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ABSTRACT 

 

 Chloroplasts evolved from cyanobacterial endosymbiotic ancestors and their 

division is a complex process initiated by assembly of cytoskeletal FtsZ proteins into a 

ring structure at the division site (Z-ring). The cyanobacterial Z-ring positioning system 

(MinCDE proteins) is also conserved in chloroplasts except that MinC was lost and 

replaced by the eukaryotic ARC3. Both MinC and ARC3 act as negative regulators of 

FtsZ assembly, but ARC3 bears little sequence similarity with MinC. Here, light scattering 

assays, co-sedimentation, light microscopy, GTPase assay and transmission electron 

microscopy in conjunction with single particle analysis have been used to elucidate the 

structure of ARC3 and its effect on its main target in chloroplast division: FtsZ2. Analysis 

of FtsZ2 in vitro assembly reactions in the presence and absence of GMPCPP showed that 

ARC3 promotes FtsZ2 debundling and disassembly of existing filaments in a 

concentration-dependent manner and requires GTP hydrolysis. 3D reconstruction of 

ARC3 revealed an almost circular molecule in which the FtsZ-binding N-terminus and the 

C-terminal PARC6-binding MORN domain are in close proximity and suggests a model 

for PARC6-enabled binding of ARC3 to FtsZ2. The latter is corroborated by in vivo data. 
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NOMENCLATURE 

 

ARC3 Accumulation and replication of chloroplast 3 

ARC5 Accumulation and replication of chloroplast 5 

ARC6 Accumulation and replication of chloroplast 6 

arc Accumulation and replication of chloroplast mutants 

At Arabidopsis thaliana 

C-terminus Carboxyl terminus of a protein 

EM                   Electron microscopy 

FRAP Fluorescence recovery after photobleaching 

FSC Fourier shell correlation 

FtsZ Filamentation temperature sensitive Z protein  

FtsZ1 Filamentation temperature sensitive Z1 protein  

FtsZ2 Filamentation temperature sensitive Z2 protein 

GDP Guanosine diphosphate 

GTP Guanosine triphosphate 

GMPCPP Guanosine -5'-[(α, β)-methyleno] triphosphate 

MCD1 MULTIPLE CHLOROPLAST DIVISION SITE 1 

mCFP Monomeric cyan fluorescent protein 

mYFP Monomeric yellow fluorescent protein 

mOrange2 Monomeric orange fluorescent protein 

MEMK6.5       Protein assembly buffer 
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MES   2-(N-morpholino) ethanesulfonic acid 

µm   Micrometer 

nm   Nanometer 

N-terminus  Amino terminus of a protein 

 

PAGE Polyacrylamide gel electrophoresis 

PARC6 Paralog of ARC6 

PDV1 PLASTID DIVISION 1 

PDV2 PLASTID DIVISION 2 

SDS Sodium dodecyl sulfate 

SEM Scanning electron micrograph 

t1/2 Half time to fluorescence recovery 

TAIR The Arabidopsis Information Resource 

TEM  Transmission electron microscope 

 

UA  Uranyl acetate 

 

WT  Wild-type 

 

YPD  Yeast extract peptone dextrose 
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CHAPTER I 

 INTRODUCTION  

 

Chloroplast Division  

All plastids including chloroplasts originated as a result of the endosymbiotic 

relationship between the ancient photosynthetic cyanobacteria and a non-photosynthetic 

eukaryotic host. Chloroplasts are known for their role in photosynthesis but other plastids 

such as chromoplasts and amyloplasts also perform important functions such as storage of 

pigments and starch, respectively [1-3]. Due to essential functions of plastids, it is 

necessary that their numbers are maintained and regulated tightly throughout the growth 

and development. Chloroplast continuity during cell division and reproduction is 

maintained via the binary fission of the preexisting organelles. The division involves the 

formation of septum at mid-point of the chloroplast, which progressively tightens and 

eventually results in the formation of two daughter organelles [4]. Chloroplast division is 

a complex process requiring the coordination of both temporal and spatial events. The 

division machinery includes the prokaryotic components located within the chloroplast 

stroma as well as the eukaryotic components located in the cytosol. Improper localization 

or loss of synchronization among the division components results in abnormal chloroplast 

division. Isolation of the ARC (Accumulation and Replication of Chloroplasts) loci from 

Arabidopsis mutant collection has led to the identification several key proteins involved 

in chloroplast division [5]. The chloroplast division proteins are nuclear encoded and 
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imported into stroma by N-terminal transit peptide, which is cleaved off after import 

releasing the mature protein into stroma. 

 In cells that undergo division, chloroplasts must replicate and be partitioned into 

daughter cells. Additional rounds of chloroplast division in leaf cells increase chloroplast 

numbers to provide maximal photosynthetic performance. Tightly controlled plastid 

division thus plays a crucial role for maintenance of plant life and response to 

environmental and developmental signals. Due to their endosymbiotic origin, the division 

machineries of chloroplasts and all plastids share some core similarities with the bacterial 

division apparatus.  Both divide by binary fission driven by a ring-shaped division 

machinery, whose assembly is initiated by polymerization of a tubulin-like GTPase, FtsZ, 

into a ring (Z-ring) [6, 7]. In contrast to bacteria, chloroplasts possess a second ring-shaped 

division machinery located on the outer, cytosolic side of the chloroplast envelope (Figure 

1) [8].  Both the inner and outer rings work together to constrict the organelle and produce 

two new daughter chloroplasts.  The focus of the current study is on the inner, stroma-

localized Z-ring in conjunction with the critically involved accessory proteins that control 

FtsZ assembly and Z-ring positioning [9].   

Bacterial and Chloroplast Division Proteins 

The formation of the stromal Z-ring at the division site is the primary event in 

division. The Z-ring (Figure. 1) is composed of the FtsZ (Filamentous temperature 

sensitive Z) proteins, the most conserved key components of both bacterial and plastid 

division machineries [2-5]. FtsZ proteins are tubulin-like self-activating GTPases that can 

polymerize to form Z-ring. FtsZ protein is composed of distinct N-terminal and C-terminal 
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domains and a central core helix, H7 (Figure 2).  Purified bacterial FtsZ monomers have 

been shown to combine in the presence of GTP to form single stranded protofilaments 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Ring-shaped division machineries in bacteria and chloroplasts. Most 

bacteria contain a single ring-shaped division machinery, whose assembly is initiated by 

polymerization of a tubulin-like GTPase, FtsZ, into a ring (Z-ring) at mid-cell. Plastids 

including chloroplasts have two ring-shaped division machineries, one on the outer, 

cytosolic side of the double envelope membrane, and one on the inner, stromal side , that 

are assembled in a coordinated manner. 

Single FtsZ ring 

Bacteria 

Chloroplasts 

Stromal FtsZ ring 

  Cytosolic ARC5 ring 

  

Cytosol 

Stroma 
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 (called polymerization or assembly) ~5nm wide (Figure 3), which may further associate 

to form filament bundles (bundling), spiral structures and sheets under various in vitro 

experimental conditions including the presence of Ca+2, molecular crowding agents and 

other cell division proteins such as ZipA or ZapA that cross link FtsZ filaments [10]. The 

polymerization of FtsZ requires a minimum concentration of protein, termed as critical 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The crystal structure of B. subtilis FtsZ monomer bound to GTP- γS.  FtsZ 

is composed of two independently folding domains and a central core helix, H7. The 

amino-terminal domain contains the tubulin signature motif, GGGTGTG, and forms the 

nucleotide-binding site. At the base of the carboxy-terminal domain, followingH7, is the 

catalytic T7or synergy loop. The extreme C-terminal tail, which forms the binding site for 

several division proteins, is not visible in the crystal structure [11]. Reprinted with 

permission from Nature Publishing Group. 
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concentration. FtsZ monomers continue to assemble to form polymers above this critical 

concentration until monomer concentration in the solution falls below the critical 

concentration. While single protofilaments are assembled at lower FtsZ concentrations, 

filament bundles are favored (Figure 4) at higher concentrations of FtsZ [12].  

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. FtsZ assembles in a GTP dependent manner. FtsZ has a higher affinity to 

GTP than GDP. FtsZ polymerizes by the head-to-tail association of individual subunits, 

shown in blue and green, to form a single-stranded protofilament with a longitudinal 

subunit repeat that is similar to that of tubulin. Insertion of the T7 loop into the nucleotide-

binding site (orange) of the subunit below places two highly conserved aspartate residues 

in the vicinity of the FtsZ γ-phosphate [11]. Reprinted with permission from Nature 

Publishing Group. 
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Figure 4. The four types of polymers formed by FtsZ in MEMK6.5. (A) Straight 

protofilaments formed with GTP but without DEAE-dextran. (B) Sheets of straight 

protofilaments assembled from FtsZ plus DEAE-dextran. (C) Minirings assembled with 

GDP and adsorbed onto a cationic lipid monolayer. (D) FtsZ tubes assembled with GDP 

and DEAE-dextran. The parallel white lines indicate the helical protofilaments in these 

tubes [13]. Reprinted with permission from American Society for Microbiology.
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The interaction of two FtsZ monomers during polymerization leads to the 

formation of an active site for GTP hydrolysis, thus coupling the requirement of 

polymerization for GTP hydrolysis (also called GTPase activity). The GTP hydrolysis 

makes FtsZ filaments to adopt a curved conformation [13] leading to destabilization, 

detachment of FtsZ-GDP subunits, termed as fragmentation (Figure 5). The fragmentation 

of protofilament is immediately followed by exchange of subunits (GDP bound subunits 

within the protofilament are replaced with GTP bound subunits in the cytoplasm or in 

solution) leading to re- association of GTP bound subunit to protofilament, termed as 

annealing. The length of protofilament is determined by the rates of polymerization and 

of GTP hydrolysis [10, 14, 15]. The process of fragmentation, nucleotide exchange and 

recycling of subunits into existing protofilaments occurs very rapidly (dynamic) and 

described as “turnover”. Continuous fragmentation and annealing of filaments leads to 

dynamic remodeling of the Z-ring in vivo, which is responsible for generation of the 

constriction force [16]. The rates of Z-ring turnover in vivo and of protofilaments turnover 

in vitro have been shown to correlate with FtsZ GTPase activity [17, 18]. 
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Figure 5. Model for FtsZ’s GTP hydrolysis cycle. FtsZ’s hydrolysis cycle is connected 

to polymer assembly and disassembly. 1: Monomers rapidly exchange nucleotide with 

solution. In vivo, more GTP than GDP exists in the cytoplasm. 2: When bound to GTP, 

FtsZ assembly is enhanced. 3: Once assembled, FtsZ can hydrolyze the GTP. 4: Phosphate 

release follows. GDP-containing polymers are more likely to be curved or to disassemble 

than GTP-containing polymers. 5: Nucleotide exchange might occur without complete 

disassembly of the polymer [19]. Reprinted with permission from Annual Reviews. 
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Table 1. Key proteins of bacterial and Chloroplast division and their function. MinC 

in bacteria is replaced by ARC3 in chloroplasts (highlighted in bold). 

 

 

In contrast to bacteria, Arabidopsis and other plants possess two functionally 

distinct families of FtsZ proteins (Figure 6 and Table 1) termed as FtsZ1 and FtsZ2 [3, 20, 

21]. Both FtsZ1 and FtsZ2 can bind GTP and polymerize into protofilaments and bundles 

in a GTP dependent pathway [3, 22]. In Arabidopsis, FtsZ1 and FtsZ2 assemble into 

heteropolymers at the division site (Figure 8). The direct interaction between ARC6 and 

 Bacteria Plants Function 

Medial ring FtsZ FtsZ1 and FtsZ2 Mark division site, 

constriction 

Min system MinC, D , E or 

DivIVA 

ARC3, MinD, 

MinE, PARC6 and 

MCD1 

Division site 

placement 

Tethering  ZipA, FtsA and 

ZipN /Ftn2 

ARC6, PARC6 Membrane 

anchoring 

Inner/Outer rings None PD rings, PDV1, 

PDV2 and ARC5 

(DRP5B) 

Constriction and 

separation 
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FtsZ2 stabilizes and tethers these heteropolymers to the inner envelope membrane to form 

a Z-ring. ARC6 is a chloroplast inner envelope membrane protein and a homologue of 

cyanobacterial Ftn2/ZipN [23-25]. Following the formation of the stromal Z-ring, two  

 

 

 
 

 

 

Figure 6. Origin and evolution of the plastid FtsZ family [21]. Reprinted with 

permission from Springer-Verlag New York Inc. 
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electron dense-rings including an inner plastid dividing (PD ring) on the stromal surface 

of the inner envelope membrane and outer PD ring on the cytosolic surface of the outer 

 

 

 

 

 
 

 

 

Figure 7.  A model of chloroplast division machinery. FtsZ1 and FtsZ2 co-assemble 

into filaments that form the Z-ring. FtsZ assembly is promoted by a membrane-anchored 

ARC6. The negative control system (ARC3, PARC6, MinD, MinE) prevents Z-ring 

assembly at improper sites and remodels the Z-ring. IEM, OEM: inner and outer envelope 

membranes, respectively; IMS: Intermembrane space.  Some components were omitted 

for clarity.   
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Figure 8. Co-localization of AtFtsZ1-1 and AtFtsZ2-1 rings. Leaf sections from wild-

type Arabidopsis plants were subjected to sequential, double immunofluorescence labeling 

of AtFtsZ1-1 and AtFtsZ2-1. The order of antibody application is indicated on the left. 

Tissue sections were incubated first with no antibodies (None), anti–AtFtsZ1-1 antibodies 

(anti–1-1), or anti–AtFtsZ2-1 antibodies (anti–2-1), followed by monovalent anti–rabbit 

antibody conjugated to Rhodamine red– X (RRX). Sections were then treated with no, 

anti–AtFtsZ1-1, or anti–AtFtsZ2-1 antibody, followed by anti–rabbit FITC conjugate. The 

labeled sections were viewed using FITC (green) and Texas red (red) filter sets. The yellow 

color in the overlay of the red and green signals indicates colocalization of AtFtsZ1-1 and 

AtFtsZ2-1. Bar, 2 μm [26]. Reprinted with permission from Rockefeller University Press.
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envelope membrane are assembled [27]. The outer PD ring is made up of a bundle of ~10 

nm-filaments composed of a glycogenin-like protein, PDR1. The inner PD ring is ~5 nm 

thick but the composition is currently unknown. The cyanobacterial-derived FtsZ ring 

forms a complex with host-derived PD rings during the division. Subsequent to formation 

of PD rings, another cytosolic ring, the ARC5 (DRP5B) ring appears external to the outer 

PD ring. ARC5 is a GTPase and is a member of eukaryotic dynamin family of membrane-

fission proteins [1, 28, 29]. The absence of PD rings and the ARC5 ring in bacteria indicate 

that these rings are eukaryotic in origin. While the Z-ring and PD rings play role in early 

constriction [30], the ARC5 ring helps in late constriction and final separation of daughter 

chloroplasts. Thus, the FtsZ ring together with PD rings and ARC5 ring brings about the 

constriction of the chloroplast (Figure 7). 

Bacterial and Chloroplast Min System 

The precise placement of Z-ring in bacteria or chloroplasts is essential to achieve 

symmetric division and produce daughter cells or organelles of equal size. The selection 

of division site at the mid cell in bacteria is regulated by a macromolecular complex called 

“Min system” (Minicell system). Min system in bacteria includes MinC, MinD, MinE or 

DivIVA proteins, although many species of bacteria lack Min system and placement of 

FtsZ ring is regulated by other mechanisms [31] . MinC, in bacteria has been shown to 

play a key role to restrict the FtsZ ring to mid cell by inhibiting the FtsZ polymerization 

at improper sites through its direct interaction with FtsZ (Figure 9) and by working in 

concert with MinD, MinE or DivIVA [32-36]. In chloroplasts, MinD and MinE are 

conserved, but MinC and DivIVA were lost and novel eukaryotic components ARC3, 
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PARC6 and MCD1 have been acquired during evolution. Thus the current “Chloroplast 

Min system” consists of ARC3, MinD, MinE, PARC6 (also called CDP1) and MCD1 

(Figure 10) [37, 38]. Plant derived ARC3 has been suggested to be a functional 

replacement for bacterial MinC based on the findings that (i) Overexpression of ARC3 

inhibits chloroplast division resulting in drastically enlarged chloroplasts [39] (ii) Lack of 

ARC3 in arc3 mutants led to multiple constrictions in the chloroplasts and misplaced Z-

rings [39, 40] [41] ARC3 directly interacts with FtsZ1, FtsZ2, MinD, MinE and PARC6 

[38, 39, 42-44] and (iv) ARC3 inhibits FtsZ1 and FtsZ2 filament formation in vivo in the 

heterologous S. pombe expression system [44, 45]. However, the mechanism by which 

ARC3 regulates FtsZ polymerization is not clear. A recent study in Arabidopsis from our 

laboratory showed that the loss of ARC3 in arc3 mutant plants resulted in dramatic 

decrease in FtsZ1 turnover suggesting that ARC3 destabilizes the already assembled FtsZ 

filaments instead of directly inhibiting FtsZ polymerization [46]. Although it has been 

shown that ARC3 can interact with other known proteins of the Min system including 

MinD, MinE and PARC6, the effect of these interactions on FtsZ assembly/disassembly 

or FtsZ GTPase activity (turnover) is currently unknown. Although ARC3 has been 

suggested to be a functional analog of MinC, it bears very little sequence similarity with 

MinC [39, 47] and no structural data is available for ARC3 to date. The lack of structural 

and functional details impairs our understanding of the role of ARC3 in chloroplast 

division.  

The objective of the current study is to understand the molecular mechanisms of 

ARC3-mediated regulation of chloroplast division. To make progress in this direction, this  
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Figure 9.   The Bacterial Min system: Min proteins in Escherichia coli oscillate to assist 

in FtsZ-ring positioning. MinD-ATP binds to the membrane and recruits MinC. MinE 

displaces MinC and stimulates MinD ATPase, causing release of the proteins from the 

membrane. Whereas released MinE can immediately rebind to MinD on the membrane, 

the released MinD must undergo nucleotide exchange to regenerate MinD-ATP. In the 

model by Huang et al., the concentration of MinD-ATP in the vicinity of the old pole is 

lowered because it binds cooperatively to the membrane already containing bound MinD. 

In contrast, the MinD-ATP concentration increases at the other pole, which lacks bound 

MinD. As the concentration rises, it eventually binds, forming a new polar zone. As MinE 

is released from the old pole, it binds to the ends of the MinD polar zone [33]. Reprinted 

with permission from Annual Reviews. 
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Figure 10.  The Chloroplast Min system: During the chloroplast division, (a). the correct 

positioning of the division machinery at the constriction zone is mediated by the MIN 

(MINICELL) system (grey arrows), which acts to control Z-ring formation. (b). Multiple 

rings surround the organelle at the division site to enable constriction. On the stromal side, 

the Z-ring (comprising functionally distinct FTSZ1 and FTSZ2 homologues) and the inner 

PD-ring (of uncertain composition) are present. On the cytosolic side, an outer PD-ring 

that is composed of polyglucan filaments and a discontinuous ring of dynamin-related 

ARC5 (ACCUMULATION AND REPLICATION OF CHLOROPLASTS 5) operate. 

(c)  Positional information from the stromal Z-ring is conveyed to the cytosolic 

components through ARC6 and PARC6 in the inner membrane and PDV1 (PLASTIC 

DIVISION 1) and PDV2 in the outer membrane through specific interactions in the 

intermembrane space [48]. Correctly positioned PDV proteins enable the recruitment of 

ARC5 at the constriction zone. Z-ring formation is dynamically controlled by the action 

of PARC6 and ARC3. IEM, inner envelope membrane; MCD1, MULTIPLE 

CHLOROPLAST DIVISION SITE 1; OEM, outer envelope membrane [2]. Reprinted 

with permission from Nature Publishing Group. 
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                   WT      arc3   arc5 

A 

B 

C 

 
Figure 11. Phenotypes of the arc mutants and their wild-types. A, Protoplasts were  

isolated from four-week-old plants. Leaf tissue was sliced with razor and incubated in 400 

mM sorbitol, 20 mM MES-KOH (pH 5.2), 0.5 mM CaCl2 for 30 min with illumination, 

then for a further 3 h following addition of 1% (w/v) Cellulase R-10 and 0.25% (w/v) 

Macerozyme R-10 (both desalted; Yakult, Tokyo, Japan). Protoplasts were released by 

gentle agitation with a glass rod. Bar represents 50 μm. B, Light micrographs of 1-μm 

thick sections of mesophyll cells stained with iodine solution. Bar represents 10 μm. (C) 

Scanning electron micrographs of isolated starch granules. Bar represents 5 μm. [49]. 

Reprinted with permission from American Society of Plant Biologists. 
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study aims to (i) Decipher the mechanism of ARC3-mediated remodeling of FtsZ 

filaments in vitro (ii) Characterize structural features of ARC3 in order to understand the 

structure-function relationships.  

The results from the current study provided important insights into how the FtsZ 

polymerization dynamics are regulated by ARC3 and thus revealed clues about the 

mechanism of division site selection during chloroplast division. Elucidation of the 

mechanism of plastid division is important not only from the evolutionary and cell 

biological perspective, but also has important commercial implications. For example, the 

stromal FtsZ protein levels have been shown to affect the size of amyloplasts (starch 

storing plastids) in potato. An important property that determines the suitability of starch 

for specific commercial applications is the granule size (Figure 11) which is in turn 

controlled by the size of amyloplasts [49, 50]. Modulation of the starch granule size has 

also been shown to be useful in economically important crops such as potato, corn and 

rice. Improvement in starch granule size led to estimated gross value gains of $280 million 

per year domestically [51]. Understanding the mechanism of chloroplast division could 

also contribute to our increased attention towards the use of chloroplasts as bioreactors for 

production of many recombinant proteins intended for therapeutic applications both in 

humans and animals [52]. 
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CHAPTER II 

 EFFECTS OF ARC3 ON FTSZ ASSEMBLY AND GTPase ACTIVITY  

 

Introduction 

Chloroplasts evolved from cyanobacterial endosymbiotic ancestors and their 

division is a complex process involving co-assembly of tubulin-like cytoskeletal proteins 

FtsZ1 and FtsZ2 and formation of a ring structure at the division site, the Z-ring. The 

division machinery includes the components of prokaryotic ancestry located within the 

chloroplast stroma as well as the components of eukaryotic origin located in the cytosol. 

Improper localization or loss of synchronization among the division components results 

in abnormal chloroplast division. The chloroplast division proteins are nuclear encoded 

and imported into stroma by N-terminal transit peptide, which is cleaved off after import 

releasing the mature protein into stroma. The formation of the stromal Z-ring at the 

division site is the primary event in division. The Z-ring is composed of the FtsZ 

(Filamentous temperature sensitive Z) proteins, the most conserved key components of 

both bacterial and plastid division machineries [1, 53]. Both FtsZ1 and FtsZ2 can bind 

GTP and polymerize into protofilaments and bundles in a GTP dependent manner [22, 

54]. In Arabidopsis, FtsZ1 and FtsZ2 assemble into heteropolymers at the division site 

(Figure 12) [22, 26].   

The precise placement of Z-ring in bacteria or chloroplasts is essential to achieve 

symmetric division and produce daughter cells or organelles of equal size. The selection of 

division site at the mid cell in bacteria is regulated by a macromolecular complex called 
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“Min system” (Minicell system). The MinC protein has been shown to play a key role to 

restrict the FtsZ ring to mid cell by inhibiting the FtsZ polymerization at improper sites 

through its direct interaction with FtsZ and by working in concert with MinD, MinE or 

DivIVA [32-36]. In chloroplasts, MinD and MinE (Figure 13) are conserved, but MinC 

and DivIVA were lost and novel eukaryotic components have been acquired during 

evolution.  
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Figure 12. The inner (stromal) chloroplast division ring:  The most important 

components and their hypothetical arrangement are shown. FtsZ1/FtsZ2 heteropolymers 

at the division site are stabilized and anchored to inner envelope membrane via ARC6-

FtsZ2 interaction. ARC3 and PARC6 interact to remodel or destabilize the filaments. FtsZ 

assembly is promoted by GTP binding. Hydrolysis of GTP causes conformational changes 

in FtsZ and is thought to promote filament curvature. 
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Figure 13. ARC3 Is Required for MinD1- and MinE1-Mediated Z-Ring Positioning. 

(A) to (F) Chloroplast phenotypes imaged by DIC and FtsZ immnunolocalization in the 

indicated genotypes. Anti-FtsZ2-1 antibody was used for FtsZ localization. WT, the wild 

type. Bars = 10 mm [44]. Reprinted with permission from American Society of Plant 

Physiologists. 
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Figure 14. Multiple chloroplast division in mcd1 mutants. (A–D) Chloroplasts were 

observed by Nomarski optics in leaf mesophyll cells (A, B) and in petiole cells (C, D). 

Wild-type (A, C) and mcd1-1 mutant (B, D) are shown. Arrows indicate the constriction 

sites of dividing chloroplasts. (E–H) Localization of FtsZ2-GFP (E, F) and GFP-DRP5B 

(G, H) in wild-type (E, G) and mcd1-1 mutant (F, H). The fluorescence of GFP is green 

and the auto fluorescence of chlorophyll is red. Each set of images (A and B, C and D, and 

E–H) are shown at the same magnification. Scale bars correspond to 5 μm [43]. Reprinted 

with permission from Cell Press. 
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Figure 15.  Overexpression of ARC3 Inhibits Z-Ring Assembly in Arabidopsis. (A) to 

(D) Chloroplast phenotypes imaged with differential interference contrast (DIC) optics 

and immunofluorescence localization of FtsZ in mesophyll cells of the indicated 

genotypes. arc3-2 + PARC3-ARC3-Myc, arc3-2 mutants complemented with PARC3-

ARC3-Myc; wild type + P35S-ARC3-Myc, wild-type (WT) plants expressing P35S-ARC3-

Myc. FtsZ1 and FtsZ2 were immunolabeled with antibodies specific for FtsZ1 and FtsZ2-

1, respectively. Green, Alexa Fluor 488–labeled FtsZ1 or FtsZ2-1; red, chlorophyll 

autofluorescence. Bars = 10 μm [44]. Reprinted with permission from American Society 

of Plant Physiologists. 
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Figure 16. FRAP analysis of FtsZ1 and FtsZ2 filament turnover in chloroplasts. 
Prebleach and selected postbleach frames from the time-lapse sequence are shown. The 

circled or boxed area at T = 0 indicates the bleached region. The rightmost column shows 

representative recovery curves from FRAP experiments, the vertical axis denotes the 

corrected, normalized fluorescence Fb, corr, norm. Vertical lines in FRAP plots indicate 

the t1/2 of recovery. a, b: FRAP of FtsZ1-YFP (a) and FtsZ2-YFP (b) expressed in wild-

type (WT) background at WT-like levels. c, d: FRAP of FtsZ1-GFP overexpressed in WT 

(c) or arc3 mutant background. Please note the different time scale in the FRAP curve in 

(c). e, f: controls. FRAP of small region of interest in formaldehyde-fixed leaf tissue (e) 

and whole-plastid photobleaching in live tissue (f). The dip in fluorescence intensity at 

1,000 s postbleach in (f) is because of a focus shift. Scale bar is 5 µm [46]. Reprinted with 

permission from Microscopy Society of America. 
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Thus the current “Chloroplast Min system” consists of ARC3, MinD, MinE, 

PARC6 (also called CDP1 or ARC6H) MCD1 [37, 38] and also MSL1 and MSL2 [55]. 

MCD1 mutants show the multiple Z-ring phenotype (Figure 14) similar to ARC3 mutants 

(Figure 15).  The plant derived ARC3 has been suggested to be a functional replacement 

for bacterial MinC based on the findings that (i) Overexpression of ARC3 disrupts the Z-ring 

and inhibits chloroplast division resulting in drastically enlarged chloroplasts [39, 44] (ii) 

Lack of ARC3 in arc3 mutants led to multiple constrictions in the chloroplasts and 

misplaced Z- rings [39, 44] (ii) ARC3 directly interacts with FtsZ1, FtsZ2, MinD, MinE 

and PARC6 [38, 39, 42-44] and (iv) ARC3 inhibits FtsZ1 and FtsZ2 filament formation 

in vivo in the heterologous S. pombe expression system [44, 45]. However, the 

mechanism by which ARC3 regulates FtsZ polymerization is not clear. A recent study in 

Arabidopsis from our laboratory showed that the loss of ARC3 in arc3 mutant plants 

resulted in dramatic decrease in FtsZ1 turnover (Figure 16) suggesting that ARC3 

destabilizes the already assembled FtsZ filaments instead of directly inhibiting FtsZ 

polymerization [46]. For comparison, the FtsZ GTPase activity and turnover in plants 

versus bacteria are listed in Table 2. 
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Organism Turnover of FtsZ, 

t1/2 (s) 

GTPase activity 

(mol GTP mol 

protein/min) 

A. thaliana FtsZ1 (in planta) 100 1-3 

A. thaliana, FtsZ1 (in yeast) 30  

A. thaliana, FtsZ2 (in planta) 300 0.5-1.0 

A. thaliana, FtsZ2 (in yeast) 90  

Escherichia coli, FtsZ 10 5-15 

E. coli, FtsZQ47K mutant 300 0.5 

Bacillus subtilis 8 0.5 

Mycobacterium tuberculosis 25-63 0.47 

 

 

 

Table 2. FtsZ turnover and GTPase activity in Plants and Bacteria. Table adapted 

from [46]. 
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Results 
 

Expression and purification of recombinant mARC3, tARC3 and FtsZ2 proteins. 

ARC3 consist of three domains, the N-terminal domain with prokaryotic FtsZ-like 

sequence, a  middle domain with no recognizable motifs, and the C-terminal domain with 

partial similarity to PIP5K bearing several MORN motifs [39, 47]. The MORN domain 

interacts with a chloroplast division protein PARC6  [42] but prevents interaction of ARC3 

with FtsZ1, FtsZ2, MinD and MinE proteins [39, 44]. Hence, both the full length ARC3 

harboring the MORN domain (mARC3; residues 41-741) and the biochemically active 

truncated ARC3 lacking the MORN domain (tARC3; residues 41-598) were designed to 

understand how the MORN domain inhibits the interaction of ARC3 with FtsZ proteins 

and to dissect the mechanism of ARC3-mediated inhibition of FtsZ2 assembly. Since 

ARC3 has been shown to mainly exert its negative effect on FtsZ assembly through its 

interaction with FtsZ2 [44], a construct encoding a full length mature form of FtsZ2 was 

designed.   
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Figure 17. Construct design and purification of recombinant proteins. (A) All 

constructs were designed without the N-terminal chloroplast transit peptide: A full length, 

mature form of ARC3 (mARC3), a truncated form of ARC3 (tARC3) lacking the MORN 

domain, and the mature full-length form of FtsZ2. (B) Gel filtration chromatogram (GPC) 

profiles of mARC3 and tARC3 purified on Superose 6 column. Right panel shows the 

calibration plot. Standards and their relative molecular mass (MR): 1, thyroglobulin (670 

kDa); 2, bovine -globulin (158 kDa); 3, chicken ovalbumin (44 kDa), 4:  equine 

myoglobin (17 kDa).  (C) GPC elution profile of FtsZ2 purified on SEC650 column. Right 

panel: elution volume calibration, using the same standards as in (B). 
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Figure 18. Analysis of purified mARC3 and tARC3 protein fractions. (A) SDS-PAGE  

and Coomassie Blue staining and (B) Western blot analysis of the fractions outlined by 

box in (A). 
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Figure 19. Analysis of purified FtsZ2 protein fractions. (A) SDS-PAGE and Coomassie 

Blue staining of peak fractions from FtsZ2 GPC. (B) Western blot analysis of the fractions 

outlined by box in (A). 

 

 

All of the constructs were designed without the N-terminal chloroplast transit 

peptide that is cleaved upon import into the chloroplast (Figure 17A). Gel Permeation 

Chromatography of mARC3 and tARC3 revealed a single peak with relative molecular 

mass corresponding to a monomer (Figure 17B), while FtsZ2 eluted as a single peak 

corresponding to a dimer (Figure 17C) consistent with a previous report [56]. Peak 

fractions from each of the above purifications were used to verify the purity of the 

recombinant proteins by SDS-PAGE and Coomassie Blue staining (Figure 18 and 19). 

The identity of the recombinant proteins was confirmed by Western blots with anti-cmyc 

or anti-histidine antibodies (Figure 18 and 19). 
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ARC3 and FtsZ2 assembly 

Transmission electron microscopy, light scattering, FtsZ GTPase activity, and 

FtsZ polymer sedimentation assays were employed to understand the ARC3-mediated 

modulation of FtsZ2 assembly/disassembly. These assays employed the active, truncated 

form of ARC3 (tARC3) without the MORN domain. 

Light scattering provides a useful measure of FtsZ2 polymerization and filament 

bundling as the light scattering signal is directly proportional to the extent of 

polymerization. Increased levels of light scattering indicate extensive polymerization, no 

change in light scattering a steady state, and a decrease in light scattering means 

depolymerization and debundling [57]. In assembly reactions with FtsZ2 and tARC3, the 

slope and maximum level of light scattering was inversely proportional to tARC3 

concentration (Figure 20A) indicating that tARC3 inhibition of FtsZ2 assembly is 

concentration-dependent. These results are consistent with a previous report by Zhang at 

al., [44].  In sedimentation assays of the same reaction mixtures, the amount of FtsZ2 in 

the pellet was proportionally reduced with increased concentration of tARC3 (Figure 20B, 

C), again indicating that tARC3 inhibits FtsZ2 polymerization in a quantitative manner. 

In control reactions with the inactive, full length mARC3 the amount of FtsZ2 in the pellet 

did not change with increasing concentrations of mARC3 (Figure 20D). The mARC3 

remained in the supernatant indicating that mARC3 is unable to interact with FtsZ2, 

consistent with previous reports [39, 44]. 
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Figure 20. Concentration-dependent ARC3-mediated inhibition of FtsZ2 assembly. 
(A) Light scattering assay. FtsZ2 (4 µM) was polymerized with increasing concentrations 

of tARC3 (0-8 µM. Assembly was triggered with addition of 1mM GTP. (B) FtsZ2 

Sedimentation assay. The amount of tARC3 and FtsZ2 in the pellet (P) and supernatant 

(S) fractions was analyzed by SDS-PAGE and Coomassie Brilliant Blue staining. The 

nucleotide used in the assembly reactions is indicated below the gel lanes. (C) 

Quantification of pelleted FtsZ2 from assembly reactions with increasing amount of 

tARC3, from a gel shown in (B). The amount of FtsZ2 alone pelleted was set at 100%. 

Error bars represent ± SD (n=3). (D) Sedimentation assay from a control experiment, using 

the inactive mARC3 protein. 
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Figure 20 Continued.  
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Figure 21. Effect of ARC3 on FtsZ2 filament bundling. Representative electron 

micrographs of 4 µM FtsZ2 polymerized (A) in the absence or presence of 2 µM (B) 4 

µM (C) or 8 µM (D) tARC3. The inset in (A) shows a lower-magnification view of FtsZ2 

filament bundles. Scale bars represent 100 nm. 
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ARC3 promotes FtsZ2 filament debundling 

Although ARC3 bears very little sequence similarity with MinC [47], it has been 

suggested to be a functional replacement for bacterial MinC based on its localization 

pattern similar to MinC [39], the fact that ARC3-deficient mutants show multiple 

constrictions in the chloroplasts and misplaced Z-rings [39, 44] and that ARC3 inhibits 

FtsZ1 and FtsZ2 filament formation in vivo in the heterologous S. pombe expression 

system [44, 45]. To explore this possibility, we studied the FtsZ2 assembly in the 

absence/presence of tARC3 by transmission electron microscopy [58].  

TEM of negatively stained assembly reactions at end-point (10 min) revealed 

large FtsZ2 filament bundles with FtsZ2 alone (Figure 21A).  The presence of tARC3 in 

assembly reactions eliminated the large bundles and resulted in shorter, thin filament 

bundles suggesting that ARC3 affects longitudinal interactions and also interferes with 

lateral associations between FtsZ filaments. The severity of the effect correlated with 

increased tARC3 concentrations (Figures 21B-D).  
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Figure 22. Effect of nucleotides on ARC3-mediated inhibition of FtsZ2 assembly. (A) 
Light scattering assay of FtsZ2 assembly in the absence/presence of tARC3.  Assembly 

was triggered with GTP or GMPCPP. (B) Sedimentation assay showing the effect of 

tARC3 on FtsZ2 polymers in the presence of GMPCPP. The pellet (P) and supernatant (S) 

fractions were analyzed by SDS-PAGE and Coomassie Brilliant Blue staining. (C)  FtsZ2 

was polymerized with GTP or GMPCPP for 5 minutes, then tARC3 or assembly buffer 

was added and light scattering monitored for additional 5 min.  (D) Representative electron 

micrograph of FtsZ2 polymerized with GTP for 5 min, before the addition of tARC3. (E) 

5 min after tARC3 was added.  Scale bars represent 100 nm. 
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Figure 22 Continued.   
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Importance of GTP hydrolysis for ARC3 effect on FtsZ2 filaments 

The interaction of two FtsZ molecules during polymerization leads to the 

formation of an active site for GTP hydrolysis, thus polymerization is a prerequisite for 

GTP hydrolysis [59, 60].  After hydrolysis of GTP to GDP, the GDP-bound FtsZ 

molecules rapidly dissociate from the filament and are replaced by a new GTP-bound FtsZ 

molecule. This rapid turnover is a characteristic feature of FtsZ filaments in both bacteria 

and plant chloroplasts [45, 46, 61]. Negative regulators of bacterial FtsZ assembly 

including SulA and MinC require FtsZ GTP hydrolysis in order to exert their inhibitory 

effect on FtsZ assembly, although SulA and MinC act by very different mechanisms [32, 

62]. SulA directly inhibits FtsZ polymerization whereas MinC act by debundling the 

existing filaments [32, 63]. The nucleotide occlusion factor SlmA also requires FtsZ 

GTPase activity to antagonize FtsZ assembly [64]. Since debundling of FtsZ2 filaments 

by ARC3 seemed similar to the effect of MinC, it was tested whether GTP hydrolysis and 

subunit turnover are required for ARC3 mediated inhibition of FtsZ2 assembly.  

Therefore, GTP in assembly reactions was replaced with GMPCPP, a slowly-hydrolysable 

analog of GTP [32]. Filaments assembled with GMPCPP essentially contain only GTP 

and no GDP and are thus rendered more stable, with negligible disassembly or FtsZ2 

turnover. In the absence of tARC3, FtsZ2 assembled at the same rate in reactions with 

either GTP or GMPCPP. When tARC3 was present, FtsZ2 assembly was reduced in 

reactions with GTP, but not in GMPCPP-containing reactions (Figure 22A). These results 

were confirmed by sedimentation analysis, where GMPCPP-containing reactions were  



 

40 

 

 

 

 

 

Figure 23. Effect of ARC3 on FtsZ2 GTPase activity. FtsZ2 was polymerized in the 

presence or absence of tARC3 with GTP or GMPCPP. GMPCPP served as control. 

Reaction were incubated at room temperature for 5, 10 or 15 min. (A) The amount of 

inorganic phosphate (Pi) released over time. Error bars represent ± SD (n=3). (B) The rate 

of GTP hydrolysis measured as µM Pi released per µM FtsZ2 per min. Error bars represent 

± SD (n=3); ** indicates  a significant difference (p < 0.01,  Student’s t-test).  
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insensitive to tARC3 (Figure 22B).  This suggests that tARC3 does not simply inhibit FtsZ 

polymerization but acts upon FtsZ dynamics (turnover). In a complementary experiment, 

addition of tARC3 to pre-assembled FtsZ2 caused rapid disassembly in reactions with 

GTP, while no effect was seen in GMPCPP-containing reactions (Figure 22C). Together 

with the TEM analysis of samples before and after addition of tARC3 (Figure 22D, E), 

these results confirmed that tARC3 acts as a disassembly factor that accelerates 

fragmentation and depolymerization of existing FtsZ2 filaments. 

ARC3 enhances GTPase activity of FtsZ2 

Negative regulators of bacterial FtsZ assembly have varied effects on its GTPase 

activity. For example, EzrA and MipZ enhance FtsZ GTPase activity [65, 66]. SulA and 

MciZ inhibit FtsZ GTPase activity [63, 67]. MinC and SlmA do not affect FtsZ GTPase 

activity at all [68, 69].  

Here, the presence of ARC3 in FtsZ2 reactions lead to increased levels of free 

phosphate release over time compared to FtsZ2 alone reactions (Figure 23A). GTPase 

activity of FtsZ2 alone (0.68 M Pi/M FtsZ2/min) was comparable to previous report 

[22], while the GTPase activity in the presence of ARC3 (1.14 M Pi/M FtsZ2/min) was 

significantly  higher (p<0.01) (Figure 23B). In replicate experiments (n=3), FtsZ2 GTPase 

activity increased by 1.6-1.9 fold in the presence of tARC3. Control reactions with the 

stable GTP analogue GMPCPP had minimal levels of phosphate released over the same 

duration. Since GDP-bound FtsZ molecules in the assembled filament have higher 

unbinding (dissociation) rates than the GTP-bound subunits, increased GTPase activities 

correlate with higher turnover of FtsZ filaments and vice versa [17, 18]. A study in planta 
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Figure 24. Effect of ARC3 on FtsZ2 turnover. FtsZ2 turnover was measured with 

FRAP. (A) Prebleach and post bleach images. The dotted region indicates the region of 

interest (ROI) before bleaching. The recovery of fluorescence in the photobleached section 

of the filament was recorded in a time-lapse sequence. (B) Fluorescence recovery curve 

in bleached ROI, after background subtraction, correction for fading and normalization. 
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confirmed that ARC3 increases FtsZ turnover [46].  

Effect of ARC3 on FtsZ2 turnover in Schizosaccharomyces pombe 

FtsZ2-mCFP and tARC3-mYFP were expressed in Schizosaccharomyces pombe 

(S. pombe) S. pombe and the FtsZ2 turnover was measured by FRAP analysis as described 

before [44, 46]. The half time to fluorescence recovery (t1/2) of FtsZ2-mCFP in the absence 

and presence of tARC3-mYFP was 176 s ± 131 (n=10) and 139 s ± 67 (n=7), respectively. 

The corresponding percentage recovery of fluorescence in the absence and presence of 

ARC3 was 34 ± 26 and 57 ± 13, respectively (Figure 24 A, B).  

Discussion 

 

ARC3 effect is concentration-dependent 

 

In the current study the mechanism of the ARC3-mediated effect on FtsZ2 

assembly and the structural/functional significance of the MORN domain were 

investigated. The finding that the tARC3 effect is concentration-dependent (Figure 20A) 

and that tARC3 turn pre-assembled FtsZ2 bundles into thinner and shorter assemblies 

(Figure 21) suggested that tARC3 prevents longitudinal and lateral contacts between FtsZ 

subunits. similar to bacterial MinC [32]. Co-sedimentation assays confirmed the 

quantitative relationship between tARC3 concentration and FtsZ assembly (Figure 20B). 

In contrast to tARC3, mARC3 did not co-pellet with FtsZ2 at any of the molar ratios tested 

confirming the previous reports that the MORN domain prevents interaction between 

ARC3 and FtsZ2 [39, 44]. In chloroplasts, ARC3 is believed to be activated by interaction 

of the inner envelope membrane protein PARC6 with the MORN domain of ARC3 [42]. 

The concentration- dependent effect of ARC3 on FtsZ2 combined with the dependency 
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on PARC6 interaction may offer an effective way of preventing aberrant Z-ring formation 

at the poles, similar to MinC [70]. 

ARC3-mediated FtsZ2 disassembly requires GTP hydrolysis 

 

The results presented in this report suggested that ARC3 may affect the integrity 

of the FtsZ2 filaments disrupting the physical contacts leading to debundling and 

disassembly. Recent data with Fluorescence Recovery After Photobleaching (FRAP) 

analysis in chloroplasts indicated that ARC3 enhances FtsZ turnover [46] suggesting that 

ARC3 is a disassembly factor acting on pre-assembled filaments. FtsZ filaments in 

chloroplasts are highly dynamic [46], with individual FtsZ molecules in the filament being 

incorporated and then rapidly replaced. This dynamic behavior (turnover) is controlled by 

GTP binding and hydrolysis. Experiments employing the GTP analog GMPCPP provided 

an environment with virtually no disassembly or turnover of FtsZ2 molecules in and out 

of the assembled filaments. The lack of effect of tARC3 in GMPCPP-containing reactions 

demonstrated that tARC3 does not function by inhibiting FtsZ polymerization but rather 

causes decomposition of FtsZ filaments contingent upon GTP hydrolysis. These results 

also point that ARC3 requires FtsZ2 GTPase activity to exert its effect on FtsZ2, similar 

to prokaryotic disassembly factors such as MinC and SlmA [32, 64].  

ARC3 enhances FtsZ2 GTPase activity 

 

As the active site for GTPase activity forms only when two FtsZ monomers 

combine [60], FtsZ assembly is a prerequisite for GTPase activity. GTP hydrolysis, in 

turn, promotes dissociation of the GDP-bound FtsZ from the filament, where a new, GTP-

bound molecule takes its place. Our results indicated that tARC3 increased FtsZ2 activity 
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and presumably caused a shift in the ratio of GTP bound to GDP bound monomers in the 

filament towards the GDP-bound form. This would thus promote rapid disassembly and 

an increase in FtsZ turnover. Although the enhancement in GTPase activity reported in 

this study is not large, only 1.6 to 1.9-fold increase at a 1:2 FtsZ2:tARC3 molar ratio, it 

has been shown that even such changes in GTPase activity affect FtsZ assembly dynamics. 

For example, bacterial MipZ and EzrA contribute to FtsZ assembly dynamics with similar 

(1.5 to 2-fold) increase in FtsZ GTPase activity [65, 66]. The moderate increase in GTPase 

activity indicate that ARC3 might reduce the duration of the steady-state phase or decrease 

the energy required for hydrolysis due to binding and conformational change (rather than 

directly contributing amino acid residue for hydrolysis) leading to rapid disassembly and 

enhanced turnover. 

ARC3 enhances FtsZ2 turnover  

Since the rates of Z-ring turnover in vivo and of protofilaments turnover in vitro 

have been shown to correlate with FtsZ GTPase activity [17, 18] we analyzed the effect 

of ARC3 on FtsZ2 turnover. Previous studies showed that the FtsZ1 recovery was slower 

in the absence in chloroplasts isolated from plants lacking ARC3 [46]. Our results showed 

that the half time to fluorescence recovery is decreased and recovery of FtsZ2 is increased 

in the presence of ARC3, suggesting that ARC3 enhances FtsZ2 turnover. These results 

are also in agreement with our data showing that the presence of ARC3 results in enhanced 

GTPase activity. 
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Materials and Methods 

Plasmid constructs for expression and purification of recombinant proteins  

 

Arabidopsis Arc3 (CIW00127) and FtsZ2-1 cDNA (U11208) clones were obtained 

from the Arabidopsis stock center. The TAIR accession number for ARC3 is AT1G75010 

and FtsZ2 (AtFtsZ2-1) is AT2G36250. Constructs for recombinant protein expression 

were created by PCR amplification from a corresponding cDNA using primers with 

engineered restriction sites (detailed in Supplemental Table I). Primers SK-1 and SK-3 

were used for full length mature form of ARC3 (mARC3, amino acid 41-741), primers 

SK-1 and SK-2 for a truncated form or ARC3 (tARC3, amino acid 49-598) lacking the C-

terminal MORN domain, and primers fFt2_F and fFt2_R for a full-length mature form of 

FtsZ2-1 (FtsZ2, aa 49-478). The forward primers for ARC3 construct also contained a 

yeast consensus sequence to facilitate expression in yeast. 

The amplified ARC3 sequences were digested with EcoRI and SnaBI and cloned 

into the pPICZ C vector (Invitrogen). This created a fusion construct with a C-terminal 

6xHis and c-myc tags to facilitate recombinant protein purification and detection. The 

clones were confirmed by sequencing and transformed into the yeast, Pichia pastoris, X-

33 strain (Invitrogen) by electroporation as described in the Easy Select Pichia expression 

kit (Invitrogen, Carlsbad, CA). Yeast transformants were selected on Zeocin (100 µg/ml) 

media. Positive clones were grown in basal medium with glycerol (BMGY) at 30 C to 

OD600 of ~0.4, harvested by centrifugation and resuspended in BMMY with 1% methanol 

to induce expression [54]. Cells were grown at 30 C for 48 hours, harvested by 

centrifugation and lysed in lysis buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 1 mM 
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phenylmethylsulfonyl fluoride, PMSF) using French press at 30,000 PSI. The lysate was 

centrifuged at 20,000 x g for 60 min at 4 °C to remove cell debris and the recombinant 

proteins in the supernatant were purified by affinity chromatography with a nickel 

sepharose column (His-trap, GE healthcare) followed by gel permeation chromatography 

(GPC) on a Superose 6 column (GE healthcare) with NGC™ liquid chromatography 

purification system (Bio-Rad). The purity of GPC eluates was analyzed by SDS- PAGE 

and Coomassie Blue staining. The protein expression was confirmed by Western blot with 

an anti-myc-HRP antibody (Invitrogen, 1:5000). The molecular mass of the peak fractions 

was estimated by comparing the relative molecular mass using the molecular mass 

standards (Bio-Rad). The standards used were (Fig. 1B, right panel): 1, thyroglobulin (670 

kDa); 2, bovine -globulin (158 kDa); 3, chicken ovalbumin (44 kDa), 4:  equine 

myoglobin (17 kDa). 

For the FtsZ2 construct, the amplified cDNA sequence was digested with NdeI and 

XhoI, cloned into the Novagen pET28a vector (EMD Millipore, MA, USA) containing a 

6xHis tag sequence. Positive clones were isolated on selection media (Ampicillin 100 

µg/ml) and confirmed by sequencing.  For expression, the plasmid DNA was transformed 

into Rosetta™ (DE3) pLysS (Invitrogen) E. coli cells. The cells were grown to log phase 

to an OD600 of ~0.6 at 37 C and induced with 0.45 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG; RPI, Mount Prospect, IL) overnight at 18 C. Cells were 

pelleted and lysed in lysis buffer using French press at 20,000 PSI. The lysate was 

centrifuged at 20,000 x g for 60 min at 4 °C and the recombinant proteins in the 

supernatant were purified by affinity chromatography with a nickel sepharose column 
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(His-trap) followed by gel permeation chromatography (GPC) on a ENrich™ SEC650 

(Bio-Rad) with NGC™ liquid chromatography purification system (Bio-Rad). The purity 

of GPC eluates was analyzed by SDS-PAGE and Coomassie Blue staining. The protein 

expression was confirmed by Western blot with an anti His-HRP antibody (Invitrogen, 

1:5000). The molecular mass of the peak fractions was estimated as described above. 

Light scattering assays  

 

The extent of polymerization and FtsZ2 assembly in the presence and absence of 

tARC3 was measured by 90 light scattering. Reactions of 4 M FtsZ2, 1 mM GTP or the 

slowly hydrolysable analogue GMPCPP (0.4 mM) in MES pH 6.5 buffer containing 100 

mM KCl and 5 mM MgSO4 were mixed and light scattering was monitored using a Hitachi 

F-4500 fluorescence spectrofluorometer with both the excitation and emission 

wavelengths set at 350 nm and a slit width of 5 nm. The data was collected continuously 

for 10 minutes at 25 C and the temperature was kept constant using a circulating water 

bath. In disassembly experiments, tARC3 was added to FtsZ2 reactions after 5 minutes of 

assembly and light scattering was monitored for additional 5 minutes. 

Electron microscopy of FtsZ2 filaments 

FtsZ assembly reactions in the absence/presence of ARC3 were prepared and 

incubated as described above.  Samples were adsorbed onto carbon-coated grids, 

negatively stained with a 2% (w/v) aqueous solution of uranyl acetate (pH 4.5) and 

examined in a JEOL 1200 EX  (JEOL Ltd., JAPAN) transmission electron microscope 

operated at an accelerating voltage of 100 kV.  Images were captured at calibrated 
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magnifications using an optically coupled slow scan CCD camera (model 15C, SIA, 

Duluth, GA) and Maxim DL imaging software. 

Co-sedimentation assays  

 

The extent of FtsZ co-pelleted in the absence or presence of mARC3 and tARC3 was 

monitored by co-sedimentation assays. FtsZ2 assembly reactions were prepared as above and the 

polymerization was triggered by adding 1mM GTP, GDP or 0.4 mM GMPCPP. After incubating 

the reactions for 10 min at room temperature, samples were sedimented for 20 min at 26 psi (~150, 

000 x g) in an Airfuge® Ultracentrifuge (Beckman Coulter, Fullerton, CA) with an A-

100/30 rotor,  at room temperature [56]. The relative amount of FtsZ2 co-sedimented with 

ARC3 in the pellet versus the supernatant fractions was determined by densitometry in 

Coomassie Blue-stained SDS-PAGE gels, using ImageJ software [71]. 

 FtsZ2 GTPase activity assay 

 

The GTP hydrolysis activity of FtsZ2 polymers was determined using a malachite 

green based reagent, BIOMOL® GREEN (Enzo Life Sciences, Farmingdale, NY) in 384-

well plates (Greiner Bio-One) as described before [72]. FtsZ2 assembly reactions (50 μl) 

containing 4 μM FtsZ2 in the absence or presence of tARC3 (8 μM) were prepared. The 

polymerization was initiated by addition of 1 mM GTP or 0.4 mM GMPCPP. The 

phosphate released (μM Pi) over time (0, 5, 10 and 15 min) was measured in triplicates at 

room temperature using Thermo Scientific Multiskan GO (Thermo Fisher Scientific) plate 

reader. Appropriate blanks containing the assembly buffer alone or the individual proteins 

without GTP/GMPCPP were subtracted and the GTPase activity was calculated as μM Pi 

per μM FtsZ2 per min. 
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CHAPTER III 

 STRUCTURAL CHARACTERIZATION OF ARC3 

 

Introduction 

Although ARC3 has been suggested to be a functional analog of MinC, it bears 

very little sequence similarity with MinC [39, 47] and no structural data is available for 

ARC3 to date. Prior data showed that the C-terminal Membrane Occupation and 

Recognition Nexus (MORN) domain of ARC3 blocks its activity and prevents its 

interaction with FtsZ1 and FtsZ2 [44]. It was suggested that interaction of the MORN 

domain with another division protein, PARC6, may activate ARC3 [39, 73].  We 

hypothesized that ARC3 exists in two conformational states, open and closed. The 

presence of MORN domain keeps full length ARC3 in closed conformation and thus 

prevents its interaction with FtsZ. Uncovering the mode of action of ARC3 and 

determining the structural basis of ARC3 effect on FtsZ assembly is of paramount 

importance for understanding the role of key regulators of chloroplast division. Since 

prior studies determined that ARC3 remodels the Z-ring through interaction with FtsZ2, 

but not FtsZ1 [44], the study presented here is focused on the assembly of FtsZ2 and its 

regulation by ARC3  We employed a combination of electron and light microscopy, single 

particle analysis and 3D reconstruction of ARC3 to shed light on the importance of 

MORN domain in ARC3-PARC6 mediated modulation of FtsZ2 assembly. The 

schematic of single particle analysis [74, 75] leading to 3D reconstruction is depicted in 

Figure 25. 
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Figure 25. Schematic of single-particle reconstruction. Protein purification. High 

purity of the sample is important, as in crystallography. Negative stain is useful to clearly 

visualize the sample and check its homogeneity, especially for small particles. Particles 

are boxed from the micrographs, centered and aligned. Classification and averaging give 

improved SNR, and class averages can be used to obtain a low-resolution initial model by 

common lines or tilt methods. In cryo-EM, the vitrified sample is imaged by collecting 

movie frames that are aligned for motion correction and then averaged. Defocus 

determination and CTF correction are done on motion-corrected averaged images. After 

alignment, classification and cleaning of the dataset, particles are assigned orientations by 

projection matching to the initial model. Orientation refinement is performed iteratively 

until the structure converges [75]. Reprinted with permission from Academic Press. 
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Results 

Single particle analysis and 3D reconstruction of ARC3 reveals an almost circular 

shape 

Truncated form of ARC3 (tARC3) lacking the MORN domain, used in the assays 

described above is biochemically active. In the full length form, mARC3, binding to FtsZ1 

and FtsZ2 is blocked by the C-terminal MORN domain [39, 44] in the absence of other 

accessory proteins. It was suggested that the MORN domain may function as a control 

switch for ARC3 activity and that interaction of the MORN domain with the chloroplast 

division protein PARC6 may activate mARC3 [73]. The mechanistic details of this 

activation were not known. Here, transmission electron microscopy and single particle 

analysis were employed to determine the three dimensional (3D) structure of mARC3.  

Negatively stained TEM images showed monodisperse behavior of mARC3 

(Figure 26A) without the tendency to form aggregates and permitted selection of 

individual particles and generation of class averages (Figure 26B, C). The FSC (Fourier 

shell correlation) plot (Figure 26D) showed that the refinements converged at a resolution 

of 3.25 nm based on FSC criterion of 0.5. The asymmetric triangle plot (Figure 26E) 

confirmed that a large number of independent projections provided a solid basis for 

sampling the 3D space. The 3D reconstruction revealed an almost circular structure.  

Segmentation of the 3D structure highlighted three distinct domains corresponding to a 

molecular mass of approx. 39.5, 24, and 17.5 kDa consistent with the published sequence-

based structure [47] of ARC3 that is comprised of an FtsZ-like domain, a middle domain 

and the MORN domain (Figure 26F). Regardless, whether the assignment of N- and C-  
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Figure 26. Single particle analysis and 3D reconstruction of mARC3. (A) Raw image 

of negatively stained protein particles. Scale bar corresponds to 100 nm. (B) 

Representative raw particles, (C) Class averages. Scale bar corresponds to 5 nm. (D) 

Fourier shell correlation after 8 iterations of refinement. FSC=0.5 corresponds to 3.25 nm 

(32.5 Å). (E) Asymmetric triangle of final reconstruction representing projection of all 

Euler angles. (F) 3D reconstruction of mARC3, front and side views.  The C- and N- 

termini and the three distinct domains and their suggested identity are shown. 
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Figure 26 Continued.  
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Figure 26 Continued.  
 

 

terminus identity in the 3D structure were correct or not, the MORN and FtsZ-like 

domains were clearly in close proximity. This in turn suggests that the MORN domain 

may inhibit FtsZ binding via steric hindrance and that in order to enable binding of FtsZ 

(and several other chloroplast division proteins), mARC3 may need to undergo a 

conformational change to a more open shape.  

Homology modeling of ARC3 

The homology search for three domains of ARC3 identified templates with usable 

templates for FtsZ like domain and MORN domain (Figure 27A, B). The search for middle 

domain did not result in any usable template for model fitting.  The results of the homology 

modeling showed a good fit of the FtsZ and MORN domains with EM density map 

indicating that the location of these domains in the EM density map is pointing in the right 

direction (Figure 27C). 
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Figure 27. Homology modeling of ARC3. (A) SWISS atomic model of FtsZ-like domain 

of ARC3 and (B) MORN domain of ARC3. (C) Fitting of SWISS atomic models of FtsZ-

like domain and MORN domain of ARC3 into EM density map of mARC3. 
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Figure 27 Continued.  
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Figure 28. Expression and colocalization in S. cerevisiae.  Expression of (A) FtsZ2-

CFP (B) mARC3-YFP and (C) PARC6STROMAL–mOrange2. Coexpression of (D) FtsZ2-

mCFP and mARC3-mYFP (E) FtsZ2-mCFP and PARC6STROMAL–mOrange2. (F) FtsZ2-

mCFP, mARC3-mYFP and PARC6STROMAL–mOrange2. Arrows point at the FtsZ2 

filaments. 
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Figure 28 Continued.  

 

Expression and colocalization of fluorescently tagged proteins in S. cerevisiae 

All three constructs were expressed successfully in S. cerevisiae. FtsZ2-mCFP 

formed filaments and rings (Figure 28A) in large majority of cells. The mARC3-mYFP 

and PARC6STROMAL–mOrange2 fusion constructs showed a wide range of expression 

levels among cells from a single colony and showed diffuse localization throughout the 

cytosol (Figure 28B, C). In cells coexpressing FtsZ2-mCFP with PARC6STROMAL–

mOrange2, PARC6 was colocalized with FtsZ2 filaments, in addition to diffuse 

PARC6STROMAL–mOrange2 signal throughout the cytosol (Figure 28 E).  mARC3-mYFP 
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coexpressed with FtsZ2-mCFP exhibited diffuse distribution throughout the cytoplasm of 

the yeast cell and did not show distinct colocalization with FtsZ2-mCFP (Figure 28D). 

This was the case in all cells over the entire range of mARC3-mYFP signal intensities. 

However, when PARC6STROMAL–mOrange2 was also present, mARC3-mYFP colocalized 

with FtsZ2 and PARC6STROMAL in filamentous assemblies (arrows in Figure 28F), 

suggesting that the three proteins formed a complex. 

Discussion 

Functional implications of the 3D structure of ARC3 

 

The web of interactions between the components of the division machinery is 

rather complex and we are only beginning to understand the interplay between the 

individual actors. Previous studies identified specific interactions of ARC3 regions with 

other chloroplast division proteins:  The FtsZ-like domain of ARC3 interacts with FtsZ1 

and FtsZ2, the middle domain is sufficient for interaction with AtMinD and AtMinE, and 

the MORN domain with PARC6 [39, 42, 44].  AtMinD is a plant homologue of bacterial 

MinD and is a negative regulator of FtsZ assembly [76-78], while AtMinE is a positive 

FtsZ assembly factor that protects FtsZ from the effect of MinD at the division site [79-

81]. PARC6 (paralogue of ARC6) also called CPD1 [82] and ARC6H [83] evolved by 

gene duplication from PARC6 [23], a positive regulator of FtsZ assembly also located in 

the inner envelope membrane [23, 84]. PARC6 has an unexpected role as an FtsZ 

disassembly factor similar to that of MinD but contrary to that of its homolog, ARC6.  In 

the full length ARC3, mARC3, the MORN domain acts as a negative switch that prevents 

interaction with FtsZ1 and FtsZ2 [44]. Similar effect of the MORN domain on protein 
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activity was reported for a member of Arabidopsis phosphatidylinositol phosphate kinase 

family, AtPIPK1 [85]. 

These findings suggest that MORN domain is critical to the structure and function 

of ARC3 and may provide a mechanism to modulate ARC3 activity in vivo. To gain 

insight into the activation mechanism we sought to determine the 3D structure of mARC3. 

3D reconstruction revealed that mARC3 is almost circularly shaped with the N- and C 

termini slightly bent toward each other (Figure 26F). This could have functional 

significance as the proximity of the C- and N-terminal regions in the 3D structure may 

present a steric hindrance for ARC3 interaction with FtsZ2.  In the current 3D model 

(Figure 26), the assigned identity of the termini, the bulkier N-terminal FtsZ-like domain, 

and the smaller C-terminal MORN domain was based on thresholding and molecular mass 

calculations from the 3D reconstruction. Homology modeling of ARC3 supports that the 

location of these domains in the EM density map indicating that the domains are pointing 

in the correct direction. The functional implications of the circular shape remain 

unaffected even if the identity of the termini were in fact reverse. What is significant is 

the proximity of the termini which leads to the “closed” conformation of the molecule. In 

chloroplasts, this closed, inactive form of ARC3 must be activated in areas away from the 

division site to prevent Z-ring formation at “improper” sites. This activation is most likely 

achieved by interaction with the stromal part of PARC6.  

 The experiments with fluorescently tagged FtsZ2, mARC3 and PARC6 expressed 

in yeast S. cerevisiae aimed to shed light on these interactions. Colocalization of PARC6 

and FtsZ2 was in line with a previous report [73], confirming the direct interaction 
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between these two proteins. The lack of mARC3 colocalization with FtsZ2 (Figure 28D) 

was also expected since the presence of the MORN domain hinders mARC3 interaction 

with FtsZ2 [39, 44]. We hypothesized that binding of PARC6 to the MORN domain of 

mARC3 may cause a conformational change enabling mARC3-FtsZ2 interaction.  The 

triple colocalization of FtsZ2-mCFP, mARC3-mYFP and PARC6STROMAL–mOrange2 

(Figure 28F) seems to support this hypothesis. Interestingly, though, the presence of 

ARC3 in the triple expressing cells did not lead to noticeable disruption or disassembly of 

FtsZ2 filaments.  Zhang et al., [44] showed that the truncated, active form of ARC3 lacking 

the MORN domain disrupt FtsZ2 filaments when coexpressed at sufficient levels in yeast 

S. pombe. It is possible that mARC3-mYFP levels in the coexpression strains shown here 

were not sufficient to disassemble FtsZ2 filaments, or that the triple colocalization is a 

result of PARC6 interaction with both FtsZ2 and mARC3 rather than being indicative of 

mARC3 activation and direct interaction with FtsZ2. Future studies should shed light on 

this matter.           

Materials and Methods 

Single particle analysis and 3D reconstruction of mARC3 

 

The purified full length ARC3 protein mARC3 (60 µg/ml) was adsorbed (10 s) 

onto carbon-coated grids and negatively stained with a 2% (w/v) aqueous solution of 

uranyl acetate (pH 4.5) following the method described by Valentine et al. [86]. Specimens 

were observed in a JEOL 1200 EX transmission electron microscope (JEOL Ltd., JAPAN) 

operated at an acceleration voltage of 100 kV. Electron micrographs were recorded at 

calibrated magnifications using a 3k slow-scan CCD camera (model 15C, SIA). Single 
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particle averaging and 3D modeling was carried out using routines in the EMAN software 

package [87]. Segmentation and identification of individual domains within the 3D 

structure was performed with the interactive visualization software Chimera [88, 89].  

Homology modeling of ARC3 using Chimera 

Homology modeling of ARC3 was performed for each of the three domains (FtsZ-

like domain at the N-terminus, novel middle domain and MORN like C-terminal domain) 

of ARC3 on the SWISS-Model work space [90-92]. Three models were obtained for FtsZ-

like domain and three models for MORN domain. Among these, the best template models 

were selected (based on the sequence identity, coverage etc.). Homology search for the 

middle domain (novel domain) did not yield any usable models due to poor matching with 

the available sequences in the database. The selected SWISS atomic models of FtsZ and 

MORN domains were fit into the existing EM density map (Figure. 23 ) using the “Fit in 

Map” function [93, 94] of the interactive visualization software, Chimera [89].  

Fluorescence Microscopy and Image Analysis 

Colonies of S. cerevisiae cells carrying the fluorescently tagged proteins of interest 

were picked and resuspended in small amount of water. The suspension (2 µl) was 

deposited on slides coated with poly-L-Lysine, covered with No. 1.5 coverslip and imaged 

on Olympus IX-81 fluorescence microscope (Olympus America Inc., Waltham, MA) 

equipped with a 60 × /1.2 water immersion objective and filter cubes for each of the 

fluorescent proteins (excitation and emission 426-446 nm and 460-500 nm for mCFP, 490-

510 nm and 520-550 nm for mYFP, and 530-560 nm and 575-645 nm for mOrange2). Z-

stacks with 0.5 µm step and pixel size corresponding to 0.108 µm were collected using 
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Photometrics Prime sCMOS camera controlled by the Micro-manager free software [95]. 

Images were viewed and contrast adjusted in ImageJ freeware [96].  
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CHAPTER IV 

 CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

 

Model for the ARC3 mediated modulation of FtsZ2 assembly 

 

The results presented in this report provide a foundation for understanding 

structural and functional aspects of FtsZ assembly regulation by ARC3.   

In the absence of ARC3, FtsZ1 and FtsZ2 co-assemble longitudinally and laterally 

leading to formation of protofilaments and bundles that give rise to the Z-ring as a key 

structure in the formation of the division machinery. The Z-ring is a dynamic structure 

involving continuous assembly and disassembly of FtsZ subunits. The lateral bonds 

between FtsZ subunits are weaker than longitudinal bonds [32]. Since ARC3-mediated 

inhibition of FtsZ2 assembly requires GTP hydrolysis, ARC3 may preferentially bind to 

GDP-FtsZ subunits and also bind where two subunits interact laterally. Binding of ARC3 

could lead to conformational change and rapid dissociation and exchange of subunits 

causing FtsZ debundling, enhancing GTPase activity and turnover (Figure 29).  

Model of interaction of ARC3 with PARC6 

The MORN domain in full length form of ARC3 (mARC3) prevents interaction of 

mARC3 with FtsZ2 and other accessory proteins except PARC6 [39, 44, 73]. In the 

absence of interaction with PARC6, the MORN renders ARC3 to be in a “closed” 

conformation that hinders FtsZ binding.  Interaction of PARC6 with ARC3 results in an  
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Figure 29. Model of FtsZ2 filament remodeling by ARC3.   In the absence of ARC3, 

GTP-bound FtsZ2 molecules associate longitudinally and laterally to form bundles of 

protofilaments and finally the Z-ring at mid-chloroplast. In the presence of active ARC3, 

binding of ARC3 to FtsZ2 disrupts longitudinal and lateral interaction within the filaments 

and filament bundles, leading to debundling and disassembly of FtsZ filaments.   
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Figure 30. Model of the effect of PARC6-mARC3 interactions.  In the full-length 

mature form of ARC3 (mARC3), the proximity of the C-terminal MORN domain to the 

N-terminal FtsZ-like domain prevents interaction with FtsZ2. Binding of the N-terminal 

region of PARC6 to the MORN domain leads to conformational change of mARC3, 

switching it from the “closed” to “open”, active form accessible to FtsZ2 binding. 
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“open” conformation with activity towards FtsZ disassembly/filament remodeling (Figure 

30). PARC6 has been shown to be localized predominantly to the division site but not 

other parts of the chloroplast, albeit the localization studies have been hampered by low 

expression of the fluorescently tagged PARC6 [42 and unpublished observations]. 

Whether PARC6 also functions away from the division site to activate ARC3 or whether 

other proteins or direct interaction of the MORN domain with membrane lipids mediate 

ARC3 activation in those locations remains one of the many unanswered questions. 

Previously characterized MORN motifs in other proteins function to attach to membrane 

phospholipids [97-99] and may be sensitive to membrane lipid composition. Interestingly, 

the Arabidopsis J-like protein CJD1 influences fatty acid composition of chloroplast 

lipids, and has been shown to interact with ARC6 [100].  

Future Directions 

 

Further studies should improve our understanding of ARC3 activation in 

chloroplast and its topological specificity within the chloroplast Min system that 

determines proper placement of the Z-ring. Future studies should also examine the effect 

of ARC3 on FtsZ1 and FtsZ2 heteropolymer filaments in chloroplasts.  
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 APPENDIX A 

PRIMERS USED IN PLASMID CONSTRUCT DESIGN 

 

Primer 

name 

Sequence (5’ ---> 3’) Restriction 

site 

SK-1 TTGAATTCGTTATGGCCAACTGTACATCTCGAA EcoRI 

SK-3 TATTACGTAATCTCCGGCGTCCACTTGTTT SnaBI 

   

SK-2 CGTACGTAAAGAATAGGACTCCATCTTTTTGAT SnaBI 

fFt2_F CAGCTCATATGGCCGCTCAGA AATCT 

 

NdeI 

fFt2_R ATCGACTCGAGTCAGACTCGG GGATAAC 

 

XhoI 

S-114 AGTGGTGGATCCATGGTGAGCAAGGGCGA BamHI 

S-115 TGCACCCTCGAGTTACTTGTACAGCTCGTCCATGC XhoI 

S-116 AGTGGTTCTAGATGGCCGCTCAGAAATCTGAATCTTC XbaI 

S-117 TGCACCGGATCCGACTCGGGGATAACGAGAG 

 

BamHI 

SK-47 TTACTAGTCAAAATGAACTGTACATCTCGAAAG 

 

SpeI 

SK-49 ATGGATCCATCTCCGGCGTCCACTTG 

 

BamHI 

SK-43 GATCTAGAATAATGGACAATGCGCCGTCTCGT XbaI 

SK-44 AAGGATCCACTGCTTTGAGAGAGCCACTC 

 

BamHI 

 

 

 

 

 

 

 

 



 

80 

 

 

APPENDIX B 

 

Johnson, C.B., Shaik, R.S., Abdallah, R., Vitha, S. and Holzenburg, A.: FtsZ1/FtsZ2 

Turnover in Chloroplasts and the Role of ARC3. Microsc. Microanal. 21, 313-323 (2015). 

 

Reprinted with permission from Cambridge University Press. 
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APPENDIX C 

 

Johnson, C.B., Long, Z., Luo, Z., Shaik, R.S., Sung, M.W., Vitha, S. and Holzenburg, A.: 

In situ structure of FtsZ mini-rings in Arabidopsis chloroplasts. Adv. Struct. Chem. Imag. 

1:12, 1-12. (2015). 

 

Reprinted with permission from Springer. 
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