM KCl, 10% glycerol, pH 7.2), before being snap-frozen in 

liquid nitrogen and stored at -80°C.  

 

4.5   Crystallization and structure determination 

Initial conditions were identified at the MRC-LMB crystallization facility (Stock et al., 2005). 

His6-FzlA yielded cubic crystals in the following conditions: 50% PEG 200, 0.2 M NaCl, 0.1 M 

sodium potassium phosphate pH 6.2. Crystals diffracted to 2 Å and a native dataset was collected 
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in house using a Rigaku X-ray generator. Heavy metal derivatives were obtained by soaking the 

native crystals with ethyl mercury thiosalicylate (EMTS). The soaked crystals diffracted to 3 Å 

in house. FzlA crystals belonged to spacegroup I213 with one molecule in the asymmetric unit. 

Cell constants were a = b = c = 124.33 Å. Initial phases were determined with autoSHARP 

(Vonrhein et al., 2007). The model was built with MAIN (Turk, 2013) and refined with PHENIX 

. For more details please refer to Table 1. The structure was deposited in the Protein Data Bank 

(PDB) with code 5NR1. 

 

4.6   Bacterial Two-Hybrid (BTH) Analysis 

Bacterial two-hybrid testing was performed as described by Karimova et al (Karimova et al., 

1998). Briefly, we constructed plasmids containing genes of interest fused to the T18 and T25 

domains of the adenylate cyclase gene, which were then transformed into BTH101 E. coli cells. 

Transformants were grown overnight in liquid culture with 0.5 mM IPTG, then plated on agar 

containing 0.5 mM IPTG and 40 µg/ml X-gal. In strains where the T18 and T25 fusions 

interacted, expression of b-galactosidase resulted in blue colonies.  

 

4.7   Co-immunoprecipitation  

The co-immunoprecipitation was performed as previously described (Bowman et al., 2008) 

without crosslinking and with a few other notable differences. Cell cultures were grown to 

exponential phase in 1L of PYE medium, then pelleted. Pellets were washed and re-suspended in 

co-immunoprecipitation buffer [20mM HEPES pH 7.5, 100mM NaCl, 20% glycerol, Pierce 

Protease Inhibitor Tablet (1 tablet/liter)]. The cell suspension was passed through a French press 

at 16,000 psi three times to achieve lysis. Membranes were solubilized by the addition of 
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IGEPAL CA-630 (1%), sodium deoxycholate (0.5%), and 2mM EDTA. 3xFLAG-FzlA was then 

immunoprecipitated using anti-FLAG affinity agarose gel (Sigma), and bound proteins were 

eluted using excess FLAG peptide (Sigma). Samples were subjected to immunoblot analysis (see 

antibodies and immunoblotting section below). 

 

4.8   FtsZ activity assays 

All biochemical assays were performed with 2 µM FtsZ and 4 µM FzlA in MESK 

polymerization buffer (50 mM MES [pH 6.5], 50 mM KCl) unless indicated otherwise. For high 

speed co-sedimentation assays, unless otherwise indicated, FzlA ± FtsZ in MESK 

polymerization buffer containing 10 mM MgCl2, 2 mM GTP, and 0.05% Triton X-100 were 

incubated in triplicate for 15 minutes at room temperature, then were centrifuged at 280,000 x g 

for 15 min at 25oC. Low speed co-sedimentation assays were similarly performed, but solutions 

instead contained 2.5 mM MgCl2 and were centrifuged at 16,000 x g for 15 min at room 

temperature. Pellet and supernatant from each sample were resolved by SDS-PAGE and stained 

with Coomassie Brilliant Blue. Gels were imaged with a Gel Doc EZ Gel Imaging System 

(BioRad) and band intensity was quantified using Image Lab (BioRad). Band intensities were 

used to calculate the percentage of FzlA present in the pellet. 

 Right angle light scattering (RALS) of FzlA ± FtsZ in MESK polymerization buffer with 

2.5 mM MgCl2 and 2 mM GTP was measured using a Fluoromax-3 spectrofluorometer (Jobin 

Yvon Inc.) with 350 nm excitation and emission wavelengths and 2 nm slits. Transmission 

electron microscopy (TEM) was performed on FzlA ± FtsZ in MESK polymerization buffer with 

2.5 mM MgCl2 and 2 mM GTP using 0.75% uranyl formate staining as previously described 

(Sundararajan et al., 2015). TEM Samples were imaged using a Philips/FEI BioTwin CM120 
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TEM equipped with an AMT XR80 8 megapixel CCD camera (AMT Imaging, USA). GTPase 

activity of FtsZ (1.75 µm) ± WT or mutant FzlA protein (3.5 µm) was measured in triplicate 

using a colorimetric SensoLyte MG Phosphate Assay Kit (AnaSpec), following the company’s 

protocol.  

 

4.9   Antibodies and Immunoblot analysis   

For immunoblotting of whole cell lysates, log phase cells were pelleted, then resuspended and 

boiled in SDS-PAGE loading buffer. For co-immunoprecipitation, eluted samples were boiled in 

SDS-PAGE loading buffer. Samples were resolved by SDS-PAGE, and protein was 

subsequently transferred to nitrocellulose membranes. Membranes were first probed with a-FzlA 

(Goley et al., 2010b) (1:5,000 - 1:8,000), a-HU (Bowman et al., 2010) (1:50,000; loading 

control), a-FtsZ (1:20,000) or a-RFP (1:2,000) primary antibodies, then incubated with HRP-

conjugated a-rabbit (1:10,000 - 1:20,000) secondary antibody, or probed with a-FLAG (Sigma) 

(1:1,000) primary antibody, then incubated with HRP-conjugated a-mouse (1:10,000) secondary 

antibody. Membranes were subsequently imaged with an Amersham Imager 600 RGB gel and 

membrane imager (GE). 

 

4.10   Light microscopy imaging and analysis  

Images of log phase Caulobacter cells were obtained using either phase contrast 

microscopy, with cells grown on either 1% agarose PYE pads or 1% agarose dH2O pads, or, 

when indicated, fluorescence microscopy, with cells grown on 1% agarose dH2O pads. For 

fluorescence microscopy, mNG-FtsZ expression was induced for 1 hour with xylose then imaged 

through the GFP filter and venus-MreB expression was induced for 2 hours with xylose then 
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imaged through the YFP filter. For determination of PG incorporation localization, cells were 

pulsed with 0.82 mM HADA for 5 minutes, washed twice with PBS, then visualized through the 

DAPI filter. For other fluorescence imaging experiments, an ET-dsRED filter cube was used for 

mCherry and ET-EGFP for Venus. For time-lapse imaging, as previously described (Lariviere et 

al., 2018), synchronized cells were placed on 1% agarose PYE pads and imaged using phase 

contrast microscopy at room temperature (RT), with images being acquired at 5 minute intervals 

at 100x. Imaging of Caulobacter cells was performed using a Nikon Eclipse Ti inverted 

microscope with a Nikon Plan Fluor × 100 (numeric aperture 1.30) oil Ph3 objective and 

Photometrics CoolSNAP HQ2 cooled CCD (chargecoupled device) camera (Lariviere et al., 

2018). For A. tumefaciens phase contrast microscopy, exponentially growing cells were spotted 

on 1% agarose ATGN pads as previously described (Howell et al., 2017), then imaged. For A. 

tumefaciens time-lapse microscopy, images were collected every ten minutes. Microscopy of A. 

tumefaciens cells was performed with an inverted Nikon Eclipse TiE with a QImaging Rolera 

em-c2 1K EMCCD camera and Nikon Elements Imaging Software.   

Images were processed in Adobe Photoshop. For automated determination of dimensions 

of log phase cells, cell length and width were measured using FIJI (Fiji: an open-source platform 

for biological-image analysis | Nature Methods, n.d.) and MicrobeJ software, similar to as 

previously described (Ducret et al., 2016; Lariviere et al., 2018). Constriction rate and elongation 

rate were also determined using MicrobeJ (Ducret et al., 2016). Briefly, MicrobeJ software 

allowed for tracking of cells imaged by time-lapse microscopy throughout the division process, 

with automatic detection of constriction initiation (based on changes in positive envelope 

curvature near midcell) and manual determination of cell separation. Cell length was found for 

cells at each time point, cell width was found at the site of constriction (in chapter 2, cell width 
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was measured approximately at midcell; in chapter 3, this method was refined to specifically 

determine cell width at the site of constriction), and constriction time was calculated by 

multiplying the number of frames in which constriction was detected by 5 (since images were 

acquired every 5 minutes), allowing for calculation of constriction and elongation rates. 

Constriction failure rate was determined by counting the number of cells which initiated 

constriction at one division site, failed, then ultimately divided at a separate site. Prism was used 

for graphing and statistical analysis of calculated terms.  

 

4.11   Cell shape analysis 

 For cell shape analysis, binary masks of phase contrast images (created using ImageJ 

and/or FIJI) of log phase cells (synchronized cells in chapter 2; unsynchronized cells in chapter 

3) were inputted into Celltool (Pincus and Theriot, 2007), allowing for creation of cell contours, 

similar to as previously described (Lariviere et al., 2018). Following alignment of cell contours 

(allowing for reflection in shape analysis performed in chapter 2; not allowing for reflection for 

shape analysis in chapter 3), a model of cell shape was created and principal component analysis 

of cell shape variation is performed using Celltool (Pincus and Theriot, 2007). The model created 

in chapter 2 accounts for 97.3% of the variation in shape among cells in these populations and 

the model created in chapter 3 accounts for 99.1% of the variation in shape among cells in these 

populations. The shape modes of interest were either plotted as histograms displaying the cell 

shape across two dimensions, or as single data points. In chapter 3, R software was used to 

perform statistical analyses to compare population variances in shape modes across strains. 

Prism was used for graphing calculated terms.   



 162 

Maximum pole curvature of synchronized cells was quantified via Celltool, using a 

plugin created by the Pincus lab (Washington Univeristy-St. Louis). Specifically, the maximum 

instantaneous curvature (the inverse of the radius of the oscillating disc) at the poles was 

determined and averaged across the two poles for each individual cell. 

 

4.12   Scanning electron microscopy sample preparation and imaging 

 For SEM, log phase cells were incubated on poly-lysine (1:10) coated glass cover slip for 

15 minutes, then fixed for 1 hour using fixation buffer (1% glutaraldehyde, 0.02 M cacodylate, 

and 3 mM MgCl2). Cells were gradually dried by washing 3 times with wash buffer (3% sucrose, 

0.02 M cacodylate, and 3 mM MgCl2), twice with dH2O, once each with 30%, 50%, 70%, 90%, 

100% ethanol, once with 1:1 ethanol:hexamethyldisiloxane (HMDS), and once with HMDS at 5 

minute intervals each, before desiccation overnight. Cover slips were mounted, then coated with 

a 15 nm gold palladium sputter coat. Samples were then imaged with a LEO/Zeiss Field-

emission SEM.  

 

4.13   Transposon library preparation, sequencing, and analysis  

Wild type Caulobacter crescentus NA1000 (EG2366) or ftsW**I* triple mutant (EG1557) cells 

were grown in a large culture (1 liter) to mid-log (0.4-0.6), washed of excess Mg2+ with 10% 

glycerol, and mutagenized with the Ez-Tn5 <Kan-2> transposome (Epicentre). Cells recovered 

by shaking at 30 °C for 90 minutes, then plated on kanamycin containing plates for 3 days at 30 

°C in order to yield roughly 100-500 colonies per plate. Libraries were grown at 30 °C and 

comprised ~100,000-200,000 colonies each. Mutants were pooled into one library by scraping 

colonies from the surface of the agar and added into ~25-40 mL PYE. Pooled libraries were 
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shaken to yield a homogenous slurry and sterile glycerol was added to 20%. Libraries were then 

frozen in liquid nitrogen and stored at -80 °C. Two libraries of each genetic background were 

prepared individually and compared as biological replicates. 

 Genomic DNA was extracted from one aliquot of each library using DNeasy Blood and 

Tissue Kit (Qiagen). Tn-Seq libraries were prepared for Illumina Next-Generation sequencing 

through sequential PCR amplifications using arbitrary hexamer primers and Tn5-specific primer 

facing outward for the first round, and indexing primer sets that include unique molecular 

identifier to filter artifacts arising from PCR duplicates for the second round. Libraries were then 

pooled and sequenced at the University of Massachusetts Amherst Genomics Core Facility on 

the NextSeq 550 (Illumina).  

For analyses, reads were demultiplexed by index, then each sample Tn-Seq library was 

concatenated and clipped of the unique molecular identifier linker from the second PCR using Je 

(Girardot et al., 2016) and the following command:  

java -jar /je_1.2/je_1.2_bundle.jar clip F1=compiled.gz LEN=6 

Clipped reads were then mapped back to the Caulobacter NA1000 genome (NCBI Reference 

Sequence: NC_011916.1) using BWA (Li and Durbin, 2010) and sorted using Samtools (Li et 

al., 2009):  

bwa mem -t2 clipped.gz | samtools sort -@2 - > sorted.bam 

Duplicate reads were removed using Je (Girardot et al., 2016) and indexed with Samtools (Li et 

al., 2009) using the following command: 

java -jar /je_1.2/je_1.2_bundle.jar markdupes I=sorted.bam O=marked.bam 

M=METRICS.txt MM=0 REMOVE_DUPLICATES=TRUE 

samtools index marked.bam 
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5' sites of inserted transposons from each library were converted into  .wig files containing 

counts per position and viewed using Integrative Genomics Viewer (Robinson et al., 2011; 

Thorvaldsdóttir et al., 2013). Coverage and insertion frequency using a bedfile containing all 

open reading frames from NC_011916.1 with the outer 20% of each gene removed were 

determined using BEDTools (Quinlan and Hall, 2010) and the following commands:  

bedtools genomecov -5 -bg marked.bam > marked.bed 

bedtools map -a NA1000.txt -b marked.bed -c 4 > output.txt 

 

Comparison of transposon insertions was performed using the edgeR package in the 

Bioconductor suite (Robinson et al., 2010; McCarthy et al., 2012) using a quasi-likelihood F-test 

(glmQLFit) to determine the false discovery rate adjusted p-values reported here.   

 

4.14   Quantification and Statistical Analysis 

Constriction analysis was performed using FIJI and MicrobeJ, as indicated in the Method Details 

section. Cell shape analysis was performed using Cellool, as indicated in the Method Details 

section. Tn-Seq analysis using Je, BWA, Samtools, BEDTools, Integrative Genomics Viewer, 

and the edgeR package in the Bioconductor suite, as indicated in the Method Details section. 

Prism GraphPad, and where indicated, R, were used perform statistical analyses. Information 

regarding individual statistical test parameters can be found in the figure legends.  

 

4.15   Data Availability 

The Tn-Seq data have been deposited on BioProject (ID: PRJNA526509) and can be accessed at 

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA526509. 
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