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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
(MIinCDE 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 PARCG6-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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CHAPTER |

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



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 aring (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



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

Bacteria

Single FtsZ ring

N

Chloroplasts
- Cytosolic ARC5 ring
Stromal FtsZ ring
Stroma
Cytosol

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.



(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*?, 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

Nucleftide binding site

C-terminal

domain N-terminal

domain

Figure 2. The crystal structure of B. subtilis FtsZ monomer bound to GTP- yS. 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, followingH?7, 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.



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].

Nucleotide
binding site

RE

T7 loop
region

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 y-phosphate [11]. Reprinted with permission from Nature
Publishing Group.



Figure 4. The four types of polymers formed by FtsZ in MEMKG®6.5. (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.



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.



Medial ring FtsZ FtsZ1 and FtsZ2 Mark division site,
constriction
Min system MinC, D, E or ARC3, MinD, Division site
DivIVA MinE, PARC6 and  placement
MCDI1
Tethering ZipA, FtsA and ARC6, PARC6 Membrane
ZipN /Ftn2 anchoring
Inner/Outer rings None PD rings, PDVI, Constriction and
PDV2 and ARCS5 separation
(DRP5B)

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



FtsZ2 stabilizes and tethers these heteropolymers to the inner envelope membrane to form
a Z-ring. ARCG6 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

Highly conserved N-teminal domain C-terminal core doma‘m\g
N Variable linker domain %
Cyanobacteria
~ S

Stramenopiles

NN FtsZA
— N FtsZC

Scondary
endosymbiosis

Rhodophyta
Primary @ FisZA
endosymbiosis - FtsZB

Chrorophyta and Plants

- FtsZ2
- FisZt

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

CYTOSOL
OEM

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
ARCG6. 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.

11



Rhodamine

Red X FITC Overlay

None + RRX
None + FITC

anti-1-1 + RRX
None + FITC

anti-2-1 + RRX
None + FITC

anti-1-1 + RRX
anti-2-1 + FITC

anti-2-1 + RRX
anti-1-1 + FITC

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 um [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 ARCS5 ring helps in late constriction and final separation of daughter
chloroplasts. Thus, the FtsZ ring together with PD rings and ARCS 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, MiInE or DivIVA [32-36]. In chloroplasts, MinD and MinE are

conserved, but MinC and DivIVA were lost and novel eukaryotic components ARC3,

13



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
ARCS3 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 PARCS, 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

14



B MinC

» MinD-ADP

a@x MinD-ATP

@ MinE

™ A0pATP o

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 PARCEG 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
ARCS 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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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 CaCl; 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 um. B, Light micrographs of 1-pm
thick sections of mesophyll cells stained with iodine solution. Bar represents 10 um. (C)
Scanning electron micrographs of isolated starch granules. Bar represents 5 um. [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 (i) 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 PARCS 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 mcdl 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 um [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 FtsZl or FtsZ2-1; red, chlorophyll
autofluorescence. Bars = 10 um [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. ¢, 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 um [46]. Reprinted with
permission from Microscopy Society of America.
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Thus the current “Chloroplast Min system” consists of ARC3, MinD, MinE,
PARCS6 (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 PARCS6 [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 FtsZl1 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, GTPase activity
t12 (S) (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 mMARC3, tARC3 and FtsZ2 proteins.
ARCS3 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 PIP5SK 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 (MARCS3; 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 (Mg): 1, thyroglobulin (670
kDa); 2, bovine y-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 mMARC3 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 mMARC3 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 mMARC3 is unable to interact with FtsZ2,

consistent with previous reports [39, 44].

32



FtsZ2 : ARC3
900 - O(1:0) @(2:1) &(1:1) A(1:2)
>
i 700 o
e
= 500 4
2
8
» 300 A
o
o
= 100 4 r r .
0 200 400 600
Time [s]
B FtsZ2: tARC3
1:0 1:0 2:1 1:1 1:2

s P 8 P 8 P 8 P 8 P

e ———— o F57)

GDP GTP

Figure 20. Concentration-dependent ARC3-mediated inhibition of FtsZ2 assembly.
(A) Light scattering assay. FtsZ2 (4 uM) was polymerized with increasing concentrations
of tARC3 (0-8 uM. Assembly was triggered with addition of 1ImM 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 uM FtsZ2 polymerized (A) in the absence or presence of 2 uM (B) 4
MM (C) or 8 uM (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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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 SImA 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
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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 UM P; released per UM 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 SImA 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 uM Pi/uM FtsZ2/min) was comparable to previous report
[22], while the GTPase activity in the presence of ARC3 (1.14 uM Pi/uM 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 (t12) 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 PARCEG 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 SImA [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 SnaBlI 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 pg/ml)
media. Positive clones were grown in basal medium with glycerol (BMGY) at 30 °C to
ODeoo 0f ~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-HCI 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 y-globulin (158 kDa); 3, chicken ovalbumin (44 kDa), 4: equine
myoglobin (17 kDa).

For the FtsZ2 construct, the amplified cDNA sequence was digested with Ndel and
Xhol, cloned into the Novagen pET28a vector (EMD Millipore, MA, USA) containing a
6xHis tag sequence. Positive clones were isolated on selection media (Ampicillin 100
pg/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 ODew of ~0.6 at 37 °C and induced with 0.45 mM Isopropyl [B-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

47



(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 uM FtsZ2, 1 mM GTP or the
slowly hydrolysable analogue GMPCPP (0.4 mM) in MES pH 6.5 buffer containing 100
mM KCland 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 mMARC3 and tARC3 was
monitored by co-sedimentation assays. FtsZ2 assembly reactions were prepared as above and the
polymerization was triggered by adding ImM 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 ul)
containing 4 uM FtsZ2 in the absence or presence of tARC3 (8 uM) were prepared. The
polymerization was initiated by addition of 1 mM GTP or 0.4 mM GMPCPP. The
phosphate released (uM Pj) 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 uM P;

per uM FtsZ2 per min.
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CHAPTER 11

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 mMARC3.

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 mMARC3. (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 A). (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.

57



mOrange2 Overlay

CFP YFP
A
¥

N
N
2
L.
™
(&)
14
<
£
2 C
=
[e]
['4
-
[72]
[{e]
O
%
o

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 mMARC3-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—MmOrange?2 signal throughout the cytosol (Figure 28 E). mARC3-mYFP

59



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 mMARC3-mYFP signal intensities.
However, when PARC6stromaL—mOrange2 was also present, nARC3-mYFP colocalized
with FtsZ2 and PARCG6stromaL 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 PARCS6 [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 ARCG6) also called CPD1 [82] and ARC6H [83] evolved by
gene duplication from PARCS6 [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 PARCG.

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 mMARC3 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 PARC6stroma—mOrange?2
(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 PARCSG interaction with both FtsZ2 and mARCS3 rather than being indicative of
mMARC3 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 pg/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 ina 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 pl) was
deposited on slides coated with poly-L-Lysine, covered with No. 1.5 coverslip and imaged
on Olympus 1X-81 fluorescence microscope (Olympus America Inc., Waltham, MA)
equipped with a 60 x /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 um step and pixel size corresponding to 0.108 um were collected using
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Photometrics Prime sSCMOS 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 ARCS3.

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 (mMARC3) 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 mARCS3,
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). PARCG6 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 PARCS6 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 Sequence (5’ --->3”) Restriction
name site
SK-1 TTGAATTCGTTATGGCCAACTGTACATCTCGAA EcoRlI
SK-3 TATTACGTAATCTCCGGCGTCCACTTGTTT SnaBI
SK-2 CGTACGTAAAGAATAGGACTCCATCTTTTTGAT SnaBI
fFt2_ F | CAGCTCATATGGCCGCTCAGA AATCT Ndel
fFt2 R | ATCGACTCGAGTCAGACTCGG GGATAAC Xhol
S-114 | AGTGGTGGATCCATGGTGAGCAAGGGCGA BamHI
S-115 | TGCACCCTCGAGTTACTTGTACAGCTCGTCCATGC Xhol
S-116 | AGTGGTTCTAGATGGCCGCTCAGAAATCTGAATCTTC | Xbal
S-117 | TGCACCGGATCCGACTCGGGGATAACGAGAG BamHI
SK-47 | TTACTAGTCAAAATGAACTGTACATCTCGAAAG Spel
SK-49 | ATGGATCCATCTCCGGCGTCCACTTG BamHI
SK-43 | GATCTAGAATAATGGACAATGCGCCGTCTCGT Xbal
SK-44 | AAGGATCCACTGCTTTGAGAGAGCCACTC BamHI

79




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.

80



Microsc. Microanal. 21, 313-323, 2015
doi:10.1017/81131927615000082

Microscopy ..
icroanalysis

@ MICROSCOPY SOCIETY OF AMERICA 2015

FtsZ1/FtsZ2 Turnover in Chloroplasts and the Role
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Abstract: Chloroplast division requires filamentation temperature-sensitive Z (FtsZ), a tubulin-like GTPase of
cyanobacterial endosymbiotic origin, Plants and algae possess two distinct FtsZ protein families, FtsZ1 and FtsZ2
that co-assemble into a ring (Z-ring) at the division site. Z-ring assembly and disassembly and division site
positioning is controlled by both positive and negative factors via their specific interactions with FtsZ1 and TtsZ2.
Here we present the in planta analysis of Arabidopsis FtsZ1 and FtsZ2 turnover in the context of a native
chloroplast division machinery. Fluorescence recovery after photobleaching analysis was conducted using
fluorescently tagged FtsZ at wild-type (WT)-like levels. Rapid photobleaching, low signal-to-noise ratio, and
phototropic movements of chloroplasts were overcome by (i} using progressive intervals in time-lapse imaging,
(i) analyzing epidermal rather than stromal chloroplasts, and (iii) employing image stack alignment during
postprocessing, In plants of WT background, fluorescence recovery half-times averaged 117 and 325 s for FtsZ1
and FtsZ2, respectively. In plants lacking ARC3, the key negative regulator of FtsZ assembly, the turnover was
threefold slower. The findings are discussed in the context of previous results conducted in a heterologous system.

Key words: plastid division, FtsZ assembly, ARC3, FRAP analysis, Arabidopsis

INTRODUCTION

Chloroplasts in plants and algae evolved from a cyano-
bacterial endosymbiont (Mereschkowsky, 1905; Gray,
1989; McFadden, 1999) and divide via binary [(ission
to maintain adequate numbers during cell division. This
division process is initiated and regulated by the nuclear-
encoded and plastid-targeted filamentation temperature-
sensitive Z (FisZ) proteins (Osteryoung & Pyke, 1998;
Osteryoung, 2001). The FtsZ protein was first discovered in
bacteria, where it is essential for cell division (Hirota et al.,
1968; Lutkenhaus et al, 1980). FtsZ is a tubulin homolog
GTPase that assembles into a ring (Z-ring) and acts as a
scaffold for the division machinery. The Z-ring is a highly
dynamic structure that undergoes subunit exchange from the
continued polymerization and depolymerization of the
component FtsZ subunits. In Escherichia coli and Bacillus
sublilis, 50% of I'tsZ subunits in the Z-ring are replaced in
<10 s (Anderson et al., 2004; Srinivasan et al., 2008), whereas
in Mycobacterium, where FtsZ GTPase activity is lower, the
turnover half-times between 25 and 40s were reported
(Chen et al., 2007).
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In plants, the single FtsZ gene from the cyanobacterial
endosymbiont evolved inte two gene families, FisZ! and
FtsZ2. The FtsZ2 protein is structurally similar to the ancestral
prokaryotic FtsZ, whereas FtsZ1 lost the C-terminal con-
served domain (Osteryoung & McAndrew, 2001; Stokes &
Osteryoung, 2003; Miyagishima et al, 2004). FtsZ1 and
FtsZ2 play distinct roles in chloroplast division (Osteryoung
et al., 1998; Schmitz et al.,, 2009) and interact with different
regulatory components of the division machinery. FisZ1
interacts with the negative regulator of FtsZ assembly ARC3
(Shimada et al,, 2004; Maple et al., 2007), whereas FtsZ2
interacts with both ARC3 (Zhang et al, 2013) and the
stabilizing and membrane-tethering protein ARC6 (Maple
et al., 2007; Glynn et al., 2008). A carefully balanced polymer
stability mediated by these interactions is important for the
assembly and localization of the Z-ring and normal chlor-
oplast division (Vitha et al,, 2003; Glynn et al., 2007). In vitro,
Arabidopsis FtsZ1 and FtsZ2 exhibit differential GTPase
activity, with FtsZ1 being more active than FtsZ2 and both
forming filaments in vitro, cither alone or when both are
present in the co-assembly reaction (Olson et al., 2010; Smith
et al, 2010). When expressed in yeast Schizosaccharomyces
pombe, FtsZ1l and FtsZ2 filaments undergo dynamic
turnover of subunits that is proportional to their GTPase
activity, with turnover half-times ~30 and 90 s for FtsZ1 and
FisZ2, respectively (TerBush & Osleryoung, 2012). How
dynamic the TtsZ filaments are in planta and how the
subunit turnover may be affected by the negative and
positive regulators of chloroplast division was not known.
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To make progress toward understanding FtsZ dynamics in
planta and of the role of ARC3 in Z-ring lormalion, FisZ1
and Fts72 turnover rates were investigated in Arabidopsis
plants of wild-lype (WT) and arc3 mutant background,
using fluorescence recovery after photobleaching (FRAP).

MATERIALS AND METHODS

Plant Material and Growth

All Arabidopsis thaliana plants used in the experiments were
of the ecotype Columbia (Col-Q), except for the arc3-1
mutant, which were of the Lansberg erecta ecotype back-
ground. Seeds for the fisZ2 double KO (ftsZ2-1/ftsZ2-2 KO)
(Schmitz et al, 2009) were obtained from Dr., Katherine
Osteryoung, Michigan State University. Germplasm identi-
fication numbers of alleles used in this work are arc3-1 (seed
stock number CS264), fisZl KO (SALK073878), fisZ2-1 KD
(SALK134970), and fisZ2-1/ftsZ2-2 double KO (CS65898).
Plants were grown in Redi-Earth (SunGro Horticulture,
Bellevue, WA, USA) in a temperature- and humidity-
controlled greenhouse (22°C, relative humidity 60%).

Plasmid Constructs and Plant Transformation

Two major FtsZ proteins in A. thaliana, FtsZ1-1 and FtsZ2-1
{Osteryoung et al., 1998) were investigated and are referred
lo as FisZ1 and FisZ2, respectively. Another minor member
of the FtsZ2 family (FtsZ2-2} is redundant for chloroplast
division {Schmitz et al., 2009) and therefore was not included
in this study. Sequence data can be found in the Arabidopsis
Informalion Resource (TAIR; hltp://www.arabidopsis.org)
and EMBL/GenBank data libraries under accession numbers
AL5g55280 (fsZ1-1), Al2g36250 (fsZ2-1), Al3g52750 (fisZ2-2),
Atlg75010 (arc3), AF089738 (fisZ2-1 <¢DNA), U70495
(soluble-modified GFP, ssGFP), and AC006921 (F2H17
BAC clone).

The FisZi1-GFP construct was described previously
(Vitha et al., 2001). FtsZ2-GFP is similar to a ¢myc-tagged
construct (McAndrew et al., 2001) except that instead of the
C-terminal cmyc tag it contains a BamHI-EcoRI fragment
encoding an smGEP {Davis & Vierstra, 1996). The tfusion
construct containing the full-length ftsZ2-1 driven by the
~1.8 kb native promoter was then transferred to pMLBART,
a derivative of pART27 (Gleave, 1992), that confers resis-
tance to the herbicide glufosinate as a selectable marker.

The mCFP and mYFP (Zacharias et al., 2002) obtained
from Dr. Roger Lsien’s Lab (University of California, San
Diego, CA, USA) were amplified using primers 5-GATG
ACTAGTAAGGGCGAGGAGCTGTTC (forward) contain-
ing a 5 Spel site and 5'-AAATGTTTACTTGTACAGC
TCGTCCATGC (reverse) introducing a 3° STOP codon and
cloned into pBluescript (Stratagene, LaJolla, CA, USA). A
Spel-Pstl fragment was then cloned into pCAMBIA1302-bar
(Gao et al., 2006), from which the 35S promoter and GTP
sequences were excised by Spel-Pmll digestion. This pro-
duced vectors for C-lerminal tagging with mYFP and mCFP.
The FtsZ1 genomic sequence was amplified using primers

5'-TAGAATTCGCATGCGCAAAGTCAGT (forward) and
5-TATGGATCCTGGAAGAAAAGTCTACGGGGA (reverse)
to create FcoRI and BamHIT restriction sites (underlined),
Similarly, AtFtsZ2-1 ¢-DNA driven by a 1.8 kb nalive promoler
region was amplified from the FtsZ2-1-GFP constructs
described above using primers 5-GCATGAATTCTCAG
CACCGTAAATGTAGC (forward) and 5-ATAGGATC
CTGGACTCGGGGATAACGAG (reverse). The ~2.2-kb
AtFtsZ1 and the ~2.8-kb AtFtsZ2 amplicons were inserted as
an LicoR1-BamHI fragment into the tagging vectors in front
of the mCFP or mYFP and confirmed by sequencing.

Agrobacterium-mediated  floral-dip  transformation
{Clough & Bent, 1998) and the selection of glufosinate-resistant
T1 plants was performed as described previously (Vitha et al.,
2001). In subsequent generations, nonsegregating progeny were
selected for FRAP experiments.

Fluorescence Microscopy, FRAP, and Image
Analysis

Immunofluorescence localization of FtsZ1 using specific
anti-FtsZ1 antibody was performed as described (Vitha et al.,
2001). Laser scanning confocal microscopy of flucrescently
tagged FtsZ proteins in Arabidopsis leaf tissue was performed
using an Olympus FV1000 confocal microscope (Olympus
America Tnc., Waltham, MA) equipped with a 60x/1.2
waler immersion objeclive and lasers appropriate for the
fluorescent proteins (405 nm for mCFP, 488 nm for GFP,
and 515 nm for mYFP). Leaves were infiltrated with water to
remove air pockets and improve image quality. Confocal
zoom was adjusted Lo achieve Nyquist sampling, with a pixel
size of 0.1 gm. The confocal aperturc was opened to 3 Airy
units. In FRAP experiments, len prebleach images were
collected at 2-s intervals, A small region of interest (ROT) of
2-um diameter was then bleached at 100% laser intensity.
The recovery of fluorescence in the photobleached section of
the filament was recorded in a time-lapse sequence. In order
to achieve good temporal resolution of the postbleach
recovery and to minimize the overall light dose and photo-
toxicity by the imaging beam, the postbleach images were
acquired with a variable, progressively longer time interval.
The postbleach imaging sequence consisted of three
segments (10x2, 20x 5, up to 50x20s). The individual
imaging segments were joined (appended} in the Olympus
confocal software {FV10-ASW, ver, 3) and the image stacks
and the correspending time stamps for each frame were
exported for analysis. As chloroplasts exhibited significant
phototropic movements when irradiated with the imaging
laser, only data sets where chloroplasts remained in focus
were used and aligned using Image] software (http://rsb.info.
nih.gov/ij) and the “Rigid Body” transformation in the
“stackreg” plugin (Thévenaz et al., 1998). Mean {luorescence
intensity in the bleached ROT was background subtracted,
corrected for photobleaching caused by imaging, and nor-
malized to the prebleach intensity, vielding Fy onnorm as
described (Anderson el al., 2004). A single exponential fit of
the postbleach fluorescence intensity was performed using
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the Solver module in MS Excel and the recovery half-time
(t12), Le., time to recover 50% of the fluorescence signal, was
calculated (Anderson et al, 2004). Statistical significance
between recovery half-times was assessed using the two-tailed
Student’s #-test, assuming unequal variances of the samples.
Calculation of t;, from the published rate constant 7 of
spontaneous GFP recovery (Sinnecker et al, 2005) was
performed using a formula #,,, =7-1n 2.

In FRAP control samples, the entire chloroplast was
photobleached to check for photoswitching, ie., spontaneous
recovery of fluorescent protein signal. As an additional con-
trol, leaf tissue was vacuum infiltrated with 3% formaldehyde
in phosphate-buffered saline (PBS, 0.14 M NaCl, 2.7 mM KCl,
6.5 mM Na,HPO,, 5 mM KH,PO,, 3.0 mM NaN;; pH = 7.3)
and incubated at room temperature for 30 min. It was then
fixed using a cold microwave technology (Smith et al,, 2008)
in a Pelco Biowave (Ted Pella, Ing, Redding, CA, USA)
laboratory microwave processor equipped with a ColdSpot”
temperature control system, with power set to 250 W and a
6-min cycle (2 min on, 2 min off, 2 min on). The temperature
cut-off was set to 37°C. Tissue was then rinsed in PBS three
times, with microwave irradiation 1 min at 250 W power in
cach rinse and then used for FRAP analysis.

Analysis of Chloroplast Size and Number

A central segment of an almost fully expanded leaf was
excised and processed {Pyke & Leech, 1991). Squash pre-
parations of leaf cells were imaged with a Zeiss Axiophot
(Zeiss, Thornwood, NJ, USA) microscope equipped with
Differential Interference Contrast optics, a 40 x /0.75 objec-
tive, and a CoolSNAP cf (Photometrics, Tucson, AZ, USA)
digital camera. For quantitative analysis, cell area was mea-
sured using Image] software and the number of chloroplasts
per cell was counted.

Immunoblotting

Extracts from expanding leaves from ~5-week-old plants
were prepared, separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and analyzed by western
blotting as described (Stokes et al., 2000). The relative
amount of total protein was measured by densitometry of a
Coomassie-stained gel, using Image] software. The amount
of extract was then adjusted accordingly in subsequent gel
runs to ensure equal gel loading. Extract from ~1 mg fresh
tissue was loaded per lane. The anti-FtsZl antibody
(McAndrew et al, 2001) was used at 1:10,000 dilution
overnight at 4°C. For detection of FtsZ2, affinity-purified
goat anti-peptide antibody, recognizing the residues 168
through 184 in AfFtsZ2-1 (Stokes et al, 2000), was custom
prepared by Alpha Diagnostics (San Antonio, TX, USA)
and used at 1:50 dilution for 3 h at room temperature. Rabbit
anti-goat IgG horseradish peroxidase-conjugated secondary
antibody (Millipore, Billerica, MA, USA) was used at 1:10,000
dilution. Blots were developed using a SuperSignal West
Pico Chemiluminescent Substrate Kit (Thermeo Scientific,
Portsmouth, NH, USA) and the signal was recorded on Blue

FisZ1/F1sZ2 Turnover 315

X-Ray Film (Phenix Research Products, Candler, NC, USA) or
on a gel Doc XR+ system (Bio-Rad Laboratories, Hercules, CA,
USA). Equal loading was confirmed by Ponceau $ staining of
the RuBisCO band on membranes [0.1% (w/v) Ponceau S in
5% (v/v) acetic acid].

ResuLrs

In Vivo Localization and Functionality of
C-Terminally Tagged FtsZ1 and FtsZ2

In order to test whether the fluorescently tagged FtsZ proteins
are functional, the fusion constructs were introduced into
mutant knock-out (KO) plants lacking the respective FtsZ
protein. KO plants exhibit severe defects in chloroplast division
and typically contain only very few large chloroplasts per leaf
mesophyll cell, compared with the 60-120 chloroplasts in the
WT. FisZ1 fused to GFP, mYFP, or mCFP (generalized as
FtsZ1-FP) was able to restore chloroplast division in the
ftsZ1 KO mutant (Figs. la, 1c} in 60% transgenic plants
(n = 100 plants) and assembled in a Z-ring al the division sile
(Fig. 1b) indicating that the fusion protein is (ully functional
in chloroplast division. Although expression of FtsZ2 fusion
constructs (FtsZ2-FP) was unable to restore chloroplast division,
these fusion proteins, nevertheless, exhibited cytoskeletal
behavior and assembled into filaments and Z-rings in plania
(Figs. 2d, 2e). Taken together, these findings indicate that
C-terminal fluorescent protein fusions of plant FtsZ1 and
FtsZ2 exhibit the expected cytoskeletal behavior and present a
useful tool to study FtsZ turnover in vivo.

Optimization of Data Acquisition

FRAP microscopy and analysis proved to be challenging
owing to the high background fluorescence in chloroplasts
and weak signals from the fluorescent proteins expressed at
Wl-like levels. Fluorescence proteins were easily photo-
bleached in the extended time-lapse imaging. Chloroplasts
also exhibited substantial blue-light-induced phototropic
movement, often moving out of focus or out of the imaged
area. These difficulties were overcome by a combination of
measures. FtsZ was studied in the leaf epidermal chloroplasts
that tend to provide brighter signal and lower background,
and are overall optically more conducive to live imaging
compared with chloroplasts in the mesophyll. After the
initial rapid postbleach imaging, images were acquired using
progressively longer time intervals in order to minimize the
overall light dose and photobleaching of the fluorescent
proteins. Opening the confocal aperture to ~3 Airy units
provided a reasonable compromise belween signal strength
and axial resolution. Laslly, the acquired image series were
postprocessed by a stack alignment algorithm to compensate
for the phototropic movements of plastids and enable
fluorescence intensity measurements in a fixed ROL

FtsZ1 and FtsZ2 Turnover Rates in Chloroplasts

The present study employed a strategy well established in the
bacterial cell division research, where the FtsZ-FP fusion
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Figure 1. Complementation analysis of FtsZ1-FP fusion protein. a: Chloroplast phenotypes in a leaf mesophyll cell in
wild-ltype (WT), fisZ1 knock-oui (KO) mutant and the fisZI KO mutants expressing FisZI-mYFP. b: Fluorescence
micrograph of FtsZ1-mYFP localization (arrows) in leaf mesophyll chloroplasts in a ftsZ1 KO plant where chloroplast
division was fully restored by the fusion protein. ¢ Quantitative analysis of chloroplast numbers per cell area in leaf
mesophyll cells in the WT, ftsZ1 KO mutant, and in the 5521 KO mutant expressing FtsZ1-m YFP. Scale bar: (a) 20 um

and (b) 10 gm.

prolein is co-expressed al relalively low levels and
co-assembles with the intrinsic, nontagged protein (Geissler
et al,, 2003; Anderson et al., 2004). The analysis of subunit
turnover by FRAP was carried out on plants (i} expressing
the mYFP-tagged TFtsZ1 or TtsZ2 in the WT genetic back-
ground, (ii) maintaining normal chloroplast division, and
(iii) normal localization of FtsZ to Z-rings at mid plastid
(Figs. 2b-2e). Immunoblot analysis indicated that the fusion
protein was present al a level similar to the intrinsic non-
tagged FtsZ (0.7- and 1.1-fold the corresponding intrinsic
FtsZ1 and FtsZ2; Fig. 2).

Both FtsZ1 and FtsZ2 exhibited recovery of fluorescence
in the photobleached ROI indicalive of subunil lurnover
in and out of the filament. The halt-time (£,,) +SD of
FtsZ1-mYFP turnover was 117 +62 s (n = 14 chloroplasts),
whereas FtsZ2-mYFP turnover was much slower, 325 + 117 5

(n=9) (lligs. 3a, 3b). The difference between these f/»
values was statistically significant (p < 0.001). The percent of
fluorescence recovered varied from 35 to almost 100%
and was not different between FtsZl and FtsZ2. At least
some of this variability may be because of differences in
the size of individual chloraplasts. In smaller chloroplasts,
photobleaching of the fixed-size ROI depletes the total pool
of fluorescent subunits such that 100% recovery to prebleach
levels is not possible. This effect is not as severe in larger
chloroplasts.

FRAP presumes that photobleaching of a fluorophore is
permanent and any recovery of fluorescence is because of
lateral diffusion of new, unbleached molecules inlo the
bleached ROL However, GFP and other fluorescent proteins
can also exhibit reversible photoswitching (Shaner et al,
2008) that mimics the effects of diffusion in FRAP
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Figure 2. Fluorescence microscopy localization of FtsZ in leaf chloroplasts. First column shows western blots probed
with anti-FtsZ1 (1) and anti-FtsZ2 (22) antibodies. The higher molecular mass bands represent the tagged versions of
FtsZ1 and FtsZ2. A band corresponding to ~50 kDa RuBisCQO after Ponceau $ staining of the membrane is shown
as a loading control. Arrows indicate FtsZ rings at mid-chloroplast. a: Wild-type (W'T) plant, immunofluorescence
labeling with anli-FIsZ1 antibody. b-g: Confocal {luorescence micrographs of mYFP- or GFP-lagged FisZ in Lransgenic
plants, at W'l-like (b—e) or clevated (f.g) levels. b, ¢: FtsZ1-mYEP in W'l in mesophyll (b) and epidermal (c) chloroplasts;
(de) FtsZ2-mYFP in W'I' in mesophyll (d) and epidermal (e) chloroplasts; (f) FtsZ1-GFP overexpressed in W',
(g) TtsZ1-GTP overexpressed in the arc3 mutant. Scale bar is 10 gm.
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Figure 3. Fluorescence recovery after photobleaching (FRAP) analysis of Fts7Z1 and FtsZ2 filament turnover in leaf
epidermal 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 Fi, corrnorm. Vertical lines in FRAP
plots indicate the £, of recovery. a,b: FRAP of FtsZ1-YFP (a) and FtsZ2-YFP (b) expressed in wild-type (WT) back-
ground at WT-like levels. ¢, d: FRAP of FtsZ1-GFP overexpressed in WT (¢) or are3 mutant background. Please note
the different time scale in the FRAP curve in (¢). 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 gm.
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experiments. Photoswitching can cause significant errors in
measurements of turnover and diffusion rates (Morisaki &
McNally, 2014). Half'times of spontaneous recovery of
fluorescent proteins are in the 17-40-s range (calculated
[rom dala by Sinnecker el al, 2005). This value is similar
to turnover half-times of FtsZ (Anderson et al, 2004;
Srinivasan et al., 2008; TerBush & Osteryoung, 2012). It was
therefore critical to check for photoswitching in the current
study. Two sets of controls were performed. First, FRAP with
a standard size bleach area was carried out in samples that
were fixed with formaldehyde in the presence of microwave
radiation. Microwave-assisted fixation causes rapid cross-
linking and immobilization of proteins while preserving
GFP fluorescence (Ferris et al., 2009). No recovery was
detected in these samples (Fig. 3e), indicating that photo-
bleaching was permanent. A second control entailed
bleaching the whole chloroplast in live tissue in order to
deplete the entire fluorescent pool. No recovery of fluores-
cence was detected (Fig. 31), thus confirming the absence of
reversible photoswitching and validating the results of the
FRAP analysis.

FtsZ Turnover is Affected by Stoichiometry

To investigate how the stoichiometry between FtsZ1, FtsZ2,
and other compenents of the division machinery affects FtsZ
dynamics, transgenic lines containing GFP- or mYFP-tagged
FtsZ1 or FisZ2 at relatively high levels, ~3.5- and 2.3-fold
relative to the corresponding intrinsic FtsZ, respectively,
were sclected and subjected to fluorescence microscopy and
FRAP analysis.

FtsZ1-GFP or -mYFP overproduction caused inhibition
of chloroplast division and led to an extensive network of
smooth, relatively straight filaments (Fig. 2f), consistent with
the patterns reported previously in chloroplasts (Kiessling
et al.,, 2000; Vitha et al, 2001) and in yeast (TerBush &
Osteryoung, 2012). Turnover rates of FtsZ1-mYFP and
FtsZ1-GFP were essentially identical, t,,, reached 59 +31s
{(n = 10) and 57 +41 s (n = 12}, respectively. The turnover
was significantly faster (p < 0.01) than for the same protein
expressed at WT-like levels as described in the previous
section (Fig. 3¢).

Overproduction of FtsZ2-GFP or -mYFP produced
excessive FtsZ filaments and numerous mini rings, a pattern
of localization previously reported for the structurally
similar prokaryotic FtsZ-GFP expressed in yeast S. pombe
(Srinivasan et al, 2008) and for FisZ2-FP in Arabidopsis
{TerBush & Osteryoung, 2012; Johnson et al., 2013). Turn-
over of lluorescently tagged FLsZ2 was signilicantly slower
than that of FtsZ1, estimated in hundreds of seconds, but the
recovery of fluorescence did not follow an exponential curve
and thus the #,,, value could not be reliably elucidated (data
not shown).

Rapid Turnover of FtsZ1 Requires ARC3

ARC3 is a key negative regulator of FisZ assembly in chloro-
plasts {(Maple et al, 2007). Studies in the yeast expression

FtsZ1/Fts£2 Turnover 319
system showed that the presence of ARC3 is correlated with
the lack of I'tsZ assemblies (TerBush & Osteryoung, 2012;
Zhang et al,, 2013), but did not reveal the mode of ARC3
action. The functionally analogous bacterial MinC (Hu et al.,
1999) does nol allect GTPase aclivily of FIsZ and is believed
to act on FtsZ polymers and promote their debundling,
fragmentation, and disassembly (Dajkovic et al., 2008). To
begin testing whether ARC3 functions in a similar manner,
FisZ1-GFP fusion construct was expressed in Arabidopsis arc3
null mutant background and FRAP analysis performed to
measure FtsZ] turnover. Owing to weak signals and poor
signal-to-noise ratio in plants expressing FtsZI-GFP at WT-
like levels, overexpressing transgenic lines were used. Although
these plants were comparable to FtsZ1-GFP overexpressors
described in the previous section both in fluorescence
intensity and in FtsZ1-GFP localization pattern (Figs. 2f, 2g),
they showed dramatically slower FtsZ1 turnover (Fig. 3d).
Fluorescence recovery half-time reached 327 +98s (n = 7),
significantly longer (p<0.001) than in plants of WT back-
ground described earlier (57 + 41 s). Thus, ARC3 in WT plants
appears to accelerate turnover of FtsZ1 subunits in and out of
FtsZ filaments. This finding is consistent with the function of
ARC3 as a destabilizing factor promoting disassembly rather
than inhibiting assembly.

DiscussioN
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Functionality of Fluorescently Tagged FtsZ1 and
FtsZ2

Both FisZ1 and Fis72 C-terminally tagged with FP assem-
bled into filaments and exhibited cytoskeletal behavior and
FtsZ1-FP, but not FtsZ2-FP, proved fully functional for
chloroplast division in plania. Despite the only partial
functionality of FtsZ2-FP and the structurally similar
prokaryotic FtsZ-FP, these proteins are capable of assembly
in vitro and in vivo and exhibit dynamic turnover in vive
(Stricker et al., 2002; Anderson et al., 2004; Chen & Erickson,
2005; Chen et al., 2007; Geissler et al., 2007; Srinivasan et al.,
2008; TerBush & Osteryoung, 2012). The effect of the
fluorescent protein tag on FtsZ functionality is a known
phenomenon in both C- and N-terminal fusions with
prokaryotic Fts7Z (Osawa & Erickson, 2005) and also for the
structurally similar plant FtsZ2 (TerBush & Osteryoung,
2012 and this study). Therefore, the present study in plants,
as well as studies in prokaryotes that aim to investigate FtsZ
dynamics in vive within the context of a functional division
machinery, use a co-expression approach. Fluorescently
tagged FtsZ is expressed at relatively low levels along with the
intrinsic, nontagged form of FtsZ {e.g., Anderson et al., 2004;
Geissler et al., 2007). The tagged version of FtsZ serves as a
tracer of the total FtsZ pool behavior. The possible negative
effects of the fluorescent tag are “diluted” owing to the
presence of the fully functional untagged FtsZ.

The co-expression strategy leads Lo an increased lotal
amount of FtsZ in Arabidopsis transgenic plants. It has been
previously shown that relatively small changes in FtsZ
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Table 1.

FtsZ Turnover and GTPase Activity in Plants and Bacteria.

Organism, protein

Turnover of FIsZ 1,5 (s)

GTPase Aclivity (mol GTP mol Protein/min}

Arabidopsis thaliana, Fts£1 (in planta) 100 ‘This report 1-3 [1,2]
A. thaliana, FIsZ1 (in yeast) 30 [11]

A. thaliana, FtsZ2 (in planta) 300 ‘This report 0.5-1 [1,2]
A. thaliana, FIsZ2 (in yeasl) S0 [11]

Escherichia coli, FtsZ 10 [3, 4, 10] 5-15 [1,9]
E. coli, FtsZQ47K mutant 300 [10] 0.5 [9]
Bacillus subtilis 8 13] 0.5 (30°C) 16, 7]
Mycobacterium tuberculosis 25-63 [5, 10] 0.47 [8]

Turnover was measured with TtsZ tagged with fluorescent proteins. Tor clarity, rounded #,;, values are given. The reported (GTPase activity is for recombinant
FtsZ proteins without the fluorescent tag, measured at 37°C, pIT 6.5, unless indicated otherwise. References are as follows: [1] Olson et al. (2010), [2] Smith et al.
(2010), [3] Anderson et al. (2004), [4] Geissler et al. (2007), [5] Chen et al. {2007}, [6] Schefters (2008), [7] de Oliveira etal. (2010), [8] Rajagopalan et al. {2005},
[9] Redick et al. (2005), |L0] Srinivasan et al. (2008), [11] LerBush & Ostervoung {2012). Data for FisZ turnover in [10] are for E. cofi proteins expressed

in yeasl.

expression levels do nol inlerfere with chloroplast division.
Stokes et al. (2000) found that plants with a twofold increase
of FtsZ1 had WT-like chloroplast division, whereas 3x to
6x increase in FtsZ1 resulted in intermediate levels of
chloroplast division. Schmitz et al. (2009) showed that
chloroplast division in plants with a 1.5x increase in (otal
TtsZ2 levels is statistically indistinguishable from that in
WT plants. In this study, visual inspection of chloroplast
phenotypes in plants expressing FtsZ transgenes at WT-like
levels showed chloroplast sizes and numbers indistinguish-
able from that of WT plants, indicating that chloroplast
division proceeded normally. We therefore believe that the
data presented in this report are biologically relevant and
provide insight into FtsZ turnover in planta.

Differential Turnover of FtsZ1 and FtsZ2 in
Chloroplasts
FRAP t,; values for FlsZl lagged wilh either GFP* or mYFP
were identical, indicating that the weak tendency of standard
GFP to dimerize (Zacharias et al., 2002) did not affect FtsZ
dynamics. FtsZ1 turnover was found to be approximately three
times faster than that of FtsZ2, both in the present report and in
TerBush & Osteryoung (2012). The differential turnover rates
of FtsZ1 and Fts72 are proportional to their GTPase activities
measured in vitro (Olson et al, 2010; Smith et al., 2010) and
consistent with findings that GTPase activity is required for
rapid FtsZ turnover (Chen et al.,, 2007; Srinivasan et al,, 2008).
Nevertheless, the in planta t), values for both FtsZ1 and FtsZ2
repotted herein were considerably larger than for most of the
prokaryotic FtsZs, including Mycobacterium tuberculosis that
has a comparable GTPase activity (Table 1). Significantly, the in
planta turnover of both FtsZ1 and FtsZ2 was also substantially
slower thﬂll was ICPU[th fur the same Pl"()tCiHS expressed in
yeast in the absence of other components of the chloroplast
division machinery (TerBush & Osteryoung, 2012) such as
ARCS6, ARC3, MinD, MinE, and PARCS that have been shown
to affect FtsZ assembly, localization, and stability (Fujiwara
et al,, 2008; Glynn et al,, 2008; Zhang et al,, 2013).
Independent transgenic lines carrying the FtsZ1-FP
and FlsZ2-FP [usions exhibiled a wide range ol expression

levels as judged by both fluorescence microscopy and
immunoblotting. This allowed assessing Fts7Z localization
and turnover not only in plants where FtsZ-FP is expressed
at WT-like levels and chloroplast division proceeds nor-
mally, but also in plants where overexpression significantly
allecls the sloichiomelry ol FisZ1, FlsZ2, and other division
proteins. FtsZl and [FtsZ2 are believed to co-assemble to
form mixed polymers (Olson ct al,, 2010) that are exposed
to FtsZl- and FtsZ2-interacting proteins that may either
stabilize (ARC6) or destabilize (ARC3)} the assemblies
in vivo. ARC6 interacts with FtsZ2, whereas ARC3 does with
both FtsZ1 and FtsZ2 (Zhang et al., 2013). Maple et al. (2005)
hypothesized that a change in FtsZ1:FtsZ2 ratic within
filaments may lead to altered filament properties. Here we
present data in support of this hypothesis as changes in
FtsZ1:FtsZ2 ratios led to changes in turnover dynamics:
overexpressing FlsZl lo acceleralion and overexpressing
FisZ2 lo deceleralion. 'This would suggest thal FlsZ1 med-
iates filament remodeling, whereas Fts72 is predominantly
involved in filament stabilization. Zhang ct al. (2013) came
to a different conclusion, proposing that ARC3 functions
primarily via FtsZ2 to disassemble or inhibit assembly of
FtsZ filaments. Further research is needed to fully under-
stand the specific functional roles of FtsZl and FtsZ2 in
chloroplast division. Although the nonexponential recovery
of FtsZ2-FP prevented quantitative analysis, it points at the
possibility that the recruitment of new subunits into the
filament may be diffusion limited. An anomalous diffusion
behavior that is caused by transient binding of FtsZ has been
previously demonstrated in vive (Johnson et al.,, 2013).

ARC3 and FtsZ1 Turnover

In E. coli, normal cell division requires spatial regulation of
division site positioning via interaction of negative and
posilive regulatory proteins MinC, D, and E thal prevent
Z-ring assembly and/or promote disassembly at positions
other than the division site (de Boer, 2010; Lutkenhaus
et al, 2012). MinD and MinE proteins regulate the localiza-
tion and activity of MinC (de Boer et al., 1992; Raskin & de
Boer, 1999; Hu & Lulkenhaus, 2003; Hu el al., 2003), which
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inhibits FtsZ assembly by debundling and shortening of
existing filaments (Hu et al, 1999; Dajkovic et al,, 2008;
Blasios et al., 2013).

Plants contain MinD and MinE, but MinC has been
replaced by the plant-specific protein ARC3 (Shimada
et al.,, 2004; Maple et al., 2007; Zhang et al., 2013). Data by
Zhang el al. (2013) seem Lo suggesl thal ARC3 may acl as a
direct inhibitor of FtsZ assembly. On the other hand, it is
possible that ARC3 functions in the same manner as the
prokaryotic MinC and premotes fragmentation and short-
cning of cxisting filaments. As the FtsZ depolymerization
rate is faster at the open ends of filaments than in central
filament regions (Mateos-Gil et al., 2012), filament breakage
is expected to increase the rate of FtsZ turnover. Elimination
of MinCDE proteins in E. coli led to approximately two
times slower turnover of FtsZ, indicating that MinC might
directly interact with already formed Z-rings to inhibit or
actively disassemble FisZ polymers (Anderson et al., 2004).
Similarly, the FRAP analysis presented here showed a dramatic
decrease in FtsZ1 turnover in the absence of ARC3, which is
consistent with the role of ARC3 as a FtsZ filament dis-
assembly factor.

The findings contribute to our understanding of plastid
division and size control, which is of interest to the food
industry vis-a-vis starch granule optimization, and increa-
ses allention loward chloroplast engineering for antibody
production.
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Abstract

Chloroplasts are essential plant organelles that divide by binary fission through a coordinated ring-shaped divi-

sion machinery located both on the outside and inside of the chloroplast. The first step in chloroplast division is the
assembly of an internal division ring (Z-ring) that is composed of the key filamentous chlcroplast division proteins
FtsZ1 and FtsZ2. How the individual FtsZ filaments assemble inte higher-order structures to form the dividing Z-ring is
not well understood and the most detailed insights have so far been gleaned from prokaryotic FtsZ. Here, we present
in situ data of chloroplast FtsZ making use of a smaller ring-like FtsZ assembly termed mini-rings that form under
well-defined conditions. Structured illumination microscopy {SIM) permitted their mean diameter to be determined
as 208 nm and also showed that 68 % of these rings are terminally attached to linear FtsZ filaments. A correlative
microscopy-compatible specimen preparation based on freeze substitution after high-pressure freezing is presented
addressing the challenges such as autafluorescence and specific fluorescence attenuation. Transmission electron
micrascopy (TEM) and scanning TEM (STEM) imaging of thin sections exhibited ring-like densities that matched in size
with the 5/M data, and TEM toamography revealed insights into the molecular architecture of mini-rings demonstrat-
ing the following key features: (1) overall, a roughly bipartite split into a more ordered/curved and less ordered/curved
half is readily discernible; (2) the density distribution in individual strands matches with the X-ray data, suggesting
they constitute FtsZ protofilaments; (3} in the less ordered half of the ring, the protofilaments are able to assemble
into higher-order structures such as double helices and supercoiled structures. Taken together, the data suggest that
the state of existence of mini—rings could be described as metastable and their possible involvernent in filament stor-
age and Z-ring assembly is discussed.

Keywords: Chloroplast division, Correlative imaging, FtsZ mini-rings, Fluorescence microscopy, Transmission electron

microscopy, Electron tomography, Structured illumination microscopy, High-pressure freezing, Freeze substitution

Background

Chloroplasts are essential plant organelles that arose
from cyanobacterial ancestors by the process of endo-
symbiosis. Chloroplast division is required to maintain
both the size and number of chloroplasts, which in turn
affect photosynthetic performance of the plant via the
control of surface-to-volume ratio with larger ratios facil-
itating the exchange of metabolites between the chloro-
plast and the cytosol. The size of starch-storing plastids
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(amyloplasts) affects the properties of starch granules.
Controlling the latter in crops is of interest to industries
concerned with the applications of starch [1, 2], and to
this end it is critical to understand by what mechanism
plastid/chloroplast size is controlled. Basically, both bac-
teria and chloroplasts divide by the process of binary
fission. Following on from that, the division process is
initiated by assembly of the cytoskeletal protein FtsZ
into filaments that form a ring structure, the Z-ring, at
the division site [3, 4]. Plants and algae encode two con-
served FtsZ families, FtsZ1 and FtsZ2 [5-7], which are
functionally different and are both required for plastid
division and plastid size control. Changes in FtsZ expres-
sion levels or assembly lead to dramatic phenotypes such

& 2015 lohnson et 2. This article is distributed under the terms of the Creative Commans Atfribution 40 International License
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as single giant chloroplasts covering entire mesophyll
cells [8-10]. Z-ring formation/assembly depends on the
balance between FtsZ and accessory chloroplast division
proteins, which either stabilize (ARC6 [11, 12], MinE
[3, 13, 14]} or destabilize (ARC3 [15], PARC6 [16]) FtsZ
assemblies.

The properties and the assembly mechanism of plant
FtsZ1 and FtsZ2 have been explored in vitro. FtsZl
and FtsZ2 have differential guanosine triphosphatase
(GTPase) activity [17, 18] and are capable of linear co-
assembly to form heteropolymers [17]. FtsZ1 and FtsZ2
exhibit dynamic turnover in vivo [19] that is promoted by
the ARC3 protein [20]. How the individual FtsZ filaments
assemble into higher-order structures to form the chloro-
plast dividing Z-ring is not well understood. Some insight
has been gained from studies with FtsZ from prokary-
otes. Cryo-TEM tomography revealed that the Z-ring is
composed of short, partially overlapping protofilaments
[21]. In contrast, in vitro reconstitution with only FtsZ
and FtsA showed a continuous protofilament encircling
the constricted liposomes several times [22]. The con-
striction force is thought to result from either bending of
FtsZ protofilaments upon guanosine triphosphate (GTP)
hydrolysis [23, 24] or, as was proposed recently, may
involve protofilament slicling that is independent of GTP
hydrolysis [22]. GTP hydrolysis and dynamic turnover
are nevertheless essential for spatial regulation of Z-rings
by accessory proteins that also mediate remodeling of
FtsZ filaments into highly curved bundles and vortices
[25, 26].

In contrast to bacterial TtsZ, the in vitro assembled
plant FtsZl and FtsZ2 proteins did not show highly
curved filaments [17, 27], hinting that in chloroplast the
curvature and force for constriction could be gencrated
by other components of the division machinery, such as
the dynamin-related protein ARCS5 residing on the out-
side of the chloroplast envelope [28, 29]. The arrange-
ment of FtsZ protofilaments in the Z-ring in chloroplasts
and how they bend and proceed in chloroplast division
remains unknown. Highly curved, small ring-like FtsZ
assemblies, termed mini-rings, have been reported in
plant chloroplasts and studied by optical microscopy [3,
15, 30, 311. It is hypothesized that the structural signature
principles identified in these highly curved small assem-
blies may alse play a role in the actual Z-ring. In this
study, a detailed analysis of FtsZ mini-ring structure was
conducted using SIM and electron tomography in Arabi-
dopsis thaliana chloroplasts.

Methods

Plant material

Arabidopsis thaliana was chosen for this study as it is
an established model organism. The A. thaliana ccotype
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Columbia {Col-0) and the mutants used in this study
were obtained from the Arabidopsis Biological Resource
Center (ABRC;  http://www.arabidopsis.org):  arcé
(AT5G42480, CS286) and arci2 (At1G69390, CS16472).
Negative control plants were untransformed ftsZ22-1/2-2
double knockout plants [10]. The AtFtsZ2—mYFP con-
struct has been described previously [20]. Plants were
grown in Redi-Earth (SunGro Horticulture, Bellevue,
WA, USA) substrate in a rooftop greenhouse at a temper-
ature of 72 °C and a relative humidity of 62 %. Agrobacte-
rinm-mediated transformation of Arabidopsis wild-type
Col-0 plants and selection of the herbicide-resistant
seedlings were performed as described [4, 32].

Immunofluorescence labeling and optical microscopy

Leaf and shoot meristematic tissue was fixed, embed-
ded in Steedman’s wax, immunolabeled with anti-FtsZ2
antibody and documented by wide-field fluorescence
microscopy as described previously [4]. Live imaging was
performed using an Olympus FV1000 confocal micro-
scope {Olympus Scientific Solutions America, Waltham,
MA, USA) equipped with a 60x/1.2 water immersion
objective and a 515-nm laser for excitation. Prior to
imaging, a drop of perfluorodecalin [33] was placed on
the leaf tissue to remove air pockets from intercellular
spaces and ensure good optical quality. YFP fluorescence
was detected through a 535- to 575-nm bandpass filter,
while the chlorophyll autofluorescence was collected in
the 670- to 700-nm range. Sections from resin-embedded
tissue after HPF—FS were mounted in immersion oil and
imaged using a 1003</1.4 oil immersion objective.

For structured illumination microscopy, leaf tissue
was formaldehyde fixed under microwave irradiation,
a process that preserves both the structural detail and
the fluorescent protein signal [20, 34]. The tissue was
vacuum infiltrated with 3 % formaldehyde in phosphate-
buffered saline {PBS, 0.14 M NaCl, 2.7 mM KCl, 6.5 mM
Na,HPO,, 5 mM KH,PO,, 3.0 mM NaN,; pH = 7.3) and
incubated at room temperature for 30 min. It was then
fixed in a Pelco Biowave (Ted Pella, Inc., Redding, CA,
USA) laboratory microwave processor equipped with a
ColdSpot® temperature control system, with power set
to 250 W and a 6-min cycle (2 min on, 2 min off, 2 min
on). The temperature cutoff was set to 37 °C. The tis-
sue was then rinsed in PBS three times, with microwave
irradiation 1 min at 250 W power in each rinse and then
gradually infiltrated with 30, 50, 80 % v/v Glycerol in PBS
mixture, with microwave irradiation of 1 min at 250 W
power in each step. The tissue was then left in fresh 80 %
v/v glycerol/PBS at 4 °C overnight and then either sent
for imaging on the OMX microscope to GE Healthcare
(formerly Applied Precision, Inc. Issaquah, WA, USA)
or imaged on a Zeiss Elyra-S system. OMX imaging was

94



Johnson et al. Adv Struct Chem Imag (2015) 1:12

performed using a 100x/1.4 oil immersion objective,
excitation 488 nm, emission centered at 525 nm, and
voxel size 40 x 40 x 120 nm. Elyra-S imaging was per-
formed with a 63x/1.4 oil immersion objective and voxel
size 40 % 40 » 110 nm. Mini-ring diameter was meas-
ured using Image] software (http://imagej.nih.gov/ij/)
for mini-rings that were parallel to the XY plane. A line
intensity profile across the mini-ring was plotted and the
peak-to-peak distance, which corresponds to mini-ring
diameter, was determined from these plots.

Immunoblotting

Extracts from expanding leaves from approximately
5-week old plants were prepared, separated by SDS-
PAGE and analyzed by immunoblotting as described
[35]. Extract from approximately 1-mg fresh tissue was
loaded per lane. Immunodetection with affinity-purified
goat anti-peptide antibody, recognizing the residues
168 through 184 in AtFtsZ2-1 [35] was performed as
described in Johnson et al. [20]. Equal loading was con-
firmed by Ponceau S staining of the RuBisCO band on
membranes (0.1 % (w/v) Ponceau S in 5 % (v/v) acetic
acid).

High-pressure freezing (HPF)-freeze substitution (FS)

Transgenic plants 3—4 weeks old were prescreened using
a laser scanning confocal microscope for the presence of
FtsZ mini-rings prior to HPF. A small piece of leaf tissue
from ecither a plant expressing a FtsZ2-mYFP or from a
control plant lacking FtsZ2 proteins was extracted from
the base of young {20-30 mm) leaves using either a
2-mm-diameter biopsy punch or a scalpel and loaded into
a Type B 0.3-mm deep specimen carrier (Technotrade,
Manchester, NH, USA) filled with the cryoprotectant,
1-hexadecene (Sigma-Aldrich, Saint Louis, MO, USA).
The filled specimen carrier was covered with the flat side
of another specimen carrier. Subsequently, the specimen
carrier sandwich was immediately loaded into a specimen
carrier holder, inserted into the Wohlwend Compact 01
HPF machine (Technotrade, Manchester, NH, USA) and
cryoimmobilized at —190 °C and 204.5 MPa of pressure.
Afterward, the specimen holder was rapidly removed
from the HFP machine and plunged into a liquid nitrogen
(LN,)-filled chamber. The specimen carriers containing
the frozen hydrated samples were transferred under LN,
to the pre-chilled cryovials using pre-cooled tweerzers and
stored in LN, until further processing. The FS solution
used on the HFP samples was 4 % (w/v) uranyl acetate
(UA) dissolved in glass-distilled acetone (EMS, Hatfield,
PA, USA)} that was opened immediately prior to use. Steps
in the conventional as well as the quick frecze substitution
(QFS) procedure are outlined in Table 1. The QFS method

Table 1 Conventional FS and modified QFS procedures

Conventional FS
FS 1% UA/acoion)

=G C(7ahy
—A5°C 30y

Infiltration schedule (=25 °C)
Lowicryl-l IM20/acetore

Page3ofi12

Medified QFS

FS {1 % UA/acolane)

~16510 23 “Coverthe course of S h

Infiltration schedule (25
LR white/acetone

e

10% (5 k) 10% (13 1)
25% (16 1) 20% (3 h)
50 % (7.5 h} 30% 2 h)
75% (145 h) 409% (19 1)
1009 (65,19, 7 h) 509 (2 h)
60% (2 h)
70% (3 h)
80% (1 h)
0% (1 h)
1009 (15,2, 2 hy

" polymerization
—45°C {46 h)
20°C 48 h)

Polymerization
60 °C (24 h)

UA uranyl acetate, FS freeze substitution

is a modification of the protocol that was first described
by McDonald and Webb [36].

Microtomy and immunogeoeld labeling

Semi-thin (300 nm) sections were cut on a Reichert-Jung
Ultracut E microtome equipped with a diamond knife
and mounted onto silane-coated microscope slides for
light microscopy. Thin secticns (80—100 nm) were cut in
the same manner and picked up on uncoated nickel grids.
Thin sections were blocked with 4 % (v/v) cold water fish
gelatin {Sigma) in PBS in the Biowave microwave proces-
sor with power set to 250 W and a 2-2-2 cycle (2 min
on, 2 min off, 2 min on). The temperature cutoft was set
to 37 °C. The grids were reacted with monoclonal mouse
anti-GFP antibody (Millipore, Temecula, CA, USA)
diluted 1:500 in the PBS blocker, using the 2-2-2 cycle.
Grids were washed 2 x 1 min with PBS and 2 x 1 min
with Tris-buffered saline (TBS; 0.15 M NaCl, 20 mM
Tris—HCI pH 7.4), then blocked with 4 % (v/v) cold water
fish gelatin in TBS at 250 W using the 2-2-2 cycle. Grids
were incubated in a 1:30 dilution of donkey anti-mouse
IgG conjugated to 12-nm colloidal gold (Jackson Immu-
noResearch, West Grove, PA, USA) at 250 W with a
2-2-2 cycle. Grids were washed in TBS 3 x 1 min fol-
lowed by 3 x 1 min with deionized water, then reacted
with 1 % (v/v) glutaraldehyde for 5 min on the bench
before being washed for 3 x 1 min with deionized water
and dried on a slide warmer.
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Transmission electron microscopy and tomography

Grids were viewed in an FEI {Hillsboro, OR, USA) Tec-
nai'"" G2 F20 operated at an acceleration voltage of
200 kV and equipped with a dedicated Fischione (Export,
PA, USA) high-angle annular dark-field (HAADF) STEM
detector, a GATAN (Pleasanton, CA, USA) Tridiem
energy filter and a 2 k x 2 k GATAN Ultrascan 1000
CCD camera. Micrographs were recorded at calibrated
magnifications, leading to a sampling of 1.1 nm/pixel in
STEM and 0.39 nm/pixel in energy-filtered TEM mode.
Tilt series were acquired from —75° to +73° in 1° incre-
ments using the FEI Xplore3D™ software. Datasets were
reviewed using FEI Inspect 3D.

Reconstruction, segmentation and 3D rendering

All processing was performed in EM3D [37, 38]. Micro-
graphs from —50° to 50° tilt could effectively be used
yielding a total of 101 projections. Where gold fiducials
were not present, alignment was done using statistically
consistent features in the bhackground as fiducial mark-
ers. Aligned projections were reconstructed into a 3D
volume with 72 slices. 'The object edge on each slice was
defined by dots, and the spline option provided a smooth
edge for the connected dots. With filaments extend-
ing over 8-20 slices and with stacked regions, sudden
changes in features were defined as edges between fila-
ments. Segmented protofilaments were then colored and
rendered with 40 % saturation of isosurface value so as
not to smooth out surface modulations. Curvature meas-
urements were performed in Image] with the three-point
circular ROI plugin. The curvature was calculated as the
inverse of the circle radius (1/r).

Images for publication were adjusted for contrast using
Gimp 2.8. freeware (http://www.gimp.org) and multi-
panel figures assembled using Scribus ver. 1.4.2. freeware
(http://www.scribus.net).

Results and discussion

FtsZ rings and mini-rings

In wild-type mature plants, consistent with previous
reports [4, 9, 39], immunoflucrescence labeling with
an anti-FtsZ2 antibody showed FtsZ rings (Z-rings)
encircling the mid-chloroplast in leat mesophyll cells
(Fig. 1a). Meristematic cells that harbor smaller plastids
or proplastids contained much smaller Z-rings (Fig. 1b)
that also presumably encircled the plastid, but the shape
of these small plastids could not be determined from
the micrographs. Another type of FtsZ assembly, small
Z-rings, was often encountered in leaf mesophyll chlo-
roplasts under conditions described below. These circu-
lar FtsZ assemblies are not restricted to the mid-plastid,
their size is not dictated by the diameter of the plastid
and they measure reproducibly and significantly less
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than 1 pm in diameter. Some are so small that they are
only resolved as puncta in a standard light microscope.,
j.e., their diameter is <250 nm. These small circular
FtsZ assemblies have been termed FtsZ mini-rings or
mini-rings for short. The conditions under which they
are formed are varied and complex. Mini-rings have for
instance been observed in Arabidopsis wild-type back-
ground, moderately expressing FtsZ2-mYFP (Fig. lc),
wild-type background plants overexpressing FtsZ2-
mYFP (Fig. 1d) or in mutants lacking the Z-ring-stabiliz-
ing factors ARC6 [31] or MinE [30] (Fig. Le, f). Figure le,
f is particularly relevant as native, untagged FtsZ was
detected by a fluorescently labeled antibody. This means
that min-ring formation need not be considered an arti-
fact of fluorescent protein tagging.

Characterization of mini-rings by superresolution light
microscopy

SIM capable of analyzing samples at a resolution beyond
the Abbe limit [40] was chosen for a more detailed analy-
sis of mini-rings in FtsZ2—mYFP overexpressing plants.
The resolution of SIM images was estimated by meas-
uring full width at half maximum (FWHM} + SD of
linear FtsZ filaments. Data from the OMX microscope
provided a resolution of 118 & 11 nm {n = 28) laterally
and 354 &+ 26 nm {n = 27) axially. Ringing artifacts were
noted, probably due to aggressive image reconstruction.
Resolution in the Zeiss Elyra-S images was 138 + 13 nm
(n = 29} laterally and 547 £ 70 nm {n = 25) axially with
less pronounced processing artifacts. The latter images
also contained chlorophyll fluorescence channel suitable
for measurement of chloroplast size and volume. Nearly,
all of the small punctate structures were resolved as mini-
rings (Fig. 2a) with a mean diameter of 208 £ 68 nm
(n = 248) (Fig. 2b). The mean chloroplast volume was
determined as 660 + 450 pum® (n = 20) containing
between 10 and 16 rings in most cases with an occasional
surge up to 40—80. The increased resolution afforded by
SIM images allowed to resolve the mini-rings below the
diffraction limit and to investigate the spatial relationship
between circular and linear FtsZ assemblies. It was noted
that while some (32.2 %; n = 214) mini-rings appeared
to be isolated from other FtsZ assemblies, most (67.8 %;
n = 214) appeared to be terminally attached to FtsZ fila-
ments. Examples of mini-ring attachments to filaments
are shown in Fig. 2¢. The attachment of mini-rings to lin-
ear FtsZ filaments was previously observed by (1) immu-
nofluorescence labeling in the arcé mutant (S. Vitha,
unpublished), (2) in vivo time-lapse microscopy in the
Arabidepsis minE mutant [30] and (3) in yeast S. pombe
expressing bacterial FtsZ—GFP [41]. It has been proposed
that the mini-rings are formed by spooling the end of sin-
gle or multiple filaments [30, 41].

96



Johnson et al. Adv Struct Chem Imag (2015) 1:12 Page 5 of 12

Fig. 1 Fluorescence microscopy of FtsZ2 assemblies in situ. a, b Wide-field immunofluorescence micrograph of FtsZ2 in Z-rings (arrowheads) in
wild-type leaf chloroplasts {a) anc smaller-size Z-rings in cells of the apical meristem (b). Individual proplastids cannot be discerned in meristematic

at moderate {c) and high {d) levels. The arrowheads in ¢ denote Z-rings at mid-chloroplast. inserts in a, ¢, d depict immunohlots showing relative
les of the intrinsic, untagged FLsZ2 {marked by an asterisk) vs. FisZ2-fusion protein. e, f Immunolugoresc: calization of FLsZ2 in lea” meso-
phyll chloroplasts of mutants lacking MinE and ARCE oroteins, respectively. FtsZ mini-rings are indicated by arrows. The dashed fines in d—f denote
chloroplast shapes. Scale bars correspond to Sumina, € fand2 pminb
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Fig. 2 SIM maging of MsZZ-mYF mini-rings and filamentous assemblies in leaf mesophyll chlarcplasts. a Maxisnum intensity projection show-

ing both filaments and mini-rings in an enlarged leat chloraplast. The dashed line delineates the shape of the chloroplast. Some mini-rings appear
attached to the end of linear FtsZ filaments {arrows), while others are unattached larowheads). b Distribution of mini-ring diarmeters. € Optical sec
licns showing FLs7 mind rings conliguous wilh lincar FLs7 ilaments. Scade bars correspond (o5 pminaand T umine

HPF-FS for correlative imaging of plant chloroplasts

To investigate the mini-ring assemblies at macromolecu-
lar dimensions in situ, leaf samples had to be prepared
for electron microscopy. The ability to study-specific
molecular targets and their 3D organization by fluores-
cence microscopy and to subsequently explore the same
object in detail by electron microscopy sidesteps the limi-
tations of either technique. The challenge of plant tissue
and especially the localization of fluorescent proteins
inside chloroplast is quenching of the fluorescent pro-
tein signal and high tissue autofluorescence that can be
induced during sample preparation. The requirements
for sample preparation were (1} structural preserva-
tion, (2) maintaining specific fluorescence to aid correla-
tive light and electron microscopy, and (3) minimizing
the autofluorescence of the plant chloroplast. Initially,
methods employing isolation of intact chloroplasts, and
extraction and fractionation on density gradients [42]
were explored to obtain chloroplast division machiner-
ies. These attempts needed to be eventually abandoned
as they met with little to no success. Following on from
this, microwave-assisted aldehyde fixation of leaf tissue
followed by dehydration and resin embedding were pur-
sued. While live leaf tissue before embedding (Fig. 3a)
was characterized by an excellent signal-to-noise ratio
showing several mini-rings per chloroplast, semi-thin

section of embedded tissue exhibited a loss of YFP fluo-
rescence in combination with a substantial increase in
autofluorescence background (Fig. 3b) preventing the
detection of FtsZ2-mYFP assemblies. Ultimately, high-
pressure freezing in conjunction with freeze substitution
(HPF-FS) and embedding in acrylic resins led to a suc-
cessful preservation of the specific fluorescence signal
as well as an attenuation of autofluorescence. The QFS
procedure developed by McDonald and Webb [36] was
adapted to introduce time and cost savings. In keep-
ing with the main objectives, i.e,, maintaining signal and
minimizing fluorescence background, it was necessary to
modify the infiltration procedure. This entailed changing
the resin from Epon/acetone to LR White/acetone and
extending the infiltration to a more gradual protocol (see
“Methods”). FisZ-mYFP fluorescence within chloroplasts
was preserved and easily detected in semi-thin sections
(300 nm), and a low autofluorescence background was
maintained revealing both mini-rings and short linear
FtsZ assemblies (Fig. 3c). The lack of chloroplast-local-
ized FtsZ signals in sections from control tissue lacking
FtsZ2 (Fig. 3d) confirmed that the signals observed in
Fig. 3¢ were due to FtsZ2—mYFD.

The HPF approach offers to preserve organelles and
other cellular components by instantaneous stabiliza-
tion [43] in a manner superior to chemical fixatives [44].
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Fig. 3 Preservation o YFP fluorescence after resin embedding, a Wide-field flucrescence microscapy of live leaf tissue showing multiple Fts22—
mYFI® mini-rings per chloroplast. b Semi-thin section from aldehyde-fixed tissue embedded in LR White. Chloroplasts are recognized by the'r high
flusrescence background. e—d Sormi thin sections from leaf tissue subjected to HPF=FS and embedding in LRWhite. Chloroplasts are delincated

by dotted lines. € Punctate and short linear Fts72-mYFP assemblies in resin secticns, The area carrespending to the Righlighted square is shawn at
higher magnification in the insert where some of the assemblies are resclved as mini-rings {arrows). d Mutant plant lacking | 1522 proteins (negative

contiol). Scele bors reprosent 5 pmin a—d and 2 pmin the insert in €

Both acrylic resins used, Lowicryl HM20 and LR White,
proved capable of maintaining the fluorescent pro-
tein signal. This is in agreement with previous reports
where methacrylates, LR White or Lowicryl have been
employed in conjunction with plant and animal tissue
and veast cells [45-48].

In situ electron microscopy/tomography of chloroplast
mini-ring assemblies

Prior studies with prokaryotic FtsZ, which is closely
related to the plant FtsZ2 protein [5—7], showed the pres-
ence of small circular assemblies under certain in vitro
assembly conditions. Some were very small, measuring
approximately 25 nm in diameter and were termed mini-
rings [49, 50]. Under conditions of molecular crowding,
larger circular assemblies (~200 nm) termed mini-rings
or toroids were reported [51, 52]. The relevance of these
in vitro assemblies to the assembly of FtsZ in vivo is being
debated.

In the current study, both STEM and TEM imaging of
thin sections from resin-embedded tissue revealed small
circular structures (Fig. 4a, b, respectively) with a mean
diameter of 183 & 50 nm {n = 21), which is in excel-
lent agreement with the mini-ring diameter distribution
determined by SIM imaging (Fig. 2). In negative control
samples from FtsZ2-null mutant Arabidopsis, no circu-
lar assemblies could be observed. While mini-rings pre-
sented themselves as ‘solid’ rings by conventional light
microscopy as well as SIM imaging, much more complex
features were discernible by TEM and STEM. 'The rings
appeared to be made up of multiple strands and bun-
dles of various diameters and different degrees of order
(Fig. 4). In particular, it was noted that roughly half of
each ring was ‘tight, while the other half appeared some-
what frayed. In the STEM dark-field image (Fig. 4a),
because of the higher contrast when compared with the
TEM bright-field image (Fig. 4b), even individual strands
in a parallel packing arrangement between 10 and 12
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Fig.4 STEM and TEM of mini-ring assemblics in thin sections. Single imaages rom a lamographic Ll series are shown, a STEM dark-Neld image with
12 nrn gold Aducial markers Tndicated by arrows. B TEM oright fie d imaga depicting a different mini ring. Seale bars correspond ro 100 nm
.

oclock are readily discernible. To further decipher the
intrinsic architecture of these mini-rings and improve
the signal-to-noise ratio, tomography in conjunction
with 3D reconstruction was employed. With only 10-16
mini-rings per chloroplast (see above) and one thin sec-
tion of approximately 100 nm (the thickness of a chloro-
plast is between 5 and 10 pm corresponding to 50—100
thin sections) needing to harbor a mini-ring that is
located sufficiently central in a grid window not affected
by grid bars upon tilting the specimen and aligned par-
allel with the plane of the thin section, tomography-
compatible mini-rings were rarely encountered. While
the criteria for extended slab geometry in tomographic
reconstructions suggests in this case an isotropic 3D res-
olution of only around 4—5 nm, given the tilt angle range,
thickness and number of projections [53], the resolution
of a single section in projection is less constrained by
these parameters and thus may reveal detail not read-
ily available in the 3D rendering. This is demonstrated
in the section of a tomogram shown in Fig. 5. Surveying
the overall structural revealed a region with clearly sepa-
rated strands as highlighted by the boxed area (Fig. 5a).
Further magnifications of the area of interest (Fig. 5b,
¢) show clearly discernible linearly arranged densities
measuring 12.6 nm over three repeats making one repeat
4.2 nm along the axis and approximately 3 nm perpen-
dicular to it (strand thickness). Comparing the observed
density distribution with the overall structural charac-
teristics of an FtsZ protofilament (Fig. 5¢, f) suggests
that the observed strands correspond to protofilaments.
While single sections may show more details for small
regions of interest like those highlighted area in Fig. 5,
other regions in the mini-ring appear very disordered,

such as the entire right-hand side of the mini-ring. Here,
clearly discernible features may only stand out by taking
the entire 3D information into consideration. This was
achieved by tracking individual protofilaments through
3D space and subjecting the tomograms to segmenta-
tion, the results of which are shown in Fig. 6. A previous
tomography study revealed segments of FtsZ proto-
filaments during bacterial cell division and showed that
the Z-ring was composed of multiple parallel, relatively
short and overlapping protofilaments [21]. The present
data reveal that the FtsZ mini-ring has a more com-
plex, multilayered structure composed of many proto-
filaments: 49 have been counted for the mini-ring shown
(Fig. 6a).

On comparing the left-hand side (LHS) with the
right-hand side {RHS) of the ring, different degrees
of orders are observed echoing the trend already
observed before segmentation and rendering (Figs. 4,
5). The RHS shows a higher degree of unraveling and
entanglement, while the LHS is characterized by one
curvilinear bundle consisting of parallel protofilaments
surrounded by loosely interwoven filaments. Another
distinct difference between the LHS and RHS relates
to overall filament curvature. While the RHS of the
ring showed only a slight degree of curvature, the LHS’
curvature was on average threefold higher (Fig. 6b).
This suggests a correlation between protofilament
bundling and curvature. Upon closer inspection of the
3D reconstruction, it appears that the protofilaments
can participate in higher-order structures at three lev-
cls. (1) The primary level is characterized by the afore-
mentioned protofilaments. Distinct grooves delineate
the long axis of the protofilaments at around 4-nm
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indivicual ilamentous strands. b, € Zooming into the areas high

correspond to 100 nminaand 10nmin b

intervals and these filaments measurc approximately
3 nm across (Fig. 6¢). (2) Secondary-level structures
are represented by two protofilaments together twist-
ing around a central axis, thus creating quasi-double
helical structures. These structures have a pitch of
between 10 and 15 nm and a width of 7.6 nm (Fig. 6d).
These data are in good agreement with the 13.25-nm
pitch observed with double-stranded FtsZ protofila-
ments from Mpycobacterium tubercufosis [21]. (3) A
tertiary level of hierarchical structures is observed
when double helical structures intertwine into super-
helical assemblies, the example of which is depicted in
Fig. 6e. As a general trend for this particular mini-ring,
the higher-order structures dominate the RHS of the
ring while the more orderly structured LHS appears to
be more populated by protofilaments. Such a dichot-
omy points at a dynamics not reported previously. In
essence, the structure looks as if it presents a balance
between two states: a state of disassembly and one of
assembly. The latter could lead from an interwoven

Fig. 5 iolecular details in an | ts£ mini-ring strand. a Central section from a 30 tomodgraphic reconstruction of an in situ mini-ring revealing

ted shows periodic densities s part of an indivicuz! strand, d Contrast invertad
final enlargement of three periodic densities extencing over 12.6 nm witn a 4.2-nm repeat. Length scale, periodicity and shape are in excellent
agreement wilh the Xeray structure ol an FISZ protofilament in e Fitled atomic struciures ol individual FLsZ subunils are shown in green. Scale bars

and entangled arrangement to orderly layered strue-
tures. We speculate that if the tightly arranged fila-
ment bundles are disturbed, individual filaments may
be able to assume different higher-order structures
such as the ones described above.

While the mini-rings could be considered metasta-
ble as per the earlier reasoning, they may also serve in
this capacity as an energetically favorable way of proto-
filament storage. This would be particularly important in
times of high abundance of FtsZ such as that observed in
young, metabolically active cells. By virtue of their cur-
vature, they could also bestow the assembly with inher-
ent energy leading to pre-energized, ‘ready-to-assemble’
protofilaments for a more responsive supply of Z-ring
building blocks. The relatively high percentage of mini-
rings found attached to linear filaments corroborate such
an idea.

In a broader context, the presented data provide first
insights into the molecular architecture of plant FtsZ
assemblies in situ featuring bundling of filaments, a
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multilayered structure, differential protofilament curva-  depending on cytosolic components such as ARC5 [28,
ture as well as higher-order structures such as superhe-  29]. Perhaps, the propensity of FtsZ to curve is predicated
lices. While the curvature of plant FtsZ protofilaments on the features summarized above. On the other hand,
was not observed in vitro [17, 27], clearly the mini-rings  these features could also echo the dynamic remodeling
show that FtsZ is able to form curved assemblies without  that FtsZ assemblies are constantly undergoing [19, 20].
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Conclusions

1. Chloroplast division is highly complex and of societal
importance as the mechanisms underlying this pro-
cess also control the starch granule size.

2. FtsZ is a key protein of chloroplast division and this
report presents the first electron tomographic 3D
structure of plant FtsZ assembly in situ. The assembly
form presented here are the FtsZ mini-rings which
occur under defined physiological conditions.

3. Comparative SIM and EM imaging yiclded matching
mini-ring diameters. Combining light microscopy
screening with a detailed EM analysis via tomogra-
phy laid the foundations for the development of cor-
relative microscopy-compliant protocols involving
HPF and FS.

4. Assessment of resolution for the tomographic data

set according to the Crowther thecrem [53] only sug-
gests 4 to 5-nm resolution in the 3D reconstruction;
however, the resolution is much better in projection
as demonstrated by a comparison with X-ray data.
The latter led to the identification of protofilaments
in the tomogram. These protofilaments can also
assemble into higher-order structures such as deuble
helices and superhelical arrangements.
The data provide a glimpse into the dynamic life of
FtsZ assemblies. Electron microscopy and tomog-
raphy readily revealed a very dynamic picture of the
mini-rings highlighted by a bipartite structure split-
ting the ring into an ordered and less ordered half.
This implies that the rings may undergo dynamic
remodeling by providing FtsZ building blocks for
Z-ring assembly or a form of storage of protofila-
ments.
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