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A genetic dissection of the interactions between the CbtA toxin of Escherichia coli and the 

bacterial cytoskeleton 

 

Abstract 

 Prokaryotic chromosomal toxin-antitoxin (TA) systems, consisting of a stable toxin and a labile, 

cotranscribed antitoxin, have been shown to target a number of essential processes in bacteria. The 

Escherichia coli genome encodes multiple chromosomal TA systems, including a family of three 

homologous systems, cbtA/cbeA, ykfI/yafW, and ypjF/yfjZ, that targets the bacterial cytoskeleton. Upon 

overproduction of the CbtA, YkfI, or YpjF toxins, E. coli cells adopt a lemon-like morphology, reminiscent 

of that seen upon simultaneous inhibition of cell division and cell elongation pathways. Consistent with 

this observed morphology, previously published work has shown that the CbtA toxin interacts with both 

the tubulin-homolog FtsZ, the master regulator of cell division, and the actin-homolog MreB, an essential 

cell elongation factor. Despite these findings, it has not been demonstrated that the interactions of CbtA 

with MreB and FtsZ are directly responsible for its observed cellular toxicity, nor have any mechanistic 

details been revealed. The goal of this research was to elucidate the molecular basis for CbtA toxicity by 

genetically characterizing the interactions between CbtA and its cytoskeletal targets.  

By means of a transcription-based bacterial two-hybrid system, we can detect interactions 

between CbtA and both FtsZ and MreB. In Chapter 2 of this dissertation, I describe the isolation and 

characterization of two CbtA mutants, each of which interacts with only a single cytoskeletal target. CbtA-

F65S is unable to bind FtsZ, but maintains interaction with MreB, whereas CbtA-R15C exhibits the 

reverse interaction profile. Morphological observation of cells overproducing each of these variants 

establishes that the observed effects of CbtA on cell division and cell elongation are genetically 

separable. I show further that in combination, the substitutions F65S and R15C alleviate the toxicity of 

CbtA, consistent with the premise that CbtA toxicity depends on its interactions with both FtsZ and MreB.  

In Chapters 3 and 4, I describe our efforts to map the CbtA-binding determinants on FtsZ and 

MreB, respectively. Through bacterial two-hybrid studies and the development of a Bacillus subtilis 
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heterologous system, we have identified the H6/H7 loop of FtsZ as the CbtA-binding site and provided 

additional evidence that the CbtA-FtsZ interaction contributes directly to the observed cellular toxicity. 

Two-hybrid studies indicate that YkfI and YpjF also interact with the H6/H7 loop of FtsZ, and we believe 

that this represents a new FtsZ inhibitory interaction. Based on FtsZ structural studies, the H6/H7 loop is 

thought to be important for FtsZ protofilament formation, and thus we propose that CbtA binding to this 

surface loop blocks FtsZ polymerization. Furthermore, residues in this loop have been implicated in FtsZ 

bundling, suggesting that CbtA may also inhibit the formation of stabilizing lateral interactions. We 

employed similar genetic methods to characterize the interaction between MreB and CbtA. Two-hybrid 

and morphology data presented in Chapter 4 of this dissertation suggest that CbtA interacts with the flat 

MreB surface that mediates formation of the functionally active MreB double filament.  In total, the genetic 

analysis presented in this dissertation establishes that CbtA toxicity depends on independent interactions 

of CbtA with the tubulin homolog FtsZ and the actin homolog MreB, as well as providing molecular insight 

into the basis of this dual inhibitory action.  
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Chapter 1: Introduction 

 

Attributions: I wrote this chapter in its entirety with helpful editorial assistance from my advisor, Ann 

Hochschild. 

 

Chapter 1.1: Overview 

 The CbtA protein of E. coli is the toxin component of the chromosomally encoded CbtA-CbeA 

toxin-antitoxin (TA) system. As this designation implies, overexpression of the cbtA gene inhibits growth, 

which can be overcome by co-expression of the upstream antidote gene cbeA (1-3). Among the many TA 

modules characterized to date, the CbtA toxin is unique both in the cellular factors it targets and in the 

manner in which its cognate antitoxin is thought to neutralize its toxicity. CbtA is a potent modulator of cell 

shape; overproduction of this toxin causes cells to lose their characteristic rod-shape, becoming inflated 

lemons incapable of proper growth or propagation (2). The aim of this dissertation is to provide a genetic 

understanding of the mechanism by which CbtA mediates toxicity and disrupts cell shape. In E. coli, as in 

most other bacteria, morphology is defined by the peptidoglycan sacculus (4), which is built by the 

coordinated efforts of two major protein complexes, the cell elongation complex and the cell division 

complex (reviewed in (5,6)). As work described here will illustrate, the CbtA toxin has the remarkable 

ability to bind and inhibit an essential component in each of these shape-defining complexes. 

   In this introductory chapter, three main topics are discussed. First, I provide a brief overview of 

TA systems, a diverse group of bacterial growth inhibitors and their neutralizing partners that are 

increasingly thought to play a role in the bacterial stress response. Though the work presented in this 

dissertation focuses on the interactions between the CbtA toxin and its targets, it is important to consider 

the full picture of TA biology as it may be relevant to the regulation and physiological function of CbtA 

toxicity. Second, I discuss two essential pathways, cell division and cell elongation, and their role in cell 

morphogenesis; I introduce the essential bacterial cytoskeletal elements, FtsZ and MreB, that mediate 

these processes and which are targeted by the CbtA toxin. Finally, I describe what was known about the 

CbtA inhibitor prior to initiation of this work, establishing the driving questions that motivated our 

investigation.   
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Chapter 1.2: Prokaryotic toxin-antitoxin systems exhibit diversity in regulation and targets 

 Prokaryotic TA systems are genetic modules that consist of a small, stable toxin protein co-

expressed with a less stable antitoxin (reviewed in (2,7-10)). The toxin protein causes growth arrest or 

cell death in the cell in which it is produced, and the antitoxin neutralizes this toxicity. Since their initial 

discovery in the 1980s, TA operons have been found on extra-chromosomal plasmids (4,11,12) and 

within phage (13) and prokaryotic genomes (14), showing them to be ubiquitous within prokaryotes. The 

characterization of many of these TA systems has revealed that this group of genetic elements is marked 

far more by diversity than uniformity. Currently, TA systems are classified as one of six different types 

(Type I-VI) based on the mechanism employed by the antitoxin to neutralize its cognate toxin effector 

(summarized in Figure 1.1 and reviewed in (9)). Types I-III are the best-characterized classes, while 

Types IV-VI have been described more recently with fewer identified members. Across all classes, toxin 

genes encode protein effectors, whereas cognate antitoxins are either non-coding RNAs (Type I and III) 

or small proteins.  

In a Type I system, the antitoxin is a small RNA that binds to the toxin mRNA, preventing its 

translation through one of several identified mechanisms (15). The first Type I TA system identified was 

the hok/sok pair, homologs of which are found on the R1 plasmid (11) and the E. coli chromosome (16). 

The Hok toxin, like the majority of known Type I toxins is a small, hydrophobic peptide that inserts into the 

inner membrane, disrupting membrane function and causing cell death (17). The Sok sRNA antitoxin 

prevents translation of the hok mRNA by base pairing to the leader sequence of the hok mRNA and 

blocking the Shine-Dalgarno sequence of the leader-peptide required for efficient translation of Hok 

(15,18). 

In a Type II TA system, the antitoxin and toxin are co-transcribed from the same promoter 

(located upstream of the antitoxin gene) and translated; the antitoxin protein directly binds the toxin 

protein, forming a neutralized complex (10). Type II antitoxins typically are composed of two domains, a 

toxin-binding domain that is intrinsically disordered in the absence of toxin, and an N-terminal DNA-

binding domain (9,10,19,20). Antitoxins bind within their respective TA operon promoter region via this N-

terminal domain, functioning as transcription autoregulators; in most cases the toxin acts as a co-

repressor, not by directly accessing the DNA but by enhancing antitoxin binding to the promoter 
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(10,21,22). Type II toxins are relatively stable, whereas their cognate antitoxins are actively degraded by 

cellular proteases Lon (23-25) or ClpP (25-27). The majority of characterized Type II toxins are mRNases 

that inhibit translation in either a ribosome-dependent or ribosome-independent manner (9). One of the 

best-studied Type II TA systems is the relBE system, which is found both on plasmids and bacterial 

chromosomes (28); this module encodes the RelE toxin, a ribosome-dependent mRNA interferase that 

binds the 16S ribosomal subunit to mediate codon-specific cleavage of mRNAs positioned in the A site, 

thus inhibiting protein synthesis (29,30). The RelB antitoxin has only weak affinity for the relBE promoter 

sequence but binds very tightly to DNA when toxin and antitoxin levels are comparable; under these 

conditions, two RelB2-RelE complexes can access the relBE promoter and strongly repress transcription. 

When RelE levels are increased, RelB2-RelE2 complexes are formed; however, the promoter cannot 

accommodate two RelB2-RelE2 complexes and repression is relieved (9,20,31). This conditional 

cooperativity of DNA-binding is exhibited by many Type II TA systems, including phd/doc (21), parDE 

(32), and vapBC (33), and may have important implications for reversing toxin-mediated growth arrest 

(9,34,35).   

 The representative Type III TA system, toxIN, was discovered on a cryptic plasmid in the 

bacterium Pectobacterium atrosepticum subsp. atroseptica (36); this system encodes the protein toxin, 

ToxN, and an upstream sRNA antitoxin, ToxI. ToxN is an enzyme with ribonuclease activity that cleaves 

several mRNAs, including its own transcript; this processing releases active ToxI RNA pseudoknots, 

which bind within the active site of ToxN (37). Three ToxI pseudoknots binds to three ToxN monomers, 

forming a neutralized trimeric complex (15,37).  

 In TA Types IV, V, VI, many of the schemes discussed above are rearranaged into alternative 

neutralization strategies. In the only known Type IV system, cbeA/cbtA (formerly named yeeUV), both 

toxin and antitoxin elements are proteins, but unlike the protein partners found in Type II modules, the TA 

components of this system do not physically interact (1,2,38). Instead, the CbeA antitoxin is thought to 

counteract CbtA toxicity by stabilizing its targets (38). This system will be described in more detail later in 

this chapter. The only identified Type V system, ghoST of E. coli, illustrates another variation of mRNA 

cleavage by TA elements; in this case, the GhoS antitoxin is an endoRNase that specifically cleaves the 

ghoT mRNA (39). Furthermore, the GhoT toxin is a highly hydrophobic transmembrane protein that, like 
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Figure 1.1: There are six classes of TA systems. A schematic of the operon arrangement, general 

growth inhibition strategy employed by the toxin, and the mechanism of antitoxin neutralization are shown  
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Figure 1.1 (Continued) 

for TA Types I-VI. In each case, the antitoxin component is shown in green, and the toxin is shown in 

blue. The cellular targets are shown in pink for Types II, III, and VI. The two cytoskeletal targets inhibited 

by the Type IV toxin are shown in pink and purple. 
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Type I toxins, kills cells by damaging the inner membrane (39). Finally, in the Type VI socAB system of 

Caulobacter crescentus, the differential stabilities of the toxin and antitoxin components are reversed. The 

SocB toxin protein is constitutively degraded by the ClpXP protease; the SocA antitoxin protein binds both 

its cognate toxin and the N-terminal domain of ClpX, acting as an adaptor to promote SocB proteolysis 

(40). The labile SocB toxin also exhibits a novel mechanism of growth inhibition, targeting the DnaN 

sliding clamp and blocking DNA replication elongation (40). 

 

Chapter 1.3: TA systems in plasmid maintenance and bacterial stress response 

TA systems were first discovered in the context of plasmid-based “addiction” modules that 

promote stable plasmid maintenance within a growing population of cells (11,12,41). Both the Type II 

ccdA/ccdB module of the mini-F plasmid (12) and the Type I hok/sok system of the E. coli R1 plasmid 

(11) were found to promote plasmid maintenance through a mechanism termed post-segregational killing, 

which relies on the differential stabilities of the toxin and antitoxin molecules. A cell harboring the TA-

encoding plasmid will continually replenish levels of the labile antitoxin, allowing for continued 

neutralization of the more stable cellular toxin. However, if during cell division, the TA-encoding plasmid is 

not properly partitioned, de novo synthesis of the antitoxin ceases in the plasmid-free daughter cell, levels 

of pre-existing antitoxin are rapidly depleted, and the toxin is liberated, ultimately causing cell death (23). 

This selective killing of plasmid-free cells renders the population addicted to the antitoxin and the gene 

encoding it, ensuring continued propagation of the plasmid.  

Since their initial discovery on plasmids, mining of genomic sequences has revealed that TA 

systems are extremely well-represented on the chromosomes of prokaryotes (14,42). The genomes of 

most free-living bacteria and archaea contain at least one chromosomal TA locus, with some organisms 

harboring dozens (14); the human pathogen Mycobacterium tuberculosis contains a remarkable 88 

putative TA loci, 30 of which were functionally validated by overexpression in Mycobacterium smegmatis 

(43). Most of these chromosomal systems seem to have been obtained through horizontal gene transfer 

and are found on mobile genetic elements such as prophages or insertion sequences (14,41).  

Whereas the role of plasmid-encoded TA systems as stabilization elements is clear, the function 

of their chromosomally encoded counterparts is less obvious. A wide range of physiological roles have 
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been ascribed to TA loci (44). Some researchers have suggested that chromosomal TA systems primarily 

function as selfish genetic elements that assure their preservation within a population but provide no 

benefit to the host cell (41), while others propose that these addiction modules may help maintain less 

stable chromosomal regions, preventing gene loss (45). It has been observed in many cases that 

chromosomal Type II TA systems are activated in response to environmental stress signals (7,10). 

Stressful conditions such as amino acid starvation or exposure to antibiotics lead to the depletion of 

antitoxin levels within the cell through activation of stress-responsive cellular proteases, allowing toxins 

access to their cellular targets (27,46-48). There has been some debate as to the ultimate effects of Type 

II toxin activation (10). Engelberg-Kulka and colleagues are proponents of the programmed cell death 

model, in which nutritional stress activates the lethal MazF toxin (a ribosome-independent mRNase) in a 

subset of cells; these cells commit altruistic suicide to provide resources to the rest of the clonal 

community (27). However, others have called this model into question (49), asserting instead that Type II 

toxins induce a bacteriostatic effect that can be overcome by renewed production of the relevant antitoxin 

(9). 

The ability of chromosomal toxin-antitoxin systems to rapidly halt growth in response to 

environmental stress suggests that these systems may be functioning as prokaryotic stress response loci. 

One such role that has received extensive support in recent years is the involvement of toxin-dependent 

growth arrest in the formation of multi-drug tolerant persister cells (9,50). Cells in a persister state (which 

in a wild-type planktonic E. coli culture occur at a frequency of approximately 1 in a million) are dormant, 

allowing them to survive a range of environmental perturbations (9); importantly, once the environmental 

perturbation has been removed, persister cells can exit this dormant state, reinitiating division. The first 

gene found to be directly involved in this persistence phenotype was the hipA gene of E. coli (51); this 

gene is part of the hipAB Type II TA locus and encodes a serine-protein kinase that inactivates glutamyl-

tRNA synthetase (GltX) by phosphorylation (52,53). The hipA7 allele, first isolated in 1983, significantly 

increases the frequency of persister cells (100 to 1,000-fold) (51). Recent studies have shed light on the 

mechanism by which this high persister mutant provides heritable drug tolerance. Structural work shows 

that substitutions in the HipA dimerization interface or within the HipA-HipB interface destabilize 

neutralized higher-order TA promoter-bound assemblies, exposing the HipA active site (54). HipA-
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mediated inactivation of GltX induces the stringent response, which activates a complex cascade of 

downstream events (55,56). Production of the signaling molecule ppGpp is stimulated, which in turn 

causes accumulation of inorganic polyphosphate, activating Lon-dependent proteolysis of several Type II 

antitoxins; degradation of these antitoxins ultimately results in toxin-mediated growth arrest by Type II 

mRNases (52,53,55,56).  

Several lines of evidence point to the direct involvement of these Type II mRNase toxins (e.g. 

RelE, MazF, YoeB) in persistence. Ectopic expression of several toxins has been seen to increase 

persister frequency, while deletion of ten Type II mRNases in E. coli caused a ~100-fold reduction in the 

number of antibiotic-tolerant persister cells (57). Furthermore, microarray studies have shown that many 

Type II toxin genes are upregulated in isolated E. coli persister cells (58,59). Mathematical modeling 

studies have suggested that the conditional cooperativity displayed by chromosomal Type II TA systems 

may allow for two stable situations within a bacterial population; in the majority of cells, promoter-bound 

TA complexes keep cellular toxin levels low, but in a small subset of cells, local starvation may lead to 

degradation of antitoxin and spikes in toxin levels (9,34,35). It has been predicted (but remains to be 

tested), that eventually, in the resulting subset of dormant cells, transcriptional controls will be restored, 

allowing for resuscitation of growth (9). 

Type I TA systems have also been implicated in the formation of persister populations (9,15). 

Recently, Verstraeten et al. reported that ectopic expression of Obg, a broadly conserved, multifunctional 

GTPase, led to increased persistence by inducing expression of the hokB Type I toxin (60). HokB 

production led to membrane depolarization and an arrest of cellular respiration; it remains to be seen 

what molecular mechanisms reverse this Type I toxin-mediated dormancy (60).  

Thus, TA systems are potent effectors of growth inhibition. Whatever their exact evolutionary 

origins may be, work in recent years has made it evident that in several cases, chromosomal TA systems 

have been co-opted by bacteria to help ensure the survival of a population in the face of environmental 

stress. As this discussion has highlighted, the list of strategies employed by toxins to disrupt growth and 

by antitoxins to rescue growth, is being continually updated. One TA target that has been recently 

described is the bacterial cytoskeleton (2,3); the essential functions of the bacterial cytoskeleton are 

considered in the next section.  
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Chapter 1.4: Rod-shape determination and the bacterial cytoskeleton 

Bacterial species display a wide-range of cell morphologies, from rods, to cocci, to spirals (6). In 

the vast majority of these species, shape is dictated by the cell wall, a complex, continuous meshwork 

that surrounds the cytoplasmic membrane, providing mechanical support; indeed, isolated cell wall 

sacculi largely retain their shape even in the absence of cytoplasmic material (4,61). In Gram negative 

bacteria such as E. coli, strands of peptidoglycan (a polymer composed of alternating subunits of the 

aminosugars N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc)) are linked together by 

short peptides (the composition of which varies amongst bacterial species) into a thin cell wall layer 

sandwiched between the inner and outer membranes (61). In Gram positive bacteria such as Bacillus 

subtilis, the cell wall is a thick, multi-layered structure (61)3.  

The cell wall is assembled in three major stages. First, a team of cytoplasmic enzymes 

synthesizes the soluble, nucleotide precursors (UDP-GlcNAc and UDP-MurNAc-pentapeptide) (reviewed 

in (62)). At the inner leaflet of the cytoplasmic membrane, these precursors are then linked to the 

transport lipid (undecaprenyl phosphate), forming the lipid II intermediate (63), which is transported 

across the inner membrane by the MurJ flippase (64,65). Finally, in the periplasm, lipid II is polymerized 

into peptidoglycan strands by glycosyltransferase enzymes; these strands are incorporated into the 

existing sacculus by transpeptidase enzymes (5). The periplasmic synthetic reactions are carried out by 

the penicillin-binding proteins (PBPs), which are a family of monofunctional transpeptidases (in E. coli, 

PBP2 and PBP3/FtsI), monofunctional glycosyltransferases (MtgA), and bifunctional 

transpeptidase/glycosyltransferases (PBP1A, PBP1B, PBP1C) (5,61). In addition to these synthases, the 

shaping of the peptidoglycan layer involves a diverse group of peptidoglycan hydrolase enzymes, which 

are often highly redundant within a bacterial species; these hydrolases are involved in expanding the 

sacculus during cell growth, cleaving the septal wall during cytokinesis to allow for the separation of 

daughter cells, and they participate in the efficient recycling of peptidoglycan (5,66-68). 

In rod-shaped organisms such as E. coli, the cell wall meshwork is built by two distinct modes of 

peptidoglycan insertion (reviewed in (5,6)). New cell wall material is incorporated into the lateral sidewall 

by a group of enzymes known as the cell elongation complex; the coordinated insertion of peptidoglycan 

by this complex causes a newly divided cell to double in length. This elongated cell is then divided into 
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two daughter cells by the division complex (or divisome), which builds a new septal wall at mid-cell. Each 

of these modes is directed by a dedicated bacterial cytoskeletal element. In eukaryotes, the cytoskeleton 

is an intricate network of filament systems (actin, tubulins, and intermediate filaments) that dictates both 

cell shape and internal organization. The bacterial cytoskeleton contains homologous dynamic filament 

systems that are involved in similar processes as their eukaryotic counterparts (e.g. cell division and cell 

shape determination); however, whereas the eukaryotic cytoskeleton is a largely coherent structure that 

provides mechanical support and global coordination, the bacterial cytoskeleton is composed of filament 

systems that act by locally influencing cell wall insertion (reviewed in (69-71)). The dynamics and 

regulation of assembly also differ between eukaryotic and prokaryotic systems (69).  

Several cytoskeletal elements have been discovered in bacterial species since the 1990s (72,73), 

but the two most broadly conserved elements are FtsZ and MreB, which govern cell division and cell 

elongation, respectively. FtsZ is a tubulin homolog with GTPase activity that forms a dynamic ring 

structure at mid-cell (74). This Z ring is composed of polymerized FtsZ filaments tethered to the inner 

membrane; in E. coli ZipA and the actin-homolog FtsA serve as membrane tethers (75). The exact 

positioning and timing of Z ring formation is regulated by a complex set of modulatory proteins that act by 

inhibiting or promoting FtsZ assembly (reviewed in (76,77)). Once properly assembled at mid-cell, this Z 

ring serves as a scaffold for a large set of essential and non-essential protein components which come 

together to form the mature division complex (reviewed in (78)). After all necessary components have 

been recruited to mid-cell, the division-specific peptidoglycan transpeptidase PBP3/FtsI in conjunction 

with at least one other synthase, synthesizes septal wall; additional divisome-associated proteins 

hydrolyze the septal peptidoglycan layer and invaginate the inner and outer membranes, allowing for 

complete separation of the two daughter cells (reviewed in (68,76,79)). The molecular details of regulated 

FtsZ assembly are discussed in Chapter 3 of this dissertation.  

Cell elongation is mediated by the actin-homolog and ATPase, MreB (80,81). This essential cell-

shape determinant, which is found only in rod-shaped bacteria (82), forms dynamic filament patches that 

move circumferentially along the long axis of the cell (83,84). MreB forms antiparallel double filaments 

(85) that are peripherally associated with the inner leaflet of the cytoplasmic membrane both by internal 

membrane-binding sequences (86) and via interaction with conserved transmembrane proteins RodZ, 
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MreC, and MreD (87-91). RodZ has been shown to couple cytoplasmic MreB filaments to the periplasmic 

cell wall machinery (PBP2 and RodA), and peptidoglycan synthesis is thought to be the motor driving the 

dynamic motion of MreB (83,84,91,92). Although there are still many open questions about exactly how 

MreB functions in cell elongation, it is clear that it plays an essential role in directing lateral cell wall 

insertion and determining rod morphogenesis. Interestingly, recent evidence suggests that MreB directly 

interacts with FtsZ and may also influence septal wall synthesis (93). In Chapter 4, I discuss our evolving 

understanding of MreB polymerization and its role in cell elongation. 

Thus, these two cytoskeletal elements (in conjunction with large protein complexes) dictate cell 

geometry by directing the coordinated construction of the shape-defining cell wall. The essential role of 

these cytoskeletal elements in morphogenesis is underscored by the striking cell morphologies that result 

from disruption of their functions. Inhibition of FtsZ (with, for example, production of the SOS inhibitor 

SulA (94,95)) or perturbation of other divisome components in E. coli, leads to the formation of long, 

filamentous cells. Disruption of MreB by either depletion or A22 treatment (an MreB-specific antibiotic that 

binds within the ATP binding pocket (85,96,97)) results in a loss of rod-shape (98,99). A similar 

morphology is seen with inhibition of cell wall synthesis via treatment with beta-lactam antibiotics or 

depletion of essential enzymes (96,97). Upon disruption of cell elongation in E. coli, cells stop growing 

laterally and increase in diameter, forming spheres. In fast growth conditions (LB at 37 ºC), the cells 

continue to enlarge, eventually lysing; however, in conditions that mediate slower growth or with 

increased levels of FtsZ, these spherical cells can continue to divide (99). Targeted inhibition of FtsZ and 

MreB has been an important strategy in the investigation of their cellular functions. In the next section of 

this chapter, I describe the discovery and initial characterization of the CbtA toxin, the first identified 

inhibitor that is capable of simultaneously interfering with both of these cytoskeletal proteins.  

 

Chapter 1.5: CbtA (YeeV), YpjF, and YkfI are a family of toxins that inhibit E. coli growth 

TA modules found throughout bacterial genomes have largely been identified via homology-

based sequence mining, looking for orthologs of known TA components (14,42,100). However, in 2003, in 

an attempt to identify additional chromosomal toxin-antitoxin systems in the E. coli K-12 genome, Brown 

and Shaw used a bioinformatics mining approach that did not rely on sequence homology to  
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Figure 1.2: CbtA (YeeV), YpjF, and YkfI are a family of toxin proteins. Shown is a multiple sequence 

alignment of CbtA, YpjF, and YkfI amino acid sequences from E. coli K12 (Ecocyc). YpjF and YkfI are 

79% identical; CbtA is 57% identical to YkfI and 63% identical to YpjF. The alignment was made using 

TCoffee, and the figure was prepared in Boxshade.  

 

known TA systems, but instead identified small, co-transcribed gene pairs (1). Sorting through all 

annotated ORFs in the genome, they first identified genes encoding small proteins (65-135 amino acids in 

length), then further refined their dataset by selecting only those genes found in an operon downstream of 

a second candidate (separated by ≤ 150 bp). This method yielded 18 candidate pairs, including the genes 

yeeU/yeeVa, yafW/ykfI, and yfjZ/ypjF. These three gene pairs are found on separate cryptic prophage 

elements in the E. coli (and other closely related species) genome. 

Subsequent overexpression analysis demonstrated that expression of yeeV, ykfI, and ypjF from a 

multi-copy plasmid in E. coli caused a marked decrease in growth and viability after 2-3 hrs of induction, 

which, in the case of yeeV and ykfI, could be rescued by co-expression in cis of the gene immediately 

upstream (yeeU and yafW, respectively) (1). The proteins encoded by these three gene pairs exhibit high 

amino acid identity; the YafW/YkfI and YfjZ/YpjF pairs are ~80% identical, while the YeeU/YeeV pair is 

~60% identical to the other two (Figure 1.2). The homology of these gene pairs was underscored by the 

observation that YafW and YeeU were able to partially neutralize the toxicity mediated by overproduction 

of their non-cognate partner (1). Based on the overexpression phenotypes as well as the sequence 

identity between the gene pairs, Brown and Shaw concluded that these gene pairs represent a family of 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
a Based on findings summarized in this chapter, the yeeV gene was renamed to cbtA (2), and 
 the yeeU gene was renamed to cbeA (38). To be consistent with previously published nomenclature, I 
will use the yeeU/yeeV designation in this section while describing the work leading up to the shift to the 
cbeA/cbtA nomenclature.  
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homologous chromosomal toxin-antitoxin systems. Although, at the time, the cellular targets of the three 

toxin proteins were unknown, Brown and Shaw predicted that, due to the initial lag time and dose-

dependency of growth inhibition, the toxins likely titrated some essential growth factor.  

 

Chapter 1.6: CbtA (YeeV) causes a striking lemon-shape phenotype   

In 2011, Tan et al. observed that overproduction of the YeeV toxin in E. coli results in a striking 

phenotype (2). Over the course of several hours, cells induced for yeeV expression lost their 

characteristic rod-shape and formed swollen lemons with distinct poles; with prolonged induction, these 

lemons eventually lysed. This lemon-like morphology is reminiscent of the change in cell morphology 

induced by simultaneous block of cell elongation and cell division pathways in E. coli (2,101). 

Prior to the work by Tan et al., Varma et al. observed that combined inhibition of FtsZ (by 

overexpression of the sulA SOS inhibitor) and MreB (with 5 µg/mL A22 treatment) resulted in the 

formation of bloated, lemon-shaped cells (101). Partial inhibition of MreB (using only 2 µg/mL A22) 

caused a milder phenotype, with cells forming elongated filaments with increased cell width. 

Simultaneous inhibition of FtsZ and PBP2 yielded a similar lemon phenotype, indicating that while a cell 

elongation block is necessary for lemon formation, it is not a specific consequence of MreB inhibition. 

Varma et al. saw that upon FtsZ and MreB inhibition, peptidoglycan incorporation continued but in an 

undirected, patchy manner, leading to an increase in cell diameter. Importantly, they observed that these 

swollen lemons are distinct from the spheres and sphere-like cells produced upon MreB-inhibition alone 

as they maintain distinct polar-regions, in some cases displaying pronounced tubular extensions. Varma 

et al. observed that tubular extensions were more common in a strain deleted for the low-molecular 

weight penicillin-binding proteins, PBP5 and PBP7. However, all morphologies described were also seen 

(albeit at lower frequency) in the wild-type MG1655 strain. Varma et al. postulated that the lack of uniform 

cell expansion near cell poles in these FtsZ-/MreB- cells is a specific result of FtsZ inhibition. Indeed, when 

they observed incorporation of new peptidoglycan in cells filamented either by direct inhibition of FtsZ (i.e. 

with sulA overexpression) or by inhibition of downstream septal wall synthesis (i.e. through inhibition of 

PBP3/FtsI with the antibiotic aztreonam), a pronounced decrease in newly incorporated material in the 

sidewall adjacent to the poles was observed only with direction inhibition of FtsZ (101). It is important to 
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note that this FtsZ-dependent decrease was seen only in a strain lacking PBP5; in the wild-type strain, 

there was no difference in peptidoglycan incorporation near the poles. Thus, the precise molecular details 

of lemon-shape formation are not yet fully understood; however, the work by Varma et al. clearly 

establishes that simultaneous inhibition of MreB and FtsZ in E. coli produces this distinctive phenotype.  

Consistent with the lemon-morphology induced by yeeV overexpression, Tan et al. made several 

observations suggesting that the YeeV toxin interacts with both FtsZ and MreB (2). First, incubation of 

purified His6-YeeV with a ΔyeeUV E. coli lysateb resulted in pull-down of FtsZ and MreB. Interaction of 

YeeV with both FtsZ and MreB was confirmed by use of a yeast two-hybrid system. Furthermore, purified 

His6-YeeV was found to inhibit the in vitro assembly of both FtsZ and MreB, but only affected nucleotide 

hydrolysis by the GTPase FtsZ. Based on these findings, the authors proposed that YeeV mediates its 

toxicity via interaction with the bacterial cytoskeleton, earning it the new name CbtA (Cytoskeletal binding 

toxin A). This work presented the first report of a toxin/antitoxin system targeting the bacterial 

cytoskeleton, as well as the first description of a toxin with two distinct targets. I will use this CbtA 

designation throughout the remainder of this dissertation.  

 

Chapter 1.7: Conflicting reports on the mechanism of the CbeA (YeeU) antitoxin 

In their 2003 study, Brown and Shaw reported that they were unable to detect in vivo interaction 

between the CbtA toxin protein and its cognate antitoxin by coimmunoprecipitation, suggesting that the 

YeeU family of antitoxins does not inhibit toxin function via the standard Type II mechanism (1). YeeU-

dependent neutralization of CbtA-toxicity was found to occur only when the two genes were encoded in 

cis, separated by a non-conserved 68-bp UTR located upstream of the cbtA gene (1). Interestingly, 

Western analysis indicated that co-expression of the cbtA and ykfI toxin genes with their cognate yeeU 

and yafW antitoxin genes resulted in a significant reduction in toxin protein levels (1). Subsequent 

structural analysis of the YeeU protein revealed that it contains a nucleic-acid binding domain 

homologous to that of the mRNA-cleaving RelE/YoeB Type II toxins (103); this combined with the 

observations by Brown and Shaw, supported a model where YeeU acts a post-transcriptional modulator 

of CbtA production, perhaps through interaction with some regulatory element within the 68-bp UTR.  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
b The yeeUV (cbeA/cbtA) genes are non-essential in E. coli, and single or combined deletion of these 
genes causes no obvious growth or morphology phenotype under normal lab conditions (2,102). 
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In 2012, Masuda et al. similarly reported that they could not detect physical interaction between 

CbtA and YeeU (38). However, unlike the earlier report by Brown and Shaw, this group saw that co-

expression of cbtA and yeeU in trans was sufficient for growth rescue; the 68-bp UTR was not necessary 

for YeeU antitoxin activity (38). They further demonstrated that YeeU is able to rescue the growth and cell 

morphology defects caused by the cytoskeletal inhibitors SulA and A22 and can interact with FtsZ and 

MreB (as shown by pull-down assays using cell lysates and co-sedimentation experiments using purified 

proteins) (38). In vitro analyses indicated that YeeU promoted the nucleotide-dependent polymerization of 

both FtsZ and MreB, leading Masuda et al. to propose an alternative model in which YeeU counteracts 

CbtA toxicity by stabilizing the assembly of its cytoskeletal targets (38). As YeeU was also able to 

neutralize the effects of other cytoskeletal perturbations, these authors suggested that YeeU, which they 

renamed Cytoskeletal bundling element A (CbeA), is a global cytoskeletal stabilizer (38). I will use this 

CbeA designation throughout the remainder of this dissertation. The two models of CbeA function are not 

necessarily mutually exclusive. It is possible that CbeA, like Type II antitoxins, may also have a 

secondary role as a transcriptional or post-transcriptional regulator of cbtA expression; additional work will 

be needed to test this.  

 

Chapter 1.8: A testable model of CbtA toxicity 

 Based on the work done in the three studies described above (1,2,38), the CbtA-CbeA module is 

considered the founding member of the Type IV TA class. CbtA production inhibits growth and induces a 

striking, lemon-like morphology, presumably through interaction with FtsZ and MreB. CbeA neutralizes 

this toxicity, likely through positive regulation of cytoskeletal assembly. However, what (up until this 

report) has been missing from our understanding of CbtA toxicity, is a detailed characterization of these 

reported CbtA-FtsZ and CbtA-MreB interactions and an assessment of their contributions to the CbtA-

mediated inhibition of rod-shaped growth. The goal of the work presented here was to genetically dissect 

these interactions in an effort to answer three main questions. First, is CbtA interacting independently with 

both MreB and FtsZ? Second, if this toxin is indeed interacting with both factors, are these interactions 

functionally relevant to the observed CbtA toxicity and cell shape effects? Finally, what are the interacting 
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surfaces? How is CbtA binding mediating toxicity? Our genetic analysis presented in Chapters 2, 3, and 4 

of this dissertation provides important molecular insight into these questions.  
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Chapter 2: The CbtA toxin mediates a simultaneous block of cell division and cell elongation via 

independent interactions with both FtsZ and MreB 

 

Attributions: I wrote this chapter in its entirety with helpful editing advice from my advisor, Ann 

Hochschild. Ann Hochschild and Mrinalini Tavag conceptualized the development of the bacterial two-

hybrid system as a genetic system to dissect the interactions of CbtA. Mrinalini Tavag generated and 

initially tested several important constructs for the two-hybrid and morphology studies presented in this 

chapter (designated in Table A2.2 at the end of this chapter) and performed the genetic selection that led 

to the isolation of the YpjF-F65S variant. I conducted the rest of the experimental work presented in this 

chapter with major conceptual contributions from Ann Hochschild. I would like to thank Tom Bernhardt 

and members of the Bernhardt lab for the NP1 strain and for helpful technical advice related to the ZapA-

GFP imaging study.  

 
 

Chapter 2.1: The CbtA toxin of E. coli alters cell shape and interacts with the bacterial 

cytoskeleton 

 
 Prokaryotic toxin-antitoxin (TA) systems are genetic modules consisting of a stable toxin protein 

that mediates growth inhibition or cell death in the cell in which it is produced, coupled with an antitoxin 

that neutralizes this toxicity. While the molecular nature of antitoxins can vary, typically they are more 

labile than their cognate toxin, requiring consistent production to block toxicity (reviewed in (1-4)). In most 

cases, TA gene pairs are found in an operon, with the antitoxin gene directly upstream of the toxin gene; 

transcription of the toxin-antitoxin genes is typically negatively auto-regulated by binding of the antitoxin 

(often in complex with the toxin) within the promoter region (4). First discovered in the context of plasmid-

based addiction modules (5,6), work in recent decades has shown these systems also to be well 

represented on bacterial chromosomes (7). Mining of all sequenced bacterial genomes for homologs of 

previously characterized TA families led to the discovery that bacterial genomes can harbor anywhere 

from zero to greater than 50 TA systems (8). Characterization of many of these TA systems has revealed 
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that the toxins have evolved the ability to target a diverse set of essential cellular processes ranging from 

translation to DNA replication, to membrane integrity (3).   

 As described in Chapter 1 of this dissertation, Brown and Shaw identified a family of three 

prophage-encoded TA systems in the E. coli K-12 genome (9). Their work indicated that the toxin 

components of these systems (CbtA, YpjF, and YkfI) are potent growth inhibitors (9). Subsequent work by 

Tan et al. demonstrated that overproduction of the CbtA toxin from a multi-copy plasmid in E. coli results 

in a loss of rod shape and the formation of lemon-shaped cells which eventually lyse (10). As work by 

Varma et al. established, lemon-like morphology can be achieved in E. coli through dual disruption of cell 

division and cell elongation pathways (11). Interestingly, Tan et al. detected interactions between the 

CbtA toxin and both FtsZ and MreB in vivo (by yeast two-hybrid) and in vitro (by pull-down assay) (10). 

They also demonstrated that His6-CbtA reduces the sedimentation efficiencies of purified MreB and FtsZ 

and inhibits FtsZ GTPase activity (10). Taken together, their data suggest that CbtA may block cell 

division and cell elongation through simultaneous inhibition of FtsZ and MreB.  

CbtA is a small protein, consisting of only 124 amino acids, and its two cytoskeletal targets, FtsZ 

and MreB, share no sequence or structural homology. Thus, it seems remarkable that such a small 

protein would be capable of potently inhibiting two distinct proteins through independent physical 

interaction. In their discussion, Tan et al. acknowledged that simultaneous inhibition of cell division and 

cell elongation may be a consequence of CbtA only physically interacting with FtsZ, thereby blocking 

some important interaction between FtsZ and MreB (10). To support this, they cited the observation made 

by multiple groups that prior to cytokinesis, MreB and other members of the cell elongation complex 

assemble into mid-cell ring structures flanking the Z ring (12-14). The observed MreB ring structures were 

shown to require advance assembly of FtsZ at mid-cell (13).  

While some MreB cytological structures have since been shown to be artifacts caused by certain 

fluorescent protein tags (especially those at the N-terminus of MreB) (15), Fenton et al. recently provided 

compelling evidence that MreB and FtsZ directly interact in a manner that is essential for E. coli cell 

division (16). In this study, the authors observed early recruitment of MreB to the Z ring; this recruitment 

was dependent on a direct interaction between MreB and FtsZ, which was detectable both by bacterial 

two-hybrid analysis and crosslinking pull-downs. A strain producing an MreB mutant (MreB-D285A) 
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incapable of interaction with FtsZ, had a pronounced division defect, leading to filamented cells with 

locked Z ring structures. Interestingly, single amino acid substitutions in FtsZ restored interaction with this 

MreB variant and allowed for normal division to occur. Further characterization of the locked Z rings 

produced by disruption of the MreB-FtsZ interaction led to the model that direct interaction of these two 

cytoskeletal proteins is needed to hand-off essential synthetic enzymes during the switch from cell 

elongation to cell division (16). 

This recent demonstration of the direct coordination between cell elongation and cell division 

pathways necessitates further characterization of the mechanism by which CbtA inhibits growth. While 

Tan et al. provided compelling evidence that CbtA interacts with the bacterial cytoskeleton, it has not 

previously been determined whether this small protein can mediate direct and independent interactions 

with both FtsZ and MreB. Furthermore, up until now, it has not been confirmed whether the interactions 

detected by Tan et al. are functionally relevant and contribute to the overexpression phenotypes 

observed. In their 2011 paper, Tan et al., attempted to dissect CbtA function by making truncations at the 

N- and C-terminal ends of the protein. They found that overproduction of a truncated variant missing the 

last 52 residues of CbtA resulted in modest cell filamentation rather than formation of lemons; however, 

they reported that this was likely due to destabilization of the protein rather than disruption of the MreB-

CbtA interaction (10).  

A major goal of the work presented in this dissertation was to genetically dissect the interactions 

between the CbtA toxin and its two proposed cytoskeletal targets in order to determine whether or not 

direct and independent interaction of CbtA with both targets is necessary for CbtA-mediated toxicity. In 

this chapter, I describe the discovery and characterization of CbtA variants that interact with only a single 

cytoskeletal target. Based on the characterization of these variants, we conclude that CbtA does indeed 

interact independently with both FtsZ and MreB; furthermore, we provide compelling evidence indicating 

these interactions directly contribute to the lemon-shape phenotype and growth inhibition previously 

described.  
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Chapter 2.2: Results  

CbtA interacts with FtsZ and MreB and produces lemon-shaped cells 

 Consistent with previous reports, we observed that overexpression of his6-cbtA-gfp from the pT5-

lac promoter on a multi-copy plasmid (pMT139) in E. coli BW27785 resulted in a severe decrease in 

viability (Figure 2.1A). Furthermore, time-lapse microscopy confirmed that upon overexpression of his6-

cbtA-gfp, cells failed to divide, forming swollen lemons that eventually lysed (Figure 2.1B). Observation of 

GFP fluorescence in this strain revealed no obvious localization phenotype; His6-CbtA-GFP was 

distributed diffusely throughout the entire bloated cell (Figure 2.1C). Importantly, we also found that 

overproduction of untagged CbtA yielded an identical lemon phenotype (Figure 2.1D). As the various 

images in Figure 2 illustrate, while we observed drastic morphological change in basically all cells 

observed, the individual lemons displayed striking heterogeneity. Many cells formed smooth lemons, 

while others had pronounced tubular projections at one or both poles; bi-lobed lemons (such as the one 

shown in panel C) were seen by time-lapse microscopy to form from pre-constricted cells (see the top 

panel of Figure 2.4F later in this chapter). These morphologies are consistent with the varied cell shapes 

observed by Varma et al. with combined FtsZ and MreB inhibition (11).  

 Tan et al. observed interaction between CbtA and its proposed cytoskeletal targets in a yeast 

two-hybrid system (10). Similarly, we were able to detect interactions between CbtA and both FtsZ and 

MreB in a bacterial two-hybrid system developed in our lab (17,18). As shown in Figure 2.2A, in this two-

hybrid assay, a protein domain of interest is fused to the N-terminal domain of the α subunit of E. coli 

RNA polymerase and its partner domain is fused to the λCI-DNA binding protein. Contact between these 

two protein domains activates transcription of a lacZ reporter gene under the control of a test promoter 

bearing an upstream λCI binding site. Our two-hybrid strain contains two compatible plasmids encoding 

our two fusion proteins and a single copy episome containing the lacZ reporter. A two-hybrid interaction 

can be visualized as blue colonies on indicator plates containing X-gal or can be measured quantitatively 

using a liquid β-galactosidase assay. Having wild-type FtsZ and wild-type CbtA in our two-hybrid assay 

results in a 15 to 25-fold increase of lacZ expression as measured by beta-galactosidase assay (Figure 

2.2B), while having wild-type MreB and wild-type CbtA results in a 3-fold increase of lacZ expression. The 

detection of these interactions in our two-hybrid assay is consistent with CbtA interacting with both MreB 
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Figure 2.1: Overproduction of CbtA causes lemon-like morphology. A) Spot dilution assay indicates 

that expression of his6-cbtA-gfp from PT5-lac on the multi-copy plasmid pMT139 causes a decrease in the 

viability of E. coli BW27785. The same strain expressing his6-gfp from pMT136 is shown for comparison. 

For this experiment, all growth steps were done at 37 ºC. Late-log cultures were spotted on LB (Cm) with 

or without added IPTG (100 µM). B) Cells of strains BW27785/pMT136 and BW27785/pMT139 were 

imaged every 3 min for 3 hrs at 30 ºC on 2% agarose pads containing LB and 100 µM IPTG. Images 

taken after 0, 60, 120, and 180 min are shown. C) GFP fluorescence imaging of BW27785/ pMT139 

induced with 100 µM IPTG for 2 hrs at 30 ºC shows that His6-CbtA-GFP is diffuse throughout the cell. D) 

Overexpression of cbtA (untagged allele) from the pSG360-derived plasmid, pDH325, in BW27785 yields 

a similar lemon-like morphology. Expression was induced with 200 µM IPTG for 2 hrs at 30 ºC. For all 

panels, scale bars represent 5 µm.  
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Figure 2.2: Detection of CbtA interaction with FtsZ and MreB in a transcription-based bacterial 

two-hybrid system. A) In order to detect an interaction of interest, the two-hybrid strain FW102 OL2-62 is 

transformed with two compatible plasmids: one encoding a protein of interest fused to the N-terminal 

domain of the α subunit of E. coli RNA polymerase and one encoding a second protein fused to the λCI 

DNA-binding protein. The expression of both fusion genes is under the control of IPTG-inducible 

promoters. This strain also bears an F’ episome with lacIq and the two-hybrid lacZ reporter construct. As  
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Figure 2.2 (Continued) 

shown in the panel on the right, this reporter construct contains a λCI operator positioned 62 bp upstream 

of the transcription start site. B, C) The two-hybrid interactions of α-FtsZ and α-MreB with λCI-CbtA are 

shown in panels B and C, respectively. β-galactosidase activity was measured at multiple induction levels 

(0, 5, 25 and 100 µM IPTG for B; 0, 25, 100, and 200 µM IPTG for C). Each point represents the average 

of triplicate values; error bars represent standard deviation.  
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and FtsZ (though it does not exclude the possibility that endogenous FtsZ may be bridging the apparent 

interaction between CbtA and MreB).  

 Brown and Shaw reported that CbtA has two homologs in E. coli, YpjF and YkfI, that cause 

similar growth reduction when overproduced (9). However, it had not previously been established whether 

these toxin homologs also yield a simultaneous block of cell elongation and cell division. As shown in 

Figure 2.3, we found that indeed this is the case. Overexpression of his6-ypjF-gfp and his6-ykfI-gfp from 

the pT5-lac promoter on multi-copy plasmids (pMT138 and p3-37, respectively) in E. coli BW27785 

resulted in a decrease in viability (Figure 2.3A) and led to the formation of lemon-shaped cells (Figure 

2.3B). We were also able to detect strong interactions between both toxins and FtsZ, and between YpjF 

and MreB in our bacterial two-hybrid system (Figure 2.3C). Although YkfI is ~80% identical to YpjF and 

blocks cell elongation when overproduce (Figure 2.3B), we were unable to detect an interaction between 

YkfI and MreB in our bacterial two-hybrid system (Figure 2.3C).  

 Our microscopic observations and two-hybrid data support the model that CbtA binds both FtsZ 

and MreB; however, in order to determine if CbtA can interact independently with each target and to 

examine whether these interactions are contributing directly to the observed toxicity, we sought to isolate 

mutations that specifically disrupt each of the interactions. Through methods described below, we were 

able to isolate a CbtA variant, CbtA-F65S, which is only able to interact with MreB (Figure 2.4A and B); 

we also identified a second variant, CbtA-R15C, which is severely decreased for interaction with MreB but 

maintains interaction with FtsZ (Figure 2.5A and B). Whereas this latter variant was found by means of a 

two-hybrid screening approach, the F65S variant was isolated in a more fortuitous manner.  

 

Identification of a CbtA variant that interacts only with MreB 

Our lab is interested in the identification of endogenous bacterial amyloid-forming proteins, and 

CbtA and its homologs, YpjF and YkfI, were initially of interest to us because of their propensity to form 

intracellular SDS-resistant aggregates (data not shown). Prior to the report of CbtA being a cytoskeletal 

inhibitor (10), we had sought to determine whether aggregation of this family of proteins was connected to 

their toxicity. A dual selection/screen strategy was employed in order to identify variants with reduced 

toxicity. The cbtA, ypjF, and ykfI genes were amplified by error-prone PCR and cloned into the same 
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Figure 2.3: YpjF and YkfI cause lemon-like morphology. A) As seen by spot dilution analysis, 

overexpression of his6-ypjF-gfp and his6-ykfI-gfp from plasmids pMT138 and p3-37, respectively, is toxic. 

Overnight cultures of BW27785/pMT136, BW27785/pMT138, and BW27785/p3-37 were back diluted to a 

starting OD600 of 0.05 in fresh LB (Cm) and grown until late-log phase at 37 ºC. Cultures were 

normalized, serially diluted, and spotted on LB (Cm) with or without 100 µM IPTG. Plates were incubated 

at 37 ºC overnight. B) Strains BW27785/pMT138 and BW27785/p3-37 were imaged after 1.5 hr induction 

at 37 ºC with 100 µM IPTG. Scale bar represents 5 µm. Two-hybrid interactions of α-FtsZ (C) and α-MreB 

(D) with λCI-YpjF and λCI-YkfI are shown. λCI-CbtA interactions from the same experiments are included 

for comparison. The experiment shown in C was done with 25 µM IPTG induction; the experiment shown  
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Figure 2.3 (Continued) 

in D was done with 100 µM IPTG induction. Bars represent the average Miller unit values for triplicate 

cultures; error bars represent standard deviation.   
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vectors used for the expression studies shown in Figures 2.1 and 2.3. The mutagenized alleles all 

contained an N-terminal His6 tag and a C-terminal GFP fusion and were under the control of the pT5-lac  

IPTG-inducible promoter. These mutant libraries were transformed into E. coli BW27785 and plated on a 

high concentration of IPTG (500 µM), thus selecting for toxin variants with lowered toxicity. These 

surviving colonies were then screened for green colony color and fluorescence to indicate that the GFP-

fusion protein was still being produced to roughly comparable levels. Although many other selected 

variants were found to have decreased stability as compared to the wild-type proteins, a stable YpjF 

variant, YpjF-F65S, was isolated. 

After learning of the reported interactions between CbtA and the bacterial cytoskeleton and 

successfully demonstrating that these interactions could be detected in our bacterial two-hybrid system 

(Figure 2.2), we wondered if the F65S substitution would have any effect on these CbtA cytoskeletal 

interactions. As shown in Figure 1.2, the F65 residue is conserved in all three toxins. When the F65S 

substitution was introduced into CbtA, the resulting variant was still toxic upon overproduction, as was the 

YpjF-F65S variant, though to a slightly lesser degree (Figure 2.4C). However, interestingly, when we 

assayed the interaction between λCI-CbtA-F65S and both α-FtsZ and α-MreB by bacterial two-hybrid 

analysis, we observed that this variant maintained interaction with α-MreB (Figure 2.4B) but failed to 

interact with α-FtsZ (Figure 2.4A). Morphological observation was consistent with this result; upon 

overproduction of His6-CbtA-F65S-GFP to levels comparable to that of the wild-type protein (Figure 2.4D), 

cells adopted a spherical rather than lemon morphology (Figure 2.4E). As seen by time-lapse microscopy 

(Figure 2.4F), over the course of a three-hour induction period, cells producing His6-CbtA-F65S-GFP lose 

their rod-shape, becoming spheres. These spherical cells continue to divide for 1-2 generations, gradually 

increasing in diameter until they lyse. This striking phenotype is very similar to that observed upon 

depletion of MreB (19,20), thus demonstrating that CbtA-F65S is able to interact with MreB and mediate a 

block in cell elongation even in the absence of an FtsZ interaction.  

We tested the F65S substitution in the context of YkfI and also re-examined the YpjF-F65S-

encoding plasmid originally isolated in our screen. We saw that like with the CbtA-F65S mutant, 

overproduction of these toxin variants yielded spherical rather than lemon-shaped cells (Figure 2.4E). 

Furthermore, we found that λCI-YpjF-F65S and λCI-YkfI-F65S were both severely decreased for their 
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Figure 2.4: Toxin variants containing the F65S substitution interact only with MreB. β-galactosidase 

assays were performed to measure the interaction between α-FtsZ (A) and α-MreB (B) and the toxin 

variants, λCI-CbtA-F65S, λCI-YpjF-F65S, and λCI-YkfI-F65S. β-galactosidase activity was measured at 

25 µM IPTG in A and 100 µM IPTG in B; bars represent averages of triplicate values and error bars  
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Figure 2.4 (Continued) 

represent standard deviation. C) Late log cultures of BW27785/pMT136, BW27785/pMT144 (his6-ykfI-

F65S-gfp), BW27785/pMT146 (his6-cbtA-F65S-gfp), and BW27785/pMT188 (his6-ypjF-F65S-gfp) grown 

without induction, were spotted on LB (Cm) plates with or without 100 µM IPTG; plates were incubated at 

37 ºC overnight. D) Western blot analysis using a GFP antibody to detect His6-CbtA-GFP levels indicates 

that the F65S substitution does not obviously destabilize the CbtA-GFP fusion protein. Cells were 

harvested and lysed after 2 hr induction with 100 µM IPTG at 30 ºC. Several dilutions (1:2, 1:10, 1:30, 

and 1:90) are shown. RpoA was detected on a separate blot using an antibody that specifically binds the 

C-terminal domain; this serves as a loading control. E) BW27785 strains transformed with the appropriate 

pCA24N-derived plasmid were imaged after 1.5 hr induction with 100 µM IPTG at 37 ºC. F) Time-lapse 

microscopy of BW27785/pMT139 and BW27785/pMT146 was performed for 3 hrs at 30 ºC. Cells were 

imaged on 2% agarose pads containing LB and 100 µM IPTG. Scale bars represent 5 µm. G) BW27785 

was co-transformed with pMT136 or pMT146, and pSC101 (empty vector) or pTB63 (ftsQAZ). Overnight 

cultures were back diluted in LB (CmTet) and grown at 30 ºC until they reached mid-log phase. Cultures 

were normalized, serially diluted, and spotted on LB (CmTet) with or without 100 µM IPTG. Plates were 

incubated at 30 ºC overnight.  
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interaction with α-FtsZ (Figure 2.4A), but λCI-YpjF-F65S maintained a strong interaction with α-MreB 

(Figure 2.4B). These analyses suggest that the FtsZ interaction determinants for all three toxins are 

conserved and further highlights that the cytoskeletal interactions of this family of toxins can be 

genetically parsed. Importantly, the morphology data also suggest that toxin interaction with FtsZ 

contributes to the striking lemon-shape phenotype.  

The CbtA-F65S, YpjF-F65S, and YkfI-F65S variants are all still very toxic at high induction levels 

(Figure 2.4C) and are not obviously destabilized (Figure 2.4D and data not shown); we speculate that the 

ability of the original isolate expressing the his6-ypjF-F65S-gfp allele to grow in the presence of 500 µM 

IPTG, may have been the result of an extragenic suppressor. The lethality of a defect in cell elongation 

can be overcome by slower growth rate or increased expression of ftsZ, and such mutations occur at a 

relatively high frequency (19-21). Indeed, we observed that increased expression of ftsZ from the pTB63 

plasmid partially rescued viability when His6-CbtA-F65S was overproduced (Figure 2.4G). In addition to 

suggesting a possible explanation for the discovery of the F65S variant (although we cannot know for 

certain), this result indicates that lethal CbtA-F65S-mediated block of cell elongation can be similarly 

suppressed by increased ftsZ levels.  

 

Identification of a CbtA variant that interacts only with FtsZ 

To further investigate the phenotypic contributions of both cytoskeletal interactions, we sought to 

identify a CbtA variant with the opposite interaction profile: strong FtsZ interaction and abrogated MreB 

interaction. To do this, we used a two-hybrid-based screening strategy. As mentioned previously, our 

bacterial two-hybrid system allows for the visual representation of a protein-protein interaction, yielding 

blue colonies when cells are plated on indicator medium supplemented with X-gal. This clear visualization 

makes the two-hybrid system an effective genetic screening platform that can be used to identify 

substitutions in either binding partner that disrupt the detected interaction of interest. Mutagenized 

libraries of either fusion construct can be rapidly generated and screened; mutant proteins that fail to 

interact with their binding partner yield white or pale blue colonies on X-gal indicator medium. When 

performing a genetic analysis, our aim is to identify mutations that specifically disrupt the interaction of 

interest; however, it is not possible to distinguish these specific mutants from uninformative destabilized 
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or truncated mutants based on white colony color alone. Thus, to distinguish between these informative 

and uninformative mutants, we perform two-hybrid counterscreens with other known interacting proteins 

and demand that a mutant of interest maintain this secondary interaction. This two-hybrid screening 

platform served as an essential genetic tool for much of the work described in this dissertation. 

Because the MreB-CbtA two-hybrid interaction is relatively weak (yielding a ~3-fold increase in 

lacZ levels), we had difficulty finding suitable blue-white screening conditions using our standard two-

hybrid lacZ reporter construct (shown in Figure 2.2A). Although several alternative strategies were 

attempted, we were finally able to identify appropriate screening conditions using a modified two-hybrid 

reporter construct. In this reporter, the λCI operator is positioned 20 bp closer to the transcription start 

sitec, which allows for an additional stabilizing contact between λCI and region 4 of σ70 bound to the -35 

promoter element. This stabilization results in a boosted level of lacZ expressiond and for our purposes, 

provided a greater color range for blue-white screening. 

We generated a library of PCR-mutagenized cbtA alleles fused to λCI and transformed the 

resulting plasmid library into the modified two-hybrid reporter strain (BN30) containing the α-mreB 

plasmid. “Down” candidates that formed paler colonies (as compared to the wild-type interaction positive 

control) on indicator plates containing IPTG and X-gal were pooled and counter-screened for their 

interaction with α-FtsZ. Those that yielded dark blue colonies in this context were investigated further. 

Among these, we identified a variant (λCI-CbtA-R15C) that exhibited a decreased interaction with α-MreB 

but maintained a very strong interaction with α-FtsZ (Figure 2.5A and B). Consistent with these two-hybrid 

data, induction of His6-CbtA-R15C-GFP production with 50 µM IPTG resulted in filamentation of cells 

rather than the formation of lemons as seen with comparable levels of the wild-type protein (Figure 2.5C 

and D). This morphology strongly suggests that the CbtA-R15C variant does not fully inhibit MreB, 

allowing cell elongation to proceed; however, this variant still binds FtsZ, leading to a block in cell division 

and filamentation. With 100 µM IPTG, cells do increase in width, forming fat, elongated, snake-like cells, 

similar to those seen by Varma et al. (11) with simultaneous sulA expression and lower A22 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
c In the standard two-hybrid reporter, the λCI operator is positioned 62 bp upstream of the transcription 
start site (-62); in the modified reporter it is at position -42 (17,22). 
 
d Note that this boost in lacZ levels is independent of the specific two-hybrid interaction. Indeed, in this 
system, the empty vector control basal levels are also elevated such that the normalized fold-change 
value is the same. 
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Figure 2.5: CbtA-R15C inhibits cell division. Two-hybrid analysis shows that λCI-CbtA-R15C is 

decreased for interaction with α-MreB (A) but still maintains strong interaction with α-FtsZ (B). 

Experiments were performed with 100 µM IPTG and 25 µM IPTG, respectively. C) Overnight cultures of 

BW27785/pMT139 or BW27785/pDH253 (his6-cbtA-R15C-gfp) were back diluted in fresh LB (Cm), grown 

for 1 hr at 30 ºC, then induced with either 50 µM IPTG (left panels) or 100 µM IPTG (right panels). Images 

were taken after 2 hrs of induction at 30 ºC. Scale bars represent 5 µm. D) Western blot analysis 

indicates that His6-CbtA-R15C accumulates to comparable levels as the wild-type protein within the cell. 

Cells were harvested and lysed after 2 hr induction with 100 µM IPTG at 30 ºC. Several dilutions (1:2,  
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Figure 2.5 (Continued) 

1:10, 1:30, and 1:90) are shown. Toxin levels were detected using an anti-GFP antibody. RpoA was 

detected on a separate blot using an antibody that specifically binds the C-terminal domain; this serves as 

a loading control. E) Two-hybrid analysis shows that the C15R substitution has only a slight effect on the 

interaction between α-MreB and λCI-YpjF and does not result in a detectable interaction between α-MreB 

and λCI-YkfI. This experiment was performed at 100 µM IPTG. For A, B, and E, bars represent the 

average Miller unit values of triplicate cultures; error bars represent standard deviation. 
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concentration. Clearly with higher levels, the R15C variant is able to mediate a partial block of cell 

elongation, but importantly this still produces a distinct morphology characteristic of relaxed MreB 

inhibition. Our ability to disrupt the CbtA-MreB interaction while maintaining the CbtA-FtsZ interaction with 

only a single amino acid substitution strongly suggests that CbtA is able to interact independently with 

MreB and FtsZ. Furthermore, the formation of cell filaments when the interaction with MreB is disrupted 

indicates that the CbtA-MreB interaction is necessary for the inhibition of cell elongation.  

Interestingly, R15 is not a conserved residue. As shown in the alignment in Figure 1.2, YpjF and 

YkfI both have a cysteine at this position. Since mutation of R15C decreased the interaction between 

CbtA-MreB, we wondered if the reverse substitution (C15R) in YpjF would increase its interaction with 

MreB, and in the case of YkfI, might allow for a detectable interaction. We found that this substitution 

made no difference in either case (Figure 2.5E). Thus, the genetic determinants that allow for YpjF- and 

YkfI-mediated inhibition of cell elongation remain unknown.  

 

The CbtA-R15C/F65S variant exhibits reduced toxicity 

As summarized in Figure 2.6A, we were able to identify two CbtA variants, each of which 

interacts with a single cytoskeletal target. CbtA-F65S interacts only with MreB in our two-hybrid system 

and inhibits cell elongation, resulting in spherical cells. CbtA-R15C, on the other hand, interacts only with 

FtsZ in the two-hybrid system and produces cell filaments that are blocked for cell division. As the 

observed morphologies would suggest, overexpression of either his6-cbtA-F65S or his6-cbtA-R15C is still 

lethal (Figure 2.6B). However, we found that overproduction of the His6-CbtA-R15C/F65S double mutant 

variant, which accumulates to comparable levels as the wild-type protein (Figure 2.6C), does not result in 

decreased viability (Figure 2.6B). Furthermore, cells producing this variant maintain their rod-shape, 

exhibiting only minor morphological perturbations (Figure 2.6A). These results indicate that the 

interactions between CbtA and both MreB and FtsZ are functionally relevant and together contribute to 

the lemon-like morphology and the viability defects we observe.  

 

 



43 

Figure 2.6: CbtA-R15C/F65S has reduced toxicity and does not affect ZapA-GFP localization. A) All 

BW27785 strains transformed with the relevant plasmids (pMT136, pMT139, pMT146, pDH253, and 

pDH262, from left to right) were imaged after 2 hr induction with 50 µM IPTG at 30 ºC. B) The same 

strains as described in A were grown without induction until they reached mid to late-log phase. Cultures 

were normalized, serially diluted, and spotted on LB (Cm) with or without 50 µM IPTG. Plates were 

incubated overnight at 30 ºC. C) Western blot analysis was done essentially as described in Figure 2.6D. 

D) Strain NP1 was transformed with pSG360 (empty vector), pDH325 (placUV5-cbtA), pDH326 (placUV5-

cbtF65S), pDH327 (placUV5-cbtA-R15C), or pDH328 (placUV5-cbtA-R15C/F65S). Overnight cultures 

were back diluted to a starting OD600 of 0.03 in fresh LB (SpecStrep), grown for 1 hr at 30 ºC, then 

induced for toxin expression with 200 µM IPTG for 2 hrs at 30 ºC. Cultures were in mid-log phase at the 

time of imaging. Magenta arrows in the CbtA-F65S panel highlight points of constriction in spherical cells. 

Scale bars represent 5 µm. 
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Figure 2.6 (Continued) 
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CbtA-R15C disrupts Z rings  

 As an additional readout of the physiological perturbations caused by each of our CbtA variants, 

we observed Z ring formation in cells producing the untagged mutant proteins. We used a strain, NP1, 

which constitutively produces a ZapA-GFP fusion from its native locus (23). ZapA is a nonessential 

component of the division complex that is recruited to mid-cell early on in division via interaction with FtsZ 

(24). ZapA-GFP forms fluorescent ring structures that require proper assembly of the FtsZ ring, and thus 

it serves as a proxy for FtsZ localization (23,25). As seen in Figure 2.6, when NP1 is transformed with the 

pSG360 empty vector, fluorescent ZapA-GFP bands can be observed at mid cell in the majority of cells.  

After two hours of cbtA expression, ZapA-GFP exhibited diffuse (patchy) localization throughout the 

resulting lemon-shaped cells, suggesting disruption of Z ring formation. When ZapA-GFP localization was 

observed in cells producing CbtA-R15C, the majority of cell filaments did not contain visible ring 

structures, whereas in cells producing CbtA-F65S, aberrant ring structures were observed in many of the 

spherical cells, especially at sites of obvious constriction (Figure 2.6D, fluorescence images). This is 

consistent with a previous report by Bendezú et al., where it was noted that in cells depleted for MreB, 

FtsZ forms anomalous assemblies including bright foci and patches and rings that fail to span the entire 

cell diameter (20). In cells overproducing the less toxic CbtA-R15C/F65S variant, rod-shape was 

maintained and ZapA-GFP rings were observed in most cells. Importantly, overproduction of the 

untagged CbtA variants in these experiments resulted in identical morphologies to those observed with 

the His6/GFP constructs (compare Figure 2.6D, phase contrast images with those shown in Figure 2.6A). 

Thus, ZapA-GFP localization suggests that wild-type CbtA and CbtA-R15C are able to disrupt FtsZ 

assembly and localization, blocking cell division, while the double mutant variant does not. Although 

CbtA-F65S causes aberrant ring assemblies, these are characteristic of a block in MreB inhibition. This 

molecular view of cell division is consistent with our model that CbtA is able to independently inhibit cell 

division and cell elongation. 

 

Chapter 2.3: Discussion 

  The CbtA toxin of E. coli is a potent growth inhibitor. As described above, we observe that upon 

overproduction of this toxin, bacterial growth is severely inhibited, and cells adopt a distinctive lemon-like 
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morphology (Figure 2.1). We also report that we can detect robust interactions between CbtA and two 

bacterial cytoskeletal elements, FtsZ and MreB, by means of a transcription-based bacterial two-hybrid 

assay (Figure 2.2). These observations are consistent with those made previously by both Brown and 

Shaw and Tan et al. (9,10). Importantly, in this chapter, we build upon previously published observations, 

providing the first reported genetic dissection of CbtA toxicity.  

We were able to identify a single amino acid substitution, F65S, which in the bacterial two-hybrid 

system, eliminates the CbtA-FtsZ interaction but has no effect on the CbtA-MreB interaction. 

Overproduction of the CbtA-F65S variant leads to a lethal block in cell elongation, causing cells to form 

spheres rather than lemons (Figure 2.4). We observed that these spheres display aberrant Z ring 

structures (Figure 2.6D), and toxicity of this variant can be partially suppressed with increased expression 

of ftsZ (Figure 2.4G). These observations are all analogous to those seen with other methods of cell 

elongation inhibition, including depletion of MreB (19,20). Furthermore, we see by time-lapse microscopy, 

that whereas production of wild-type CbtA leads to a complete block in cell division even in cells with 

obvious pre-formed constrictions, cells producing CbtA-F65S are able to complete 1-2 more rounds of cell 

division. These spheres appear to divide from cleavage furrows that are enriched for ZapA-GFP (and 

likely FtsZ) (Figure 2.4F and Figure 2.6D magenta arrows). Thus, together, these data strongly suggest 

that CbtA-F65S mediates a complete block of cell elongation via interaction with MreB, preventing 

maintenance of rod-shape; however, this variant does not interact with FtsZ or block cell division.  

We isolated the CbtA-R15C variant in a two-hybrid screen for CbtA mutants decreased for 

interaction with MreB. The R15C substitution does not disrupt interaction between CbtA and FtsZ but 

leads to a pronounced decrease in the CbtA-MreB two-hybrid interaction (Figure 2.5A and B). In support 

of this observation, CbtA-R15C was found to primarily inhibit cell division, allowing for the continued 

elongation of cells into filaments (Figure 2.5C). These filamented cells exhibit patchy to diffuse ZapA-GFP 

localization, suggesting that CbtA-R15C disrupts FtsZ assembly and blocks Z ring formation.  

Together, these two variants indicate that the cytoskeletal interactions and morphological 

phenotype of CbtA can be genetically parsed, leading us to conclude that CbtA i) interacts independently 

with both FtsZ and MreB and ii) induces lemon shape in cells through interaction with both targets. The 

loss of toxicity upon introduction of both substitutions further confirms that interaction with both FtsZ and 
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MreB is the mechanism by which CbtA blocks bacterial growth. It remains to be seen still whether a single 

toxin molecule is able to simultaneously interact with both MreB and FtsZ or if instead combined inhibition 

in the cell is mediated by subsets of toxin molecules interacting with a single target. The structure of CbtA 

is unknown, but based on its small size it seems more likely that the binding determinants of each 

interaction are at least partially overlapping.  

Additionally, we report our findings that two CbtA paralogs, YpjF and YkfI, also disrupt cell 

division and cell elongation, suggesting a common mechanism of growth inhibition for this family of toxins. 

Whereas all three toxins require residue F65 for their interaction with FtsZ, the genetic determinants of 

cell elongation inhibition by these two homologs are less clear. In the future, it would be interesting to use 

our two-hybrid screening platform to attempt to identify YpjF variants with decreased MreB interaction. 

Nonetheless, the exclusive disruption of cell elongation by YpjF-F65S and YkfI-F65S implies that these 

toxins also have separable inhibitory functions.  

 The ability of CbtA to inhibit two distinct pathways through interaction with two unrelated proteins 

is compelling for multiple reasons. First, the work presented in this chapter confirms that CbtA is the first 

characterized toxin component of a TA system found to have more than one cellular target. Similarly, 

although small molecule and protein inhibitors of each cytoskeletal element have been previously 

reported, CbtA is the first described inhibitor capable of independently interacting with and disrupting both 

MreB and FtsZ. However, recent work has revealed two interesting parallels. The same group that first 

reported the interaction between CbtA and the cytoskeleton discovered an inner membrane-bound 

protein, YgfX, which also induces lemon-shape in E. coli cells (26). This putative toxin was able to pull-

down both FtsZ and MreB, but it remains to be seen if it can physically interact with each protein 

separately. Another group did not observe YgfX toxicity upon overproduction, but did report the ability of 

YgfX to interact with FtsZ and MreB in a bacterial two-hybrid assay (27). Moreover, characterization of T7 

phage-encoded growth inhibitors in two separate studies revealed that a pair of genes found adjacent to 

one another in the T7 genome encode two separate cytoskeletal inhibitors: Gp0.4, which inhibits FtsZ 

function, and Gp0.6, which inhibits MreB function (28,29). Inhibition of cell division by Gp0.4 was found to 

confer a fitness advantage to T7 phage (28), and the authors of both studies speculate that cytoskeletal 
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inhibition may be an effective strategy to both prevent dilution of essential phage components during early 

infection and aid in cell lysis and release of virions (28,29).   

 The physiological function of the CbtA toxin and its homologs remains to be seen. Since all three 

TA systems are encoded on prophage elements it is likely that they evolved to perform some phage-

related function, perhaps similar to that proposed for the T7-encoded inhibitors. Like other chromosomal 

TA modules found in bacteria, these systems may also contribute in some way to the bacterial stress 

response. However, regardless of their specific biological function, further study of the detailed 

mechanisms by which CbtA and its homologs can inhibit both FtsZ and MreB is an important endeavor 

that may potentially reveal information on how these cytoskeletal elements function individually and 

together. Due to their essentiality and conservation amongst bacteria, FtsZ and MreB have recently been 

considered as a potential antimicrobial drug targets (30-34); thus, identifying the inhibitory surfaces 

utilized by CbtA is of special interest. In the next two chapters of this dissertation, I describe our work to 

uncover the CbtA-inhibitory surfaces on both FtsZ and MreB. Chapter 3 details our discovery of the 

H6/H7 loop of FtsZ as a site of direct CbtA interaction, and Chapter 4 describes our characterization of 

several MreB variants with altered CbtA binding.  

  

Chapter 2.4: Materials and Methods  

Strains, plasmids, and growth conditions 

A complete list of the bacterial strains used in this chapter is provided in Table 2.1 (shown at the 

end of this section). Additionally, lists of the plasmids and oligonucleotides used in this chapter can be 

found in Tables 2.2 and 2.3 (shown at the end of this section), respectively. NEB5-α F’Iq (New England 

Biolabs) was used as the cloning strain for all plasmid constructions outlined below. Two-hybrid studies 

were performed in FW102 OL2-6 (35) or BN30 (22). Morphology observations were made primarily in 

strain BW27785. This strain also served as template for all colony PCRs. E. coli strains were grown in LB 

(1% NaCl) broth at 37 ºC or 30 ºC or on LB plates supplemented with appropriate antibiotics at the 

following concentrations (unless otherwise noted): carbenicillin (Carb), 100 µg/mL; chloramphenicol (Cm), 

25 µg/mL; kanamycin (Kan), 50 µg/mL; spectinomycin (Spec), 50 µg/mL, tetracycline (Tet), 5 µg/mL.  
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Construction of toxin expression vectors  

 p3-37 is a derivative of the ASKA overexpression vector, pCA24N, encoding His6-YkfI-GFP under 

the control of the pT5-lac promoter. It was first isolated from an ASKA-library screen to identify proteins 

that formed SDS-resistant intracellular aggregates upon overproduction. In this construct, his6-ykfI-gfp 

contains two SfI sites flanking the ykfI sequence. Empty vector plasmid pMT136 encoding His6-GFP was 

made by cloning in a linker sequence composed of annealed oligonucleotides, oSG623 and oSG624, into 

SfI-digested p3-37. This linker sequence contains ClaI and XbaI sites and encodes for the additional 

residues “IDAAASR” in between the SfI sites in the His6-GFP sequence. To construct plasmids pMT138 

(encoding His6-YpjF-GFP) and pMT139 (encoding His6-CbtA-GFP), colony PCR products generated 

using primer pairs oSG639/oSG640 and oSG641/oSG642, respectively, were digested with AclI and XbaI 

and ligated into pMT136 digested with ClaI and XbaI. Plasmids pMT144 (encoding His6-YkfI-F65S-GFP) 

and pMT146 (encoding His6-CbtA-F65S-GFP) were generated by ligation of AclI/XbaI-digested overlap 

PCR products amplified with internal mutagenic primers (oSG663/oSG664 and oSG667/oSG668) and 

outside primers (oSG659/oSG660 and oSG641/oSG642) into ClaI/XbaI-digested pMT136 backbone. To 

clone plasmid pDH253, the cbtA-R15C allele was amplified from the two-hybrid construct pDH246 using 

primers oSG641 and oSG642, digested with AclI and XbaI, and ligated into pMT136 ClaI/XbaI backbone. 

Plasmid pDH262 (encoding His6-CbtA-R15C/F65S-GFP) was cloned in the same manner as pMT146 

except using pDH253 as PCR template.  

To generate plasmids pDH325, pDH326, pDH327, and pDH328 encoding untagged CbtA 

variants, the relevant allele was amplified from the appropriate construct described above using primers 

oDH446 and oDH447, digested with EcoRI/HindIII, and ligated into pSG360 (EcoRI/HindIII) backbone.  

 

Construction of plasmids used in the bacterial two-hybrid system 

All α fusion constructs were cloned by restriction digest into the parent plasmid pBRα-β flap; all 

λCI constructs were cloned by restriction digest into the parent plasmid pACλCI-β flap. Briefly, the parent 

plasmids were digested with NotI and BamHI to generate backbone. These backbones were ligated to 

relevant inserts generated by NotI/BamHI digestion of PCR products amplified using a NotI-containing 

forward primer and BamHI-containing reverse primer. Forward primers all contain an extra “A” base after 
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the NotI site to maintain the reading frame. Reverse primers all encode a stop codon preceding the 

BamHI site. PCR template for these constructs was a single colony of E. coli BW27785. Plasmids 

encoding F65S variants fused to λCI were cloned from PCR products amplified using gene-specific 

primers from template plasmids pMT144, pMT146, or pMT188. Inserts for plasmids pDH266 and pDH267 

were generated using mutagenic forward primers oDH344 and ODH345, respectively. Oligonucleotides 

pBRα_F, pBRα_R, pACλCI_F, and pACλCI_R were used to sequence all two-hybrid constructs. 

 

β-galactosidase assays 

FW102 OL2-62 was co-transformed with plasmids encoding the relevant α and λCI fusions. 

Cultures inoculated with transformants were grown in 1 mL LB (KanCmCarb) in deep-well 96-well plates 

at 37 ºC, 900 rpm, 90% humidity in a Multitron incubation shaker (Infors HT) overnight. Overnight cultures 

were back diluted 1:100 in LB (KanCmCarb) supplemented with the appropriate concentration of IPTG in 

sterile microtitre plates (total volume of 200 µL); subcultures were grown, shaking at 37 ºC until they 

reached mid-log phase (OD600 0.4- 0.8). A 100 µL aliquot of subculture was lysed by addition of 10 µL 

PopCulture reagent (Novagen) supplemented with rlysozyme (400 mU/µL). LacZ levels were determined 

by β-galactosidase assay performed in microtitre plates with a microtitre plate reader, as described in 

(36). All assays were done in triplicate and were repeated independently at least twice. All values shown 

in this chapter are from a single representative experiment and represent averages of triplicate 

measurements. Fold-change values were calculated by normalizing to the highest relevant empty vector 

control. 

 

Genetic screen to identify toxin variants with reduced toxicity  

 The cbtA, ypjF, and ykfI gene fragments were amplified from plasmids pM139, pMT138, and p3-

37, respectively, using outside sequencing primers oSG625 and oSG626 by error-prone Taq PCR. PCR 

products as well as the p3-37, pMT138, and pMT139 parent plasmids were digested with SfiI; the cbtA 

mutagenized PCR insert was ligated into the pMT139 backbone, the ypjF mutagenized PCR insert was 

ligated into the pMT138 backbone, and the ykfI mutagenized PCR insert was ligated into the p3-37 

backbone. The resulting plasmid libraries encoding the mutant toxins (bearing an N-terminal His6 tag and 



51 

C-terminal GFP moiety) were transformed into E. coli BW27785 and plated on LB (Cm) supplemented 

with IPTG (500 µM IPTG). After growth overnight at 37 ºC, surviving colonies were patched onto the 

same medium, and GFP fluorescence was monitored the following day using a Typhoon fluorescence 

scanner (GE). Plasmids were isolated from those candidates that were as fluorescent as a control strain 

transformed with pMT136 and sent for sequencing with primers oSG625 and oSG626. The stability of 

isolated variants was assessed by Western blot analysis via a protocol very similar to that described 

below. 

 

Genetic screen to identify amino acid substitutions in CbtA that decrease the MreB-CbtA interaction 

  The cbtA gene fragment (found on pMT154) was mutagenized by error-prone PCR using Taq 

polymerase and the outside primers pACλCI_F and pACλCI_R. The mutagenized alleles were cloned into 

the λCI expression vector by the method described above. The modified two-hybrid reporter strain (BN30) 

bearing pBRα-MreB was transformed with this mutant library; transformants were plated on LB 

(KanCarbCm) indicator medium containing IPTG (25 µM) and X-gal (40 µg/mL). Plates were incubated 

overnight at 30 ºC and refrigerated (4 ºC) for an additional 8-16 hrs. Several thousand colonies were 

screened to identify those exhibiting lower lacZ expression (white or light blue color) as compared to the 

dark blue colonies producing wild-type α-MreB and λCI-CbtA fusions. Paler candidate colonies were 

pooled into a single overnight culture, grown at 30 ºC. In order to identify those candidates that 

maintained interaction with α-FtsZ, a pooled plasmid prep generated from this overnight culture was 

transformed into FW102 OL2-62/pBRα-FtsZ. Transformants were plated on LB (KanCarbCm) indicator 

medium supplemented with 5 µM IPTG, 40 µg/mL, and 250 µM TPEG (a competitive inhibitor of β-

galactosidase); dark blue candidates were selected and the pACλCI-CbtA plasmids were isolated and 

sequenced. The interaction between λCI-CbtA mutants and both α-FtsZ and α-MreB fusions was assayed 

by liquid β-galactosidase assay.  

 

Microscopic observation of CbtA-mediated cell morphology changes 

 To observe cells producing a specific toxin variant, BW27785 was transformed with the relevant 

plasmid, and transformants were selected for on LB containing appropriate antibiotic. For most 
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experiments, all growth incubation steps were done at 30 ºC. Overnight cultures were back diluted to a 

starting OD600 of 0.02-0.05, grown without induction for 1 hr (cultures had reached an OD600 of ~0.1), 

and then induced for toxin expression with the addition of IPTG. For pCA24N-derived vectors, either 50 or 

100 µM IPTG was used; for pSG360-derived vectors, 200 µM IPTG was used. When the experiment was 

done with growth at 30 ºC, cultures were imaged after 2 hrs induction; when the experiment was done at 

37 ºC, cultures were imaged after 1.5 hrs. All cultures were typically in an OD600 range of 0.4-1 at the 

time of imaging.   

 To observe ZapA-GFP localization, the NP1 (TB28 zapA-gfp frt) strain was transformed with 

pSG360-derived vectors, and transformants were selected for on LB containing a mixture of Spec (50 

µg/mL) and Strep (25 µg/mL). Overnight cultures were back diluted to a starting OD600 of 0.020-0.03, 

grown for 1 hr in LB (SpecStrep), then induced by addition of 200 µM IPTG. Cultures were imaged by 

fluorescence light microscopy after 2 hr induction. Cells were mounted on 2% agarose pads, and 

microscopic observation of all strains was performed using an Olympus BX61 microscope (objective 

UplanF1 100x). Images were captured with a monochrome CoolSnapHQ digital camera (Photometrics) 

using Metamorph software version 6.1 (Universal Imaging). Images were aligned in Metamorph; cropping 

and minimal adjustment was performed with ImageJ (37).  

For time-lapse imaging of CbtA-induced morphology changes, pMT136, pMT139, and pMT146 

were individually transformed into BW27785. Overnight cultures were back diluted to a starting OD600 of 

0.05 and grown at 30 ºC for 1 hr without induction. Cells were concentrated 5x, and 2 µL was spotted on 

the bottom of a glass-bottomed dish (Willco dish HBSt-5040; Willco Wells). A 2% agarose pad containing 

LB growth medium supplemented with 100 µM IPTG was placed on top of the culture aliquot. Cells were 

imaged on a Well Plate Holder stage (TI-SH-W; Nikon) equipped with a humid, temperature-controlled 

incubator (TC-MIS; Bioscience Tools). The objective was heated to ~30 ºC using a Bioptechs objective 

heater system. Images were acquired every 3 min for 3 hrs. Image analysis was performed in FIJI and 

ImageJ.  
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Spot dilution assays 

E. coli BW27785 was transformed with the appropriate plasmid(s); transformants were selected 

on LB supplemented with appropriate antibiotic at 30 ºC or 37 ºC. Overnight cultures were back diluted in 

fresh LB + antibiotics to a starting OD600 of 0.05 and grown at the indicated temperature until cultures 

reached an OD600 of 0.5-1. Cultures were normalized by OD600 value and 1:10 serial dilutions were 

made in fresh LB. 5 µL of each culture were spotted on LB plates containing the appropriate antibiotics 

with or without the indicated level of IPTG.  

 

Western blot analysis 

 To compare levels of the His6-CbtA-GFP variants, 2 mL of each culture used for microscopic 

observation was pelleted and resuspended in BugBuster lysis buffer (EMD) supplemented with rlysozyme 

and Omnicleave. Pellets were resuspended in varying amounts of lysis buffer to normalize by OD600 

value and lysed at room temperature for 30 min. Total protein concentration was measured by Bradford 

assay, and lysate volumes were adjusted using lysis buffer such that all samples contained equivalent 

amounts of protein. Lysates were diluted 1:2 in 2x Laemmli buffer; further dilutions were made in 1x 

Laemmli buffer. Standard SDS-PAGE and transfer procedures were used; duplicate gels were run and 

transferred. His6-CbtA-GFP proteins were detected on one blot using an anti-GFP primary antibody 

(Roche) at a concentration of 1:5,000; RpoA levels were detected on the second blot using an anti-RpoA 

antibody (Neoclone) at a concentration of 1:5,000. Secondary anti-mouse antibody was used at a 

concentration of 1:10,000 for both. The anti-RpoA blot served as a loading control to ensure equivalent 

amounts of protein were loaded. 
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Table 2.1: Strains used in this study  

Strain Description Reference/ Source 

NEB5-α F’Iq 
 
 

BW27785 
 
 
 

FW102 OL2-62 
 
 
 
 

BN30 (FW102 OL2-
42) 

 
 
 
NP1 (TB28 zapA-gfp 

frt) 

DH5-α derivative containing an F’ (Tet resistant) 
bearing lacIq 

 
Δ(araB-araD)567 ΔlacZ4787(::rrnB-3) LAM- 
Δ(araH-araF)570(::FRT) ΔaraEp-532::FRT  
φ(Pcp18-araE534) Δ(rhaB-rhaD)568 hsdR514 

 
FW102 (38) containing an F’ (Kan resistant) 
bearing the placOL2–62-lacZ fusion in which the 
λCI operator is centered at position –62 upstream 
of the lac promoter  

 
FW102 (38) containing an F’ (Kan resistant) 
bearing the placOL2–42-lacZ fusion in which the 
λCI operator is centered at position –42 upstream 
of the lac promoter  
 
TB28 (MG1655 ΔlacIZYA::frt) encoding ZapA-GFP 
from the native chromosomal locus. Linked 
cat cassette has been removed by FLP 
recombinase. 

 

New England Biolabs 
 
 

(39) 
 
 
 

(35) 
 
 
 
 

(22); Bryce Nickels 
 
 
 
 

(23); Generous gift of T. 
Bernhardt 
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Table 2.2: Plasmids used in this study 

Plasmid Description Reference/ Source 

pBRα 
 
 
 

pACλCI 
 
 

pBRα-FtsZ 
(pMT153) 

 
 

 
pBRα-MreB 
(pMT151) 

 
 

 
pACλCI-CbtA 

(pMT155) 
 
 

pACλCI-YkfI 
(pMT169) 

 
 

pACλCI-YpjF 
(pMT170) 

 
 

pACλCI-CbtA-F65S 
(pMT180) 

 
 

pACλCI-YkfI-F65S 
(pDH206) 

 
 

pACλCI-YpjF-F65S 
(pMT192) 

 
 

pACλCI-CbtA-R15C 
(pDH246) 

 
 
 

pACλCI-YkfI-C15R 
(pDH266) 

 

Encodes the full-length α subunit of RNAP under the 
control of tandem placUV5 and plpp promoters; 
confers resistance to Carb 
 
Encodes λCI (residues 1-236) under the control of 
lacUV5 promoter; confers resistance to Cm 
 
Encodes residues 1-248 of α fused by a three-
alanine linker to full-length E. coli FtsZ under the 
control of tandem placUV5 and plpp promoters; 
confers resistance to Carb  
 
Encodes residues 1-248 of α fused by a three-
alanine linker to full-length E. coli MreB under the 
control of tandem placUV5 and plpp promoters; 
confers resistance to Carb  
 
Encodes λCI fused by a three-alanine linker to full-
length CbtA under the control of lacUV5 promoter; 
confers resistance to Cm 
 
Encodes λCI fused by a three-alanine linker to YkfI 
under the control of lacUV5 promoter; confers 
resistance to Cm 
 
Encodes λCI fused by a three-alanine linker to YpjF 
under the control of lacUV5 promoter; confers 
resistance to Cm 
 
Encodes λCI fused by a three-alanine linker to 
CbtA-F65S under the control of lacUV5 promoter; 
confers resistance to Cm 
 
Encodes λCI fused by a three-alanine linker to YkfI-
F65S under the control of lacUV5 promoter; confers 
resistance to Cm 
 
Encodes λCI fused by a three-alanine linker to YpjF-
F65S under the control of lacUV5 promoter; confers 
resistance to Cm 
 
Encodes λCI fused by a three-alanine linker to 
CbtA-R15C under the control of lacUV5 promoter; 
isolated in a λCI-CbtA mutant screen; confers 
resistance to Cm 
 
Encodes λCI fused by a three-alanine linker to YkfI-
C15R under the control of lacUV5 promoter; confers 
resistance to Cm 
 
 

(17) 
 
 
 

(17) 
 
 

This study; M. Tavag 
 
 
 
 

This study; M. Tavag 
 
 
 
 

This study; M. Tavag 
 
 
 

This study; M. Tavag 
 
 
 

This study; M. Tavag 
 
 
 

This study; M. Tavag 
 
 

 
This study 

 
 
 

This study; M. Tavag 
 
 
 

This study 
 
 
 
 

This study 
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Table 2.2 (Continued) 

Plasmid Description Reference/Source 

pACλCI-YpjF-C15R 
(pDH267) 

 
 

p3-37 
 
 

 
pMT136 

 
 
 
 

pMT138 
 

 
 

pMT139 
 
 
 

pMT144 
 
 
 

pMT146 
 
 
 

pMT188 
 
 
 

pDH253 
 
 
 

pDH262 
 
 
 
 

pSG360 
 
 
 

pDH325 
 
 

pDH326 
 

 

Encodes λCI fused by a three-alanine linker to YpjF-
C15R under the control of lacUV5 promoter; confers 
resistance to Cm 
 
Derivative of pCA24N; Encodes full-length His6-YkfI-
GFP under the control of pT5-lac promoter; pBR 
origin and confers resistance to Cm 
 
Derivative of pCA24N; Empty vector control plasmid 
encoding full-length His6- GFP under the control of 
pT5-lac promoter; pBR origin and confers resistance 
to Cm 
 
Derivative of pCA24N; Encodes full-length His6-
YpjF-GFP under the control of pT5-lac promoter; 
pBR origin and confers resistance to Cm 
 
Derivative of pCA24N; Encodes full-length His6-
CbtA-GFP under the control of pT5-lac promoter; 
pBR origin and confers resistance to Cm 
 
Derivative of pCA24N; Encodes full-length His6-YkfI-
F65S-GFP under the control of pT5-lac promoter; 
pBR origin and confers resistance to Cm 
 
Derivative of pCA24N; Encodes full-length His6-
CbtA-F65S-GFP under the control of pT5-lac 
promoter; pBR origin and confers resistance to Cm 
 
Derivative of pCA24N; Encodes full-length His6-
YpjF-F65S-GFP under the control of pT5-lac 
promoter; pBR origin and confers resistance to Cm 
 
Derivative of pCA24N; Encodes full-length His6-
CbtA-R15C-GFP under the control of pT5-lac 
promoter; pBR origin and confers resistance to Cm 
 
Derivative of pCA24N; Encodes full-length His6-
CbtA-R15C/F65S-GFP under the control of pT5-lac 
promoter; pBR origin and confers resistance to Cm 
 
 
Empty vector used for cloning genes downstream of 
a placUV5 promoter with an additional lacO site; 
pCDF origin; confers resistance to Spec; lacIq 

 

pSG360 derivative encoding untagged CbtA; 
confers resistance to Spec 
 
pSG360 derivative encoding untagged CbtA-F65S; 
confers resistance to Spec 

This study 
 
 
 

(40); This study 
 

 
 

This study; M. Tavag 
 
 
 
 

This study; M. Tavag 
 
 

 
This study; M. Tavag 

 
 
 

This study; M. Tavag 
 
 
 

This study; M. Tavag 
 
 
 

This study; M. Tavag 
 
 
 

This study 
 
 
 

This study 
 
 
 
 

Seth Goldman 
 
 
 

This study 
 
 

This study 
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Table 2.2 (Continued) 

Plasmid Description Reference/Source 

pDH327 
 
 

pDH328 
 
 

pSC101 
 
 

pTB63 

pSG360 derivative encoding untagged CbtA-R15C; 
confers resistance to Spec 
 
pSG360 derivative encoding untagged CbtA-
R15C/F65S; confers resistance to Spec 
 
Low copy plasmid; confers resistance to Tet 
 
 
pSC101 derivative; ftsQAZ; confers resistance to 
Tet 

This study 
 
 

This study 
 

 
Generous gift of T. 

Bernhardt 
 

(41); Generous gift of T. 
Bernhardt 
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Table 2.3: Important DNA oligonucleotides used in this study 

 
Name Sequence (5’ to 3’) Description 

pBRα_F 
 
 

pBRα_R 
 
 
pACλCI_F 
 
 
pACλCI_R 

 
 

oSG623 
 

 
oSG624 

 
 

oSG625 
 
 

oSG626 
 

 
oSG639 

 
 

oSG640 
 
 

oSG641 
 
 

oSG642 
 
 

oSG659 
 
 

oSG660 
 
 

oSG663 
 

 
oSG664 

 
 

oSG667 
 

 

GAACAGCGTACCGACCTGGAC 
 
 
CCTATATCGCCGACATCACC 
 
 
GATCAGGGATAGCGGTCAGG 
 
 
CCTACATCTGTATTAACGAAGC 
 
 
GGGCCATCGATGCCGCGGCATCTAGAGGCCTATG 
 
 
AGGCCTCTAGATGCCGCGGCATCGATGGCCCTCA 
 
 
AGGAGAAATTAACTATGAGAG 
 
 
AACATCACCATCTAATTCAACAAG 
 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAACG
TTAACACTCTACCTGCTACAATTTC 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAACG
TTAACACTCTACCTGCTACAATTTC 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAACG
TTAAAACATTACCTGTATTACCCG 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTCTCTAG
ATTTCGCCTCCGGATACTTAC 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAACG
TTAAAACTTTACCTGCAATAACTCAGCGG 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTCTCTAG
ATCGTACTACGTTGTTACGGC 
 
CCCTAGCCGATGCCGTGAATTCTCTGGTAGAAAAA
TACGAGCTGG 
 
CCAGCTCGTATTTTTCTACCAGAGAATTCACGGCA
TCGGCTAGGG 
 
TCACTGTGTGATGCGGTGAACTCTCTCGTGGAAAA
ATACGCGCTGGTGCG 
 

Sequencing primer for all pBRα 
fusion constructs 
 
Sequencing primer for all pBRα 
fusion constructs 
 
Sequencing primer for all λCI 
fusion constructs 
 
Sequencing primer for all λCI 
fusion constructs 
 
Annealed with oSG624 to form in-
frame linker with MCS for pMT136 
 
Annealed with oSG623 to form in-
frame linker with MCS for pMT136 
 
Sequencing primer for pCA24N-
derived plasmids 
 
Sequencing primer for pCA24N-
derived plasmids 
 
Amplifies ypjF sequence (no start 
codon); contains AclI site 
 
Amplifies ypjF sequence (no stop 
codon); contains XbaI site 
 
Amplifies cbtA sequence (no start 
codon); contains AclI site 
 
Amplifies cbtA sequence (no stop 
codon); contains XbaI site 
 
Amplifies ykfI sequence (no start 
codon); contains AclI site 
 
Amplifies ykfI sequence (no stop 
codon); contains XbaI site 
 
Internal mutagenic primer to 
introduce F65S into ykfI sequence 
 
Internal mutagenic primer to 
introduce F65S into ykfI sequence 
 
Internal mutagenic primer to 
introduce F65S into cbtA 
sequence 
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Table 2.3 (Continued) 
 

Name Sequence (5’ to 3’) Description 

oSG668 
 
 

 
oSG723 

 
 

oSG724 
 
 

oSG727 
 

 
oSG728 

 
 

oSG729 
 

 
oSG730 

 
 

oSG731 
 
 

oSG732 
 

 
oDH70 

 
 

oDH71 
 
 

oDH344 
 
 
 

oDH345 
 
 
 

oDH446 
 
 
 

oDH447 

CGCACCAGCGCGTATTTTTCCACGAGAGAGTTCAC
CGCATCACACAGTGA 
 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCG
GCCGCATTGAAAAAATTTCGTGGCATGTTTTCC 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTCGGAT
CCTTACTCTTCGCTGAACAGGTCGCC 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCG
GCCGCAAAAACATTACCTGTATTACCCGGG 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTCGGAT
CCTTATTTCGCCTCCGGATACTTACC 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCG
GCCGCAAAAACTTTACCTGCAATAACTCAGCGG 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTCGGAT
CCTTATCGTACTACGTTGTTACGGC 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCG
GCCGCAAACACTCTACCTGCTACAATTTCGC 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTCGGAT
CCTTATTTCACATTAGTTTTTAGCAAGCCGG 
 
TATATAGCGGCCGCATTTGAACCAATGGAAC 
 
 
TATATAGGATCCTTAATCAGCTTGCTTACGC 
 
 
ATATATGCGGCCGCAAAAACTTTACCTGCAATAACT
CAGCGGGCGGTGAAGCCCCGTCTGTCACCCGTGG
CTG 
 
ATATATGCGGCCGCAAACACTCTACCTGCTACAAT
TTCGCAGGCGGCGAAGCCCCGCCTGTCGCCAGTG
GCTG 
 
ATATATGAATTCAAGGAGATATACCATGAAAACATT
ACCTGTATTACCCG 
 
 
ATATATAAGCTTTCATTTCGCCTCCGGATACTTACC
CAG 
 

Internal mutagenic primer to 
introduce F65S into cbtA 
sequence 
 
Forward primer for amplification of 
mreB; contains a NotI site 
 
Reverse primer for amplification 
of mreB; contains BamHI site 
 
Forward primer for amplification of 
cbtA; contains a NotI site 
 
Reverse primer for amplification 
of cbtA; contains BamHI site 
 
Forward primer for amplification of 
ykfI; contains a NotI site 
 
Reverse primer for amplification 
of ykfI; contains BamHI site 
 
Forward primer for amplification of 
ypjF; contains a NotI site 
 
Reverse primer for amplification 
of ypjF; contains BamHI site 
 
Forward primer for amplification of 
ftsZ; contains a NotI site 
 
Reverse primer for amplification 
of ftsZ; contains BamHI site 
 
Forward mutagenic primer to 
introduce C15R into ykfI; contains 
NotI site 
 
Forward mutagenic primer to 
introduce C15R into ypjF; 
contains NotI site 
 
Forward primer to clone cbtA 
variants into pSG360; contains 
EcoRI site; includes RBS 
 
Reverse primer to clone cbtA 
variants into pSG360; contains 
HindIII site 
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Chapter 3: CbtA interacts directly with the H6/H7 loop of E. coli FtsZ  

 

Attributions: I wrote this chapter in its entirety with helpful editing advice from my advisor, Ann 

Hochschild. I conducted the majority of the experimental work presented in this chapter under the 

guidance of Ann Hochschild. Mrinalini Tavag initiated the genetic screen to identify α-FtsZ variants with 

decreased CbtA interaction; I performed all subsequent characterization of isolated variants. I would like 

to acknowledge David Rudner and Alexander Meeske for helpful technical advice and reagents used in 

the B. subtilis experiments performed in this chapter, as well as Tom Bernhardt and Hongbaek Cho for 

useful reagents and strategies used in the E. coli FtsZ studies.   

 

Chapter 3.1: Introduction to the regulated assembly of FtsZ filaments  

Cytokinesis in bacteria proceeds in three general stages (reviewed in 1-4). In the first step of cell 

division, the bacterial tubulin homolog FtsZ polymerizes into dynamic filaments that coalesce into a 

contractile ring structure (referred to as the Z ring) at mid-cell, perpendicular to the long axis of rod-

shaped bacteria such as E. coli and B. subtilis. This Z ring structure marks the site of cell division and 

orchestrates the final two steps of cytokinesis: the maturation of the division site via recruitment and 

scaffolding of several essential and nonessential divisome factors, and finally, the activation and 

coordination of inner membrane constriction, septal peptidoglycan synthesis, and outer membrane 

invagination. These final two stages of cell division are absolutely dependent on the proper assembly and 

localization of FtsZ established in the first stage, earning FtsZ the title of master division regulator (5). 

Cells that are unable to properly assemble this division complex fail to divide and grow as filaments. 

FtsZ levels are constant throughout the bacterial cell cycle (6,7), indicating that cell division is 

governed by the dynamics and positioning of FtsZ assembly. The precise spatial and temporal control of 

FtsZ polymerization is determined by essential structural and biochemical features of the FtsZ subunit 

and polymer together with the coordinated activity of several modulatory proteins. This chapter takes an 

FtsZ-centric view of bacterial cell division and highlights some of the key factors involved in the regulation 

of FtsZ assembly. Main consideration is given to the model organism E. coli. Furthermore, after reviewing 

some of the known strategies employed by FtsZ inhibitors, this chapter presents our genetic 
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characterization of the interaction between E. coli FtsZ and the recently described cell division inhibitor, 

CbtA. 

 

The FtsZ subunit 

 The essentiality of FtsZ in cell division is underscored by the fact that this tubulin homolog is 

found ubiquitously throughout bacterial and archaeal species, with 40-50% sequence identity between 

even the most divergent species (8-10). In contrast, FtsZ has only 10% amino acid identity with 

eukaryotic tubulins. Despite this low sequence similarity, structural data from several species indicate that 

bacterial FtsZs have many highly conserved structural features of tubulins, suggesting that FtsZ may be 

the ancestral tubulin protein (8,9).e 

  Like tubulin, FtsZ has a globular core (encompassing E. coli residues 10-316) comprised of two 

self-folding domains separated by a central helix (H7f labeled in Figure 3.1A). The N-terminal domain 

exhibits a Rossmann fold and contains a highly-conserved tubulin GTP-binding motif (GGGTG[S/T]G); 

the C-terminal domain includes the GTP-contacting synergy loop (the T7 loop labeled in Figure 3.1A, and 

shown in orange in Figure 3.1B) with the highly conserved tubulin motif (NxDxx[E/D]) essential for 

monomer assembly and GTP hydrolysis (3,8,11,12). There is some debate as to the exact cut off 

between these two globular domains, but for the purpose of this discussion we will consider the border 

proposed by Osawa and Erickson (13). They found that truncated FtsZ proteins containing just the N-

terminal domain (terminating at E. coli residue 195) or C-terminal domain (E. coli residues 195-383) were 

both produced as soluble proteins in E. coli. Furthermore, they argue that this border, unlike the division 

at residue 179 proposed by Oliva et al. (11), allows for the inclusion of conserved GTP-contacting 

residues F182 and N186 in the N-terminal GTP-binding domain (11,13). 

 In addition to these two core domains, the FtsZ monomer contains two unstructured domains that 

are unresolved in a number of FtsZ crystal structures. Proximal to the N-terminal core domain is a poorly 

conserved N-terminal extension (residues 1-9 in E. coli FtsZ) that varies in length and amino acid  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
e For this discussion, E. coli residue designations will be used. 
 
f H, S, and T designations used when discussing regions of the FtsZ structure stand for helix, sheet, and 
turn, respectively.  
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Figure 3.1: The FtsZ subunit and protofilament. Crystal structures of the Methanococcus jannaschii 

FtsZ monomer (A) and space-filled protofilament (B) (PDB 1W5B (11)). A) The globular core of FtsZ is 

made up of the GTP-binding N-terminal domain (shown in cyan), and the C-terminal domain (shown in 

sky blue). A line representing the unstructured C-terminal linker has been drawn to connect the FtsZ core 

to the structured C-terminal peptide containing both the conserved ~15-17aa CTT and the variable ~4-

6aa CTV. The C-terminal peptide is shown in the conformation it adopts when bound to ZipA (PDB 1F47 

(14)). The bound GTP is shown in orange. In the bottom domain diagram, E. coli  residue designations 

are shown. B) Two space-filled FtsZ monomers (wheat and purple) are shown in head-to-tail 

arrangement. The T7 loop (shown in orange) contacts the GTP nucleotide (green) bound to the GTP-

binding pocket (gray). The loop formed by helix 6 and helix 7 (H6/H7 loop) is shown in yellow.  
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composition amongst different bacterial species (10,12). Furthermore, the C-terminal core domain 

(ending at E. coli residue 316) is followed by a C-terminal tail domain that is composed of an intrinsically 

disordered peptide linker ranging in length from approximately 50 residues in E. coli and B. subtilis to 300 

residues in some bacterial species, and a highly conserved extreme C-terminal segment (15-17 aa) 

(10,15,16). This conserved C-terminal tail (CTT) is a regulatory hub that mediates important interactions 

between FtsZ and its anchoring proteins, FtsA and ZipA in E. coli, the SepF protein of B. subtilis, and 

several negative regulators of assembly (discussed below), such as MinC and SlmA (14,17-19). Co-

crystal structures of this C-terminal peptide fragment indicate that it adopts different conformations, 

depending on the accessory protein to which it is bound (14,20,21). At the extreme C-terminus of FtsZ, 

adjacent to this conserved peptide, is a set of residues (four aa in E. coli) that are highly variable between 

different species (CTV) (22).  

Recent work by both the Erickson and Levin groups indicates that the unstructured C-terminal 

linker is necessary for FtsZ assembly in vitro and function in vivo, and that length, not sequence is the 

most important determinant of function (15,16,23). They postulated that this unstructured linker forms a 

flexible tether between the FtsZ globular core and the inner membrane that allows FtsZ filaments to 

assemble in the proper conformation for cell division to occur (15,16,23). 

 

FtsZ polymerization and in vitro assembly 

 In vitro, FtsZ polymerizes with a critical concentration of 1 µM into single-stranded filaments 

ranging from 120 to 200 nm long (3,24). These FtsZ polymers are composed of 30-50 FtsZ subunits 

stacked vertically in a head-to-tail fashion, similar to the manner in which eukaryotic tubulins polymerize. 

(3,7,11,25,26). As revealed by crystal structures of the FtsZ protofilament from multiple bacterial species 

(the M. jannaschii structure is shown in Figure 3.1B), this vertical stacking of monomers allows for the T7 

loop of the top subunit to reach into the GTP binding pocket of the bottom subunit, positioning critical 

catalytic residues (N207, N209, D212) near the GTP molecule and allowing for GTP hydrolysis 

(11,26,27). Thus, as in tubulin, GTP hydrolysis is self-activating and requires FtsZ polymerization (3,11). 

Similar to microtubule designations, the end of the FtsZ polymer with exposed nucleotide is designated 
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the “plus end”, while the opposite end of the polymer containing the T7 loop is designated the “minus 

end.”   

 There is disagreement amongst different structures as to the exact residues involved in 

longitudinal contact between FtsZ monomers; however, it is generally accepted that in addition to the 

insertion of the T7 loop into the GTP-binding site, the protofilament interface is formed by contact 

between residues in helices H0, H8, H9, and H10 of the C-terminal core domain of the top subunit and 

H2, S3, T3, and the loop formed between helices H6 and H7 in the N-terminal domain of the bottom 

subunit (11,28-30). Most contacts are between highly conserved residues, with the notable exception of 

the contact formed by helix H10 of the top subunit and the H6/H7 loop of the bottom subunit (30). With 

the exception of residue F182, these regions of FtsZ are very poorly conserved across bacteria, 

suggesting that specific contacts may not be needed to form this stabilizing longitudinal interaction (30). 

Mutational analyses have confirmed the importance of these contacts in filament formation both in vivo 

and in vitro (26,27,31). 

Biochemical studies have suggested that GTP binding and hydrolysis are not essential for FtsZ 

assembly; Huecas et al. found that nucleotide-free M. jannaschii FtsZ was able to assemble as well as 

FtsZ bound to GTP and that addition of GDP destabilized nucleotide-free filaments (32). Their 

observations agreed with electron microscopy studies suggesting that FtsZ polymers may undergo a 

nucleotide-dependent conformational switch (32-34). EM images show GDP-bound polymers adopt a 

more relaxed, curved conformation, while FtsZ-GTP polymers tend to be straight and rigid. Initial crystal 

structures, however, showed no obvious conformational difference between FtsZ monomers or 

protofilaments bound to different nucleotides (11). More recently, molecular simulation and structural 

studies have suggested that this conformational change may be mediated by shifts in the core helix H7, 

the GTP-contacting T7 loop, and the H6/H7 loop, resulting in weaker monomer-monomer contact in the 

curved, GDP-bound filament (27,29,30,35,36). Li et al. suggested based on their Mycobacterium 

tuberculousis protofilament structure that this hydrolysis-dependent straight-to-curved transition is further 

mediated by a hinge-opening of the T3 loop; in their structure the inter-subunit interface is mostly 

preserved in both conformations and acts as a pivot-point for filament curving (26). Taken together, these 

recent data align nicely with earlier observations and suggest that nucleotide-driven conformational 



69 

changes may contribute to constriction of the Z-ring during cytokinesis, and they further imply that GTP 

hydrolysis may be an important driver of FtsZ turnover (3,26,30,32,34). 

Although in in vitro assembly reactions single filaments seem to predominate, higher order 

assemblies of FtsZ filament including bundles, rings, and spirals have also been observed (37). The 

formation of these structures seems to be dependent on the buffer conditions, the species from which the 

FtsZ protein originated, and the presence of modulatory proteins (such as ZipA and Zaps) (reviewed in 

(3,4)). The physiological relevance of these in vitro structures and if and how they correlate with in vivo Z 

ring observations is still a topic of debate in the field (3).  

 

In vivo observation of the Z ring 

 There are approximately 5,000-15,000 molecules of FtsZ per E. coli cell, about 40% of which are 

thought to reside in the Z ring, a structure first visualized via immunoelectron microscopy by Bi and 

Lutkenhaus in 1991 (3,31,38-40). Observation of fluorescently tagged FtsZ in E. coli and B. subtilis by 

conventional fluorescence microscopy shows a dynamic, closed ring at mid-cell that transitions 

throughout the cell cycle from expanded helical structures, to a transverse fluorescent band, and finally to 

a fully constricted focus (41-44). FRAP (fluorescence recovery after photobleaching) analyses have 

shown that turnover of FtsZ subunits in the Z ring proceeds with a half time of about 8-10 s (3,38,45).  

In recent years, super-resolution light microscopy has provided striking insight into the 

arrangement of individual protofilaments in the Z ring. Imaging of the Z ring from multiple species using 

techniques such as PALM (photoactivated localization microscopy) and 3D-SIM (3D structured 

illumination microscopy) has suggested that it is not a continuous ring structure, but is instead composed 

of loose clusters of overlapping filaments separated by filament-free gaps resembling a bead-like 

arrangement (46-50). Polarized fluorescence microscopy similarly suggests that in E. coli, the Z ring is a 

disordered arrangement of FtsZ filaments that lacks significant order throughout the cell cycle (51). The 

pool of free FtsZ not associated with the mid-cell Z ring consists of a mixture of dynamic monomers and 

oligomers (3,50).  
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Modulation of FtsZ assembly by positive and negative regulators 

In addition to the inherent biochemical properties of the FtsZ polymer, Z ring assembly, 

maintenance, and disassembly are influenced by a diverse set of modulatory proteins throughout the cell 

cycle. The functions of these endogenous factors can be broadly divided into four categories: i) 

membrane anchoring ii) stabilization of the Z ring iii) division site selection and iv) response to 

environmental cues. Additionally, several exogenous inhibitors of FtsZ, including phage-encoded proteins 

and small molecule inhibitors have been described. Each category is discussed briefly below. 

 

FtsA and ZipA anchor E. coli FtsZ in the inner membrane 

 Electron cryotomography of the Z ring shows that it lies in close proximity to the inner membrane 

(52). In E. coli, this membrane localization is a result of direct interaction between distinct sites on the 

conserved C-terminal peptide of FtsZ and two collaborating membrane anchor proteins: FtsA and ZipA 

(14,17,25,53-56). ZipA and FtsA co-localize with the Z ring (44), and both are essential for cell division in 

E. coli. Disruption of either (in the context of a temperature sensitive allele) results in filamented cells that 

contain regularly spaced Z rings but fail to divide; disruption of both eliminates any observable Z rings 

(25,53). Despite this partially redundant FtsZ-anchoring role, there is very little similarity between FtsA 

and ZipA. FtsA is a member of the actin/Hsp70/sugar kinase family that is broadly conserved across 

bacteria (25); in addition to a slightly modified actin-fold (57), FtsA contains a membrane-targeting 

amphipathic helix at its extreme C-terminus that is essential for its role in division (56). ZipA, on the other 

hand, is found only in the gammaproteobacteria and is a bitopic protein composed of an N-terminal trans-

membrane domain and a cytoplasmic FtsZ-interacting C-terminal domain that are separated by a proline-

glutamine rich linker (54,58). It has been found that a single amino acid substitution in FtsA (ftsA*) is 

sufficient for bypass of ZipA essentiality (59). The finding that ftsA* exhibits decreased self-interaction has 

suggested that ZipA may be required, in part, in order to modulate FtsA assembly (60). 

 

Z ring stabilization 

Combined genetic and biochemical evidence suggests that ZipA may also play a role in 

stabilizing the membrane-tethered Z ring. RayChaudhuri found that increased expression of zipA was 
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able to suppress the assembly defect of the temperature-sensitive ftsZ84 allele in vivo, and that addition 

of ZipA to FtsZ assembly reactions resulted in the formation of large filament bundles and sheets (61). 

Several other Z ring associated proteins, or Zaps, are thought to act as positive regulators of the Z ring by 

promoting lateral interaction between protofilaments (reviewed in (4)). The ZapABCD proteins of E. coli 

are not essential for viability; deletion of any single zap gene causes slight defects in Z ring assembly and 

division. However, deletion of multiple zap genes or combining individual zap deletions with other 

divisome perturbations is synergistic, revealing pronounced synthetic sick phenotypes (4). These proteins 

promote formation of large FtsZ bundles in vitro (62-64). Despite this apparent overlap in function, the 

Zaps share no sequence similarity, and with the exception of ZapA and ZapB (65), do not interact with 

each other. ZapACD interact directly with FtsZ; ZapD is thought to interact with the conserved C-terminal 

tail of FtsZ (62). The Gram-positive FtsZ regulator, SepF, similarly promotes FtsZ bundling and was also 

found to interact with the conserved C-terminal tail region (4,19). Interestingly, super-resolution imaging of 

the Z ring in a strain lacking both zapA and zapB, did not show marked difference in the in vivo formation 

of multi-filament FtsZ clusters (66). It was noticed, though, that these filament clusters did not align as 

efficiently at mid-cell as in a wild-type strain, suggesting that rather than playing a vital role in FtsZ 

bundling, ZapA and ZapB may primarily function in spatial organization of the Z ring (66). 

 Although several lines of evidence suggest that the formation of lateral interactions stabilizes FtsZ 

assembly, the specific FtsZ-FtsZ contacts involved in lateral interaction have not been well established. 

Notably, B. subtilis FtsZ has a higher propensity to form bundles than FtsZ from E. coli (22). Buske and 

Levin recently found that swapping the extreme C-terminal residues (the CTV) of E. coli and B. subtilis 

FtsZs led to the reciprocal observation, suggesting that this region is sufficient to promote lateral 

interactions (22). Furthermore, mutation of two residues in the H6/H7 loop has been found to alter the 

bundling properties of E. coli FtsZ. The R174D substitution was shown to decrease FtsZ bundling in vitro 

(67), while recent work by the Margolin group has shown that the L169R substitution enhances bundling 

of FtsZ, resulting in increased resistance to negative regulators of assembly and allowing for the bypass 

of the proposed stabilizer ZipA (68). However, it remains to be seen precisely how these various residues 

interact with monomers in an adjacent filament. 
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Division site selection 

The precise positioning of the Z ring is determined by collaboration of two partially redundant 

systems, the Min and nucleoid occlusion systems, both of which employ negative regulators to restrict the 

assembly of FtsZ filaments to mid-cell. The Min system of E. coli prevents Z-ring assembly at the cell 

poles and consists of three proteins: 1) MinC, an FtsZ antagonist 2) MinD, a ParA family ATPase that 

when bound to ATP dimerizes and is targeted to the inner membrane in a complex with MinC, and 3) 

MinE, a membrane-bound protein that activates MinD ATPase activity and positions the MinCD complex 

at the cell poles (2,69). Extensive in vitro, in vivo, and in silico work has illustrated that these Min proteins 

rapidly oscillate from cell pole to cell pole, ensuring that on average, over time they are most often found 

at the ends of cell and absent from the mid-cell zone (70,71). Disruption of the Min system results in 

aberrant Z ring localization and the formation of a mixture of anucleate mini-cells and elongated, 

multinucleate cells (72).  

MinC has two inhibitory domains, both of which interfere with FtsZ assembly. The C-terminal 

domain of MinC interacts with the conserved C-terminal tail of FtsZ and is thought to displace FtsA and 

ZipA from this site in the context of assembled Z rings (73). Additional work by Shen and Lutkenhaus 

showed that mutation of residues in the H10 helix at the longitudinal interface of the FtsZ protofilament, 

conferred resistance to the N-terminal domain of MinC both in vivo and in in vitro assembly reactions (74). 

Their observations, combined with earlier work showing that MinC does not block in vitro polymerization 

or GTPase activity of FtsZ but does lead to the shortening of filaments (75), led them to suggest the 

following model. They propose that MinC inhibition is a two-pronged mechanism in which the CTD of 

MinC first binds the C-terminal tail of FtsZ, disrupting membrane anchoring; the NTD of MinC then attacks 

the intra-protofilament interface, breaking apart FtsZ polymers (74). They specify that the NTD of MinC is 

likely able to access the H10 helix only when filaments are in the curved, GDP-bound state (74). 

Nucleoid occlusion ensures that Z ring assembly and cytokinesis do not occur until the 

segregation of nucleoids is successfully completed and thus serves to maintain genomic integrity (76). In 

B. subtilis, nucleoid occlusion is mediated by the Noc effector (77), which appears to block Z ring 

assembly not by interaction with FtsZ, but by recruitment of DNA to the cell membrane to form large 

nucleoprotein complexes (78). It has been proposed that these large complexes may crowd the mid-cell 
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region, physically blocking Z ring formation (78). In E. coli, the nucleoid occlusion factor is SlmA, which 

was first identified through a screen to find factors synthetically lethal with loss of the Min system (79). In 

contrast to Noc, SlmA directly binds to the conserved C-terminal peptide of FtsZ to disrupt assembly; 

SlmA antagonism also requires sequence-specific binding to the DNA (18,21,79,80). Strikingly, a recent 

co-crystal structure of SlmA bound to DNA and to the FtsZ CTD shows that the C-terminal peptide 

adopted an extended conformation quite distinct from that formed when in complex with either FtsA or 

ZipA (14,20,21). This finding reveals the remarkable conformational flexibility of the FtsZ C-terminal 

peptide, a characteristic that allows it to interact with a diverse group of unrelated accessory proteins.  

 

Inhibition of FtsZ assembly in response to the environment 

 In addition to being regulated by these “house-keeping” proteins throughout the typical cell cycle, 

FtsZ is also the target of several inhibitors that block its assembly in response to specific environmental 

cues. FtsZ assembly is a logical node of regulation as its inhibition can lead to a rapid block in cell 

division. Here, two examples with unique mechanisms are considered. Cell division is halted during the 

SOS response; DNA damage in E. coli leads to the RecA-mediated inactivation of LexA, resulting in a 

drastic increase in production of the SulA division inhibitor (81). SulA, the most well-characterized 

negative regulator of FtsZ, has been shown by co-crystal structure to bind the T7 loop of the C-terminal 

core domain, completely occluding the top surface of the longitudinal interface (Figure 3.1B) (82). In vivo, 

this interaction results in cell filamentation and disruption of Z rings (83), whereas in vitro, addition of SulA 

disrupts FtsZ GTPase activity and assembly and causes an increase in the critical concentration of FtsZ 

assembly by an amount equivalent to the concentration of added inhibitor (84-86). Taken together, these 

observations suggest that SulA sequesters FtsZ subunits, preventing them from participating in assembly 

(86). 

 Interestingly, SulA exhibits decreased toxicity when GTPase activity of FtsZ is reduced; several 

mutations that confer resistance to sulA expression do not map to the T7 loop interaction surface (but 

instead attenuate GTPase activity (82,87). Furthermore, FtsZ assembly in vitro is less sensitive to SulA 

inhibition in the presence of nonhydrolyzable GTP analogs (84,86). This evidence suggests that SulA 

requires filament turnover in order to disrupt FtsZ function, an interesting parallel to the N-terminal domain 
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of the MinC inhibitor (74,75). Despite using distinct inhibitory mechanisms, both inhibitors apparently 

exploit the dynamic nature of FtsZ filaments to exert their activities.  

 MciZ, a 40 aa peptide produced in B. subtilis during sporulation, employs another notable 

mechanism to inhibit FtsZ assembly in the mother cell (88,89). Recent structural data indicate that MciZ 

binds to helix H10 of the C-terminal FtsZ core (89); this site overlaps with the MinC-NTD interaction 

surface suggested by Shen and Lutkenhaus (74) and is in close proximity to the T7 loop that binds SulA. 

Indeed, in the MciZ-FtsZ co-crystal, the T7 loop was found to be displaced by MciZ binding (89). 

Observation that MciZ shortens FtsZ polymers in vitro and prevents Z ring formation in vivo, both at 

substoichiometric levels, is highly suggestive of a capping mechanism (89). This mechanism of action 

was elegantly confirmed by fusion of MciZ to the flexible C-terminal tail of FtsZ; addition of this covalently 

linked FtsZ-MciZ complex to wild-type FtsZ assembly reactions still led to shortened filaments in vitro, 

ruling out the possibility of a simple sequestration model (since in the sequestration model, MciZ pre-

complexed with FtsZ should have no effect on FtsZ assembly) (89). This demonstration of capping of 

FtsZ filaments on the C-terminal face (minus end) revealed a notable difference between FtsZ polymers 

and microtubules. Microtubules exhibit treadmilling, i.e. addition of subunits to the plus end and 

disassociation of subunits from the minus end (24). While capping of the minus end of microtubules is 

typically stabilizing, MciZ markedly destabilizes FtsZ, implying that FtsZ polymers may not exhibit 

treadmilling in the same manner as eukaryotic tubulins (89). Instead, Bisson-Filho et al. propose that the 

fragmentation and annealing of polymers may play an important role in assembly. Thus, interaction with 

the FtsZ H10/T7 region can inhibit FtsZ function via three distinct mechanisms: capping (89), 

sequestration (86), and polymer breaking (74). 

 As inhibition of FtsZ is such a potent method of preventing cell division, it is unsurprising that 

several bacteriophages encode their own negative regulators of this essential protein. The Kil protein 

encoded by λ phage (and homologous prophage elements) and Gp0.4 from T7 phage have both been 

shown to directly inhibit FtsZ assembly (90-92). In the case of the latter, Gp0.4-mediated inhibition of FtsZ 

during infection conferred a fitness advantage for T7 phage, suggesting that block of cell division aids in 

successful infection (92). 
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Motivation for the current study 

As evidenced by the many factors so far discussed in this chapter, bacteria (as well as the 

phages that target them) have evolved a wide range of mechanisms to control cell division through 

interaction with the division regulator FtsZ. Elucidation of these mechanisms has provided important 

insight into numerous aspects of FtsZ dynamics and cytokinesis. It has also helped to motivate the 

development of FtsZ as a druggable anti-bacterial target (93,94). The benzamides, a class of synthetic 

compounds that target FtsZ, exhibit potent antibacterial activity against several Gram-positive organisms, 

including multi-drug resistant Staphylococcus aureus (25,95). Isolation of resistance mutants in helix H7 

and a recent co-crystal structure indicate that this compound binds to this central core helix, likely 

restricting the flexibility needed to transition between relaxed GDP-bound and straight GTP-bound 

polymer states (35,95,96). In addition to their exciting promise for the treatment of infections, these 

compounds will likely serve as important tools to further study FtsZ dynamics.  

If the recent surge in our understanding of diverse FtsZ inhibitory mechanisms is any indication, it 

seems likely that there are yet unidentified ways to mediate a block of cell division. In the following study, 

we describe our efforts to elucidate the mechanism employed by the CbtA protein of E. coli to block cell 

division. CbtA, the toxin component of a prophage-encoded chromosomal toxin-antitoxin system, 

mediates a simultaneous block of cell division and cell elongation when overproduced in E. coli ((97) and 

our work). Work described in Chapter 2 of this dissertation demonstrates that CbtA interacts 

independently with both FtsZ and MreB and illustrates that these interactions are necessary for CbtA-

mediated toxicity. In this chapter, I perform a more detailed analysis of the interaction between CbtA and 

FtsZ and in Chapter 4 I focus on the interaction between CbtA and MreB. 

As mentioned previously, Tan et al. demonstrated that His-tagged CbtA is able to pull down both 

MreB and FtsZ from an E. coli cell lysate, and using a yeast two-hybrid system they were able detect 

interactions between CbtA and FtsZ, CbtA and MreB, and MreB and FtsZ (97). In an attempt to 

characterize the region of FtsZ responsible for the detected CbtA-FtsZ interaction, they tested two FtsZ 

truncations. They found that removal of either the first 32 amino acids or the last 66 amino acids of the 

FtsZ protein eliminated the yeast two-hybrid interaction detected between CbtA and FtsZ as well as the 

interaction between MreB and FtsZ (97). As the last 66 residues of E. coli FtsZ form the C-terminal tail 
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domain, which, as described above, is a site of interaction for several known FtsZ-modulatory proteins, 

Tan et al. concluded that this was a likely site of CbtA interaction.  

Using our bacterial two-hybrid system and a variety of genetic approaches, we sought to further 

characterize the interaction between the CbtA toxin and E. coli FtsZ to determine whether CbtA does in 

fact interact with this C-terminal regulatory hub or an alternative surface. By identifying the FtsZ binding 

site of CbtA, we hoped to shed light on the inhibitory mechanism employed by this potent cytoskeletal 

inhibitor and potentially learn additional information about the assembly and function of FtsZ. The 

following study outlines our findings that the CbtA toxin and its homologs interact directly with the H6/H7 

loop of E. coli FtsZ. We believe this represents a new FtsZ inhibitory interaction.  

 

Chapter 3.2: Results 

E. coli FtsZ interacts with CbtA, ZipA, and itself in a transcription-based bacterial two-hybrid system 

By means of our transcription-based bacterial two-hybrid assay, we can detect a strong 

interaction between wild-type CbtA and E. coli FtsZ (resulting in a 20-fold increase in lacZ transcription) 

(shown previously in Figure 2.2). As shown in Figure 3.2 panel A, we can also detect a strong interaction 

(resulting in a 7- to 9-fold increase in lacZ expression) between E. coli FtsZ and a truncated variant of the 

membrane anchoring protein, ZipA. In this ZipA two-hybrid construct, the λCI protein is fused to the 

cytoplasmic C-terminal domain of ZipA (residues 186-328); the N-terminal trans-membrane segment and 

unstructured linker are not included (58). An interaction between the cytoplasmic portion of ZipA and FtsZ 

in the yeast two-hybrid system was previously reported by both the Lutkenhaus and de Boer groups 

(98,99). In the yeast two-hybrid system, both mutation of residue 373 in the conserved C-terminus of FtsZ 

from aspartate to glycine (D373G) (98) and deletion of 63 residues at the C-terminus of FtsZ were found 

to severely diminish the interaction between ZipA and FtsZ (99). These results align with structural data 

indicating that the cytoplasmic C-terminal domain of ZipA binds the C-terminus of FtsZ (14). We were 

able to replicate these results in our bacterial two-hybrid system; the ZipA-FtsZ interaction was disrupted 

both by removal of the C-terminal 66 residues of the FtsZ moiety and by introduction of the D373G 

substitution (Figure 3.2 panel A). These results strongly suggest that we are detecting a biologically 

relevant ZipA-FtsZ interaction in our bacterial two-hybrid system. 
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Figure 3.2: FtsZΔ66 interaction with ZipA-CTD, FtsZ, and CbtA. Two-hybrid interactions of α-FtsZΔ-

66 and α-FtsZ-D373G with λCI-ZipA-CTD (residues 186-328) and λCI-FtsZ are shown in A and B, 

respectively. Two-hybrid interaction of α-FtsZΔ-66 and λCI-CbtA is shown in C. β-galactosidase activity 

was measured at multiple induction levels (0, 5, 25 and 100 µM IPTG) for all interactions. Each point 

represents the average of triplicate values; error bars represent standard deviation.  
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Importantly, these FtsZ variants (FtsZ-D373G and FtsZ-Δ66, each fused to the α subunit of RNA 

polymerase) still maintained an interaction with wild-type λCI-FtsZ, yielding approximately a 4-fold 

increase in lacZ expression (Figure 3.2, panel B). The genetic determinants of this FtsZ self-interaction 

are not known, but a similar interaction was previously reported in the context of the yeast two-hybrid 

system. In this system, similar results to ours were observed, indicating that removal of the last ~60 aa of 

FtsZ does not play a role in this detected FtsZ self-interaction (55). 

 

CbtA maintains interaction with an FtsZ variant lacking the C-terminal tail domain 

 Based on the yeast two-hybrid result previously reported by Tan et al., we predicted that deletion 

of the C-terminal tail domain of FtsZ would eliminate its interaction with the CbtA toxin. Surprisingly, we 

found that while this FtsZ-Δ66 was decreased for interaction with ZipA, it maintained an interaction with 

CbtA comparable to that of the wild-type protein, across several induction levels (Figure 3.2, panel C). We 

were unable to detect an interaction between wild-type FtsZ and E. coli MreB in our two-hybrid system 

and thus could not determine whether or not this C-terminal truncation had any effect on that reported 

interaction (data not shown). Since, in our bacterial two-hybrid system, the last 66 residues of FsZ do not 

appear to mediate the interaction with CbtA, we sought to identify substitutions in FtsZ that specifically 

disrupt its interaction with CbtA. In order to do this, we took an unbiased genetic approach, using our two-

hybrid system as a blue-white screening platform.  

 

Substitutions in the H6/H7 loop of FtsZ disrupt the FtsZ-CbtA interaction 

A two-hybrid mutant library was constructed by cloning PCR mutagenized ftsZ into the α vector of 

our bacterial two-hybrid system. This library was transformed into our two-hybrid reporter strain containing 

CbtA fused to λCI, and candidate variants with lowered CbtA interaction were identified as light blue or 

white colonies on medium containing 5 µM IPTG and 40 µg/µL X-gal. Approximately 100 α-FtsZ mutant 

clones were found to have lowered interaction with λCI-CbtA. In order to identify mutants specifically 

deficient for interaction with CbtA, these candidates were counter-screened to identify those that 

maintained the FtsZ-FtsZ self-interaction; 24 candidates with a self-interaction that was comparable to 

wild-type and at least a 50% decrease in the λCI-CbtA interaction were sequenced. We found that the 
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most promising of these sequenced candidates, specifically those that maintained a self-interaction of at 

least ~75% and resulted in at least a ~60% decrease in the λCI-CbtA interaction as compared to wild-type 

α-FtsZ, all had mutations affecting residues 169-182 (Figure 3.3A). These α-FtsZ mutants also 

maintained strong interaction with the C-terminal domain of ZipA (Figure 3.3A). FtsZ residues 168-182 

form the H6/H7 loop found in the core GTP-binding N-terminal domain of FtsZ. This loop (shown in yellow 

in figure 3.1B) is on the opposite end of the central core helix from the T7 synergy loop. As discussed 

above, FtsZ protofilament structures from multiple species indicate that this H6/H7 loop, which has low 

sequence conservation across different species, is located at the interface of two FtsZ monomers (11,26). 

Additional mutants identified in this screen are discussed in Appendix I (Figure A1.1). 

To further evaluate whether the mutated loop residues identified in our screen are important for 

the CbtA-FtsZ interaction, we wanted to test whether cbtA overexpression in an E. coli strain bearing one 

of these H6/H7 loop mutations at the endogenous ftsZ locus resulted in the formation of lemon-shaped 

cells (indicative of a simultaneous block of cell division and cell elongation) or spherical cells (indicative of 

MreB inhibition only). Three mutant ftsZ alleles (ftsZ-L169P, ftsZ-S177P, and ftsZ-D180N) were found to 

complement growth of an ftsZ depletion strain when expressed from a multi-copy plasmid; however, only 

ftsZ-L169P was able to support growth when introduced into the chromosomal ftsZ locus (shown in 

supplementary figure A1.2A). We observed that this strain does not fully support division in fast-growth 

conditions (LB at 37 ºC) as we see a subset of filamented cells and notable heterogeneity in cell length 

(supplementary Figure A1.2B). This division defect can be partially rescued by slower growth in LB at 30 

ºC and fully rescued by growth in M9 minimal medium (supplemented with 0.4% maltose and 0.01% 

casamino acids) at 30 ºC (supplementary Figure A1.2B). Indeed, in minimal medium, we observed 

comparable cell lengths for the wild-type (2.0 ± 0.5 µm) and ftsZ-L169P (2.4 ± 0.7 µm) strains.g 

We found that when wild-type cbtA was overexpressed from the multi-copy plasmid pMT139 

(pT5-lac-his6-cbtA-gfp) in this ftsZ-L169P strain (DH73), in M9 maltose, cells lost their rod-shape, but 

formed spherical or sphere-like cells rather than lemons (Figure 3.3B). Quantification of these data shows 

a more pronounced increase in cell roundness (width divided by length) upon cbtA overexpression in the  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
g Reported values are mean ± standard deviation. Cell length measurements were made of BW27785/ 
pMT139 (n=725) and DH73/pMT139 (n=739) strains in the absence of IPTG from three independent 
experiments. 
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Figure 3.3: Residues in the H6/H7 loop are necessary for CbtA-FtsZ interaction. A) These graphs 

represent the interactions between the α-FtsZ H6/H7 loop mutants and cI-CbtA, cI-FtsZ, and cI-ZipA-CTD 

(from top to bottom). The bars represent the average β-galactosidase activity from three independent 

measurements. Error bars represent standard deviations. Experiments were done with 100 µM, 100 µM, 

and 25 µM IPTG, from top to bottom. B) Phase contrast images were taken of either wild-type BW27785 

or BW27785 ftsZ-L169P cells overproducing His6-CbtA-GFP (encoded on plasmid pMT139). Overnight 

cultures grown at 30 ºC in M9 maltose (0.4% maltose, 1mM MgSO4, 0.01% casamino acids) were back- 

diluted 1:3,000 into fresh medium and grown at 30 ºC for ~14 hrs until they reached an OD600 of 0.3. 

Cultures were then induced with 100µM IPTG and grown for 8hrs at 30 ºC. Scale bar represents 5 µm. C) 

Quantification of cell roundness (cell width/ cell length) from cells in B. Histograms include compiled 

measurements from three-independent experiments (n= 725, wild-type without IPTG; n=706, wild-type +  
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Figure 3.3 (Continued) 

IPTG; n=739, L169P without IPTG; n=813, L169P +IPTG). Width and length measurements were made 

manually in ImageJ. 
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ftsZ-L169P strain than in the wild-type strain (shown in Figure 3.3C). In the wild-type strain, cbtA 

expression increased cell roundness only slightly (from 0.45 ± 0.1 to 0.53 ± 0.1) while in the L169P strain, 

cell roundness shifted more drastically (from about 0.41 ± 0.1 to 0.68 ± 0.2).hi The combined two-hybrid 

and morphology data suggest that this loop region is critical for the FtsZ-CbtA interaction. 

 

CbtA interacts directly with the H6/H7 loop of FtsZ  

We next sought to determine whether CbtA interacts directly with the H6/H7 loop of FtsZ. As a 

first approach, we aimed to identify compensatory substitutions in CbtA that restore its interaction with 

FtsZ H6/H7 loop mutants through use of our two-hybrid screening platform. We made a cbtA mutant 

library fused to λCI by PCR mutagenesis, transformed this into our two-hybrid strain containing a 

particular α-ftsZ mutant plasmid, and screened for dark blue “up” mutants on plates supplemented with 

IPTG, X-gal, and TPEG (a competitive inhibitor of β-galactosidase). We pooled these candidate 

suppressor mutants and then counter-screened them against wild-type FtsZ to identify those substitutions 

that enabled CbtA to interact with a specific mutant FtsZ but not wild-type FtsZ. As charge reversal 

mutations are often the easiest types of mutations with which to identify allele-specific interactions, we 

took advantage of an aspartic acid residue within the H6/H7 loop of E. coli FtsZ. As shown in Figure 3.4, 

an aspartic acid to lysine charge reversal substitution at residue 180 almost completely eliminates the 

interaction between FtsZ and CbtA. We were able to identify a substitution in CbtA, V48E, which partially 

restores the interaction between CbtA and FtsZ-D180K (resulting in a 9-fold increase in lacZ expression). 

This interaction is allele-specific, as CbtA-V48E is unable to interact with wild-type FtsZ or any of the 

other H6/H7 loop mutants identified (L169P, S177P, D180Nj) (Figure 3.4).  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
h Reported values are mean ± standard deviation. 
 
i Previous reports have measured the cell roundness of wild-type, rod-shaped E. coli as about 
0.6.(100,101) The cell roundness ratios for both the wild-type and ftsZ-L169P strains (without cbtA 
expression) in our experiment were slightly lower (between 0.4 and 0.5). We speculate that this may be 
due to strain or growth condition differences, as previous measurements were made in rich LB medium 
whereas ours were made in M9 minimal medium supplemented with 0.4% maltose and 0.01% casamino 
acids (102). 
 
j It is interesting to note that λCI-CbtA-V48E seems to be able to discriminate between wild-type α-FtsZ 
and the H6/H7 mutants, α-FtsZ-L169P and α-FtsZ-S177P, but not between wildtype α-FtsZ and α-FtsZ-
D180N. As shown in Figure 3.4, introduction of the L169P and S177P substitutions causes a decrease in  
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Figure 3.4: CbtA-V48E and FtsZ-D180K interact in an allele-specific manner. Two-hybrid analysis 

shows that the CbtA-V48E substitution partially restores the CbtA-FtsZ (D180K) interaction, but disrupts 

the interaction with wild-type FtsZ. The bars represent the average β-galactosidase activity from three 

independent measurements. Error bars represent standard deviations. Experiment was done with 25 µM 

IPTG.  

 

 

To further investigate whether CbtA interacts directly with the H6/H7 loop, we developed a         

B. subtilis heterologous system in which to investigate the FtsZ amino acid requirements for CbtA toxicity. 

Although there is ~47% amino acid identity between E. coli and B. subtilis FtsZ proteins, the H6/H7 loop 

has several non-conservative amino acid differences (Figure 3.5A). Thus, we predicted that if the H6/H7 

loop is the primary CbtA interaction surface, there should be no detectable interaction between the CbtA 

toxin and BsFtsZ. As shown in Figure 3.5B, CbtA is unable to interact with BsFtsZ by two-hybrid analysis; 

however, replacement of the B. subtilis H6/H7 loop with the E. coli loop allowed for a strong interaction 

between BsFtsZ and CbtA. To test whether this interaction would allow for CbtA toxicity in B. subtilis, we 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
the already compromised α-FtsZ/λCI-CbtA-V48E interaction; introduction of the D180N substitution does 
not further abrogate this interaction. Although subtle, this loss of specificity upon alteration of residue 
D180 further suggests that CbtA-V48E interacts directly with this residue in an allele-specific manner. 
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constructed strains with either the wild-type or chimeric ftsZ (linked to spec) at the endogenous locus and 

either gfp, wild-type cbtA or cbtA-F65S (both alleles encode an N-terminal His6 tag preceding cbtA 

followed by a C-terminal GFP moiety) at the ycgO locus under the control of the pHYPERSPANK 

promoter. The chimeric ftsZ allele caused a slight growth defect as illustrated by the reduced colony size 

in Figure 3.5C and decreased growth rate in Figure 3.5D, and microscopic analysis indicated that cells 

form filaments (see Appendix I, Figure A1.3, for a complete discussion of microscopic phenotypes). 

Overproduction of wild-type CbtA in the chimera strain caused a severe growth defect both on plates 

(shown in Figure 3.5C) and in liquid (shown in Figure 3.5D), but overproduction of CbtA-F65S to 

comparable levels (Figure 3.5E) did not. Thus, the allele-specific interaction between CbtA-V48E and 

FtsZ-D180K and the B. subtilis studies provide strong support for our hypothesis that CbtA is interacting 

directly with the H6/H7 loop of FtsZ. Furthermore, the CbtA-dependent toxicity observed in the B. subtilis 

chimera strain indicates that this interaction contributes to the toxicity of CbtAk.  

 

CbtA homologs, YpjF and YkfI, also interact with the H6/H7 loop of FtsZ  

CbtA has two homologs in E. coli: the YkfI toxin of the YkfI/YafW toxin-antitoxin system, and the 

YpjF toxin of the YpjF/YfjZ toxin-antitoxin system (103). The three toxins are encoded on different cryptic 

prophage elements within the E. coli genome, and have high amino acid sequence identity (58% identity 

between CbtA and YkfI, 62% identity between CbtA and YpjF, 78% identity between YpjF and YkfI) (103). 

As shown in Chapter 2 (Figure 2.3B), using our bacterial two-hybrid assay we can detect strong 

interactions between FtsZ and YpjF and also between FtsZ and YkfI (20-fold increase in lacZ expression 

and 13-fold increase in lacZ expression, respectively). Indeed, when we assayed their interactions with 

the BsFtsZ chimeras, we found that neither YkfI nor YpjF interacted with wild-type B. subtilis FtsZ, but 

both toxins interacted very strongly with the BsFtsZ chimera containing the H6/H7 loop of E. coli (Figure 

3.6). Thus, we believe that all three toxin homologs interact directly with the H6/H7 loop of E. coli.  

 

 

 
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
k The lack of CbtA-mediated toxicity in the wild-type strain suggests that the CbtA toxin does not 
noticeably disrupt cell elongation in B. subtilis. 
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Figure 3.5: CbtA interacts with chimeric BsFtsZ containing the E. coli H6/H7 loop. A) An alignment 

of the H6/H7 loop sequences from E. coli and B. subtilis is shown. Identical residues are shown in black; 

similar residues are shown in gray. Alignment was prepared using Boxshade. B) Two-hybrid analysis  
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Figure 3.5 (Continued) 

shows that a BsFtsZ chimera containing the H6/H7 loop from E. coli FtsZ (residues 169-183 of BsFtsZ 

are replaced with residues 168-182 of EcFtsZ) can interact with CbtA. β-galactosidase activity was 

measured at multiple induction levels (0, 5, 25 and 100 µM IPTG). Points represent the average β-

galactosidase activity from three independent measurements; error bars represent standard deviations. 

Experiment was done with 25 µM IPTG. C) A spot dilution assay was used to measure CbtA toxicity in B. 

subtilis strains containing the indicated ftsZ and cbtA alleles. A single colony of each strain was grown in 

LB at 37 ºC until late-log phase. All cultures were normalized to the same OD600 value, 1:10 serial 

dilutions were made, and cultures were spotted on LB plates with or without 1mM IPTG. Plates were 

incubated at 37 ºC overnight. D) Growth curve analysis was performed on B. subtilis strains containing 

the indicated ftsZ and cbtA alleles. Strains were grown in LB ± 1 mM IPTG at 37 ºC over several hours.  

Each point represents the average of triplicate values; error bars represent standard deviation. E) His6-

CbtA-GFP and His6-CbtA-F65S-GFP levels from a growth curve experiment similar to that described in D 

were assayed by Western blot, in triplicate using an anti-His6 antibody. Samples were taken after 4 hrs 

growth. SigA and Spo0J levels were also measured and serve as loading controls. 
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Figure 3.6: YkfI and YpjF interact with chimeric BsFtsZ containing the E. coli H6/H7 loop. Two-

hybrid analysis indicates that the BsFtsZ chimera containing the H6/H7 loop from E. coli FtsZ interacts 

strongly with both the YkfI and YpjF toxins. β-galactosidase activity was measured at multiple induction 

levels (0, 5, 25 and 100 µM IPTG). Points represent the average β-galactosidase activity from three 

independent measurements; error bars represent standard deviations. 
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Chapter 3.3: Discussion 

CbtA interacts directly with the H6/H7 loop of E. coli FtsZ 

 CbtA is a potent inhibitor of both cell elongation and cell division. When the wild-type toxin is 

produced, cells become bloated lemons; when a variant that interacts only with FtsZ (CbtA-R15C) is 

produced, cells fail to divide and form filaments lacking functional Z rings (see Chapter 2 of this 

dissertation). Here, we show that the CbtA toxin interacts directly with the H6/H7 loop of E. coli FtsZ. Our 

argument that CbtA exerts its inhibitory effect on cell division via direct interaction with the H6/H7 loop is 

based on the following observations. First, mutation of residues in the H6/H7 loop disrupts the CbtA-FtsZ 

interaction detected by bacterial two-hybrid analysis, and expression of cbtA in a strain harboring one of 

these mutant alleles does not result in the formation of lemon-shaped cells, but instead yields sphere-like 

cells indicative of a reduction in FtsZ-inhibition. Second, we identified an allele-specific interaction 

between CbtA-V48E and FtsZ-D180K, which suggests that CbtA is directly interacting with residues in the 

H6/H7 loop. Finally, through use of our B. subtilis heterologous system, we found that replacement of the 

B. subtilis H6/H7 loop with the E. coli loop sequence allows for toxic interaction between CbtA and 

BsFtsZ, confirming a direct interaction. Additionally, our two-hybrid data indicate that the H6/H7 loop is 

the likely interaction surface of two homologous toxins, YkfI and YpjF.  

Our findings do not align with those previously reported by Tan et al (97). They saw that removal 

of the C-terminal tail of FtsZ eliminated interaction between CbtA and FtsZ in their yeast two-hybrid 

system; this FtsZ variant was also unable to interact with MreB. In our two-hybrid system, removal of this 

tail domain had no effect on the CbtA-FtsZ interaction. We believe that FtsZ-Δ66 is behaving in a 

physiologically relevant manner in our two-hybrid system, as the truncation was found to decrease the 

interaction with ZipA-CTD, a protein known to bind the C-terminal tail of FtsZ (14). We were unable to 

determine whether this FtsZ variant can interact with MreB; however, recent work by Fenton et al. 

suggests that MreB interacts with an alternative surface of FtsZ (104). In that work, the authors present 

an allele-specific interaction between MreB-D285A and FtsZ-P203Q, suggesting that MreB likely interacts 

with the globular C-terminal domain of FtsZ (104). Based on our strong genetic evidence, we conclude 

that the H6/H7 loop and not the C-terminal tail is the primary CbtA interaction surface.  
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Genetic insight into the mechanism of CbtA-mediated cell division inhibition 

 Structural studies have shown that the H6/H7 loop contacts the H10 helix in the FtsZ 

protofilament interface; mutation of residues L178, A181, and F182 in this loop has previously been 

shown to block FtsZ polymerization and cell division (26,31). Additionally, this loop is connected to the H7 

central core helix, which is thought to play an important role in nucleotide-dependent conformational 

changes (27). Based on the positioning of the H6/H7 loop at the protofilament interface, we propose that 

CbtA bound to the H6/H7 loop may act as a steric block of polymerization, preventing the addition of 

monomers to a growing FtsZ filament. This mechanism is consistent with published biochemical data 

showing that CbtA decreases GTPase activity and sedimentation of FtsZ (97). Residues in this loop 

region (L169 and R174) have also been implicated in FtsZ lateral interactions and bundling (67,68). Thus, 

it is also possible that the binding of CbtA to this loop may prevent the formation of stabilizing lateral 

interactions. Interestingly, it was recently proposed that the cognate antitoxin of CbtA, CbeA (or YeeU), 

neutralizes CbtA-mediated toxicity by promoting bundling of FtsZ filaments (105). However, one might 

predict that simply preventing bundling would make FtsZ protofilaments more dynamic, a model that does 

not fully agree with the reported GTPase activity decrease. Further in vivo and in vitro work is needed to 

elucidate the exact mechanism of CbtA-mediated inhibition of FtsZ. It would be especially interesting to 

monitor the appearance of FtsZ polymers in vitro with or without the addition of CbtA. The previously 

reported biochemical data and our suggested binding site at the longitudinal interface suggests that CbtA 

may abolish filament formation altogether. Assessment of whether or not CbtA inhibition requires GTP 

hydrolysis, as has been observed for MinC (75) and SulA (84), would also be informative. The H6/H7 loop 

is buried at the longitudinal interface and thus, CbtA may be able access this site only when FtsZ is a free 

monomer or in a relaxed, GDP-bound polymer. In addition to in vitro assembly experiments, another way 

to investigate whether GTP hydrolysis is necessary in vivo would be to assess the inhibitory effect of 

CbtA-R15C (which yields filamented cells when overproduced) in strains containing complementing ftsZ 

alleles with reduced GTPase activity. Several such alleles have been studied and are resistant to SulA 

and MinC (3). 

 Despite its importance in the formation of longitudinal, and potentially lateral, FtsZ interactions, 

the H6/H7 loop sequence is quite variable across different bacterial species (30).This low sequence 
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similarity suggests that CbtA inhibition of cell division is limited to a very narrow species range, which 

correlates with its own limited distribution across bacterial taxa (CbtA is found only in species closely 

related to E. coli). Indeed, we found that CbtA was unable to interact with wild-type B. subtilis FtsZ. It 

would be an interesting exercise to use our bacterial two-hybrid system to assess CbtA-binding to a 

broader range of bacterial FtsZ proteins and further, to see if CbtA could be engineered to interact with 

additional FtsZ proteins. This could potentially allow for further refinement of our understanding of the 

sequence determinants involved in the CbtA-FtsZ interaction.  

 

The H6/H7 loop represents a new inhibitory surface on FtsZ 

 As outlined in the introduction to this chapter, there are several known negative regulators of 

FtsZ, and several inhibitory interactions have been previously characterized (73,74,82,89). Based on 

genetic and structural studies, there seem to be two main FtsZ surfaces that are exploited by inhibitors: 

the conserved C-terminal (CTT) regulatory hub, which binds the C-terminal domain of MinC and SlmA (as 

well as several positive regulators), and the T7 loop/ H10 polymerization surface of the C-terminal 

domain. We believe the findings presented here represent the first description of a protein inhibitor 

binding within the N-terminal domain of FtsZ. While the exact mechanism of CbtA inhibition is not known, 

it is clear that binding to this new inhibitory surface leads to a potent block of cell division.  

An active area of research in the FtsZ field is the elucidation of the roles played by the plus and 

minus ends of FtsZ polymers in assembly and disassembly. Redick et al. attempted to create FtsZ 

cappers by mutating residues in the plus end (near the GTP-binding site) and minus end (near the T7 

loop) (31). They found that mutation of residues at the plus end was far less debilitating than mutation of 

residues at the minus end, suggesting polymer polarity opposite to that of microtubules (with FtsZ 

subunits primarily being added to the minus end of polymers and disassociation occurring at the plus end) 

(31). This model disagrees with that recently proposed in the MciZ study, which despite diverging from 

the eukaryotic paradigm, still designated the plus end as the major site of polymer assembly (89). Further 

study of how CbtA binding to the H6/H7 loop, which is located at the plus end of the polymer, affects FtsZ 

polymer assembly and disassembly could provide important insight into this polarity issue. 
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Chapter 3.4: Materials and Methods 

Strains, plasmids, and growth conditions  

A complete list of the bacterial strains used in this chapter is provided in Table A1.1 in Appendix I 

of this dissertation. Additionally, lists of the plasmids and oligonucleotides used in this chapter can be 

found in Tables A1.2 and A1.3 in Appendix I, respectively. All B. subtilis strains are derived from the 

prototrophic strain PY79 (106). NEB5-α F’Iq (New England Biolabs) was used as the cloning strain for all 

plasmid constructions outlined below. All two-hybrid studies were performed in FW102 OL2-62 (107).      

E. coli strains were grown in LB (1% NaCl) broth at 37 ºC or 30 ºC or on LB plates supplemented with 

appropriate antibiotics at the following concentrations (unless otherwise noted): carbenicillin (Carb), 100 

µg/mL; chloramphenicol (Cm), 25 µg/mL; kanamycin (Kan), 50 µg/mL; spectinomycin (Spec), 50 µg/mL. 

For microscopic observation, the ftsZ-L169P mutant was grown in M9 minimal medium (1 mM MgSO4) 

supplemented with 0.4% maltose and 0.01% casamino acids at 30 ºC. B. subtilis strains were grown at 37 

ºC in LB (0.5% or 1% NaCl) broth without antibiotic or on LB plates supplemented with spectinomycin 

(100 µg/mL) or MLS (mixture of 1 µg/mL erythromycin and 25 µg/mL lincomycin). 

 

Construction of plasmids used in the bacterial two-hybrid system 

 All α fusion constructs were cloned by restriction digest into the parent plasmid pBRα-β flap; all 

λCI constructs were cloned by restriction digest into the parent plasmid pACλCI-β flap. Briefly, the parent 

plasmids were digested with NotI and BamHI to generate backbone. These backbones were ligated to 

relevant inserts generated by NotI/BamHI digestion of PCR products amplified using a NotI-containing 

forward primer and BamHI-containing reverse primer. Forward primers all contain an extra “A” base after 

the NotI site to maintain the reading frame. Reverse primers all encode a stop codon preceding the 

BamHI site. PCR template for these constructs was either a single colony of E. coli BW27785 or             

B. subtilis PY79 genomic DNA. Single point mutants (e.g. pBRα-FtsZ-D180K) were generated by overlap 

PCR with internal mutagenic primers (oDH239_F, oDH240_R) and NotI/BamHI-containing flanking 

primers (oDH70_F, oDH71_R). pBRα-FtsZΔ-66 and pBRα-FtsZ-D373G were generated from inserts 

amplified with forward primer oDH70_F and with reverse primers oDH279_R and oDH278_R, 

respectively. The insert of pACλCI-EcFtsZBsloop (pDH59) was generated by overlap PCR with internal 
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primers (oDH84_R and oDH85_F) introducing BsFtsZ residues 169-183, and flanking primers oDH70_F 

and oDH71_R. The insert of pACλCI-BsFtsZEcloop (pDH66) was generated by overlap PCR with internal 

primers (oDH101_R and oDH102_F) introducing EcFtsZ residues 168-182, and flanking primers 

oDH86_F and oDH87_R. Oligonucleotides pBRα_F, pBRα_R, pACλCI_F, and pACλCI_R were used to 

sequence all two-hybrid constructs. 

 

β-galactosidase assays 

FW102 OL2-62 was co-transformed with plasmids encoding the relevant α and λCI fusions. 

Cultures inoculated with transformants were grown in 1 mL LB (KanCmCarb) in deep-well 96-well plates 

at 37 ºC, 900 rpm, 90% humidity in a Multitron incubation shaker (Infors HT) overnight. Overnight cultures 

were back diluted 1:100 in LB (KanCmCarb) supplemented with the appropriate concentration of IPTG in 

sterile microtitre plates (total volume of 200 µL); subcultures were grown, shaking at 37 ºC until they 

reached mid-log phase (OD600 0.4- 0.8). A 100 µL aliquot of subculture was lysed by addition of 10 µL 

PopCulture reagent (Novagen) supplemented with rlysozyme (400 mU/µL). LacZ levels were determined 

by β-galactosidase assay performed in microtitre plates with a microtitre plate reader, as described in 

(108). All assays were done in triplicate and were repeated independently at least twice. All values shown 

in this chapter are from a single representative experiment and represent averages of triplicate 

measurements. Fold-change values were calculated by normalizing to the highest relevant empty vector 

control.  

 

Genetic screen to identify amino acid substitutions in FtsZ that decrease the FtsZ-CbtA interaction 

 The E. coli ftsZ gene fragment was randomly mutagenized by PCR amplification of pBRα-FtsZ 

(pMT151) usingTaq polymerase and the outside primers pBRα_F and pBRα_R. FW102 OL2-62/ pACλCI-

CbtA (pMT154) was transformed with a pool of plasmids encoding the resulting α-FtsZ mutants; 

transformants were plated on LB (KanCarbCm) indicator medium containing IPTG (5 µM) and X-gal (40 

µg/mL). Plates were incubated overnight at 37 ºC. Several thousand colonies were screened to identify 

those exhibiting lower lacZ expression (white or light blue color) as compared to the dark blue colonies 

producing wild-type α-FtsZ and λCI-CbtA fusions; approximately 100 candidates were identified. The 
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pBRα-FtsZ plasmid was isolated from these candidates and transformed into FW102 OL2-62/ pACλCI-

CbtA and FW102 OL2-62/ pACλCI-FtsZ for assessment of their CbtA- and self-interactions by liquid β-

galactosidase assay. Those candidates that exhibited at least a 60% decrease in interaction with CbtA 

but maintained greater than 75% self-interaction were sequenced and further assayed for their interaction 

with λCI-ZipA-CTD by liquid β-galactosidase assay.  

 

Genetic screen to identify compensatory substitutions in CbtA that restore interaction with FtsZ-D180K 

 The cbtA gene (encoded on pACλCI-CbtA) was randomly mutagenized by PCR amplification with 

Taq polymerase using the outside primers pACλCI_F and pACλCI_R. A pool of plasmids encoding the 

resulting plasmids was transformed into FW102 OL2-62 pre-transformed with pBRα-FtsZ-D180K, and 

transformants were plated on LB (KanCmCarb) indicator medium supplemented with IPTG (5 µM), X-gal 

(40 µg/mL), and TPEG (250 µM). Plates were incubated at 30 ºC overnight. Several thousand colonies 

were screened in order to identify those that exhibited increased lacZ expression as compared to the pale 

blue control colonies producing wild-type λCI-CbtA and α-FtsZ-D180K. Dark blue candidate colonies were 

pooled into a single overnight culture, grown at 30 ºC. In order to identify those candidates that 

specifically interact with α-FtsZ-D180K, a pooled plasmid prep generated from this overnight culture was 

transformed into FW102 OL2-62/pBRα-FtsZ. Transformants were plated on the same indicator medium as 

before; pale blue candidates were selected and the pACλCI-CbtA plasmids were isolated and sequenced. 

The interaction between λCI-CbtA-V48E and all relevant α-FtsZ fusions was assayed by liquid β-

galactosidase assay.  

 

Integration of ftsZ-L169P at chromosomal ftsZ locus 

 The ftsZ-L169P, ftsZ-D180N, ftsZ-S177P alleles were cloned into pCX41 (digested with 

HindIII/ClaI) in place of wild-type ftsZ by restriction digest (HindIII/ClaI) and ligation of overlap PCR 

products generated using wild-type pCX41 as template, internal mutagenic primers (oDH34_F and 

oDH35_R for L169P) and flanking primers oDH36_F, oDH37_R, which anneal within ftsA and lpxC, 

respectively. This generated plasmids pDH35 (L169P), pDH33 (D180N), and pDH34 (S177P), replication 

of which is controlled by a temperature-sensitive origin of replication. Plasmid is maintained at 30 ºC and 
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lost at 42 ºC. Attempted integration of these mutant alleles into the endogenous chromosomal locus was 

performed essentially as described in (109). Briefly, these plasmids were transformed into E. coli strain 

BW27785 in parallel with a pCX41 derivative encoding FtsZ-F268C (generous gift of H. Cho and T. 

Bernhardt). ftsZ-F268C is a known complementing allele and thus serves as a control for chromosomal 

integration. Transformants were plated on LB agar supplemented with Cm (10 µg/mL) and incubated 

overnight at 30 ºC. Several colonies were restreaked onto LB (Cm) and incubated at 42 ºC overnight in 

order to identify single crossover integrants. After an additional round of restreaking on LB (Cm) at the 

nonpermissive temperature, candidates were streaked onto LB (Cm) and incubated at 30 ºC overnight. 

Firing of the plasmid origin of replication on the chromosome causes a severe growth defect, and double 

crossover integrants that had looped out the plasmid were identified as healthy revertants within poorly 

growing streaks. These candidates were purified by restreaking, and were cured of plasmid by growth on 

LB (without Cm) at 42 ºC. The ftsZ locus was PCR amplified and sequenced (using sequencing primers 

generously provided by H. Cho and T. Bernhardt) from Cm-sensitive candidates in order to identify those 

in which allelic replacement occurred. Only ftsZ-L169P (as well as the ftsZ-F286C control) was 

successfully obtained. All subsequent propagation of this strain was done at RT or 30 ºC to minimize 

growth defects. Multiple isolates of this strain exhibited identical phenotypes. 

 

Construction of B. subtilis ftsZ chimera strains 

B. subtilis strains were generated by directly transforming a PY79 derivative with either a 

linearized plasmid containing homology to the chromosomal locus where integration was desired or a 

PCR fragment containing chromosomal homology. In order to generate B. subtilis strains with gfp or 

various cbtA alleles integrated into the chromosome, plasmids pDH84 (pHYPERSPANK-his6-gfp), pDH85 

(pHYPERSPANK -his6-cbtA-gfp), and pDH102 (pHYPERSPANK -his6-cbtA-F65S-gfp) were constructed. 

These plasmids were generated by restriction digest (HindIII/NheI) and ligation of PCR products amplified 

from pMT136 (see Chapter 2), pMT139, or pMT146 (see Chapter 2) using primers oDH108_R and 

oDH116_F into QER167 (generous gift of D. Rudner) HindIII/NheI digested backbone. These plasmids all 

contain homology to the ycgO locus flanking the insert. Plasmids were linearized by digestion with ScaI. 

DH84 (ycgO:: pHYPERSPANK -his6-gfp erm), DH85 (ycgO:: pHYPERSPANK -his6-cbtA-gfp erm), and 
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DH104 (ycgO:: pHYPERSPANK -his6-cbtA-F65S-gfp erm) were generated by transformation of linearized 

plasmids pDH84, pDH85, and pDH102, respectively, into PY79 ycgO::spec. Transformants were selected 

on LB supplemented with MLS.  

The wild-type ftsZ allele linked to a spec resistance cassette was assembled by Gibson assembly 

(110) of three PCR products with >20bp of overlapping homology: 1) part of the ftsA locus and the entire 

ftsZ locus amplified from PY79 genomic DNA using oligos oDH130_F and oDH131_R, 2) amplification of 

spec from pDR111 using oDH132_F and oDH133_R, and 3) 2 kb chromosomal sequence downstream of 

the ftsZ locus amplified from PY79 genomic DNA using oligos oDH134_F and oDH135_R. This 

assembled PCR product was transformed directly into PY79 to generate strain DH98. Transformants 

were selected for on LB (Spec). 

The chimeric ftsZ allele (containing E. coli ftsZ residues 169-182) linked to a spec resistance 

cassette, was assembled by Gibson assembly of three PCR products (all with at least 20 bp of 

overlapping homology: 1) 2 kb upstream of ftsZ amplified from PY79 genomic DNA using oligos ODH141 

and ODH142, 2) the ftsZ chimeric allele amplified from pDH69 (Ecloop chimera) using oligos oDH143_F 

and oDH131_R 3) 2 kb downstream of ftsZ, including spec, amplified from DH98 genomic DNA using 

oDH132_F. This assembled PCR product was transformed directly into PY79 to generate strain DH99. 

Transformants were selected for on LB (Spec). The ftsZ loci from DH98 and DH99 were PCR amplified 

(using oDH167_F and oDH168_R) and sequenced using oDH127_F, oDH172_F, and oDH173_F. 

oDH124_F and oDH125, which anneal inside the ftsZ ORF were also used for PCR and sequencing; in 

some instances it was found that candidate DH99 isolates had maintained a second wild-type copy of ftsZ 

somewhere on the chromosome. These could be distinguished from correct isolates by the appearance of 

double peaks on oDH124/oDH125 sequencing reads.  

Strains DH100, DH101, and DH105 were generated by direct transformation of DH98 genomic 

DNA into strains DH84, DH85, and DH104, respectively. Strains DH102, DH103, and DH106 were 

generated by direct transformation of DH99 genomic DNA into DH84, DH85, and DH104, respectively. 

Transformants were selected on LB (Spec) and patched on LB (MLS) to ensure the ycgO locus was 

unchanged. The ftsZ loci were re-sequenced after transformation. Strains DH99, DH102, DH103, and 

DH106 were quite sick compared to the other B. subtilis strains. Colony size was greatly reduced and 
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cells grown in broth tended to form large clumps. Growth at lower temperature did not seem to rescue 

these growth defects.  

 

Microscopic observation of CbtA-mediated morphology changes in ftsZ-L169P 

 pMT139 was transformed into either wild-type BW27785 or DH73 (ftsZ-L169P); transformants 

were plated on LB (Cm) and incubated overnight at 30 ºC. Overnight cultures were set up in M9 maltose 

supplemented with Cm and incubated at 30 ºC. Once these cultures reached an OD600 ~2 (about 24 

hrs), a 1:3,000 back dilution was made into fresh M9 medium; cultures were incubated at 30 ºC for 14-16 

hrs, resulting in a typical OD600 of 0.1. cbtA expression was induced with 100 µM IPTG at 30 ºC for 8 

hrs. After 8 hrs, cells were mounted on 2% agarose pads, and phase contrast microscopy was performed 

using an Olympus BX61 microscope (objective UplanF1 100x). Images were captured with a 

monochrome CoolSnapHQ digital camera (Photometrics) using Metamorph software version 6.1 

(Universal Imaging). Images were cropped and adjusted in ImageJ (111). Cell roundness quantification 

was done manually in ImageJ with the ObjectJ plugin. Briefly, the length of the cell was measured along 

the long axis, and the width was measured as the axis roughly perpendicular to the long axis. Angle 

measurements were spot-checked to ensure the axes intersected at an angle close to 90º. Cell 

roundness data were compiled from three independent experiments; 200-300 cells of each strain from 

each independent experiment were measured. 

 

Assessment of CbtA toxicity in B. subtilis 

 For spot dilution analysis, relevant strains were streaked from glycerol stocks onto LB 

supplemented with 100 µg/mL spectinomycin and incubated at 37 ºC overnight followed by additional 

overnight incubation at RT. LB cultures were inoculated with single colonies, which were grown at 37 ºC 

until they reached an OD600 ~1. Cultures were normalized by OD600 value, and 1:10 serial dilutions 

were made in fresh LB in a microtitre plate. 5 µL of each dilution was spotted on LB agar supplemented 

with 100 µg/mL spectinomycin and LB agar supplemented with 100 µg/mL spectinomycin and 1 mM 

IPTG. Plates were incubated overnight at 37 ºC. Spot dilution analysis was done on both LB Miller (1% 

NaCl) and LB Lennox (0.5%) agar with identical results.  
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 For growth curves, 5 mL LB cultures were inoculated with single colonies of relevant strains. 

Several dilutions of these cultures were made and grown with shaking at RT overnight. The next day, 

cultures that were in early to mid-log phase were back diluted to a starting OD600 of 0.01 in 5 mL fresh 

LB medium supplemented with 1 mM IPTG. Growth was monitored by taking OD600 measurements 

using a plate reader roughly every 30-60 min. All growth curves were done in triplicate and repeated 

independently several times.  

 Western blot analysis was performed on whole-cell lysates generated from growth curve cultures. 

Briefly, cultures were resuspended in lysis buffer (20 mM Tris-HCl pH 7.5, 50 mM EDTA, 100 mM NaCl) 

supplemented with 1 µL rlysozyme (30 kU/µL) and 1 µL Omnicleave (200 U/µL) to normalize for OD600 

(OD600 of 1 = 100 µL lysis buffer) and lysed for 30 min at 37 ºC. An equal volume of 2x Laemmli dye was 

added to the lysates; any additional dilutions were made in 1x Laemmli dye. Standard SDS-PAGE and 

Western blot techniques were used. An anti-His6 (Genscript) antibody was used to detect His6-CbtA-GFP, 

and SigA and Spo0J (detected with anti-SigA and anti-Spo0J antibodies, respectively; generous gifts of 

D. Rudner) were used as loading controls. Spo0J and His6-CbtA-GFP were blotted for on the same 

membrane; thus Spo0J serves as an especially relevant internal loading control.  
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Chapter 4: Genetic evidence suggests CbtA may interact with the MreB double filament interface 

 

Attributions: I conducted all experimental work presented in this chapter under the guidance of my 

advisor, Ann Hochschild. I wrote this chapter in its entirety with editorial assistance from Ann Hochschild. I 

would like to thank Tom Bernhardt and members of the Bernhardt lab for several strains and constructs 

used in this chapter.  

 

Chapter 4.1: The enigmatic MreB filament and its role in cell elongation 

 In the vast majority of bacteria, cell shape is determined by a rigid sacculus composed of 

peptidoglycan strands crosslinked by short peptides (1). The ability of this mesh-like structure to provide 

cells with mechanical stability while still allowing for dynamic cell growth and faithful propagation requires 

the precise spatiotemporal coordination of a diverse set of enzymes across multiple layers of the cell 

envelope. In rod-shaped organisms, such as E. coli, B. subtilis, and C. crescentus, sacculus growth is the 

result of two distinct modes of cell wall synthesis: elongation of the cylindrical sidewall by incorporation of 

newly synthesized peptidoglycan strands at multiple sites, followed by construction of the septal wall, 

which allows for separation of daughter cells (reviewed in (2,3)). As discussed in Chapter 3 of this 

dissertation, this latter process is controlled by the tubulin homolog, FtsZ, which acts as a scaffold for the 

enzymes required for synthesis of the septum (reviewed in (4-6)). Elongation of the sidewall, on the other 

hand, requires MreB. This actin-like protein has been shown to associate with essential components of 

the cell wall synthesis machinery (7,8) as well as conserved membrane-spanning proteins (RodZ, RodA, 

MreC, and MreD) (9-11) to direct organized insertion of lateral cell wall material and ensure the 

maintenance of rod-shape (12-14).  

 MreB was first proposed as a factor involved in bacterial morphogenesis after discovery that 

mutations within mreB genes cause a dramatic change in cell shape in E. coli and B. subtilis (15-18). 

Similar to morphological changes seen with disruption of the cell wall machinery (19,20), genetic 

disruption or depletion of MreB as well as inactivation by the MreB-specific antibiotic A22 cause cells to 

become round (12,15,17,21,22). Under conditions that promote fast growth, these round cells continue to 

expand until they lyse, but, certain growth conditions can suppress this lethality; in E. coli, growth in 
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minimal medium or increased levels of FtsZ allow MreB- cells to propagate as small spheres (9,23), 

whereas addition of magnesium to the growth medium suppresses the defects associated with disruption 

of MreB homologs in B. subtilis (24,25).  

 The pivotal role of MreB in rod-shape determination is further underscored by its distribution 

throughout the bacterial lineage. At least one mreB homolog is found in most rod-shaped bacteria, with 

the notable exception of those species that elongate via polar tip extension rather than sidewall 

expansion (e.g. Rhizobium and Agrobacterium species) (26). The rod-shaped model organisms E. coli 

and C. crescentus both possess a single mreB gene within their genomes, whereas the B. subtilis 

genome encodes three homologs (MreB, Mbl, and MreBH) that perform partially redundant functions (25). 

However, mreB homologs are conspicuously missing in cocci species, such as Staphylococcus aureus 

(26). In these spherical cells, new cell wall synthesis occurs chiefly at the division site in an FtsZ-

dependent manner (27). Interestingly, it has been observed that in E. coli cells where lethal disruption of 

MreB has been suppressed, these small spheres divide via cleavage furrows in alternating perpendicular 

planes, a mechanism closely resembling that employed by cocci species lacking mreB (2,23,27,28).  

 Early cell biology (12) and structural (29) studies revealed striking similarities between MreB 

proteins and eukaryotic actin. This led to the widespread view that this cell shape determinant may form a 

bona fide cytoskeleton, polymerizing into actin-like cables capable of scaffolding cell wall synthesis and 

other cellular functions (21,26). However, several structural and imaging studies in the past five years 

have called this view into question, instead presenting a model with few parallels to the actin paradigm 

(13,14). In this chapter, I briefly summarize the evolution of our current understanding of the role of MreB 

in rod-shape morphogenesis, especially highlighting the recent discovery that MreB forms antiparallel 

filament pairs (30). I then describe our work to characterize the MreB inhibitory surface bound by the 

CbtA toxin, one of the few known inhibitors of this essential cell shape factor.  

 

The original model: the bacterial actin MreB forms helical filaments 

 The MreB protein was first proposed to be a member of the actin superfamily after its 

identification in a sequence-based search for specific actin-like sequence motifs involved in ATP binding 

(31). Two studies published in 2001 provided seemingly complementary evidence that MreB does indeed 
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exhibit actin-like behavior. In their 2001 report, Jones et al. performed the first MreB cellular localization 

studies, observing by fluorescence light microscopy that in B. subtilis, both MreB and Mbl formed 

extended helical structures that span the entire long axis of the cell and sit very close to the inner face of 

the cytoplasmic membrane (12). Subsequent studies using both immunofluorescence and fluorescent 

protein tags described similar localization patterns in both E. coli and C. crescentus (32-35). Based on 

these observations, it was proposed that MreB polymerizes into actin-like cables that provide long-range 

spatial organization of the cell wall machinery. This model was supported both by the helical pattern of 

peptidoglycan insertion seen in B. subtilis (26,36) and by the colocalization of several MreB-interacting 

proteins in similar helical structures (10,37).  

 Soon after the first description of this extended MreB helix (12), van den Ent et al. demonstrated 

both biochemically and structurally that MreB is able to polymerize into actin-like filaments (29). These 

authors observed by electron microscopy that an MreB protein purified from the thermophilic bacterium 

Thermatoga maritima (TmMreB) polymerized in an ATP-dependent manner into double protofilament 

structures as well as higher order sheet assemblies similar to those formed by eukaryotic F-actin (29,38). 

Determination of the TmMreB crystral structure revealed that the MreB subunit exhibits a canonical actin 

core consisting of two domains (I and II) that can be further divided into subdomains (IA, IB, IIA, and IIB); 

the ATP moiety binds within a cleft formed by domains I and II (Figure 4.1) (29). While many members of 

the actin super-family display a diverse array of structural modifications in domains IB and IIB (for 

example, the prokaryotic division protein FtsA contains a unique domain in place of IB (39)), the MreB 

domain topology was found to be almost identical to that of actin.  

Despite the tendency of TmMreB to form double protofilaments in in vitro assembly reactions, the 

T. maritima crystral structure contained only linear, single-stranded protofilaments, characterized by a flat 

surface on one side, and a contoured surface on the opposite side (29). The longitudinal intra-

protofilament interface was formed by contact between hydrophobic residues in subdomains IIA and IA of 

the top subunit and subdomains IIB and IB of the bottom subunit. Although the regions involved in 

longitudinal contact resemble those of F-actin, the specific residues involved are not well-conserved (29).  

The MreB-specific antibiotic A22, which was first discovered based on its deformation of E. coli 

cell morphology (22), binds within the ATP-binding pocket of MreB and disrupts normal filament  
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Figure 4.1: The bacterial actin MreB forms antiparallel filament pairs. A) MreB proteins are 

structurally related to eukaryotic actin. Shown is the ribbon structure of a modified MreB variant from      

C. crescentus (PDB 4czm (30)). Canonical actin domains IA, IIA, IB, and IIB are shown in blue, red, 

yellow, and green, respectively. The AMPPNP moiety (gray) binds within a cleft formed by domains I and 

II. B) Two antiparallel CcMreB protofilaments interact via their flat surfaces to form a double filament. 

Shown is the nucleotide-free double filament (PDB 4cze, (30)) arranged with the dimerization helix 

containing the critical V118 residue (magenta sphere) in the front (left) or rotated 180 ºC with this helix in 

the back (right). The same domain coloring as shown in A is used. Residue S283 (cyan sphere) is shown 

to highlight the MreB intra-protofilament interface. Although this CcMreB variant is lacking the N-terminal 

amphipathic helix, the MreB face that mediates membrane-binding is indicated.  
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architecture (described in more detail below) (21,30,40). Gitai et al. showed that A22 treatment of           

C. crescentus results in the dissolution of MreB helical structures and induces morphological change, 

suggesting that nucleotide-dependent assembly was necessary for formation of observed cytological 

structures (21). In vivo observation of MreB helical structures showed these extended filaments to be 

dynamic, displaying continuous remodeling and growth towards and away from the cell poles 

(41-43). However, in vitro studies suggested that these cellular dynamics were not likely the result of ATP 

hydrolysis; only modest differences were seen in assembly reactions using ATP versus ADP (44,45). 

Thus, despite the striking structural similarities between MreB and eukaryotic actin, it seemed unlikely 

that MreB filaments are capable of actin-like treadmilling, which is driven by nucleotide hydrolysis.  

 

The updated model: disconnected complexes and a unique double filament architecture 

For a decade, the model of MreB function was dominated by the view that MreB polymerizes into 

an actin-like cytoskeleton that orchestrates cell wall synthesis throughout the entire rod cell. However, 

since 2011, several studies have called this view into question, and a new model has emerged that paints 

MreB as a more decentralized figure. In this section, several recent advances in the MreB field are 

considered, providing a reexamination of the cytological and structural nature of MreB filaments.  

 

Membrane-bound MreB patches display circumferential rotation 

In 2011, Salje et al. demonstrated that unlike eukaryotic actin, bacterial MreB proteins contain 

one or two additional structural elements that allow for binding of MreB filaments to the inner membrane. 

The authors of this study observed that many MreB proteins from Gram-negative species contain a short 

N-terminal extension (7-9 amino acids); it was subsequently demonstrated that these additional residues 

form an amphipathic helix that directs MreB binding to the inner membrane (46). Membrane binding in E. 

coli was found to be essential for MreB function, as deletion of this amphipathic helix disrupted rod shape. 

A hydrophobic loop in domain IA, which is broadly conserved in Gram-positive and Gram-negative 

bacteria but is not found in actin, also aids in MreB membrane localization. A TmMreB mutant bearing 

substitutions in residues L93 and F94 within this hydrophobic loop was unable to assemble on lipid 

monolayers in vitro in contrast with the wild-type protein (46). Interestingly, elucidation of the MreB 
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membrane-binding determinants by Salje et al. provided explanation for a technical challenge that had 

been encountered by many in the MreB field. MreB from T. maritima had been the primary protein used 

for in vitro MreB research since MreB proteins from other bacteria, especially Gram negative species, are 

notoriously difficult to purify (46,47). Salje et al. demonstrated that removal of the amphipathic helix 

allowed for purification of soluble E. coli MreB; this observation has enabled subsequent in vitro analyses 

of additional MreB proteins (30,46,47).  

The discovery that MreB binds the inner membrane also raised concern about the use of 

fluorescently tagged proteins in in vivo localization studies. Many N and C-terminal MreB fusions are not 

fully functional, which, as Salje et al. suggested, may be the result of bulky fluorescent tags interfering 

with typical membrane association (46). This concern was compounded by several reports that 

questioned the physiological relevance of the MreB helix. Using electron cryotomography, Swulius et al. 

were unable to identify MreB filaments greater than 80 nm in length in various species in which extended 

helices had been observed by fluorescence light microscopy (48). A later report by the same group 

revealed that overexpression of yfp-mreB in E. coli (using a strain commonly used for MreB localization 

studies (32)) did yield extensive helical filaments, but these were found to be artifacts caused by the N-

terminal YFP tag; overproduction of untagged MreB or a variant harboring an internal fluorescent tag 

(MreB-RFPSW) did not produce visible helices (49).  

The observations by Swulius et al. were consistent with work done by three separate groups 

describing the motion of MreB complexes in both B. subtilis and E. coli (50-52). Measurement of MreB 

dynamics revealed that small patches of MreB filaments move radially around the cell in a circumferential 

(as in, perpendicular to the long axis) rather than helical pattern. There is some discrepancy as to the 

length of these mobile MreB assemblies; some studies have suggested these small “patches” can 

actually extend up to 1-3 µM in length (53,54). However, importantly, across all studies, these dynamic 

MreB complexes are disconnected, exhibiting bidirectional movement around the cell, with no spatial 

coordination between even closely positioned patches (13,50).  

Strikingly, MreB motion does not seem to be driven by polymerization dynamics; inhibition of ATP 

hydrolysis by mutation of residues in the B. subtilis nucleotide-binding site (50) or with addition of A22 to 
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E. coli cells (52) had no observable effect on the velocity of MreB complexesl. However, MreB motion was 

shown to be dependent on active cell wall synthesis. In B. subtilis, depletion of essential components of 

the cell wall machinery (RodA, RodZ, PBP2A) or treatment with cell wall-specific antibiotics halted MreB 

dynamics (50,51); a similar result was observed with several cell wall perturbations in E. coli (52). 

Consistent with peptidoglycan insertion acting as a motor for MreB dynamics, several components of the 

cell wall elongation complex, including MreC, MreD, RodZ, and B. subtilis PBP2a, have been observed to 

display similar motion (50,51,55).  

 Very recently, Morgenstein et al. reported that in E. coli, MreB motion requires RodZ, a conserved 

transmembrane protein that directly binds MreB (11), coupling it to the RodA/PBP2 complex (55). They 

also reported the surprising result that processive, circumferential rotation of E. coli MreB is not essential 

for rod-shape maintenance under normal growth conditions; a single amino acid substitution in MreB 

(MreB-S14A) allowed for rod-shaped growth in a ΔrodZ strain despite a continued lack of processive 

motion (55). Morgenstein et al. do report though that rotation of MreB increases resistance to osmotic and 

cell wall stresses (55). Together, these recent descriptions of disconnected, dynamic filaments strongly 

suggest a model in which MreB creates cell shape locally, not synchronously across the entire cell length. 

This is consistent with the observation that MreB preferentially localizes to regions of negative curvature, 

promoting cell wall synthesis to fix local perturbations (56). It remains unclear what role the processive 

motion of MreB plays in rod-shape growth.  

 

MreB forms an antiparallel double protofilament 

Although in vitro studies over the past decade have consistently demonstrated the tendency of 

MreB to assemble into bundles of two or more protofilaments (29,46,47,57), the structural basis for these 

MreB lateral interactions was only recently described. Based on cryotomography images of assembled 

TmMreB double filaments, Salje et al. predicted that TmMreB protofilaments paired along their flat 

surfaces with the opposite contoured surface facing outwards (46). The crystal structure of a modified 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
l Although the velocity of mobile complexes was unchanged, addition of A22 did decrease the number of 
 mobile MreB patches in imaged E. coli cells suggesting that it was depolymerizing MreB structures (52). 
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MreB protein purified from C. crescentus (CcMreB)m was solved by van den Ent and colleagues in 2014, 

providing confirmation of this orientation (30). In contrast to the single protofilaments observed in crystals 

obtained for TmMreB (29), CcMreB protofilaments were observed as doublets formed by interaction of 

two antiparallel single protofilaments along the length of their flat surfaces (Figure 4.1B). Mutation of 

residue V118 on the flat face of CcMreB prevented the formation of filament doublets, yielding only single 

filaments in vitro (30).    

van den Ent et al. used two genetic strategies to demonstrate the biological relevance of this 

antiparallel double filament. First, they tested the ability of two MreB variants harboring disruptive 

substitutions at either the intra (S284D)- or inter-protofilament interface (V121E, which is the E. coli 

equivalent of CcMreB V118E) to support rod-shape in E. coli. (CcMreB residues S283 and V118 are 

shown as cyan and magenta spheres, respectively, in Figure 4.1B) When these variants were produced 

as the sole source of MreB in an E. coli strain bearing a deletion of chromosomal mreBn, cells displayed 

spherical morphology. This result confirms the importance of MreB longitudinal polymerization in rod-

shape maintenance in E. coli and also indicates that formation of double filaments via an intact flat 

surface is necessary for MreB in vivo function (30).  

In their second strategy, van den Ent et al. used an in vivo cross-linking assay to validate the 

predicted antiparallel orientation of the double filament. Cysteine substitutions were introduced at specific 

residues inside and outside of the inter-protofilament interface, and again these cysteine variants were 

produced as the exclusive source of MreB in E. colio. It was predicted that if protofilaments are indeed 

organized in an antiparallel fashion in E. coli, then the symmetry should allow for the covalent cross-

linking of equivalent cysteine residues on adjacent filaments found within ~8Å of each other. Cysteine 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
m The CcMreB variant used in (30) is lacking the N-terminal amphipathic helix and bears two substitutions 
within the hydrophobic membrane insertion loop region. 
 
n To assess complementation by these MreB variants a complex genetic setup was used. Strain FB17 
(ΔmreBCD) was transformed with three plasmids: i) a construct constitutively expressing sdiA which 
leads to increased ftsZ transcription; ii) a plasmid encoding wild-type MreC and MreD; and iii) a plasmid 
encoding the mreB allele of interest under the control of the plac promoter. Increased FtsZ levels allow 
this strain to survive and propagate as small spheres even in the absence of functional MreB. Thus, 
complementation is not measured by growth, but instead of spherical versus rod-shaped morphology 
(30). 
 
o Wild-type MreB has three cysteine residues (C113, C278, C324). These three residues were mutated to 
serines to ensure that cross-linking occurred only at the cysteine residue of interest. 
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residues outside of this interface should not be able to access each other; furthermore, other 

protofilament configurations should not allow for cross-linking of cysteine residues on the flat surface of 

MreB. After exposing each of the mreB mutant strains to a thiol-reactive crosslinker, Van den Ent et al. 

were able to detect MreB cross-linked dimers (by Western blotting with an MreB-specific antibody) only 

when a cysteine residue was present at the predicted double protofilament interface, thus confirming the 

antiparallel arrangement of protofilaments in vivo (30).  

This antiparallel architecture is unique amongst known actin homologs. In eukaryotes, actin 

filaments pair in the same direction, establishing two polar ends that display differential assembly and 

disassembly properties (38). The lack of polarity in antiparallel MreB filament pairs suggests that unlike 

actin, MreB filament ends are indistinguishable; this prediction is consistent with the bidirectional 

movement of MreB filament patches observed in vivo (30,50) and is consistent with the evidence 

suggesting that MreB filaments do not exhibit treadmilling. Importantly, this antiparallel orientation allows 

for extensive contact between the N-terminal amphipathic helix and the membrane and ensures binding 

of MreB to its transmembrane interaction partners (e.g. RodZ) (30,46).  

Although it remains to be determined exactly how this filament architecture influences MreB 

assembly dynamics and dictates cell-shape maintenance, work by van den Ent et al. establishes that the 

formation of the double filament is essential for MreB function. In addition to the genetic assay described 

above, they also present structural evidence that the inhibitor A22 blocks MreB function by disrupting 

formation of the double filament (30). Co-crystallization of an A22 analog (MP265) bound to CcMreB 

revealed simultaneous binding of the drug and either ATP or ADP within the nucleotide-binding site (30). 

This positioning likely blocks phosphate release upon nucleotide hydrolysis, but more strikingly, MP265 

distorts the inter-protofilament interface, drawing the main dimerization helix away from the adjacent 

filament; consistent with this observation, all crystals generated in the presence of inhibitor contained 

single filaments (30). van den Ent et al. postulate that inter-protofilament contact stabilizes filaments and 

disruption of the double filament could lead to disassembly of single filaments as had been previously 

observed in the presence of A22 (40). 
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Motivation for the current study 

 Unlike its division-specific counterpart FtsZ, very few protein modulators of MreB function are 

known. In C. crescentus, overproduction of the MbiA protein phenocopies a loss of MreB, which can be 

suppressed by mutation of residues near the RodZ interface (58). Recently, Duan et al. reported the 

discovery of two sporulation-specific factors in B. subtilis (YodL and YisK) that genetically interact with 

mreB and mbl to alter cell shape when expressed during vegetative growth (59). Furthermore, the lytic E. 

coli T7 phage encodes an MreB inhibitor (gp0.6) that induces morphological change upon ectopic 

expression (60). In all the cases listed above, the molecular mechanisms and physiological relevance of 

inhibition are unknown, but these regulators could provide important tools with which to study MreB 

function. As illustrated in Chapter 2 of this dissertation, the CbtA toxin of E. coli, which was the first 

endogenous MreB inhibitor to be discovered (61), interacts with MreB to block cell elongation. In this 

chapter, I report genetic evidence suggesting that this MreB inhibitor may interact with the MreB face 

involved in double filament formation.    

 

Chapter 4.2: Results 

Substitutions in MreB that decrease CbtA interaction map to the double filament interface 

 In an attempt to identify the MreB surface utilized by CbtA to mediate a block in cell elongation, 

we sought to isolate MreB variants reduced for their interaction with CbtA in our bacterial two-hybrid 

system. However, before undertaking this two-hybrid screen, it was necessary to first identify a two-hybrid 

counter-screen that could be used to assess the specificity of any isolated MreB variants. It had been 

previously demonstrated that the cytoplasmic N-terminal domain (NTD) of the E. coli cell wall elongation 

component RodZ can detectably interact with full-length MreB in a bacterial two-hybrid system (10). 

Similarly, we found that in our two-hybrid system, fusion of the RodZ NTD (residues 2-84) to λCI resulted 

in a 3 to 4- fold increase in lacZ expression when α-MreB was present (Figure 4.2A). An α-MreB variant 

with a charge reversal substitution (E319K in E. coli MreB, corresponding to E309K in TmMreB) at the 

MreB-RodZ interface (11) is greatly reduced for its interaction with λCI-RodZNTD (Figure 4.2A), but 

maintains full interaction with λCI-CbtA (Figure 4.2B); this suggests that we are detecting a biologically 

relevant interaction between these two essential elongation factors.  
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Figure 4.2: MreB interacts with the N-terminal domain of RodZ in a transcription-based bacterial 

two-hybrid system. Two-hybrid interactions of wild-type α-MreB and α-MreB-E319K with λCI-RodZNTD 

(residues 2-84) and λCI-CbtA are shown in A and B, respectively. β-galactosidase activity was measured 

at multiple induction levels (0, 25, 100, and 200 µM IPTG) for both interactions. Each point represents the 

average of triplicate values; error bars represent standard deviation. 
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To identify MreB variants specifically abrogated for interaction with CbtA, we decided to use our modified 

two-hybrid screening platform, which had allowed for the isolation of the CbtA-R15C variant. As explained 

in Chapter 2, in this setup, the test promoter controlling lacZ expression bears a λCI operator positioned 

such that the λCI DNA-binding protein is able to make secondary contact with σ70 (62,63). This additional 

stabilizing contact allows for a boost in lacZ expression and enhanced colony color resolution. We 

generated a library of PCR-mutagenized mreB alleles fused to the N-terminal domain of the α subunit and 

transformed the resulting plasmid library into our modified two-hybrid strain (BN30) containing the λCI-

CbtA-encoding plasmid. We screened several thousand colonies on indicator plates (25 µM IPTG and 40 

µg/mL X-gal) for those that displayed paler blue color as compared to a control strain producing  

the wild-type fusion proteins. Plasmids from ~60 candidates were isolated and individually transformed 

into our counter-screen strain (FW102 OL2-62) containing the λCI-RodZNTD-encoding plasmid. The 

abilities of these α-MreB mutants to interact with λCI-RodZNTD was assessed by liquid β-galactosidase 

assay. We identified four MreB variants (I126V, V173A, E196G, and E262G) that were severely 

compromised in their abilities to interact with CbtA but maintained 60-90% of their interaction with RodZ 

(Figure 4.3A and Table 4.1; mutants labeled with *).  

When these residues are mapped onto the CcMreB double filament structure (30), an interesting 

pattern can be observed (Figure 4.4). Two of the residues identified in our screen (E196 and E262) map 

to the surface of the flat side of the CcMreB protofilament (C. crescentus residues E193 and E261, 

respectively). As shown in Figure 4.1, two antiparallel protofilaments interact via these flat sides to form 

the MreB double filament structure; residues E196 and E262 are found within this inter-protofilament 

interface (Figure 4.4). In their in vivo site-specific crosslinking experiment (described above), van den Ent 

et al. observed that introduction of a cysteine at position 262 in EcMreB enabled crosslinking of the 

double filament, verifying its position at this interface. Although residues I126 (Cc I123) and V173 (Cc 

V170) are buried within the MreB subunit, they also reside near the inter-protofilament interface; residue 

I126 is part of the main dimerization helix that contains critical residue V121, and residue V173 is found in 

the beta-sheet-rich portion of domain IIA (Figure 4.4) (30).  

As van den Ent et al. demonstrated, lateral interaction of MreB filaments via their flat sides is 

necessary for proper MreB function in E. coli (30); thus, if CbtA is indeed interacting with the flat side of   
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Figure 4.3: Substitutions in the MreB double filament interface alter CbtA interaction. A) Shown are 

the two-hybrid interactions of λCI-CbtA (top panel) and λCI-RodZNTD (bottom panel) with several α-MreB 

inter-protofilament interface mutants. For both experiments, β-galactosidase activity was measured at 100 

µM IPTG induction; bars represent the average Miller unit values of biological triplicates, and error bars 

represent standard deviation. * denotes variants identified in our original two-hybrid screen. B) To 

compare the two-hybrid interactions of α-MreB and α-MreB-S269F with λCI-CbtA (left panel) and λCI-

RodZNTD (right panel), fold-change values are shown across multiple induction levels (left panel- 0, 25, 

100, and 200 µM IPTG; right panel- 0, 5, 25, 100 µM IPTG). These fold-change values were calculated by 

dividing the average Miller unit value for the strain producing both fusions of interest (e.g. α-MreB and 

λCI-CbtA) by the average Miller unit value for the relevant empty vector control with the highest β-

galactosidase activity (e.g. α + λCI-CbtA). Average Miller unit values were calculated from biological 

triplicates from a single representative experiment. Similar results were obtained from multiple 

independent experiments. C) α-MreB-S269F is increased for interaction with both λCI-CbtA and λCI-

CbtA-F65S. β-galactosidase activity was measured at 100 µM IPTG induction; bars represent the 

average Miller unit values of biological triplicates, and error bars represent standard deviation. 
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Figure 4.3 (Continued) 
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Table 4.1: Summary of two-hybrid interactions of α-MreB mutants 

 α-MreB mutant λCI-CbtA✚ λCI-RodZNTD
! 

 
 
 
 
 
 
 
 

Inter-protofilament 
interface mutants 

WT 
K77D 
D78K 
F84A 

V121E 
R124D 
A125D 
I126V* 
R127D 
E128K 
V173A* 
R188D 
D192K 
E196G* 
E196K 
N200A 
E262G* 
E262K 
G266E 
S269F 
S269K 
V273E 
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Cysteine mutants 

 
C113S 
C278S 
C324S 

C113S/C278S/C324S 
 

 
+ 

+++ 
++ 
+ 

 
+++ 
+++ 
+++ 
+++ 

+++ 90-100% of wild-type interaction; ++ 60-90% of wild-type interaction; + 40-60% of wild-type 
interaction; - less than 40% of wild-type interaction; +++++ > 200% of wild-type interaction 
✚λCI-CbtA interactions were assessed at 100 µM IPTG 
!λCI-RodZNTD interactions were assessed at 25 µM IPTG 
* These mutants were identified in our original two-hybrid screen 
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Figure 4.4: Substitutions that alter CbtA binding cluster to the inter-protofilament interface of 

MreB. Residues found to influence the MreB-CbtA two-hybrid interaction are mapped onto the CcMreB 

double filament interface (PDB 4cze (30)). Front and back views of the ribbon structure are shown in A; 

the surface rendered model of a single subunit rotated 90 º such that the flat surface is facing forward is 

shown in B. Residues are color coded as shown in the inset box. Although the V121E substitution did not  
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Figure 4.4 (Continued) 

affect the ability of MreB to interact with CbtA via two-hybrid analysis, the corresponding CcMreB residue, 

V118 is shown in magenta to highlight the location of the dimerization helix shown in (30) to be critical for  

double filament formation. Residue E319 is shown in teal to illustrate the MreB surface bound by RodZ 

(11). * denotes variants identified in our original two-hybrid screen. 
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MreB, it may be blocking MreB function by preventing the formation of the essential double filament. To 

further probe the ability of CbtA to interact with this MreB surface, we performed a targeted mutagenesis 

of the flat side of the MreB subunit. Charge reversal substitutions were introduced at several positions 

containing charged residues (e.g. D192K); non-conservative changes were made at additional positions 

(e.g. F84A). The ability of each MreB mutant (bearing a single amino acid substitution) to interact with 

both CbtA and RodZNTD was assessed in our two-hybrid system. Table A4.1 summarizes the two-hybrid 

interaction profiles of the complete set of MreB variants that were tested. Among those α-MreB mutants 

tested, we identified three additional inter-protofilament interface mutants with altered CbtA-binding. The 

mutants α-MreB-F84A and α-MreB-D192K are unable to interact with λCI-CbtA, but maintain strong 

interaction with λCI-RodZNTD (Figure 4.3A). Conversely, the α-MreB-S269F variant is greatly increased in 

its ability to interact with λCI-CbtA, yielding a 25-30-fold increase in lacZ expression as compared to the 

highest empty vector control (Figure 4.3B). This fold-change value is ~10 times higher than the 3-fold lacZ 

increase consistently measured with wild-type α-MreB and λCI-CbtA. Importantly, this S269F-dependent 

boost in interaction is specific to CbtA; α-MreB-S269F yielded a λCI-RodZNTD interaction profile identical 

to that of wild-type α-MreB across multiple induction levels (Figure 4.3B). Since MreB and CbtA are both 

known to interact with FtsZ (64), we considered the possibility that the S269F substitution may actually 

promote interaction between α-MreB and FtsZ; enhanced bridging of α-MreB-S269F and λCI-CbtA by 

endogenous FtsZ molecules could potentially lead to an apparent increase in the MreB-CbtA interaction. 

However, this explanation seems unlikely as α-MreB-S269F is similarly boosted for interaction with the 

λCI-CbtA-F65S variant, which is unable to interact with FtsZ (Figure 4.3C).  

 

MreB residue E262 is necessary for CbtA and YpjF inhibition of cell elongation 

As Figure 4.4 illustrates, single amino acid substitutions at various positions along the flat side of 

MreB (including several in residues found directly at the double filament interface) alter its interaction with 

CbtA in the context of our two-hybrid system. These data suggest that the MreB inter-protfilament 

interface may be the binding surface utilized by CbtA to inhibit cell elongation. To further assess whether 

the MreB interface residues identified in our two-hybrid analyses are critical for the toxic block in cell 

elongation mediated by CbtA, we aimed to overexpress cbtA-F65S in E. coli strains producing the various 
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mutants as the exclusive source of endogenous MreB. As was demonstrated in Chapter 2, 

overproduction of CbtA-F65S results in a lethal loss of rod shape, causing cells to become spherical. We 

predicted that in strains bearing substitutions that disrupt the CbtA-MreB interaction, overproduction of 

CbtA-F65S would be less toxic and would not induce spherical morphology. Importantly, this strategy 

required the use of an MreB variant capable of supporting rod-shaped growth.  

To identify an appropriate MreB variant to use in this analysis, we tested the abilities of several of 

our isolated mutants to complement the growth and morphology of an mreBCD depletion strain. Briefly, 

this depletion strain (FB30/pFB174) harbors a kanamycin resistance cassette in place of the 

chromosomal mreBCD operon, which is instead provided on the multi-copy plasmid pFB174 downstream 

of the pBAD promoter (23). Thus, this depletion strain requires arabinose for robust rod-shaped growth. 

Each of the mreB alleles shown in Figure 4.5 was cloned along with mreC and mreD downstream of the 

plac promoter on the ColE1 plasmid pFB149 (plac-mreBCD) (23). Growth and cell morphology 

phenotypes for FB30/pFB174 transformed with each of the pFB149 derivatives were assessed in medium 

containing IPTG or arabinose. When cells were plated on LB supplemented with 0.5% arabinose, all 

strains grew well; when cells were plated on LB supplemented with 250 µM IPTG, only mreB-E262G and 

mreB-S269F were able to support growth to the same extent as wild-type mreB (Figure 4.5B). The cell 

morphology phenotypes were consistent with the plate-based results; only cells expressing mreB-E262G 

or mreB-S269F maintained a rod-shape comparable to that of the wild-type mreB-expressing strain in M9 

maltose supplemented with 250 µM IPTG (Figure 4.5C).  

Because MreB-E262G is able to support rod-shaped growth in cells but is severely decreased for 

CbtA interaction in our bacterial two-hybrid system, we decided to assess CbtA-F65S toxicity in this 

genetic context. Plasmids plac-mreBCD (pFB149) and plac-mreB-E262G mreCD (pDH278) were 

transformed in parallel into E. coli strain BW27785; the mreBCD knockout allele was transferred from 

strain FB30/pFB174 into both strains via P1 transduction. The resulting transductants exhibited IPTG-

dependent rod-shaped growth in either LB or M9 maltose. It was observed that in both strains, about 5% 

of cells failed to grow as rods, forming large spheres (yellow arrows in Figure 4.6A); this is likely the result 

of plac-mreBCD plasmid loss. We transformed both strains with either pBAD33 or pBAD33-cbtA-F65S 

(pDH212) and observed growth and morphology in the presence of arabinose. As shown in Figure 4.6A,  
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Figure 4.5: Assessment of the ability of MreB interface mutants to support rod-shaped growth. Our 

complementation strategy is diagrammed in A. Depletion strain FB30/pFB174 (mreBCD::kanR/pBAD-

mreBCD) was transformed with either an empty vector control (pMLB1113) or a plasmid derived from 

pFB149 (plac-mreBCD) expressing wild-type mreB (pFB149), mreB-E262G (pDH279), mreB-V173A 

(pDH280), mreB-I126V (pDH281), mreB-S269F (pDH332), or mreB-F84A (pDH333). B) To assess the 

ability of each mreB allele to support growth on plates, overnight cultures were grown in M9 maltose 

(0.2% maltose, 0.2% casamino acids, 1 mM MgSO4) supplemented with 0.5% arabinose at 37 ºC. The 

following morning, cultures were back-diluted 1:100 in fresh M9 maltose + 0.5% arabinose and grown at 

37 ºC for several hours until they reached late log phase. Cultures were normalized to the same OD600 

value, several 1:10 serial dilutions were made in sterile phosphate buffered saline (PBS), and 5 µL of 

each culture was spotted on LB plates supplemented with either 0.5% arabinose or 250 µM IPTG. Plates 

were incubated overnight at 37 ºC. C) To observe the morphology phenotypes of these strains, aliquots 

from the same overnight cultures described in B were washed once and resuspended in fresh M9 

maltose (without arabinose). These washed aliquots were used as inoculum for M9 maltose cultures  
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Figure 4.5 (Continued) 

supplemented with 250 µM IPTG. All cultures were grown at 37 ºC until the MreB- phenotype was 

observed in the empty vector control strain, indicating MreB levels had been depleted (approximately  

5 hrs). Cultures were back diluted to remain in log-phase during this period. After 5 hrs, strains were 

imaged.  
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Figure 4.6: MreB residue E262 is necessary for CbtA-F65S toxicity and cell elongation inhibition. 

Strains DH118/pFB149 (BW27785 mreBCD::kanR/ plac-mreBCD) and DH118/pDH278 (BW27785 

mreBCD::kanR/ plac-mreB-E262G mreCD) were transformed with either the empty vector pBAD33 control 

plasmid or pBAD33-cbtA-F65S (pDH212). Transformants were selected on M9 maltose (0.2% maltose 

0.2% casamino acids 1 mM MgSO4) plates supplemented with appropriate antibiotics and 250 µM IPTG 

at 30 ºC. Overnight cultures were grown in M9 maltose + 250 µM IPTG at 30 ºC. In B, these overnight 

cultures were back diluted to a starting OD600 of 0.03 in LB (CmCarb) supplemented with 250 µM IPTG, 

and grown for 1 hr at 30 ºC (reaching an OD600 ~0.08). Cultures were induced by addition of 0.2% 

arabinose and grown for an additional 2 hrs at 30 ºC, at which point microscopic analysis was performed. 

In C, overnight cultures were back diluted 1:100 in M9 maltose + 250 µM IPTG and grown at 30 ºC for  
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Figure 4.6 (Continued) 

~5 hrs (until cultures had reached an OD600 of ~0.7). Cultures were normalized to the same OD600 

value, several 1:10 serial dilutions were made in sterile phosphate buffered saline (PBS), and 5 µL of 

each culture was spotted on LB plates supplemented with 250 µM IPTG ± 0.2% arabinose. Plates were 

incubated for 48 hrs at RT.  
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both strains bearing the pBAD33 empty vector maintain rod-shape in the presence of IPTG and arabinose 

(left panels), and, as expected, cells containing wild-type mreB and pBAD33-cbtA-F65S become 

spherical within 2 hrs of arabinose addition. However, importantly, cells expressing the mreB-E262G 

allele do not become round, maintaining rod-like shape after 2 hrs of cbtA-F65S expression; CbtA-F65S-

dependent growth inhibition is also reduced in the mreB-E262G strain (Figure 4.6B). Thus, this result 

indicates that residue E262, which is found within the MreB double filament interface, is necessary for 

MreB-CbtA interaction and for cell elongation inhibition by CbtA-F65S.  

As described in Chapter 2 of this dissertation, the CbtA homolog, YpjF, also inhibits cell 

elongation, and we can detect interaction between α-MreB and λCI-YpjF in our two-hybrid system 

(resulting in a 2-fold increase in lacZ levels). As was seen with λCI-CbtA, several single amino acid 

substitutions in the flat side of α-MreB alter λCI-YpjF binding. The four substitutions originally isolated in 

our two-hybrid screen (E262G, E196G, V173A, and I126V) disrupt the MreB-YpjF interaction (Figure 

4.7A), whereas the S269F substitution more than doubles the detected interaction (Figure 4.7B). 

Likewise, it was observed that a strain harboring the mreB-E262G allele was less susceptible to YpjF-

F65S-induced morphological change (Figure 4.7C), suggesting that CbtA and YpjF both require residues 

within the inter-protofilament interface for MreB inhibition.  

 

Chapter 4.3: Discussion 

The flat surface of the MreB subunit represents a putative CbtA-binding site 

 As described in Chapter 2 of this dissertation, the CbtA toxin of E. coli is able to mediate 

simultaneous inhibition of both cell division and cell elongation through independent interaction with FtsZ 

and MreB. Here, I report our findings that residues found in the double protofilament interface of MreB are 

necessary for CbtA binding and cell elongation perturbation. Two-hybrid analyses indicate that several 

amino acid changes at positions along the flat side of the MreB subunit alter the ability of MreB to bind 

CbtA (Figure 4.3 and Table 4.1). We identified six MreB mutants (F84A, I126V, V173A, D192K, E196G, 

E262G) that are specifically reduced in their ability to interact with CbtA; residues F84, E196, and E262 

are surface-exposed, suggesting that they may participate directly in protein-protein interaction with CbtA. 

Residue D192 is found within a small pocket beneath residue E196 (see the orange and sky blue  
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Figure 4.7: Residues at the MreB inter-protofilament interface are necessary for the YpjF-MreB 

interaction. The two-hybrid interactions of λCI-YpjF and the indicated α-MreB variants are shown in A 

and B. For the experiment in A, β-galactosidase activity was measured at 100 µM IPTG induction; bars  

represent the average Miller unit values of biological triplicates, and error bars represent standard 

deviation. * denotes variants identified in our original two-hybrid screen. For the experiment in B, β-

galactosidase activity was measured at 0, 25, 100, and 200 µM IPTG induction; points represent the 

average Miller unit values of biological triplicates, and error bars represent standard deviation. C) Strains 

DH118/pFB149 (BW27785 mreBCD::kanR/ plac-mreBCD) and DH118/pDH278 (BW27785 

mreBCD::kanR/ plac-mreB-E262G mreCD) were transformed with either the empty vector pBAD33 control 

plasmid or pBAD33-ypjF-F65S (pDH289). Transformants were selected on M9 maltose (0.2% maltose 

0.2% casamino acids 1 mM MgSO4) plates supplemented with appropriate antibiotics and 250 µM IPTG 

at 30 ºC. Overnight cultures were grown in M9 maltose + 250 µM IPTG at 30 ºC. The next morning, 

cultures were back diluted to a starting OD600 of 0.03 in LB (CmCarb) supplemented with 250 µM IPTG, 

and grown for 1 hr at 30 ºC (reaching an OD600 ~0.08). Cultures were induced by addition of 0.2% 

arabinose and grown for an additional 2 hrs at 30 ºC, at which point microscopic analysis was performed. 

 

 

 

 

 

 

 

 

 

 

 

 

 



132 

Figure 4.7 (Continued) 
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residues in Figure 4.4B); we speculate that the introduction of a positively charged lysine in this pocket 

may alter the position of the surface-exposed residue E196, indirectly deforming the putative CbtA-

binding surface.  

Additionally, we found that the introduction of a hydrophobic phenylalanine at surface residue 

S269 (which is very close to residue E262) led to an impressive increase in CbtA binding (going from a 3-

fold to a 30-fold increase in reporter gene expression in the two-hybrid system) (Figure 4.3B). This 

substitution caused no alteration of the MreB-RodZ interaction, suggesting that its effects are specific to 

CbtA-binding. Furthermore, this substitution does not appear to indirectly increase the MreB-CbtA 

interaction by facilitating a bridging interaction with chromosomally encoded FtsZ, based on the fact that 

the F65S substitution in λCI-CbtA does not abrogate the effect of the S269F substitution in α-MreB 

(Figure 4.3C). The ability of a single amino acid change to cause such a pronounced increase in 

interaction provides further support for the idea that CbtA binds directly to the flat side of MreB.  

As shown in Table A4.1, lysine substitutions at positions E196 and E262 also decrease the MreB-

CbtA interaction. In an effort to confirm that the surface residues identified in our two-hybrid analyses 

directly bind CbtA, we attempted to identify compensatory substitutions in CbtA that restore an interaction 

with either of these MreB charge-reversal variants; we were unfortunately unable to identify CbtA variants 

that interacted with these MreB mutants in an allele-specific manner (data not shown). The MreB-S269K 

variant is also reduced in its ability to interact with CbtA (Table A4.1), making it a good candidate for 

future attempts to isolate a mutant suppressor pair.  

We observed that overproduction of the CbtA-F65S variant, which causes a pronounced 

spherical morphology in a wild-type mreB strain, does not result in a loss of rod shape in a strain bearing 

the functional mutant allele mreB-E262G (Figure 4.6A). The viability defect mediated by CbtA-F65S 

overproduction is also abrogated in the mreB-E262G mutant background (Figure 4.6B). Thus, alteration 

of residue E262 prevents CbtA-F65S-dependent inhibition of cell elongation. It is possible that this E262G 

substitution prevents CbtA interference in a more indirect manner (for example, increasing the stability of 

MreB filaments by enhancing lateral interaction or increasing protein levels); however, our observation 

that MreB-E262G does not interact with CbtA by two-hybrid analysis and is resistant to inhibition by CbtA-

F65S, is consistent with a model in which CbtA binding to the flat surface of MreB is responsible for 
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inhibition of cell elongation. Amino acid substitutions on the flat side of MreB similarly affect the MreB-

YpjF two-hybrid interaction, and residue E262 was also found to be necessary for cell elongation 

inhibition by YpjF-F65S (Figure 4.7). This suggests that these homologous toxins may target the same 

MreB surface.  

In our complementation system, we saw that MreB-S269F was also able to support rod-shaped 

growth (Figure 4.5). It would be interesting to assess whether in the mreB-S269F background, CbtA-F65S 

toxicity is increased, as would be predicted by the two-hybrid data. Specifically, we would like to test 

whether the level of cell elongation inhibition that is seen with high expression of cbtA-F65S in a wild-type 

strain (i.e. spherical morphology and severe viability defects, Figure 4.6) can be achieved with normally 

sub-inhibitory levels of cbtA-F65S expression in the mreB-S269F strain. As expression from the pBAD 

promoter is not very tunable, this will require the construction of an alternative expression system.  

 

Genetic insight into the CbtA mechanism of cell elongation inhibition 

 As van den Ent et al. recently demonstrated, the formation of the MreB antiparallel double 

filament is necessary for the maintenance of rod-shape in E. coli. Their structural evidence indicates that 

this essential architecture is mediated by the pairing of two adjacent MreB filaments along their flat sides 

(30). As described above, we believe that this flat side of MreB may serve as the inhibitory surface bound 

by both CbtA and YpjF. As illustrated in Figure 4.4, several of the residues found to be necessary for 

CbtA binding are found directly within the inter-protofilament filament interface, suggesting that CbtA may 

inhibit MreB function by competing for sites needed for formation of the double filament. This potential 

mechanism is consistent with two previously published observations. First, Tan et al. observed that in 

vitro, CbtA decreased the sedimentation efficiency of purified E. coli MreB but did not affect MreB ATPase 

activity (61). MreB requires ATP for polymerization and only hydrolyzes ATP in its polymerized state 

(29,44). Although (to the best of my knowledge) it has not been absolutely determined what if any 

influence double filament formation has on ATP hydrolysis, a possible explanation for the result observed 

by Tan et al. is that in the presence of CbtA, MreB still polymerizes into single filaments capable of 

nucleotide hydrolysis but cannot form more sedimentation-prone paired filaments. In further support of 

this proposed mechanism, Masuda et al. reported that the cognate antitoxin of CbtA (CbeA) enhances 
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sedimentation of E. coli MreB in vitro (by a proposed bundling mechanism) and prevents morphological 

perturbations caused by cbtA overexpression and A22 treatment when expressed in vivo (65). This 

suggests that like A22 (30), CbtA may disrupt double filament formation which can be overcome by 

enhanced bundling by CbeA. 

 As one way to test whether CbtA can indeed prevent double filament formation in vivo, we hoped 

to develop a modified cross-linking strategy similar to the one employed by van den Ent et al. (30). Our 

aim was to identify a cysteine substitution within the inter-protofilament interface that mediated cross-

linking of the double filament but did not disrupt the MreB-CbtA two-hybrid interaction. We then planned 

to assess cross-linking of this MreB cysteine variant in vivo with or without overproduction of CbtA-F65S. 

As a first step to establish this system, we generated an MreB variant with all three naturally occurring 

cysteine residues mutated to serine (MreB-C113S/C278S/C324S). Unfortunately, we found that this 

variant is specifically decreased for interaction with CbtA in our two-hybrid assay; further dissection of this 

variant revealed that the C113S substitution is responsible for the decrease in MreB-CbtA interaction 

(Table 4.1). Interestingly, in the MreB structure, residue C113 is found very close to residue I126, which 

resides in the main dimerization helix of MreB and is necessary for the MreB-CbtA two-hybrid interaction.  

At any rate, the development of a suitable in vivo cross-linking strategy is unlikely to be straightforward.  

As a complementary approach to investigate the molecular details of CbtA inhibition, it would be 

informative to observe the in vitro architecture of MreB filaments in the presence of CbtA by electron 

microscopy. As MreB from E. coli is notoriously difficult to work with in vitro (47), this strategy may not be 

completely straightforward either. It would be interesting to assess whether CbtA is capable of interaction 

with the CcMreB variant used by van den Ent et al. in their structural studies. If so, this may facilitate 

biochemical and structural study of the CbtA mechanism of MreB inhibition.  

 In summary, we believe that CbtA interacts with the flat side of MreB, potentially perturbing MreB 

double filament formation. Although additional in vivo and in vitro work is needed to confirm this putative 

inhibitory mechanism, our findings suggest that disruption of the double protofilament interface may be a 

common strategy employed by MreB inhibitors. Structural evidence shows that A22 interrupts pairing of 

MreB filaments by dislocating the main dimerization helix (30). Furthermore, Duan et al. found that a 

lysine substitution at residue E250 of B. subtilis Mbl (which is equivalent to E262 in E. coli MreB) 
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suppressed morphological defects caused by the sporulation factors, YodL and YisK (59). As far as we 

know, it has not yet been established whether Mbl adopts a similar filament architecture, but if so, the 

effect of the E250K substitution on YodL and YisK activity may suggest that these regulators disrupt cell 

shape through targeting of this inter-protofilament interface. Further elucidation of the mechanistic details 

by which CbtA and these other regulators inhibit MreB function may provide important insight into the 

involvement of MreB assembly and filament architecture in cell elongation and rod-shape maintenance.  

 

Chapter 4.4: Materials and Methods 

Strains, plasmids, and growth conditions  

A complete list of the bacterial strains used in this chapter is provided in Table A4.2 (shown at the 

end of this section). Additionally, lists of the plasmids and oligonucleotides used in this chapter can be 

found in Tables A4.3 and A4.4 (shown at the end of this section), respectively. NEB5-α F’Iq (New England 

Biolabs) was used as the cloning strain for all plasmid constructions outlined below. All two-hybrid studies 

were performed in either FW102 OL2-62 (63,66) or BN30 (FW102 OL2-42) (62). Strains were grown in 

either LB (1% NaCl) broth at 37 ºC or 30 ºC or on LB plates supplemented with appropriate antibiotics at 

the following concentrations (unless otherwise noted): carbenicillin (Carb), 100 µg/mL; chloramphenicol 

(Cm), 25 µg/mL; kanamycin (Kan), 50 µg/mL; spectinomycin (Spec), 50 µg/mL. Where noted, strains 

were grown in M9 minimal medium (1 mM MgSO4) supplemented with 0.2% maltose and 0.2% casamino 

acids.  

All two-hybrid constructs were cloned as described in Chapter 2 of this dissertation. A single 

colony of E. coli BW27785 was used as template to amplify the rodZ locus using primer pair 

oDH236/oDH237 for construct pACλCI-RodZNTD (pDH238). To generate the pBRα-MreB-

C113S/C278S/C324S construct (pDH287), the triple mutant mreB allele was synthesized (gBlock; IDT). 

This gene product was amplified using oDH298 (NotI site) and oDH299 (BamHI) site, NotI/BamHI 

digested, and cloned into the pBRα backbone. To construct all pBRα-MreB single mutants, the allele of 

interest was generated by overlap PCR (using pMT151 as template) with outside primers 

oDH298/oDH299 and specific internal mutagenic primers; this PCR product was digested with 

NotI/BamHI and ligated into similarly digested vector backbone. Oligonucleotides pBRα_F, pBRα_R, 



137 

pACλCI_F, and pACλCI_R were used to sequence all two-hybrid constructs (see Chapter 2 for 

sequences). 

To construct cbtA-F65S and ypjF-F65S arabinose-inducible overexpression vectors (pDH212 and 

pDH289), alleles were amplified from pMT146 and pMT188 (see Chapter 2 for descriptions) using primer 

pair oDH285/oDH286 or oDH380/381, respectively. PCR products were digested with NdeI/XbaI and 

ligated into the pBAD33 (NdeI/XbaI) backbone. 

Sequencing of plasmid pFB149 (plac-mreBCD; generous gift of T. Bernhardt) revealed two 

missense mutations within the mreB gene. To generate a construct with the wild-type mreB sequence, 

the entire mreB and mreC genes, and part of the mreD gene sequence were amplified from a single E. 

coli BW27785 colony with primers oDH372_F (anneals to the beginning of the mreB sequence and 

contains an XbaI restriction site) and oDH369_R (anneals within the mreD sequence). There is a naturally 

occurring BamHI site within mreD that is unique on plasmid pFB149; both the mreBCD PCR product and 

pFB149 were digested with XbaI/BamHI and ligated together. The entire mreBCD locus was verified by 

sequencing using primers oDH355, oDH369, oDH373, oDH374, and oDH375. In this dissertation, all 

references to pFB149 refer to this corrected plasmid. To construct pFB149-derivatives for MreB mutant 

expression studies, mreB mutant alleles were generated by overlap PCR using corrected pFB149 as 

template, outside primers oDH372/oDH369, and allele-specific internal mutagenic primers. PCR products 

were digested with XbaI/BamHI and ligated into the pFB149 (XbaI/BamHI) backbone. All pFB149-

derivatives were verified by sequencing using primers oDH355, oDH369, oDH373, oDH374, and 

oDH375.  

To construct strains DH118/pFB149 and DH118/pDH278, plasmids pFB149 and pDH278 were 

transformed into strain BW27785. To introduce the mreBCD::kan deletion, a P1 lysate was grown on 

strain FB30/pFB174 and used to infect each recipient strain. Transductants were selected on M9 maltose 

plates (0.2% maltose, 0.2% casamino acids, 1 mM MgSO4) supplemented with 5 mM sodium citrate and 

250 µM IPTG (for expression of mreBCD). Growth on minimal medium is known to suppress mreBCD 

defects and was used to prevent acquisition of suppressor mutations. Strains were checked for proper 

kan insertion by colony PCR using primers oDH289 and oDH307.  
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Genetic screen to identify substitutions in MreB that disrupt the MreB-CbtA interaction 

The mreB gene fragment (found on pMT151) was mutagenized by error-prone PCR using Taq 

polymerase and the outside primers pBRα_F and pBRα_R. The mutagenized alleles were cloned into the 

α expression vector by the method described in Chapter 2. The modified two-hybrid reporter strain 

(BN30) bearing pACλCI-CbtA (pMT154) was transformed with this mutant library; transformants were 

plated on LB (KanCarbCm) indicator medium containing IPTG (25 µM) and X-gal (40 µg/mL). Plates were 

incubated overnight at 30 ºC and refrigerated (4 ºC) for an additional 8-16 hrs. Several thousand colonies 

were screened to identify those exhibiting lower lacZ expression (white or light blue color) as compared to 

the dark blue colonies producing wild-type α-MreB and λCI-CbtA fusions. Individual overnight cultures of 

~60 candidate colonies were grown in LB supplemented with Carb (to select for only the pBRα-MreB 

plasmid) at 30 ºC. Plasmids were prepped from these cultures, most likely generating a mixed prep of α 

and λCI plasmids. In order to confirm the loss of interaction with λCI-CbtA and to identify those 

candidates that maintained interaction with α-RodZNTD, mixed preps were used to transform FW102 OL2-

62 strains containing either pACλCI-CbtA or pACλCI-RodZNTD (pDH238). Transformants were selected on 

LB (CmCarbKan). β-galactosidase assays were used to measure interaction between each α-MreB 

mutant and λCI-CbtA at 100 µM IPTG and λCI-RodZNTD at 25 µM IPTG. pBRα-MreB plasmids were 

isolated from candidates that were down for λCI-CbtA interaction but maintained >60% λCI-RodZNTD, 

sequenced, and re-tested by β-galactosidase assay.  

All β-galactosidase assays were performed in microtitre plates with a microtitre plate reader as 

described in Chapter 2 of this dissertation and in (67). All assays were done in triplicate and most were 

repeated independently at least twice. For some α-MreB mutants shown in Table 4.1 that had no effect on 

λCI-CbtA interaction (V121E, R188D, N200A, G266E, V273E) the experiment was done only once in 

triplicate; however most mutants shown in Table 4.1 were assayed at least twice. All values shown in this 

chapter are from a single representative experiment and represent averages of triplicate measurements. 

Fold-change values were calculated by normalizing to the highest relevant empty vector control. “+” and “-

“ designations in Table 4.1 were assigned based on % interaction as compared to the interaction of wild-

type α-MreB. The normalized fold-change value for each mutant interaction was divided by the fold-

change value for the wild-type interaction and multiplied by 100.  
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Complementation studies with mreB mutant alleles 

 Strain FB30/pFB174 was found to support robust rod-shaped growth in M9 minimal medium 

supplemented with 0.2-0.5% arabinose at 37 ºC. FB30/pFB174 was transformed with pMLB1113, 

corrected pFB149, pDH278, pDH280, pDH281, pDH332, and pDH333; transformants were selected on 

M9 plates (0.2% arabinose, 0.2% casamino acids, 1 mM MgSO4) and grown overnight at 37 ºC. 

Overnight cultures were grown in M9 medium (0.2% maltose, 0.2% casamino acids, 0.5% arabinose, 1 

mM MgSO4) at 37 ºC. The following morning, cells were harvested by centrifugation to remove overnight 

medium, and resuspended in M9 maltose (0.2% maltose, 0.2% casamino acids). This resuspended 

culture was used as inoculum for subculturing. 5 mL M9 maltose cultures supplemented with 0.5% 

arabinose, 250 µM IPTG, or 0.1% glucose were inoculated to a starting OD600 of 0.03-0.05. All cultures 

were grown in test tubes at 37 ºC. It took ~5 hrs hours for MreBCD depletion to occur in strains with 0.1% 

glucose and in FB30/pFB174/pMLB1113 with 250 µM IPTG. All cultures were back-diluted 1:3 in the 

same medium after 3 hrs of growth to keep them in mid log phase for imaging. After 5 hrs, cells were 

mounted on 2% agarose pads and imaged as described in Chapter 2. In Figure 4.5, only cells grown in 

the presence of IPTG are shown. All cells grown in arabinose maintained rod-shape; all cells grown in 

glucose became spherical. Cells also became spherical just in the absence of arabinose (see pMLB1113 

in Figure 4.5), indicating glucose is not necessary for depletion.  

 The same cultures described above grown in the presence of 0.5% arabinose were used for spot 

dilution assay. Once cultures had reached an OD600 of ~0.7-0.8, cells were harvested by centrifugation, 

and resuspended in M9 maltose without arabinose. Cultures were normalized to the same OD600 value, 

several 1:10 serial dilutions were made in sterile phosphate buffered saline (PBS), and 5 µL of each 

culture was spotted on LB (KanCmCarb) plates supplemented with 0.5% arabinose, 0.1% glucose, or 250 

µM IPTG. Plates were incubated overnight at 37 ºC. All cultures were unable to grow on 0.1% glucose 

and are not shown in Figure 4.5. 
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Assessing CbtA-F65S and YpjF-F65S-mediated cell morphology changes 

Strains DH118/pFB149 and DH118/pDH278 were transformed with plasmids pBAD33, pDH212, 

or pDH289. Transformants were selected on M9 maltose plates supplemented with Kan, Carb, Cam, and 

250 µM IPTG, grown for 24-40 hrs at 30 ºC. Overnight cultures were grown in 3 mL M9 maltose 

supplemented with Kan, Carb, Cam, and 250 µM IPTG at 30 ºC for ~16 hrs. The next morning, overnight 

cultures were back diluted to a starting OD600 of 0.03 into LB supplemented with Cm, Carb, and 250 µM 

IPTG and grown for 1 hr at 30 ºC (until reaching an OD600 ~0.08). Cultures were then induced with 0.2% 

arabinose for 2 hrs at 30 ºC. After 2 hrs, cells were mounted on 2% agarose pads and imaged as 

described in Chapter 2.  

For the spot dilution assay shown in Figure 4.6, the same M9 maltose overnight cultures 

described above were back diluted 1:100 into fresh M9 maltose supplemented with Cm, Carb, and 250 

µM IPTG. Cultures were grown at 30 ºC for 5 hrs until reaching an OD600 of ~0.7. Cultures were 

normalized to the same OD600 value, several 1:10 serial dilutions were made in sterile phosphate 

buffered saline (PBS), and 5 µL of each culture was spotted on LB plates supplemented with Kan, Cm, 

Carb, and 250 µM IPTG, with or without 0.2% arabinose. Plates were incubated at room temperature for 

two nights.  
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Table 4.2: Strains used in this study 

Strain Description Reference/ Source 

NEB5-α F’Iq 
 
 

BW27785 
 
 
 

FW102 OL2-62 
 
 
 
 

BN30 (FW102 OL2-
42) 

 
 
 

FB30/pFB174 
 
 
 

DH118/pFB149 
 
 

DH118/pDH278 
 
 
 

DH5-α derivative containing an F’ (TetR) bearing 
lacIq 

 
Δ(araB-araD)567 ΔlacZ4787(::rrnB-3) LAM- 
Δ(araH-araF)570(::FRT) ΔaraEp-532::FRT  
φ(Pcp18-araE534) Δ(rhaB-rhaD)568 hsdR514 

 
FW102 (68) containing an F’ (KanR) bearing the 
placOL2–62-lacZ fusion in which the λCI operator is 
centered at position –62 upstream of the lac 
promoter  

 
FW102 (68) containing an F’ (KanR) bearing the 
placOL2–42-lacZ fusion in which the λCI operator is 
centered at position –42 upstream of the lac 
promoter  
 
TB28 (MG1655 ΔlacIZYA::frt) ΔmreBCD::kan 
transformed with CmR plasmid pFB174 (pBAD-
mreBCD-LE) 
 
BW27785 ΔmreBCD::kan transformed with CarbR 
plasmid pFB149 (plac-mreBCD-LE) 
 
BW27785 ΔmreBCD::kan transformed with CarbR 
plasmid pDH278 (plac-mreB-E262G mreCD-LE) 
 
 
 

New England Biolabs 
 
 

(69) 
 
 
 

(66) 
 
 
 
 

(62,63); Bryce Nickels 
 
 
 
 

(23) ;Generous gift of T. 
Bernhardt 

 
 
 

This study 
 

This study 
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Table 4.3: Plasmids used in this study 

Plasmid Description Reference/ Source 

pBRα 
 
 
 

pACλCI 
 

 
pACλCI-CbtA 

(pMT154) 
 
 

pACλCI-CbtA-F65S 
(pMT180) 

 
 

pACλCI-YpjF 
(pMT170) 

 
 

pACλCI-RodZNTD 
(pDH238) 

 
 

pBRα-MreB 
(pMT151) 

 

Encodes the full-length α subunit of RNAP under 
the control of tandem placUV5 and plpp 
promoters; confers CarbR 
 
Encodes λCI (residues 1-236) under the control of 
lacUV5 promoter; confers CmR 

 
Encodes λCI fused by a three-alanine linker to full-
length CbtA under the control of lacUV5 promoter; 
confers CmR 

 
Encodes λCI fused by a three-alanine linker to 
CbtA-F65S under the control of lacUV5 promoter; 
confers CmR 

 
Encodes λCI fused by a three-alanine linker to 
YpjF under the control of lacUV5 promoter; confers 
CmR 

 
Encodes λCI fused by a three-alanine linker to the 
NTD of RodZ (residues 2-84) under the control of 
lacUV5 promoter; confers CmR 

 
Encodes residues 1-248 of α fused by a three-
alanine linker to full-length E. coli MreB under the 
control of tandem placUV5 and plpp promoters; 
confers CarbR  

(63) 
 
 
 

(63) 
 

 
This study; M. Tavag 

 
 
 

This study; M. Tavag 
 
 
 

This study; M. Tavag 
 
 
 

This study 
 
 
 

This study; M. Tavag 
 

 
pBRα-MreB mutant 
plasmids isolated in 
two-hybrid screen: 
V173A (pDH256) 
I126V (pDH257) 
E262G (pDH258) 
E196G (pDH259) 

 
 
 
All plasmids encode residues 1-248 of α fused by 
a three-alanine linker to full-length E. coli MreB 
mutant indicated under the control of tandem 
placUV5 and plpp promoters; confers CarbR 

 

 
 
 
 

This study  
 
 
 

 
Additional  

pBRα-MreB mutant 
plasmids: 

E196K (pDH271) 
E262K (pDH272) 

C113S/C278S/C324S 
(pDH287) 

C113S (pDH290) 
C278S (pDH291) 
C324S (pDH292) 
V121E (pDH293) 
R127D (pDH294) 
E128K (pDH295) 
R124D (pDH298) 
A125D (pDH299) 
F84A (pDH300) 

 
 
 
 
 
All plasmids encode residues 1-248 of α fused by 
a three-alanine linker to full-length E. coli MreB 
mutant indicated under the control of tandem 
placUV5 and plpp promoters; confers CarbR 

 
 
 
 
 
 

This study 
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Table 4.3 (Continued) 

Plasmid Description Reference/ Source 

Additional  
pBRα-MreB mutant 

plasmids: 
K77D (pDH301) 
D78K (pDH302) 

D192K (pDH303) 
S269F (pDH305) 
R204D (pDH306) 
R188D (pDH307) 
G266V (pDH308) 
N200A (pDH309) 
V273E (pDH310) 
E319K (pDH318) 
S269K (pDH330) 

 
 
 
 
 
All plasmids encode residues 1-248 of α 
fused by a three-alanine linker to full-length 
E. coli MreB mutant indicated under the 
control of tandem placUV5 and plpp 
promoters; confers CarbR 
 
 
 
 

 
 
 
 
 

 
This study 

 
 
 
 
 
 
 

 
pFB149  

 
 
 
 

 
pMLB1113 

 
 

pDH278 
 
 
 
 

pDH280 
 
 
 
 

pDH281 
 
 
 
 

pDH332 
 
 
 
 

pDH333 
 
 

 

 
ColE1 origin; Encodes wild-type MreBCD 
under the control of the lac promoter. 
Residues LE are appended to the end of the 
MreD sequence; lacIq; confers CarbR; was 
re-cloned to remove mutations 
 
ColE1 origin; Encodes lacZ under the control 
of the lac promoter; lacIq; confers CarbR 

 
ColE1 origin; Encodes MreB-E262G and 
MreCD under the control of the lac promoter. 
Residues LE are appended to the end of the 
MreD sequence; lacIq; confers CarbR 

 
ColE1 origin; Encodes MreB-V173A and 
MreCD under the control of the lac promoter. 
Residues LE are appended to the end of the 
MreD sequence; lacIq; confers CarbR 

 
ColE1 origin; Encodes MreB-I126V and 
MreCD under the control of the lac promoter. 
Residues LE are appended to the end of the 
MreD sequence; lacIq; confers CarbR 

 
ColE1 origin; Encodes MreB-S269F and 
MreCD under the control of the lac promoter. 
Residues LE are appended to the end of the 
MreD sequence; lacIq; confers CarbR 

 
ColE1 origin; Encodes MreB-F84A and 
MreCD under the control of the lac promoter. 
Residues LE are appended to the end of the 
MreD sequence; lacIq; confers CarbR 

 

 
(23) 

 
 
 
 

(70) 
 
 

This study 
 
 
 
 

This study 
 
 
 
 

This study 
 
 
 
 

This study 
 
 
 
 

This study 
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Table 4.3 (Continued): 

Plasmid Description Reference/ Source 

pBAD33 
 
 

pDH212 
 
 

pDH289 

 araC; pACYC 184 origin; pBAD promoter 
with no insert; confers CmR 
 
araC; pACYC 184 origin; pBAD-cbtA-F65S; 
confers CmR 
 
araC; pACYC 184 origin; pBAD-ypjF-F65S; 
confers CmR 
 

(71) 
 
 

This study 
 
 

This study 
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Table 4.4: Important oligonucleotides used in this study 

Name Sequence (5’ to 3’) Description 

oDH285 
 
 
 

oDH286 
 
 
 

oDH289 
 
 
 

oDH298 
 
 

oDH299 
 
 

oDH307 
 
 
 

oDH336 
 
 

oDH337 
 
 

oDH346F 
 
 

oDH347R 
 
 

oDH348F 
 
 

oDH349R 
 
 

oDH355 
 
 

oDH357F 
 

oDH358R 
 

oDH359F 
 

oDH360R 
 

oDH361F 

ATATATTCTAGATTATTTCGCCTCCGGATACTTAC 
 
 
 
ATATATCATATGAAAACATTACCTGTATTACCCGGG 
 
 
 
AATTTCCTGCAGAATACCG 
 
 
 
ATATATGCGGCCGCATTGAAAAAATTTCGTGGCATG 
 
 
ATATATGGATCCTTACTCTTCGCTGAACAGG 
 
 
AAGTAAGCGGATTTTCTTTTCC 
 
 
 
ATATATGCGGCCGCAAATACTGAAGCCACGCACG 
 
 
ATATATGGATCCTTATTCCAGCCCTGGCAGCAG 
 
 
GGTGGTGACCGTTTCGACAAAGCTATCATCAACTAT
GTG 
 
CACATAGTTGATGATAGCTTTGTCGAAACGGTCACC
ACC 
 
ATCCTCGAAGCACTGCAGAAACCGCTGACCGGTAT
TGTG 
 
CACAATACCGGTCAGCGGTTTCTGCAGTGCTTCGA
GGAT 
 
AAGTTATGCGTATTCTCG 
 
 
GGTGGTACCACTGAAGCTGCTGTTATCTCCTTG 
 
CAAGGAGATAACAGCAGCTTCAGTGGTACCACC 
 
GTTGAACGCCGCGCAGTTCGTGAATCCGCG 
 
CGCGGATTCACGAACTGCGCGGCGTTCAAC 
 
GTGGTGACCGTTTCGACGGAGCTATCATCAACTATG 

Reverse primer used to amplify 
cbtA for pBAD33; contains XbaI 
site 
 
Forward primer used to amplify 
cbtA for pBAD33; contains NdeI 
site 
 
Anneals downstream of 
chromosomal mreD; used for 
PCR verification of ΔmreBCD 
 
Forward primer for amplification 
of mreB; contains NotI site 
 
Reverse primer for amplification 
of mreB; contains BamHI site 
 
Anneals upstream of 
chromosomal mreB; used for 
PCR verification of ΔmreBCD 
 
Forward primer for amplification 
of rodZNTD; contains NotI site 
 
Reverse primer for amplification 
of rodZNTD; contains BamHI site 
 
mreB mutagenic primer; E196K 
 
 
mreB mutagenic primer; E196K 
 
 
mreB mutagenic primer; E262K 
 
 
mreB mutagenic primer; E262K 
 
 
Anneals between mreB and 
mreC; used to sequence pFB149 
 
mreB mutagenic primer; V173A 
 
mreB mutagenic primer; V173A 
 
mreB mutagenic primer; I126V 
 
mreB mutagenic primer; I126V 
 
mreB mutagenic primer; E196G 
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Table 4.4 (Continued) 
 

Name Sequence (5’ to 3’) Description 

oDH362R 
 

oDH363F 
 

oDH364R 
 

oDH369 
 
 

oDH372 
 
 
 

oDH373 
 
 
 

oDH374 
 
 
 

oDH375 
 
 
 

oDH380 
 
 
 

oDH381 
 
 
 

oDH382F 
 
 

oDH383R 
 
 

oDH384F 
 
 

oDH385R 
 
 

oDH386F 
 
 

oDH387R 

CATAGTTGATGATAGCTCCGTCGAAACGGTCACCAC 
 
CTCGAAGCACTGCAGGGACCGCTGACCGGTATTG 
 
CAATACCGGTCAGCGGTCCCTGCAGTGCTTCGAG 
 
GCGTCGAGCCGCTGATCAG 
 
 
ATATATTCTAGACAGCTTTCAGGATTATCCCTTAGTA
TGTTGAAAAAATTTCGTG 
 
 
CAGGAAACAGCTATGACCATG 
 
 
 
TGTGCTGCAAGGCGATTAAG 
 
 
 
CGGCGGCGACCTGTTCAG 
 
 
 
ATATATCATATGAACACTCTACCTGCTACAATTTCG 
 
 
 
ATATATTCTAGATTATTTCACATTAGTTTTTAG 
 
 
 
GCCCGCGCGTTCTGGTTAGCGTGCCGGTTGGCGC
GACCCAG 
 
CTGGGTCGCGCCAACCGGCACGCTAACCAGAACG
CGCGGGC 
 
GGTTGCACTGGAACAGAGCCCGCCGGAACTGGCTT
CCG 
 
CGGAAGCCAGTTCCGGCGGGCTCTGTTCCAGTGCA
ACC 
 
GCTGAAGACCCGCTGACCAGCGTGGCGCGCGGTG
GCGGC 
 
GCCGCCACCGCGCGCCACGCTGGTCAGCGGGTCT
TCAGC 
 

mreB mutagenic primer; E196G 
 
mreB mutagenic primer; E262G 
 
mreB mutagenic primer; E262G 
 
Anneals within mreD sequence 
downstream of BamHI site 
 
Forward primer to amplify mreB 
sequence for pFB149 
derivatives; contains XbaI site 
 
Sequencing primer for pFB149 
derivatives; anneals upstream of 
mreB and XbaI site  
 
Sequencing primer for pFB149 
derivatives; anneals downstream 
of mreD 
 
Sequencing primer for pFB149 
derivatives; anneals upstream of 
mreC 
 
Forward primer used to amplify 
ypjF for pBAD33; contains NdeI 
site 
 
Reverse primer used to amplify 
cbtA for pBAD33; contains XbaI 
site 
 
mreB mutagenic primer; C113S 
 
 
mreB mutagenic primer; C113S 
 
 
mreB mutagenic primer; C278S 
 
 
mreB mutagenic primer; C278S 
 
 
mreB mutagenic primer; C324S 
 
 
mreB mutagenic primer; C324S 
 

 



147 

Table 4.4 (Continued) 
 

Name Sequence (5’ to 3’) Description 

oDH388F 
 
 

oDH389R 
 
 

oDH390F 
 
 

oDH391R 
 
 

oDH392F 
 
 

oDH393R 
 
 

oDH399F 
 
 

oDH400R 
 
 

oDH401F 
 
 

oDH402R 
 
 

oDH403F 
 
 

oDH404R 
 
 

oDH405F 
 
 

oDH406R 
 
 

oDH407F 
 
 

oDH408R 
 
 

oDH409F 

GCCGGTTGGCGCGACCCAGGAAGAACGCCGCGCA
ATTCG 
 
CGAATTGCGCGGCGTTCTTCCTGGGTCGCGCCAAC
CGGC 
 
CCCAGGTTGAACGCCGCGCAGACCGTGAATCCGC
GCAGGG 
 
CCCTGCGCGGATTCACGGTCTGCGCGGCGTTCAAC
CTGGG 
 
GAACGCCGCGCAATTCGTAAATCCGCGCAGGGCGC
TGG 
 
CCAGCGCCCTGCGCGGATTTACGAATTGCGCGGCG
TTC 
 
CGACCCAGGTTGAACGCGACGCAATTCGTGAATCC
GCG 
 
CGCGGATTCACGAATTGCGTCGCGTTCAACCTGGG
TCG 
 
GACCCAGGTTGAACGCCGCGACATTCGTGAATCCG
CGCAG 
 
CTGCGCGGATTCACGAATGTCGCGGCGTTCAACCT
GGGTC 
 
GACGGCGTTATCGCCGACGCCTTCGTGACTGAAAA
AATG 
 
CATTTTTTCAGTCACGAAGGCGTCGGCGATAACGC
CGTC 
 
GCTGCCATTCGCCCAATGGACGACGGCGTTATCGC
CGAC 
 
GTCGGCGATAACGCCGTCGTCCATTGGGCGAATGG
CAGC 
 
GCCATTCGCCCAATGAAAAAAGGCGTTATCGCCGA
CTTC 
 
GAAGTCGGCGATAACGCCTTTTTTCATTGGGCGAAT
GGC 
 
CTGTGCGCATTGGTGGTAAACGTTTCGACGAAGCT
ATC 
 

mreB mutagenic primer; V121E 
 
 
mreB mutagenic primer; V121E 
 
 
mreB mutagenic primer; R127D 
 
 
mreB mutagenic primer; R127D 
 
 
mreB mutagenic primer; E128K 
 
 
mreB mutagenic primer; E128K 
 
 
mreB mutagenic primer; R124D 
 
 
mreB mutagenic primer; R124D 
 
 
mreB mutagenic primer; A125D 
 
 
mreB mutagenic primer; A125D 
 
 
mreB mutagenic primer; F84A 
 
 
mreB mutagenic primer; F84A 
 
 
mreB mutagenic primer; K77D 
 
 
mreB mutagenic primer; K77D 
 
 
mreB mutagenic primer; D78K 
 
 
mreB mutagenic primer; D78K 
 
 
mreB mutagenic primer; D192K 
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Table 4.4 (Continued) 
 

Name Sequence (5’ to 3’) Description 

oDH410R 
 
 

oDH413F 
 
 

oDH414R 
 
 

oDH415F 
 
 

oDH416R 
 
 

oDH417F 
 
 

oDH418R 
 
 

oDH419F 
 
 

oDH420R 
 
 

oDH421F 
 
 

oDH422R 
 
 

oDH423F 
 
 

oDH424R 
 
 

oDH438F 
 
 

oDH439R 
 
 

oDH452F 
 
 

oDH453R 

GATAGCTTCGTCGAAACGTTTACCACCAATGCGCAC
AG 
 
CGCTGACCGGTATTGTGTTCGCGGTAATGGTTGCA
CTG 
 
CAGTGCAACCATTACCGCGAACACAATACCGGTCA
GCG 
 
CATCAACTATGTGCGTGATAATTACGGTTCTCTGAT
CG 
 
CGATCAGAGAACCGTAATTATCACGCACATAGTTGA
TG 
 
GTTTACTCCTCTTCTGTGGACATTGGTGGTGACCGT
TTCG 
 
CGAAACGGTCACCACCAATGTCCACAGAAGAGGAG
TAAAC 
 
CTGCAGGAACCGCTGACCGAAATTGTGAGCGCGGT
AATG 
 
CATTACCGCGCTCACAATTTCGGTCAGCGGTTCCTG
CAG 
 
GTTTCGACGAAGCTATCATCGCATATGTGCGTCGTA
ATTACG 
 
CGTAATTACGACGCACATATGCGATGATAGCTTCGT
CGAAAC 
 
GTATTGTGAGCGCGGTAATGGAAGCACTGGAACAG
TGCCCG 
 
CGGGCACTGTTCCAGTGCTTCCATTACCGCGCTCA
CAATAC 
 
CCGGCATTCCAGTCGTTGTTGCTAAAGACCCGCTG
ACCTGTGTGG 
 
CCACACAGGTCAGCGGGTCTTTAGCAACAACGACT
GGAATGCCGG 
 
CCGCTGACCGGTATTGTGAAAGCGGTAATGGTTGC
ACTG 
 
CAGTGCAACCATTACCGCTTTCACAATACCGGTCAG
CGG 
 

mreB mutagenic primer; D192K 
 
 
mreB mutagenic primer; S269F 
 
 
mreB mutagenic primer; S269F 
 
 
mreB mutagenic primer; R204D 
 
 
mreB mutagenic primer; R204D 
 
 
mreB mutagenic primer; R188D 
 
 
mreB mutagenic primer; R188D 
 
 
mreB mutagenic primer; G266E 
 
 
mreB mutagenic primer; G266E 
 
 
mreB mutagenic primer; N200A 
 
 
mreB mutagenic primer; N200A 
 
 
mreB mutagenic primer; V273E 
 
 
mreB mutagenic primer; V273E 
 
 
mreB mutagenic primer; E319K 
 
 
mreB mutagenic primer; E319K 
 
 
mreB mutagenic primer; S269K 
 
 
mreB mutagenic primer; S269K 
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Chapter 5: Mechanistic insights and contextual unknowns  

 

Attributions: I wrote this chapter in its entirety with helpful editing advice from my advisor, Ann 

Hochschild. 

 

Chapter 5.1: Summary of our findings and mechanistic considerations  

In this dissertation, I have presented a genetic dissection of the interactions between the CbtA 

toxin and its two cellular targets, FtsZ and MreB. Two methods were critical for our characterization of 

these two interactions. First, our transcription-based bacterial two-hybrid system served as an effective 

tool to detect and assay a variety of protein-protein interactions and to determine the specific effects of 

genetic modifications on these interactions. This system was also adapted as a versatile genetic 

screening platform, enabling the isolation of several variants with informative two-hybrid binding profiles. 

The second method that aided our genetic analysis was the microscopic observation of cellular 

morphology. The distinct morphological phenotypes produced by inhibition of cell division, cell elongation, 

or both allowed us to easily discern the physiological consequences of overproduction of multiple CbtA 

variants in assorted genetic backgrounds. The integration of these two strategies established important 

connections between CbtA binding and inhibitory function.  

Prior to the genetic analysis shown here, it was known that overproduction of CbtA causes a 

distinctive lemon-like morphology (1) indicative of dual inhibition of cell division and cell elongation 

pathways (2); it had also been suggested that CbtA interacts with two bacterial cytoskeletal elements (1). 

Through concerted use of the two methods mentioned above, we have confirmed that CbtA mediates 

separable and functionally relevant interactions with FtsZ and MreB.  As described in Chapter 2 of this 

dissertation, we identified two CbtA variants, CbtA-F65S and CbtA-R15C, both of which bind only a single 

target and produce morphologies consistent with exclusive inhibition of cell division and cell elongation 

pathways, respectively. Furthermore, as shown in Chapters 3 and 4 of this dissertation, our integrated 

approach revealed important determinants of CbtA-binding, allowing for the identification and validation of 

residues within both targets that are necessary for CbtA inhibition. Finally, the use of our two-hybrid assay 

in conjunction with microscopy enabled us to genetically dissect the toxicity of two CbtA homologs, YpjF 



156 

and YkfI, providing the first demonstration that the three members of this toxin family inhibit growth in a 

conserved manner.  

Altogether, the data presented in this dissertation support a model in which the CbtA toxin 

independently binds and inhibits the cell division regulator FtsZ and the cell elongation factor MreB. Our 

characterization of the CbtA-FtsZ interaction identified the H6/H7 loop of E. coli FtsZ as the inhibitory 

surface directly bound by CbtA. Similar genetic analyses identified the MreB double protofilament 

interface as the putative surface targeted by CbtA. The FtsZ H6/H7 loop and the flat side of MreB are 

necessary for CbtA-binding and inhibition of FtsZ and MreB, respectively. Both of these surfaces have 

also been shown previously to be important for the proper assembly and function of the associated 

bacterial cytoskeletal element. The H6/H7 loop is found at the intra-protofilament interface formed by FtsZ 

monomers and has been implicated both in the longitudinal assembly and lateral interactions of FtsZ 

filaments (3-5); formation of the MreB double filament via interaction of two adjacent filaments along their 

flat sides is required for MreB-directed cell elongation in E. coli (6). Thus, considering our genetic data 

and the essential functions of these surfaces, the H6/H7 loop of FtsZ and the double protofilament 

interface of MreB are highly plausible sites of CbtA inhibition. As discussed in Chapter 3, we believe that 

this work represents the first report of a negative FtsZ regulator binding within the N-terminal core domain 

of the FtsZ subunit and provides the first description of the H6/H7 loop as an important inhibitory surface. 

Additionally, although further evidence is needed to validate that CbtA directly binds the flat side of MreB, 

the work presented in Chapter 4 of this dissertation suggests that disruption of the MreB double filament, 

which is the mechanism employed by the MreB-specific antibiotic A22 (6), may be a common strategy for 

blocking cell elongation.  

It is surprising that the small CbtA protein (124 amino acids) can so potently inhibit both FtsZ and 

MreB, especially considering the lack of sequence or structural homology shared by these two targets. 

One obvious feature FtsZ and MreB have in common is their propensity to polymerize into dynamic 

filaments. Our identification of these specific FtsZ and MreB inhibitory surfaces suggests that the CbtA 

toxin may exploit this commonality and in both cases act by disrupting filament architecture. Tan et al. 

measured the effects of purified CbtA on the sedimentation efficiency of both FtsZ and MreB and saw a 

noticeable reduction in both cases; they also observed that CbtA decreased the GTPase activity of FtsZ 
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but had no effect on the ATPase activity of MreB (1). These biochemical observations combined with our 

genetic data are consistent with a model in which i) CbtA disrupts polymerization of FtsZ into single 

filaments (as longitudinal assembly of FtsZ subunits is required for GTP hydrolysis (3-5,7)) and ii) CbtA 

allows MreB to polymerize into single filaments but blocks pairing of these filaments. To test this model, it 

will be important to repeat these polymerization and nucleotide hydrolysis assays, using wild-type CbtA, 

as well as the mutant variants we characterized (CbtA-F65S and CbtA-R15C); it will also be informative to 

observe by electron microscopy the morphologies of FtsZ and MreB filaments assembled in the presence 

of wild-type or mutant CbtA. The model would predict a significant reduction in the length or number of 

FtsZ filaments and the exclusive formation of single MreB filaments. Subsequent determination of 

mechanistic details, such as whether CbtA binds and sequesters monomers of one or both proteins or 

acts upon pre-assembled filaments, will require additional biochemical analyses. As co-crystal structures 

have proven invaluable in elucidating the mechanisms of FtsZ (e.g. SulA (8) and MciZ (9)) and MreB (e.g. 

A22 (6)) inhibitors, it would be a useful endeavor to determine the structure of the CbtA toxin both by itself 

and bound to each target. This type of structural analysis may also potentially provide an answer to the 

open question of whether a single CbtA molecule can simultaneously bind both targets.  

 

Chapter 5.2: CbtA in context 

The genetic characterization of CbtA toxicity presented here sheds light on the molecular 

consequences of CbtA production; however, neither the regulation nor the physiological significance of 

CbtA activity is well understood. CbtA is the toxin component of the CbtA-CbeA chromosomal toxin-

antitoxin system, an affiliation that may provide some functional context. There is some disagreement as 

to the mechanism by which the CbeA (formerly YeeU) antitoxin neutralizes CbtA-mediated toxicity. Brown 

et al. first reported that growth rescue by CbeA occurred only when both genes were co-expressed in cis 

and required the 68-bp UTR (1,10). This, combined with the structural revelation that CbeA contains a 

RelE-like nucleic acid binding domain (2,11), suggested that CbeA may act as a post-transcriptional 

regulator of cbtA expression. However, in 2012, Masuda et al. demonstrated that co-expression of cbtA 

and cbeA in trans without the 68-bp UTR was sufficient for neutralization of CbtA (1,12). These authors 

further demonstrated that the CbeA antitoxin acts as a bundling factor for both FtsZ and MreB filaments, 
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promoting stabilizing lateral interactions between filaments to overcome the toxic effects mediated by 

CbtA. Interestingly, CbeA overproduction was also able to counteract the toxic effects of A22 treatment 

and SulA overexpression in vivo, suggesting it is a general stabilizer of both MreB and FtsZ rather than a 

specific neutralizer of CbtA (3-5,12). In both reports, interaction between CbeA and CbtA was not 

detected (6,10,12).  

The proposed function of CbeA as a positive regulator of FtsZ and MreB assembly is intriguing. 

Characterization of this stabilizing function may offer important insight into the mechanistic details of CbtA 

inhibition. Furthermore, as CbeA is the first reported positive modulator of MreB function elucidation of the 

manner in which it promotes higher-order assembly will be broadly pertinent. Although the reasons for the 

discrepancy in the data supporting cis versus trans function for CbeA are unclear, it is possible that CbeA 

may act both as a bundling factor and as a regulator of cbtA expression. Indeed Type II protein antitoxins 

exhibit dual functionalities, binding both to their cognate toxins and to operator sequences within their 

promoter regions (6,13). To gain a fuller understanding of the regulation of this toxin-antitoxin system and 

the context in which CbtA is active, it will be important to investigate what, if any, transcriptional or post-

transcriptional role CbeA plays and whether it, like Type II antitoxins, is specifically targeted for 

degradation by cellular proteases.  

A rudimentary mining of available expression data does not yield any obvious clues as to the 

physiological role of the CbeA-CbtA TA system or its homologous systems. All three systems in this TA 

family are encoded on separate cryptic prophage elements in the E. coli chromosome; thus, it seems 

logical that these elements evolved in the context of phage fitness. The T7 lytic phage has recently been 

shown to encode separate inhibitors of FtsZ (gp0.4) and MreB (gp0.6), which are hypothesized to provide 

replicative benefits for the phage (1,14,15). Whether these prophage-encoded TA systems provide any 

advantages to their E. coli host remains to be seen; cryptic prophage elements have been implicated in 

bacterial stress physiology (7,16) as have toxin-antitoxin systems (8,13,17).  

Whatever the biological function of the CbtA toxin may be, this unique cytoskeletal inhibitor has 

the exciting potential to reveal additional molecular details of FtsZ and MreB assembly and function and 

to provide insight into the methods by which they can be inhibited. We hope that the genetic tools 
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described here will be useful in future studies of CbtA mechanism and regulation, studies that may shed 

new light on the functional organization of the bacterial cytoskeleton.  
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Appendix 1: Supplemental results and methods for Chapter 3 

 

Attributions: I wrote this appendix in its entirety with helpful editing advice from my advisor, Ann 

Hochschild. I conducted the majority of the experimental work presented in this appendix under the 

guidance of Ann Hochschild. Mrinalini Tavag initiated the genetic screen to identify α-FtsZ variants with 

decreased CbtA interaction; I performed all subsequent characterization of isolated variants. I would like 

to acknowledge David Rudner and Alexander Meeske for helpful technical advice and reagents used in 

the B. subtilis experiments performed in this chapter, as well as Tom Bernhardt and Hongbaek Cho for 

useful reagents and strategies used in the E. coli FtsZ studies.   

 

Appendix 1.1: Supplemental results 

Description of additional α-FtsZ mutants identified in genetic screen for decreased FtsZ-CbtA interaction 

 In our initial screen to identify α-FtsZ mutants with decreased CbtA interaction, in addition to the 

H6/H7 loop mutants described in Chapter 3, we identified another cluster of mutations (G19V, ΔG19, 

G22D) that decreased interaction with CbtA (Figure A1.1A). We did not pursue these α-FtsZ variants 

further as they also exhibited a substantial decrease in self-interaction (only 40-60% of the wild-type 

interaction was maintained). Interestingly, we later found that they maintained about 65-75% of the wild-

type interaction with λCI-ZipA-CTD, suggesting that their decrease in CbtA and self-interaction may be 

specific. Indeed, Western blot analysis showed that these mutants accumulate to levels comparable to 

the wild-type α-FtsZ fusion (Figure A1.1B). Residues G19 and G22 (shown in magenta) cluster near the 

GTP binding pocket in the N-terminal domain of FtsZ, close to the H6/H7 loop, but are not surface-

exposed (Figure A1.1C). It is unlikely that these residues mediate direct interaction with CbtA, but these 

substitutions may lead to local rearrangements in the N-terminal domain, thereby affecting CbtA binding.  

 
ftsZ-L169P, ftsZ-D180N, and ftsZ-S177P complement growth of an ftsZ complementation strain 

 The complementation phenotypes of the H6/H7 loop mutant alleles identified in our two-hybrid 

screen were tested using an ftsZ depletion strain (CH45/pDB346). Briefly, this depletion strain harbors an 

ftsZ0 allele on the chromosome, which is complemented by a plasmid-encoded wild-type allele under the 

control of the λR promoter and the temperature sensitive repressor λCI857 (1). At the permissive  
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Figure A1.1: Mutation of FtsZ residues G19 and G22 decreases interaction with CbtA. A) Two-

hybrid analysis shows that α-FtsZ-ΔG19, α-FtsZ-G19V, and α-FtsZ-G22D are substantially decreased for 

interaction with CbtA, modestly decreased for self-interaction, but maintain interaction with ZipA-CTD. 

The bars represent the average β-galactosidase activity from three independent measurements. Error  
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Figure A1.1 (Continued) 

bars represent standard deviations. Experiments were done with 100 µM, 100 µM, and 25 µM IPTG, from 

top to bottom. B) Monomeric MjFtsZ (PDB 1W5B (1,2)) is shown in ribbon and space-filled renderings. 

The H6/H7 loop is shown in dark blue, the GTP moiety is shown in yellow, the T7 loop is shown in 

orange, and residues G19 and G22 are shown in magenta. C) Western blot analysis of α-FtsZ fusion 

levels was performed on lysates of cells expressing α-FtsZ fusions and wild-type λCI-CbtA (100 µM 

IPTG). The same lysates were used in the β-galactosidase assay shown in the top panel of A. Fusion 

proteins were detected using an antibody that binds the NTD of RpoA (α subunit of RNAP). This antibody 

also detects full-length RpoA, which serves as an internal loading control.  
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temperature (37 ºC), λCI857 is destabilized and wild-type ftsZ is expressed. When cells are shifted to the 

non-permissive temperature (30 ºC), λCI857 is properly folded and able to repress ftsZ expression from 

PλR. To assess complementation, our identified H6/H7 loop mutant alleles were cloned into the pDR3 

plasmid under control of Plac and transformed into the CH45/pDB346 depletion strain. We were unable to 

clone ftsZ-L179R into the pDR3 plasmid; thus it was excluded from this analysis. When cells were plated 

on LB without IPTG at 37 ºC, all strains grew well (Figure A1.2A); when cells were plated on LB with 100 

µM IPTG at 30 ºC, ftsZ-L169P, ftsZ-D180N, and ftsZ-S177P strains grew as well as the strain expressing 

wild-type ftsZ. ftsZ-F182S did not support growth (Figure A1.2A).  

 As described in Chapter 3 of this dissertation, only ftsZ-L169P could be integrated into the  
 
chromosome at the endogenous ftsZ locus. The media and temperature-dependent growth phenotypes 

described previously are shown in Figure A1.2B.  

 

Microscopic observation of B. subtilis strains 

 IPTG-inducible expression of his6-cbtA-gfp from the ycgO locus in B. subtilis (strain DH85) had no 

appreciable effect on cell length or cell morphology as compared to an isogenic strain expressing his6-gfp 

(strain DH84) (Figure A1.3). With the introduction of a genetically linked spectinomycin resistance 

cassette (spec) immediately downstream of the ftsZ ORF, cell length increased (Figure A1.3A). This may 

be due to alteration of normal transcription termination perhaps leading to a decrease in FtsZ levels. 

Although this was not tested here, it would be useful in the future to remake strains with spec positioned 

further downstream. Importantly, overexpression of his6-cbtA-gfp in this background did not lead to further 

cell elongation or any other noticeable morphological change (Figure A1.3A). This observation is 

consistent with the lack of toxicity observed in Figure 3.5C and D.  

 Introduction of the chimeric ftsZECloop allele resulted in multiple division abnormalities (Figure 

A1.3B). All strains harboring this allele (DH102, DH103, and DH106) exhibited heterogeneous cell length, 

with a fraction of cells forming very long filaments. Careful quantification of cell length was very difficult as 

many cells were curved or even in some cases formed spirals, and therefore was not performed. 

Additionally, mini-cells, pre-mini-cell structures, and septa with abnormal appearance were observed 

frequently (Figure A1.3B and Figure A1.4). Thus, this chimeric allele is not able to fully support normal  
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Figure A1.2: Complementation phenotypes of H6/H7 loop mutant alleles. A) The ability of ftsZ 

mutant alleles to complement growth of the CH45/pDB346 depletion strain was measured by spot dilution 

assay. Briefly, overnight cultures of CH45/pDB346 strains transformed with the indicated plasmids were 

back diluted to an OD600 of 0.05 in LB and grown at 37 ºC until they reached an OD600 of 1-1.5. 

Cultures were normalized to OD600, serially diluted in fresh LB, and spotted onto LB plates 

supplemented with the appropriate antibiotics, with or without 100 µM IPTG. Plates were incubated at the 

indicated temperature overnight. B) DH73 (BW27785 ftsZ-L169P) was grown from a single colony in 

either LB or M9 maltose (1 mM MgSO4, 0.4% maltose, 0.01% casamino acids) at the indicated 

temperature until mid-log phase. Phase contrast images are shown. Scale bars represent 5 µm. 
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pDH27 (ftsZ-D180N)

pDH28 (ftsZ-S177P)

pDH29 (ftsZ-F182S)

pDH30 (ftsZ-L169P)
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Figure A1.3: CbtA is not toxic in strains with wild-type ftsZ. A) Strains with or without spec linked to 

the endogenous ftsZ locus and with his6-gfp or his6-cbtA-gfp expressed from pHYPERSPANK at the ycgO 

locus were imaged. Phase contrast and GFP fluorescence images are shown. Briefly, overnight cultures  

 

Phase

GFP

wild-type ftsZ wild-type ftsZ spec

ycgO::his6-gfp ycgO::his6-gfpycgO::his6-cbtA-gfp ycgO::his6-cbtA-gfp

Cell
length (μm)

4.2 ± 0.9 4.3 ± 1.2 6.5 ± 2.5 6.4 ± 2.2

A

B
ycgO::his6-gfpftsZ

Ecloop
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Figure A1.3 (Continued) 

grown in LB at 22 ºC were back diluted to a starting OD600 of 0.01 in LB supplemented with 1 mM IPTG. 

Cultures were grown at 37 ºC for 1.5 hrs until cultures reached an OD600 ~0.2. The cell length of ~200 

cells was measured for each strain (n=200, n=200, n=203, n=205, from left to right). Measurements from 

a single representative experiment are shown. B) Strain DH102 with the chimeric ftsZECloop allele linked to 

spec and his6-gfp expressed from pHYPERSPANK at the ycgO locus was imaged as described in A. GFP 

fluorescence images are shown. The mini-cells and abnormal septum pointed out by the yellow arrows 

are shown in the zoomed-in panels. For both A and B, scale bars represent 5 µm. 
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Figure A1.4: CbtA production leads to increased lysis in chimera strain. Shown are phase contrast 

(left panels, 200 min) and GFP fluorescence images (all panels, 130 min, right panels, 200 min) of strains 

DH102, DH103, and DH106 containing the chimeric ftsZECloop allele linked to spec and his6-gfp, his6-cbtA-

gfp, and his6-cbtA-F65S-gfp expressed from pHYPERSPANK at the ycgO locus, respectively. Briefly, 

overnight cultures grown in LB at 22 ºC were back diluted to a starting OD600 of 0.01 in LB supplemented 

with 1 mM IPTG. Cultures were grown at 37 ºC for several  

ycgO::his6-gfpftsZ
Ecloop

ycgO::his6-cbtA-gfpftsZ
Ecloop

ycgO::his6-cbtA-F65S-gfpftsZ
Ecloop

130 min 200 min

130 min 200 min

130 min 200 min
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Figure A1.4 (Continued) 

hours. Images were taken at 130 min when all cultures were in mid-log phase, and at 200 min when 

DH102 and DH106 were at an OD600 ~1.2, and DH103 had only reached an OD600 of ~0.5.  
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cell division. The most obvious phenotype observed upon expression of his6-cbtA-gfp in this background, 

was pronounced lysis (Figure A1.4). While some lysis was observed after 130 min, after induction of 

expression for 200 min, strain DH103 (his6-cbtA-gfp) showed signs of copious lysis, while strains DH102 

(his6-gfp) and DH106 (his6-cbtA-F65S-gfp) did not. This phenotype correlates with the cell growth defect 

observed in liquid culture (Figure 3.5D). In all strains imaged, His6-CbtA-GFP displayed diffuse 

localization.  

 

Appendix 1.2: Supplemental Methods 

 All general techniques were the same as described in Chapter 3 of this dissertation. Microscopic 

observation of ftsZ-L169P and B. subtilis strains was performed using an Olympus BX61 microscope 

(objective UplanF1 100x). Images were captured with a monochrome CoolSnapHQ digital camera 

(Photometrics) using Metamorph software version 6.1 (Universal Imaging). Images were cropped and 

adjusted in ImageJ, and cell length measurements were made using ObjectJ (3). GFP fluorescence 

images were used for cell length measurements for easier identification of cell septa. 

 All strains, plasmids, and DNA oligonucleotides used in this appendix as well as Chapter 3 are 

shown in Tables A1.1, A1.2, and A1.3, respectively. Plasmids used for the complementation assay 

(pDH27, pDH28, pDH29, pDH30) were constructed by restriction digest (XbaI/ HindIII) of PCR products 

amplified by primers opDR31_F and opDR32_R (using relevant pBRα-FtsZ plasmids as template). These 

inserts were ligated into backbone generated by XbaI/HindIII digest of pDR3.  

 

Complementation studies with mutant ftsZ alleles  

 Plasmids (pDR3, pBRα, pDH27, pDH28, pDH29, pDH30) were transformed into CH45/pDB346, 

plated on LB (Spec Carb), and incubated at 37 ºC overnight. Overnight cultures grown in LB (Spec Carb) 

at 37 ºC were back diluted to an OD600 of 0.05 in fresh medium and grown until they reached a final 

OD600 of ~1. Cultures were normalized by OD600, 1:10 serial dilutions were made in fresh LB, and 5 µL 

of each culture was spotted on LB (Spec Carb) with or without 100 µM IPTG. Plates without IPTG were 

incubated at 37 ºC overnight; plates supplemented with IPTG were incubated at 30 ºC overnight.  
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Western blot analysis of α-FtsZ fusions 

 Lysates from a β-galactosidase assay measuring the interaction between the shown α-FtsZ 

mutants and λCI-CbtA (with 100 µM IPTG induction) were generated from triplicate cultures as described 

in Chapter 3. Total protein levels were measured by Bradford assay, and lysates were normalized in lysis 

buffer to contain the same amount of total protein. Normalized lysates were diluted in 4X Laemmli buffer. 

Standard SDS-PAGE and transfer techniques were used. Anti-RpoA-NTD antibody was used at a 

concentration of 1:5,000; secondary anti-mouse antibody was used at a concentration of 1:10,000.  
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Table A1.1: Bacterial strains used in this study 

 
Strain Description Reference/ source 

E. coli strains: 
 

NEB5-α F’Iq 
 
 

FW102 OL2-62 
 
 
 
 

BW27785 
 
 
 

DH73 
 
 
 

CH45/pDB346 
 

 
 
DH5-α derivative containing an F’ (Tet resistant) 
bearing lacIq 

 
FW102 (4) containing an F’ (Kan resistant) bearing the 
placOL2–62-lacZ fusion in which the λCI operator is 
centered at position –62 upstream of the lac promoter  
 
Δ(araB-araD)567 ΔlacZ4787(::rrnB-3) LAM- Δ(araH-
araF)570(::FRT) ΔaraEp-532::FRT  
φ(Pcp18-araE534) Δ(rhaB-rhaD)568 hsdR514 
 
BW27785 containing ftsZ-L169P allele at the 
endogenous ftsZ locus. This mutation is not linked to a 
selectable marker 
 
ftsZ0/PλR-ftsZ, cI857; ftsZ expression is repressed upon 
shift to 30 ºC ; plasmid confers resistance to Spec 

 
 

New England Biolabs 
 
 

(5) 
 
 

 
(6) 

 
 
 

This study 
 
 
 

(1,7); Generous gift of 
T. Bernhardt 

 
B. subtilis strains: 
 

DH84 
 

DH85 
 

DH98 
 
 

DH99 
 
 
 
 

DH100 
 

DH101 
 

DH102 
 

DH103 
 
 

DH104 
 

DH105 

 
All PY79 derivatives 
 
ycgO:: pHYPERSPANK-his6-gfp erm 

 
ycgO:: pHYPERSPANK-his6-cbtA-gfp erm 

 
ftsZ spec (spec is immediately downstream of the wild-
type ftsZ locus) 
 
ftsZEcloop spec (spec is immediately downstream of the 
ftsZ locus. The wt ftsZ allele is replaced with a chimeric 
ftsZ encoding Ec residues 168-182 in place of Bs 
residues 169-183 in the context of full-length Bs ftsZ.) 
 
ftsZ spec, ycgO:: pHYPERSPANK-his6-gfp erm 
 
ftsZ spec, ycgO:: pHYPERSPANK-his6-cbtA-gfp erm 
 
ftsZEcloop spec, ycgO:: pHYPERSPANK-his6-gfp erm 
 
ftsZEcloop spec, ycgO:: pHYPERSPANK-his6-cbtA-gfp 
erm 
 
ycgO:: pHYPERSPANK-his6-cbtA-F65S-gfp erm 
 
ftsZEcloop spec, ycgO:: pHYPERSPANK-his6-cbtA-F65S-
gfp erm 
 

 
(8) 

 
This study 

 
This study 

 
This study 

 
 

This study 
 
 
 
 

This study 
 

This study 
 

This study 
 

This study 
 
 

This study 
 

This study 
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Table A1.2: Plasmids used in this study 

Plasmid Description Reference/ source 

pBRα 
 
 
 

pACλCI 
 
 

pBRα-FtsZ (pMT153) 
 
 
 
 

pACλCI-FtsZ 
(pMT152) 

 
 

pBRα-CbtA (pMT154) 
 
 
 
 

pACλCI-CbtA 
(pMT155) 

 
 

pACλCI-ZipA-CTD 
(pDH159) 

 
 

pBRα-FtsZ-L169P 
 
 
 
 

pBRα-FtsZ-S177P 
 
 
 
 

pBRα-FtsZ-D180N 
 
 
 
 

pBRα-FtsZ-F182S 
 
 
 
 
 

Encodes the full-length α subunit of RNAP under the 
control of tandem placUV5 and plpp promoters; confers 
resistance to Carb 
 
Encodes λCI (residues 1-236) under the control of 
lacUV5 promoter; confers resistance to Cm 
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to full-length E. coli FtsZ under the control of 
tandem placUV5 and plpp promoters; confers 
resistance to Carb  
 
Encodes λCI fused by a three-alanine linker to full-
length E. coli FtsZ under the control of lacUV5 
promoter; confers resistance to Cm 
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to full-length CbtA under the control of tandem 
placUV5 and plpp promoters; confers resistance to 
Carb 
 
Encodes λCI fused by a three-alanine linker to full-
length CbtA under the control of lacUV5 promoter; 
confers resistance to Cm 
 
Encodes λCI fused by a three-alanine linker to residues 
186-328 of ZipA under the control of lacUV5 promoter; 
confers resistance to Cm 
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to FtsZ-L169P under the control of tandem 
placUV5 and plpp promoters; isolated in an α-FtsZ 
mutant screen; confers resistance to Carb  
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to FtsZ-S177P under the control of tandem 
placUV5 and plpp promoters; isolated in an α-FtsZ 
mutant screen; confers resistance to Carb  
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to FtsZ-D180N under the control of tandem 
placUV5 and plpp promoters; isolated in an α-FtsZ 
mutant screen; confers resistance to Carb  
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to FtsZ-F182S under the control of tandem 
placUV5 and plpp promoters; isolated in an α-FtsZ 
mutant screen; confers resistance to Carb  
 
 

(9) 
 

 
 

(9) 
 
 

This study; M. Tavag 
 
 
 
 

This study; M. Tavag 
 
 
 

This study; M. Tavag 
 
 
 
 

This study; M. Tavag 
 
 
 

This study 
 
 
 

This study 
 
 
 
 

This study 
 
 
 
 

This study 
 
 
 
 

This study 
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Table A1.2 (Continued) 
 

Plasmid Description Reference/ source 

pBRα-FtsZ-L179R 
 
 
 
 

pBRα-FtsZ-D373G 
(pDH196) 

 
 
 

pBRα-FtsZΔ66 
(pDH198) 

 
 
 
 

pACλCI-CbtA-V48E 
(pDH200) 

 
 

pBRα-FtsZ-G19V 
 
 
 
 

pBRα-FtsZ-ΔG19 
 
 
 
 

pBRα-FtsZ-G22D 
 
 
 
 

pBRα-YkfI (pMT173) 
 
 
 

pACλCI-YkfI 
(pMT169) 

 
 

pBRα-YpjF (pMT174) 
 
 
 

pACλCI-YpjF 
(pMT170) 

 
 

Encodes residues 1-248 of α fused by a three-alanine 
linker to FtsZ-L179R under the control of tandem 
placUV5 and plpp promoters; isolated in an α-FtsZ 
mutant screen; confers resistance to Carb  
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to E. coli FtsZ-D373G under the control of 
tandem placUV5 and plpp promoters; confers 
resistance to Carb  
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to E. coli FtsZ (residues 2-317; the last 66 
residues are deleted) under the control of tandem 
placUV5 and plpp promoters; confers resistance to 
Carb  
 
Encodes λCI fused by a three-alanine linker to CbtA-
V48E under the control of lacUV5 promoter; isolated in 
λCI-CbtA mutant screen; confers resistance to Cm 
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to FtsZ-G19V under the control of tandem 
placUV5 and plpp promoters; isolated in an α-FtsZ 
mutant screen; confers resistance to Carb  
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to FtsZ (residue G19 is deleted) under the control 
of tandem placUV5 and plpp promoters; isolated in an 
α-FtsZ mutant screen; confers resistance to Carb  
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to FtsZ-G22D under the control of tandem 
placUV5 and plpp promoters; isolated in an α-FtsZ 
mutant screen; confers resistance to Carb  
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to YkfI under the control of tandem placUV5 and 
plpp promoters; confers resistance to Carb  
 
Encodes λCI fused by a three-alanine linker to YkfI 
under the control of lacUV5 promoter; confers 
resistance to Cm 
 
Encodes residues 1-248 of α fused by a three-alanine 
linker to YpjF under the control of tandem placUV5 and 
plpp promoters; confers resistance to Carb  
 
Encodes λCI fused by a three-alanine linker to YpjF 
under the control of lacUV5 promoter; confers 
resistance to Cm 
 

This study 
 
 
 
 

This study 
 
 
 
 

This study 
 
 
 
 
 

This study 
 
 
 

This study 
 
 
 
 

This study 
 
 
 
 

This study 
 
 
 
 

This study; M. Tavag 
 
 
 

This study; M. Tavag 
 
 
 

This study; M. Tavag 
 
 
 

This study; M. Tavag 
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Table A1.2 (Continued) 
 

Plasmid Description Reference/ source 

pACλCI-EcFtsZBsloop 
(pDH59) 

 
 
 

pACλCI-BsFtsZ 
(pDH62) 

 
 

pACλCI-BsFtsZECloop 
(pDH66) 

 
 
 

pCX41 
 
 
 
 

pCX41-F268C 
 
 
 
 

pCX41-D180N 
(pDH33) 

 
 
 

pCX41-S177P 
(pDH34) 

 
 
 

pCX41-L169P 
(pDH35) 

 
 
 

pDR3 
 
 
 

pDR3-D180N 
(pDH27) 

 
 

pDR3-S177P 
(pDH28) 

 
 
 

Encodes λCI fused by a three-alanine linker to EcFtsZ 
with residues 168-182 replaced with BsFtsZ residues 
169-183 under the control of lacUV5 promoter; confers 
resistance to Cm 
 
Encodes λCI fused by a three-alanine linker to BsFtsZ 
under the control of lacUV5 promoter; confers 
resistance to Cm 
 
Encodes λCI fused by a three-alanine linker to BsFtsZ 
with residues 169-183 replaced with EcFtsZ residues 
168-182 under the control of lacUV5 promoter; confers 
resistance to Cm 
 
Bears a temperature-sensitive origin of replication and 
a HindIII/ClaI fragment containing ftsZ and flanking 
homology to ftsA and lpxC; confers resistance to Cm 
(10 µg/mL) 
 
Bears a temperature-sensitive origin of replication and 
a HindIII/ClaI fragment containing ftsZ-F286C and 
flanking homology to ftsA and lpxC; confers resistance 
to Cm (10 µg/mL) 
 
Bears a temperature-sensitive origin of replication and 
a HindIII/ClaI fragment containing ftsZ-D180N and 
flanking homology to ftsA and lpxC; confers resistance 
to Cm (10 µg/mL) 
 
Bears a temperature-sensitive origin of replication and 
a HindIII/ClaI fragment containing ftsZ-S177P and 
flanking homology to ftsA and lpxC; confers resistance 
to Cm (10 µg/mL) 
 
Bears a temperature-sensitive origin of replication and 
a HindIII/ClaI fragment containing ftsZ-L169P and 
flanking homology to ftsA and lpxC; confers resistance 
to Cm (10 µg/mL) 
 
Encodes full-length E. coli FtsZ under the control of lac 
promoter; ColE1 origin with lacIq; confers resistance to 
Carb 
 
Encodes full-length E. coli FtsZ-D180N under the 
control of plac promoter; ColE1 origin with lacIq; 
confers resistance to Carb 
 
Encodes full-length E. coli FtsZ-S177P under the 
control of plac promoter; ColE1 origin with lacIq; 
confers resistance to Carb 
 

This study 
 
 
 
 

This study 
 
 
 

This study 
 
 
 
 

(10); Generous gift of 
T. Bernhardt 

 
 
 

Generous gift of T. 
Bernhardt 

 
 

 
This study 

 
 
 
 

This study 
 
 
 
 

This study 
 
 
 
 

(11,12); Generous gift 
of T. Bernhardt 

 
 

This study 
 
 
 

This study 
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Table A1.2 (Continued) 
 

Plasmid Description Reference/ source 

pDR3-F182S 
(pDH29) 

 
 

pDR3-L169P 
(pDH30) 

 
 

pMT139 
 
 
 

pDH84 
 
 
 

pDH85 
 
 
 

pDH102 
 
 
 

pDR111 

Encodes full-length E. coli FtsZ-F182S under the 
control of plac promoter; ColE1 origin with lacIq; 
confers resistance to Carb 
 
Encodes full-length E. coli FtsZ-L169P under the 
control of plac promoter; ColE1 origin with lacIq; 
confers resistance to Carb 
 
Derivative of pCA24N; Encodes full-length His6-CbtA-
GFP under the control of pT5/lac promoter; pBR origin 
and confers resistance to Cm 
 
Encodes His6-GFP under the control of pHYPERSPANK; 
confers resistance to Carb in E. coli and to MLS in  
B. subtilis 
 
Encodes His6-CbtA-GFP under the control of 
pHYPERSPANK; confers resistance to Carb in E. coli and 
to MLS in B. subtilis 
 
Encodes His6-CbtA-F65S-GFP under the control of 
pHYPERSPANK; confers resistance to Carb in E. coli and 
to MLS in B. subtilis 
 
Used for integration of sequences into B. subtilis 
amyE locus; confers resistance to Carb in E. coli and 
Spec in B. subtilis 

This study 
 
 
 

This study 
 
 
 

(13);This study 
 
 
 

This study 
 
 
 

This study 
 
 
 

This study 
 
 
 

Generous gift of D. 
Rudner 
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Table A1.3: Important DNA oligonucleotides used in this study 

Name Sequence (5’ to 3’) Description 

pBRα_F 
 
 

pBRα_R 
 

 
pACλCI_F 
 
 
pACλCI_R 
 

 
oDH70 

 
 

oDH71 
 
 

oSG727 
 

 
oSG728 

 
 

oDH86 
 
 

oDH87 
 
 

oSG729 
 
 
 

oSG730 
 
 

oSG731 
 
 

oSG732 
 
 

oDH237 
 
 

oDH238  
 

 
oDH239 

 
 

GAACAGCGTACCGACCTGGAC 
 
 
CCTATATCGCCGACATCACC 
 
 
GATCAGGGATAGCGGTCAGG 
 
 
CCTACATCTGTATTAACGAAGC 
 
 
TATATAGCGGCCGCATTTGAACCAATGGAAC 
 
 
TATATAGGATCCTTAATCAGCTTGCTTACGC 
 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCG
CGGCCGCAAAAACATTACCTGTATTACCCGGG 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTCGG
ATCCTTATTTCGCCTCCGGATACTTACC 
 
TATATAGCGGCCGCATTGGAGTTCGAAACAAAC
ATAG 
 
TATATAGGATCCTTAGCCGCGTTTATTACGG 
 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCG
CGGCCGCAAAAACTTTACCTGCAATAACTCAGC
GG 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTCGG
ATCCTTATCGTACTACGTTGTTACGGC 
 
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCG
CGGCCGCAAACACTCTACCTGCTACAATTTCGC 
 
GGGGACCACTTTGTACAAGAAAGCTGGGTCGG
ATCCTTATTTCACATTAGTTTTTAGCAAGCCGG 
 
TATATAGGATCCTCAGGCGTTGGCGTCTTTG 
 
 
TATATAGCGGCCGCAGATAAACCGAAGCGCAA
AG 
 
CCGCGGTATCTCCCTGCTGAAAGCGTTTGGCG
CAGCGAACG 

Sequencing primer for all pBRα fusion 
constructs 
 
Sequencing primer for all pBRα fusion 
constructs 
 
Sequencing primer for all λCI fusion 
constructs 
 
Sequencing primer for all λCI fusion 
constructs 
 
Forward primer for amplification of 
ftsZ; contains a NotI site 
 
Reverse primer for amplification of 
ftsZ; contains BamHI site 
 
Forward primer for amplification of 
cbtA; contains a NotI site 
 
Reverse primer for amplification of 
cbtA; contains BamHI site 
 
Forward primer for amplification of B. 
subtilis ftsZ; contains a NotI site 
 
Reverse primer for amplification of B. 
subtilis ftsZ; contains a BamHI site 
 
Forward primer for amplification of 
ykfI; contains a NotI site 
 
 
Reverse primer for amplification of 
ykfI; contains BamHI site 
 
Forward primer for amplification of 
ypjF; contains a NotI site 
 
Reverse primer for amplification of 
ypjF; contains BamHI site 
 
Reverse primer for amplification of 
zipA-CTD; contains a BamHI site 
 
Forward primer for amplification of 
zipA-CTD; contains a NotI site 
 
For overlap PCR to generate ftsZ-
D180K 
 



178 

Table A1.3 (Continued) 
 

Name Sequence (5’ to 3’) Description 

oDH240 
 
 

oDH278 
 
 
 

oDH279 
 
 

oDH84 
 
 

oDH85 
 
 
 

oDH101 
 
 

oDH102 
 
 

oDH36 
 
 

oDH37 
 
 

oDH34 
 
 

oDH35 
 

oDH32 
 

oDH33 
 

oDH30 
 

oDH31 
 

oDH108 
 
 
 

oDH116 
 
 
 

oDH130 

CGTTCGCTGCGCCAAACGCTTTCAGCAGG
GAGATACCGCGG 
 
TATATAGGATCCTTAATCAGCTTGCTTACG
CAGGAATGCTGGGATACCCAGATAATCCG
GCTCTTTC 
 
TATATAGGATCCTTACATGCCGATACCTGT
CGC 
 
CATCGGTGTGTTTTTATCAACAATTTCAAG
GATTTTGTCGTTCGGGATAGTGATCAGAG 
 
GATAAAAACACACCGATGCTTGAAGCATT
CGGCGCAGCGAACGATGTACTGAAAGGC
G 
 
CAGGGAGATACCGCGGCCCAGAACTTTCA
GCAGACGGTCGTTCGGGATCACGATC 
 
TGGGCCGCGGTATCTCCCTGCTGGATGC
GTTTCGCGAAGCGGATAACGTAC 
 
GCATTAAAGCTTCGCCAACAAGGGGTTAA
ACATCACCTGG 
 
GCTTATCATCGATGCCCAAGCCCGCGAGA
GCAG 
 
GACAAACTGCCGAAAGTTCTGGGCCGCG
G 
 
CCGCGGCCCAGAACTTTCGGCAGTTTG      
 
GCGGTATCCCCCTGCTGGATGCGTTTGG 
 
CCAAACGCATCCAGCAGGGGGATACCG  
 
TCCCTGCTGAATGCGTTTGGCGCAGCG 
 
CGCTGCGCCAAACGCATTCAGCAGGG 
 
ATATATATGCTAGCTTATTTGTATAGTTCAT
CCATGCCATGTGTAATC 
 
 
ATATATAAGCTTACATAAGGAGGAACTACT
ATGAGAGGATCTCACCATCACCATC 
 
 
CTCCGCTGCGTTGAAAGAG 

For overlap PCR to generate ftsZ-D180K 
 
 
Reverse primer to clone ftsZ-D373G; 
contains a BamHI site 
 
 
Reverse primer to clone ftsZΔ66; BamHI 
site 
 
For overlap PCR to generate E. coli 
ftsZBsloop  
 
For overlap PCR to generate E. coli 
ftsZBsloop 

 
 
For overlap PCR to generate B. subtilis 
ftsZEcloop 
 
For overlap PCR to generate B. subtilis 
ftsZEcloop 

 
Forward primer to clone ftsZ alleles into 
pCX41; contains HindIII site 
 
Reverse primer to clone ftsZ alleles into 
pCX41; contains ClaI site 
 
For overlap PCR to generate ftsZ-L169P 
 
 
For overlap PCR to generate ftsZ-L169P 
 
For overlap PCR to generate ftsZ-S177P 
 
For overlap PCR to generate ftsZ-S177P 
 
For overlap PCR to generate ftsZ-D180N 
 
For overlap PCR to generate ftsZ-D180N 
 
Reverse primer to clone cbtA alleles into 
B. subtilis integration constructs; Contains 
NheI site 
 
Forward primer to clone cbtA alleles into 
B. subtilis integration constructs; Contains 
HindIII site 
 
For construction of strain DH98 
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Table A1.3 (Continued) 
 

Name Sequence (5’ to 3’) Description 

oDH131 
 
 

oDH132 
 
 

oDH133 
 
 

oDH134 
 
 

oDH135 
 

oDH141 
 

oDH142 
 
 

oDH143 
 
 

oDH167 
 

oDH168 
 

oDH127 
 

oDH124 
 
 

oDH125 
 
 

oDH172 
 

oDH173 
 

oPDR31 
 
 
 

oPDR32 

GGGCTGCAGGAATTCTTAGCCGCGTTTAT
TACGGTTTC 
 
TAATAAACGCGGCTAAGAATTCCTGCAGC
CCTGGCG 
 
ATTTTGTCCTTTACAGATCCCCCTATGCAA
GGGTT 
 
TTGCATAGGGGGATCTGTAAAGGACAAAA
TCGTTTTG 
 
AGATGTCACACTCACATTG 
 
GATTTGCTGAAAAAGCTG 
 
GTTTGTTTCGAACTCCAACATGCTAAATCC
TCCTAATCTGCC 
 
TTAGGAGGATTTAGCATGTTGGAGTTCGAA
ACAAACATAG 
 
AAGCACATAAAAATATTCTG 
 
GCCAGTCACGTTACGTTATTAG 
 
TGACATGGTATTCGTGACAGC 
 
ATATATGTCGACGTCTTAGGAGGATTTAGC
ATGTTGGAGTTCGAAACAAACATAG 
 
ATATATGGATCCTTAGCCGCGTTTATTACG
GTTTC 
 
ATAATAAACAGAGCAAAATG 
 
TTATAACATGTATTCACGAAC 
 
CCCTCTAGAAATAATTTTGTTTAACTTTAAG
AAGGAGATATACATATGTTTGAACCAATGG
AACTTAC 
 
GCCAAGCTTGTCGACTCTTAATCAGCTTGC
TTACGCAGG 
 

For construction of strain DH98 
 
 
For construction of strain DH98 
 
 
For construction of strain DH98 
 
 
For construction of strain DH98 
 
 
For construction of strain DH98 
 
For construction of strain DH99 
 
For construction of strain DH99 
 
 
For construction of strain DH99 
 
 
Amplifies B. subtilis ftsA ftsZ  
 
Amplifies B. subtilis ftsA ftsZ 
 
Internal B. subtilis ftsZ sequencing primer 
 
B. subtilis ftsZ sequencing primer 
 
 
B. subtilis ftsZ sequencing primer 
 
 
B. subtilis ftsZ sequencing primer 
 
B. subtilis ftsZ sequencing primer 
 
For cloning ftsZ alleles into pDR3; contains 
HindIII site  
 
 
For cloning ftsZ alleles into pDR3; contains 
XbaI site 
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