

[bookmark: _GoBack]Determining the functional roles and regulated assemblies of conserved ATPases MinD and FtsA during Escherichia coli cell division
I. Statement of the problem
The proposed aims of this study are directed at understanding how two widely conserved ATP hydrolyzing enzymes, MinD and FtsA, participate in prokaryotic cell division. The process of cell division is highly conserved throughout most prokaryotes and protein polymers coordinate this tightly regulated event. The hallmark of cell division is the formation of the Z-ring, comprised of polymerized subunits of the tubulin-like protein, FtsZ, which has been an intensely characterized over the past 30 years, however, other proteins which form polymeric assemblies and function during cell division remain poorly understood1. The highly conserved proteins FtsA and MinD have been suggested to polymerize, however, the role of these polymers in cell division are unclear. Herein, we will investigate the Escherichia coli cell division proteins MinD and FtsA using biochemical assays, biophysical assays and advanced microscopy to determine the parameters regulating polymerization. We will propose models of regulated MinD and FtsA assembly and investigate the interaction of these proteins with polymers of FtsZ which to gain insight into the polymer-polymer interactions occurring at the Z-ring. 
II. Justification of the Study:
The rapid acquisition and transmission of antibiotic resistance in bacteria poses a serious risk to human health2. Due to the proliferation of pathogens showing attenuated susceptibility to contemporary antibiotic therapies, there is a dire need to implement novel strategies in the development of antibiotics3. Prokaryotic cell division is a well-conserved and highly-organized process whereby a single cell elongates its cell membrane then duplicates its genome leading to septation of mother cell into two identical daughter cells4. Division could be exploited by broad range antibacterial agents through targeted inhibition of protein-protein interactions and therefore are a viable target for a novel class of antibacterial drugs. 
1.1 FtsA and FtsZ form the Z-ring, which acts as a scaffold to coordinate cell division
Cell division in E. coli is a rapid yet high fidelity division event executed by a large dynamic protein complex, referred to as the divisome, which septates the elongated progenitor cell into two identical progeny cells5. In most prokaryotes, including E. coli, the divisome is established by the coordinated assembly of the tubulin-like GTPase, FtsZ, into polymerized filaments5, which are tethered to the inner face of the cell membrane by the actin-like ATPase FtsA, forming a protein superstructure called the Z-ring6,7,8. The initial assembly of the Z-ring acts as a scaffold to coordinate the sequential recruitment of more than a dozen cell division proteins, marking the formation a mature Z-ring9,10. Lastly, several models propose how the Z-ring may generate the constrictive force to invaginate the cell membrane. One model suggests that FtsZ, which forms linear polymers in the presence of GTP, changes conformation upon hydrolysis producing a bent protofilament to generate constrictive force11. Alternatively, FtsZ polymers may undergo GTP-hydrolysis dependent sliding14 or treadmilling15 to generate force. Lastly, a recent model suggests the Z-ring may act as a landmark for late septal proteins to insert peptidoglycan at the site of cell division implicating periplasmic proteins in the force generation process of cell division 17. 
1.2 Spatial positioning of the Z-ring by the Min system (MinC, MinD and MinE)
In E. coli, assembly and proper placement of the Z-ring is regulated by inhibitors of FtsZ polymerization: SlmA and the Min system16. MinC and SlmA have been reported to destabilize FtsZ polymers in vitro by promoting disassembly, preventing reassembly or by shifting the equilibrium of FtsZ polymers towards disassembly. In vivo, SlmA binds DNA preventing polymerization of FtsZ over the nucleoid, once the nucleoid has been segregated to the poles the Z-ring can form at the proper mid-cell location. The Min system inhibits Z-ring assembly at non-septal locations by establishing an oscillating polar gradient of MinC. Deletion of the minCDE operon from E. coli causes mislocalization of the Z-ring leading to polar division events which create filamentous daughter cells and anucleate minicells 6,16–18. 
1.2.1 MinD a membrane associated ATPase with homology to proteins that polymerize
In vivo, MinD peripherally associates with the cytoplasmic membrane by a highly conserved 10 residue C-terminal membrane targeting sequence (MTS)19,20. MinD is a member of the Walker A Cytoskeletal ATPase (WACA) family, also referred to as the ParA family21. Many Par-like proteins are capable of forming polymers in vitro including ParA and Soj, which are involved in plasmid partitioning and chromosome segregation events, respectively22. Par-like proteins, including MinD, are characterized by a deviant Walker A motif ‘KGGXXGKT’ containing two conserved lysines. A typical Walker A motif, common in many ATPaes, contains a single lysine residue, which is critical for the binding and hydrolysis of ATP. The additional lysine, unique to the deviant Walker A motif, mediates dimerization by binding to the phosphates of ATP in the pocket of the other protomer. Mutation of this ‘deviant’ lysine produces a mutant which binds ATP yet fails to dimerize. Another important characteristic of the ParA family of ATPases is ATP hydrolysis activity that is regulated by an accessory protein, which, in the Min system, is MinE13,15,22,21,22.
1.2.2 MinE-ring induces MinD ATP hydrolysis and oscillatory pattern in vivo
MinE binds phospholipid-associated MinD and peripherally associates with the membrane through its N-terminal domain. MinE engages MinD, stimulating ATP hydrolysis rate 10-fold. ADP-bound MinD then dissociates from the membrane leaving a zone of membrane-associated MinE, termed the MinE-ring 26. Once MinD diffuses away from the MinE zone, MinD exchanges nucleotide and reinserts into the membrane and recruits MinC at the other cell pole24.
[image: ]1.2.3 MinC inhibits polymerization of FtsZ and regulates Z-ring position
MinC is a two-domain protein that inhibits the polymerization of FtsZ in vitro and disrupts Z-ring assembly in vivo27. This function is mediated through two sites of interaction: one localized to the MinC N-domain which interacts with FtsZ at the protofilament interface8, and the other localized to the MinC C-domain, which interacts with the conserved C terminal tail of FtsZ to prevent the bundling of FtsZ filaments28. The C-domain of MinC forms a stable dimer and contains a highly conserved RGSQ motif that is required for the interaction with MinD 29–32. Fig. 1. Oscillation of the Min proteins in E. coli. MinD-ATP binds to the membrane and recruits MinC. MinE displaces MinC and stimulates ATP hydrolysis, causing release from the membrane. Whereas released MinE can immediately rebind to MinD on the membrane, the released MinD must diffuse to exchange nucleotide and regenerate MinD-ATP. The concentration of MinD-ATP at the old pole lowers and increases at the other pole, forming a new polar zone. 
Adapted from Fig. 2 Lutkenhaus. Annu. Rev. Biochem. 2007

1.2.4 Oscillation pattern of Min system in vivo
The hallmark of the Min system is the observable oscillatory pattern  MinD traverses from pole-to-pole with MinC producing a time-averaged gradient wherfe MinC concentration is highest at the poles and lowest at midcell. This has been suggested to promote Z-ring assembly at the correct midcell location24. MinD has been reported to assemble on phospholipid vesicles and since other members of the Par-like ATPase family, including ParA, ParF and Soj, undergo ATP-dependent polymerization33–35 we hypothesize that MinD may also polymerize
Here, we propose to investigate if MinD can form a linear polymer in the presence of MinC and determine how MinD binding to ATP, PL or MinE affects polymerization. Then, we will use mutational analysis to determine site-specific residues crucial for polymerization. Lastly, we will investigate if MinC, incorporated into a MinCD copolymer, can inhibit FtsZ polymerization.
2.1 FtsA is an essential and highly conserved protein, yet its biochemical role in cell division is poorly characterized
FtsA is a member of the actin family of ATPases and is comprised of two discrete domains, each further subdivided into two subdomains36. FtsA has high structural homology to actin in subdomains 1A and 2A, and despite less homology, subdomain 2B is positioned in both proteins to coordinate nucleotide36. However, the ‘1C switch-domain’ of FtsA is distinct from actin and is positioned on the alternate side of domain 1A36. This alternative arrangement suggests that if FtsA forms polymers they will likely be architecturally distinct from actin-like protofilaments. 
In vivo depletion studies in E. coli have shown FtsA, along with FtsZ, at the core of a sequential pathway involving 10 essential cell division proteins (sequentially; FtsA, FtsZ, ZipA, FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI, FtsN) whereby improper recruitment leads to a halt in cell division and, ultimately, cell death37–39,40,41. FtsA arrives at midcell first and simultaneously with FtsZ, and together form the proto-ring42. Additional proteins arrive as the Z-ring matures; ZipA arrives next acting as an additional tether for the Z-ring43. Non-essential accessory proteins begin to arrive, including FtsEX, an ATP-binding cassette transporter-like protein which may modulate the FtsA multimeric state44. Meanwhile, FtsA recruits FtsI, an integral inner membrane murein transpeptidase involved in septal wall synthesis39 and FtsN, a bitopic membrane protein that has been suggested to promote constriction45. Recently, evidence suggests FtsA self-organizes on a lipid mono layer in vitro46, and in vivo evidence suggests FtsA forms a polymer capable of treadmilling15. Importantly, these studies lack a comprehensive model of assembly or functional role for FtsA ATP hydrolysis: this study will test our hypothesis that assembly of FtsA is regulated by a conformational change during ATP binding or hydrolysis.
2.1.1 The role of ATP hydrolysis in FtsA function is unknown
Despite homology to actin, the role of ATP hydrolysis in FtsA function is enigmatic. It is known ATP hydrolysis is essential for FtsA function as several mutations in the ATP-binding pocket, A188V, S195P and T378M, lead to a thermosensitive growth defect in vivo47. Several groups reporting from Bacillus subtilis, E. coli, Staphylococcus aureus, Pseudomonas aeruginosa, Deinococcus radiodurans, Streptococcus pneumoniae and Thermatoga maritima report FtsA hydrolysis rates ranging from undetectable to a few ATP molecules per minute48–52,12. In another study, although no hydrolysis was detected, adenine nucleotides were required for FtsA to recruit FtsZ and stimulate FtsZ polymerization dynamics on a lipid monolayer46. Polymerization of FtsA represents an important yet uncharacterized conformation of FtsA which may yield insight into the role and regulation of ATP hydrolysis by FtsA.
2.1.2 Investigation to determine the effect of phospholipid binding on FtsA function
In contrast to actin, FtsA binds directly to phospholipids with a highly conserved C-terminal MTS. The FtsA membrane targeting motif is predicted to form an amphipathic helix critical for anchoring the Z-ring to the membrane through a direct FtsA-FtsZ interaction53, and a study using FtsA from S. aureus, observed FtsA in the presence of nucleotide was capable of deforming a giant unilamellar vesicle54. The protein-lipid interaction is likely key to FtsA function in vivo, however further study is necessary to understand how PL interaction affects protein function.
2.1.3 Characterization of FtsA self-interaction in the presence of phospholipids 
Direct evidence of an E. coli FtsA polymer is lacking with the role of FtsA polymers being even less clear. Several FtsA mutant alleles that disrupt FtsA self-interaction, including R286W, have been reported to required require less FtsN and completely bypass the essential ZipA and conditionally essential FtsEX proteins44,55,56. This suggests that FtsA mutant proteins deficient for self-interaction, i.e., a monomer, represents a biologically relevant conformation; however, it remains unclear how the oligomeric state of FtsA is regulated.
2.2 Summary of justification
We propose to investigate the functional roles and regulated assemblies of cell division proteins MinD and FtsA. Both ATPases our initial aim is to determine if MinD and FtsA by a variety of techniques including advanced microscopy then characterize assembly kinetics and how these new polymers interact with FtsZ polymers which will ultimately elucidate how MinD or FtsA assembly is regulated. 
The over-arching goal of this study is to determine if polymerization by MinD and FtsA represents a critical assembly state necessary for their respective roles in division. We will elucidate key enzyme-substrate, protein-protein and protein-lipid interactions to provide novel insight into the mechanisms governing how cell division events are regulated in the cell. 
III. Experimental Design:
Aim I.) Studies to determine if MinD forms a polymer and kinetics of assembly.
3.1 Rationale
Previous studies have suggested that MinD tubulates PL vesicles and polymerizes on the surface of a membrane33. Polymerization of MinD will likely be dynamic as MinC and MinE will likely stabilize and destabilize polymers, respectively, leading to a system with dynamic instability, capable of rapid assembly and disassembly. This biochemical event would represent a novel conformation of MinD altering how MinD interacts with FtsZ and MinC.
3.2 Methodology or procedures
3.2.1 In vitro assays to detect MinD polymerization with ATP and MinC
We will purify MinD, MinC and MinE from E. coli and test if varying reaction mixtures produces stable MinD polymers. Specifically, we will test if MinC can promote or stabilize MinD polymers as previous studies have suggested that MinD can assemble on a phospholipid vesicle, yet have neglected to investigate if a MinD polymer can assemble or requires the presence of MinC31. Since MinE is known to stimulate ATP hydrolysis and would likely promote disassembly we will investigate if MinE can induce disassembly through a direct interaction with MinD that displaces MinC. Lastly, we will investigate if incorporation of MinC into a polymer with MinD interferes with the ability of MinC to inhibit FtsZ polymerization which would imply that MinCD polymer formation modulates the availability of MinC and MinD during cell division in E. coli.
Proteins that polymerize form high molecular weight complexes, for example a polymer of FtsZ can reach several thousands of subunits long, these complexes are sufficiently large that they can be fractioned from unassembled protein by ultracentrifugation at 119,000xg. To assess MinD and MinC complex formation we will incubate reactions of MinC, MinD and ATP and then fractionate by ultracentrifugation. If MinD and MinC form a higher order oligomer or polymer the large protein complex will sediment while protein that does not polymerize will remain in the soluble supernatant. We will test if a 1:1 stoichiometric ratio of MinD to MinC supports polymerization which would suggest a head-to-tail alignment of protomers within the polymer whereas a different stoichiometry would suggest a different geometric arrangement.
If MinC and MinD form a polymer these large structures will scatter more light than unassembled protein which is detectable by a fluorometer. This assay is advantageous because it is a real-time kinetic assay measuring sample light scatter before and after addition of ATP to detect assembly of a large protein conformation of MinC-MinD consistent with polymers.
Finally, we will perform negative staining and transmission electron microscopy on mixtures of MinD, MinC and ATP to directly observe polymers. Reactions containing polymerized MinCD complexes will be magnified by 96,000 X to support our hypothesis that incubation of MinC and MinD with ATP leads to polymer formation. As a control, omission of a reaction component should lead to no observable structures.
3.2.2 Investigating if MinC incorporation into a MinD polymer abrogates FtsZ inhibition 
MinC inhibits the GTP-dependent polymerization of FtsZ in vitro. To determine if MinC that has been copolymerized with MinD is still functional for inhibiting FtsZ polymerization we will coincubate GTP-dependent FtsZ polymers with MinCD and ATP. Sedimentation assays will assess if copolymerized MinC is more or less efficient than unpolymerized MinC at preventing FtsZ polymerization. 
3.2.3 Assays to determine the nucleotide requirement of MinCD polymers and depolymerization by MinE 
Probing the nucleotide requirement for polymerization is a major feature towards a model of assembly. To determine if nucleotide hydrolysis is important for MinCD polymerization we will compare several ATP analogs for the ability to support polymerization. We will test the effect of ADP, GDP and GTP determining the purine base specificity and requirement of gamma phosphate for polymerization. Additionally, we will use ATP-γ-S or AMP-PNP, which are non-hydrolyzable analogs of ATP, or addition of excess EDTA, a chelating agent that can sequester magnesium and prevent ATP hydrolysis, to reactions and observe if nucleotide-bound conformations promote MinCD polymerization. 
To determine if polymerization is cooperative we will titrate increasing concentrations of both MinC and MinD into assembly reactions. If the amount of polymerized MinD increases sigmoidally, as the MinD concentration increases linearly, then the polymerization reaction is cooperative. A binding event between MinC and MinD may also affect MinD affinity for ATP. To determine if the association of MinC changes the affinity of MinD for ATP, we will utilize a fluorescent analog of ATP, 3’-O-(N-methylanthraniloyl)-ATP (mant-ATP), which is an ATP analogue that only fluoresces when bound to an enzyme. We will measure relative binding affinities of MinD for mant-ATP, then in competition experiments with unlabeled ATP, calculate the apparent inhibition constant (Ki) of MinD for ATP which is the half maximal inhibitory concentration of ATP for the interaction between MinD and mant-ATP. We will assay combinations of MinD with MinC, MinE and FtsZ and assay for mant-ATP and mant-ADP affinities.
The binding sites for MinC and MinE overlap on MinD, suggesting that MinD binding to MinC or MinE is mutually exclusive. Therefore, we will test if MinE dissociates MinCD polymers. We will perform light scattering assays on MinCD polymers pre-assembled with ATP and monitor the reaction to determine if addition of MinE induces a decrease in light scatter, indicating polymer disassembly. Additionally, we will perform sedimentation assays to determine if the effect of MinE is concentration-dependent and electron microscopy directly visualize the effect of MinE on MinCD polymers. We predict two possible outcomes; 1. MinE will displace MinC in MinCD polymers leading to disassembly, 2. MinE may stimulate MinD ATP hydrolysis leading to polymer disassembly. To distinguish between these outcomes, we will perform ATP hydrolysis assays of MinCD polymers with and without MinE. If MinCD polymers in the presence of MinE is increased, relative to MinE omission, then the latter scenario is likely. However, if the rate of ATP hydrolysis is unaffected this would support our hypothesis that MinE displaces MinC by competing for the same binding site on MinD leading to disassembly of MinCD polymers. Testing both of these hypothesizes will be crucial for developing a model of assembly and understanding regulation of polymerization.
3.2.4 Mutational analysis of MinD to determine a mechanism of assembly.
	MinD Lys 11 is located in the ATP binding pocket and is present at the MinD dimerization interface. The mutant protein MinD(K11A) has been reported to bind ATP with similar affinity as wild type yet is defective for hydrolysis and self-interaction indicating this residue is important for ATP hydrolysis and essential for dimerization20.  We will test if MinD(K11A) is defective for polymerization with MinC in sedimentation assays. These results will show if MinD dimerization is important for polymer formation with MinC. This parameter which will be crucial for determining stoichiometry within the polymer and developing a model of MinCD polymer assembly.
	Another feature of MinD is a C-terminal amphipathic helix which reversibly binds PL. Importantly, this membrane targeting sequence was demonstrated to be essential in vivo. To test if the MTS is dispensable for polymerization, we will construct MinD(ΔMTS) and test if it is able to form polymers with MinC. We will further explore the motif by introducing double-point mutations deleterious for amphipathic helix formation. We hypothesize that the MTS may play a regulatory role in assembly and site-specific mutations in the MTS will yield sequence specific information about the conformation of the MTS necessary for MinD to interact with MinC or MinE.
       IV. Experimental Design
Aim II. ) Assays to determine regulated assembly of FtsA and interaction with FtsZ
4.1 Rationale
The regulated assembly of FtsA into a polymer and its interaction with polymers of FtsZ have been poorly characterized. We will purify native FtsA and FtsZ and perform direct in vitro binding assays to elucidate the biochemical parameters of the interaction between FtsA and FtsZ and how their respective polymers interact. Specifically, we will investigate the effect of phospholipid engagement, nucleotide binding and protein-protein interactions on regulating FtsA polymerization yielding significant insight into an essential and highly conserved protein involved in prokaryotic cell division.
4.2 Methodology or procedures
4.2.1 Monitoring ATP hydrolysis and determining the oligomeric state of FtsA 
	We will overexpress native FtsA in vivo and purify the protein from the soluble cell extract by anion exchange and size exclusion chromatography. We will confirm the identity of the protein with N-terminal amino acid sequencing by Edman degradation. Once purified we will perform ATP hydrolysis assays to determine a precise rate of enzymatic activity. Once a baseline value is determined, we will repeat the ATP hydrolysis assay in the presence of varying concentrations of ATP, FtsZ and phospholipids to investigate if any of these parameters promotes a conformational shift in FtsA which may be regulating enzymatic activity. 
ATP hydrolysis by FtsA may be regulated by the oligomeric state of FtsA. We will perform analytical gel filtration to determine if apo FtsA purifies as a monomer, dimer, multimer or polymer. Once defined I will probe the oligomeric state of FtsA in the presence of ATP and ATP-analogs to probe if nucleotide occupancy is regulated by the oligomeric state of FtsA. Interestingly, FtsA(R286W) has been published to be defective for self-interaction by yeast two-hybrid assay58. As a negative control, I will test the oligomeric state of this mutant protein in the presence of ATP to confirm that FtsA defective for self-interaction does not polymerize and assay this mutant protein for ATP hydrolysis. Altogether, these results will outline the effect of oligomerization on regulating ATP hydrolysis by FtsA.
4.2.2 Assays to determine if allosteric assembly regulates enzymatic activity by FtsA
Once an ATP hydrolysis rate and oligomerization state have been established we monitor enzyme kinetics to probe for a new conformation that may support polymerization. I will assay the ATP hydrolysis rate of FtsA in response to titrating concentration of ATP. As the ATP concentration rises linearly the enzymatic rate may increases sigmoidally, which would suggest a cooperative binding to ATP induces a conformational change. Cooperativity in ATP binding will also be assessed by using the fluorescent ATP analogue, mant-ATP, as previously described. A cooperative binding event would indicate a new conformation of FtsA and this conformation may be crucial to detecting polymeric FtsA.
4.2.3 Detecting a direct-interaction between FtsA and FtsZ in vitro
Immunofluorescence microscopy shows FtsA and FtsZ arrive first and simultaneously to form the protoring41 and mounting genetic evidence from yeast two-hybrid studies supports a direct interaction between FtsZ and FtsA59. However, evidence of a direct interaction in vitro remains insufficiently characterized as previous attempts to purify affinity tagged FtsA have produced catalytically inactive protein46. We will purify native FtsA to obtain catalytically active FtsA, then we will show a direct interaction between FtsA and FtsZ through in vitro biochemical assays. First, we will perform a phospholipid binding assay to see if FtsA, which binds phospholipids, can recruit FtsZ to phospholipid vesicles through a direct interaction. Additionally, we will perform confocal fluorescence microscopy of liposomes stained with the membrane dye FM4-64 and FtsZ labeled with Alexa Flour 467 in the presence and absence of FtsA. Using a flow-chamber we will be able to see discrete FtsZ polymers and population of fluorescent PL vesicles. Overlaying these images would confirm that FtsZ cannot directly associate with phospholipids. Addition of FtsA and fluorescent phospholipids to the flow chamber will show fluorescent FtsZ polymers overlaying with fluorescent liposomes showing direct visualization of FtsA recruiting FtsZ to phospholipids. 
Recently, a crystal structure of Thermatoga maritima FtsZ by Szwediak et al., shows Arg 301 forms a salt bridge with Asp 338 of TmFtsA36 Therefore, we will construct a mutation at the analogous residue in EcFtsA, Arg 379, to disrupt the interaction between FtsZ and FtsA. This mutant FtsZ was previously reported to have a GTP hydrolysis rate similar to wild type FtsZ and is competent for GTP-dependent polymerization60. To confirm the mutation impairs the interaction between FtsZ and FtsA we will repeat the phospholipid binding assay and the confocal fluorescence microscopy using the FtsZ(R379E) mutant protein to see if this mutation causes a defect in binding FtsA. A direct interaction between FtsA and FtsZ may stabilize or destabilize FtsZ polymers, therefore we will test if FtsA increases or decreases the amount of FtsZ which polymerizes. As a control, we will repeat this assay using FtsZ(R379E), which is competent for polymerization but does not bind FtsA, to confirm modulation of polymerization is due to a direct interaction between FtsZ and FtsA. Lastly, we will monitor the rate of nucleotide hydrolysis activity by FtsA and FtsZ, respectively. Direct binding between the proteins may alter the enzymatic rate due to a conformational change during binding. Altogether, these assays will provide critical insight into direct binding between FtsA and FtsZ and how the respective polymers interact with each other in the context of nucleotide and phospholipid interactions.
V.) Resources required
	The majority of resources and equipment required for this study will be provided by the Camberg lab. Sequencing and microscopy will be conducted at the Rhode Island Sequencing and Genomics Center. Protein sequencing studies will be carried out at the INBRE core facility.
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