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ABSTRACT

BIOCHEMICAL ANALYSIS OF THE CHLOROPLAST DIVISION PROTEINS FTSZ1 AND FTSZ2
By

Bradley Jesse Stanford Carnahan Olson

Chloroplast division in plants is mediated by FtsZ1 and FtsZ2, which are
homologues of the bacterial cell division protein FtsZ. The bacterial FtsZ protein is
thought to be the progenitor to tubulin. FtsZ is a GTP-dependent, filament-forming
protein that encircles the bacterial division site. Similarly, plant FtsZ proteins encircle
the mid-plastid. Plant FtsZ1 and FtsZ2 family proteins differ primarily at their C-termini
with FtsZ2 proteins possessing a motif similar to those found in bacterial FtsZ that is
responsible for binding to other bacterial cell division factors. In plants, this motif has
been shown to bind to the chloroplast division protein ARC6, which may be involved in
FtsZ filament remodeling. The focus of this dissertation is on understanding the
composition of the in vivo FtsZ complex and understanding the function and topology of

FtsZ protofilaments.

To understand the composition of the FtsZ complex in vivo, FtsZ was purified
from pea stroma. Pea FtsZ1 and FtsZ2 co-fractionate with the chloroplast division
proteins ARC3 and ARC6 when separated by sucrose density gradient, anion-exchange
chromatography, size-exclusion chromatography and native polyacrylamide gel
electrophoresis. In addition, a ZipA-antibody cross-reactive protein was found to co-

fractionate with FtsZ1/FtsZ2/ARC3/ARC6-containing complexes. Data from these



experiments suggest that a minimal unit of FtsZ assembly is a complex containing FtsZ1,
FtsZ2, ARC3, ARC6 and protein that cross-reacts with an antibody to E. coli ZipA. The

identify of the ZipA cross-reactive protein was not able to be determined

Plant FtsZ2 contains a C-terminus similar to the ZipA-binding C-terminus of
bacterial FtsZ. However, ZipA has not been identified in plants. A structural search
algorithm was created find a chloroplastic protein that is structurally similar to ZipA or
to identify the protein that cross-reacts with the E. coli ZipA antibody. This algorithm
identified a strong ZipA candidate, Ssz1, which was found to be a stromal protein. A
homozygous ssz1 mutant has slightly fewer and enlarged chloroplasts. However, Ssz1
did not interact with FtsZ2 in the yeast two-hybrid assay. At this time Ssz1 can not be

definitively linked to a role in chloroplast division.

To understand the biochemical properties of plant FtsZ, recombinant FtsZ1 and
FtsZ2 were produced individually in E. coli. FtsZ1 and FtsZ2 were both found to be
GTPases, but had approximately 15-fold lower GTPase activity than E. coli FtsZ. When
mixed equally, FtsZ1 and FtsZ2 co-assemble into bundled ribbon-like structures. This
result differs from E. coli FtsZ, which only assembles into single protofilaments when
polymerized under similar conditions. Maximal FtsZ1/FtsZ2 co-assembly requires equal
concentration of both proteins. In addition, a T7-loop mutant, FtsZ2D322A, was found
to be a sub-stoichiometric competitive inhibitor of FtsZ1, but not FtsZ2. Together these

results support an FtZ1/FtsZ2 heterofilament model similar to off-tubulin.
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CHAPTER ONE

INTRODUCTION



Specific Aims

Chloroplast division in plants is mediated by FtsZ1 and FtsZ2, which are
homologues of the bacterial cell division protein FtsZ. The bacterial FtsZ protein is
thought to be the progenitor to tubulin, and is a GTP-dependent, filament-forming
protein that encircles the bacterial division site. Similarly, plant FtsZ proteins encircle
the mid-plastid. Plant FtsZ1 and FtsZ2 family proteins differ primarily at their C-termini
with FtsZ2 proteins possessing a motif similar to those found in bacterial FtsZ that is
responsible for binding to other bacterial cell division factors. In plants, this motif has
been shown to bind to the chloroplast division protein ARC6, which contains a Dnal-like
domain and may be involved in FtsZ filament remodeling, but it is unclear whether ARC6
forms a stable complex with FtsZ in vivo. The focus of this dissertation is on
understanding the composition of the in vivo FtsZ complex and understanding the

function and topology of FtsZ protofilaments.

The specific aims of this dissertation are:

Aim 1: Define the proteins that interact with FtsZ1 and FtsZ2 in vivo. FtsZ was
purified from pea stroma and the composition of proteins that interact with FtsZ were
defined. In Chapter 2, FtsZ levels were quantified in isolated Arabidopsis chloroplasts
and FtsZ1 and FtsZ2 were found at a constant ratio of ~1:2. FtsZ was partially co-
purified in a complex with the chloroplast division proteins ARC3 and ARC6 (chapter 2).

The complex also contained a protein recognized by an antibody against Escherichia coli



(E. coli) ZipA. A ZipA cross-reactive protein has been tightly linked to FtsZ-containing

complexes and is discussed in Chapter 4.

Plant FtsZ2 proteins contain a C-terminal motif conserved with bacterial FtsZ
(Figure 1.1). In bacteria, this motif specifically interacts with the bacterial cell division
protein ZipA, but ZipA homologues have not been identified in plants. In an attempt to
identify a putative ZipA-like protein, a structural search algorithm was created to derive
structural similarity by threading a database of proteins of unknown function into the
solved crystal structure of the FtsZ-interacting domain of ZipA. As discussed in Chapter
4, a strong candidate identified from this analysis, Ssz1, could not be definitively linked

to a role in chloroplast division.

Aim 2: To determine the topology of the FtsZ1/FtsZ2 protofilament and define the
biochemical properties of FtsZ1 and FtsZ2. Why do plants have two types of FtsZ, while
bacteria only use one type of FtsZ? In Chapter 3, FtsZ1 and FtsZ2 are produced
individually as recombinant proteins in E. coli, a significant technical advance. Because
FtsZ proteins are evolutionary progenitors of tubulin, one possible hypothesis is that
FtsZ1 and FtsZ2 have evolved in parallel into heterofilaments like tubulin. Despite both
FtsZ1 and FtsZ2 being GTPases, maximal FtsZ1/FtsZ2 co-assembly requires equal
concentration of both proteins, arguing for a heterofilament polymer topology.
Moreover, the longitudinal, T7-loop mutant FtsZ2D322A was found to be a competitive
inhibitor of FtsZ1, but not FtsZ2, further supporting an FtZ1/FtsZ2 heterofilament

topology.



Figure 1.1: Cartoon representation of sequence similarity between plant FtsZ1, FtsZ2,
bacterial FtsZ and a- and B-tubulin.

All proteins contain a glycine-rich N-terminal domain that binds GTP. All
proteins, except B-tubulin have all residues required for GTP hydrolysis in their T7-loops.
B-tubulin has a lysine substituted in its T7-loop that prevents hydrolysis in the a-subunit.
af-tubulin have C-terminal protease-sensitive extensions that bind regulatory proteins
such as MAP-Tau. Bacterial FtsZ and plant FtsZ2 have similar C-terminal extensions that
bind the cell division protein ZipA (Hale and de Boer 1997) and ARC6 (Maple et al. 2005),
respectively. FtsZ1 has a plant-specific C-terminal extension that has no known
interacting partner, but the entire FtsZ1 protein has been shown to interact with ARC3

in the yeast two-hybrid assay (Maple et al. 2005).
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Bacterial cell division is best understood in E. coli

The stromal chloroplast division machinery is derived from the cell division
machinery of the ancient cyanobacterial endosymbiont. Bacterial cell division is best
understood in the Gram-negative bacterium E. coli. Cell division mutant screening in E.
coli has been powerful for understanding the cell division mechanism of other bacteria
including the Gram-positive bacteria Bacillus subtilis (B. subtilis). While the division
mechanisms of E. coli and B. subtilis are similar, many functional details differ. Much of
the difference between E. coli and B. subtilis division probably is because B. subtilis can
undergo asymmetric cell division, termed sporulation. The division machinery of
cyanobacteria is not well understood, but contains components found in both Gram-
positive and Gram-negative bacteria and could represent a unique class of division
machinery (Miyagishima et al. 2005). Because chloroplast division is derived from
bacterial cell division, an understanding of bacterial cell division is essential for

understanding the stromal chloroplast division machinery.

FtsZ

Bacteria contain tubulin-like cell-division proteins, called FtsZ (Erickson 1995,
1997) that assemble into a ring at mid-cell just after DNA replication and immediately
before cell division. FtsZ contracts with the midcell division furrow as the cell-cycle
progresses (Addinall et al. 1996; Bi and Lutkenhaus 1990a, 1991; den Blaauwen et al.
2003; Harry et al. 1999; Lin et al. 1997; Regamey et al. 2000). FtsZ has been proposed to

be a scaffold for binding additional cell division proteins (Margolin 2000; Rothfield et al.



1999), but it also have been demonstrated to generate contractile force (Osawa et al.

2008).

Tubulin biochemistry

FtsZ is structurally and biochemically similar to tubulin despite sharing less than
10% sequence similarity. Due to a high degree of structural similarity (Léwe 1998; Lowe
and Amos 1998) both proteins are believed to share a common ancestor (Erickson 1995,
1997; Nogales et al. 1998a). Tubulin biochemistry is well understood and the
biochemistry of tubulin will be discussed as a foundation for understanding FtsZ

biochemistry.

The basic subunit of tubulin is a o3 dimer that are tightly bound and do not
dissociate. Because a- and B-tubulin monomers are unstable alone, chaperone
complexes assemble o-tubulin dimers. Imbalanced expression of either a- or B-tubulin
causes blocks in dimer assembly (Geissler et al. 1998; Hirata et al. 1998; Melki et al.
1996; Tian et al. 1999; Tian et al. 1996; Tian et al. 1997). Binding of GTP to o3-tubulin
dimers causes assembly into microtubules. Microtubules are composed of
longitudinally arranged, head-to-tail, repeating dimers of a3-tubulin that form
heterofilaments (Tian et al. 1996). Tubulin heterofilaments laterally associate into tubes

(Downing and Nogales 1998a, b, c; Nogales 2000).

Structures of aff-tubulin dimers have been generated to investigate how GTP
binding and hydrolysis regulate tubulin assembly into microtubules (Nogales 1999,

2000; Nogales and Wang 2006; Nogales et al. 1999; Nogales et al. 1998b; Sackett 1995).
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The N-terminus of a- and B-tubulin have a glycine-rich motif (GGGTGS/TG) called the
tubulin signature motif found in a series of antiparallel B-sheets called a Rossman fold
(Erickson 1995). The GTP binding characteristics of a- and B-tubulin differ in the ability
to exchange fresh nucleotide. a-tubulin has a non-exchangeable GTP binding site called
tﬁe N-site. The N-site is unable to exchange GTP because it is buried within the tight a/B
dimer interface that does not dissociate (Menendez et al. 1998). In contrast, in
unassembled tubulin the nucleotide binding site in the B-subunit is solvent-
exchangeable and termed the E-site. However, the E-site becomes non-exchangeable
when tubulin is assembled into filaments because of nucleotide burial in the interface
between the a- and B-subunits in the heterofilaments (Menendez et al. 1998; Nogales et
al. 1998a). FtsZ differs from tubulin because bound GTP is solvent-exchangeable within

assembled filaments (Nogales 2000).

GTP is only hydrolyzed in the E-site of B-tubulin (Nogales 2000; Nogales and
Wang 2006; Nogales et al. 1999; Nogales et al. 1998b). The GTP binding-site of B-
tubulin is only GTPase competent when assembled with a second aff-tubulin dimerina
heterofilament. In the B-subunit, GTP is hydrolyzed by the T7-loop of a-tubulin from the
second off-tubulin dimer. The T7-loop contacts the y-phosphate of the bound GTP,
completing the active site in trans with an a-subunit. The B-tubulin T7-loop and FtsZ T7-
loop have the consensus sequence GxxNxDxx(E/D) (L6we 1998; Lowe and Amos 1998;
Nogales et al. 1998a). In a similar manner, the N-site GTP bound to a-tubulin is
contacted by the T7-loop of the B-subunit within and individual a.f-tubulin dimer, but

the T7-loop of the B-subunit cannot promote GTP hydrolysis because its consensus is
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GxxNxDxxK, having a lysine substituted for an acidic residue (Nogales et al. 1998a). The
inability of a-tubulin to hydrolyze GTP stabilizes the a/B dimer interface, preventing

dissociation, and maintaining tubulin as a strict a/p dimer.

Because tubulin GTPase active sites are formed in trans, tubulin filament ends
are biochemically different. Microtubules grow quickly at their plus-ends and more
slowly on their minus ends. The plus end of af3-tubulin is always a B-subunit with its
exposed E-site bound to GTP. The plus end grows by binding to the T7-loop-containing
C-terminal interface of an incoming a-subunit dimerized with a B-subunit, thus re-
creating a new GTP-bound B-subunit on the plus side. In contrast, the minus-end
contains the T7-loops of a-tubulin, which are not GTP bound. Incoming ap-tubulin

dimers cannot assemble at the minus end; this process is kinetically unfavorable.

The minus end of a tubulin filament is composed primarily of a-tubulin. The
current model is that strong lateral contacts between a-subunits stabilize the minus end
(Nogales et al. 1999). In contrast, lateral interactions between B-subunits are strong
when GTP is bound, but weak when GTP is hydrolyzed to GDP (Derry et al. 1998;
Tanaka-Takiguchi et al. 1998). af-tubulin filaments are thus stable when the plus end is
bound to GTP (Derry et al. 1998; Tanaka-Takiguchi et al. 1998). GTP hydrolysis is not
required for tubulin assembly and the rates of GTP hydrolysis vary considerably in
different types of tubulin (Dougherty et al. 1998; Vandecandelaere et al. 1999), but
generally the GTPase activity of tubulin is slower than the rate of polymerization. Thus,

of3-tubulin plus-ends contain primarily GTP, but as the GTPase activity catches up with



polymerization, the polymer becomes prone to disassembly due to destabilized lateral
interaction between B-subunits at the plus-end in a process termed “dynamic
instability”. When examined by EM, destabilized GDP-bound B-tubulin subunits show
individual filaments curling away from the microtubule (Nogales 2000). Dynamic
instability of af-tubulin leads to an interesting assembly phenomenon called
treadmilling (Margolis and Wilson 1998; Waterman-Storer and Salmon 1998). If of-
tubulin lacks new incoming GTP-bound dimers to continue assembly, growth stops and
when all the GTP is hydrolyzes within the B-subunits, the microtubule disassembles.
However, in the presence of sufficient GTP, af-tubulin dimers released from the minus
end can exchange their hydrolyzed GDP for a new GTP and re-assemble at the plus end,
thus dynamically maintaining the tubulin polymer, a process called treadmilling.
Experimentally, fluorescently labeled tubulin added to treadmilling filaments will rapidly

traverse from the plus to minus end (Waterman-Storer and Salmon 1998).

Tubulin assembly is rate-limited at nucleation. /n vivo, tubulin is nucleated by
specialized complexes called “microtubule organizing complexes” (MTOCs). In vitro, a
high critical concentration (abbreviated as Cc) of tubulin is typically required to grow
microtubules (~7 uM). Stabilization agents such as DEAE-dextran or the microtubule
inhibitor taxol are often required to stabilize and promote tubulin assembly in vitro due
to the high tubulin Cc. The best-described MTOC is the y-tubulin ring complex (y-TURC).
v-TURC is a large, 2.2 MDa complex that can direcﬂy nucleate microtubules (Moritz et

al. 1995; Zheng et al. 1995). Recently, y-TURC was shown to accomplish this by directly



stabilizing a-tubulin at microtubule minus ends (Koliman et al. 2008) and is a key

regulator of tubulin polymerization in vivo.

Tubulin assembly is regulated by several types of microtubule-associated
proteins (MAPs). The best-characterized MAPs are MAP-Tau proteins, which promote
tubulin assembly. MAP-Tau proteins are unstructured, negatively charged proteins that
bind the positively charged C-termini of a3-tubulin (Chau et al. 1998) that are solvent
accessible in assembled microtubulies (Sackett et al. 1985). MAP-Tau likely inhibits GTP
hydrolysis by stabilizing the interaction between a-tubulin dimers and possibly
allosterically slowing the hydrolysis of GTP by an unknown mechanism (Chau et al.
1998). Finally, many microtubule-destabilizing proteins have been described. Katanin is
a microtubule severing factor essential for releasing microtubules from centrosomes
(Ahmad et al. 1999; Hartman et al. 1998; Lohret et al. 1998; McNally et al. 1996;
McNally and Thomas 1998). Katanin severs microtubules, releasing GDP-capped
microtubules from within assembled polymers that are unstable and rapidly
depolymerize. Stathmin is a tubulin depolymerization factor that promotes tubulin
disassembly by directly binding af-tubulin dimers to promote GTP hydrolysis by an

unknown mechanism (Belmont and Mitchison 1996 ; Howell et al. 1999 ).

E. coli FtsZ is structurally and biochemically similar to tubulin

FtsZ is key to initiating bacterial cell division. FtsZ binds and hydrolyzes GTP in a
glycine-rich motif near the N-terminus similar to the GTP-binding motif in tubulin (de

Boer et al. 1992a; Mukherjee et al. 1993; RayChaudhuri and Park 1992). The presence
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of a tubulin-like GTP-binding site in the N-terminus of E. coli FtsZ suggested FtsZ might

be a bacterial version of tubulin.

FtsZ polymerization and structure

FtsZ and tubulin only share ~10% sequence similarity, but evidence was growing
that FtsZ might be similar to tubulin. Supporting this hypothesis was the finding that
recombinant FtsZ forms multimers when separated by native PAGE (Mukherjee and
Lutkenhaus 1994). Electron microscopy of FtsZ in the presence of GTP shows long thin
filaments reminiscent of tubulin (Mukherjee and Lutkenhaus 1994). Moreover, use of
the non-hydrolysable GTP analogue GTPYS also results in FtsZ assembly, further
suggesting that, as in tubulin, GTP binding, but not GTP hydrolysis, is required for
assembly (Mukherjee and Lutkenhaus 1994). FtsZ assembly is protein concentration
dependent like tubulin assembly with a Cc of ~0.5-1 uM (Mukherjee and Lutkenhaus

1994).

The first structural link between FtsZ and tubulin came from 3D-reconstruction
of electron micrographs of tubulin and FtsZ. From this study, the structure of assembled
tubulin and FtsZ were found to have nearly identical structures and arrangement of
monomers within filaments (Erickson et al. 1996). However, the structural similarity
between bacterial FtsZ and tubulin was fully realized when Methanococcus jannaschii
FtsZ was crystallized and found to have a nearly identical structure to tubulin, despite
less than 10% sequence similarity (Ldwe 1998; Lowe and Amos 1998). Interestingly, the

primary difference between tubulin filaments and the proposed FtsZ filament model is
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that the FtsZ nucleotide-binding site is partially solvent-accessible while tubulin GTP
binding sites are non-exchangeable when polymerized (Léwe 1998; Lowe and Amos
1999; Nogales et al. 1998a; Small and Addinall 2003). Mechanistically, this means that
tubulin is only able to exchange GTP at its plus-ends, whereas FtsZ can maintain polymer

stability by exchanging GDP for fresh GTP within assembled filaments (Lu et al. 2000).

GTP-assembled FtsZ protofilaments are unstable in vitro and rapidly
depolymerize within 10-20 minutes (Mukherjee and Lutkenhaus 1999). The inclusion of
CaCl, and DEAE-dextran is typically required to stabilize protofilaments and promote
lateral bundling between protofilaments (Mukherjee and Lutkenhaus 1994, 1999;
Scheffers et al. 2000; Yu and Margolin 1997). CaCl, is used to stabilize FtsZ polymers
because it mimics MgCl,, which is required for GTP hydrolysis. Thus, CaCl, stabilizes FtsZ
filaments because it is a competitive inhibitor of GTP hydrolysis. The advantage of CaCl,
stabilization of FtsZ polymers is that the effect is reversible by chelating CaCl, with
EGTA. The mechanism by which DEAE-dextran promotes FtsZ polymerization and

bundling is unknown.

The polymerization dynamics of E. coli FtsZ can be measured in real time by 90°
light scattering (Mukherjee and Lutkenhaus 1999). This technique utilizes a
spectrofluorimeter with excitation and emission monochromators set at 350 nm, and
detects the diffraction of light at a 90° angle using a narrow slit width. 90° light
scattering has the advantage that it tolerates high protein concentration, but due to the

wavelength of light used for diffraction it can only detect filaments larger than short
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oligomers. FtsZ nucleation into dimers is not detectable with this technique (Mukherjee
and Lutkenhaus 1999). Despite this limitation, light scattering has proven to be a
powerful technique for monitoring FtsZ polymerization in real-time (Mukherjee and

Lutkenhaus 1999).

EM has shown that GTP-FtsZ forms single, long, straight filaments that can
laterally associate to form sheets in the presence of the stabilizing DEAE-dextran
(Erickson et al. 1996; Lu et al. 2000; Mukherjee and Lutkenhaus 1994). Assembly of FtsZ
stimulates GTP hydrolysis by the completion of the active site in trans similar to tubulin
(Scheffers and Driessen 2001; Scheffers et al. 2002; Wang and Lutkenhaus 1993).
Following GTP hydrolysis and y-P; dissociation, GDP-FtsZ polymers adopt a curved
conformation that is believed to be less stable than straight filaments, leading to rapid

disassembly (Erickson and Stoffler 1996; Lu et al. 2000; Romberg et al. 2001).

E. coli FtsZ GTP hydrolysis drives depolymerization

GTP binding promotes FtsZ assembly into filaments, but GTP hydrolysis is not
required for polymerization since GTPase inhibitors such as GTPYS and CaCl, promote
polymerization. This suggested that GTP hydrolysis promotes depolymerization of FtsZ
filaments similar to the regulation of tubulin stability. The structural similarity between
FtsZ and tubulin predicts that the association of two monomers would complete FtsZ
active sites. This hypothesis is supported by the conserved GxxNxDxx(D/E) motif in the
T7-loop of bacterial FtsZ. To test if an FtsZ GTPase active site is formed in trans,

Scheffers et al. created a series of T7-loop mutations in E. coli FtsZ that were tested for
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GTPase activity with the wild-type protein. The T7-loop mutants were found to be sub-
stoichiometric competitive inhibitors of GTP hydrolysis and polymerization but did not
affect GTP binding (Scheffers et al. 2002). Moreover, these mutants did not interfere
with the ability of FtsZ to assemble into cell division rings when expressed at low levels
in vivo, but when expressed at high levels block cell division (Redick et al. 2005). These
results confirmed that FtsZ has an active site composed of two monomers and is

mechanistically similar to tubulin.

The GTPase activity of FtsZ is ~50-times faster (Huecas et al. 2007b; Romberg
and Mitchison 2004) than that of MAP-free tubulin (David-Pfeuty et al. 1977). Within
~10 min. of polymerization in vitro, E. coli FtsZ filaments begin to rapidly disassemble
(Mukherjee and Lutkenhaus 1999) as the ratio of available GTP/GDP is reduced (Small
and Addinall 2003). This leads to the question, how are FtsZ polymers maintained with
a fast GTPase activity? A key difference between tubulin and FtsZ is nucleotide binding.
Once tubulin polymerizes, the bound nucleotide can no longer be exchanged for free
GTP in solution. Because tubulin has a slow GTPase activity, polymerization can
continue for a significant period until the GTPase activity catches up with the polymerin
a process called “dynamic instability”. However, FtsZ maintains polymer stability by
exchanging nucleotide within assembled protofilaments (Mingorance et al. 2001; Small
and Addinall 2003). Thus, instead of re-assembling FtsZ plus-ends, FtsZ regenerates
straight, stable polymers by directly exchanging nucleotide within the polymer (Figure

1.2). Because FtsZ polymers can exchange nucleotide, FtsZ is sensitive to the ratio of
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GTP/GDP. High GDP concentration favors FtsZ depolymerization (Small and Addinall

2003).

FtsZ filaments contain mostly GDP and the hydrolyzed y-P; (Scheffers and
Driessen 2002). Polymerized FtsZ is able to exchange hydrolyzed GDP+P; for GTP unlike
polymerized tubulin, where the nucleotide is non-exchangeable (Huecas and Andreu
2004; Huecas et al. 2007a; Huecas et al. 2007b; Romberg and Levin 2003; Scheffers and
Driessen 2002; Small and Addinall 2003). Although FtsZ and tubulin crystal structures
are similar, there are considerable differences in the active site. Notably, in the
interface between monomers adjacent to the bound GTP in FtsZ is the T3-loop that
makes contact with the GTP y-phosphate. In tubulin, the T3-loop prevents nucleotide
exchange with solvent, but in FtsZ, the T3-loop is shorter and allows solvent access to
the nucleotide (Diaz et al. 2001). In FtsZ, loss of the y-P;after GTP hydrolysis causes
displacement of the T3-loop away from the nucleotide binding site and likely induces
protofilament curvature (Diaz et al. 2001). This conformation is believed to be less
stable than straight protofilaments (Diaz et al. 2001; Erickson and Stoffler 1996; Erickson
et al. 1996; Huecas and Andreu 2004; Mukherjee and Lutkenhaus 1994, 1998; Oliva et

al. 2004) and ultimately leads to depolymerization (Figure 1.2).

Cooperative assembly of bacterial FtsZ

FtsZ was initially thought to assemble isodesmically because it assembles into
single filaments even though FtsZ has an apparent Cc for assembly, which does not

support isodesmic assembly (Gonzalez et al. 2005; Romberg et al. 2001). Dimerization
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of GDP-FtsZ requires GTP (Rivas et al. 2001; Rivas et al. 2000), while GDP-FtsZ
dimerization and assemble is kinetically disfavored (Huecas and Andreu 2004). Like
tubulin, the emerging model of FtsZ polymerization suggests the minimal subunit for
assembly is a dimer (Chen and Erickson 2005). Despite FtsZ only forming single-
stranded filaments (which predicts isodesmic assembly)(Gonzalez et al. 2005; Romberg
et al. 2001) FtsZ assembles cooperatively (Caplan and Erickson 2003; Chen et al. 2005;
Huecas and Andreu 2003; Huecas et al. 2007a). The precise mechanism of FtsZ
cooperative assembly is still unclear, but recent work suggests that conformational
switches within FtsZ upon polymerization may self-stabilize protofilaments (Huecas et

al. 2007a; Huecas et al. 2007b).

Model of FtsZ polymerization

In vitro, unassembled FtsZ is GDP-bound. When GTP is available, FtsZ rapidly
exchanges nucleotide, forming GTP-FtsZ (Figure 1.2A). GTP-FtsZ cooperatively
assembles into protofilaments (Figure 1.2B) with a rate of ~0.5 uM sec! (and an off rate
of 1.2 sec’?) (Huecas et al. 2007b). However, there is evidence that FtsZ is assembled
from dimers of FtsZ and not monomers (Chen et al. 2005; Huecas et al. 2007a). If FtsZ is
indeed assembled from dimers, this explains why single-filament FtsZ assembly is
cooperative (Chen et al. 2005; Huecas et al. 2007a; Rivas et al. 2001; Rivas et al. 2000;
Romberg et al. 2001; Sossong et al. 1999)(Figure 1.2). Within protofilaments GTP
hydrolysis is ~0.13 sec™* (Figure 1.2C) and is the rate limiting step of the polymerization

cycle (Romberg and Mitchison 2004).
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Figure 1.2: Model of the assembly dynamics of E. coli FtsZ.

This model is adapted from (Huecas et al. 2007b; Romberg and Levin 2003;
Romberg and Mitchison 2004). FtsZ molecules are indicated by circles and the
nucleotide-bound state of bacterial FtsZ is indicated by “T” for GTP, “DPi” for GDP-Pi,
and “D” for GDP. (A) GDP/GTP exchange in monomers is fast in solution. (B) GTP-FtsZ
dimers rapidly assemble into straight protofilaments. (C) After GTP hydrolysis, FtsZ
filaments are GDP-Pi-FtsZ bound and still straight and (D) Pi release is rapid. (E)
Protofilaments can be maintained as straight polymers by a relatively slow nucleotide
exchange within the polymer. (G) FtsZ protofilaments are believed to laterally associate,
but it is unknown how this affects FtsZ kinetics since laterally associated FtsZ is not
observed in vitro. (F) Curved GDP-FtsZ is unstable and rapidly disassembles. (H) GTP-
FtsZ can also presumably laterally associate, but this has not been demonstrated under

physiological conditions.
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Following hydrolysis, FtsZ is in the GDP-P-FtsZ state and P; release has a rate of 0.1 sec™
(Figure 1.2D)(Huecas et al. 2007b; Romberg and Mitchison 2004); P; release results in
FtsZ curved filaments, which rapidly disassemble (Romberg et al. 2001). Polymerized
filaments disassemble when the y-P; dissociates, leaving FtsZ GDP-bound, with a rate of
~2.6 sec’ (Figure 1.2F)(Huecas et al. 2007b). However, GTP can exchange within the
assembled filament to maintain the assembly (Figure 1.2E)(Lu et al. 2000; Mingorance et
al. 2001; Romberg and Mitchison 2004). Bundling of bacterial FtsZ is believed to occur,
but has not been observed under physiological conditions and it is unclear how lateral

association between FtsZ filaments would affect polymerization kinetics (Figure 1.2G).

Regulation of Z-ring assembly and placement

Nucleoid occlusion positions the Z-ring in bacteria

Z-ring assembly is negatively regulated by the presence of the bacterial nucleoid.
In order for the cell division apparatus to assemble at mid-cell the nucleoid must be
duplicated and separated toward the poles, which leaves a small nucleoid-devoid furrow
in the middle of the cell where FtsZ can assemble (Rothfield et al. 2005; Woldringh et al.
1990). The nucleoid occlusion model predicts the presence of a Z-ring inhibitory factor
that uniformly binds the nucleoid. Recently, SImA and Noc were found to be DNA
binding proteins required for cell-division (Bernhardt and de Boer 2005; Marston et al.
1998). Double SImA/Noc mutants are lethal, suggesting both have critical roles in cell

division. Both SImA and Noc are located to the polar side of the nucleoid. SImA and Noc

19



are predicted to be FtsZ inhibitors, but biochemical roles in Z-ring assembly have not

been described.

Positioning of the Z-ring by the MinCDE system

The position of the Z-ring at mid-cell is controlled not only by nucleoid occlusion,
but also by a system of three proteins, MinC, MinD and MinE, collectively termed the
Min system. Mutations in components of the Min system result in “mini” cells from
improper placement of the Z-ring (de Boer et al. 1989a, 1992b). Because the cells divide
before the nucleoid is properly segregated, they are typically anucleate (de Boer et al.
1989a, 1992b). Min proteins are found in Gram-negative (e.g. E. coli) and Gram-positive
bacteria (e.g. B. subtilis) as well as cyanobacteria (Mazouni et al. 2004) and homologues

of MinD and MinE, but not MinC, are found in plants (Aldridge et al. 2005).

MinC is a direct inhibitor of FtsZ assembly (Hu et al. 1999; Levin et al. 2001;
Marston and Errington 1999; Pichoff and Lutkenhaus 2001). However, MinC lacks
spatial site selection. MinC heterodimerizes with the membrane recruitment factor
MinD (Hu and Lutkenhaus 1999; Raskin and de Boer 1999a, b). The balance between
MinCD heterodimers and FtsZ is essential for proper cell division. For example, hyper-
accumulation of MinC leads to blocked cell division, which can be overcome by an
overproduction of FtsZ (Bi and Lutkenhaus 1990b; Justice et al. 2000; Levin et al. 2001).
MinC is composed of two domains; the N-terminal domain directly inhibits FtsZ

assembly (Hu and Lutkenhaus 2001). The N-terminus of MinC is connected by a linker to
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the C-terminal domain that heterodimerizes with MinD (Cordell et al. 2001; Hu and

Lutkenhaus 2000; Szeto et al. 2001).

MinE is a topological specificity factor for MinCD. MinE restricts the FtsZ-
inhibitory activity of MinCD to the poles in E. coli (Fu et al. 2001; Hu and Lutkenhaus
1999; Raskin and de Boer 19993, b; Rowland et al. 2000) by forming a MinE-ring that
caps MinCD to the polar region (Fu et al. 2001; Hale et al. 2001; Raskin and de Boer
1997; Shih et al. 2002). MinE rapidly cycles between the poles of the E. coli cell, rapidly
assembling and disassembling with a periodicity of approximately 1-2 min (Raskin and
de Boer 1999b). Assuming a simple oscillator model for pole-to-pole movement of
MinCDE would result in a time averaged accumulation of MinCDE at the poles (Rothfield
et al. 2005), suggesting that the determinant for polar localization is dependent upon

intrinsic assembly properties of MinE, although direct evidence of this does not exist.

Gram-positive bacteria such as B. subtilis lack MinE and instead use DivIVA to
recruit MinCD to the poles. MinE dynamically oscillates between the cell poles, whereas
B. subtilis DivIVA is statically localized to the cell pole (Edwards et al. 2000). DivIVA is
believed to be targeted specifically to a lipid or protein domain at the cell pole

(Rothfield et al. 2005), thus explaining its static polar localization.

ZipA and FtsA organize and anchor the Z-ring at the membrane

In bacteria, FtsZ proteins are anchored to the membrane by two proteins, ZipA
and FtsA,; the latter is in the same structural super-family as actin/HSP70 proteins (Bork

et al. 1992; van den Ent and Lowe 2000). Both ZipA and FtsA interact with the extreme
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C-terminus of E. coli FtsZ (Addinall and Lutkenhaus 1996; Hale and de Boer 1999; Hale
and de Boer 1997; Haney et al. 2001; Liu et al. 1999; Wang et al. 1997; Yan et al. 2000)
and anchor the FtsZ ring to the inside of the cell membrane (Hale and de Boer 1997).
Both FtsA and ZipA are required for interaction with downstream cell division proteins
(Pichoff and Lutkenhaus 2002). The crystal structure of ZipA complexed with the
carboxyl terminus of FtsZ has been solved (Mosyak et al. 2000). Based on the
quaternary structure of tubulin (Li et al. 2002) the ZipA/FtsZ interacting domain is
believed to stick out of FtsZ polymers (Léwe 1998; Lowe and Amos 1999). Despite the
conservation of the ZipA/FtsZ binding motif in FtsZ2 (Figure 1.1), neither ZipA nor FtsA

have been identified in plants, but both functions are essential to bacterial cell division.

ZapA

ZapA promotes the assembly of FtsZ and is found in many bacteria, but is not
essential for proper cell division (Gueiros-Filho and Losick 2002). ZapA was identified in
B. subtilis by a novel genetic screen. Constitutive overexpression of MinD results in loss
of topological specificity of MinC, an FtsZ assembly inhibitor, inhibiting Z-ring assembly
throughout the cell. This MinD overexpressor was transformed with an overexpression
library and screened for cell lines that were able to overcome the constitutive block in
FtsZ assembly and would thus be FtsZ assembly factors (Gueiros-Filho and Losick 2002).
This screen resulted in the identification of ZapA, (yshA) which is a relatively short
protein (85 amino acids) and was found to co-localize to Z-rings. ZapA is required for

proper cell division only in the absence EzrA and DivIVA, both of which regulate Z-ring
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dynamics (Gueiros-Filho and Losick 2002). ZapA has a functionally equivalent ortholog

in E. coli called YgfE (Small et al. 2007).

EzrA

EzrA is found only in Gram-positive bacteria such as B. subtilis and is a negative
regulator of Z-ring assembly. Loss of EzrA function results in Z-rings that mis-localize to
the cell pole (Levin et al. 1999). EzrA contains a transmembrane domain that localizes it
to the cell membrane, but EzrA is also associated with the Z-ring. The GTPase activity of
FtsZ is slightly enhanced by EzrA, even though GTP binding is reduced (Chung et al.
2007). EzrA destabilizes Z-rings by interacting with the C-terminus of FtsZ near the
conserved C-terminal motif, suggesting EzrA is a negative regulator of FtsZ. Thus a
working model is that FtsA, a positive regulator of assembly, and EzrA compete to

regulate Z-ring formation (Singh et al. 2007)(Gram-positive bacteria do not have ZipA).

SulA

SulA is a negative regulator of FtsZ assembly that is not essential for proper cell
division. SulA prevents cell division in response to various cell damage signals
(Higashitani et al. 1997; Huang et al. 1996; Justice et al. 2000; Mukherjee et al. 1998).
SulA is interesting because it blocks FtsZ assembly by binding the T7-loop, or the
hydrolysis loop, effectively acting as a filament cap by preventing the addition of new
GTP-bound subunits. The effect of SulA can be mimicked by mutating the T7 loop,
which blocks GTP hydrolysis but not GTP binding (Redick et al. 2005; Scheffers et al.
2002).
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Chloroplast Division

Ultrastructural observations of chloroplast division

Electron microscopy of fixed plant and algal chloroplasts has been a powerful
tool for observing the ultrastructure of dividing plastids. These experiments have
identified electron dense rings, termed PD rings. An inner PD-ring is found adjacent to
the stromal side of the inner-envelop membrane (IEM). A outer PD-ring is found on the
cytosolic side of the outer-envelope membrane (OEM)(Leech et al. 1981). An inter-
membrane space localized middle PD-ring has also been observed, but only in the alga
Cyanidioschyzon merolae (Miyagishima et al. 2001a). It is unknown if plants also have a

middle PD-ring.

After the discovery of stromal FtsZ rings in chloroplasts (discussed below) (Vitha
et al. 2001) a logical hypothesis was that the inner PD-ring is composed of FtsZ, but it
was later found that the FtsZ ring assembles much earlier. Additionally, the inner PD-
ring is probably dependent on FtsZ assembly at mid-plastid (Kuroiwa et al. 2002;
Miyagishima et al. 2001a). FtsZ probably assembles before of the inner PD-ring, which
in turn promotes assembly of the middle PD ring (in C. merolae) and finally the outer
PD-ring assembles at the site of chloroplast division. The inner and middle PD-rings
disassemble after constriction and prior to completion of fission (Miyagishima et al.
2001a), but the outer ring stays intact through completion of division. The composition

of the PD-rings is still unknown. Preliminary biochemical studies of the outer PD-ring
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found it to be composed of a ¥56 kDa filament forming protein with an unknown

sequence or identity (Miyagishima et al. 2001b).

The stromal chloroplast division machinery

FtsZ

Supporting the endosymbiotic origin of chloroplasts (Gray 1993) was the finding
that plants contain chloroplast-targeted homologues of the bacterial cell division
protein FtsZ (Osteryoung et al. 1998; Osteryoung and Vierling 1995). Bacteria typically
have one type of FtsZ, but plants have two phylogenetically distinct families of FtsZ,
FtsZ1 and FtsZ2. Arabidopsis contains three nuclear-encoded FtsZ genes: one FtsZ1
gene, AtFtsZ1-1, and two FtsZ2 genes, AtFtsZ2-1 and AtFtsZ2-2. In Arabidopsis, AtFtsZ2-
1 and AtFtsZ2-2 are genetically redundant (Aaron Schmitz, unpublished observation).
All three Arabidopsis FtsZs are targeted to the chloroplast stroma by cleavable transit
peptides (McAndrew et al. 2001; McAndrew et al. 2008). FtsZ1 may associate with
thylakoids early in development (El-Kafafi et al. 2008). Plant FtsZ2 proteins are more
similar to bacterial FtsZ proteins and have the conserved C-terminal motif (Figure 1.1)
that in bacteria binds to ZipA and FtsA. In plants, the FtsZ2 C-terminal motif binds to the
chloroplast division protein ARC6 (Maple et al. 2005) through a discrete portion of ARC6
that may be structurally similar to the FtsZ binding domain of ZipA (Jonathan Glynn,
unpublished). FtsZ1, which lacks this conserved domain, does not bind ARC6 (Maple et
al. 2005). In contrast to FtsZ2, FtsZ1 proteins have shorter C-termini and there are no

known proteins that bind FtsZ1 C-termini. However, FtsZ1 is distinguished from FtsZ2 by
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specifically binding the chloroplast division protein ARC3, but not ARC6 (Maple et al.

2005).

In E. coli, blocked cell division, such as caused by mutations in FtsZ, results in
long, filamentous, multinucleate cells with evenly spaced Z-rings (Addinall et al. 1996).
Blocked chloroplast division results in fewer enlarged chloroplasts (Osteryoung et al.
1998; Osteryoung and Vierling 1995; Stokes et al. 2000). Loss of function or
overexpression of any of the three Arabidopsis FtsZ genes leads to blocked chloroplast
division, which suggests stoichiometric interaction between the FtsZ proteins may be

important for function (Osteryoung et al. 1998; Stokes et al. 2000).

Similar to bacterial FtsZ, plant FtsZ proteins are localized to rings at mid-plastid
that encircle the site of division on the stromal side of the IEM of the chloroplast (Vitha
et al. 2001). Moreover, using double-stain immunofluorescence microscopy, FtsZ1 and
FtsZ2 are found precisely co-localized (within the resolution limit of
immunofluorescence microscopy) to the same division rings at mid-plastid (Vitha et al.
2001). FtsZ rings have been found to be remodeled in less than 30 sec (Vitha et al.
2005) similar to the dynamics of E. coli FtsZ in vivo (Stricker et al. 2002). Disruption of
FtsZ levels leads to defects in FtsZ-ring morphology (Vitha et al. 2001). Loss of FtsZ1
function results in long disorganized FtsZ2 filaments throughout the chloroplasts,
whereas the loss of FtsZ2 results in short disorganized FtsZ1 filaments in the plastid

(Stokes et al. 2000; Vitha et al. 2001; Yoder et al. 2007). Because the FtsZ2-interacting
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protein ARC6 (discussed below) may promote FtsZ2 organization, it is unclear if the long

FtsZ2-filaments are a property of FtsZ2, or a result of ARC6 promoting FtsZ2 assembly.

ARC6 is a homologue of Ftn2

ARC6 was identified as having a role in chloroplast division in a series of T-DNA
insertion lines with enlarged chloroplasts. In arc6 mutants, plants typically have only
one enlarged chloroplast that takes up much of the available cytosolic volume (Pyke and
Leech 1994). The gene encoding ARC6 was identified as a homologue of the
cyanobacterial cell division gene Ftn2 (Koksharova and Wolk 2002) found in the arc6
mapping interval (Vitha et al. 2003). ARC6 is a transmembrane protein that contains an
N-terminal Dnal-like co-chaperone motif, which is in the chloroplast stroma, while the

C-terminus extends into the intermembrane space.

ARC6 has been found to interact specifically with the conserved C-terminal motif
found in plant FtsZ2 proteins, but not FtsZ1 family proteins (Maple et al. 2005).
Immunolocalization of FtsZ in the arc6 mutant shows disorganized Z-filaments
throughout the entire plastid, but the lines overexpressing ARC6 have hyper-stabilized
Z-filaments that form spirals at mid-plastid, suggesting ARC6 organizes and stabilizes Z-
rings (Vitha et al. 2003) by binding the C-terminus of FtsZ2 (Maple et al. 2005;

McAndrew et al. 2008).

AtMinD and AtMinE
Chloroplasts have homologues of MinD and MinE, but lack an obvious

homologue of MinC. Because not all bacteria use the Min system, the functional
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consequences of missing MinC are unknown (Barak and Wilkinson 2007; Lutkenhaus
2007; Margolin 2002; Rothfield et al. 2005). MinD and MinE were first found in plants
by BLAST searches (Colletti et al. 2000; Itoh et al. 2001; Maple et al. 2002). In the
plastid, MinD and MinE specify proper symmetric division of the plastid and loss of MinD
or overexpression of MinE leads to asymmetric plastid division, resulting in
heterogeneous plastid sizes. As in bacteria, the opposite experiment of overexpression
of MinD or loss of MinE results in blocked plastid division (Colletti et al. 2000; Fujiwara

et al. 2004; Maple et al. 2002).

AtMinD has been reported to bind and hydrolyze ATP like its bacterial
counterpart (Hu and Lutkenhaus 2001), and is stimulated by AtMinE (Aldridge et al.
2005). In bacteria, MinD and MinE homodimerize and heterodimerize together and the
same is true for AtMinD and AtMinE, suggesting functional conservation (Maple et al.
2005; Maple and Moller 2007b). In vivo, the mutant arc11 has a mutation in the AtMinD
dimerization motif resulting in misplacement of the division furrow and
heterogeneously-sized and multiply constricted chloroplasts (Fujiwara et al. 2004) again
suggesting the Min system is functionally conserved in chloroplast division. However,

many functional details of the Arabidopsis Min system remain unknown.

ARC3
ARC3 was identified in a mutant screen for plants with fewer enlarged
chloroplasts (Pyke and Leech 1994) and the arc3 mutation was cloned by map-based

cloning (Shimada et al. 2004). The N-terminus of ARC3 contains an FtsZ-like, glycine-
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rich, GTP binding domain and a eukaryotically derived C-terminal repeat MORN
(membrane occupation and nexus) motif followed by a domain similar to a phosphatidyl
inositoyl-5-phosphate kinase (PIP-5K) domain. However, biochemical activity of these
domains has not been described. Moreover, the PIP-5K domain lacks key residues
required for catalytic activity (Maple et al. 2007). ARC3 localizes to a mid-plastid ring
(Shimada et al. 2004) and specifically interacts with FtsZ1, but not FtsZ2 proteins (Maple
et al. 2007) and can be partially purified in a salt-stable complex with FtsZ1, FtsZ2 and
ARC6 (McAndrew et al. 2008). Curiously, immunofluorescence labeling of FtsZ in arc3
mutants shows multiple parallel Z-rings (Glynn et al. 2007) and multiple parallel division
furrows (Maple and Moller 2007a, b). This suggests a role for ARC3 in Z-ring positioning
similar to that of MinC, although its mid-plastid localization by immunofluorescence
suggest that ARC3 positioning of Z-rings is mechanistically different than that of MinC
(which is polar localized in bacteria). However, the biochemical effect of ARC3 on plant

FtsZ filaments is unknown.

AtSulA/GC1

In response to DNA damage in bacteria, FtsZ filaments are capped and
depolymerized by the cell division inhibitor SulA. A weak homologue of SulA, AtSulA
(also called GC1) has been identified in plants (Maple et al. 2004; Raynaud et al. 2004a).
AtSulA is a transmembrane protein that does not assemble into a ring at mid-plastid
(Maple et al. 2004). In contrast to other chloroplast division proteins, AtSulA does not
form rings or other sub-plastidic localized structures, but instead is found diffusely

throughout the IEM. Loss of AtSulA leads to blocked chloroplast division, but it is
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unclear if overexpression leads to blocked chloroplast division (Maple et al. 2004;
Raynaud et al. 2004a). Bacterial SulA proteins interact with FtsZ to block the GTPase
activity by capping Z-filaments blocking incoming subunits to complete a trans-GTPase
active site(Bi and Lutkenhaus 1993). However, AtSulA does not interact with either
FtsZ1 or FtsZ2 in yeast-two-hybrid assays and no other functional information exists for
AtSulA/GC1. Recently it has been argued that AtSulA may be only weakly similar to
bacterial SulA and may have other roles in chloroplast division (Maple and Moller
2007b). Immunolocalization of FtsZ in AtSulA mutants will be essential to assignment of

AtSulA function.

The eukaryotic-derived chloroplast division machinery

ARC5/CmDnm2

ARCS and its homologue in the alga C. merolae, CmDnm2, were identified
simultaneously and are plant-specific dynamin proteins (Gao et al. 2003; Miyagishima et
al. 2003b). CmDnm2 was identified by sequence similarity to CmDnm1 which is involved
in C. merolae mitochondrial division. In contrast to mitochondrial localized CmDnm1,
CmDnm2 was found to localize to the cytosolic side of the chloroplast division site in C.
merolae (Miyagishima et al. 2003b). Interestingly, CmDmn2 is found to only localize to
the chloroplast division site during the process of fission and is not a part of cytosolic
PD-rings (Kuroiwa et al. 2002; Miyagishima et al. 2001a). Furthermore, CmDnm2 stays
associated with the division furrow late into division long after the FtsZ ring has

disassembled (Miyagishima et al. 2003b)
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ARC5 was identified in an ethyl methanesulfonate (EMS) mutant screen for
Arabidopsis plants with defects in chloroplast division having altered chloroplast
morphology (Pyke and Leech 1994). In the arc5 mutant, chloroplasts are dumbbell-
shaped suggesting ARC5 may have a role in completing chloroplast division (Pyke and
Leech 1994; Robertson et al. 1996). ARCS is a dynamin-like protein that localizes to a
ring outside the mid-plastid division furrow (Gao et al. 2003). Dynamin proteins are
known to be involved in cellular membrane fission and fusion and most notably are
involved in mitochondria fission (Bleazard et al. 1999; Ingerman et al. 2005; Tieu and
Nunnari 2000; Tieu et al. 2002). CmDnm2 rings have been isolated and found to exert
force on optical tweezers supporting the idea that ARC5/CmDnm2 provide the external

force of chloroplast division (Yoshida et al. 2006).

PDV1/PDV2

PDV1 was identified as an ARC5 phenocopy mutant in a population of EMS
mutagenized Arabidopsis plants. Plants contain two types of PDV proteins, PDV1 and
PDV2. Mutation in either PDV1 or PDV2 gene show defects in late-stages of chloroplast
division, often having dumbbell shaped chloroplasts in mutant lines. pdv1/pdv2 double
mutants show an additive, more severe defect in chloroplast division (Miyagishima et al.
2006). ARC5-GFP localizes to mid-plastid rings in pdv1 and pdv2 mutants, but not in the
pdvl/pdv2 double mutant. These results suggestthat PDV1 and PDV2, though partially
redundant, may work together to recruit ARCS to the division site (Miyagishima et al.
2006). However, the biochemical roles of PDV1 and PDV2 in chloroplast division are

unknown.
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Perspective

Bacterial cell division has been a useful model for the discovery of several
chloroplast division proteins such as FtsZ1, FtsZ2, MinDE and others. However, the
biochemical properties of plant homologues of bacterial cell division proteins are not
well understood. In the case of plant FtsZs, there is reason to believe their fundamental
properties may vary from those of bacterial FtsZ, primarily because there are two-types
of FtsZ in plants. Moreover, many of the key FtsZ regulatory proteins such as ZipA, FtsA
and MinC have no obvious homologues in chloroplasts, further complicating our
understanding of chloroplast division. The work described below seeks to understand
the composition of the stromal FtsZ complex and to define the functional properties of
plant FtsZ1 and FtsZ2 and determine if the FtsZ1/FtsZ2 filament topology is a

heterofilament or homofilament.
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Synopsis

FtsZ1 and FtsZ2 are phylogenetically distinct homologues of the tubulin-like
bacterial cell division protein FtsZ that play major roles in the initiation and progression
of plastid division in plant cells. Both proteins are components of a mid-plastid ring, the
Z-ring, which functions as a contractile ring on the stromal surface of the chloroplast
inner envelope membrane. FtsZ1 and FtsZ2 have been shown to interact, but their in
vivo biochemical properties are largely unknown. To gain insight into the in vivo
biochemical relationship between FtsZ1 and FtsZ2, we investigated their molecular
levels in wild-type Arabidopsis thaliana plants and endogenous interactions in
Arabidopsis and pea. Quantitative immunoblotting and morphometric analysis showed
that the average total FtsZ concentration in chloroplasts of 3-week-old Arabidopsis
plants is comparable to that in E. coli. FtsZ levels declined as plants matured, but the
molar ratio between FtsZ1 and FtsZ2 remained constant at approximately 1:2,
suggesting this stoichiometry is regulated and functionally important. Density gradient
centrifugation, native gel electrophoresis, gel filtration and co-immunoprecipitation
experiments show that a portion of the FtsZ1 and FtsZ2 in Arabidopsis and pea
chloroplasts is stably associated in a complex of ~200-245 kDa. This complex also
contains the FtsZ2-interacting protein ARC6, an inner envelope membrane (IEM)
protein, and analysis of density gradient fractions suggests the presence of the FtsZ1-
interacting protein ARC3. Based on the mid-plastid localization of ARC6 and ARC3 and
their postulated roles in promoting and inhibiting chloroplast FtsZ polymer formation,

respectively, we hypothesize that the FtsZ1/FtsZ2/ARC3/ARC6 complex represents an
34



unpolymerized, IEM-associated pool of FtsZ that contributes to the dynamic regulation

of Z-ring assembly and remodeling at the plastid division site in vivo.

Introduction

The essential cell division protein FtsZ is a polymer-forming, tubulin-like GTPase
found in most prokaryotes (reviewed in (Margolin 2005a; Michie and Lowe 2006;
Romberg and Levin 2003)). Prior to cytokinesis, FtsZ assembles at the mid-cell division
site, just inside the cytoplasmic membrane, to form a contractile ring termed the Z-ring.
The in vivo molecular structure of the Z-ring is unknown, but in vitro studies suggest it is
built from overlapping segments of short protofilaments composed of FtsZ monomers
assembled end-to-end and stabilized at the division site through interactions with
accessory factors (Anderson et al. 2004; Chen et al. 2005; Chen and Erickson 2005;
Redick et al. 2005). Mutations in FtsZ disrupt cell division, resulting in the formation of
long, multi-nucleate bacterial filaments. The Z-ring in Escherichia coli and Bacillus
subtilis contains 30-35% of the total FtsZ, but is constantly remodeled by exchange of
subunits with a cytoplasmic FtsZ pool in a dynamic process that requires the GTPase
activity of FtsZ (Anderson et al. 2004; Redick et al. 2005; Stricker et al. 2002). FtsZ
concentration is critical for its cell division activity (Sossong et al. 1999; Wang and
Lutkenhaus 1993). Alterations in FtsZ levels or in the stoichiometry between FtsZ and
other division proteins cause lethal blocks in cell division in vivo, and FtsZ polymerization
and GTPase activity are concentration-dependent in vitro (Dai and Lutkenhaus 1992;

Dewar et al. 1992; Hale and de Boer 1997; Takada et al. 2005). FtsZ is known to interact
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with several other proteins that are recruited to the ring in a defined order, but the
physiologically relevant sub-complexes deployed to the division site in vivo and the
mechanisms regulating Z-ring dynamics in bacteria remain unclear (Margolin 2005b;

Michie and Lowe 2006; Pradel et al. 2006; Romberg and Levin 2003).

Consistent with the endosymbiotic origin of chloroplasts, plants possess nuclear-
encoded, plastid-targeted homologues of bacterial FtsZ (Osteryoung et al. 1998;
Osteryoung and Vierling 1995). Most prokaryotes, including the cyanobacterial relatives
of chloroplasts, have a single form of FtsZ; however, plants contain two distinct FtsZ
protein families, FtsZ1 and FtsZ2, both of which are required for the proper division of
plastids (McAndrew et al. 2001; Osteryoung et al. 1998; Stokes et al. 2000). Similar to
their bacterial counterparts, FtsZ1 and FtsZ2 colocalize to a mid-plastid Z-ring in the
chloroplast stroma adjacent to the inner envelope membrane. The Z-ring assembles
prior to the ordered recruitment of other sub-assemblies of the division complex and
constricts throughout plastid division (McAndrew et al. 2001; Miyagishima et al. 2001c;
Vitha et al. 2001). Recently, FtsZ1 and FtsZ2 have been shown to interact separately
with the chloroplast division proteins ARC3 and ARCS6, respectively (Maple et al. 2005;
Maple et al. 2007), and may interact with other novel components of the chloroplast
division machinery (Glynn et al. 2007; Maple et al. 2007). Thus, FtsZ1 and FtsZ2 are

functionally distinguished in part by distinct protein-protein interactions.

Several lines of evidence suggest that FtsZ1 and FtsZ2 function in a complex.

They are tightly colocalized to rings in immunofluorescence labeling experiments in both
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wild type plants and in chloroplast division mutants in which FtsZ filament morphology
is perturbed (Fujiwara and Yoshida 2001; McAndrew et al. 2001; Vitha et al. 2003; Vitha
et al. 2001). FtsZ1 and FtsZ2 interact directly, both individually and with each other, in
yeast two-hybrid and bimolecular fluorescence complementation assays (Maple et al.
2005). FtsZ1 is not absolutely required for plastid division since ftsZ1 null mutants in
Arabidopsis are viable (El-Kafafi et al. 2008; Yoder et al. 2007), but a change in the level
of either FtsZ1 or FtsZ2 perturbs plastid division (Osteryoung et al. 1998; Raynaud et al.
2004b; Stokes et al. 2000; Strepp et al. 1998), suggesting their stoichiometry relative to
one another and/or to other division factors such as ARC3 and ARC6 is important for

normal plastid division in vivo.

As an important foundation for understanding the roles of FtsZ1 and FtsZ2 in
chloroplast Z-ring dynamics, we are investigating their in vivo biochemical properties. In
the studies described here, we report endogenous FtsZ1 and FtsZ2 protein levels and
molar ratios in chloroplasts of the model plant Arabidopsis thaliana. |n addition, we
show that FtsZ1 and FtsZ2 in pea and Arabidopsis chloroplasts are stably associated in a
native complex that also contains ARC6; analysis in pea indicates that the complex
contains ARC3 as well. These studies are the first in which the in vivo quantitative
relationship between chloroplast FtsZ proteins and their interactions with accessory

factors have been investigated in wild-type plants.

Experimental Procedures

Plant material
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Arabidopsis thaliana ecotype Columbia (Col-0) plants were grown as in (Stokes et
al. 2000). Pea plants (Pisum sativum var. Little Marvel) were grown in vermiculite as in
(Bruce et al. 1994). The mutant lines SALK_134970 and SALK_050397, carrying T-DNA
insertions in the AtFtsZ2-1 and AtFtsZ2-2 genes were identified in the Salk Institute
Genomic Analysis Laboratory database (http://signal.salk.edu/cgi-bin/tdnaexpress)
(Alonso et al. 2003) and obtained from the Arabidopsis Biological Resource Center
(http://www.arabidopsis.org/abrc/). The positions of the T-DNA inserts were confirmed
by sequencing of PCR products amplified from the mutants using the T-DNA left border
primer LBb1 (5’-GCGTGGACCGCTTGCTGCAACT-3') and either an AtFtsZ2-1-specific
primer (5'-AGGGGGTTCGTGGGATATCTG-3’) or AtFtsZ2-2-specific primer (5'-
TATTGTGTGAATTTGCTGCC-3’). Individuals homozygous for the T-DNA insertions were

identified by segregation analysis.

Chloroplast morphology phenotyping

Leaf tissue was prepared for microscopic analysis and viewed with a BH-2

(Olympus) microscope as described (Osteryoung et al. 1998; Pyke et al. 1991).

Immunofiuorescence labeling

Fixation, embedding and immunofluorescence labeling of leaf and floral bud
tissue with antibodies specific for AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 was performed as
described (Vitha et al. 2001). Specimens were viewed with a Leica DMR A2 microscope
(Leica Microsystems, Wetzlar, Germany) and images were processed as described (Vitha
et al. 2003).
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Preparation of antibodies

Polyclonal antipeptide antibodies specific for AtFtsZ1-1 (1-1 antibodies) and
AtFtsZ2-1 (2-1A antibodies) were generated previously (Stokes et al. 2000). The same
procedure was used to generate and affinity-purify antipeptide antibodies against
AtFtsZ2-1 (2-1B antibodies) and AtFtsZ2-2 (2-2 antibodies) using synthesized peptides
corresponding to amino acid residues 367-380 (TRRRSSSFRESGSVEI) of AtFtsZ2-1 and
244-261 (EGRRRAVQAQEGLAALRD) of AtFtsZ2-2, respectively. Affinity-purified 1-1, 2-1B
and 2-2 antibodies were concentrated to 1.7, 1.2, and 2.8 mg/ml, respectively. The
specificity of the 2-1A antibody was maximized by pre-absorbing IgG-enriched 2-1A
serum on an AtFtsZ2-2 peptide column prior to affinity purification on a 2-1A peptide
column (Stokes et al. 2000). 2-1A antibodies were concentrated to 1.3 mg/ml in PBS

(140 mM NaCl, 3 mM KCl, 10 mMNa,HPO,, 2 mM KH,PO,).

ARC6 antibodies were raised against amino acids 216-482 created from a Xhol-
Dral fragment of the ARC6 cDNA (At5g42480) ligated into the Xhol-Smal site of the
expression vector pJC40 (Clos and Brandau 1994) resulting in a C-terminally His-tagged
ARC6. This ARC6 fragment does not include the conserved J-like domain (Vitha et al.
2003). Recombinant proteins were expressed in E. coli Rosetta (DE3) pLysS cells
(Novagen) with 1 mM IPTG and purified by Ni-affinity chromatography (Novagen).
Antiserum produced in New Zealand White rabbits (Covance Research Products, Denver,
PA) was affinity-purified over a 1 ml protein-A column (Pierce); the column was washed

with PBS, and bound antibodies eluted in 0.2M glycine, pH 1.85. After buffering the
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eluted antibody in Tris-HCI with a final pH of 7.4, the eluate contained 0.72 mg/ml

protein. Affinity-purified antibodies were diluted 1:4900 for immunoblotting.

An antibody to ARC3 (Shimada et al. 2004) was obtained from Dr. Hiroshi
Shimada and verified for specificity by immunoblotting using extracts from wild type
Arabidopsis (Col-0) and arc3 mutant plants, extracts from E. coli expressing recombinant

ARC3-His, and purified ARC3-HIS (not shown).

Expression, purification and calibration of recombinant protein standards

Quantitative immunoblotting standards were created from fragments of the
AtFtsZ1-1, AtFtsZ2-1, and AtFtsZ2-2 cDNAs encoding partial or full-length proteins as
shown (Figure 2.1A) expressed in E. coli as N-terminal 10-histidine-tagged fusion
proteins. Recombinant proteins were produced as described (Stokes et al. 2000) except
that AtFtsZ2-2 was produced in C43(DE3) cells (Miroux and Walker 1996) (Avidis) and
the mature AtFtsZ2-1 construct (AtFtsZ2-1(m)) was expressed from pDB328 in C41(DE3)
cells (de Boer et al. 1989b; Hale and de Boer 1997). Soluble recombinant proteins were
purified from cell lysates by Ni-affinity chromatography and their purity was evaluated
by SDS-PAGE (Figure 2.1B). The purified proteins (>95% pure) were lyophilized,
resuspended in storage buffer (50 mM Tris-HCl, pH 8, 1 mM EDTA, 1 mM 4-(2-

aminoethyl) benzenesulfony! fluoride (AEBSF), 10% glycerol), and stored at —20°C.

FtsZ protein protein concentration was determined by the BCA and Bradford
assays (Olson and Markwell 2007) calibrated against purified E. coli FtsZ (Supplementary

Figure 2.2B, lane 5) quantified as described (Lu et al. 1998). Protein standards were
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Figure 2.1: Expression and purification of recombinant protein standards for
quantitative analysis

(A) Schematic diagram of recombinant protein sequences expressed in E. coli for
use as quantification standards. Numbers on right indicate lengths in amino acid
residues of pre-proteins encoded by full-length cDNAs (McAndrew et al. 2001). Arrow
above indicates approximate length of transit peptides (TP). Residues encoded by
recombinant protein constructs (black bars) were 41-269 for truncated AtFtsZ1-1(t),
173-363 for AtFtsZ2-1(t) (25), 81-478 for mature AtFtsZ2-1(m) (Stokes et al. 2000), and
1-473 for AtFtsZ2-2. (B) Coomassie-stained gel showing recombinant AtFtsZ1-1(t),
AtFtsZ2-1(t), AtFtsZ2-1(m), and AtFtsZ2-2 proteins (lanes 1-4, respectively, ~¥1 mg
protein/lane) resolved by SDS-PAGE. Recombinant proteins were analyzed and
calibrated for protein concentration and purity relative to recombinant E. coli FtsZ (lane

5). Approximate molecular masses are indicated on the left.
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adjusted to 1 mg/ml, diluted serially (500 to 2.5 ng in 10 pl), and processed on
immunoblots probed with FtsZ-specific primary antibodies and [**°l]Jdonkey-anti-rabbit
secondary IgG (8.8 uCi/ug, GE Healthcare) to generate standard curves (Supplementary
Figure 2.3) for quantitative analysis of plant FtsZ levels (described below). Standard
curves were constructed based on the linear range of detection of radioactive signals.
Data generated from the fusion proteins labeled AtFtsZ2-1(m) and AtFtsZ2-1(t) in Figure
2.1 yielded nearly identical standard curves (not shown); therefore, AtFtsZ2-1(t) was

used subsequently as the quantification standard for AtFtsZ2-1.

Chloroplast isolation

Arabidopsis chloroplasts were isolated from protoplasts (Fitzpatrick and Keegstra
2001) prepared from whole shoots of 3-7week-old Arabidopsis plants and all steps after
isolation included a protease inhibitor cocktail (5 mM EDTA, 5 mM EGTA, 0.05 mg ml™ 1-
chloro-3-tosylamido-7-amino-2-heptanone, 1 mM benzamidine HCl, 5 mM e-amino-N-
caproic acid, 1 uM leupeptin, 1 LM pepstatin A, and 1 mM AEBSF). Pea chloroplasts
were isolated from leaves of 7-9 day-old plants as described previously (Bruce et al.
1994). All steps included a protease inhibitor cocktail (Sigma P2714). Chlorophyli
content of chloroplast suspensions was determined as in (Arnon 1949) and chloroplast

concentration (organelles/ml) was determined using a heamocytometer.

Determination of chloroplast volume

Chloroplasts isolated from 3-week old Arabidopsis plants were immobilized by

mixing chloroplasts in import buffer 1:1 with warm low-melting-point agarose, 0.2%
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(w/v) in import buffer, and cooling the suspension on a slide under a cover glass. 3-D
images of chlorophyll autofluorescence (excitation 488 nm, emission 600-700 nm) were
acquired using a Zeiss LSM 5 PASCAL confocal microscope (Carl Zeiss) equipped with a
60x/1.4 oil immersion objective. After correction for refractive index mismatch
between the immersion oil and the specimen, the effective voxel size was 0.089 um in
the XY, and 0.43 um in the Z direction, yielding a voxel volume of 3.4 x 10 uma. Image
stacks were opened using Image)J ver. 1.34 software (http://rsb.info.nih.gov/ij), filtered
(Median, radius = 4), set to auto-threshold, and voxels for each chloroplast were
counted using the VoxelCounter plug-in (http://rsb.info.nih.gov/ij/plugins/voxel-
counter.html). Volume was calculated as the number of voxels multiplied by voxel
volume. Plastid circumference was measured from image stacks that were rotated
using the VolumeViewer plug-in (http://rsb.info.nih.gov/ij/plugins/volume-viewer.html)
to show the plastid projection along the longest axis of the plastid, which corresponds
to the plastid cross-section at mid-length. The circumference of this projection was
then measured in ImagelJ. A total of 66 chloroplasts were measured to determine

average volume.

Quantitative immunoblotting

Isolated chloroplasts in import buffer were solubilized by addition of 2X Laemmli
sample buffer (1:1) (Laemmli 1970), and diluted with 1X Laemmli sample buffer to
various chlorophyll concnetrations. Immunoblotting on PVDF was performed as

previously described (McAndrew et al. 2001) except that blots were incubated overnight
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with 1-1 (1:6000), 2-1A (1:5000), or 2-2 (1:6000) antibodies in TBSTG which is composed
of TBS (50 mM Tris-HCl, pH 7.4, 200 mM NaCl) with 0.2% [v/v] Tween 20, 0.25% (v/v)
fish gelatin (Sigma-Aldrich). Following washing, blots were incubated for 4 h in TBSTG
containing *2’I-donkey-anti-rabbit 1gG (8.8 uCi/ug, GE Healthcare), at 2-3 uCi/42.5 cm>.
Blots were washed, dried, and placed on phosphorimager screens for periods ranging
from 1-16 h, then digitized with a phosphorimager (Personal FX, Bio-Rad) and QUANTITY
ONE software (Bio-Rad). Three identical blots containing a duplicate set of serially
diluted standards and chloroplast lysate proteins were developed concurrently with
signal intensities showing less than 10% (£ S.D.) variation. FtsZ concentrations in
chloroplast lysates were determined within the linear range of the standards Figure 2.4
and showed <10% (+ S.D.) variation between replicate blots. The results of these
quantitative immunoblots were combined with microscopic measurements to estimate

the number of FtsZ molecules per chloroplast.

Immunoprecipitation of in vitro FtsZ translation products before and after

import into isolated intact chloroplasts

Affinity-purified 1-1 (8 mg), 2-1A (10 mg), 2-1B (10 mg), and 2-2 (10 mg)

k™ Gel (Pierce) agarose beads, as

antibodies were separately coupled to Carbolin
recommended by the manufacturer, with a coupling efficiency of ~85-90%. Coupled
antibodies (A-beads; ~8.5 ng antibodies/|L| beads), pre-conditioned with 0.1 M glycine,
pH 2.5, and equilibrated in TBS plus 0.02% (w/v) thimerosol, were used in

immunoprecipitation assays as a 1:1 (bead:buffer) slurry. 2-1A and 2-1B antibodies
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were coupled to beads and mixed together (1:1) prior to use for immunoprecipitation of

AtFtsZ2-1.

AtFtsZ1-1, AtFtsZ2-1, or AtFtsZ2-2 were translated in the presence of [3SS]-Met

and imported into pea chloroplasts as previously described (McAndrew et al. 2001).
Import reactions contained 2.1 X 10°, 2.0 X 10°, and/or 3.3 X 10° dpm of radiolabeled
AtFtsZ1-1, AtFtsZ2-1, and AtFtsZ2-2, respectively, and intact pea chloroplasts (150 ug
chlorophyll) in a final volume of 900 pl. Control assays were performed using the
nuclear-encoded, small subunit of RuBisCO (SSU). Following import, chloroplasts were
treated with thermolysin to degrade non-imported proteins (Cline et al. 1984), re-
isolated through 40 % (v/v) Percoll, and washed in import buffer. Intact chloroplasts
(75-100 pg chlorophyll) were either solubilized in 2X Laemmli sample buffer for SDS-
PAGE, or resuspended in 200 pl of buffer containing 25 mM HEPES-KOH, pH 8.0, 4 mM
MgCl, and protease inhibitors (5 mM EDTA, 5 mM EGTA, 1 mM benzamidine HCI, S mM
€-amino-N-caproic acid, 1 uM leupeptin, 1 mM AEBSF) and placed on ice for 30 min

before initiating immunoprecipitation reactions.

Radiolabeled translation products were immunoprecipitated directly from in
vitro translation reactions (48 pl containing ~120,000 dpm/yLl), as described (Anderson
and Blobel 1983), using FtsZ-specific A-beads (100 pl of 1:1 slurry, ~5 ng antibody ull).
Imported proteins (~1.0 x 10° dpm/reaction) were immunoprecipitated from chioroplast
lysates, as described (Nielsen et al. 1997), with the following modifications. Briefly, 1 ml

of IP-DDM buffer (25 mM HEPES, pH 7.5, 50 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.2 mM
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n-dodecyl-#-D-maltoside (DDM, Anatrace) and protease inhibitors) was added to the
chloroplast lysate (200 i), followed by addition of FtsZ-specific A-beads (100 pl of 1:1
slurry). Reactions were incubated (~12 h, 4 °C) on a rocking table. Beads were collected
by centrifugation (10,000 g, 15 s), washed three times with IP-DDM, and once in buffer
with no detergent (50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA). Bound
proteins were eluted by addition of 2X Laemmli sample buffer (no dye) and incubation
at 80 °C (5 min) and collected as above. Beads were washed once in water and

combined eluants were analyzed by SDS-PAGE and fluorography.

Isolation of an endogenous FtsZ complex by two-dimensional gel

electrophoresis

Intact pea chloroplasts (~2.3 mg chlorophyll/ml) were lysed in buffer containing
50 mM Tris, pH 7.5, 50 mM MgCl,, 50 mM KCl, 50 mM NaCl, 0.2 mM DDM,
supplemented with protease inhibitors. The lysate was incubated on ice (30 min) and
passed several times through a syringe fitted with a 25-gauge needle. Stromal protein
complexes (400 g total protein) were recovered in the supernatant following
centrifugation (17,000 g, 45 min, 4 °C), mixed 1:1 with native-PAGE sample buffer (40%
(w/v) sucrose, 1 M Tris, pH 8.0, 5% (w/v) bromophenol blue, 0.6 mM PMSF) and
immediately resolved on native gradient gels (4-20% resolving, 4% stacking, 4°C) (Weigel
and Glazebrook 2002). Molecular mass marker complexes ranging from 66-669 kDa (GE
Healthcare) were run in parallel for estimating masses of unknown complexes. FtsZ

migration in native gels was determined from immunoblots of adjacent duplicate lanes
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probed with FtsZ-specific antibodies. Putative complexes containing FtsZ proteins were
excised from native gels stained with 0.05% aqueous Coomassie Brilliant Blue G
Colloidal (Sigma-Aldrich), solubilized by maceration of the gel slices in Laemmli sample
buffer, and separated by 10% SDS-PAGE in the second dimension. Pea chloroplast
stromal proteins (7 lug) were loaded onto adjacent lanes as controls. FtsZ1 and FtsZ2

proteins were detected by immunoblotting as described (McAndrew et al. 2001).

Isolation and analysis of FtsZ-containing complexes from Arabidopsis and

pea
Chloroplasts isolated from pea were lysed hypotonically in lysis buffer (50 mM
HEPES-KOH pH 8.0, 4 mM MgCl,, 1 mM DDM) and passed through a 25-guage needle
several times. Insoluble material was removed by centrifugation (16,000 g, 10 min, 4
°C). All buffers used for lysis and subsequent analysis contained protease inhibitors.
Soluble proteins in isolated pea chloroplasts (50-100 mg chlorophyll) were resolved by
sedimentation through a sucrose density gradient (5-20% (w/Vv), in lysis buffer, 130,000
g, 12 h, 4 °C) and collected in 24 fractions. Gradient fraction proteins were precipitated
with 80% ice cold acetone, dried, resuspended (1:20) in Laemmli buffer, and analyzed by
SDS-PAGE and immunoblotting using antibodies raised against AtFtsZ1-1, AtFtsZ2-1
(McAndrew et al. 2001), and ARC6 (Figure 2.9). In a separate series of experiments, a
similar gradient was fractionated into 13 fractions and examined for FtsZ2 and ARC3
(Shimada et al. 2004) . Molecular mass standards (66-669 kDa, GE Healthcare) dissolved

in lysis buffer were applied to a separate sucrose gradient, and run in parallel. Protein
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peaks in gradient fractions were detected by UV absorbance at 280 nm and the

standard curve is shown in Supplementary Figure 2.6A.

To investigate the co-fractionation of radiolabeled, imported Arabidopsis

AtFtsZ1-1 and ARCS6, both AtFtsZ1-1 and ARC6 were translated in the presence of [3SS]-

Met as described above and imported independently into isolated pea chloroplasts.
Chloroplasts were treated with thermolysin (Cline et al. 1984), reisolated through 40%
Percoll in import buffer, and disrupted in lysis buffer. Proteins were resolved in parallel
through identical sucrose density gradients, collected in fractions, precipitated with 80%
acetone, dried, and resuspended 1:100 (v/v) in Laemmli buffer. 10 pul from each of two
sequentially collected fractions were combined and resolved by SDS-PAGE. Following
electrophoresis the gel was soaked for 1 h in 20% (w/w) 2,5-diphenyloxazole (PPO) in

dimethysulfoxide (DMSO), washed with water and dried for autoradiography.

To investigate the stability of FtsZ-containing complexes, sucrose gradient
fractions containing FtsZ were pooled in sets of two, dialyzed in lysis buffer with
protease inhibitors, and concentrated by ultrafiltration (Amicon Ultra 15, 30,000
MWCO; Millipore). Proteins from the concentrated pool (~50 g total protein) were
applied to a Q-sepharose (GE Healthcare) anion exchange column (1 ml bed volume)
equilibrated with 50 mM HEPES-KOH pH 8.0, 4 mM MgCl,. Proteins were eluted at 1
ml/min in a linear gradient (0-1M NaCl) applied over 100 min. Fractionated proteins
were acetone-precipitated and FtsZ1, FtsZ2 and ARC6 were detected by

immunoblotting.
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Because it was difficult to estimate accurately the molecular mass of the FtsZ
containing complex in sucrose density gradients, chloroplast stromal proteins prepared
in lysis buffer were applied to a Superdex 200 10/300 GL column (GE Healthcare)
equilibrated in lysis buffer (containing 1 mM DDM) and eluted at a flow rate of 0.5
mi/min; 178, 0.2 ml fractions were collected. Fractions were acetone-precipitated and
examined by immunoblotting with FtsZ1 and FtsZ2 antibodies. The column was
standardized with HMW calibration markers (GE Healthcare) prepared in lysis buffer and
the molecular mass of the complex was calculated based on a standard curve (Figure
2.11). The retentions of the standards differed slightly in the presence and absence of

DDM (not shown).

Results

Specificity of Arabidopsis FtsZ antibodies

Arabidopsis thaliana contains one FtsZ1 gene, AtFtsZ1-1 (At5g55280), and two
FtsZ2 genes, AtFtsZ2-1 (At2g36250) and AtFtsZ2-2 (At3g52750). Previously, we
produced antipeptide antibodies against AtFtsZ1-1 (1-1 antibodies) and AtFtsZ2-1 (2-1
antibodies) that specifically target FtsZ1 and FtsZ2 in plant extracts (Vitha et al. 2001).
For the studies described here, to ensure discrimination between AtFtsZ2-1 and AtFtsZ2-
2, which share ~“82% amino acid identity, we generated and affinity-purified new
antibodies against a peptide from AtFtsZ2-2 (2-2 antibodies), and further purified our
previously generated 2-1 antibodies (Stokes et al. 2000; Vitha et al. 2001). Antibody

specificity was established by immunoblotting of leaf extracts (Figure 2.2) prepared
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from WT Arabidopsis plants, transgenic plants expressing antisense constructs for either
AtFtsZ1-1 or AtFtsZ2-1 (Osteryoung et al. 1998), and a homozygous atftsZ2-2 knockout

mutant (described below).

Consistent with previous results (Stokes et al. 2000; Vitha et al. 2001), the 1-1
antibodies recognized a single protein of ~40 kDa in WT plants, AtFtsZ2-1 antisense
plants and atftsZ2-2 knockout mutants that was not detected in AtFtsZ1-1 antisense
plants (Figure 2.2, lanes 1-4) or in a mutant null for AtFtsZ1-1 (Yoder et al. 2007).
Likewise, the 2-1 antibodies detected two closely migrating proteins of about 45 and 46
kDa in all extracts except those of the AtFtsZ2-1 antisense line (Figure 2.2, lanes 5-8).
The 2-2 antibodies recognized a single protein in WT and AtFtsZ1-1 antisense plants
(lanes 9 and 10) that was not detected in the AtFtsZ2-2 knockout mutant (lane 12).
These results demonstrate the specificity of the 1-1, 2-1 and 2-2 antibodies for AtFtsZ1-
1, AtFtsZ2-1 and AtFtsZ2-2, respectively. In addition to establishing antibody specificity,
the results shown in Figure 2.2 revealed that the AtFtsZ2-1 antisense transgene
(Osteryoung et al. 1998) silenced both AtFtsZ2-1 (lane 7) and AtFtsZ2-2 (lane 11) and
that the two closely migrating proteins recognized by the 2-1 antibodies (Stokes et al.

2000; Vitha et al. 2001) (lanes 5, 6 and 8) are both products of the AtFtsZ2-1 gene.

AtFtsZ2-2 functions in chloroplast division

Prior studies (Osteryoung et al. 1998; Vitha et al. 2001; Yoder et al. 2007) have
established unequivocal roles for AtFtsZ1-1 and AtFtsZ2-1 in plastid division in

Arabidopsis. To determine whether AtFtsZ2-2 is also a functional plastid division gene,
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Figure 2.2: Antibody specificity for AtFtsZ1-1, AtFtsZ2-1, and AtFtsZ2-2 protein

(A) Immunoblot analysis of proteins (1 mg fresh leaf tissue/lane) from WT
Arabidopsis plants (WT, lanes 1, 5, and 9), transgenic plants carrying antisense
constructs for AtFtsZ1-1 (lanes 2, 6, and 10) or AtFtsZ2-1 (lanes 3, 7, and 11), and
knockout mutants with a T-DNA insertion in the AtFtsZ2-2 gene (lanes 4, 8, and 12) were
probed with affinity-purified antibodies raised against peptide sequences from AtFtsZ1-
1 (lanes 1-4), AtFtsZ2-1 (lanes 5-8), and AtFtsZ2-2 (lanes 9-12). The two proteins
detected by the AtFtsZ2-1 antibodies are consistently detected in Arabidopsis extracts

(McAndrew et al. 2001; Stokes et al. 2000). Approximate molecular masses are shown.
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we characterized a T-DNA insertional mutant of AtFtsZ2-2 (SALK_050397). We also
characterized a T-DNA insertion allele of AtFtsZ2-1 (SALK_134970). We sequenced the
annotated T-DNA insertion sites (http://signal.salk.edu/cgi-bin/tdnaexpress) (Alonso et
al. 2003) and confirmed their positions in intron 4 after nucleotide 1363 for the atftsZ2-
1 mutant, and in exon 4 after nucleotide 1417 for the atftsZ2-2 mutant (Figure 2.3A).
AtFtsZ2-2 protein was not detected by immunoblotting at any stage of development in
the atftsZ2-2 mutant (Figure 2.2, lane 12), indicating that the atftsZ2-2 T-DNA insertion
allele is null. AtFtsZ2-1 and AtFtsZ1-1 levels were unaffected in the atftsz2-2 mutant
(Figure 2.2, lanes 4 and 8). In homozygous atftsZ2-1 individuals, AtFtsZ2-1 protein was
not detected in plants grown from the original seed stock obtained from the ABRC, but
AtFtsZ2-1 proteins were often detected in progeny of these plants and in later
generations (not shown). We conclude that atftsZ2-1 is a knockdown allele of AtftsZ2-1
with variable expression, probably due to the location of the T-DNA insertion in an

intron (Figure 2.3A).

Chloroplast morphology in fully expanded leaf mesophyll cells of four-week-old
atftsZ2-1 and atftsZ2-2 mutants was examined by light microscopy (Osteryoung et al.
1998) and compared with that in WT plants (Figure 2.3B). In the atftsZ2-1 mutant,
chloroplast morphology was highly variable. Large and small chloroplasts were
frequently observed in the same cells (Figure 2.3C) and chloroplast number was
reduced, often to one per cell. Related phenotypes have been reported in AtFtsZ2-1
antisense plants (Osteryoung et al. 1998; Raynaud et al. 2004b). Chloroplast division

defects were less pronounced in the atftsZ2-2 mutant (Figure 2.3D), but quantitative
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analysis showed that these chloroplasts were visibly larger and fewer in number than
those in cells of comparable size from WT plants (Figure 2.3B) (A. Schmitz and K. W.
Osteryoung, unpublished), indicating impaired chloroplast division. The difference in
severity of division defects in the afttsZ2-1 and atftsZ2-2 mutants may reflect their

respective contributions to the total FtsZ2 pool, as described below.

To further define the role of AtFtsZ2-2 in chloroplast division, we investigated its
localization by immunofluorescence labeling. In green chloroplasts of fully expanded
leaves, AtFtsZ2-2 was detected in mid-plastid ring structures in WT plants, but not in the
atftsz2-2 knockout mutant (Figure 2.3, G and H, respectively). AtFtsZ2-2 also localized
to rings in small non-green plastids of young floral buds (Figure 2.3G, inset). The
absence of AtFtsZ2-2 in the enlarged chloroplasts of atftsz2-2 mutants did not interfere
with ring formation by either AtFtsZ2-1 (Figure 2.3F) or AtFtsZ1-1 (not shown), which is
consistent with the mild division defect observed in the atftsz2-2 plants. Taken
together, the localization of AtFtsZ2-2 to a mid-plastid ring in WT plants and the reduced
chloroplast division capacity of the atftsz2-2 knockout mutants indicate that AtFtsZ2-2,
like AtFtsZ2-1, is a functional chloroplast division protein. These results also suggest

that AtFtsZ2-1 and AtFtsZ2-2 are at least partially redundant

Quantitative analysis of FtsZ levels in Arabidopsis chloroplasts

AtFtsZ levels were measured by quantitative immunoblotting in chloroplasts

isolated from whole rosettes of plants ranging in age from 3-7 weeks.
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Figure 2.3: Chloroplast morphology and AtFtsZ2-1 and AtFtsZ2-2 localization in WT
Arabidopsis and atftsZ2-1 and atftsZ2-2 T-DNA insertional mutants

(A) Positions of T-DNA insertions in mutant alleles of AtFtsZ2-1 (At2g36250) and
AtFtsZ2-2 (At3g52750). (B-D) Chloroplast morphology in leaf mesophyill cells of WT Col-
0 (B), and homozygous atftsZ2-1 knockdown (KO; C) and atftsZ2-2 knockout (KO; D)
mutants. (E-G) Immunofluorescence labeling of AtFtsZ2-1 (E and F) and AtFtsZ2-2 (G and
H) in leaf mesohphyll cells and floral buds (insets) of WT plants (E and G) and atftsZ2-2
knockout mutants (F and H). FtsZ rings are indicated by arrowheads. AtFtsZ2-1 and
AtFtsZ2-2 colocalize in WT (E and G). In the atftsZ2-2 knockout mutant, AtFtsZ2-1 forms

rings (F) and AtFtsZ2-2 is not detected (H). In all panels, the bar = 20 um.
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Preliminary blots established the linear working range for the purified FtsZ recombinant
protein standards (Fig S2) and the range over which FtsZ protein levels and chlorophyil
content were linearly correlated in leaf extracts (~7-15 pug chlorophyll; Figure 2.4B).
Leaves, leaf cells and chloroplasts in older plants are on average larger than those in
younger plants (Pyke and Leech 1994; Pyke et al. 1991), but are variable in size at any
given age; thus the population of chloroplasts isolated at each age represents a
developmental range and the measurements performed on these populations represent
averages. The average number of FtsZ molecules per chloroplast at each plant age was
estimated by combining immunoblotting results with measurements of the average
number of chloroplasts per unit chlorophyll in isolated chloroplast suspensions (Table
2.1). In 3-week-old plants, the average number of FtsZ molecules per chloroplast was
101,200 * 6000, with a molar distribution of approximately 33% AtFtsZ1-1, 47% AtFtsZ2-
1, and 20% AtFtsZ2-2. Although total FtsZ levels declined 10-fold between 3 and 7
weeks, the molar ratio between FtsZ1 and FtsZ2 remained at approximately 1:2
(Figure2.5), suggesting this stoichiometry in chloroplasts may be important for FtsZ
function. The ratio between AtFtsZ2-1 and AtFtsZ2-2 was also somewhat stable (Table
2.1). Comparison of signals on immunoblots suggests FtsZ1-to-FtsZ2 ratios may be
similar in pea, tobacco and spinach (Vitha et al. 2001) (not shown), but we lack the
protein standards and knowledge of complete FtsZ gene complement required for
rigorous quantitative analysis in other species. Previous calculations by Lu et al. (Lu et

al. 1998) have shown there are ~15,000 FtsZ molecules in an average log-phase E. coli
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Figure 2.4: Linear ranges of detection of FtsZ protein standards and FtsZ in chloroplast
lysates for quantitative immunoblotting

(A) Average densities (CNT/mm?) of phosphorimager signals, within 10% ( S.D.)
agreement after 2 h exposures, were recorded from immunoblots of recombinant
protein standards AtFtsZ1-1(t) (circles), AtFtsZ2-1(t) (squares), and AtFtsZ2-2 (triangles)

125 _secondary antibodies, and plotted

probed with FtsZ-specific primary antibodies and
relative to total protein (ng). FtsZ standards demonstrated reproducible linearity over
the protein ranges shown: 10-83.5 ng, 10-65 ng, and 10-62.5 ng, for AtFtsZ1-1(t),
AtFtsZ2-1(t), and AtFtsZ2-2, respectively. (B) To determine the limits of quantitative
immunoblotting relative to plant sample load, total FtsZ (ng) in chloroplast lysates of
known chlorophyll content (uig) were extrapolated from the standard curves shown in
(A). The linear range of chlorophyll (ug), relative to that of the FtsZ standards, is 7.5-20
ug/lane for AtFtsZ1-1 (circles) or AtFtsZ2-1 (squares), and 10-20 pg/lane for AtFtsZ2-2
(triangles). Experiments were repeated four times in duplicate and data was averaged

from separate blots containing both standards and plant extracts generating signals

within 10% ( S.D.) agreement.
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Table 2.1: Effects of whole plant age on FtsZ in Arabidopsis chloroplasts

Plantage  FtsZ levels (average molecules/ chloroplast)® Molar ratio

(weeks)®  AtFtsZ1-1  AtFtsZ2-1  AtFtsZ2-2 Total FtsZ (1-1:2-1:2-2)

3 33,100 47,700 20,400 101,200 1:1.4:0.6
3.5 27,100 45,500 19,500 92,100 1:1.6:0.7
4 20,500 25,900 11,100 57,500 1:1.3:05
5 6,900 12,000 3,600 22,500 1:1.3:0.5
7 3,500 5,100 2,100 10,700 1:1.4:0.6

? Time (weeks post-germination) of plant harvest and chloroplast isolation.

b FtsZ molecular levels were calculated from ng FtsZ/chloroplast, and based on

molecular masses of 40, 45, and 46 kDa, respectively, for AtFtsZ1-1, AtFtsZ2-1, and

AtFtsZ2-2. (Molecular averages did not vary by more than 8% (S.D.).



cell, which if assembled end-to-end, could in theory form a protofilament encircling the

cell’s circumference ~20 times.

We combined our measurements of chloroplast FtsZ levels with morphometric
measurements to compare FtsZ levels in chloroplasts isolated from 3-week-old
Arabidopsis plants with those in E. coli (Table 2.2). The average circumference of the
short axis of these chloroplasts at midpoint, measured from 3-D image stacks, was 19.1
* 2.3 um. Assuming FtsZ monomer dimensions equivalent to those of bacterial FtsZ, 4-
4.5 nm long and ~5 nm wide (Gonzalez et al. 2003; Léwe 1998; Lu et al. 2000; Romberg
et al. 2001), the average ~101,200 total molecules of FtsZ in chloroplasts of 3-week-old
plants (Table 2.1) could theoretically encircle the plastid division site ~*21-23 times, close
to the estimate of 20 times calculated for E. coli FtsZ (Lu et al. 2000). Although only 30%
of the total FtsZ in E. coli is in the Z-ring (Stricker et al. 2002) and the in vivo molecular
structures of the bacterial and chloroplast Z-rings are not yet known, these calculations
suggest that FtsZ levels and overall ring structure in the cell and organelle are

comparable with respect to their sizes and the dimensions of their division sites.

We estimated the average FtsZ concentration in chloroplasts of 3-week-old

plants. Confocal microscopy indicated that the average volume of chloroplasts isolated

from these plants was 131 + 55 pms. If the stroma, in which FtsZ1 and FtsZ2 are

localized (McAndrew et al. 2001), occupied the entire chloroplast volume, then the
average total FtsZ concentration would be ~1.28 uM. Because the thylakoids occupy a

considerable proportion of the chloroplast volume (Musser and Theg 2000),
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Table 2.2: Comparison of FtsZ levels in actively dividing E. coli cells with those in

chloroplasts of 3-week-old Arabidopsis.

Species Cell/Organelle Total FtsZ  Polymer Division site Refer
circumference® (molecules) length® encircled® ence
(um) (nm) (# times)

E. coli 3.03 15,000 64 ~20 (Luet

(log phase cells)a al.
1998)

A. thaliana 21.23 101,200 435 ~21 This
(chloroplasts)® work

®The majority of chloroplasts in 3-week-old seedlings or log phase E. coli cells are

actively dividing.

b
Circumference was calculated as 27r, for an E. coli cell with ~0.48 ium radius or A.

thaliana chloroplast with a ~3.37 um radius, respectively.
“The length of FtsZ polymers was calculated as the total molecules of FtsZ multiplied by
FtsZ monomer length, ~4.3 nm (Gonzalez et al. 2003; Romberg et al. 2001).

9The number of times FtsZ polymers theoretically encircle the division site was

calculated by dividing polymer length (um) (end-to-end assembly) by cell or organelle

circumference (um).
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Molecules per chloroplast

3 35 4 5 7
Whole plant age (weeks)

Figure 2.5: Q lysis of molecular levels of FtsZ1 and FtsZ2 in wild-type

Arabidopsis

Total FtsZ1 (black bars) and FtsZ2 (gray bars) in Arabidopsis chloroplasts were
determined for plants of different ages. Total molecular levels of FtsZ were 101,200
(+5050), 92,930 (+4650), 57,310 (+2860), 18,690 (+940), and 10,720 (+540) in

chloroplasts of 3-, 3.5-, 4-, 5-, and 7-week-old plants, respectively. Error bars are + S.D.
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this value represents a minimum concentration; if the stroma represents 50% of the
total volume, as has been reported, the concentration would be twice this, or 2.56 uM.
These values are within the range of concentrations required for both cooperative
assembly (0.3-3 uM) and full GTPase activity (0.5-2 M) of E. coli FtsZ in vitro (Anderson
et al. 2004; Caplan and Erickson 2003; Chen et al. 2005; Redick et al. 2005; Rueda et al.

2003).

AtFtsZ proteins are stably associated following import into pea

chloroplasts

FtsZ1 and FtsZ2 tightly co-localize to rings in vivo (McAndrew et al. 2001; Vitha et
al. 2003) and recombinant and GFP-fused forms of FtsZ1 and FtsZ2 interact in yeast and
transgenic plants (Maple et al. 2005). To begin investigating in vivo interactions
between FtsZ1 and FtsZ2, we performed a series of immunoprecipitation assays on

radiolabeled precursor (p) AtFtsZ1-1, AtFtsZ2-1, and AtFtsZ2-2 proteins generated by in

, .. 35 . .
vitro translation in the presence of [ S]-Met that were subsequently imported into

isolated pea chloroplasts to yield processed, mature (m) import products (McAndrew et
al. 2001). Following import, chloroplasts were treated with protease to remove
unimported precursors and reisolated. Radiolabled precursor and imported mature
proteins were detected by SDS-PAGE and autoradiography (shown for p-AtFtsZ1-1 and

m-AtFtsZ1-1 in Figure 2.6A).

For immunoprecipitation experiments, 1-1, 2-1, and 2-2 antibodies coupled to

agarose beads were incubated with either radiolabeled mature proteins present in post-
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import chloroplast lysates or radiolabeled precursor proteins. Analysis of bound (B) and
unbound (U) fractions showed that all radiolabled AtFtsZ proteins, both precursor (Fig
4B, lanes 1, 2, 7 and 9 and not shown) and mature (Fig 4B, lanes 3, 8, 10 and not shown)
forms, were immunoprecipitated by their corresponding antibodies. Due to the
complexity of the experiments, only a subset of the results is shown in Figure 2.6. In
control assays, radiolabeled, imported RuBisCO small subunit (SSU) was not precipitated
by any of the AtFtsZ antibodies (shown for 1-1 antibodies in Figure 2.6B, lanes 5 and 6),
and neither agarose beads alone (not shown) nor pre-immune IgG coupled to agarose
beads (PI) pulled down any of the radiolabeled AtFtsZ proteins (shown for m-AtFtsZ2-2

incubated with Pl in lane 12).

To investigate FtsZ interactions, radiolabeled AtFtsZ precursors were first
incubated with pea chloroplasts in combinations of two: AtFtsZ1-1 and AtFtsZ2-2,
AtFtsZ2-1 and AtFtsZ2-2, or AtFtsZ1-1 and AtFtsZ2-1. In all cases, co-import of both
proteins was observed (Figure 2.6C, lanes 1-3, respectively). Following import and
recovery of intact chloroplasts, equal amounts (uCi) of radiolabeled mature proteins in
chloroplast lysates were incubated with FtsZ-specific antibodies and analyzed as above.
The results indicated that any two coimported AtFtsZ proteins (Figure 2.6C, lanes 1-3)
were coprecipitated (~10-20% yield) by antibodies specific for either protein (Figure
2.6C, lanes 4-9). In contrast, when two precursor proteins were incubated together with
any of the FtsZ antibodies, only the radiolabeled protein recognized by the antibody was
precipitated (5% yield) (not shown). In experiments in which all three AtFtsZ proteins

were coimported, all three mature proteins could be coprecipitated by any one FtsZ-
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specific antibody (~12-30% vield) indicating their interaction in a stable complex (Figure
2.6D). Moreover, coimported AtFtsZ2-1 and AtFtsZ2-2 (Figure 2.6E), as well as singly
imported AtFtsZ2-1 (not shown), could be pulled down by the FtsZ1 antibody. These
results show that the imported Arabidopsis FtsZ2 proteins associate with the

endogenous pea FtsZ1 in organello.

FtsZ1 and FtsZ2 are in a stable complex in vivo

Ultracentrifugation experiments were used to examine whether FtsZ1 and FtsZ2
are in a complex in vivo as suggested by the coimport/coimmunoprecipitation
experiments. Chloroplasts from 7-9 day-old pea leaves were lysed in the presence of
DDM to partially solubilize the membranes and the soluble protein fraction was
sedimented through a 5-20% sucrose gradient. Gradient fractions were analyzed by
immunoblotting. Replicate experiments showed that FtsZ1 and FtsZ2 primarily
cosedimented in the upper region of the gradient in a mass range between ~215-240
kDa (Figure 2.7A). The association between FtsZ1 and FtsZ2 was further examined by
pooling the peak FtsZ-containing density gradients fractions and subjecting them to
anion exchange chromatography, where both proteins co-eluted at ~300-400 mM NaCl
(Figure 2.7B). The DDM-solubilized chloroplast proteins were also separated by size
exclusion chromatography and the fractions examined by immunoblotting (Fig 5C).
Consistent with the sedimentation analyses, both FtsZ1 and FtsZ2 co-eluted in fractions

corresponding to a mass range of 213-243 kDa.
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Figure 2.6: Panels A and B, Immunoprecipitation of in vitro [>°S)-labeled AtFtsZ

translation and import products by FtsZ-specific antibodies

3
AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 cDNAs were translated in vitro with [ 5S]-Met

to produce precursor proteins and imported into isolated pea chloroplasts to yield
processed, mature proteins. Following import, chloroplasts were treated with
thermolysin and reisolated. Immunoprecipitation reactions, carried out using 1-1, 2-1,
2-2 or preimmune (PI) antibodies coupled to agarose beads, were performed directly on
the in vitro translation mixture for precursor proteins (p-1-1, p-2-1, p-2-2, precursor
AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2, respectively) and on soluble chloroplast fractions for
mature proteins (m-1-1, m-2-1, m-2-2, mature AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2,
respectively). Translation, import and immunoprecipation products were detected by
SDS-PAGE and autoradiography. (A) p-AtFtsZ1-1 (lane 1) and m-AtFtsZ1-1 (lane 2). (B)
Precursor (lanes 1-2, 7, 9) or individually imported (lanes 3-6, 8, 10-12) proteins were
immunoprecipitated with the antibodies shown above panel and proteins either bound
(B) or unbound (U) to the antibody beads are shown. All precursor and mature proteins
were specifically bound by their corresponding antibodies, which did not recognize SSU.
AtFtsZ2-1 is a doublet as previously reported (Vitha et al. 2003). In a control
experiment, imported SSU was detected only in the unbound fraction after

immunoprecipitation with 1-1-antibodies (lanes 5-6).
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Figure 2.6 (Continued):

(C) Pairs of the precursor AtFtsZ proteins were co-imported into pea chloroplasts
and the mature proteins (left panel in C) immunoprecipitated with the FtsZ antibodies
indicated. (D) All three AtFtsZ proteins were co-imported into chloroplasts and
immunoprecipitated with the different AtFtsZ antibodies (lanes 1-3) but not by
uncoupled beads (lane 4). (E) Following co-import of AtFtsZ2-1 and AtFtsZ2-2, the
mature import products could be co-precipitated by 1-1 antibodies (lane 1), but not by

Pl antibodies (lane 2), indicating their interaction with endogenous pea FtsZ1.
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Figure 2.7: FtsZ1 and FtsZ2 cofractionate in isolated pea chloroplasts

Isolated intact pea chloroplasts were lysed hypotonically in the presence of DDM
and soluble proteins were fractionated as indicated. Proteins in the fractions shown
were acetone-precipitated and analyzed by SDS-PAGE and immunoblotting using
AtFtsZ1-1 and AtFtsZ2-1 antibodies. (A) Analysis of fractions from a 5-20% sucrose
density gradient. Approximate peak locations of molecular mass standards separated in
a parallel sucrose gradient and identified in fractions by UV absorbance are indicated.
FtsZ1 and FtsZ2 cosedimented in a mass range of ~215-240 kDa. (B) The peak FtsZ-
containing fractions (5-8) from panel A were pooled and subjected to anion-exchange
chromatography using a 0-1 M NaCl elution gradient. FtsZ1 and FtsZ2 coeluted in 300-
400 mM NaCl. (C) Soluble proteins from chloroplasts lysed in the presence of DDM
were fractionated by gel filtration chromatography. Immunoblots of the subset of
fractions (0.2 ml) near the FtsZ complex peak are shown. The standard curve is shown

in Figure 2.1.
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Figure 2.8: 2-D native SDS-PAGE separation of an endogenous protein complex from
pea chloroplasts containing FtsZ1 and FtsZ2

(A) Isolated intact pea chloroplasts were lysed hypotonically in the presence of
DDM and soluble proteins were separated by native PAGE through a 4-20% gradient gel.
Replicate samples loaded onto the same gel were Coomassie-stained (lane 1) or
analyzed by immunoblotting with AtFtsZ1-1 (lane 2) and AtFtsZ2-2 (lane 3) antibodies.
Relative to the molecular mass markers (left), the native RuBisCO complex (550 kDa,
right) migrated at an apparent mass of ~470 kDa and a complex containing only FtsZ1
migrates just below this mass (indicated by *). A putative complex containing pea FtsZ1
and FtsZ2 (boxed) migrated at an apparent mass of ~200 kDa. (B) The putative FtsZ1-
and FtsZ2-containing complex (C) was excised from the Coomassie-stained native gel
shown in panel A and separated by SDS-PAGE in the second dimension. Pea chloroplast
stromal proteins (S) were loaded in adjacent lanes as controls. Replicate samples loaded
onto the same gel were Coomassie-stained (lanes 1 and 2) or analyzed by
immunoblotting with AtFtsZ1-1 (lanes 3 and 4) or AtFtsZ2-2 (lanes 5 and 6) antibodies.
Migration of molecular mass markers and FtsZ proteins are indicated on the left and

right, respectively.
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In a separate approach, protein complexes from intact pea chloroplasts were separated
by native-PAGE using 4-12% gradient gels (Figure 2.8A, lane 1). A distinct band that
resolved at ~200 kDa was recognized by both the FtsZ1 and FtsZ2 antibodies (Figure
2.8A, lanes 2-3). Notably, the 550 kDa RuBisCO complex [57] migrated with an apparent
mass of ~“470 kDa, indicating the mass of the FtsZ1-and FtsZ2-containing complex was
probably underestimated by this method. Based on the results of native PAGE, density
gradient centrifugation and anion exchange chromatography, we conclude that
endogenous pea FtsZ1 and FtsZ2 associate in a stable, discrete complex in vivo with a

mass between ~200 and 245 kDa.

The native immunoblots also showed smearing of the FtsZ1 and FtsZ2 signals,
suggesting the presence of larger FtsZ-containing complexes or assembled
protofilaments of various lengths (Figure 2.8A, lane 2). In addition, FtsZ1 was detected
in a well-resolved complex of “440 kDa (Figure 2.8A, asterisk) that did not contain
detectable FtsZ2; however a similarly sized complex was not evident in the pea density
gradient or size-exclusion chromatography fractions (Figure 2.7A, 5C). The composition

of this FtsZ1-containing complex was not further investigated in this study.

In a bid to identify other proteins associated with the FtsZ1- and FtsZ2-containing
complex, the ~200 kDa band resolved by native PAGE was excised from the native gel

and analyzed by SDS-PAGE (Figure 2.8B). While FtsZ1 and FtsZ2 were readily detectable
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by immunoblotting, neither was stained by Coomassie, precluding visual detection of

other proteins potentially associated with the complex.

The native FtsZ complex also contains ARC6 and ARC3

Interaction assays have shown that FtsZ1 and FtsZ2 interact with the chloroplast
division proteins ARC3 and ARCS, respectively (Maple et al. 2005; Maple et al. 2007). To
ask whether FtsZ, ARC6 and/or ARC3 can be detected in an endogenous complex, DDM-
solubilized chloroplast proteins from 7-10 day-old pea plants were fractionated on
sucrose density gradients and analyzed by immunoblotting using antibodies against
Arabidopsis ARC6 (Figure 2.9) and ARC3 (Shimada et al. 2004). The anti-ARC6 antibodies
detected two cross-reactive pea proteins of ~100 kDa, similar to the mass of ARC6 (Vitha
et al. 2003). The doublet could be indicative of posttranslational modification. A
significant portion of the smaller protein sedimented at the bottom of the gradient,
suggesting it is membrane-associated (Figure 2.10A, fraction M), as is ARC6 (McAndrew

et al. 2001; Vitha et al. 2003). Within the gradient, this protein

co-sedimented with the peak FtsZ1- and FtsZ2-containing fractions at ~215-240 kDa

(Figure 2.10A, fractions 5-8).

In a separate experiment, immunoblots of density gradient fractions were
probed with antibodies against FtsZ1, FtsZ2, ARC6 and ARC3. As in Figure 2.10A, FtsZ1,

FtsZ2 and the putative pea ARC6 co-sedimented at 215-240 kDa (not shown).
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Figure 2.9: Specificity of ARC6 Antibody

Immunoblot analysis shows immunoreactivity of anti-ARC6 with the
recombinant ARC6 immunogen (rARC6, lane 1) and proteins (1 mg fresh tissue/lane)
from WT Arabidopsis plants (WT, lane 2), transgenic plants carrying ARC6-GFP (lanes 3)
the arc6-1 mutant (lane 4), and overexpressed 355:ARC6 (lane 5). Approximate

molecular masses are indicated at the left.
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The ARC3 antibody detected two closely migrating proteins of ~75 kDa, presumably pea
ARCS3, that cosedimented with FtsZ1 and FtsZ2 (Figure 2.10B). These results suggest

that the stable FtsZ1- and FtsZ2-containing complex also contains ARC6 and ARC3. To

confirm co-sedimentation of FtsZ and ARC6, Arabidopsis [3SS]-AtFtsZI and [355]-ARC6

were imported separately into pea chloroplasts (McAndrew et al. 2001; Vitha et al.
2003). Subsequently, proteins in DDM-solubilized membranes and stroma were
fractionated on a sucrose density gradient as above. Radiolabeled FtsZ1 and ARC6 co-
fractionated in a complex of 200-245 kDa (Figure 2.10C, fractions 5-8), consistent with
cofractionation of the endogenous pea proteins (Figure 2.10A). A significant amount of
imported FtsZ1 sedimented near the top of the gradient (Figure 2.10C, fractions 1-2),
suggesting that a portion of the imported FtsZ1 is not incorporated into a complex
during the ~30 min period of protein import. In independent experiments, co-imported
ARCS, FtsZ1 and FtsZ2 could be co-immunoprecipitated from post-import chloroplast
lysates with FtsZ1 or FtsZ2 antibodies (R. M. McAndrew, J. E. Froehlich and K. W.

Osteryoung, unpublished).

To investigate the stability of protein associations in the native pea complex,
sucrose density gradient fractions containing FtsZ1, FtsZ2 and ARC6 (Figure 2.7A and
2.10A, fractions 5-8) were separated by anion-exchange chromatography (Figure 2.7B
and 2.10D) and fractions analyzed by immunoblotting with ARC6 antibodies. The peak
FtsZ-containing fractions (Figure 2.10D, indicated by “z”, equivalent to fractions 9-12 in

Figure 2.7B) were also found to contain the ~100 kDa ARC6 protein.
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Figure 2.10: ARC6 and ARC3 are associated with a protein complex containing FtsZ1
and FtsZ2 in both pea and Arabidopsis

(A) The pea stromal sucrose density gradient fractions shown in Figure2.7 were
also subjected to immunoblotting for ARC6. Proteins from fractions containing FtsZ1
and FtsZ2 (Figure2.6) are shown in lanes labeled below with “Z”. Although ARC6 co-
fractionates with FtsZ, a significant amount of ARC6 was found in the membrane
fraction “M”. (B) Fractions from separate sucrose density gradient were examined by
immunoblot for FtsZ1, FtsZ2 (Vitha et al. 2001) ARC6 and ARC3 (Shimada et al. 2004).
The lanes indicated with a “2” co-fractionated with FtsZ1, FtsZ2 and ARC6 (not shown)
and the MW of these fractions is 200-245 kDa. (C) Anion-exchange chromatography

fractions depicted in Figure2.6C were also analyzed by immunoblotting with anti-ARC6

and found to co-fractionate with FtsZ (marked with a “Z”). (D) Autoradiogram of [3551-

AtFtsZ1-1 and [3SS]-ARC6 imported into pea chloroplasts, DDM lysed and soluble

proteins separated on a sucrose density gradient. The peak containing AtFtsZ1-1 and

ARCES in fractions 5-6 has a mass of 210-240 kDa.
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This demonstrates not only that FtsZ1, FtsZ2 and ARC6 are associated in a complex, but
also that this complex is stable at high ionic strength, suggesting tight and specific

interactions within the complex.

Discussion

FtsZ1 and FtsZ2 arose by duplication and divergence of an ancestral FtsZ of
cyanobacterial origin (McAndrew et al. 2001; Osteryoung et al. 1998; Rensing et al.
2004; Stokes and Osteryoung 2003; Vaughan et al. 2004). The functional significance of
this divergence is not fully understood, but recent findings showing that FtsZ2 interacts
specifically with ARC6 (Maple et al. 2005) and FtsZ1 with ARC3 (Maple et al. 2007)
suggest the acquisition of distinct binding activities for FtsZ1 and FtsZ2. However, the
interaction assays performed to date have been carried out in yeast and transgenic
plants overexpressing FtsZ1 or FtsZ2. In the work described here, we have begun to
investigate the composition of an endogenous FtsZ-containing complex as well as FtsZ1
and FtsZ2 levels in WT plants. Such studies are critical for extrapolating the results of

other types of experiments to the in vivo system.

We have shown previously that suppression and overexpression of AtFtsZ1-1 or
AtFtsZ2-1 in Arabidopsis perturb Z-ring morphology and cause dose-dependent defects
in chloroplast division (Osteryoung et al. 1998; Stokes et al. 2000; Vitha et al. 2001).
These results suggest that the stoichiometry between FtsZ1 and FtsZ2 could be an
important aspect of their activity in vivo. Consistent with this possibility, we have found

in the present study that, although individual and total FtsZ levels in Arabidopsis leaves
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decline as plants mature between 3 and 7 weeks, their relative contributions to the
average FtsZ pool remain similar: AtFtsZ1-1 constitutes ~30% of the total FtsZ pool
while AtFtsZ2-1 and AtFtsZ2-2 together constitute ~70% (Table 2.1). This translates into
a molar ratio of about 1:2 between FtsZ1 and FtsZ2. The high amino acid identity
between the AtFtsZ2-1 and AtFtsZ2-2 (~81% for the full-length proteins and ~85% for
the predicted mature forms), along with our finding that AtFtsZ2-2, like AtFtsZ2-1 (Vitha
et al. 2001), encodes a functional, ring-forming chloroplast division protein (Figure 2.3),
suggest that AtFtsZ2-1 and AtFtsZ2-2 have biochemically equivalent functions within the
FtsZ2 pool. We hypothesize that the relatively mild phenotype of the atftsZ2-2
knockout mutant (Figure 2.3D) reflects the loss of only about 30% of the total FtsZ2 in
this mutant. The significance of 1:2 ratio between FtsZ1 and FtsZ2 is not yet clear,
however. Recent studies show that, in vitro, recombinant FtsZ1 is capable of assembling
into polymers and filaments independently of FtsZ2 (El-Kafafi et al. 2005; Lohse et al.
2006), and vice versa (Olson and Osteryoung 2007). In addition, we have found that
FtsZ2 can be detected in mid-plastid rings in an atftsZ1-1 null mutant, though only in the
tiny proplastids of meristematic tissue and not in differentiated chloroplasts (Yoder et
al. 2007). Together, these results indicate that the 1:2 ratio in Arabidopsis does not
reflect a stoichiometric requirement for FtsZ polymerization per se. More likely, a
balance between FtsZ1 and FtsZ2, and/or a balance between these proteins and other
plastid division factors, may be critical for proper regulation of Z-ring morphology,
position and dynamics in vivo. Our finding that FtsZ1 and FtsZ2 can complex with ARC3
and ARCS in vivo is consistent with this idea.
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FtsZ levels have been rigorously quantified only in E. coli (Lu et al. 1998). The
high degree of sequence conservation between chloroplastic and prokaryotic FtsZs
(Stokes and Osteryoung 2003; Vaughan et al. 2004) strongly suggests structural and
mechanistic conservation as well. Consistent with this expectation, our measurements
indicate that the average FtsZ concentration in chloroplasts of three-week-old plants, in
which leaves are still actively expanding and chloroplasts actively dividing (Pyke and
Leech 1994; Pyke et al. 1991), is similar to that in the cytoplasm of log-phase E. coli cells
(Lu et al. 1998). Somewhat surprising was our hypothetical calculation (Table 2.1)
suggesting that the average number of FtsZ molecules in chloroplasts at this stage of
development is comparable to the amount of FtsZ present in dividing E. coli cells with
respect to the average dimensions of their division sites. This may be coincidental; we
only measured the mid-plastid circumference in mesophyll cells of three-week-old
plants, and molecular levels of FtsZ relative to the dimension of the chloroplast division
site could be different in other cell types and at other stages of development.
Nevertheless, the potential similarity between chloroplasts and E. coli in this regard is

intriguing and worthy of further comparison.

We have found that FtsZ1, FtsZ2, ARC6 and ARC3 associate in a native complex in
pea and Arabidopsis. The isolated complex is robust—it remains intact during several
size fractionation procedures as well as during anion exchange chromatography (Figure
2.10), and ARC3 also remains associated during anion exchange chromatography (not
shown). The estimated mass of the complex, between ~200 and 245 kDa, is consistent

with the calculated molecular masses of the mature forms (i.e., lacking chloroplast
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transit peptides) of FtsZ1, FtsZ2, ARC3 and ARC6, which in Arabidopsis are 39, 45, 75 and
81 kDa, respectively (though ARC6 often migrates at ~100 kDa in SDS gels;
Supplementary Figure 2.5). A complex containing these proteinsina 1:1:1:1
stoichiometry would be ~240 kDa. Based on yeast-two-hybrid, in vivo FRET, and
bimolecular fluorescence complementation assays reported by Maple et al. (Maple et al.
2005; Maple et al. 2007), we would predict direct interactions within the native complex
between ARC6 and FtsZ2, FtsZ2 and FtsZ1, and FtsZ1 and ARC3. Other compositions and
stoichiometries are also possible; for example, complexes containing subsets of these
proteins in different stoichiometries could co-elute at similar molecular weights, though
the co-elution of the four proteins during anion exchange chromatography (Figure 2.7B,
2.10C) suggests their association in a single stable complex. Further analysis of the
composition, stoichiometry and protein-protein interactions within the ~200-245 kDa
complex will be important for fully defining its structure and functional role in

chloroplast division.

The bacterial Z-ring is proposed to consist of short, overlapping FtsZ
protofilaments bundled at the cell membrane (Margolin 2005b; Stricker et al. 2002).
Protofilaments within the ring are rapidly remodeled by exchange of subunits with a
cytoplasmic FtsZ pool, allowing the ring to be dynamic (Anderson et al. 2004; Chen et al.
2005; Stricker et al. 2002). Preliminary evidence suggests that chloroplast Z-rings and
filaments exhibit similar dynamics (Vitha et al. 2005). However, the presence in the
FtsZ1- and FtsZ2-containing complex of ARC6, an inner envelope membrane (IEM)

protein (Vitha et al. 2003), as well as the stability and relatively small mass of the
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complex (Figure 2.10A), implies that it represents an IEM-associated FtsZ pool that is not
polymerized or readily exchangeable. Further, the mid-plastid localization of ARCS,
FtsZ1, FtsZ2 and at least a portion of the ARC3 (Maple et al. 2007; Shimada et al. 2004;
Vitha et al. 2003; Vitha et al. 2001) suggests that the complex may be associated with
the plastid division site in vivo. The complex contains only a fraction of the FtsZ in the
chloroplast, however, and multiple pools of FtsZ presumably exist in the chloroplast, as
indicated by the “smearing” of the FtsZ1 and FtsZ2 signals on native immunoblots
(Figure 2.8), broad sedimentation patterns in density gradients (Figure 2.7A), and
detection of the ~440 kDa FtsZ1-containing complex (Figs. 5C, 6A). It is conceivable that
the latter represents a pool of FtsZ1 recently reported to be associated with thylakoid
membranes in Arabidopsis (El-Kafafi et al. 2008). Although the distribution of FtsZ1 and
FtsZ2 between the stromal and membrane fractions of the chloroplast has been
variously reported in the literature, perhaps due to differences developmental stage,
growth conditions, or isolation procedures (El-Kafafi et al. 2005; El-Kafafi et al. 2008;
Glynn et al. 2007; McAndrew et al. 2001), the data consistently suggest that a significant
fraction of the chloroplast FtsZ is soluble. If, as proposed in bacteria, the chloroplast Z-
ring is composed of rapidly remodeled protofilaments, then it seems likely that the bulk

of the FtsZ in the ring and the exchangeable fraction would be soluble.

What might the function of the FtsZ1/FtsZ2/ARC6/ARC3-containing complex be?
In bacteria, Z-ring dynamics are regulated by the balanced activity of several Z-ring
assembly and disassembly factors (Margolin 2005b). In chloroplasts, ARC6 has been

shown to promote and stabilize chloroplast FtsZ filament formation in vivo, suggesting it
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is an assembly factor (Vitha et al. 2003), and ARC3 has been postulated to have an
activity related to that of MinC, which inhibits FtsZ polymer assembly in bacteria (Glynn
et al. 2007; Hu et al. 1999; Maple et al. 2007). We speculate that the complex plays a
role in regulating FtsZ polymer assembly and remodeling adjacent to the IEM. ARC6 and
ARC3 could antagonistically regulate polymer formation at the division site, facilitating
Z-ring dynamics. The complex could also comprise a nucleation or other pre-assembly
complex, perhaps resembling the role of microtubule organizing centers in regulating
microtubule dynamics (Raynaud-Messina and Merdes 2007). Further analysis of the

complex will yield a clearer picture of its functional significance.

Supplementary Results

Preparation of Quantitative Inmunoblotting Standards

To establish a baseline for investigating the stoichiometric relationship between
FtsZ1 and FtsZ2, we carried out quantitative immunoblotting to determine their
molecular levels in chloroplasts of Arabidopsis. Standard curves (Figure 2.1A) were
constructed from immunoblots of purified FtsZ recombinant proteins (Supplementary
Figure 2.2) resolved by SDS-PAGE and probed with the corresponding FtsZ-specific
primary antibody and *°|-labeled secondary antibodies. Comparable to the linear range
of standards used to quantify E. coli FtsZ (Lu et al. 1998), the linear ranges of detection
for the recombinant Arabidopsis FtsZ standards were 10-83.5 ng/lane for AtFtsZ1-1, 10-
65 ng/lane for AtFtsZ2-1, and 10-62.5 ng/lane for AtFtsZ2-2 (Figure 2.1A). To establish a
reliable range for measuring FtsZ proteins in chloroplasts, we took advantage of the fact
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that the amount of chlorophyll in chloroplast suspensions was directly proportional to
the number of chloroplasts, and therefore, to the amount of FtsZ protein per
chloroplast. Chloroplast lysates of determined chlorophyll content were analyzed by

125|_Jabeled secondary antibodies, and the amount of each AtFtsZ

immunoblotting with
protein was extrapolated from the standard curves (Figure 2.1A). AtFtsZ protein levels

exhibited a linear correlation with chlorophyll content in samples containing ~7-15 ug

chlorophyll (Figure 2.1B).

Specificity of the ARC6 Antibody

Following affinity purification, the ARC6 antibodies recognized a protein
migrating at ~100 kDa in leaf extracts from WT Arabidopsis plants and plants
overexpressing ARC6 from the 35S promoter (Figure 2.1, lanes 2 and 4). Although this is

higher than the mass of ~81 kDa predicted for ARC6 lacking its predicted transit peptide

(amino acids 1-67), import of Arabidopsis [3SS]-ARC6 into pea chloroplasts also produces

an import product of ~100 kDa, suggesting ARC6 migrates aberrantly during SDS-PAGE
separation (Vitha et al. 2003). In plants expressing an ARC6-GFP fusion protein, the
antibodies also reacted with a slightly larger protein (Figure 2.1, lane 3) that was also
detected by an anti-GFP antibody (not shown). In contrast, the antibodies
demonstrated no immunoreactivity to a protein corresponding to ARC6 in the arc6-1
mutant (Figure 2.1, lane 4), in which a premature stop-codon severely truncates the

ARC6 gene product (Vitha et al. 2003). These results demonstrate that the anti-ARC6
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antibodies specifically recognize ARC6 in Arabidopsis. They also indicate that arc6-1 is a

null allele of ARC6.
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CHAPTER THREE

PLANT FTSZ1 AND FTSZ2 ARE GTPASES AND ASSEMBLE INTO HETEROFILAMENTS THAT
BUNDLE INTO RIBBONS

Bradley J. S. C. Olson and Katherine W. Osteryoung

This work is being submitted for publication

B. J. S. C. Olson performed all the experiments and wrote in consultation with Katherine

W. Osteryoung
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Introduction

Chloroplasts are endosymbiotically derived from cyanobacteria and the
chloroplast division machinery is derived from the cyanobacterial endosymbiont. FtsZ is
essential for proper bacterial cell division and is one of the earliest markers of the
bacterial cell division site. Owing to the endosymbiotic origin of chloroplasts, FtsZ is also
required for proper chloroplast division (McAndrew et al. 2008; Osteryoung and
McAndrew 2001; Osteryoung and Pyke 1998; Osteryoung et al. 1998; Osteryoung and
Vierling 1995; Stokes et al. 2000; Yoder et al. 2007). Bacteria typically have one type of
FtsZ, but plants have two families of nuclear-encoded, plastid-targeted homologues of
bacterial FtsZ, named FtsZ1 and FtsZ2 (Osteryoung et al. 1998; Osteryoung and Vierling
1995). Moreover, the evolution of FtsZ1, lacking a conserved bacterial C-terminal
domain, has been speculated to be important for the establishment of endosymbiotic

plastids (Miyagishima et al. 2003a).

Loss of FtsZ function in bacteria leads to blocked cell division resulting in
filamentous, multinucleate cell. Likewise, loss or mutation of either Arabidopsis FtsZ1 or
FtsZ2 leads to blocked chloroplast division resulting in fewer enlarged chloroplasts in the
plant cell (McAndrew et al. 2008; Osteryoung and McAndrew 2001; Osteryoung and
Pyke 1998; Osteryoung et al. 1998; Osteryoung and Vierling 1995; Stokes et al. 2000;
Yoder et al. 2007). FtsZ2 proteins share a C-terminal motif with bacterial FtsZ, while
FtsZ1 proteins are possibly plant-specific (Miyagishima et al. 2003a). FtsZ1 and FtsZ2 are

tightly co-localized to rings at mid-plastid adjacent to the chloroplast inner envelope
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membrane (Vitha et al. 2001). Immunofluorescence microscopy of plant cells under- or
over-expressing either FtsZ1 or FtsZ2 shows disorganized Z-filaments (Vitha et al. 2001)
suggesting the stoichiometry between FtsZ1 and FtsZ2 is critical for proper Z-filament
formation. However, it is unknown if FtsZ1 and FtsZ2 form homofilaments or

heterofilaments when assembled (Osteryoung and McAndrew 2001).

FtsZ1 and FtsZ2 proteins interact in vivo in a stable complex with the chloroplast
division proteins ARC6 and ARC3 (Maple et al. 2005; McAndrew et al. 2008). FtsZ1 and
FtsZ2 are functionally distinguished by differential binding to ARC3 and ARCS,
respectively (Maple et al. 2005). ARC3 has been speculated to be important for mid-
plastid positioning of the Z-ring (Glynn et al. 2007; Maple et al. 2007) while ARC6
organizes and probably stabilizes Z-filaments at mid-plastid (Vitha et al. 2003). If FtsZ1
and FtsZ2 form heterofilaments, FtsZ1/FtsZ2 co-localized Z-rings could be
simultaneously regulated by ARC3 and ARC6 via discrete interactions with FtsZ1 and

FtsZ2, respectively.

Bacterial FtsZ and af-tubulin share a common ancestor despite having limited
sequence similarity (Erickson 1995, 1997; Nogales et al. 1998a). All FtsZ and tubulin
proteins share an N-terminal glycine-rich GTP binding motif that is also conserved in
plant FtsZ (Figure 3.1)(Nogales et al. 1998a). The GTPase active site of FtsZ and o3-
tubulin is completed by the T7-loop of a second FtsZ or tubulin molecule. Thus, two
GTP-bound monomers (or two pairs of af-tubulin dimers) are required to complete one

GTPase active site.
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Figure 3.1: Sequence alignment of AtFtsZ1-1, AtFts;Z-z and E. coli FtsZ.

The ChloroP predicted transit peptide cleavage sites are indicated by arrows, but
the predicted AtFtsZ1-1 cleavage site would remove part of the base recognition motif,
so a more probable transit peptide cleavage site was chosen (see text). The N-termini of
all proteins contain a non-canonical, glycine-rich, GTP binding motif that in tubulin
literature is termed the tubulin-signature motif. All three FtsZ proteins contain all
residues in the T7 loop known to be required for GTP hydrolysis; however, the T7 loop
of B-tubulin is variant and prevents trans-GTPase hydrolysis in the a-subunit. Plant
FtsZ2 and E. coli FtsZ share a conserved C-terminal motif and in tubulin these C-terminal
extensions have been shown to stick out of the microtubule and are responsible for
binding MAPs (microtubule associated proteins). In bacteria, ZipA, which contains a
MAP-Tau-like domain, binds this motif, while in plants ARC6 binds this motif in FtsZ2.
The function of the FtsZ1 C-terminus is unknown. Note the alignment is split between

the N-terminus on page 93 and the C-terminus on page 94.
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Figure 3.1 (Continued)
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Tubulin differs from bacterial FtsZ because the T7-loop of B-tubulin has an amino acid
substitution GxxNxDxxE = GxxNxxDxxK which makes the a-subunit incapable of GTP
hydrolysis (Nogales et al. 1998a). In addition, lack of GTP hydrolysis by the a-subunit
prevents o3-tubulin dimers from dissociating, resulting in strict heterodimerization of
off-tubulin. Bacterial FtsZ filaments are formed exactly like tubulin, except there is only
one type of FtsZ. Because tubulin and FtsZ have trans GTP binding sites, the ends of FtsZ
and tubulin filaments are biochemically distinct. The plus end of a growing microtubule
or FtsZ filament is GTP-capped by the glycine-rich, GTP binding motif. Filament growth
occurs when the T7-loop of an incoming subunit completes the active site at the plus
end. In contrast, filament growth is kinetically disfavored on the T7-loop-containing
minus ends of the filament. Thus, FtsZ and microtubules grow primarily at their plus
ends. Due to biochemically distinct ends of FtsZ and tubulin, T7-loop mutations block
incoming subunit addition, thus preventing protofilament elongation, but T7-loop
mutations do not affect lateral interaction with other protofilaments (Redick et al. 2005;
Scheffers et al. 2002). For the purposes of this study, T7 loop mutations will be used to
probe the difference between head-to-tail protofilament interaction and lateral

stabilization of FtsZ1/FtsZ2 co-polymers.

Bacterial FtsZ assembly is mechanistically similar to tubulin assembly, differing
mainly in kinetics of each step in the process. During cytokinesis, a maximum of 35% of
monomeric FtsZ is assembled into division rings (Anderson et al. 2004; Stricker et al.

2002). Thus, most unassembled FtsZ is monomeric and GDP-bound. /n vitro, the
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assembly of FtsZ is modeled as follows: GDP-FtsZ exchanges nucleotide resulting in
GTP-FtsZ, which dimerizes (Chen et al. 2005; Huecas et al. 2007a; Rivas et al. 2001; Rivas
et al. 2000; Romberg et al. 2001). Dimeric GTP-FtsZ cooperatively assembles onto
protofilament plus-ends. The incoming T7-loop from dimeric FtsZ (or aff-tubulin)
completes the active site of the plus-end and GTP hydrolysis begins. GTP hydrolysis is
rate-limiting in FtsZ (Romberg and Mitchison 2004) and hydrolysis is not required for
assembly (Scheffers et al. 2000). Bacterial FtsZ immediately hydrolyzes GTP upon
assembly (Chen and Erickson 2005; Huecas et al. 2007b; Romberg and Mitchison 2004;
Scheffers and Driessen 2002), but in tubulin, the GTPase activity lags behind the rate of
polymerization (Nogales 1999). In the absence of fresh GTP, FtsZ polymers rapidly
hydrolyze GTP and disassemble. FtsZ has a faster GTP hydrolysis rate and FtsZ polymers
are less stable than tubulin (Mukherjee and Lutkenhaus 1999). Unlike tubulin, FtsZ is
able to maintain its polymerized state by exchanging fresh GTP within the polymer,
preventing disassembly. Likewise, polymerized FtsZ (but not tubulin) filaments can be
disassembled by addition of GDP which exchanges into polymerized FtsZ (Mingorance et
al. 2001). In contrast, tubulin stability is maintained by a slow GTPase activity and the
action of many microtubule regulating proteins (Nogales 1999). Tubulin laterally
associates into bundled tubes by the lateral interaction primarily between a- and B-
subunits (Nogales 1999). FtsZ filament bundling is believed to occur, but lateral
association of FtsZ filaments in the absence of stabilizing agents has not been observed
in vitro. It is unclear how lateral association between FtsZ filaments would affect
filament stability and GTP hydrolysis and exchange.
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The aims of this study are to determine if both FtsZ1 and FtsZ2 are GTPases and
capable of assembly similar to bacterial FtsZ and tubulin, and to distinguish between
assembly into homopolymers or heteropolymers. To answer these questions, FtsZ1 and
FtsZ2 were produced recombinantly and without their putative chloroplast transit
peptides to study their biochemical properties in vitro. In the following series of
experiments, we report that FtsZ1 and FtsZ2 stably polymerize into heterofilaments that

laterally associate into ribbons under dynamic conditions.

Experimental Procedures

Expression and purification of recombinant FtsZ proteins

Previous attempts to characterize the biochemical properties of plant FtsZ (El-
Kafafi et al. 2005; Gaikwad et al. 2000) did not remove the chloroplast transit peptides,
which interfere with their function. Additionally, FtsZ2 examined by El-Kafafi and
colleagues (El-Kafafi et al. 2005) had a C-terminal truncation that removed at least ~25
amino acids conserved with bacterial FtsZ. Moreover, the ChloroP predicted transit
peptide of FtsZ1 would remove part of its glycine rich GTP-binding domain (Figure 3.1),
so we sought to produce physiologically relevant forms of FtsZ1 and FtsZ2 (design is
discussed in the results). FtsZ1 and FtsZ2 were amplified by PCR from cDNA clones of
AtFtsZ1-1 (ABRC clone U09686) and full length AtFtsZ2-1 (McAndrew et al. 2001). Note,
previous results from our lab with a cDNA for AtFtsZ1-1 (McAndrew et al. 2001; Stokes
et al. 2000) (Vitha et al. 2001) contains the mutation S115F in its GTP binding domain,
which interferes with its polymerization properties (not shown), but ABRC clone U09686
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was sequenced matches the gene sequence annotated in TAIR
(http://www.arabidopsis.org). FtsZ1 and FtsZ2 were amplified without their transit
peptides with the primers 5'-AGTGGTCCATGGCCAGGTCTAAGTCGATGCGATTG-3' and 5'-
TGCACCCTCGAGCTAATGATGATGATGATGATGGAAGAAAAGTCTACGGGGA-3' for FtsZ1
and 5'-AGTGGTCCATGGCCGCCGCTCAGAAATCTGAATC-3’ and 5'-
TGCACCCTCGAGTTAATGATGATGATGATGATGGACTCGGGGATAACGAGAGCTG-3’ for
FtsZ2. These FtsZ1 and FtsZ2 constructs result in the deletion of the putative N-terminal
chloroplast transit peptide (57 and 48 amino acids respectively, CTP choice discussed in
results) and addition of the amino acids “MA” to complete an Ncol cloning site and
insert an ATG start codon for translation. On the C-terminus, a 6X His tag with a stop
codon followed by an Xhol site was inserted in the primers. FtsZ1 and FtsZ2 PCR
fragments were digested with Ncol and Xhol and the digested fragments were sub-
cloned into the Ncol and Xhol sites of the expression vector pDB38 (McAndrew et al.
2008). Note that cloning into the Ncol site removes an HFKT-tag in pDB328. Prior to
expression, the constructed gene was confirmed by DNA sequencing. Finally, AtFtsZ2-1
and AtFtsZ2-2 can substitute for one another in vivo, indicating they are biochemically
redundant (Aaron Schmitz, in preparation); therefore, we used only AtFtsZ2-1 in this

study.

For expression of recombinant proteins, FtsZ expression plasmids were
transformed into Rosetta(DE3) cells (Novagen) harboring pBS58, which overexpresses
the E. coli ftsQAZ operon and suppresses filamentation of the cells during expression

(Jeong and Lee 2003). Plant FtsZ was optimally expressed as follows: an overnight
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culture of cells was grown at 37°C in LB supplemented with 100 pg/ml carbenicillin, 50
ug/ml spectinomycin and 50 pg/ml chloramphenicol and then sub-cultured 1:1000 into
fresh LB media containing 50 pg/ml carbenicillin, 25 pg/ml spectinomycin and 12.5
ug/ml chloramphenicol, grown to an OD600 of ~0.6 and expression was induced with
0.5 mM IPTG for 4h at 37°C. Several different temperatures and conditions were tested
for expression, but we consistently found that >80% of the protein was found in
inclusion bodies. Because protein purified from the soluble fraction typically had
contaminating ATPase activity that was difficult to remove by high-salt washes or other
chromatographic techniques we chose to refold plant FtsZ from inclusion bodies. After
expression, cells were harvested at 9,000 g for 10 min at 4°C and dry pellets were stored

at -80°C until extraction and purification of recombinant protein.

Frozen cell pellets were thawed on ice and resuspended in 0.01 volumes the
initial culture volume in ice-cold extraction buffer (25 mM TrisCl pH 8.0, 500 mM NaCl, 5
mM imidazole with Roche Complete EDTA-free protease inhibitors). Trition-X 100 was
added to 0.1% and the cells were sonicated six times for 30 sec at full tip power using a
Bronson microtip sonicator. Insoluble debris and inclusion bodies were collected by
centrifugation at 18,000 g for 20 min at 4°C, the supernatant typically contained <20%
of the expressed protein and was discarded. Inclusion bodies were resuspended in
extraction buffer and sonicated again. Urea was added to 6 M and prior to affinity
chromatography, insoluble material was removed by centrifugation at 18,000 g for 20

min at 4°C.
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FtsZ1 and FtsZ2 proteins were purified by affinity chromatography using Ni-
Sepharose (GE Healthcare) under denaturing conditions. Crude lysates were applied
directly to a 15 ml Ni-Sepharose column (GE Healthcare) at 1 ml/min and washed with 2
column volumes of buffer A (25 mM TrisCl pH 8.0, 500 mM NaCl, 6 M urea). FtsZ was
eluted with a linear gradient of 0-1 M imidazole in buffer A at 5 ml/min; FtsZ proteins
typically eluted between ~100 and 300 mM imidazole and were pooled prior to

refolding.

FtsZ1 and FtsZ2 were refolded by dialysis. Because the high concentration of
imidazole from elution interferes with protein refolding, imidazole was first removed by
dialysis against 25 mM TrisCl pH 8.0, 500 mM NaCl, 3 M urea. Following imidazole
removal, ~1 mM GDP was added directly to the dialysis bag and plant FtsZ was dialyzed
against three changes of 25 mM TrisCl pH 8.0, 500 mM NaCl. 500 mM. GDP was
required to prevent aggregation during refolding. Some protein aggregation was
sometimes observed once the concentration of urea fell below ~1 M; this was removed
by centrifugation at 14,000 g for 20 min at 4°C. Following dialysis, FtsZ protein was
concentrated by ultrafiltration (Amicon Centricon, molecular weight cut-off of 30 kDa)
to approximately 15 UM and glycerol was added to 10% before storage at -80°C until
use. Prior to assay, FtsZ proteins were thawed on ice and centrifuged for 20 min at
12,000 g at 4°C to remove aggregated protein. Bacterial FtsZ proteins are typically
purified with a round of assembly-based purification to select for active protein.

However, we find that FtsZ1 and FtsZ2 assemble individually with poor efficiency.
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Typically, ~25% of the plant FtsZ is recovered by CaCl;, assembly-based purification

individually, whereas we typically find >90% of E. coli FtsZ is recovered by assembly-
based purification. Initially, poor recovery of FtsZ1 and FtsZ2 by assembly-based
purification suggested our plant FtsZ preparations were not functional, but the low
recovery was found to result from both FtsZ1 and FtsZ2 being required for efficient
assembly (see Results). Instead, aggregated protein was removed by desalting with a

HiPrep 26/10 column at 10 ml/min equilibrated with TMK (25 mM TrisCl pH 7.0, 0.1 mM

MgCly, 100 mM KCl). The yield of plant FtsZ from desalting is 50-80% greater than

assembly based purification, but there was little difference in protein activity. Following
gel filtration into TMK, FtsZ protein was concentrated to approximately 15-20 UM using
an Amicon Centricon (30 kDa molecular weight cut-off) and additional aggregated
protein was removed by centrifugation at 18,000 g for 20 min at 4°C (typically less than
2% of the protein was aggregated). To verify proper refolding, FtsZ1 and FtsZ2 were
subjected to sucrose density gradient fractionation with a linear 0-20% gradient
prepared in HMK and both FtsZ1 and FtsZ2 fractionated near the 67 kDa marker (not

shown).

SDS-PAGE and quantitative amino acid analysis (QAAA) were used to assess the
purity of recombinant FtsZ. A typical plant FtsZ preparation was >95% pure. QAAA
demonstrated FtsZ1 and FtsZ2 mature proteins are underestimated by the BCA assay by
20%, similar to E. coli FtsZ. This result is also consistent with our previous

standardization for quantification (McAndrew et al. 2008). Occasionally, FtsZ2 protein
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preparations would have a secondary lower MW band, likely due to initiation off of a
downstream ATG codon in E. coli. The truncated protein was removed by reverse phase

chromatography using a Source RPC 3.1/300 column (GE Healthcare) with a linear
gradient of 0.1% trifluoracetic acid (TFA) to 1:10:90, TFA:H,0:acetonitrile over 20 CV.

The eluted protein was refolded as described above and purity was typically >98%.

E. coli FtsZ was prepared by established methods and immediately before assay
was subjected to a round of calcium stabilized polymerization and depolymerization (Lu
and Erickson 1998; Lu et al. 1998). E. coli FtsZ was typically >90% pure as assessed by

Coomassie staining SDS-PAGE gels.

Site-directed mutagenesis

Expression plasmids for FtsZ1 and FtsZ2 were mutagenized using established
methods (Fisher and Pei 1997). Briefly, primer pairs 5’-
GTCAATGTGGATTTTGCAGCTGTGAAGGCAGTCATGAAA-3' and 5'-
TTTCATGACTGCCTTCACAGCTGCAAAATCCACATTGAC-3' or 5'-
GTGAATGTGGATTTTGCTGCTGTGAGAGCTATAATGGCA-3’ and 5’-
TGCCATTATAGCTCTCACAGCAGCAAAATCCACATTCAC-3" were used to make D275A or
D322A mutations in FtsZ1 or FtsZ2. This results in the T7-loop mutation NVDFAD to
NVDFAA. Plasmids were amplified with Ex-Taq (Takara) using the manufacturer’s
buffers for 14 cycles. Following amplification, the parental plasmid was digested with
Dpnl (New England Biolabs) for 1h at 37°C. 2 pl of the digestion was used to transform

competent DH5a and the mutation was confirmed by sequencing.
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GTP binding and hydrolysis assays

Nucleotide binding to FtsZ proteins was performed as previously described
(Redick et al. 2005). The GDP content of assembled FtsZ was assayed using the same
technique developed for E. coli FtsZ (Chen and Erickson 2008; Romberg and Mitchison
2004; Small and Addinall 2003). Briefly, a GTP regeneration system is established with
pyruvate kinase that phosphorylates GDP from phosphoenolpyruvate to make GTP.
Thus, non-polymer bound GDP is rapidly converted to GTP and the GDP measured is
only that bound to polymerized FtsZ. Instead of using radioactive GTP, we detected GDP
and GTP by HPLC (Romberg and Mitchison 2004). 5 uM FtsZ was polymerized in the
presence of 0.5 mM GTP in HMK, deproteinated with a 5-fold excess of ice-cold 1 M
perchloric acid and centrifuged for 20 min at 4°C. The supernatant was injected into a

0.5 ml sample loop on a AKTA Purifier HPLC and loaded onto a TOSOH DEAE 5P-5W 0.7
mm x 7 mm anion exchange column equilibrated with 100 mM NH4HCO3 at 1 mi/min at
25°C and detected by absorbance at 254 nm. Nucleotide was eluted with a linear
gradient to 0.5 M NH4HCO3 at 1 ml/min over 3 column volumes. The anion-exchange

column was calibrated before and after nucleotide binding assays with GDP and GTP.
GDP and GTP elute as two closely spaced peaks at ~13.5 and 14.5 ml, respectively, and
we estimated the GDP in the polymer by integrating the area underneath the base-line

corrected peak corresponding to GDP in Unicorn 5.1 software (GE Healthcare). GDP

. . L . . -1 -1
concentration was calculated using the extinction coefficient 13,700 M ~ cm ~. Control
experiments were performed on E. coli FtsZ and our results were consistent with
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previous estimates of GDP content (Chen and Erickson 2008; Romberg and Mitchison

2004).

GTPase activity was initially measured with the malachite green assay (Redick et
al. 2005). However, because the activity of FtsZ1 and FtsZ2 requires high GTP
concentrations, which are incompatible with the malachite green assay, most GTPase
assays were performed with a GTP regeneration assay (Ingerman and Nunnari 2005). E.
coli FtsZ was routinely used as a positive control (Lu and Erickson 1998; Lu et al. 1998).
E. coli FtsZ was assayed under conditions optimal for plant FtsZ (lower temperature).

Optimal FtsZ1 and FtsZ2 GTPase activity was found between 25 and 30°C in 50 mM
HEPES-KOH pH 7.0, 100 mM KCl and 5 mM MgSO4 (HMK), similar to optimal conditions
for E. coli FtsZ. However, E. coli FtsZ is typically assayed at 37°C (Lu and Erickson 1998;

Lu et al. 1998), whereas in this study, E. coli FtsZ is assayed at 30°C.

Polymerization assays

Electron microscopy of FtsZ polymers was conducted with either 2.5 or 5 pyM

FtsZ (total FtsZ1 plus FtsZ2). To stabilize FtsZ1, FtsZ2 and E. coli FtsZ they were

polymerized under non-dynamic conditions in HMKCa (HMK with 5 mM CaCly).

FtsZ1/FtsZ2 co-polymers were stable without CaCl; conditions and were polymerized in

HMK. All buffers were filtered through a 0.22 um filter. Before nucleotide was added,

polymerization reactions were centrifuged for 10 min at 14,000 g
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Table 3.1: GTP binding and hydrolysis properties of FtsZ1 and FtsZ2 compared to E.

coli FtsZ
GTP ATP GTPase | GTPase | Activity | Activity | Activity | GDP
Binding | Binding | Specific | Specific | with with with content of
Activity” | Activity’ | GpP© | GTP ATPF | polymers
and
eDTA®
FtsZ1 1.05 N/D 0.14 0.028 N/D N/D N/D -
$0.03
FtsZ1D275A | 1.15 N/D N/D N/D N/D N/D N/D -
$0.25
Fts22 0.98 N/D 0.14 0.046 N/D N/D N/D -
$0.22
FtsZ2D322A | 0.95 N/D N/D N/D N/D N/D N/D -
$0.12
FtsZ1/Ftsz2 | - N/D 0.15 . N/D N/D N/D ~10-20%
E.coliFtsZ |1.09% | N/D 2.51 - N/D N/D N/D ~40-50%
0.17
Notes

A)Maximum activity observed using a coupled GTPase assay at 25°C reported in

this column

B)Activity determined with a malachite green phosphate assay

C)Activity determined with a malachite green phosphate assay

D)Determined with both a malachite green phosphate assay and coupled assay
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at 25°C to remove contaminants. After nucleotide was added, plant FtsZ was
polymerized for 20 min at 25°C or 30°C; results were similar at both temperatures. E.
coli FtsZ was used as a positive control and results in HMKCa were consistent with
previous reports (Erickson et al. 1996; Mukherjee and Lutkenhaus 1994, 1998). 2 ul of a
polymerization reaction was pipetted onto a formvar coated 200-mesh nickel grid and
negative stained with 0.5% or 2% uranyl acetate. FtsZ polymers were examined with a
JEOL100 CXI! (Japan Electron Optics Laboratories) transmission electron microscope at

an accelerating voltage of 100 kV at 10,000-450,000X magnification as indicated.

90° light-scattering assays were conducted as previously described for bacterial
FtsZ (Mukherjee and Lutkenhaus 1999) using a Photon Technologies Incorporated
fluorescence spectrophotometer equipped with a model 814 photomultiplier operated
in digital mode at 1000V. Assays were performed with a 0.5 nm excitation and 1 nm
emission slit widths and 350 nm excitation and emission wavelengths. Polymerization
was conducted in HMK buffer at room temperature unless otherwise specified; all
buffers were filtered through a 0.22 um filter prior to use and all protein preparations
were centrifuged for 10 min at 14,000 g at 25°C immediately before assay.
Polymerization rates were derived by linear regression fit of the linear increase in light-

scattering.

Results

Production and refolding of recombinant Arabidopsis FtsZ1-1 and FtsZ2-1
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In contrast to previous studies (El-Kafafi et al. 2005; Gaikwad et al. 2000), the
putative chloroplast transit peptides of FtsZ1 and FtsZ2 were removed from
recombinant FtsZ1 and FtsZ2 (Figure 3.1). ChloroP (Emanuelsson et al. 1999) predicts a
48 amino acid transit peptide for AtFtsZ2-1. AtFtsZ2-1 was aligned with several
cyanobacterial FtsZ proteins and the predicted 48 amino acid transit peptide extended
beyond the alignments (not shown), suggesting the ChloroP transit peptide prediction
for AtFtsZ2-1 is correct. Moreover, removal of the AtFtsZ2-1 putative transit peptide
results in a predicted mass of ~46 kDa, which is close to the ~45 kDa mass of AtFtsZ2-1
determined by immunoblotting of Arabidopsis proteins (McAndrew et al. 2008; Stokes
et al. 2000). Arabidopsis has two FtsZ2 genes, AtFtsZ2-1 and AtFtsZ2-2 (McAndrew et al.
2008; Osteryoung et al. 1998). The amino acid sequences of these two proteins are 92%
similar and 85% identical without their ChloroP predicted transit sequences. In
Arabidopsis, AtFtsZ2-1 and AtFtsZ2-2 are genetically redundant (Aaron Schmitz et al., in
preparation) but AtFtsZ2-1 is more abundant than AtFtsZ2-2 (McAndrew et al. 2008) so
AtFtsZ2-1 was chosen as a biochemical representative of the FtsZ2 family from

Arabidopsis.

ChloroP predicts a 90 amino acid transit peptide for AtFtsZ1-1. Removal of 90
amino acids from the N-terminus of AtFtsZ1-1 would remove half of the glycine-rich,
GTP binding motif (Figure 3.1) (de Boer et al. 1992a; Erickson 1995; Mukherjee et al.
1993; Mukherjee and Lutkenhaus 1994; RayChaudhuri and Park 1992). Moreover, FtsZ1
without 90 N-terminal amino acids has a predicted mass of ~36 kDa, significantly smaller

than ~40 kDa determined for AtFtsZ1-1 by immunoblotting Arabidopsis proteins (Stokes
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et al. 2000). A better approximation of the AtFtsZ1-1 chloroplast transit peptide length
was made with the following information: the native AtFtsZ1-1 mass is ~40 kDa,
AtFtsZ1-1 alignments with other FtsZ1 proteins (Stokes and Osteryoung 2003) and
chloroplast transit peptides are typically cleaved near charged/arginine residues (Archer
and Keegstra 1993; Bruce 2000). These factors together resulted in a new AtFtsZ1-1
transit peptide estimate of 57 amino acids. Finally, a AtFtsZ1-1 57 amino acid transit
peptide does not remove important structural elements (Nogales et al. 1998a) from a

homology based structural model for AtFtsZ1-1 (Yoder et al. 2007).

Plant FtsZ proteins are cytotoxic when recombinantly expressed in E. coli,
resulting in long filamented cells (not shown) and low protein expression. Co-expression
of the E. coli ftsQAZ operon during plant FtsZ expression suppressed cell filamentation
and resulted in significantly increased expression of plant FtsZ (Jeong and Lee 2003).
Recombinant FtsZ proteins were found predominantly in inclusion bodies (>80%). The
small amounts of soluble recombinant FtsZ1 or FtsZ2 were difficult to efficiently
separate from contaminating proteins, so plant FtsZ proteins were purified from
inclusion bodies. Both FtsZ1 and FtsZ2 were purified by Ni-Sepharose (GE Healthcare)
affinity chromatography in 6 M urea (denaturing conditions). Both FtsZ1 and FtsZ2
typically elute from Ni-Sepharose between ~100-300 mM imidazole (not shown).
Bacterial FtsZ refolds to an active form when removed from denaturing conditions
(Andreu et al. 2002; Santra and Panda 2003) and a similar approach was used to refold
plant FtsZ1 and FtsZ2. In some preparations, FtsZ2-1 was contaminated with a small

amount of protein initiated from a downstream ATG codon. The truncated,
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contaminating FtsZ2-1 protein was removed by reverse phase chromatography prior to
refolding. Truncated FtsZ2-1 eluted first from a reverse phase column in ~25%
acetonitrile, while FtsZ2-1 eluted later in ~40-45% acetonitrile (not shown). FtsZ1 and
FtsZ2 purity was assessed by QAAA and was typically >95% pure after refolding. These
preparations did not have significant secondary bands when examined by SDS-PAGE and
silver-staining (not shown). FtsZ2 prepared by reverse phase chromatography was

typically >98% pure.

Both FtsZ1 and FtsZ2 bind and hydrolyze GTP

Plant FtsZ1 and FtsZ2 contain FtsZ-consensus, N-terminal GTP-binding motifs
(Osteryoung and McAndrew 2001). All FtsZ proteins, including plant FtsZ1 and FtsZ2,
contain the GTP hydrolysis motif GxxNxDxxD/E in their T7-loops (Mukherjee et al. 1993;
Nogales et al. 1998a; RayChaudhuri and Park 1992; Scheffers et al. 2002) (Figure 3.1).
To test for GTP binding, FtsZ1 and FtsZ2 were mixed with fresh GTP and unbound
nucleotide was removed by gel filtration (Redick et al. 2005). FtsZ1, FtsZ2 and E. coli
FtsZ bound 1.05 +0.03, 0.98 +0.22 and 1.09 1 0.17 mol of GTP per FtsZ respectively
(Table 3.1). To test for nucleotide binding specificity, the experiment was repeated with
ATP. FtsZ1, FtsZ2 or E. coli FtsZ did not bind detectable levels of ATP (Table 3.1)
consistent with previous findings (de Boer et al. 1992a; RayChaudhuri and Park 1992).
Together, these data confirm that FtsZ1 and FtsZ2 are properly folded and both are

capable of specifically binding GTP like other FtsZ proteins.
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FtsZ1 and FtsZ2 were tested for GTP hydrolysis with two assays commonly used
with E. coli FtsZ. First, the malachite green assay for inorganic phosphate (P;) was used
to measure free and unbound Pi, but this assay cannot be used with high GTP
concentrations (Redick et al. 2005). Second, GTP hydrolysis was measured with a
regenerative GTPase assay that measures GDP release (Ingerman and Nunnari 2005)
presumably from subunit dissociation (Chen and Erickson 2008; Small and Addinall

2003). At 0.5 mM GTP, FtsZ1 and FtsZ2 have low specific activities of 0.028 +0.002 and

- -1
0.046 £0.002 GTP min 1 FtsZ = (Table 3.1). The GTPase activities of FtsZ1 and FtsZ2 were

confirmed in a coupled GTPase assay (Ingerman and Nunnari 2005). At higher

concentrations of GTP, both FtsZ1 and FtsZ2 have specific GTPase activities of 0.14 GTP

e (Figure 3.2A, Table 3.1). As a control for GTPase activity, T7-loop mutant

proteins were created, FtsZ1D275A and FtsZ2D322A. These proteins have mutated the
T7 loops changing GxxNVDFAD to GxxNVDFAA. This mutation in E. coli FtsZ abolishes
GTP hydrolysis, but GTP binding is unaffected (Redick et al. 2005; Scheffers et al. 2002).
FtsZ1D275A and FtsZ2D322A mutant proteins also were able to bind 1.15 £0.25 and
0.95 $£0.12 molecules of GTP per FtsZ, but did not hydrolyze GTP above background
levels. In additional control experiments, hydrolysis was not detected above
background when FtsZ1, FtsZ2 and E. coli FtsZ were assayed with GDP, ATP or with GTP

and 1 mM EDTA (Table 3.1).

The GTP hydrolysis kinetics of FtsZ1 and FtsZ2 differ from each other and from E.
coli FtsZ. GTP hydrolysis for FtsZ1 and FtsZ2 was examined at 2.5 UM total protein,
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which is within a linear correlation between activity and protein concentration (not
shown) and this FtsZ concentration is similar to the predicted FtsZ concentration in

chloroplasts (McAndrew et al. 2008). The maximum GTPase activity of FtsZ1 (0.14 GTP

min-1 FtsZ-l) was found between ~1-3 mM GTP (Figure 3.2A, l) while the maximum

GTPase activity of FtsZ2 (0.14 GTP min-1 FtsZ-l) was between ~3-4 mM GTP (Figure 3.2A,

A). In contrast, the maximum specific GTPase activity of equally mixed FtsZ1 and FtsZ2
was slightly increased to 0.15 GTP min'1 Ft:sZ.1 and found near ~2 mM GTP (Figure 3.2A,
®). GTP hydrolysis kinetics were distinctly different for FtsZ1 and FtsZ2 (Figure 3.2A). In
control experiments, E. coli FtsZ GTP hydrolysis was faster as the concentration of GTP
increased (Figure 3.2B) from ~2 GTP min " FtsZ - to ~2.5 GTP min " FtsZ . At >4 mM
GTP, E. coli FtsZ GTP hydrolysis was abolished (Figure 3.2B). E. coli FtsZ did not
demonstrate the GTP concentration-dependent increase in activity (Figure 3.2B)
observed for FtsZ1 and FtsZ2 (Figure 3.2A). These results demonstrate that plant have
slower rates of GTP hydrolysis compared to E. coli FtsZ. Moreover, the GTPase activity

of plant FtsZ is stimulated at high GTP concentrations, which could result from different

GTP binding or catalytic properties compared to E. coli FtsZ.

Do FtsZ1 and FtsZ2 assemble?

FtsZ1/FtsZ2 co-assembly EM and light-scattering
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Figure 3.2: GTPase kinetics of FtsZ1, FtsZ2, equally mixed FtsZ1/FtsZ2 and E. coli FtsZ
(A) Kinetic GTPase activity of 5 uM FtsZ1 (Hl), FtsZ2 (A) and 5 uM of equally

mixed FtsZ1 and FtsZ2 () were examined at various GTP concentrations. (b) 5 uM E.

coli FtsZ was assayed in parallel as a control. The line connecting the points in both

panels is interpolated and does not reflect a curve fit.
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Both FtsZ1 and FtsZ2 bind and hydrolyze GTP (Table 3.1), which predicts they
assemble like bacterial FtsZ. 1 mM GTP was added to 5 UM of equally mixed FtsZ1 and
FtsZ2 in HMK, and after a ~100 sec lag light-scattering rapidly increased (Figure 3.3B, [J).
The lag before light-scattering rapidly increased is suggestive of cooperative assembly
(Caplan and Erickson 2003; Chen et al. 2005; Gonzalez et al. 2005; Huecas and Andreu
2003, 2004; Romberg et al. 2001). As a control, the experiment was repeated with 1
mM GDP instead of GTP and ~90% less light-scattering was observed (Figure 3.38, B). 5
UM of equally mixed FtsZ1 and FtsZ2 were polymerized under identical conditions and
polymer topology was examined by EM. FtsZ1 and FtsZ2 co-polymerized with 1 mM
GTP assembled into bundled ribbon-like structures reminiscent of tubulin (Figure 3.4D
and E). FtsZ1/FtsZ2 co-polymers are ~15-20 filaments in width (Figure 3.4E), or ~150 nm
wide. FtsZ1/FtsZ2 co-polymers typically range from 1-20 um in length (Figure 3.4D).

FtsZ1/FtsZ2 ribbons are significantly longer than those observed with bacterial FtsZ even

in the presence of stabilizing CaCl,. In contrast, E. coli FtsZ was polymerized in the same

conditions as FtsZ1 and FtsZ2 and was found to assemble into single protofilament
polymers (not shown) consistent with previous findings (Chen et al. 2005; Huecas et al.
2007a; Romberg et al. 2001). In the absence of nucleotide, or in the presence of 1 mM
GDP, assembled filaments were not observed for equally mixed FtsZ1 and FtsZ2 or E. coli

FtsZ (not shown).
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Figure 3.3: 90° Light-scattering polymerization assays of FtsZ1 and FtsZ2.

Symbols on the traces in the figures were added to distinguish between

3
experiments. In panels A and B, the vertical axis light scattering data are x10™. All

experiments were performed in HMK unless noted otherwise. (A) 5 uM of equally
mixed FtsZ1 with FtsZ2 was monitored for light-scattering polymerization in the
presence of various concentrations of GTP. In the presence of GDP (), polymerization
was observed but was lower than observed when GTP was added. At 0.5 mM GTP ((J),
FtsZ1/FtsZ2 polymerization steadily increased and saturated as the time approached 2h
(not shown). At1 mM (<), 2mM (A) and 5 mM (IB) GTP, polymerization saturated
more quickly. (B) FtsZ1 with FtsZ2 polymerizes most efficiently when both are present
compared to similar concentrations of FtsZ1 or FtsZ2 alone. 2.5 uM FtsZ1 with 2.5 uM
FtsZ2 was polymerized with 1 mM GTP ([J), 5 uM FtsZ1 was polymerized with 1 mM
GTP (<), 5 UM FtsZ2 was polymerized with 1 mM GTP (A) and as a control, 2.5 uM
FtsZ1 with 2.5 UM FtsZ2 was mixed with 1 mM GDP (). (C) The rate of polymerization
at various GTP concentrations was determined from panel A. The rate of polymerization
was maximal with 0.5 mM GTP (when GTP hydrolysis is slow, Figure 3.2) and as the GTP
concentration increased (when GTP hydrolysis is faster, Figure 3.2), the rate of
polymerization steadily decreased. (D) the rate of polymerization was calculated for the
rapid linear increase in polymerization observed for the traces in panel C.
Polymerization is maximal only when both FtsZ1 and FtsZ2 are present with GTP. ALS =

change in light scattering.
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Figure 3.4: Negative stain electron micrographs of FtsZ1 and FtsZ2

(A) FtsZ1 in HMKCa with 1 mM GTP. Single arrow indicates single protofilament
example and double arrow indicates double protofilament example. Bar=200 nm. (B)
FtsZ2 in HMKCa with 1 mM GTP. Bar=200 nm. (C) FtsZ2 in HMKCa with 1 mM GDP as
an example of unassembled plant FtsZs. Bar=200 nm. (D) Wide-field view of
FtsZ1/FtsZ2 in equal amounts with 0.5 mM GTP in HMK. Bar= 200 nm. (E) Close-up
view of FtsZ1/FtsZ2 from paned D. Bar=1 um. (F) FtsZ1/FtsZ2 in equal amounts in 2 mM
GTP in HMK. Bar=1 um. (G) 2.5 uM each of FtsZ1 with FtsZ2D322A in HMK with 1 mM
GTP. Bar=200 nm. (H) FtsZ2D322A in HMKCa with 1 mM GTP. Bar=200 nm. (l)
FtsZ1D275A in HMKCa with 1 mM GTP. Bar=200 nm. (J) FtsZ1/FtsZ2 mixed at 1:5 with
1 mM GTP in HMK. Bar=1um. (K) FtsZ1/FtsZ2 mixed at 5:1 with 1 mM GTP in HMK.
Bar=1pum. (L) Polymers in K stabilized in HMKCa. Bar=1 um. (M) 2:1, FtsZ1/FtsZ2 in
HMKCa with 1 mM GTP. Bar=1um. (N) 1:2, FtsZ1/FtsZ2 in HMKCa with 1 mM GTP.

Bar=1 um.
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FtsZ1 and FtsZ2 homofilaments are unstable

2.5 uM each of mixed FtsZ1/FtsZ2 in HMK co-polymerize into ribbon-like
structures (Figure 3.4D and E, Figure 3.3B, [1), but do FtsZ1 and FtsZ2 polymerize
individually? 1 mM GTP was added to either FtsZ1 or FtsZ2 individually in HMK and
light-scattering was monitored. 5 uM FtsZ1 (Figure 3.3B, ) or FtsZ2 (Figure 3.3B, A)
polymerized individually in HMK with 1 mM GTP exhibits approximately 70% less total
light-scattering than 2.5 UM each of FtsZ1/FtsZ2 in the same conditions (Figure 3.3B, [J).
Additionally, the rates of light-scattering increase were compared for each of the light-
scattering experiments in Figure 3.3B (Figure 3.3D). FtsZ1/FtsZ2 with 1 mM GTP has a
greater rate of polymerization than either FtsZ1 or FtZ2 individually with 1 mM GTP.
Moreover, FtsZ1/FtsZ2 has a faster rate of light scattering in the presence of GDP than
do FtsZ1 and FtsZ2 individually with GTP. Thus, FtsZ1/FtsZ2 co-polymerizes in greater
quantity and faster than either FtsZ1 or FtsZ2 alone. In summary, FtsZ1 and FtsZ2 are

both required for maximum, cooperative polymerization.

FtsZ1 and FtsZ2 were polymerized individually in HMK with 1 mM GTP and
examined by EM. Consistent with light-scattering experiments, very few individual, 10

nm thick filaments were observed (not shown, but identical to those shown in 3.4A and
B). To stabilize individual FtsZ1 and FtsZ2 filaments, 5 mM CaCl; was added to HMK
(HMKCa). FtsZ1 and FtsZ2 were polymerized individually with 1 mM GTP and monitored
by light-scattering. The rate of FtsZ2 light-scattering did not increase in the presence of

CaCl; (Figure 3.3D). Very few FtsZ2 filaments were observed by EM in HMKCa (Figure
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3.4B). FtsZ2 filaments in HMKCa were typically ~1 um long and ~10 nm in width;
filaments greater than 1 um in length were not observed. In contrast, FtsZ1 light-
scattering increased in HMKCa compared to HMK (Figure 3.3D). FtsZ1 polymer
abundance correlated to light-scattering when examined by EM. FtsZ1 polymerized into
long thin filaments or pairs of filaments in both HMKCa and HMK, but the abundance of
filaments was greater in HMKCa (Figure 3.4A, single filament indicated with one arrow
and a double filament indicated with two arrows). FtsZ1 filaments were significantly
longer in HMKCa and were typically ~1-2 um long and ~10 nm wide consistent with
single filaments. FtsZ1 sometimes polymerized into a loose polymer network (not
shown) similar to FtsZ1-GFP over-expression in Physcomitrella patens (Reski 2002). In
the absence of nucleotide, or in the presence of GDP, both FtsZ1 and FtsZ2 appear
monomeric (Figure 3.4C, FtsZ2 with 1 mM GDP as an example), similar to results with E.
coli FtsZ (Mukherjee and Lutkenhaus 1994). FtsZ1 and FtsZ2 have low GTPase activity
individually, which should correlate to more stable polymers. However, FtsZ1 and FtsZ2
do not polymerize by themselves unless CaCl; is present. In contrast, when FtsZ1 and
FtsZ2 are mixed and polymerized with GTP, ribbon-like structures are observed (Figure
3.4D and E). Together, these results further support the hypothesis of FtsZ1 and FtsZ2

co-polymerization.

FtsZ1/FtsZ2 co-polymer length correlates to GTPase activity

At 0.5 mM GTP, the GTPase activity of FtsZ1/FtsZ2 is slow, but at > 1 mM the

GTPase activity is faster (Figure 3.2A). This result predicts that maximum assembly

121



should occur at low GTP concentrations, but less polymerization should occur at higher
concentrations of GTP. This question was addressed by using light-scatting and EM to
examine FtsZ1 and FtZ2 co-polymerized at various concentrations of GTP. 2.5 uM of
Ftsz1 and FtsZ2 in HMK were polymerized with increasing concentrations of GTP.
FtsZ1/FtsZ2 have the highest light-scattering signal in the presence of 0.5 mM GTP,
(Figure 3.3A, [J) and the fastest rate of increase in signal (Figure 3.3C). In addition,
FtsZ1/FtsZ2 light-scattering plateaus between ~1.5-2h (not shown). However, as the
concentration of GTP is increased above 1 mM, the lag of FtsZ1/FtsZ2 polymerization
increases (Figure 3.3A; 1 mM: ;2 mM, A and 5 mM, B) and the rate of
polymerization decreases (Figure 3.3C) but the amount of light-scattering plateaus at
the same point between 1-5 mM GTP. Significantly, 1-5 mM correlates to the maximum
FtsZ1/FtsZ2 GTPase activity (Figure 3.2A). Controls were incubated with 1 mM GDP

(Figure 3.3A, @) or no nucleotide and had low levels of light-scattering (not shown).

Does increased GTP concentration correlate to shorter FtsZ1/FtsZ2 ribbons, or
less bundling between individual filaments? Light-scattering experiments demonstrate
that the amount of FtsZ1/FtsZ2 co-polymerization plateaus at high GTP concentrations
(Figure 3.3A). Also, at these concentrations of GTP, FtsZ1/FtsZ2 hydrolyze GTP faster.
This predicts that FtsZ1/FtsZ2 ribbons would be shorter, which was tested by examining
FtsZ1/FtsZ2 co-polymers by EM in 2 and 5 mM GTP. The width of FtsZ1/FtsZ2 co-
polymers was ~150 nm and the same as the ribbons polymérized in 0.5 mM GTP (Figure
3.4E). However, FtsZ1/FtsZ2 polymerized in 2 or 5 mM GTP were shorter, never longer

than 1 um, than those polymerized at 0.5 mM (compare Figure 3.4F to Figure 3.4D).
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Because the width is unaffected we hypothesize that these polymers may be
treadmilling (Cleveland 1982; Larsen et al. 2007; Margolin 2007; Margolis and Wilson

1998).

The critical concentration for polymerization

When mixed equally, FtsZ1 and FtsZ2 display a kinetic lag in polymerization that
lengthens as the concentration of GTP increases. This suggests FtsZ1/FtsZ2 co-assemble
cooperatively. Bacterial FtsZ cooperatively assembles with a critical concentration of ~1
UM (Anderson et al. 2004; Redick et al. 2005; Stricker and Erickson 2003). The critical
concentration for FtsZ1/FtsZ2 mixtures was determined by light-scattering (Mukherjee
and Lutkenhaus 1999). The concentration of FtsZ1/FtsZ2 was varied between 0.125 and
2.5 uM (total FtsZ1/FtsZ) and plotted versus the rate of polymerization. Polymerization
was not observed when the concentration of FtsZ1/FtsZ2 was below 0.5 uM in HMK. To
verify that assembled protein could be detected at this FtsZ concentration, the
experiment was repeated in HMKCa with 1 mM GTP. In HMKCa, 0.5 uM FtsZ1/FtsZ2
light-scattering increased (not shown), demonstrating the lack of light-scattering in HMK
correlates to a lack of significant assembly. A linear regression was used to fit data
points above 0.5 UM FtsZ1/FtsZ2 (Figure 3.5). The x-intercept of the regression predicts
a critical concentration of ~0.7 uM for co-assembly of FtsZ1/FtsZ2. The plant
FtsZ1/FtsZ2 critical concentration is consistent with calculations of ~0.5-1 uM for E. coli

FtsZ (Anderson et al. 2004; Redick et al. 2005; Stricker and Erickson 2003).
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FtsZ1/FtsZ2 co-polymers are larger and more stable than E. coli FtsZ

polymers

Polymerization of equally mixed FtsZ1 and FtsZ2 (Figure 3.6, top trace) was
compared with that of bacterial FtsZ by light-scattering assays in HMK. 5 uM E. coli FtsZ
was assayed for light-scattering with 1 mM GTP (Figure 3.6, bottom trace, arrow
indicates GTP addition). The signal increased when GTP was added and then returned
to baseline within ~10 minutes. Moreover, E. coli FtsZ light-scattering did not increase
when GDP or no nucleotide was added (not shown). All E. coli FtsZ experiments were
consistent with previous results (Mukherjee and Lutkenhaus 1994). Moreover, when 5
mM GTP was added to 5 UM E. coli FtsZ, the light-scattering signal increased in
proportion to the GTP concentration. The light-scattering signal persisted longer than
with 1 mM GTP (Figure 3.6, middle trace). In contrast, plant FtsZ1/FtsZ2 mixtures have a
higher light-scattering signal (Figure 3.6, top trace) in HMK with 1 mM GTP. When
examined by EM under these same conditions, E. coli FtsZ was found to assemble into
single filaments as previously reported (Caplan and Erickson 2003; Huecas et al. 2007a).
Thus, plant FtsZ1/FtsZ2 polymerizes significantly more, and is more stable than E. coli
FtsZ. This result is consistent with the difference in GTP hydrolysis rates between plant

FtsZ1/FtsZ2 and E. coli FtsZ.
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Figure 3.5: Critical concentration for FtsZ1/FtsZ2 polymerization monitored by 90°
light-scattering.

FtsZ1 and FtsZ2 were mixed equally and 1 mM GTP was added to the cuvette.
Rates of polymerization were derived from light scattering data and plotted versus the
FtsZ concentration. All data points except those corresponding to 0.5 and 0.25 uM FtsZ,
where polymerization was essentially not observed, were fit with the linear regression y
=5.0328x - 3.7318 (R2 = 0.9413). These results predict a critical concentration for

FtsZ1/FtsZ2 polymerization of ~0.7 uM.
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Figure 3.6: Light-scattering comparison of polymerization of E. coli FtsZ and FtsZ1 with

FtsZ2 both at 5 uM in HMK buffer.

(A) FtsZ1 with FtsZ2 (upper curve) polymerizes extensively and does not

disassemble over the assay monitoring time of 1 h. In contrast, E. coli FtsZ rapidly

polymerizes, but disassembles rapidly, likely correlating to the concentration of GTP

since a second polymerization of EcFtsZ with 5 mM GTP (middle curve) was performed

and the extent of polymerization was higher than with 1 mM GTP (lower curve). Arrows

indicate GTP addition to E. coli FtsZ.
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FtsZ1/FtsZ2 copolymers are not disassembled by GDP

Polymerized E. coli FtsZ exchanges nucleotide within the polymer, unlike of3-
tubulin polymers. As a result, E. coli FtsZ can readily be depolymerized by the addition of
GDP (Huecas and Andreu 2004). In contrast, plant FtsZ1/FtsZ2 co-polymers are
significantly more stable and have higher signals in light-scattering assays than E. coli
FtsZ (Figure 3.6). Additionally, FtsZ1/FtsZ2 laterally bundle in the absence of stabilizing
agents (Figure 3.4D and E). One possible difference between plant FtsZ and E. coli FtsZ
could be nucleotide exchange within assembled polymers. FtsZ1 and FtsZ2 were co-
polymerized with 0.5 mM GTP for 30 min at 25°C and then light-scattering was
monitored for ~5 min. 5 mM GDP was added to the cuvette (Figure 3.7, marked) and
the light-scattering signal decreased slightly, but recovered in <100 sec. As a control,
light-scattering returned to baseline when 2 mM EDTA was added to FtsZ1/FtsZ2 co-

polymers (Figure 3.7, marked).

To investigate the GDP content of FtsZ1/FtsZ2 co-polymers, E. coli FtsZ and
FtsZ1/FtsZ2 co-polymers were maintained in a GTP regeneration system previously used
to estimate the GDP content of E. coli FtsZ and TubZ (Chen and Erickson 2008; Romberg
and Mitchison 2004). 5 UM EcFtsZ was found to contain 2-2.5 uM GDP after incubation
for 20 minutes with 0.5 UM GTP, while 5 UM FtsZ1/FtsZ2 contained 0.2-1 uM GDP in the
same conditions. These results suggest that the consequence of a low GTPase activity of
plant FtsZ is a reduced content of GDP within the polymer and provide evidence of why

plant FtsZ1/FtsZ2 co-polymers are significantly more stable in HMK than E. coli FtsZ.
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Stoichiometric requirements for GTPase activity and polymerization

Adding additional FtsZ1 or FtsZ2 to FtsZ1/FtsZ2 polymerization assays

decreases the extent of polymerization

If FtsZ1 and FtsZ2 form a head-to-tail heterofilament, varying the ratio of FtsZ1
to FtsZ2 should result in reduced polymerization. This possibility was tested by varying
the ratio between FtsZ1 and FtsZ2, keeping the total FtsZ concentration at 5 uM and
monitoring light-scattering. In the first series of experiments, excess FtsZ1 was added to
FtsZ2. As the concentration of FtsZ1 increased, the light-scattering signal decreased
(Figure 3.8A: 1:1, [J; 10:1, O; 3:1, A; 2:1{). Moreover, the rate of light-scattering
decreased proportionally to the increase in FtsZ1 levels (Figure 3.8C). In a series of
related experiments, excess FtsZ2 was added to FtsZ1 while keeping the total
concentration of protein at 5 UM. Adding excess FtsZ2 decreased light-scattering
(Figure 3.8B: 1:1, [J; 1:10, O; 1:3, A; 1:2, <) and decreased the initial rate of light-
scattering (Figure 3.8C). Light-scattering predicts that excess FtsZ1 or FtsZ2 would result
in shorter filaments when examined by EM. FtsZ1 and FtsZ2 were mixed at 1:5 or 5:1 in
HMK and examined by EM. FtsZ1 mixed 1:5 with FtsZ2, shortened and reduced lateral
association of filaments (Figure 3.4J) and the reduction in polymerization correlated to
the light-scattering signals. In contrast, FtsZ1 mixed 5:1 with FtsZ2, lateral association
was almost entirely abolished, and filament length was slightly shortened, but filament

quantity was not reduced (Figure 3.4K). These results demonstrate that FtsZ2 may
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mediate bundling with FtsZ1, but FtsZ1 does not mediate significant bundling between

FtsZ1 and FtsZ2.

FtsZ2-1 promotes lateral bundling of FtsZ1-1/FtsZ2-1 ribbons
FtsZ1/FtsZ2 were co-polymerized at varied ratios and examined by EM in the

presence of CaCl, to stabilize the polymers. When the ratio of FtsZ1 to FtsZ2 is 2:1 (and

as high as 5:1, not shown) and polymerized in HMKCa with 1 mM GTP, thin filaments are
typically observed (Figure 3.4L) similar to polymerizing FtsZ1 only (Figure 3.4A), but
filament pairs were observed more often. In contrast, when the ratio between FtZ1 and
FtsZ2 is 1:2, FtsZ1/FtsZ2 ribbons increasingly have individual filaments dissociating from
the larger cable itself, sometimes crossing from ribbon-to-ribbon (Figure 3.4M). FtsZ1
and FtsZ2 were also mixed at a 1:5 ratio. When examined by EM, these polymers adopt
a fan-like structure, and bundling is loosened between cable filaments (Figure 3.4N).
Moreover, many short ribbon-fragments with fewer bundled filaments are laterally
dissociated from the cable. In summary, by stabilizing FtsZ1/FtsZ2 polymerized at
different ratios two different polymer morphologies were observed. Excess FtsZ1
results in thinner filaments, and sometimes filament pairs. In contrast, excess FtsZ2
results in cables with disrupted lateral interaction. In addition, the cable stays
somewhat intact, but the lateral disruption is proportional to the increase in ratio. We
interpret this result to suggest lateral interactions are predominantly between FtsZ2 and

FtsZ1.
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Figure 3.7: Equally mixed FtsZ1 and FtsZ2 are not depolymerized by GDP.

5 UM total FtsZ1 and FtsZ2 were equally mixed in HMK and polymerized in the
presence of 2 mM GTP for 30 min at 25C. FtsZ1 and FtsZ2 were co-assembled for 30
min in the presence of 0.5 mM GTP and then placed into a spectrofluorimeter to
measure light-scattering. After ~ 6 min of monitoring light-scattering in the presence of
GTP, 5 mM GDP (in 25 mM HEPES-KOH pH 7.0) was added to the cuvette and monitored
for an additional ~6 min. To verify that FtsZ1 and FtsZ2 co-polymers were able to be
disassembled, 2 mM EDTA was then added to the cuvette and light-scattering was
monitored for ~45 min longer at 25°C. In the presence of 2 mM EDTA, FtsZ1/FtsZ2 co-
polymers rapidly disassembled, whereas GDP only decreased the light scattering slightly

and then rapidly recovered
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Figure 3.8: The effect of varying the ratio between FtsZ1 and FtsZ2, while keeping the
total FtsZ concentration at 5 UM monitored by light-scattering.

(A) Adding excess FtsZ1 to the polymerization reaction decreases the total
polymerization. The total concentration of FtsZ1 and FtsZ2 was maintained at 5 M
while varying the ratio from 1:1 (00), 10:1 (O), 3:1(A), 2:1 (). (B) Excess FtsZ2 also
decreases the amount of polymerization proportional to the amount of excess FtsZ2
added to the cuvette, although the decrease in polymerization is greater than the effect
of adding FtsZ1. The total concentration of FtsZ1 and FtsZ2 was maintained at 5 uM
while varying the ratio from 1:1 ([1), 1:10 (O), 1:3(A), 1:2 (). (C) In addition to
decreasing the total polymerization of FtsZ1 and FtsZ2, the rate of assembly is
decreased by adding excess FtsZ1 or FtsZ2. Rates of polymerization were measured for
the light-scattering traces in A and B and compared to each other. Again, adding more
FtsZ2 decreases the rate of polymerization more than similar experiments adding excess

FtsZ1 suggesting a possible capping role for FtsZ2.
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Figure 3.9: Inhibition of FtsZ1 polymerization by FtsZ2D322A.

To distinguish between lateral and longitudinal inhibition of polymerization, a T7
loop capping mutation, FtsZ2D322A, was tested for competition to FtsZ1
polymerization. (A) Adding FtsZ2D322A steadily decreases the extent of FtsZ1
polymerization. 5 uM FtsZ1/FtsZ2 in HMK with 1 mM GTP (OJ), 2.5 uM FtsZ1 in HMKCa
with 1.25 UM FtsZ2D322A (<), 2.5 uM FtsZ1 in HMKCa with 2.5 uM FtsZ2D322A (A),
the arrow indicates when FtsZ2D322A was added to the cuvette for this trace only to
demonstrate specific dynamic inhibition. 5 uM FtsZ1 in HMKCa with 1 mM GTP (O). (B)
Moreover, the rate of polymerization of 5 uM total FtsZ1/FtsZ2D322A is 85% less than if
5 uM total FtsZ1/FtsZ2 is polymerized in the presence of 1 mM GTP. Again, the strong
competitive effect of FtsZ2D322A on FtsZ1 polymerization suggests FtsZ2 may cap
FtsZ1/FtsZ2 heterofilaments. (C) Linear relationship between the fraction of
FtsZ2D322A in the reaction and the fraction of the initial rate of polymerization

observed in panel A. The data were fit by the equationy = -0.76x + 1.0136, R? = 0.9962.
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FtsZ2D322A competitively inhibits the polymerization of FtsZ1

Polymerization of plant FtsZ with excess FtsZ1 or FtsZ2 results in shorter
polymers. These results suggest FtsZ1/FtsZ2 have a heterofilament polymer topology.
Mutations in the T7-loop of FtsZ1 and FtsZ2 were used to probe the heterofilament
interface. In E. coli, these mutations were previously used to show that the E. coli FtsZ
filament interface is similar to that in tubulin (Redick et al. 2005; Scheffers et al. 2002),
but lateral incorporation into Z-rings is maintained in vivo suggesting lateral interaction
between filaments is not disrupted (Redick et al. 2005). Thus, our FtsZ1D275A and
FtsZ2S322A T7-loop mutants should act as sub-stoichiometric competitive inhibitors
(Redick et al. 2005) of GTPase activity and filament formation if FtsZ1 and FtsZ2 are
heterofilaments. FtsZ1 was polymerized in HMKCa to stabilize the filaments in the
presence of increasing concentrations of FtsZ2D322A. FtsZ1 polymerization is inhibited
at increased concentrations of FtsZ2D322A (Figure 3.9A). Furthermore, the reduction in
polymerization is proportional to sub-stoichiometric amounts of FtsZ2D322A added to
the polymerization assay (Figure 3.9C) and plotting the fraction of FtsZ2D322A
(inhibitor) versus the fraction of the initial rate of polymerization for the uninhibited
results in a slope of 0.8. Thus, there is a negative linear correlation between the
presence of FtsZ2D322A and the initial rate of polymerization. Taken together these
data support an FtsZ1/FtsZ2 heterofilament morphology. Moreover, the extent of
inhibition of FtsZ1 by FtsZ2D322A is strongly inhibited near a 1:1 ratio, suggestive of a
strict heterofilament topology. In a parallel line of experiments, the addition of less

than a 1:5 ratio of FtsZ1D275 to FtsZ2 reduced FtsZ2 polymerization in HMKCa below
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detectable levels suggesting the converse of this experiment is true, but the results are

difficult to interpret, because FtsZ2 does not polymerize efficiently by itself.

FtsZ2D322A inhibits the GTPase activity of FtsZ1, but not FtsZ2

In a parallel line of experimentation, the effects of adding increased amounts of
FtsZ2D322A to FtsZ1 and FtsZ2 were examined in coupled GTPase assays (Figure 3.10).
FtsZ2D322A inhibited the GTPase activity of FtsZ1 in 2 mM GTP in HMK as the
concentration of FtsZ2D322A increased (Figure 3.10, <). The negative correlation
between the fraction of inhibitor and activity is plotted in Figure 3.10B and has a slope
of ~0.4, suggesting half the active sites are inhibited consistent with co-polymerization.
When examined by EM, filaments were significantly shortened (Figure 3.4G). Activity
was at background levels when the concentration of FtsZ2D322A was greater than 1
UM. In contrast, the GTPase activity of FtsZ2 is stimulated in the presence of
FtsZ2D322A. This may result from lateral allosteric activation of the non-mutated
protein. At high concentrations of FtsZ2D322A with FtsZ2, visible aggregates were
present and were not plotted. Moreover, the high error in the activity estimates for
FtsZ2 with FtsZ2D322A is due to signal drift from accumulation of mesh-like structures
(seen when examined by EM in parallel). This is suggestive of laterally associated
FtsZ2/FtsZ2D322A. Thus the increased GTPase activity of FtsZ2/FtsZ2D322A probably

results lateral interactions, not head-to-tail protofilament interactions.

136



Figure 3.10: Inhibition of the GTPase activity of FtsZ1 and FtsZ2 by FtsZ2D322A in 2
mM GTP in a coupled GTPase assay.

(A) FtsZ1 (<) and FtsZ2 (J) were assayed for GTPase activity in the presence of
increasing concentrations of FtsZ2D322A. Above 1 UM FtsZ2D322A, FtsZ1 activity was
at background levels while FtsZ2 activity was slightly enhanced. (B) The fraction of
FtsZ2D322A assayed with FtsZ1 is plotted against the fraction of activity observed. The
first three points correlating to detectable levels of activity were fit with the liney = -
0.4041x + 0.3899, R2 = 0.892. The large error observed for FtsZ2D322A with FtsZ2 is due
to the formation of aggregates/mesh-like structures in the presence of high FtsZ2D322A

concentrations with FtsZ2 when examined by EM (Figure 3.4H)
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Plant FtsZ and T7-loop mutants assemble into rings in E. coli

To verify that FtsZ1D275A and FtsZ2D322A mutations do not disrupt protein
structure, identical mutations were made in FtsZ1-GFP and FtsZ2-GFP expression vectors
in E. coli. At an ODgyo of 1.0, cells harbouring FtsZ-GFP expression plasmids were
induced with 0.1 UM IPTG for 2 h. FtsZ1-GFP, FtsZ2-GFP, FtsZ1D275A and FtsZ2D322A
were independantly visualized by fluorescence microscopy. All four proteins assembled
into rings equally spaced along filamented E. coli cells (Figure 3.11A and B) reminiscent
of the native E. coli FtsZ-GFP (Ma et al. 1996). Because all four proteins localize to
identical ring-like structures, the same result as performing a similar experiment with E.
coli FtsZ-GFP (Redick et al. 2005), we conclude the T7-loop mutations do not disrupt the
plant FtsZ proteins. GFP color variants of E. coli FtsZ are not available , and so plant FtsZ
could not be co-localized to native E. coli FtsZ rings. Preliminary results also suggest

FtsZ1D275A and FtsZ2322A interact with FtsZ1 and FtsZ2 in the yeast two-hybrid assay.

Discussion

Previous in vitro studies

Two previous studies examined the polymerization of FtsZ1 and FtsZ2 with their
transit peptides (FtsZ2 was also C-terminally truncated removing 80 C-terminal amino
acids) (El-Kafafi et al. 2005; Gaikwad et al. 2000). In contrast, we constructed AtFtsZ1-1
and AtFtsZ2-1 expression constructs lacking their putative chloroplast transit peptides to

be more relevant to physiological forms of FtsZ1 and FtsZ2. For this study, we chose to
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use C-terminally His-tagged proteins. In parallel, we examined N-terminally His-tagged
proteins that are thrombin cleavable. Although protein recovery rates from this
approach were less, we found that the GTPase activity and assembly of untagged plant
FtsZ proteins to be indistinguishable from those of C-terminally His-tagged plant FtsZ
(not shown). Moreover, C-terminal His-tags have previously been reported not to affect
the polymerization or GTPase activities of various bacterial FtsZs (Huecas et al. 2007a;
Oliva et al. 2003). It was previously suggested that full-length FtsZ1 and FtsZ2 do not
efficiently polymerize without glutaraldehyde cross-linking (El-Kafafi et al. ; Gaikwad et
al. 2000) and our results are consistent with this finding. Here we report that both FtsZ1

and FtsZ2 are required for efficient polymerization (Figure 3.3).

FtsZ1 and FtsZ2 possess all residues known to be important for GTP binding and
hydrolysis (Osteryoung and McAndrew 2001) (Figure 3.1), and GTP hydrolysis and GTP
binding assays confirmed that both are GTPases (Figure 3.2, Table 3.1). However, plant
FtsZ1 and FtsZ2 have significantly slower rates of GTP hydrolysis than E. coli FtsZ (Figure
3.2) and FtsZ1/FtsZ2 polymers are far more stable than E. coli FtsZ protofilaments. This
is not unprecedented; M. tuberculosis FtsZ also has low GTPase activity and slow
polymer turnover kinetics compared to those of E. coli FtsZ (Anand et al. 2004; Borhani
and White 2004; Chen et al. 2007; White et al. 2000). Consistent with the stability of
the FtsZ1/FtsZ2 filaments in vitro, we have observed that Z-rings are visible by
immunofluorescence at the mid-plastid in most chloroplasts even in cells in which
chloroplasts are not actively dividing (Vitha et al. 2001). Thus, a consequence of a lower

GTPase activity may be stabilized Z-rings in vivo.
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Figure 3.11: Fluorescence microscopy of plant FtsZs fused to GFP expressed in E. coli
FtsZ1-GFP, FtsZ2-GFP, FtsZ1D275A-GFP and FtsZ2D322A-GFP are localized to
regularly spaced ring-like structure in E. coli. This is similar to previous results with T7-

loop mutants of E. coli FtsZ (Redick et al.). Bar=10 um.

FtsZ1-GFP FtsZ1D322A-GFP

FtsZ2-GFP FtsZ2D275A-GFP
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This contrasts with E. coli Z-rings, which are short-lived during the cell cycle, appearing
only just before fission and then disassembling just before the completion of fission
(Addinall et al. 1996; Bi and Lutkenhaus 1990a, 1991; den Blaauwen et al. 2003; Harry et
al. 1999; Lin et al. 1997; Regamey et al. 2000). The low GTPase activity and stability of
FtsZ1/FtsZ2 polymers suggests that plant FtsZ1 and FtsZ2 polymer dynamics may be

subject to regulation in vivo.

FtsZ1 and FtsZ2 polymerize into heterofilaments

FtsZ1 and FtsZ2 have been shown by immunofluorescence to tightly co-localize
to rings at mid-plastid (Vitha et al. 2001), but it was not known if FtsZ1 and FtsZ2
assemble into homofilaments that laterally associate, or if they assemble into
heterofilamnts (Osteryoung and McAndrew 2001). FtsZ1 and FtsZ2 assemble
inefficiently individually, but when mixed equally they assemble faster and more
extensively (Figure 3.3) suggesting that FtsZ1 and FtsZ2 are both required for optimum
filament formation. In previous work, our lab has shown that manipulation of FtsZ
levels disrupts chloroplast division and FtsZ filament morphology in vivo (McAndrew et
al. 2001; McAndrew et al. 2008; Stokes et al. 2000; Yoder et al. 2007) and performing
similar experiments in vitro led to the same conclusion: changing the ratio between

FtsZ1 and FtsZ2 interferes with polymerization.

Varying the ratio of FtsZ1 and FtsZ2 disrupts the FtsZ1/FtsZ2 co-polymerization
longitudinally. In addition, T7-loop mutations were created in FtsZ1 and FtsZ2 that

disrupt GTP hydrolysis but not binding (Table 3.1)(Redick et al. 2005; Scheffers et al.
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2002). T7-loop mutations in E. coli FtsZ specifically disrupt the interface between head-
to-tail subunits, impairing protofilament elongation (Redick et al. 2005; Scheffers et al.
2002). Moreover, there is genetic evidence that T7-loop mutations behave analogously
in Arabidopsis. Because T7-loop mutants inhibit polymerization, we expect similar
mutations to be dominant-negative alleles in vivo. Asindicated in Appendix A (Yoder et
al. 2007), an FtsZ1 mutant, ftsz1G267R, was found to have a mutated T7-loop,
GxxNxDxxD to RxxNxDxD, and to be dominant-negative. In addition,
immunofluorescence of AtFtsZ1-1 and AtFtsZ2-1 showed significantly shortened Z-
filaments in homozygous mutants (in young tissue, where the level of the mutant
protein is similar to AtFtsZ1-1 levels in wild type plants). We conclude that ftsz1G267R
exerts a dominant-negative effect by inhibiting polymerization of FtsZ1/FtsZ2

heteropolymer elongation.

The T7-loop mutation FtsZ2D322A acts as a competitive inhibitor of FtsZ1, but
slightly enhances GTP hydrolysis by FtsZ2 (Figure 3.10), suggesting FtsZ2D322A is
competing for the head-to-tail GTPase active site of FtsZ1, but does not interfere with
the head-to-tail active site formation between FtsZ2 monomers. Moreover, FtsZ2D322A
at sub-stoichiometric levels proportionately reduces the polymerization of FtsZ1 (Figure
3.9). FtsZ2 does not efficiently polymerize by itself and FtsZ2D322A did not affect FtsZ2
polymerization (not shown). But interpretation of these results is difficult because FtsZ2
does not efficiently assemble by itself. Taken together these data support a

heterofilament model of FtsZ1/FtsZ2 co-polymers (Figure 3.12). Additionally, and while
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a ratio of 1:1 FtsZ1/FtsZ2 in bundled heterofilaments is the more stable form of FtsZ,

there is no absolute specificity for a strict heterofilament.

If FtsZ1 and FtsZ2 form heterolfiaments, the minimum subunit for assembly
would be predicted to be an FtsZ1/FtsZ2 dimer, similar to af-tubulin (Caplow and Fee
2002). Indeed, we previously have examined the composition and molecular mass of
the FtsZ containing complex (Chapter 2)(McAndrew et al. 2008). We found that FtsZ1,
FtsZ2, ARC3 and ARC6 and possibly a protein that cross-reacts with ZipA (Chapter 4) co-
fractionate in a salt-stable complex with a mass of ~240 kDa. Using the molecular
masses of the individual components, this predicts a minimal stoichiometry of the
unassembly complex of 1:1:1:1:1, FtsZ1/FtsZ2/ARC3/ARC6/”ZipA”. This suggests that
the minimal assembly unit found in vivo is a dimer of FtsZ1 and FtsZ2 (also with the
additional FtsZ binding factors). These facts further support our hypothesis that FtsZ1

and FtsZ2 form heterofilament polymers.

The in vivo stoichiometry of FtsZ1 and FtsZ2

In Chapter 2 (McAndrew et al. 2008) FtsZ1 and FtsZ2 are found to be in a ratio of
~1:2. Moreover the total FtsZ1 and FtsZ2 concentration in the chloroplast stroma is
estimated to average about 1.3 uM to 2.6 UM (depnding on the volume occupied by
thylakoids) in three-week old Arabidopsis plants. FtsZ1/FtsZ2 co-polymers assemble
rapidly with a critical concentration of ~0.7 uM. Moreover, maximal assembly of
FtsZ1/FtsZ2 ribbons was found at 0.5 mM GTP, which is close to the 0.2 mM

concentration of GTP found in the chloroplast (Krause and Heber 1976). Additionally,
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0.2 mM GTP in the chloroplast stroma would correlate to very low FtsZ1/FtsZ2 GTP
hydrolysis (Figure 3.2A). Thus, under physiological conditions the assembly of
FtsZ1/FtsZ2 co-polymers is strongly favored, except that the ratio between FtsZ1 and
FtsZ2 is approximately 1:2 (McAndrew et al. 2008). In vitro, this ratio wouldinhibit
polymerization of FtsZ1/FtsZ2 co-polymers. So how do FtsZ1 and FtsZ2 attain maximum
polymerization into cables? One answer may be that ARC6, an FtsZ2-interacting
protein, may stabilize FtsZ filaments and Z-rings in vivo (Vitha et al. 2003) by regulating

FtsZ2 availability or activity.

in chloroplasts, ARC3 is essential for proper Z-ring positioning to mid-plastid
(Glynn et al. ; Maple and Moller 2007a) and is a chimera of an FtsZ GTP-binding domain
and a PIP-5-kinase (Shimada et al. 2004). ARCS3 specifically interacts with FtsZ1l. How
might ARC3 function in plastids? In the absence of FtsZ1 in vitro, FtsZ2 filament
formation is disfavored and stabilization factors are required to visualize polymers by
EM (Figure 3.4B). Thus, ARC3 may be an FtsZ1 GTP-exchange factor that stimulates GTP
exchange, and hence stabilizes FtsZ rings at mid-plastid. Alternatively ARC3 may
sequester FtsZ1 from FtsZ2, thus promoting Z-ring disassembly at sites other than the
mid-plastid. However, the finding that ARC3 is localized to mid-plastid rings strongly
favors a role of ARC3 being integral to the Z-ring and acting as a GTP exchange factor.
The precise localization of ARC3 in the plastid will need to be further clarified to

understand its biochemical effects on Z-rings.
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Curiously, despite the reduced rate of GTP hydrolysis (13-53 fold less that that of
E. coli FtsZ) by FtsZ1/FtsZ2 in vitro, the in vivo dynamics measured by FRAP of FtsZ1-GFP
are about 3-times slower (a preliminary measurement) (Vitha et al. 2005) than the in
vivo dynamics of bacterial FtsZ-GFP (Stricker et al. 2002). This suggests that FtsZ1/FtsZ2
co-polymerization may not be regulated by their internal GTP hydrolysis and assembly
rates but possibly by modulation of their biochemical properties by accessory factors
such as ARC3 and ARC6. Future in vitro work will be essential to defining the

biochemical roles of ARC3 and ARC6 and their effect on FtsZ1/FtsZ2 filaments.

Heterofilament bundling

FtsZ1/FtsZ2 heterofilaments bundle into ribbons when examined by EM. When

excess FtsZ2 is co-polymerized with FtsZ1 (and stabilized with CaCl), FtsZ1/FtsZ2

ribbons appear to spread into fan-like structures with many intersecting individual
unbundled filaments apparent (Figure 3.4M and N). The results were similar in the
absence of CaCl,; mixing FtsZ1 and FtsZ2 at 1:5 causes FtsZ1/FtsZ2 filaments within
ribbons to “fray” (Figure 3.4]), whereas excess FtsZ1 completely disrupts lateral
interactions when mixed at 5:1 in HMK (Figure 3.4K). This suggests a lack of availability
for FtsZ2 to laterally interact with FtsZ1, since the amount of FtsZ1 is reduced. This
result is different than tubulin, where lateral interactions are a-a and B-B (Nogales
2000). However, we interpret lateral stabilization within FtsZ1/FtsZ2 ribbons to be

primarily between FtsZ2 and FtsZ1 (Figure 3.12). Further site-directed mutagenesis
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studies will be important to deciphering lateral bundling interactions between FtsZ1 and

FtsZ2.

FtsZ1/FtsZ2 are different than tubulin and bacterial FtsZ

Plant FtsZ1 and E. coli FtsZ share 41% identity and 61% similarity and FtsZ2 and E.
coli FtsZ share 37% identity and 61% similarity. This suggests plant and bacterial FtsZ
should be biochemically similar. Indeed, plant and bacterial FtsZ both bind and
hydrolyze GTP and assemble into protofilaments with similar critical concentrations.
However, the biochemical details differ between FtsZ1/FtsZ2 and E. coli FtsZ. The most
obvious difference is that plant FtsZ1/FtsZ2 assemble more stably than E. coli FtsZ and
form ribbon-like structures in the presence of GTP without stabilizing agents. In
contrast, E. coli FtsZ has a high GTPase activity (Figure 3.2B, Table 3.2) and E. coli FtsZ
filaments disassemble rapidly (Mukherjee and Lutkenhaus 1999) and do not bundle in
the absence of stabilizing agents. FtsZ1/FtsZ2 bundling may block nucleotide exchange,

perhaps explaining why plant FtsZ1/FtsZ2 polymers cannot be disassembled by GDP.

FtsZ1/FtsZ2 share some similarities with bacterial FtsZ, but in other ways also
resemble tubulin. Tubulin forms strict head-to-tail heterofilaments that laterally
associate into tubes (Nogales 1999). Laterally associated FtsZ1/FtsZ2 heterofilament
ribbons look similar to tubulin when examined by EM (Figure 3.4D and E). However,
because FtsZ1 and FtsZ2 are both GTPases and can assemble independently, they
probably are not strict heterodimers. However, co-assembled FtsZ1/FtsZ2 is clearly

more stable. af-tubulin heterofilament formation is a direct result of a mutation in the
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T7-loop of the B-subunit, disrupting GTP hydrolysis in a-tubulin (Nogales 1999). Thus,
the most kinetically stable form of tubulin is a strict heterodimer that subsequently
assembles into heterofilaments. Likewise, FtsZ1 and FtsZ2 polymerize into a

heterofilament (Figure 3.12).

In conclusion, plant FtsZ has retained many similarities to bacterial FtsZ, but has
evolved to polymerize more stably like eukaryotic tubulin. Likewise, o-tubulin has
evolved an extremely complex regulatory network of accessory proteins, nucleation
complexes and depolymerization factors to strictly regulate microtubule assembly
spatially and temporally (Nogales 1999). For plant FtsZ1/FtsZ2 heterofilaments the
regulation point seems to be at remodeling and disassembly. ARC3 and ARC6 are strong

candidates to perform this function.

Why do plants require two types of FtsZ?

Taken together, this study allows speculation as to the evolutionary driving force
that resulted in two types of FtsZ in plants. There is precedent for gene expansion of
cytoskeletal proteins, notably as FtsZ evolved to tubulin, the array of tubulin types has
expanded significantly (Dutcher 2001). Thus, two hypotheses could explain the
divergence of two FtsZ types in plants. First, the simplest hypothesis is that there are
two types of FtsZ in plants to help overcome dimerization/nucleation for assembly like
op-tubulin. In this work, we demonstrate maximum cooperative assembly of FtsZ1 and
FtsZ2 requires equal amounts of both. A second hypothesis is that two types of FtsZ are

required for Z-ring regulation. Indeed, FtsZ1 and FtsZ2 differ in their specific binding to
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ARC3 and ARCS, respectiviey. Moreover, ARC3 is a eukaryotically created chimera of an
FtsZ, GTP binding domain and a eukaryotic C-terminus. ARC3 binds FtsZ1 and specifies
mid-cell positioning of the Z-ring (Glynn et al. ; Maple and Moller 2007a). In contrast,
ARCES specifically binds FtsZ2 to stabilize and organize Z-rings at mid-plastid. Finally,
despite two possible explanations for the evolution of two FtsZ types, it is most likely
that both nucleation and assembled Z-ring control by the eukaryotic host drove the
divergence of two FtsZ types. Future experiments clarifying plant FtsZ nucleation and
the biochemical roles of ARC3 and ARC6 will be crucial to further understanding why

two types of FtsZ are used for chloroplast division.
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Figure 3.12: Model of plant FtsZ heterofilament interactions.

(A) Lateral association between o.8-tubulin is a-a and B-B. off-tubulin is capped
by B-tubulin bound to GTP. (B) Bacterial FtsZ protofilaments are believed to laterally
interact, but the mechanism is unknown. (C) Model of the FtsZ1/FtsZ2 heterofilament.
FtsZ1/FtsZ2 lateral interaction is between FtsZ1 and FtsZ2, differing from tubulin.

FtsZ1/FtsZ2 filaments are also GTP capped, but the cap could be either FtsZ1 or FtsZ2.

A: Tubulin B: Bacterial C: Plant FtsZ Model
FtsZ

a-Tubulin

B-Tubulin
FtsZ2

GTP Cap
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CHAPTER FOUR

THE SEARCH FOR AN ANALOGUE TO THE BACTERIAL CELL DIVISION PROTEIN ZIPA BY

COMPUTATIONAL AND EXPERIMENTAL APPROACHES

B. J. S. C. Olson performed all experiments except those outlined Figures 4.6 and 4.7 and

wrote the chapter.
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Introduction

The division of chloroplasts is mediated by two families of FtsZ proteins, FtsZ1
and FtsZ2, which are homologues of the bacterial cell division protein FtsZ (Osteryoung
2000; Osteryoung and McAndrew 2001; Osteryoung and Pyke 1998; Stokes et al. 2000).
Plant and bacterial FtsZ share significant sequence similarity (Osteryoung 2001),
supporting the endosymbiotic origin of chloroplasts (Margulis 1971, 1975), and FtsZ2
family proteins share a conserved C-terminal motif with bacterial FtsZ (Osteryoung and
McAndrew 2001). Despite the conservation of FtsZ in the division of chloroplasts,
several bacterial cell division proteins have no obvious homologues in plants, such as
ZipA, FtsA and MinC (discussed in chapter 1). A key question is: have new proteins
evolved to replace the functions of these “missing” proteins, or have the progenitors of
these proteins retained their core structures, but diverged enough in their sequences to
be no longer detectable by sequence similarity searches? The work described here
attempted to address this question and possibly identify a plant analogue to the

bacterial cell division protein ZipA.

In bacteria, FtsZ proteins are anchored to the membrane by two proteins, ZipA
and FtsA; the later is in the same structural super-family as actin/HSP70 proteins (Bork
et al. 1992; van den Ent and Lowe 2000). Both ZipA and FtsA interact with the extreme
carboxyl terminus of E. coli FtsZ (Addinall and Lutkenhaus 1996; Hale and de Boer 1999;
Hale and de Boer 1997; Haney et al. 2001; Liu et al. 1999; Wang et al. 1997; Yan et al.

2000) and anchor the FtsZ ring to the inside of the cell membrane by an integral
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membrane domain (Hale and de Boer 1997). In contrast, FtsA is a peripheral membrane
protein (Addinall and Lutkenhaus 1996). Both FtsA and ZipA are required for interaction
with downstream cell division proteins (Pichoff and Lutkenhaus 2002). The crystal
structure of ZipA complexed with the carboxyl terminus of FtsZ has been solved
(Mosyak et al. 2000). Based on the quarternary structure of tubulin (Li et al. 2002) the
ZipA/FtsZ interacting domain is believed to stick out of assembled FtsZ filaments

(Nogales 2000).

Despite the conservation of the ZipA/FtsA binding motif in FtsZ2 (chapter 1,
Figure 1.1)(Osteryoung 2001), neither ZipA nor FtsA have been identified in plants,
though both functions together are essential to bacterial cell division. The presence of
the ZipA binding domain in FtsZ2 suggested that a ZipA-like protein may be involved in
chloroplast division. In an attempt to identify a ZipA protein in chloroplasts, two parallel
approaches were utilized. First, a partially purified FtsZ-containing complex from pea
chloroplasts (McAndrew et al. 2008) was probed by immunoblotting with an antibody to
E. coli ZipA. The antibody detected a protein of ~35 kDa that co-fractionates with FtsZ
through various purification steps. Although the identity of the protein that cross-reacts
with the ZipA antibody was not determined, future efforts may elucidate its identity
now that the work described below tightly links this protein to the pea FtsZ complex.
Second, a novel structural search algorithm was developed and utilized to identify a
putative Arabidopsis protein, Ssz1, with structural similarity to ZipA. However
functional analysis of this gene did not unequivocally link it to a role in chloroplast

division.
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Results

Chloroplasts contain a protein that cross-reacts with a ZipA antibody and

co-fractionates with FtsZ during partial purification

To find if a ZipA-like protein is involved in chloroplast division, an antibody to E.
coli ZipA was obtained (Hale and de Boer 1999) and tested for cross-reactivity with
chloroplastic proteins. The ZipA-specific antibody did not recognize a protein in isolated
intact Arabidopsis chloroplasts, but recognized a ~35 kDa protein in isolated pea
chloroplasts (R. S. McAndrew, unpublished observation). To test if the ZipA cross-
reactive protein may have a role in chloroplast division, n-dodecyl-B-D-maltoside (DDM)
solubilized pea chloroplasts were separated by sucrose density gradient fractionation as
described above (chapter 2)(McAndrew et al. 2008). Sucrose density gradient fractions
were probed by immunoblot with antibodies to FtsZ1, FtsZ2, ARC6 and ZipA. Proteins
recognized by these antibodies co-fractionated near the top of the sucrose density
gradient between 210-240 kDa (Figure 4.1A). In separate experiments these proteins

were also found to co-fractionate with ARC3 (McAndrew et al. 2008).

To further investigate interaction between the protein recognized by the ZipA
antibody and FtsZ1 and FtsZ2, a series of additional purification steps were performed

after sucrose density gradient fractionation. First, fractions 3-10 from the sucrose
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Figure 4.1: FtsZ1, FtsZ2, ARC6 and a protein that cross-reacts with an antibody to E.
coli ZipA cofractionate in sucrose density gradients, native PAGE and by hydrophobic
interaction chromatography.

Isolated pea chloroplasts were lysed in the presence of DDM and soluble
proteins were fractionated on a sucrose density gradient. Proteins in the fractions
shown were acetone-precipitated and analyzed by SDS-PAGE and immunoblotting using
AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 specific antibodies as described (McAndrew et al.
2008). (A) Analysis of fractions from a 5-20% sucrose density gradient. FtsZ1, FtsZ2,
ARC6 and a protein that cross-reacts with an E. coli ZipA antibody co-sedimented in a
mass range of ~210-240 kDa, indicated with a bar above the immunoblots. (B) The peak
FtsZ-containing fractions (indicated by the bar in panel A) were pooled and subjected to
native PAGE and analyzed by immunoblot. FtsZ1, FtsZ2 and the protein that cross-
reacts with the E. coli ZipA antibody again co-separate at ~220 kDa. (C) The peak FtsZ-
containing fractions indicated by the bar in panel A were pooled and subjected to
hydrophobic interaction chromatography using a 1 M to 0 M NaCl elution gradient.
FtsZ1, FtsZ2, and a protein that cross-reacts with the E. coli ZipA antibody co-eluted in
the same fractions, between 1 M and 0.8 M NaCl, indicated by the bar above the

immunoblots
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density gradient corresponding to ~210-240 kDa were pooled (McAndrew et al.
2008)(Chapter 2, Figure 2.7), concentrated by ultrafiltration, separated by native PAGE
and analyzed by immunoblot using antibodies to FtsZ1, FtsZ2 and ZipA (Figure 4.1B).
The mass of this complex is approximately 220 kDa, significantly higher than the 35 kDa
mass of the protein recognized by the ZipA antibody under denaturing conditions,
suggesting they are in a complex together. The stability of the complex containing
FtsZ1, FtsZ2 and the ZipA cross-reactive protein was investigated by performing
hydrophobic interaction chromatography on sucrose density gradient fractions
containing these proteins (Figure 4.1B indicated with a bar). Immunoblot analysis of
hydrophobic interaction chromatography fractions eluted with a 1 M to 0 M NaCl
gradient shows that FtsZ1, FtsZ2 and the ZipA cross-reactive protein co-elute (Figure

4.1C).

In order to identify the protein that cross-reacts with the ZipA-specific antibody,
a series of proteomic experiments were employed on various fractions containing FtsZ
and ZipA. First, bands from the native PAGE gel, at a molecular mass of ~220 kDa where
FtsZ1, FtsZ2 and the ZipA cross-reactive protein migrated, were cut out of the gel,
digested with trypsin and subjected to tandem mass-spectrometry. Proteins were
identified by molecular ion fingerprinting using the predicted mass fragments of
proteins in the Arabidopsis genome (even though the protein was isolated from pea).
The positive control for the experiment is identification of either FtsZ1 or FtsZ2 in the
complex; however, neither protein was identified and none of the other identified

proteins were strong candidates to be ZipA (not shown). Moreover, most of the strong
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fingerprints identified were that of the chloroplast metabolic pathways and probably

contaminants.

A series of additional experiments were attempted by immunoprecipitation of
the FtsZ complex from sucrose density gradient fractions (Figure 4.1A, indicated by the
bar) and then performing proteomic analysis. However, no strong candidates for a
putative ZipA were identified (not shown). The current identity of the ZipA cross-
reactive protein is unknown, but the recent 454 sequencing of a pea cDNA library
recently created at Michigan State University (Andreas Weber and Andrea Braeutigam,
personal communication) could be pursued to identify the ZipA cross-reactive protein in

pea.

Identification of a structural analogue to the bacterial cell division protein
ZipA

In bacteria, the FtsZ ring is believed to be organized near the membrane at the
division site by the action of two essential division proteins, ZipA and FtsA. FtsZ2 family
proteins contain a conserved C-terminal domain that in bacteria is responsible for
binding to these proteins. This suggests that ZipA and/or FtsA homologues are involved
in chloroplast division. Attempts to identify a homologue of bacterial ZipA in plants
based on sequence similarity has been unsuccessful due to the general lack of

conservation of primary amino acid sequence among known ZipA proteins (Du and

Arvidson 2003).
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Figure 4.2: Overview of the structural threading search algorithm used to identify a

putative Arabidopsis chloroplastic protein with structural similarity to ZipA, Ssz1.

159



Table 4.1: Candidate proteins structurally similar to E. coli ZipA.

List of high-ranking proteins from a database of putative chloroplastic
Arabidopsis proteins in the filtered database that had a high likelihood of being the
same structure as the C-terminus of ZipA (1f46). Z-score is a measure of likelihood that
the structure is correct and a number greater than 6 is significant. Asterisk indicates the
gene for Ssz1. Genes where an associated T-DNA insertion was available and examined

are listed.

160



Gene (AGI Z-score |Annotation in TAIR

Number)

[Nitrilase activity, nitrogen compound |[No*

AT4G08790 5.35 metabolic process
Chloroplast protein, molecular [No*
[function unknown, biological process

AT3G19680 6.45 unknown
Chloroplast protein, molecular [Not Available
ffunction unknown, biological process

AT1G50040 4.85 unknown
Transducin family protein / WD-40  [Not Available

AT3G51930 | 4.43 repeat family protein
DNA repair protein recA; Identical to |Not Examined
DNA repair protein recA homolog 1,

AT1G79050 | 9.65 chloroplast precursor (RECA)
[Metallo-beta-lactamase family Slightly fewer enlarged
protein; similar to hypothetical chloroplasts

AT4G33540* | 12.9 protein Os)_008663
Transposable element gene; [Not available
ftransposase-related, weak similarity

AT1G37063 757 to Tam3-transposase

*Genotype was only confirmed once, both homozygous and heterozygous plants were

examined.
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Since there is a crystal structure for E. coli ZipA (EcZipA, Mosyak et al. 2000; Moy et al.
2000) | attempted to detect a structural analogue of ZipA in a database of proteins
predicted to be targeted to chloroplasts (overview of the approach, Figure 4.2). The
amino acid sequence for E. coli ZipA was used to produce a structural profile using the
threading algorithm in the PROSPECT2 software package (Xu and Xu 2000). E. coli ZipA
has a MW of 36.4 kD so a database of approximately 4,000 predicted chloroplast
proteins was filtered for those that had a MW range of 35-55 kD. The logic was that a
chloroplastic ZipA homologue would have to acquire a chloroplast transit peptide, thus
lengthening the protein. Moreover, an E. coli ZipA-specific antibody recognizes a
protein of about 35 kDa in pea. A filtered database was used for this analysis because of
the large amount of computational time required for the analysis. Proteins in the
database were threaded into the crystal structure for E. coli ZipA. The threaded
structures were then sorted and analyzed by their z-scores. Seven strong hits were
identified as putative candidates (Table 4.1). Analysis of the structural alignments
between known ZipA proteins and these candidates revealed that the locus At4g33540
(called Ssz1, structurally similar to ZipA, Ssz1) was a strong candidate to contain the C-
terminal FtsZ binding domain of ZipA. Examination of the threaded Ssz1 structures
showed that structural contacts between E. coli ZipA and E. coli FtsZ would be conserved
if Ssz1 were to bind AtFtsZ2, thus further supporting this locus as a candidate ZipA
analogue (Figure 4.3, Table 4.2). Of note is the fact that only the carboxyl terminal
region of the Ssz1 is structurally similar to ZipA and that Ssz1 lacks an amino terminal
transmembrane domain believed to be involved in anchoring ZipA to the membrane.
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Ssz1 on the other hand has weak similarity to B-lactamases and glyoxylatses. It is
unclear if Ssz1 has B-lactamase or glyoxylase activity. However, B-lactamases are found
in the cell wall of bacteria and there is some evidence that chloroplasts may have
bacterial cell wall material (murein) at the division site (Katayama et al. 2003; Machida

et al. 2006).

Phenotype of a T-DNA insertional mutant for sszl

The SALK T-DNA insertional line 039451 contains a T-DNA insertion annotated as
being in exon 4 of Ssz1 (Figure 4.4). This insertion is expected to abolish expression or
produce a truncated Ssz1 protein. Seeds were obtained from the ABRC at Ohio State
University, grown in soil and analyzed for their genotype and phenotype. Out of 37
plants initially grown, line number 17 was found to be homozygous for the T-DNA
insertion based on PCR analysis of the At4g33540 locus (Figure 4.4B). Samples from the
leaves of these plants were examined by microscopy (Figure 4.5A). Compared to three-
week-old wild-type plants there are slightly fewer, enlarged chloroplasts in three-week-
old SALK_039451 plants (Figure 4.5B), suggesting that Ssz1 may be involved in
chloroplast division. Furthermore, analysis of chloroplast number per cell plan area
showed fewer chloroplasts per cell area. In the future the phenotype needs to be
unequivocally linked to the genotype by backcrossing the SALK_039451-171 into a wild-

type background.

Ssz1 is a Stromal Chloroplast protein
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In order to interact with FtsZ2 in the chloroplast, Ssz1 would have to be stromal-

localized like FtsZ2. To test if Ssz1 is a chloroplastic protein, it was translated in vitro in

35
the presence of [~ S]-methionine and imported into chloroplasts as previously done to

determine stromal localization of AtFtsZ1-1, AtFtsZ2-1 and AtFtsZ2-2 (McAndrew et al.
2001) and inner envelope membrane localization of ARC6 (Vitha et al. 2003). Following
import, chloroplasts were treated with thermolysin and trypsin, which digests proteins
outside the chloroplast and in the inner membrane space (Cline et al. 1984).
Chloroplasts were fractioned into membrane and stromal fractions and analyzed by

SDS-PAGE and autoradiography.

The Ssz1 translation product (Figure 4.6A, TP) migrates near its predicted
molecular mass of ~50 kDa. A band corresponding to the translation product (indicated
as “pSsz1”) was observed in chloroplasts that were untreated by thermolysisn as well as
a lower mass band (indicated by “mSsz1”, Figure 4.6A). The upper mass band was not
present in chloroplasts treated with thermolysin or trypsin, but the lower band was
present and corresponds to the ~40 kDa mass predicted for Ssz1 without its putative
transit peptide (53 amino acids)(Figure 4.6A, lanes 4 and 6). Lysing the chloroplasts with
Triton X-100 resulted in the digestion of both pSsz1 and mSsz1 (not shown),
demonstrating that the proteases were active. In control experiments, the small-
subunit of RuBisCo (Figure 4.6B) was also found in the stroma, demonstrating Ssz1 is an

imported protein.
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Figure 4.3: Alignment of E. coli ZipA with its potential structural analogue in
Arabidopsis.

Identities are highlighted in black, similarities determined by a PAM250 matrix
are highlighted in gray. ZipA is structurally similar to AT4G33540 from residue 190-328
in ZipA. Columns marked with "+" indicate residues in E. coli ZipA that are involved in
interacting with FtsZ (Mosyak et al., 2000) and are chemically similar in AT4G33540 and
predicted to maintain favorable contact with the C-terminal region of AtFtsZ2-1.
Columns marked with a "~" are not chemically identical, but in AT4G33540 they would
make favorable contacts to AtFtsZ2-1. Columns marked with a "#" would not be
favorable contacts. A full alignment of a sub-set of proteins with sequence similarity to

Sszlis in Figure 4.8.
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Table 4.2: Residue contact comparison between ZipA bound to E. coli FtsZ and Ssz1

bound to the plant FtsZ2 C-terminus.

Residues in the structures of the E. coli FtsZ C-terminus that contact residues in

E. coli ZipA (from structure 1f46) compared to how the threaded structure of Ssz1

(Structural based sequence alignment in Figure 4.3) would contact the AtFtsZ2-1 C-

terminus.
Amino Acid in the EcZipA Interacts with this
crystal structure or amino acid in EcFtsZ or
equivalent residue in Ssz1 AtFtsZ2-1
EcZipA Ssz1 EcFtsZ AtFtsZz2-1 Notes
R305/R306 | K348/N349 Y371 $460
M248 V294 L372 V461
K250 M296 D373 E462 Contact is between the non-polar portion of
K250, this would be a similar in the AtFtsZ2-1
and AT4G33540 interaction
T267 P313 None None Side chain is solvent exposed
1196 1250 1374 1463/P464
P375 P464 Solvent exposed, locks a side chain turn in
place
A376 E465 A376 of EcFtsZ interacts with the hydrophobic
region of R379 in EcFtsZ, in AtFtsZ2-1 E465
would interact favorably with K468. Also see
F269 in ZipA
M226 V272 F377 F466 F377 in EcFtsZ interacts with L378 in EcFtsZ, in
AtFtsZ2-1 this would be F466 interacting with
L467
V194 V248 L378 L467 See the above note
F269 Q315 A376/F377 | EA65/F466 | See the note for A376 in EcFtsZ
R379 K468 Solvent Exposed
K380 K469 Solvent Exposed
M226 V278 Q381 K470 In ZipA, EcFtsZ interaction the interaction is
between the hydrophobic part of Q381 and
M226, The charged part of the side chain is
solvent exposed; a similar interaction would
be expected between V278 of AT4G33940
and AtFtsZ2-1 with the charged head group
solvent exposed.
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Following import, protease protection and protease removal, chloroplasts were
hypotonically lysed and fractionated into soluble and membrane fractions. The
membrane fractions were washed four times with lysis buffer to remove residual
soluble protein and analyzed by SDS-PAGE and autoradiography. Ssz1 was found to be a
soluble stromal protein and in the soluble fraction (Figure 4.6A, lane 4 and 6). These
results confirm the prediction that Ssz1 is indeed a stromal chloroplast protein as
predicted from bioinformatic analysis opening up the potential to be involved in

chloroplast division.

Removal of the Ssz1 homologue in Synecococcus elongatus does not

disrupt FtsZ filament morphology

The phenotype of an Arabidopsis T-DNA insertion in Ssz1 is slightly fewer and
enlarged chloroplasts. Ssz1 was identified on the basis of being a candidate FtsZ2
interacting protein with structural similarity to bacterial ZipA. This predicts that Ssz1
mutants would exhibit perturbed Z-ring morphology (McAndrew et al. 2001) as has
been observed for disruptions in the FtsZ2 binding protein ARC6 (Vitha et al. 2003). Ssz1
has an ortholog in the cyanobacterium Synechococcus elongatus (locus syc1416) and
disruption of the gene should lead to a perturbed Z-ring morphology. A knockout allele,
Ssz1A, was created by homologous recombination mutation using the cloned Ssz1 allele
with a resistance marker to spectinomycin inserted into the middle of the gene. After

segregation of the knockout line by selection on spectinomycin Ssz1 transcript was no
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longer observed (not shown) and the wild-type Ssz1 could not be detected by PCR (not
shown). Ssz1A mutants and wild-type cells were analyzed by immunofluorescence
microscopy with an antibody to FtsZ (Miyagishima et al. 2005) and the Z-ring
morphology was the same in both wild-type and Ssz1A strains of Synechococcus PCC

7942 (Figure 4.7).

Ssz1 does not interact with FtsZ2 in the yeast-two hybrid assay

To test if SsZ1 interacts with plant FtsZ2, an initial yeast two-hybrid assay was
performed between Ssz1 and FtsZ2 in the Matchmaker |® system (Clontech). Initial
results suggested the proteins interact (not shown). However, when Ssz1 was re-tested
against an empty vector it was found to autoactivate the His reporter (not shown).
Problems with autoactivation are well known in this yeast two-hybrid system and so this

interaction was re-tested in an alternate system with fewer technical problems.
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Figure 4.4: PCR analysis to identify a homozygous SALK_039451 mutant of in Ssz1.
(A) PCR analysis of SALK_039451-17 (homozygous), SALK_039451-18
(heterozygous) and WT Col-0. For each line, two PCR reactions were performed. The
first reaction probed for the presence of an intact WT allele (primers gAt4g33540-L and
gAt4g33540-R, expected product size 1685 bp) and the second reaction confirmed the
presence of the T-DNA in the gene (primers LBb1 and gAt4g33540-R). Arrows indicate
the PCR product for the WT allele and T-DNA PCR products. (B) Diagram of the gene
structure for SS21 (At4g33540) and the position of PCR primers used to analyze the T-
DNA insertion of SALK_039451 and the expected bands for WT and insertional alleles.

In addition, the location of the T-DNA is indicated in exon 4.
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Figure 4.5: Comparison of WT and Salk 039451 cells.

(A) Photomicrographs of fixed Arabidopsis tissue under 40X magnification of
either WT Col-0 or Salk 039451 (labeled ssz1). Bar=50 um. (B) The chloroplast number
versus cell area was measured and plotted for thirteen cells for either WT (O) or
Salk_039451 (0J) and fit with a linear regression. R*for WT is 0.71 and for Salk 039451 is

0.55.
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Figure 4.6: Chloroplast import assay of Ssz1.

Autoradiograph of SDS-PAGE of import assays of Ssz1 and the small subunit of
rubisco (SS). “TP” = in vitro translation product; “P” = Pellet fraction; “S” = soluble
protein after 10 min. centrifugation at 20,000 g. Ssz1 was soluble and protected from
thermolysin (lane 4) and trypsin treatment (lane 6). Pre-Ssz1 (pSsz1) migrated at ~50
kDa, mature Ssz1 (mSsz1) migrated at ~40 kDa. Control experiments with SS found the
mature SS (mSS) was protected from both thermolysin and trypsin treatment. These

results demonstrate both Ssz1 and SS are soluble stromal proteins.
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Figure 4.7: Immunolocalization of FtsZ in wild-type and Ssz1A Synechoccocus PCC
7942.
FtsZ ring morphology at mid-cell is not disrupted by the disruption of Ssz1 with

spectinomycin resistance. Black bar =20 pm

Wild-type Ssz1A
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In order to re-test if FtsZ2 and Ssz1 might directly interact, they were tested for
interaction in the Matchmaker lll yeast-two-hybrid assay from Clontech®. Ssz1 was
found not to autoactivate this His reporter (Table 4.3). Moreover, Ssz1 did not interact
with FtsZ2 (Table 4.3). The positive control worked as reported (Maple et al. 2005)
(ARC6-E4 against FtsZ2, indicated by “+++++”). Negative controls (empty vectors) had
weak autoactivation (indicated by a “+”). While initially promising for an interaction
between FtsZ2 and Ssz1, more rigourous testing demonstrates that it is unlikely that

FtsZ2 and Ssz1 directly interact (Table 4.3).

Discussion

Structure Similarity Search Algorithm Development

One significant limitation of homology-based database searches is that they do
not take into account 3D protein folding information for identification of homologues.
There are many examples of protein families with similar functional activity or structure
but lacking sequence homology (e.g. Fribourg and Conti 2003; Matsuo et al. 1996). With
a large portion of the sequenced eukaryotic genomes having no known sequence
homologues, | sought to develop a novel method for identifying proteins by structural
homology. Most proteins do not have an experimentally determined structure; in lieu
of experimental data an algorithm must be used for structural prediction in silico.
Currently, most algorithms utilize sequence homology to predict structure (e.g. Guex

and Peitsch 1997). Since the interest of this analysis focuses on
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Table 4.3: Summary of a yeast two-hybrid interaction assay between Ssz1 and FtsZ2.
The interaction between both proteins was assayed with a His-reporter growth
assay as previously described (Maple et al. 2005). Ssz1 was cloned without is putative
53 amino acid transit peptide into pGADT7 or pGBKT7 and tested against either FtsZ2-1
without its transit peptide or just the C-terminus of the protein (Maple et al. 2005). Asa
positive control, exon 4 of ARC6 was tested for interaction with FtsZ2-1(CTD) (Jonathan
Glynn, personal communication). “+++++” reports overgrowth of the yeast streaked on
a drop-out plate lacking His. “+” reports less than five colonies when streaked on a
drop-out plate lacking His. “None” reports that no colonies grew on the plate after four
days at 30°C. All assays were performed in parallel on the same drop-out plate lacking

His.
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Bait (in pGADT?7) | Prey (in pGBKT7) | Growth on +His Growth on —His

Ssz1A53 FtsZ2-1 +H+++ None

Ssz1AS53 FtsZ2-1(CTD) -+ None

Ssz1A53 pGBKT7(Empty 4+ +
vector)

pGADT7(Empty FtsZ2-1 -+ None

Vector)

ARC6-E4 FtsZ2-1CTD -+ None

pGADT7(Empty pGBKT7(Empty 4+ +

Vector) Vector)

ARC6-E4 FtsZ2-1 +++++ +++++
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proteins without sequence homology an algorithm was needed that could predict 3D
structures accurately, quickly and without homology information. Protein threading
algorithms address these needs by placing the sequence of an unknown structure into
the solved structure and evaluate the likelihood that this structure is correct (Xu and Xu
2000). This is then repeated for an entire database of solved structures and key
candidate structural models are created. Threading relies on the fact that functionally
related proteins often contain the same structural folds while not necessarily having

similar sequences (Gerstein and Levitt 1997).

All plant FtsZ2 proteins contain C-terminal domain conserved with bacteria
(Osteryoung and McAndrew 2001). In bacteria this conserved domain interacts with the
cell division proteins ZipA and FtsA. Thus, we deduce that ZipA and/or FtsA function are
conserved in chloroplast division. Previous attempts to identify a ZipA homologue in
plants based on sequence homology have been unsuccessful. This might follow from a
report that suggests the sequence of ZipA is not well conserved in bacteria (Nishida et
al. 2003). One possibility is that the function of ZipA has been replaced by other
proteins such as the actin-like protein FtsA. Work in bacteria has shown that FtsA can
perform functions attributed to ZipA in E. coli (Geissler et al. 2003). In light of our
limitations in identifying proteins based on structural homology, | developed an
algorithm to search a database of proteins for structural homology instead of sequence
homology. This analysis resulted in the identification of the putative ZipA-like protein

Ssz1.
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Ssz1 displays fewer and slightly enlarged chloroplasts (Figure 4.5), initially
suggesting Ssz1 may play a role in chloroplast division. Ssz1 was confirmed as a
chloroplastic protein (Figure 4.6). However, Ssz1 did not interact with FtsZ2 in the yeast
two-hybrid assay and a knockout of Ssz1 in the cyanobacterium Synechococcus PCC
7942 did not show a cell division defect phenotype, nor was the FtsZ filament
morphology disrupted (Figure 4.7). Multiple attempts at generating plants expressing a
GFP-tagged version of the Ssz1 have been unsuccessful. Additional attempts were made
to pull down either FtsZ1 or FtsZ2 with recombinant GST-Ssz1 added to plant extracts.
These attempts were not successful. Moreover, based on the inability of Ssz1 to
interact with FtsZ2 in a yeast-two-hybrid assay would suggest Ssz1 is probably not
localized to mid-plastid division rings. Additionally, an attempt to complement a
temperature-sensitive strain of E. coli ZipA with Ssz1 also was unsuccessful, further
excluding Ssz1 from a ZipA function. While, the attempted identification of a protein
structurally similar to ZipA in plants was a worthwhile endeavor, ultimately, Ssz1 cannot

be linked to a role in chloroplast division.

An explanation for the mild division phenotype of the Salk insertional mutant is
the recent identification of Ssz1 as responsive to arsenic treatment of plant (which
inhibits phosphate transport)(Catarecha et al. 2007) and instead the fewer chloroplasts
per cell observed in the mutant may instead be a result of a stressed metabolic

transport network within the plant cell.
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An antibody to E. coli ZipA cross-reacts with a protein of about 35 kDa, and is
close to the mass of E. coli ZipA and suggests a ZipA-like protein may be present in
chloroplasts even if it is not Ssz1. The protein that cross-reacts with the E. coli ZipA
antibody co-fractionates with FtsZ1, FtsZ2, ARC3 and ARC6 on sucrose density gradients
and further co-fractionates with FtsZ1 and FtsZ2 and ARC3 by anion exchange
chromatography (Figure 4.1C) and co-fractionates by native PAGE with FtsZ1 and FtsZ2.
While attempts at identify the E. coli cross reactive protein by tandem mass
spectrometric fingerprinting against proteins from the Arabidopsis genome failed,
future work to identify the protein using a pea cDNA library recently would be a
worthwhile effort in the future. The case for a non-ARC6 ZipA-like protein in chloroplast

is strong and this protein awaits identification by future experimental efforts

Materials and Methods

Generation of a Ssz1A4 strain of Synechococcus PCC 7942

About 1.3 kb fragment of a gene with sequence similarity to Ssz1 was amplified
from Synechococcus PCC 7942 genomic DNA by primers TGGCTTCTTCTGCGATCAAC and
TTTTGGATGGTCTGTGGGC. The product was cloned into pGEM-T vector. The cloned
genomic fragment was cut with Mscl and a Smal fragment of ommega interposon
(conferring spectinomycin resistance) cut from pRL453 (a kind gift from Peter Wolk)
was inserted to the Mscl site. A clone in which the omega interposon is inserted in the
same direction of Ssz1 gene was transformed into Synechococcus PCC 7942 using

previously described methods (Miyagishima et al. 2005). Ssz1A was segregated on by
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selection on spectinomycin and FtsZ was detected in the mutant by

immunofluorescence microscopy as previously described (Miyagishima et al. 2005).

Database of Putative Chloroplast Proteins for Threading

The genome of the Arabidopsis thaliana was searched for proteins that are
putatively targeted to the chloroplast by the analysis done by the MIPS project
(http://mips.gsf.de/proj/thal/db/index.html). This database consisted of 3972 entries
and are listed in “Supplementary Data”. These proteins were then filtered for proteins
with a predicted MW range of 35-55 kD thus reducing the database used for analysis to

1535 protein sequence and is available in “Supplementary Data”.

Threading of the Unknown Chloroplast Proteins

The 1535 putative chloroplast proteins were threaded against the structure of
ZipA complexed with FtsZ (PDB structure 1f46). The top 100 proteins based on the
energy function report from the threading algorithm in PROSPECT2 from this analysis
were then reanalyzed 100 times to get z-score information and then sorted. These data
were sorted for those with a high z-score, ranked top in the quality of the structural
similarity and by the Arabidopsis genome annotation provided by MIPS (Table 4.2).
Analysis was performed on a SGI Octane 2 IRIX workstation with dual 400 MHz MIPS

processors and took approximately 52 h of computational time.

Growth Conditions of Plants
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SALK T-DNA insertional lines of Arabidopsis thaliana or wild type ecotype
Columbia-0, were obtained from ABRC. Plants were grown as previously described

(Osteryoung et al. 1998).

Microscopy of Fixed Arabidopsis Tissue

Three week old Arabidopsis plants had leaf sections removed and fixed as
previsouly described (Osteryoung et al. 1998). The tissue was then squashed onto a
glass microscopy slide and intact cells examined on an Olympus BH-2 microscope under
40X magnification. Intact cells were photographed with a Nikon Cookpix 9200 digital
camera under constant focal length for comparison amongst pictures. Pictures were
analyzed for cell size and chloroplast number using the Imagel software package
(http://rsbweb.nih.gov/ij/). Data was analyzed using Microsoft Excel XP for Windows

XP.

Genotype of SALK insertions in Ssz1

Three week old leaves from T3 plants were extracted with the DNAzol procedure
to obtain RNA free DNA (Chomczynski et al. 1997). Approximately 100 ng of DNA was
subjected to PCR using TaKaRa ExTaq (distributed by PanVera) either the primer
combination of gAT4G33540-L, 5'-TCTTCTCTGCGGTTTCTTCGCTCTCG-3’ and
gATA4G33540-R, 5'-CGAACACCACCCTTCATCTCGATCTTTCCA-3’ to confirm the presence of
a WT allele or gATAG33540-R and LBb1, 5'-GCAGCAAGCGGTCCACGCTGGTT3’ to confirm
the presence of a T-DNA insertion within the gene. Thermocycling was performed for 1
min at 96°C, 32 cycles of 15 sec at 94°C, 30 sec at 65°C and 2 min at 72°C, and a final
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extension of 4 min at 72°C. Under these conditions plants with a signal for the T-DNA
insertion but lacking a signal for the gene (due to the incorporation of the T-DNA) were
deemed homozygous for the T-DNA insertion, whereas a WT plant will contain a gene

specific signal but no signal for the T-DNA.

Yeast-two Hybrid Assay

Ssz1 without its 53 amino acid predicted chloroplast transit peptide was
amplified by PCR from the cDNA U17949 (ABRC Stock, http://www.arabidopsis.org) with
the primers 5'-GGGGACAAGTTTGTACAAAAAAGCAGGCTCAAATCCTAGAAGACGAACTCAG-
3’and 5'-
CTTGTTTCCTTTAGCAAATCCGGGAAAGCTGACCCAGCTTTCTTGTACAAAGTGGTCCCC-3'.
Following PCR, Ss21A53 was recombined into the vector pDONR207 (Invitrogen) with BP
clonase using standard Gateway® system protocols (Invitrogen) to crease pPDONR207-
Ssz1A53. The yeast-two-hybrid vectors pGAD-T7 and pGBK-T7 from the Clontech®
Matchmaker 11® system were both digested with Smal and the Gateway® RfB
conversion cassette (Invitrogen) was ligated and transformed into DB3.1 cells, which are
resistant to the ccdB gene harbored in the RfB cassette. The new yeast-two-hybrid
vectors, pGAD-T7-DEST and pGBK-T7-DEST, now Gateway® Destination compatible,
were verified by restriction mapping and sequencing and place the GAL4 activation and
GAL4 DNA binding domains in frame with the Gateway® system. Ssz1A53 bait and prey
plasmids were created by recombining pDONR207-Ssz1A53 into pGAD-T7-DEST and

pGBK-T7-DEST to create Ssz1A53-pGAD and Ssz1A53-pGBK respectively.
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Figure 4.8: ClustalW alignment of plant and cyanobacterial Ssz1 homologues
Ss21A53-pGAD and Ssz1A53-pGBK were tested for interaction with FtsZ2-1 and
FtsZ2-1-CTD created exactly as previously described (Maple et al. 2005) and tested for
activation of the histidine reporter on SD-ULHT as previously described (Maple et al.
2005). Each experiment was repeated twice independently. ClustalW alignment of a
subset of proteins found to be similar to Ssz1 by a BLAST search of the NCBI NR
database. Note that rice has two genes similar to Ssz1 (this is true in both Indica and
Japonica cultivars). GenBank accession numbers are as follows: Arabidopsis thaliana
Col-0, 22329127; Spruce (Picea sitchensis), 116792143; Oryza sativa cv. Japonica,
125584249; Oryza sativa cv. Japonica, 115450011; Nostoc sp. PCC 7120, 17228723,

Synechococcus sp. 48242153; Synechocystis sp. PCC 6803, 16331548.
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Figure 4.8 (continued)
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Figure 4.8 (continued)
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Figure 4.8 (continued)

sT384Looyosuds
snoooooyosuds
D03 80N

g °oTy

Y 90Ty

eonads
stsdoprqeay

188



CHAPTER FIVE

SUMMARY AND FUTURE DIRECTIONS
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Summary

This dissertation aims to advance the knowledge of the biochemical properties
of plant FtsZ1 and FtsZ2. When this work was initiated there was a limited amount of
function information for FtsZ1 and FtsZ2. Moreover, the putative plant FtsZ regulatory
proteins ARC3 and ARC6 were not yet discovered. Thus the aim of these studies was to
use a biochemical approach to understand why plants use two types of FtsZ proteins.
To understand the composition of the FtsZ complex in vivo, FtsZ was purified from pea
stroma. Pea FtsZ1 and FtsZ2 co-fractionate with the chloroplast division proteins ARC3
and ARC6 when separated by sucrose density gradient, anion-exchange
chromatography, size-exclusion chromatography and native polyacrylamide gel
electrophoresis. In addition, a ZipA-antibody cross-reactive protein was found to co-
fractionate with FtsZ1/FtsZ2/ARC3/ARC6-containing complexes. Finally, FtsZ levels were
quantified in isolated Arabidopsis thaliana chloroplasts and FtsZ1 and FtsZ2 were found
at a constant ratio of ~1:2. FtsZ1 and FtsZ2 were also found to be co-

immunoprecipitated from pea stroma.

Plant FtsZ2 contains a C-terminus similar to the ZipA-binding C-terminus of
bacterial FtsZ. However, ZipA had not been identified in plants. A structural search
algorithm was created find a chloroplastic protein that is structurally similar to ZipA.
This algorithm identified a strong ZipA candidate, Ssz1, but Ssz1 could not be definitively
linked to a role in chloroplast division. Moreover, exon 4 of ARC6 has recently been

found to be structurally similar to ZipA and binds the C-terminus of FtsZ2.
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To understand the biochemical properties of plant FtsZ, recombinant FtsZ1 and
FtsZ2 were produced individually in E. coli. FtsZ1 and FtsZ2 were both found to be
GTPases, but approximately 15-fold slower than the GTPase activity of E. coli FtsZ.
When mixed equally FtsZ1 and FtsZ2 co-assemble into bundled ribbon-like structures.
Maximal FtsZ1/FtsZ2 co-assembly requires an equal concentration of both proteins. In
addition, a T7-loop mutant, FtsZ2D322A, was found to be a sub-stoichiometric
competitive inhibitor of FtsZ1, but not FtsZ2. Together these results support a

FtZ1/FtsZ2 heterofilament model similar to a-tubulin.

In summary, work described in this dissertation advances our knowledge of
biochemical properties of FtsZ1 and FtsZ2. More importantly, this work lays the
groundwork for future study of the stromal chloroplast division machinery. FtsZ1 and
FtsZ2 co-polymerize into heteropolymers and can be co-purified with ARC3, ARC6 and a
ZipA cross-reactive protein. ARC3 and ARC6 are known to regulate FtsZ filament
morphology in vivo (Glynn et al. 2007; Vitha et al. 2003). Thus a logical model is that
FtsZ1/FtsZ2 heterofilaments are directly bound to proteins that regulate their assembly,
organization and dynamics. Future work will be needed to test this new model of FtsZ

dynamics and regulation.

Future Directions

Structural Search Algorithms

Sequence alignment search tools such as BLAST (Altschul et al. 1990; Gish and

States 1993) infer structural and functional similarity from sequence similarity, and not
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protein structural similarity. This approach works well for closely related genes and
proteins. However, sequence alignment searches generally do not work well when
sequences differ substantially. The result of this problem is that approximately 40% (as
of 2007) of the Arabidopsis genome remains functionally unannotated because these
genes (or deduced proteins) do not have sequence similarity to other proteins
(Swarbreck et al. 2007). However, the inability to annotate genes in plant genomes may

result from some of these genes being plant-specific.

Plants contain stromal targeted homologues to some bacterial cell division
proteins such as FtsZ, MinD, MinE and SulA. However, plants lack homologues to
several bacterial cell division proteins that have been predicted to exist, such as MinC
and ZipA. This prompted the concept of searching for proteins with similar function, not
by sequence similarity, but by structural similarity. Searching a database for proteins
with structural similarity has not been previously done to my knowledge. Instead of
developing a new computational framework to do this analysis, the threading algorithm
of the PROSPECT2 software package was used to find a structural analogue of E. coli
ZipA in plants. While one candidate, Ssz1, looked promising (Chapter 4), ultimately Ssz1
could not be definitively linked to chloroplast division. However, the prediction that
plants contain a structural analogue of ZipA has been borne out. Recent work in our
laboratory by Jonathan Glynn has found that a de novo derived structure of a short
portion of ARC6 is structurally similar to ZipA. Furthermore, this portion of ARC6 also
interacts with the FtsZ2 C-terminal motif similar to the E. coli FtsZ ZipA binding motif,

and ARCS6 has a role in remodeling and organizing FtsZ filaments (Vitha et al. 2003),
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indicating ARC6 had functional as well as partial structural similarity to ZipA. recent
studies from our laboratory have revealed that ARC6 bears a domain with structural and

functional similarity to ZipA (J. Glynn, unpublished).

In the future, structural similarity algorithms may become useful, especially as
more genomes are sequenced with high throughput mechanisms. In order for this
approach to be successful in the future, the major weakness of this approach should be
addressed, the threading algorithm itself. This analysis used the threading algorithm
from the structure prediction software package PROSPECT2, which is designed for
structural modeling and not database searching. Future structural search algorithms
should instead focus on a different approach such as comparing the arrangement and
content of a and B sheets in a secondary structure prediction or other methods without

a sequence similarity bias.

Finally, a good lesson from this work is that while computation predictions can
be extremely useful for making scientific progress, there is no substitute for the power

of the scientific experiment itself.

The protein that cross-reacts with the E. coli ZipA antibody

An antibody to E. coli ZipA specifically recognizes a ~35 kDa protein in pea
chloroplasts, similar to the mass of the E. coli ZipA protein. The identification of this
putative chloroplastic protein is an exciting prospect. In the research presented here,
this protein has been shown to be tightly associated with the FtsZ-containing complex

by sucrose density gradient fractionation, native PAGE, anion exchange and
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hydrophobic interaction chromatography, suggesting this protein might be a chloroplast

division protein.

Unfortunately, due to a lack of an appropriate molecular ion template database,
a strong candidate for the 35 kDa ZipA cross-reactive protein was not identified. The
pea orthologues of ARC6 and its homologue ASH1 can be ruled out as candidates for the
ZipA cross-reactive protein because of their high molecular masses (80-100 kDa based
on the Arabidopsis sequences and detection on immunoblots; McAndrew et al. 2008;
Yue Yang, unpublished). Future experiments should focus on identifying the ZipA cross-
reactive protein by proteomic identification from a—ZipA immunoprecipitation, instead
using a recently generated pea cDNA library to generate molecular ions for

identification (Andreas Weber, personal communication).

Chloroplast division protein purification from inclusion bodies

Chloroplastic proteins are difficult to produce recombinantly in E. coli. Most
stromal proteins are encoded in the nucleus, translated in the cytoplasm and imported
into the chloroplast. Further, most chloroplast proteins have a chloroplast targeting
sequence on their N-terminus that is cleaved as the protein is imported into the
chloroplast (Bruce 2000). Moreover, prediction of the presence of the chloroplast
transit peptide is generally straightforward (although many proteins may be missed),
but the prediction of the cleavage site for the chloroplast targeting sequence is still
enigmatic. For example, the predicted cleavage site of the FtsZ1 transit peptide is at

amino acid 90 and would result in the removal of half of the Rossman-fold GTP binding
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motif that is characteristic of FtsZ and tubulin (see Chapter 3 for more detail). Indeed,
this cleavage site was chosen for yeast-two-hybrid constructs between plant FtsZs
(Maple et al. 2005) and while it does not appear to have affected interaction between
the FtsZs themselves, it does call into question the interaction between FtsZ1 and ARC3,
since ARC3 contains an FtsZ Rossman-fold GTP binding domain that may be
compensating for this missing domain in the FtsZ1 construct. So how should

researchers approach this in the future?

The expression of plastid division proteins (such as FtsZ1, FtsZ2, ARC6 and ARC3
and many others) recombinantly in E. coli has been an extremely difficult procedure
because A) the proteins frequently block E. coli cell division and are thus cytotoxic; B)
due to toxicity, they are frequently found in inclusion bodies and C) stromal plastid
division proteins tend to bind tightly to the native E. coli division machinery and are
difficult to remove, similar to the difficulty of purifying E. coli FtsZ beyond 90% under
native conditions (Lu and Erickson 1998). Typically, accessory factor proteins bind
extremely tightly and are not removed even under the high salt conditions of anion and

cation exchange chromatography.

The work described here makes a significant leap forward in the ability for plant
FtsZ proteins to be purified in an active form. The key to this process is the co-
expression of the ftsQAZ operon from E. coli during expression (Jeong and Lee 2003) to

prevent a block in cell division. Further, expression levels are increased in strains
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overexpressing the ftsQAZ operon suggesting blocked cell division reduces protein

expression.

The approach to expression and purification of FtsZ1 and FtsZ2 recombinantly in
E. coli has also been successful for expressing the stromal, soluble domain of ARC6 and
fragments of ARC3 (Bradley Olson, unpublished observations). Moreover, refolding
protocol derivatives of those used to refold plant FtsZ1 and FtsZ2 (Chapter 3) are
successful at refolding ARC6 and ARC3 from inclusion bodies and have significantly
increased the capacity to study cytotoxic chloroplast division proteins in vitro, by

purification of recombinant proteins.

FtsZ biochemistry

Future biochemical study of FtsZ should be focused in three areas. First, the
biochemical relationship between FtsZ1 and FtsZ2 in head-to-tail protofilaments should
be defined in detail. These experiments can be complemented with in vivo assessment
of the T7-loop mutations (FtsZ2 described in Chapter 3) and others that target the
interface between FtsZ1 and FtsZ2. Second, defining lateral interactions between FtsZ1
and FtsZ2 will need to be addressed. Third, what are the biochemical effects of FtsZ

interacting proteins such as ARC6 and ARC3?

Probing heterofilament formation by FtsZ1 and FtsZ2

In Chapter 2, FtsZ1 and FtsZ2 were found in a salt-stable complex that represents
unassembled FtsZ (McAndrew et al. 2008). Moreover, the molecular mass of the native

FtsZ complex suggests the presence of one each of FtsZ1, FtsZ2, ARC6 and ARC3
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(McAndrew et al. 2008) and possibly the presence of a protein that cross-reacts with
ZipA (Chapter 4). In Chapter 3, FtsZ1 and FtsZ2 were found to assemble into
heterofilaments. Thus, ignoring ARC3 and ARCS6, the basic unit of plant FtsZ assembly is
a head-to-tail dimer of FtsZ1 and FtsZ2 similar to a3-tubulin. In contrast to tubulin, both
FtsZ1 and FtsZ2 are GTPases, thus there is not an obvious explanation for why
FtsZ1/FtsZ2 polymerize into heterofilaments. One possibility is that plant FtsZ
disassembly is regulated, contrasting with bacterial FtsZ which is assembly regulated.
FtsZ1/FtsZ2 head-to-tail polymerization should be explored for a mechanistic

explanation.

Several structures of af-tubulin dimers have been solved and described in detail
(Nogales 1999, 2000; Nogales et al. 1998a; Nogales and Wang 2006; Nogales et al. 1999;
Nogales et al. 1998b). FtsZ1 and FtsZ2 homology based structures (Yoder et al. 2007)
should be examined for residues that might mediate head-to-tail interactions. The
residues that are found to be in the FtsZ1/FtsZ2 interface should be sequentially
mutated and tested for the effect on polymerization and GTPase activity, in a similar
approach that was used with T7-loop mutations (Chapter 3). These experiments will
provide significant insight into the exact specificity for heterofilament formation.
Moreover, they could yield insight into the head-to-tail filament specificity for bacterial
FtsZ and off-tubulin. In concert with these experiments, it would be useful to

collaborate with a structural lab to attempt to crystallize an FtsZ1/FtsZ2 dimer.
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There is growing evidence that bacterial FtsZ polymers are assembled by the
addition of FtsZ dimers, not monomers (Chen et al. 2005; Chen and Erickson 2005;
Huecas et al. 2007a). This is kinetically similar to af-tubulin, with the exception that the
oB-tubulin dimer is initiated by chaperones (Lewis et al. 1997). In the bacterial FtsZ
model, there is growing evidence that E. coli FtsZ exists as a dimer and not monomers
(Chen et al. 2005; Chen and Erickson 2005; Huecas et al. 2007a; Rivas et al. 2001). After
dimer formation there is a kinetic lag (cooperativity) to add a FtsZ dimers onto a
growing protofilament (Caplan and Erickson 2003; Chen et al. 2005; Huecas and Andreu
2003, 2004; Huecas et al. 2007a; Romberg and Levin 2003). If true for plant FtsZ, this
would predict that FtsZ1/FtsZ2 dimerization is is the minimal subunit of filament
formation, and addition of FtsZ1/FtsZ2 dimers to heterofilaments is cooperative, as

observed by light-scattering in Chapter 3.

FtsZ1/FtsZ2 dimerization can be examined with multiple approaches. First,
variants of FtsZ1 and FtsZ2 recombinant proteins described in Chapter 3 have been
created that allow N-terminal fluorescent tags to be attached to Cys residues. These Cys
residues correspond to the plus-side of the growing protofilament and would be GTP-
capped. To probe for dimerization, fluorescently labeled FtsZ1 could be tested for
quenching upon mixing with unlabelled FtsZ2 (or the converse). This approach can be
used to measure the dissociation constant between head-to-tail associated FtsZ, since
the fluorescent tagging site lies in the FtsZ1/FtsZ2 interface. Indeed, preliminary data to
this effect have been generated. N-terminal fluorescently labeled FtsZ1 and FtsZ2 are

biochemically indistinguishable from unlabelled proteins (Bradley Olson, unpublished
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observation). Preliminary experiments demonstrate the fluorescent tags are quenched
when mixed in trans, but a technical hurdle of photobleaching needs to be overcome to
measure the dissocation constant in detail (Bradley Olson, unpublished observations).
If fluorescent tagging does not work, an approach such as calorimetry (Caplan and
Erickson 2003; Huecas et al. 2007b) could be used to confirm the energy of FtsZ1/FtsZ2

heterofilament polymerization.

Second, non-hydrolyzable fluorescent GTP analogues could be used to probe the
nucleotide dissociation constants for FtsZ1 and FtsZ2 individually and mixed (Huecas et
al. 2007b). These experiments will answer the question of which nucleotide binding site
is in the interface between FtsZ1 and Ftsz2. In Chapter 3, there is evidence that
polymerized plant FtsZ does not exchange nucleotide for free nucleotide. In this future
line of experiments, the nucleotide binding sites would be probed with non-
hydrolyzable, fluorescent nucleotide analogues similar to previous approaches (Huecas
and Andreu 2003, 2004; Huecas et al. 2007b). The site that is found within the interface
between FtsZ1 and FtsZ2 would be found to have a lower dissociation constant. To
distinguish between FtsZ1 and FtsZ2 nucleotide binding sites, FtsZ1 and FtsZ2 could be
mutated in their glycine-rich N-terminal domain to convert them to ATP binding
proteins as has been done previously for E. coli FtsZ (RayChaudhuri and Park 1994).
Thus, ATP-binding and GTP-binding variants of FtsZ1 and FtsZ2 could be mixed and
analyzed for fluorescence nucleotide quenching to determine which nucleotide binding

site is in the interface.

199



Finally, an Arabidopsis FtsZ1-1 mutant was found to have the mutation, G267R
which is in its T7-loop (Appendix A)(Yoder et al. 2007). In lines or tissues where
ftsz1G267R is expressed at normal levels, this allele is dominant-negative. Moreover,
ftsz1G267R leads to short disorganized filaments, suggesting it is blocking
polymerization of FtsZ1/FtsZ2 heterofilaments. An important confirmation of the
hypothesis that FtsZ1 and FtsZ2 polymerize into heterofilaments would be to attempt to
rescue ftsz1 and ftsz2 knockouts (Aaron Schmitz, in preparation) with T7-loop mutants
similar to those described in Chapter 3. If FtsZ1 and FtsZ2 do polymerize into
heterofilaments in vivo, it would be expected that FTSZ1D275A would act dominant-
negatively inan ftsz1 knockout mutant and exacerbate the knockout phenotype.
Moreover, overexpression of FTSZ2D275A should lead to strong depolymerization of
wild-type FtsZ2 when observed by immunofluorescence. Important to these

experiments will be doing the reciprocal experiment and controls with wild-type alleles.

FtsZ1 and FtsZ2 lateral interactions

The lateral interactions between bacterial FtsZ are poorly understood, mostly
because in the absence of stabilizing agent, bacterial FtsZ only assembles into single
protofilaments (Chen et al. 2005; Mukherjee and Lutkenhaus 1994). Moreover, most of
the differences in amino acid sequence between FtsZ1 and FtsZ2 (Stokes and
Osteryoung 2003) lie in regions predicted to be solvent-exposed in putative structures
created by homology modeling (FtsZ1 model in Yoder et al. 2007). Residues found to be

putatively within the interface between plant FtsZ filaments should be probed with site-

200



directed mutagenesis and analysis of the mutation effect analyzed by light-scattering
and electron microscopy, similar to the techniques used in Chapter 3. In this set of
experiments, mutations that decrease filament bundling should be identified and
characterized further. It should also be pointed out that the inherent stability of plant
FtsZ1/FtsZ2 co-polymers may be an experimental advantage over E. coli FtsZ for

understanding FtsZ lateral interactions.

In a second line of experiments, an approach such as partial proteolysis of
polymerized FtsZ1/FtsZ2 could be used to define filament interfaces. The idea behind
this experiment is that residues that lie within the interface between FtsZ1 and FtsZ2
would be protease-protected, but solvent exposed faces would be protease sensitive.
These experiments could be followed by fluorescently labeling residues on various
surfaces of FtsZ1 and FtsZ2 (similar to experiments proving the interface head-to-tail
above) and testing for quenching after polymer bundling. These experiments could use

results from a previous study with E. coli FtsZ as a guide (Lu et al. 2001).

In conclusion, the experiments described above aim to structurally define the
relationship between FtsZ1 and FtsZ2 in more detail. These experiments will be
extremely useful for furthering our understanding of FtsZ and tubulin polymerization.
Finally, these experiments will describe the assembly of a component of the chloroplast
fission machinery in detail and be a scaffold for understanding the role of other division

factors such as ARC3 and ARCS6.

The biochemical effects of ARC6 and ARC3
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A series of biochemical experiments based on light-scattering and EM should be
performed to define the biochemical effects of ARC6 and ARC3 on the GTPase activity
and polymerization of FtsZ1/FtsZ2. Based on genetic analysis showing that ARC6
promotes (Vitha et al. 2003) and ARC3 inhibits FtsZ filament formation (Glynn et al.
2007) in chloroplasts, we hypothesize that ARC6 should promote and ARC3 inhibit the
polymerization of FtsZ1/FtsZ2 in vitro through their respective interactions with FtsZ2
and FtsZ1. Based on the presence of both proteins in the FtsZ-containing complex
described in (McAndrew et al. 2008)(Chapter 2), we might further expect ARC6 and

ARC3 to act antagonistically on polymerization when mixed.

There is evidence that ARC6 may also promote the polymerization of FtsZ2 in the
absence of FtsZ1. In antisense AtFtsZ1-1 and AtFtsZ2-1 lines, the reduction of AtFtsZ1-1
or AtFtsZ2-1 have different effects on Z-filament topology (Vitha et al. 2001). The loss of
AtFtsZ2-1 leads to short disorganized AtFtsZ1-1 filaments (Vitha et al. 2001). In contrast,
loss of AtFtsZ1-1 leads to long spiral AtFtsZ2-1 filaments (Vitha et al. 2003). This
suggests that FtsZ2 is capable of forming long Z-filaments on its own, or that ARC6 is
promoting FtsZ2 filament stability in the absence of AtFtsZ1-1. /n vitro, it was found that
FtsZ2 does not assemble efficiently on its own (Chapter 3) and this would suggest the
long FtsZ2-filaments observed in the absence of AtFtsZ1-1 are due to the stabilization
effects of ARC6. This idea could be tested by creating an ftsz1/arc6 double mutant and
performing immunofiuorescence for AtFtsZ2-1. If ARC6 is in fact promoting FtsZ2
stability, short AtFtsZ2-1 Z-filaments would be expected to be observed in the ftsz1/arc6

double mutant (Vitha et al. 2001).
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Finally, ARC3 has a role in the positioning of the Z-ring properly to mid-plastid.
Immunolocalization of FtsZ in the arc3 mutant shows evenly spaced, multiple Z-rings
(Glynn et al. 2007) suggesting ARC3 may have a MinC-like function (Glynn et al. 2007;
Maple and Moller 2007a). Additionally, ARC3 localizes both to the pole (Maple et al.
2007) and mid-plastid (Maple et al. 2007; Shimada et al. 2004). ARC3 contains an N-
terminal, FtsZ-type GTP binding domain and could either modulate the GTP activity or
cap FtsZ filaments. This could be tested in vitro by examining the GTPase activity and
polymerization of FtsZ1 and FtsZ1/FtsZ2 in the presence of increasing concentrations of

ARC3.

Concluding remarks

The establishment of an in vitro system to study plant FtsZ biochemistry will
open a new functional understanding of chloroplast division at a biochemical level.
Current efforts in understanding chloroplast division have been focused on identifying
the molecular players involved. However as more chloroplast division genes are
identified, their functional role in plastid division will need to be understood. This

dissertation contributes significantly to this goal.
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APPENDIX A

Yoder, D. W*,, D. Kadirjan-Kalbach*, B. J. S. C. Olson, S. Y. Miyagishima, S. L. Deblasio, R.
P. Hangarter, K. W. Osteryoung and S. Vitha (2007). "Effects of mutations in Arabidopsis
FtsZ1 on plastid division, FtsZ ring formation and positioning, and FtsZ filament

morphology in vivo." Plant and Cell Physiology 48(6): 775-791.

*These authors contributed equally to this work

Note: This reprint is reproduced under license number 1912310855884 from Oxford

University Press granted to B. J. S. C. Olson and Michigan State University.

B. J. S. C. Olson contributed the following: performed the initial immunoblots for this
paper (immunoblots for publication including atFtsZ1-1-A1 were performed by D. W.
Yoder); built the homology-based structure and created the structure-based alignment
between plant and bacterial FtsZs; made the discovery that pmi4 is semi-dominant;
made the discovery that expression levels of the mutant proteins vary in young versus
old leaf tissues; interpreted the possible effect of the mutations; wrote the early drafts

of the discussion and contributed editorial assistance to the final manuscript.
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Effects of Mutations in Arabidopsis F7sZ!I on Plastid Division, FtsZ Ring
Formation and Pesitioning, and FtsZ Filament Morphology in vivoe

David W. Yoder 4, Deena Kadirjan-Kalbach "4, Bradley J. S. C. Olson 2, Shin-ya Miyagishima %,
Stacy L. DeBlasio *¢, Roger P. Hangarter > and Katherine W. Osteryoung »*

' Department of Plant Biology, Michigan State Untversity, East Lansing, MI 48824, US A
~ Department of Biochemustry and Molecular Biology, Michigan State University, East Lansing. M1 45524, USA
* Department of Biology, Indiina University, Bloomungron, IN 47405, USA

In plants, chloroplast division FtsZ proteins have
diverged into two families, FtsZ1 and FtsZ2. FtsZ1 is more
divergent from its bacterial counterparts and lacks a
C-terminal motif conserved in most other FisZs. To begin
investigating FtsZ1 structure—function relationships, we first
identified a T-DNA insertion mutation in the single FisZ7
gene in Arabidopsis thaliana, A1FtsZ1-1. Homozygotes pull
for FtsZ1, though impaired in chloroplast division, could be
isolated and set seed normally, indicating that FtsZ1 is not
essential for viability. We then mapped five additional
atfisZ1-1 alleles omto an FtsZ1 structural model and
characterized chloroplast morpbologies, FtsZ protein levels
and FtsZ filament morphologies in young and mature leaves
of the corresponding mutants. azftsZ1-1(G267R), atfisZI-
I1(R298Q) and atfisZ1-1( 4404-433) exhibit reduced FtsZ1
accumulation but wild-type FtsZ2 levels. The semi-dominant
atftsZ1-1(G267R) mutation caused the most severe pheno-
type, altering a conserved residue in the predicted T7 loop.
atftsZ1-1(G267R) protein accumulates normally in young
leaves but is not detected in rings or filaments. arfrsZ]-
I(R2980) has midplastid FtsZ1-containing rings in young
leaves, indicating that R298 is not critical for ring formation
or positioning despite its conservation. atfisZ1-1(DISIN)
and atfrsZ1-1(G3664) both have overly long, sometimes
spiral-like FtsZ filaments, suggesting that FtsZ dynamics are
altered in these mutants. However, atfisZI-1(DIS9N)
exhibits loss of proper midplastid FtsZ paositioning while
atftsZ1-1(G3664) does not. Finally, truncation of the FtsZ1
C-erminus in arfrsZ1-1(4404-433) impairs chloroplast
division somewhat but does not prevent midplastid Z ring
formation. These alleles will facilitate understanding of how
the in vitro biochemical properties of FisZ1 are related to its
in vivo function.

Keywords: arcl0 — FtsZ — pmid.
Abbreviations. arc, accumulation and replicauon of chlero-

plasts; CAPS. cleaved amplified polymorphic sequences; CTD,
C-terunal deomamn;, DIC, diflerentail interference contrast;

EMS, ethylmethane sulfonate; FITC, fluorescein isothiocyvanate;
pmi, plasud mobility impaired; NTD, N-terminal domain;
RT PCR, reverse wanscnption PCR; SSLP, simple sequence
length polymorphism.

Introduction

Plastids arose from an ancestral cyanobucterial endo-
symbiont and have retained a division apparatus rermnis-
cent of that in cyanobacterial cell division (Ostervoung and
Vierbng 1995, Osteryoung et al. 1998, Colletti ¢t al. 2000,
Itoh et al. 2001, Maple et al. 2002, Vitha et al. 2003, Maple
et al. 2004, reviewed in Ostervoung and Nunnan 2003.
Aldnidge et al. 2005). Plasud division requires asserubly of
Fi1sZ1 and FisZ2, plant-specific homologs of the tubulin-
like bactenial cytoskeletal protein FisZ (Osteryoung et al.
1998), into a nng (the Z nng) at the rmdplastid division site
(Vitha et al. 2001). The Z nng is locahzed to the midplastid
through the activity of the FisZ-positioning proteins MinD
and MinE (Colletti et al. 2000, Itoh ct al. 2001, Maple et al.
2002) and 1s thought 10 be stabilized by the J-domain-like
protein ARCS (Vitha et al. 2003). Midplastid positioning of
the Z ring presumably ensures that normal plasud popula-
tions are maintained in all plant cells.

Bactenal FtsZ bhas two functional domans, an
N-termunal domain (NTD) and a C-terminal domain
(CTD), that fold independently of one another (Oliva
et al. 2004). The NTD contains a Rossman fold for GTP
binding (Lowe 1998, Lowe and Amos 1998), and the CTD
contains a T7 loop for GTP hydrolysis (de Boer et al. 1992,
RayChaudhun and Park 1992, Lowe 1998, Lowe and Amos
1998, Scheffers et al. 2002). The CTD also contains at its
extreme C-terminus a short conserved stretch of amino
acids that has been shown to interact with the bactenal cell
dmision proteins FtsA and ZapA (Ma and Margolin 1999,
Vaughan et al. 2004). Similar to tubulin, longitudinal
contacts in FisZ polymers are made between the region of

*These authors contributed equally to this work.

*Present address: Miyagishima Ininative Research Unit, Frontier Research System. RIKFN. 2-1 Hirosawa, Wako, Saitama, 351-019% Japan.
“Present address: Department of Micromology, The State Umiversity of New York. Stony Brook, NY 11794, USA.
*Corresponding author: E-mail, ostervou:a-msu edu: Fax, +1-517-353-1926
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the CTD beanng the T7 ioop in onc monomer and the
GTP-binding site in the NTD of the next monomer. The
GTP-hydrolytc site is formed by interaction between two
monomers, and GTP hydrolysis i1s stimulated by FtsZ
polymerization (Erickson 1998, Lowe and Amos 1998,
Nogales ct al. 1998, Oliva et al. 2004).

FieZ] and FisZ2 arose carly in plant evolution by
duplication of a common ancestral FisZ gene of cyano-
bacterial origin. FtsZ] is more divergent from its cyano-
bacterial counterparts than is FtsZ2, and is unique to plants
and green algae (Stokes and Osteryoung 2003, Wang et al.
2003, Rensing et al. 2004). FitsZ] also lacks the short
C-terminal motif found in most bacterial FisZ proteins; this
motif is conserved in FisZ2 proteins (Fig. 2A), where it
mediates an FtsZ2-specific interaction with ARC6 (Maple
ct al. 2005). Thus FtsZ1 and FtsZ?2 are functionally as well
as phylogenetically divergent. Nevertheless, except for lack
of the C-terminal conscrved motif, FtsZl has all the
halimarks of a typical FtsZ and is predicted to be a
GTPase (Osteryoung and McAndrew 2001). Consistent
with this observation, recombinant FtsZ1 has been reported
to undergo GTP-dependent multimerization and assembly
into filament-Ike structures in vitro and to complement a
cell division defect in an Escherichia coli fisZ mutant
(Gaikwad ct al. 2000, El-Kafafi ct al. 2005). However, the
structural requircments for FisZl chloroplast division
activity in vivo have not been investigated.

To investigate further FtsZ1 function in piants and
begin defining the features important for its chloropiast
division activity, we comparzad the predicted secondary and
tertiary structures of FtsZl with those of bacterial FtsZ.
We show that FtsZ] contains predicted a-helices, loops and
p-sheets that in bacteria form a Rossman foid for GTP
binding and a T7 loop for GTP hydrolysis. We also isolated
six mutant allcies of the single FrsZ! geme in Arabidopsis
thaliona, A1FisZ1-1 (A15g55280), including a null allcie.
Four alickes alter conserved amino acids, and one truncates
AtFisZl-! near its C-terminus. Analysis of chloropiast
morphologies, FtsZ1 and FtsZ2 protein levels, and FtsZ
ring and filament morphologies in the mutant backgrounds
show that: (1) plants homozygous for the FtsZ! nuli allzle
arc viable and FtsZ2 protein levels are not affected;
(i) predicted structural features in FtsZ1 homologous to
thoss in bacterial FisZ are important for FisZ filament
(Z filament) and chloropiast morphology in vivo, and some
residues may be important for accumulation of FtsZl,
including the C-terminus; (i) FtsZ2 is capable of forming
rings in very small chloroplasts in the absence of a
functional FtsZ1 protein; (iv) changes in FtsZ] protein
level or function do not alter expression of FisZZ, but do
affsct FtsZ2 filament morphology; and (v) mutations in
key residues appear w impact FtsZ polymer dynamics
in vivo.

Results

atfisZ1-1-A1 is a null allele of AtFisZ-1

A scarch of the SIGnAL ‘T-DNA Express’ database
(http://signal salk .cdu/cgi-bin/tdnaexpress) revealed a
mutant Inc, SALK_073878 (Alonso ct al. 2003), harboring
a T-DNA insertion in the first exon of A1FsZi-I (Fig. 1A).
We have designated this gene at/1sZ7-1-41. The genotyps of
the homozygous T-DNA insertion mutant was verfied by
PCR. atftsZl-1-41 mutant plants exhibit altered chloro-
plast morphology and a block in chioroplast division, as
indicated by a dramatic reduction in chioropiast numbers
compared with wild-type Columbia (Col-0; Fig. 1B, C).
Leaf mesophyll cells in afftsZ1-1-A1 typically contain an
average of five chloroplasts per cell, with a range of 1 12
chioropiasts (Table 1), compared with a mean of 41 in wild-
type Col-0. These chioropiasts are enlarged and exhibit
heterogeneity in size and number from cell to cell (Fig. 1D).
No aplastidic cclls were detected in any lcaf sampies.
Homozygous mutants set sced and produced viable piants.
In order to comnfirn that the PCR-detected T-DNA
inscrtion caused the mutant phenotypes, atfisZ1-1-4i
plants were transformed with wild-type AiFisZ7/-1 under
control of its natve promoter. Wild-type chloropiast
morphology and number were restored in the transformant,
confirming that the T-DNA insertion is the causc of the
mutant phenotypes (data not shown).

A SALK_073878
AtFraz1-1 > O )
asgss2e0) Jiuh W B B BN

atfeeZ1-1-A1

E WT_Null
a-AtFtsZ1-1 Nmk: g
a-atrnzz-1 [

Coomassie M

1 2

Fig. 1 (A) AtFtsZ1-1 gene depicting the postion of the T-DNA
insertion in aftsz1-1-47 (Salk_073878) in the 3’ region of exor 1.
Light micrographs representing chloropiast morpkology in w ld-
type Col-0 (B) and atftszI-1-47 (C and D). (E) Immunoblct of
protein extracts from mature leaves of Col-0 and the nu'l a‘lele
{atftsz1-1-41) using a-AtFtsZ1-1  @op pane!}, a-AtFtsZ2-1
(m:ddle panel}, anc Coomassie-stained gel for load:ng comparison
(bottom panel).
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A 10 2 » » ”
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Fig. 2 (A) Amno acid alignment of At"tsZ1-1 (NP_200339), AtFtsZ2-1 (NP_190843), AtFtsZ2-2 (NP_565839), EcFtsZ (AAC?3206)
and MjFtsZ (Q57816) proteins with predicted secondary sructure. Dark gray bars represent a-helices and light gray amows represent
B-strands. with all structures labeied based on the homologous structures from Methanococcus jannaschii (Lowe, 1998). Black dots above
the sequence indicate equ vaient bacterial mutations. D96A (Redick et al. 2005) is a mutator equivalenttc D159, and A23¢V represents
both ts7 in Baziitus subtilis (Michie et al. 2006) ard #s22863 «n Escherichia coli (Addinall et al. 2005). The positions of the tive mutant
aileles are indicated by black arrows and the amiro ac:d changes are indicated above the alignment. Black bars above the alignment
are the tubulin motf (CCCGTGTASG: (RayChaudhur and Pask 19€2) and T7 loop. The C-terminal conserved motif is indicated by a black
bar be ow the alignment The legend ind zates the NTD, CTD, N-term nal region, ccre region and spacer region. (B} The transcript-or unit
of At5g55280, witk the postiors of eack mutation indicated above with black armows. A, Arabidapsis thaiiana; Ec, Escherichia caif,
Mi, Methanococcus jannaschii.
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Table 1 atftsZ1-1 mutant phenotypes and morphologies in leaves from 3-week-old plants

Line Chloroplast morphology Seed Z filament morphology Mutation

set (%)
Phenotype Mean  Range’
number®

Col-0

Wild type - 4] 30-30  97. Midplasud FtsZ nngs -

null Giant chloroplasts, S 1-12 99.2 No FtsZ] protein, FisZ2 T-DNA insertion,
some smaller filaments are long and exon 1
chloroplasts randomly distributed

DI159N Heterogeneous, one 14 7-20 99.1 Long, possibly parallel Z EMS, lateral surface
greatly enlarged with filaments, some
numerous smaller rmmdplastd nngs in
chloroplasts smaller chloroplasts

G267R Giant chloroplasts 1 1-3 97.9 Reduced FtsZ1 protein EMS, T7 loop

Jevels, punctate FisZ1,
long and randomly
distnibuted FtsZ2 filaments

R298Q Heterogeneous 19 12-25 96.1 Faint FtsZ] rings in young EMS, N-terminal

tissue. midplasud FisZ2 of H9
nings and filaments;
reduced FisZ1 protein level

Ws-2

Wild type - 35 25-75  99.2 Midplastid FtsZ rings -

G366A Heterogeneous, one 23 11-31  98.2 Midplasud FisZ filaments  Untagged T-DNA,
greatly enlarged with with some rings in smaller  between S9 and S10
numerous smaller chloroplasts
chloroplasts

4404 Slightly enlarged 22 15-29 959 Truncated FtsZ1 protein T-DNA inscrtion,

with reduced protan level; 30 residue truncation
midplastid Fi1sZ nings

and filaments

?Mzan number of chloroplasts in 100 cells counted through a single median focal plane.
“The miniroum and maximum number of chloroplasts detected in any one cell.
“Percentage of wild-type secds. The dillerence from 100%% represents aborted or abnormal seeds.

Immunoblot analysis of protein extracts from mature
leal tissue of homozygous atfisZ1-1-41 individuals was
performed using AtFisZ1-1-specific anubodies (Stokes et al.
2000y (Fig. 1E). AtFtsZ1-1 protein was not detected in the
mutant (Fig. 1E, lane 2), demonstrating that aiftsZ1-1-411s
a null allcle of AtFisZ1-1. consistent with the site of T-DNA
insertion (Fig. 1A). There was no detectable difference in
the AtFtsZ2-1 protein level in this mutant when compared
with the wild tvpe (Fig. 1B, lanes 1 and 2). These data show
that AtFtsZ1-1 is not essental for the survival of
Arabidopsis or the propagation of plastids. The null allele
of FisZ1 also provided a basis for phenotypic comparnisons
among the other FisZ1 mutant allcles described below and
served as a negative control for Z filament morphology and
immunoblot assays.

Mutant alleles of AtFisZ1-1

In addition to aifisZI-1-41, we identified five
novel mutant alleles of .{rF1sZ1-1 from several mutant
populations, four recessive and one serm-dominant.
The positions of mutations in the predicted structures of
FtsZ1 and the AiFisZi-1 gene are shown (Figs. 2A, B.
and 3). Chloroplast phenotypes and FitsZ morphologies

in  the mutants were compared with those in
their respective wild types—Col-0 for atfisZ1-1-41,
atftsZ1-1(DISYN), atfisZ1-1(G267R) and atfis71-

I{R298Q) (Figs. 4A-M, Q, U, and 5A-M, Q. L),
and Wassiljevskila (Ws-2) for atfisZ1-1{G3664) and
arfisZ1-1{4404-433; (Figs. 4N-P, R-T, V-X, and 5N P,
R-T, V-X). All phenotypic data have been comnpiled
n Table 1.
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Fig. 3 Predicted three-dimensional sructure of AthsZ1-1 based
upon M. jannaschii FtsZ (Q57816) with D159, €267, R298 and
C366 ndicated with side chains. The chloroplast transit peptde
and C-teminal conserved mot are rot in the rasoived structure of
M. jannaschis FZ and do not appear in this model. Inset: close up

view of R298 with the side chair pointing towards the side chain
of D331

1-1(DIS9N)
were identified in a  visual
for chioroplast division mutants
from an M, cthyimethanc suifonate (EMS)-mutagenized
Col-0 population (Miyagishima ct ai. 2006). These two
mutations, which conferred aitered chioropiast morphology
in icaf mesophyil celis, were crossed into Ler, and F; plants
were tested for linkage to known plastid division gemes
using PCR-based mwarkers. The mutant phenot; were
iinked to a 1.5Mb region on chromosome $ that included
AiFisZI-1. This knkage exciuded ali other known piastid
division gemes, and subsequent sequencing uncovered
point mutations at 4:5¢55280 in both mutants. affisZ1-
1{DI55N) extbits variability in chloroplast size (Fig. 4C)
and has a mean number of 14 chioropiasts per ccil (Table 1),
‘The mutation resuits from a G-to-A transition at nt 6,701 in
exon 3 (Fig. 2B) that aiters an aspartate residue conserved
in the NTD of all FisZ protcins (Stokes and Osteryoung
2003) (Fig. ZA). aiftsZi-1(R295Q) aiso exhibits hetero-
gencity of chioroplast size (Fig. 4M), but the mesophyll cell
chioroplasts are typically less variabic in size than those in
atfisZ1-1{ Dis9N) (Fig. 4C), and contain more chioropiasts
per mesophyll cell, having a mean number of 19 (Tabie 1).
atfisZ1-1{R298Q) barbors a G-to-A tramsition at nt 1,283
in exon3 (Fig. 2B), altering an arginine residue in the CTD
that is highly conserved among E. coli FisZ, cyanobacterial
FtsZ and plant FisZ1 proteins, but is looscly conserved
among plant FsZ2 proteins (Stokes and Osteryoung 2003)
(Fig. 2A}
Au ailcic of AtFisZ1-1, originaily designatzd pmid, was
2d in a screen for plastd movement jmpaired (i)

isolat

™

mutants (DeBlasio ct al. 2005). pmii reutants are defectve in
blue Eght-induced chioroplast movements; in pmi4, this
defect results from a severe biock in chloropiast division
{DeBlasio et al. 2005). Leaf mesophyll ceils of pmi4 contain
a mean of one (Table 1), but sometimes two or three,
greatly enlarged chioroplasts (Fig. 4D). Fy plants from a
pmid x Ler mapping cross exhibited a mixture of smail and
large chloroplasts, indicating that pmid is a semi-dominant
mutation (Supplementary Fig. SI). pmid was mapped to a
S8kb region on chromosome S that inciuded AtFisZ1-1.
Sequence analysis of AtFrsZ1-1 from pmid genomic DNA
revealed a G-to-A transition at nt 1,189 in cxon 5 (Fig 2B),
altering G267 in the CTD to R (Fig. 2A). Henceforth, we
refer to this mutant as afisZ1-1(G267R).

arcl0, a recessive mutant isolated previousy in a screen
for mutants with defects in accumuiation and revlication of
chioroplasts (arc) (Pyke and Lecch 1994), exhibits reduced
numbers of chioroplasts that arc heterogencous in size,
similar to atfisZI-1{ DISYN), with & mean number of 23
chioropiasts compared with S in wiid-type Ws-2 (Tabic 1).
Leaf mesophyll cells from this mutant typically contain
onc greatly cnlarged chioropiast and numerous smalier
chioropiasts (Fig. 40) (Rutherford 1996, Pyke 1999).
We mapped arcl6 to a 311kb
containing AtFisZI-1 (A15gs: Sequence analysis of
this locus revealed a G-to-C transversion at nt 1,583 in exon
6 (Fig. 2B) that resulted in a missense mutation in the CTD,
G366A (Fig. 2A). This mutation alters a glycine residus that
is highly conscrved among plant FtsZ1 and cyanobactzrial
FtsZ proteins (Stokes and Osteryoung 2003). To confirm.
that the chioroplast division phemotype in zrcl0 is a
consequence of the affisZi-I missense mutaton, arcif
lants were transformed with wild-type 4:FisZJ-! as in the
null mutant. Wiid type chioroplast morphology and
number were restored in the transformant, confirming
that A4iFisZi-1 complements arc/0 (data not shown). We
refer to the arc/6 mutation hereafter as atftsZ1-1(G3664).

Lastly, atfisZI-1{4404 433) was isolated by PC
based screening of a T-DNA insertion population in the
-2 background (Sussman et al. 2000). Mesophyll cell
chioropiasts in this mutant are reduced in numbzr [a mean
of 22 (Tabic 1)) and arc larger than in the wild tyoe
(Fig. 4P), but do not exlubit heterogencity in size. Sequence
analysis showed a T-DNA insertion in the last cxon at nt
1,682 in this mutant (Fig. 2B), resuiting in a loss of the {inal
30 amino acids of AtFtsZ1-1 and aitering the amino acid
sequence at the point of insertion from 399GSSGQQ404 to
399AQKERStopd0d (Fig. 2A).

FisZ1 and musan: alleles car be modeled onto bacterial FisZ
condary and three

Plant and bacterial FtsZ protcins share considerable
-quencs similar-ty (Stokes and Osteryoung 2003) (Fig. 2A)

mensional siruch
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Mature Leaf Tissue
W1 (Col-0) null (Col-0) D159N (Col-0) G267R (Col-0)

Fig. 4 DIC light micrographs of chloroplast prenotypes (A-D and M-P) and immurofluorescence micrographs of
antibodies (E-H ard Q-T) and AtFts22-1 antibodies (—L and U-X) from Arabidopsis mature leaf mesoy

d type (A, E and 1), nul alee (atitsZi-i-47) (8, F and ), a#sZ1-1D159N) (C, G and K), atftsZ1-1(G267)
8Q) M, Q and Uy, and Ws-2 samples; wild type (N, R and V), atftsZ1-1(G366A) ©O, 5 and W), and
1d X). Amows indicate FisZ filaments, and double amows indicate midplastid FisZ rings. Bar sizes are equal

and atftsZ1-1iR:
-1(4404-433) 7, T
to 20 pm.
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Young Leat Tissue
null (Col-0) D156N (Col-0)

pic

o-AtFtsZ1-1

a-AtFtsZ2-1

pic

a-AtFtsZ1-1

a-AtFtsZ2-1

7

Fig. 5 DIC light micrographs of chioroplast phenotypes (A-D and M-P) and mmunofluorescence micrographs of chloroplasts using
AtF8Z1-1 antibodies (E-H and Q-T) and AtFtsZ2-1 antbod es (L and U-X) from Arabidopsis youns; leaf mesophyl! cells of Col-0 samp es;
wild type (A, £ ard 1}, null allele (@tsZ1-7-47) (8, F and J), athsZ1-1{DI59N) (C, G and K, atfsZi-1(G267R} (D, H and L}, and athsZ1-
1(R298Q) (M, Q and U), anc Ws- 2 samples; wild type (N, R and V), aiZ1-1(G366A) (O, S and W), and atfsZ1-1(4404—433) (P, T and X).
Armows indicate FtsZ filaments, and double amows indicate midplastid FtsZ rings. Bar sizes are equal to 20um for DIC and 10 um for

immunofluorescence.
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We mapped the sequence of the Arabidopsis FtsZ1 protein.
AtFtsZ1-1, onto the atomic structure of Meth@iococcus
Jannaschii FtsZ (Lowe 1998, Lowe and Amos 1998)
(Q57816) using the structure prediction programs SWISS-
MODEL and DeepView (Patsch et al. 1995, Guex and
Patsch 1997, Schwede et al. 2003) (Fig. 3). Structural
features corresponding 1o those in the bactenal protein can
be identified 1n both the secondary and tertiary structural
models of AtF1sZ1-1 (Figs. 2A, 3). According 10 the
nomenclature used by Lowe (1998) and Lowe and Amos
(1998), the NTD compnses a-helices HO-H7 and B-strands
S1-86 (Fig. 2A), which consutute a putative Rossman fold
for GTP binding. The CTD encompasses the portion of
the protein downstreamn of helix H7, including a-helices
H&-H10 and B-strands S7-S12. All secondary structures
present in bactenal FisZ (Lowe 1998, Léwe and Amos
1998) are predicted in AtFtsZ1-1. A T7 loop that overlaps
with a-hehx HE& is predicted at the beginning of the
AtFi1sZ1-1 CTD (Figs. 2A, 3). In the E. coli protein. the
T7 loop contacts the y-phosphate of GTP in the adjacent
FtsZ molecule 1o catalvze GTP hydrolysis (de Boer et al.
1992, RayChaudhun and Park 1992, Scheffers et al. 2002).
In the bactenal FisZ polymer. the T7 loop, o-helix HR,
B-strand S9 and o-helix H10 make contacts with the
GTP-binding domain in the NTD of the adjacent monomer
(Ohiva et al. 2004).

Using a different nomenclature based on alignment of
sequences from a wide range of organisms, Vaughan et al.
(2004) dehineated four regions in FisZ proteins: a variable
N-terminus, a highly conserved core region, a highly
vanable spacer and a C-terminal region. The latter region.
defined in part by the presence of the C-ferminal conserved
motif, is not found in FisZ1 (Vaughan et al. 2004); instead,
Fi1sZ1 proteins have a divergent C-terminus of roughly
similar length (Rensing et al. 2004) (Fig. 2A). Some residues
within this regon are largely conserved within the plant
FtsZ1 family. however (Rensing et al. 2004), suggesting that
the divergent C-terminus and specific features within it are
important for FtsZ1 function.

All of the mutant alleles. with the exception of atf1sZ1-
1-41, have been mapped onto the secondary and tertiary
predicted structures. The ayftsZI-1°DISYN) mutation
changes a highly conserved, negatively charged aspartate
to an uncharged polar asparagine (Fig. 2A). This residue 1s
predicted to be on the lateral surface of the protein in
B-strand $4 of the NTD (Figs. 2A, 3) based on the position
of the equivalent residue in E. cofi F1sZ, D96 (Redick et al.
2005). The equivalent mutation in E. coli FisZ. D96A, does
not impair the ability of FtsZ to form protofilaments
in vitro, though it does prevent complementation of the
E. coli mutant fisZ84 (RayChaudhuri and Park 1994,
Lu et al. 2001, Redick et al. 2005). The altered chloro-
plast morphology exhibited by atfisZ1-1'DI15YN) (Fig. 4C)

suggests that this charged residue is important for AtFtsZ]
funcuon.

The mutation in atfisZ1-1{G267) alters a highly
conserved glvane. G267 (Stokes and Ostervoung 2003},
positoned near the junction of the NTD and CID, in the
predicted GTP-hydrolytic T7 loop (Figs. 2A, 3). Mutations
in the T7 loop of bactenal FisZ inhibit GTP hydrolysis
activity and cannot complement null mutations (Scheffers
et al. 2002, Redick et al. 2005). Mutanon of the equuvalent
glvcine has not been descnbed in bactena, suggesting that
this may be lethal. However, mutation of an adjacent
proline 1 E. coli f1sZ9124 blocks cell division, impairs
formation of FisZ rings and filaments, and prevents in vitro
polymenization (Addinall et al. 2005).

R29R is predicted to correspond to a highly conserved
arginine residue on the N-termnal side of a-hehx H9
(Figs. 2A. 3) (Lowe, 1998, Lowe and Amos. 1998, Stokes
and Osteryoung, 2003, Vaughan et al., 2004). The side chain
of R298 points directly at D331 in the three-dimensional
model (Fig. 3, inset), suggesting a potental 1onc interaction
between the two oppositely charged side chains in the
predicted tertary structure. Mutaton of this residue in
atftsZ1-1( R298Q ) may disrupt this jonic interaction, which
could disrupt the structure of the protein in the unmediate
region. Mutation of the equivalent arginine has not been
reported in bactena, perhaps due to possible lethality,
though mutations in a nearby residue have been shown to
be important for cell division but not GTP binding or
hydrolysis in E. coli and Bacillus subtilis (Lu et al. 2001,
Addinall et al. 2005, Michie et al. 2006). The affected
arginine in atftsZ1-1/R298Q ) is invanant in FisZ1 and
cyanobacterial FtsZ proteins (Stokes and Osteryoung 2003}.
and is conserved in both E. coli and M. janmaschn FisZs
(Fig. 2A), indicating that this residue is important for F1sZ
funcuon in general.

G366 has its hydrogen side chain positioned on the
mside of a tght turn between B-strands $9 and S10
(Figs. 2A, 3) at the C-terminal end of the conserved core
region, and apparently cannot be substituted by alanine
in the mutant aifisZI-1{G366A4). In the bactenal FisZ
polymer, B-strand S9 is involved in mediating interaction
between the CTD and the NTD in the next monomer
(Oliva et al. 2004). Because G366 is near the equivalent

B-sirand in FisZ1, this residue may playv a role in
longitudinal contacts between FisZ monomers in the
chloroplast.

Finally, the T-DNA insertion mutant atfisZi-1{ A4(14-
433 truncates the last 30 residues of AtFtsZ1-1. altenng the
resulting five C-terminal amino acids (Fig. 2A). Although
FisZ1 lacks the C-terminal conserved motf, truncation of
the extreme C-terminus of FisZl does alter chloroplast
morphology (Fig. 4P). suggesting a role for this divergent
region in FtsZ1 function.
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Colo Ws-2
WT_  Null DiSON G267R R298Q GIG6A 4404 WT
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Fig. 6 immunobiot of protein extracts from young (Y) and 3-week-
old mature (M) ieaves. using AtitsZ1-1 (A, top row) and AtFtsZ2-1
(A, middle row) antibodies, from Col-0 samples; wild type (lanes 1
and 2). aifis71-1-Ai(lanes 3 and 4), atftsZ1- 1(D 59N (lanes 5 and
6), atfsZ1-1‘G267R) ilanes 7 ard 8), atfsZ1-1/R238Q) ilanes 9
and 10}, and Ws-2 sampies: atftsZ - 1{G366A; (lares 11 and 12)
and atitsZ7-1i4404-433) {lanes 13 ard 14}, and w'ld type (:anes 15
and 16). The arrows indicate the trurcated ~37 kDa protein in
ats71-1(1404-433) vs the expected ~40kDa size of the mature
AtFZ1-1.

Analysis of FisZ protein levels in aiftsZ 1-i mutants

To investigate further the phenotypes of the rcutants,
we cvaluated FisZ1 and FtsZ2 protein levels by immuno-
blotting of protecin extracts from Arabidopsis leaves (Fig. 6).
Because we have observed that FtsZ protein levels in wiid
types arc higher in young leaf tissuc than in mature leaf
tissue (Fig. 6, 1anes 1. 2, 15 and 16; Osteryoung laboratory,
unpubiished), we anaiyzed both young and mature leaves of
homozygous mutants. We defined young leaves as the
first leaf pair from 15-day-oid plants and mature leaves as
the first two lcaf pairs fro plants oilder than 21d.
Aithough some biological variabiiity was observed in
replicate experiments, AtftisZ2-1 (Fig. 6, middic panel) and
AtFtsZ2-2 protzin levels (not shown) did not differ
consstently in the mutants. FisZ2 protein levels in the
mutants were similar to those in the respsctive wild types;
therefore, only the AtFtsZ2-1 levels ars shown to represent
FtsZ2 orowcin. Assays for immunoblot cxperiments were
performad using atftsZ1-1-A1 as a negative control (Fig. 6,
lanes 3 and 4), and approonate posiuvs wiki-type controls:
Col0 (Fig. 6, lanes 1 2) for atfisZI1-1-4i, aiftsZl-
I(DI9SNJ, atfisZi-1(G267R) and atfisZ!-1{ R298Q)
(Fig. 6, ianss 3 10), and Ws-2 (Fig. 6, lanes 15 and 16)
for atfisZ1-1{G366A4) and atjisZ1-1{44%4 433) (Fig. 6,
lanes 11 14).

Two of the mutants, aifisZ1-1({DI159) and aiftsZI-
1{G366A), consistently exhibited relatively wild-type ievels
of FtsZ1 prowin (Fig. 6, lanes 5, 6, 11 and 12), indicating
that the mutations in these lines do mot affect proten
expression or stabinty. In contrast, thres of the mutants
exhibited FtsZ1 levels that were lower than :n the wiid type.
FtsZ1l was not detected in protein extracts from either
young or mature icaves from aifisZ1-1-41 (Fig. 6, lanes 3
and 4), as previously demonstrated for this null allcle
(Fig. 1E). A relatvely wild-type level of FtsZ1 was detected
in young lecavss of atfieZ1-1'G257R) (Fig. 6, lane 7).

However, in mature lzaves, the level of FisZ] protein was
consistently much lower than in mature leaves of the wild
type (Fig. 6, lanc 8), and in some hiological replicatss the
detection was marg nal, suggesting cither that the protein is
not stabic or that cxpression is altersd. In ayf1sZi-
1{R298Q), very nittic FisZ1 protein was detected in young
icaves, and was undetectable in mature Jeaves (Fig. 6, laucs
9 and 10). atfisZ1-1( A404 433) exhibited slightly reduced
ievels of FtsZ1 prorin in both young and mature izaves
(Fig. 6, lanzs 13 and 14). Conxstent with the position of the
T-DNA inscrtion, this truncated protein migrates faster
on SDS PAGE than does FtsZ1 from Ws-2 (Fig. 6, lancs
15 and 16), with a predicted band size of ~37kDa
compared with ~40 kDa for wild-type FisZl. In all other
samples where FtsZ1 protein was detected, the migration
of the FisZ] cross-rcacting bands was sircilar to that of
wiid-type FisZ1. Our interpretation of these data is that the
detected mutant FtsZ1 protcins are targeted to chloroplasts
and their transit peptides processed.

Anaiysis of FisZ wranscripts in atfisZ1-1 murmus with
redsiced FisZ1 protein levels

To investigate whether the reduced protein Ievels
in aifisZ1-1(G267R;, aiftsZI1-1(R298Q) and atfisZi-
1{A404 433) might result from reduced transcription of
the mutant genes, we compared ArFysZ]-1 transcript icvels
with thosc in the wild type using reverse transcripton PCR
(RT PCR). Since AtFtsZ2-1 protein levels were unchanged
in thesc mutants, 4/FisZ2-] transcript levels and actn-2
were used as controls. Reverse transcription reactions were
preformed on equal quanttics of total RNA for AtFisZlI-1
and Ai1FisZ2-1 primers, and a half quantity for Acrin-2
orimers. PCR ampiification was done using gens-specific
primers dssigned to gomerats products that would span
multipie introns to cnsure PCR products were not generated
from contaminating genomic DNA. Although there was
some biological variabllity, the PCRs from the mutant
samples all yizlded bands that were at least as intznsc as the
wiid-type controls at 26 cycles (Fig. 7, lanes 3 and 6). We
conciude that transcription is not significantly aitered :n any
of the mutants exhibiting reduced FtsZ1 protein levels, and,
with the exception of the null alicle, the chlorepiast
morphologiss obscrved in the mutants result specificaliy
from changes in the FtsZ1 amino aad sequence.

Young leaf mesophyll cells exhibit chioroplast morpaoiogies
similar 1o those in mature leaf mesophyll cells

Typically, morphological defects in chioroplast divi-
sion mutants arc reported for mesophyil cells of marture,
fully expanded leaves. However, soms of the mutants in
this study exhib:ited FtsZ1 protzin levels that were
dramaticaily altered when comparing young and matre
jcafl tissuc, or exhibited variability or heterogenaty of

213



784 Mutations in FtsZ1 aJect chloroplast division

Fig. 7 RT-PCR analysis of AtFtsZ1-1 alleles comparing 22, 24
and 26 cycies of amplification using gene-specific primrers for
ALFsZ1-1; as controis, AtFtsZ2-1 and Actin-2 primers were used.
All samples reached saturation by 26 cvcles, suggesting that the
mutants do not exhibit altered transcript ievels. Wiid-type Col-0
and Ws-2 controls appear above the relevant mutants, and a single
negative (Neg) reaction set is also shown. The FtsZ RT-?CRs were
in:tiated with double the starting material when compared with the
actin control reactions due to the iow level of FtsZ transcript.

chioroplast morphology. In order to determine if there were
developmental differences in  chloroplast morphology
between young and mature leaves, we cxamined young
mesophyli cells from icaves that were similar in size and age
to icaves used for immunoblot analysis. In cach of the
mutants, the chloroplast morphologies observed in young
leaf mesophyll cells (Fig. SA D, M P) were similar to those
in mature Jeaf mesophyll cslls (Fig. 4A D, M P). This
suggests that the chloroplast division defzcts present carly,
and chloroplast morphoiogy is not further affected by
changes in FtsZ1 protcin lzvel as the Jeaf matures.

Analysis of FisZ filanent morphology in aiftsZ1-1 mutanis
Next, we cvaluated FtsZ1 localization and filament
morphology by immunofluorescence staining of mature
leaves (Fig. 4E H, Q T) and in young leaves (Fig. SE H,
Q T). In order to compare Z filament morphologics directly
between all of the mutants, we also show micrographs of
FtsZ2 immunofluorcscent staining (Figs. 41 L, U X, 5SI L,
U X). Since Z filament patterns for AtFtsZZ-1 and
AtFtsZ2-2 were similar in cach mutant (data not shown),
only AtFtsZ2-1 is used for comparison. With the exception
of atftsZ1-1-A1, atftsZ1-1{G267R) and atfisZ1-1{ R298Q)
(Figs. 4F, H, Q, SF, H), FtsZ1 filament morphologics were
similar to the corresponding FtsZ2 filament morphology in
the respective mutants. Control assays for localization
experiments were performed with the appropriate wild
types Col-0 (Figs. 4E, 1, 5E, I) for atftsZ1-1-41, atjtsZ1-
1(DI9SN), atfisZ1-1{G267R) and atfisZ1-1{ R298Q)
(Figs. dF H, J L, Q, U, SFH, JL, Q, U) Ws2
(Figs. 4R, V, 5R, 5V) for atfisZi1-1(G366A4) and aifisZ1-
14404 433) (Figs.4S, T, W, X, 58, T, W, X). atfisZ1-1-41
also served as a negative control for FtsZ1 localization.

Immunolocalization of FtsZ proteins in both mamre
ieaves (Fig. 4F) and young leaves (Fig. 5F) did not detect
FtsZ1 in aifisZ1-1-41, consistent with immunoblot data
(Figs. 1E and 6, upper pancl lanes 3 and 4). However, FisZ2
was detected as abnormally Jong, random filaments in both
tissues (Figs. 4J, 5J). Our localization data arc consistent
with previous antisense suppression studies of A1fieZ]-/
(Vitha et al. 2001) and further confirm that atfisZ/-1-4/isa
null allele. Interestingly, occasional FisZ2 rings couid be
detected in smaller chioroplasts. such as those found in the
vasculature of the leaf (Fig. SJ, inset). This suggests that the
size of the chloroplast and the ability to form a Z ring are
inversely related when FtsZ1 is lacking. In other words, as
the chioropiast becomes larger, fewer Z rings are formed.

The oniy mutant recovered with a mutation in the
NTD that also expresscs FtsZ1 protein, atfisZi-//DIS9N),
exhitited enlarged chloroplasts (Fig. 4C) containing FisZ1
and FtsZ2 filaments that were long, and not positioned
exchusively to the midplastid, though some do avpear to be
parallel (Fig. 4G, K). A similar Z filament phenotyoe was
also observed in young leaves (Fig. 5G, K). This indicates
that the predicted lateral surface residuc D159 is mot
required for Z filament formation, but is important for
proper Z rning positioning. However, it is possible that this
mutation might hyperstab:lize FtsZ fliaments, which m:ght
also impact FisZ dynarics. Interestingly, the smaller
chioroplast population did cxhibit some Z rings that
appear to be positioned at the midplastd (Fig. 4G,
double arrow). The most scvere disruption of Z ring
morphology was consistently corrclated with the largest
chioropiasts.

Of all the atftsZI-1 alicies in this study, including the
null allele, the most severe phenotype is exhibited by
atftsZ1-1’G267R). In young lcaves, as in protcin extracts
from young leaves (Fig. 6, lane 7), mutant FtsZl protein
was detected by immunofluorescent staining in arfisZi-
1(G267R) (Fig. 5H), but not in maturs Jeaves (Fig. 4H).
However, unlike staining of chioroplasts from young Cal-0
ileaves where FtsZ was localized to rings (Fig. SE, I), the
mutant FtsZ] protein was localized to punctate structures
with a diffuse pattern (Fig. 5H). This pattern was most
obvious in the small chioroplasts found in the vascular
tissues in young leaves (Fig. SH, inset). Intriguingly, the
FtsZ2 protein in the young icaves did not cxhibit a
dispersed punctate localization pattern, but rather formed
abnormally long, random filaments (Fig. SL). Cons:stent
with the reduced detection of FtsZ1 protzin from immuno-
blotting of mature leaf protein extracts (Fig 6, lane 8), the
mutant FisZ] protein was barely detectabie by immuno-
staining in the enlarged chloroplasts of expanded isavss,
and cannot be distnguished from background labeling
(Fig. 4H). FtsZ2 protcin in these chioroplasts was also
detected as abnormally long, disorganized filaments, many
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of which appeared fragmented or discontinuous (Fig. 4L).
In addition, the phenotypes exhibited in atf1sZ1-1{G267R)
are consistent with antisense lines that suppress AtFtsZ1-1
and AtF1sZ2-1 expression (Osteryoung et al. 1998).
However, it should be noted that the number and size of
chloroplasts in atftsZ1-1-41 and antisense FtsZ lines were
much more vaniable compared with the phenotype of
atftsZ1-1{G267R), which is consistently severe (1-3
chloroplasts).

In voung lecaves of atfisZ1-1{R298Q), FtsZl and
F1sZ2 were both localized to rings and filaments (Fig. 5Q,
~ U). However, the FtsZ1 filaments were faint and difficult to
detect, consistent with immunoblot data (Fig. 6, lane 9).
Despite a significant reduction in FtsZ1 protein in mature
leaves, however, F1sZ2 was detected in Z nings at the
midplastid (Fig. 4U), while FtsZ1 was not detected
(Fig. 4Q). This phenotype is in stark contrast to the
chloroplast morphology of antisense AtFtsZ] lines that
exhibit greatly enlarged chloroplasts and disrupted FisZ2
filament morphology when FisZ levels are reduced
(Osteryoung ct al. 1998, Vitha et al. 2001). However, there
is an immportant difference between atftsZ1-1( R298Q) and
antisense or null lines. In the pull mutant, AtF1sZ]-1
protein is not produced, and in the antisense line the level of
protein is regulated at the level of transcription. However,
aifisZ1-1{R298Q) does generate a transcript, and the
AtFisZ1-1 protein that is produced is properly targeted to
the chloroplast and processed based on the migration of
the mutant FisZ1 protein by SDS-PAGE (Fig. 6, lanes 1
and 9). This shows that the regulation of FtsZ1 protein level
in this mutant is post-transcriptional, and there appears
to be sufficient protein entering the chioroplast to form the
faintly detected Z filaments despite the reduced accumula-
tion of FtsZ1 protein

Immunofluorescence labeling in mature and young
leaves of aiftsZ1-1(G366A4) detected FisZl and FtsZ2
primarily at the midplastid (Figs. 4S, W, 35S, W). The largest
chloroplasts exhibited multiple rings or possibly spiral-
shaped Z filaments that sometimes appeared to branch
(Fig. 4S, W). The Z filaments appeared as more normal
Z rings in the smaller plastids of the mutant (Fig. 4W). In
the young leaves, many more chloroplasts were observed to
contain Z rings that did not appear branched or as spirals
(Fig. 5S, W). This finding is consistent with FisZ2 rings seen
in small chloroplasts of the null mutant (Fig. 5J, inset), and
Z rngs detected in the smaller chloroplasts of aifisZ1-
1(DI59N;j (Fig. 4K, double arrow). These data further
support a relationship between chloroplast size and Z ring
formation. The results indicate that G366 is not essential for
midplastid positioning of FtsZl or FisZ2 or for FisZ
filament formation, but does influence Z ring morphology.

Z ring positioning and morphology were relatively
nomal in the slightly enlarged chloroplasts of

atfisZ1-1(4404—433), with nearly all chloroplasts contain-
ing FisZ nings detected at the midplastid in both mature and
young leaves (Figs. 4T, X, 5T, X). These data show that
the extreme C-terminus is not required for positioning,
polymenzation or ring formation of FtsZ. However, the
increased chloroplast size suggests that the last 30 residues
of F1sZ1 may play a role in chloroplast division unrelated to
Z ring assembly, perhaps via interaction with downstream
division factors. These residues may also be important
for FisZl1 stability based on the reduced level of this
C-termunally truncated FisZ1 protein. It should be noted
that this mutation does not truncate any portion of the core
protein and that the encoded protein structurally resembles
FtsZ from M. jamaschii in lacking a C-terminal conserved
motif (Fig. 2A).

Viability of atftsZ1-1 mutants

Since none of the mutants in this study exhibited
aplastidic cells, including the null and atfisZ1-1/G267R)
mutants, we concluded that plastid division i1s occurring at
some basal level so that each cell inhents some chloroplasts.
In order to confirrn that the disruption of chloroplast
division does not alter the inheritance of plastids in the next
generation, we examined sced set (Table 1). For cach
mutant and its respective wild type, we compared the
number of mature seeds in five siliques from five individual
plants. For each mutant there was no significant difference
in the percentage of viable seed set in the mutant when
compared with the respective wild-type seed set, indicating
that FtsZ1 is not required for plant viability or propagation.

Discussion

Although most prokaryotes have a single FisZ gene,
FisZ has undergone several independent gene duplication
events, leading to the evolution of multiple FtsZ paralogs in
some organisms (Vaughan et al. 2004). The evolunon of
FtsZ1 and FisZ2 in plants and green algae from an FtsZ of
cyanobacterial origin represents one such event. All FisZ
proteins share a common domain architecture that includes
the variable N-terminal region, a conserved core region and
a highly vanable spacer region (Vaughan et al. 2004)
(Fig. 2A). The majonty of FisZs, including all known
cyanobacterial FitsZs and plant FisZ2, also contain a
C-terminal region that mediates interaction with specific
accessory proteins (Ma et al. 1996, Ma et al. 1997, Maple
et al. 2005). However, Fi1sZ1 is more divergent from its
cyanobacterial counterparts than is FtsZ2 (Stokes and
Osteryoung 2003, Rensing et al. 2004) and is among a
number of FtsZ protains from several unrelated taxa that
lack the conserved C-terminal motif found in the majornity
of FisZs (Vaughan et al. 2004). To our knowledge, the
study on FtsZ1 presented here is the first in which the
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functional consequences of mutations in an FtsZ that lacks
the C-terminal region have been investigated. The results
suggest important roles for specific regions and residucs of
FtsZ1 in chloroplast division.

FisZ1 is not esseniial

Previously, we reported that plants expressing an
AtFisZ1-1 antisense transgene were impaired in chloroplast
division, but were not grossly affected in overall growth or
morphology (Osteryvoung et al. 1998, Vitha et al. 2001).
However, in the antisense plants we could not rule out the
possibility that low levels of A1FisZ1-1 expression persisted.
Our finding in the present study that homozygous aifisZ!-
1-41 null mutants can be isolated and propagated shows
conclusively that FtsZl is not essential for wiability in
Arabidopsis. This is perhaps surprising given the conserva-
non of FtsZ] in plants. Muluple chloroplasts were often
observed in a single cell in the null mutant and, as in the
antisense plants, no leaf cells lacking chloroplasts were seen,
further indicating that chloroplasts can be propagated
dunng cell division in the absence of FisZl. How this
occurs in FtsZ1 or other large-chloroplast mutants is not
yet known; aliernative mechanisms of plastid partitioning in
addition to binary fission, such as budding, have been
reported (Pyke 1999, Forth and Pyke 2006). However, in all
the FisZ! mutants investigaled, abnormal Z filament or
chloroplast morphologies were evident in both young and
mature leaves, indicating that FisZ1, though not essential
for viability, is necessary for maintenance of normal Z nngs
throughout Jeaf development. Also, when FtsZ1 filament
morphology was disrupted, FtsZ2 filament morphology was
also perturbed, consistent with previous co-localization and
interaction studies, indicating an interaction between FisZ1
and F1sZ2 (Vitha et al. 2001, Maple et al. 2005).

The chloroplast morphology phenotypes in the null
mutant are more heterogencous than we have observed
previously in 4(FisZI-1 antisense hines (Osteryoung et al.
1998). This may be because the lines propagated for analysis
in the early study were selected 1n part for their phenotypic
consistency.

G267 and a-helix HY are important for FisZI1 accumudation

Comparisons of FisZ1 levels between young and
mature leaves of wild-type plants show a decrease in
FitsZ1 protein levels as the leaves mature and expand
(Fig. 6). aifisZ1-1:G267R) and aifisZ1-1( R295Q; exhibit
reduced FtsZ1 accurnulation relative to the wild type. These
mutations alter residues in the predicted T7 loop and near
a-helix H9 of FtsZl, respectively, suggesting that these
regions may be important for FisZ1 accumulation in leaves.
FisZ1 transcript levels are not reduced in these mutants
relative to those in the wild type, showing that the changes
n protein levels are post-transcriptional. It 1s possible that

the reduced FtsZ1 levels result from decreased translational
efficiency of the transcripts, but we suggest that these
changes are more likely to reflect enhanced degradation,
perhaps because the mutant proteins are less likely to be
present in assembled polymers due to their conformauonal
defects. Consistent with this idea, FtsZ1 is not detected in
rings or filaments in atjisZ1-1(G267Rj, and fewer FisZ1-
containing rings and filaments are detected in afisZ]-
1(R298Q) than in the other FisZ1 mutants (excluding the
null mutant) descnibed 1o this study. Future in vitro
biochermical studies will be important for investigating the
ability of these and other mutants to assemble into

polymers.

The semi-dominant mutation in aifisZ1-1{G267R) alters a
conserved glycine in the predicted T7 loop

The mutation at G267 in atfisZ1-1{ G267R) is semi-
dormnant. The glycine at this position is conserved in the T7
loop of plant and bactenal FtsZs, which compnses part of
the active site for GTP hvdrolysis (L6we and Amos 1999,
Lu et al. 2001, Scheffers et al. 2002). Mutations in the
equivalent residue have not been reported for the bacterial
proteins, but other T7 loop mutants in E. coli FisZ exhibit
reduced polymerization and/or GTP hydrolysis in vitro.
Further, the mutant E. coli proteins retain their ability to
interact with and suppress the GTPase activity of wild-type
FisZ (Scheffers et al. 2002). The mutant FisZ] protein in
aiftsZ1-1¢G267R) may be similarly impaired, which would
explain both the dominant-negative phenotype in the
heterozygote and the fact that the homozygote consistently
exhibits a more severe chloroplast division phenotvpe than
does the atfisZ1-1-41 null mutant. Our results show that
FtsZ] cannot tolerate an arginine substitution at G267, and
suggest that the equivalent T7 loop glycine may be cnncal
for the acuvity of other FisZs as well.

atftsZ1-1{R298Q) phenotype suggesis that FisZI1 may be
more importani in young than maiure leaves

An apparent contradiction of our results is that
atfisZ1-1({R298Q) has a less severe chloroplast division
phenotype but lower FisZ] protein levels than the other
mutants described here except for aiyfisZ1-1{4404—433).
The low level of FisZ1 in atfisZ1-1/R298Q ) suggests that
the lesion destabilizes the protein. possibly through the loss
of a predicted ionic interaction between R298 and D331
(Fig. 3, inset). However, in young leaves, enough mutant
FtsZ1 protein is apparently available and sufficiently
competent to allow the formation of some midplasud
FtsZl-containing Z nings in vivo, although FtsZ1 is not
detected in mature Jeaves. In addition, FtsZ2 ring morphol-
ogy is not altered in leaf mesophyll chloroplasts of atfisZ1-
11 R298Q ). These results show that R298 is not required for
Z nng formation or posinomng, and suggest that FisZ]
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activity may be most important for propagation of
chloroplasts dunng early leaf development.

D159 and G366 are imporiant for FisZ1 dvnamics

In order for the Z ring to contract during binary fission
and be repositioned to the middie of the new daughter
chloroplasts, FtsZ polymers must undergo dynamic
rearrangement. Two of the mutants in this study may
be defective in FisZ1 dynamics. atftsZ1-11 DI59N) exhibits
a unique Z filament morphology of overly Jong, possibly
branched filaments (Figs. 4G, K, 5G, K), suggesting that
FtsZ polymers may be hyperstabilized in this mutant. D159
1s a lateral surface residue just N-terminal of the conserved
tubulin motil (GGGTGT/SG). Mutation of the equivalent
residue 1n E. coli FisZ, D96, reduces GTP binding and
hydrolysis. and the mutant protein cannot rescue the f1sZ84
mutant though 1t is able to polymenze in witro (Lu et al.
2001, Redick et al. 2005). One possible explananon for the
aberrant FisZ morphology in atfisZI1-1({DI59N) is that
substitution of a negatively charged side chain with a polar
uncharged side chain at D139 excessively stabilizes FisZ1
interactions, perhaps with adjacent Z filaments or unknown
accessory factors, inhibiting disassembly and resulung in a
loss of control of FisZ midplastud positioning.

aifisZ1-1{G366A4) also appears to have excess FisZ]
filaments, but these are properly positioned in rings or
possibly spirals (Fig. 4S, W), indicating that G366 1s not
required for midplastid positioning of FitsZ1. However, the
filament morphology suggests that the mutant G366A
protein may be impaired in its ability to be remodeled or
reposiioned. Interestingly, the FisZ filament morphology
10 atfisZ1-1/G366.4) resembles that of a recently descnbed
temperaturc-sensitive B. subtifis FisZ mutant, 7sl (Michie
et al. 2006). At the non-permissive temperature, the mutant
FtsZ protein in 15/ forms spiral-like Z filaments that localize
to the midcell. The spirals in the s/ mutamt are
hypothesized to represent a trapped FisZ intermediate
with reduced ability 1o be reorganized into nings (Michie
et al. 2006). Although G366 is not near the affected residue
in the £s/ mutant, the Z filament morphology in atfisZ1-
1{G3664 ) suggests that G366 may play a similar role in
reorgamzng FisZ1 in the chloroplast. Consistent with this
possibility. we have observed FisZ1- and FisZ2-containing
spirals extending from the midplasud Z nng in deeply
constncted plasids in wild-type, pdvl, pdv2 and arc$,
suggesting that a spiral intennediate could be part of a
mechamsm for redeploving chloroplast FisZs 1o the new
division site in newly divided chloroplasts (Vitha et al. 2001,
Miyagishima et al. 2006).

FisZ1 as well as Fi1sZ2 is abnormally localized in
atftsZ1-1"DIS9N) and aifisZ1-1(G3664, (Fig. 4G, K,
S, W), though FisZl protein levels are not dramatically
reduced in these mutants, particularly in young leaves

(Fig. 6, lanes 5, 6, 11 and 12). These findings suggest a role
for FtsZ] in regulaung FisZ2 filament morphology in vivo.

The extreme C-terminus of FisZ1 is not required jor FisZ1
ring formation or positioning

The presence of FtsZl in midplasid nngs and
filaments in atftsZ1-11 4404-433) indicates that the FisZ!
C-terminus is not involved in regulanon of Z nng
morphology or positioning in chloroplasts. This is consis-
tent with the complete lack of a corresponding C-terminal
region in M. jannaschii (Fig. 2A) and other Archeae FisZ
protcins (Vaughan et al. 2004), and the finding that the
C-terminal region in E. coli F1sZ is not required for Z ring
assembly (Wang et al. 1997, Osawa and Enckson 2005).
However, there appears to be a conservation of C-terminal
amino acids unique to plant FisZ] proteins (Rensing et al.
2004), suggesting that this region is irmportant for another
aspect of FisZ] function such as interaction with other
division factors, similar to the C-terminal regions of E. coli
FtsZ and plant FtsZ2 (Ma and Margolin 1999, Maple et al.
2005). The C-terminus of FtsZ1 may also be imporiant for
FtsZ1 accumulation based on the reduced FtsZ1 protein
levels in atf1sZ1-1{4404-433), but as the transcript lacks
the native ¥-untranslated region, the decreased protein
accurmnulation may be a consequence of reduced transla-
tional efficgency. Nevertheless, reduction of FstZ]1 per se. at
least to the level in atfisZ1-1( 44G4—433 ), does not prevent
Z nng formation and midplastid positioning.

Heierogeneity of chloroplast size suggests a relationship
berween chloroplast size and Z ring formation
atftsZ1-1(D159N), atfisZ1-1YR298Q) and atfisZi-
1(G366A4) exhibit chloroplast size heterogeneity. This
probably reflects the fact that chloroplast compartment
volume is maintained at a constant proportion of cell size
through a combination of chloroplast division and chloro-
plast expansion (Pyke 1997, Pyke 1999). In Arabidopsis leaf
mesophyll cells, chloroplasts do not divide synchronoushy;
only a subset of chloroplasts can be observed undergoing
division in expanding cells (Pyke 1997, Pyke 1999). We
suggest that, in the FisZ1 mutants, individual chloroplasts
that cannot divide normally because of impaired FisZ
function would nevertheless continue to expand. Once the
prescribed chloroplast compartment volume is reached,
division of all chloroplasts would be inhibited. Consistent
with this likelibood, altered Z filament morphology was
primarily detected in the enlarged chloroplasts of atfisZi-
1(DI39N; and atfisZ1-1({G3664) (Frg. 4G, S). and much
less frequently in smaller chloroplasts (Fig. 4G, double
arrow: Fig. 3§, W). In addition, FisZ2 rings were detected
in the very small chloroplasts of the null mutant (Fig. 5J,
inset). As the chloroplasts increase in size, the altered
Z nng morphology becomes more pronounced, culminating

217



788 Mutations in FtsZ1 aiTect chloroplast division

i the observed phenotypes. In this study. all the mutants,
with the exception of atfisZ!-1(G267R) and atf1sZ1-
1(4404—+33j, cxhibited some degree of chloroplast size
heterogenaity.

In conclusion, we have found that mutations in FtsZ1
mmpact FtsZ1 protein Jevel, FtsZ1 filament morphology,
chloroplast size and number. and FtsZ2 filament morphol-
ogy, but not F1sZ72 protein levels. The latter demonstrates
that FtsZ2 protein levels are regulated independently of
FisZ1 protein level. The in vivo results reported here can be
compared with the results of in vitre biochemical assays on
recombinant FtsZ1 proteins once such assays become
available (work in progress). However, D159 and G366
appear to be important for FisZ dynamics dunng chloro-
plast division. We have also found that plants completely
lacking FtsZ1 (null) or having a dominant-negative
phenotype [atf1sZ1-1/G267R)] are wiable and that each
mesophyll cell contains at least one chloroplast, indicating
that Fi1sZ1 is not essential to plant viability or chloroplast
propagation. However, FtsZ1 is essential for maintaining
wild-type chloroplast numbers. A key advantage of many
small chloroplasts over a few large ones in land plants is
probably their ability to be repositioned in response to light
stimulus, both to maximize light absorption under low
light and to minimize photoinhibition under high light.
Consistent with this idea, Jeong et al. (2002) showed that
large chloroplasts in tobacco plants overexpressing tobacco
FisZ1 are defective in movement and more susceptible to
photodamage than in the wild type. Our finding here that
the pmif mutant is an allele of FisZ/ further emphasizes the
relationship between chloroplast division and chloroplast
movement.

Materials and Methods

Plant muierial

Seed stock from A. thaliana seed for SALK_073878 and the
arc]0 mutant (CS282) were obtained from the Arabidopsis
Biological Resource Center (Ohio State Umversity, Columbus,
OH, USA) (http:/iwww arabidopsis.org/abrc/). The arc10 mutant
was isolated from a T-DNA mutagenized population of Ws-2
(Pyke and Leech 1994) Seed of pmid was obtamed trom an EMS-
mutagenized population of Col-0 (DeBlasio et al. 2005). Seed of
atftsZ1-1: D1SYNj and atftsZ1-1( R298Q; were obtained from a
plastid division mutant screen from an EMS mutagenized M,
population of Col-0 seed (Lehle Seeds). Seed of atftsZ1-1+ 4404
473} was obtained through a PCR-based screening of the T-DNA
insertion populadon of Ws-2 (Sussman et al. 2000).

All mutants and wild-rype seeds were sown in 1,2x
Hoagland's soaked soil and grown in a chamber at 21°C with a
day/mght cycle of 16/8h for 3 4 weeks as previcusly described
(Osteryoung et al. 199%). The young expanding leaves from the
inner rosctte, expanding leaves from the outer rosette and fully
expanded leaves were harvested for immunoblotting or immuno-
staining analysis (Stokes et al. 2000).

ldentification of @ Salk T-DN A insertion nutant

A mutant bearing a T-DNA insertion within ArFiZ1-1
(AtSgSS2x0: SALK_073878) was identfied through a database
scarch of the Salk Insdwute Genomic Analvsis Laboratory website
(http://signal salk edu/cgi-bin/tdnaexpress) (Fig. 1A) To deter-
mine the genotype of plants bearing the T-DNA insertion, the
followmg pnmers were used: AtFisZi-1 LP, ¥-CAGAGCTIG
CGAATCCGTGTT-3'; AtFisZ1-1 RP, §-AAGCATGCGCAAA
GTCAGTCG-3; and a T-DNA left border primer LBbl.
§-GCGTGGACCGCTTGCTGCAACT-3. The presence of a
wild-type allele was determined by PCR using the gene-specific
primers that flanked the insertion site (LP and RP). while a
combination of a T-DNA left border primer and RP was used to
identify the mutant allele. The nucleotide sequances of the DNA
fragments resulting from PCR amplification using primers specific
for the T-DNA left border and one of the flanking sequences was
determined.

FisZ1-1 screen of the Wisconsin T-DN A insertion population

An insertion mutant atftsZ]-1/4404 453; was oblained by
PCR-based screening of the T-DNA insertion population from the
Arabidopsis Knockout Facility at the University of Wisconsin-
Madison (Sussman et al. 2000) using the followmg primers: LB
§"-CATTTTATAATAACGCTGCGGACATCTAC 3, und flank-
ing primers forward §'- CCACTCGATCTCTTCACCTTTCCTTT
GTG-3', and reverse §'- AGAAAAGTCTACGGGGAGAAGAC
GATTTG-3'". The population consists of 72,960 BASTA -resistant
lines in ecotype Ws-2 transformed with an activation-Tag vecter,
pSK1015. Using the recommended methods, several rounds of
PCR screening were tollowed by Southern blotting analysis. and
further confirmation by scguence analysis idenufizd a T DNA
insertion in AtFtsZ1-1.

pmi mutant screen
pmi4 was isolated from Mz EMS-mutagenized Col-0 popula

tion screened for plastid mobility impaired mutants and crossed
into Ler for genetc mapping (DeBlasio ot al. 2005) F, progeny
exhibiting altered chloroplast movement respopses were then
screened nucroscopically to confirm the homozygous chloropiast
division phenotype. Division-defective F ;s were mapped te a SR kb
region of chromosome 5 between MCOILSB at 22416kb and
METI7A at 22,474 kb. which includes 415g55280. The A15gf5280
locus was PCR amplified from pmid genomic DNA and the
resultant sequence was compared with that of Col-0. All originul
simple sequence length polymorphism (SSLP) markers were made
with the polymorphic database on TAIR (http://www arabidopsis.
org) and from the CEREON database (Jander et al. 2002).

EMS plastid division mutant screen

Two mutants defective in plastd division were isolat=d by a
visual microscopy-based screen of leaves from an M, population of
EMS-mutagenized Col-0 (Lehle Seeds). Mutants with defective
chloroplast division phenotypes were analyzed for bnkags to
known plastid division genes, followed by sequencing the plastid
division gene with significant linkage. Two new alleles of 4tFz<Z -
1 were 1dentified in tlus screen and designated atftsZ1-1:DISON
and atftsZ1-1t R298Q !

Genetic mapping of arcl0, atfisZ1-1°DISYN;
1iR2USQ,

arcl0, atftsZ1-1:DISYN) and  atfisZ]-1:R2950) were
crossed mto Ler to generate mapping populations. F- plants

and aysZi-
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identitied by DIC (difterenual interference contrast) microscopy
w have the corresponding mutant phenotype were used for
mapping. CER436625 (5-TACICCGTTTGGGCGTTTAT-3
and §-TGGATGTCTGAATAACGAAACG-3) and SHIGOIS
(8- TGCTAACGTTTCGAACATGG-3' and §¥-GGTTTGAGTG
AGCAACATGG-3) on chromosome § ughtly linked arcl0
to AtFesZ]-1, and markers CER436625 and CER456386
(¥-AGTAACTCAAAACCAAACAAGGAC-3 and 5¥-TTTGAT
GCATCATAACAGAAAGTC-3) hnked aiftsZ]1-1DISON and
a1ftsZ1-1R295Q to AiFisZI-1. Mapping prmers for CAPS
(cleaved amplified polymorphic sequences) and SSLP markers
created from the polymorphic database on TAIR (hup:/rwww.
arabidopsis.org) and from the CERON database (Jander et al.
2002) were obtained from Invitrogen (Carisbad, CA, USA). CAPS
markers were digested for 1 h in 20l reactions using 10 jd of PCR
product with sutficient enzyme to achieve proper digestion. SSLP
and digested CAPS marker fragments were then resolved by
agarose gel electrophoresis and the resultant banding patterns
analvzed.

Compiemensation of atfisZi-1-A1 and arc10

Both lines were transtormed with ArF1sZ/-1 under the
control of S00bp of the putative upstream native promoter. Full-
length 4rFisZi-1 was PCR amplhified from Col-0 genomic DNA
with Pfuturbo (Stratagene, La Jolla, CA, USA) using primer pair
§¥-TCAGACAAGAACAACCTCAAAC-3 and 5-TACATCCAG
TTAGAACCAATCAT-3". The PCR product was cloned into
pGEM-T FEasy (Promega) and the subsequent subclone digested
with Nerl and further subcloned into the Notl site of pMLBART,
a derivative of pART27 (Gleave 1992) that conters resistance to the
herbicide glufosinate as a selectable marker. Agrobacierivm-
mediated transformation of Arabidopsis and selection of T,
wansformants were performed as described previously (Vitha
et al. 2001). The resulung T, plants were selected for BASTA
resistance, and chloroplast merphology in leaf mesophyll cells was
assessed as described previously.

Sccondary and threc dimensional siructure modcling

Full-length amino acid sequences of AtFtsZ1-1 (NP_200339),
AtFtsZ2-1  (NP_190843), AtFtsZ2-2 (NP_S65839). EcFtsZ
(AAC73206) and MjFisZ (Q57816) were used for structure
prediction. The AtFtsZ1-1 structure was generated from SWISS-
MODEL and analyzed with the accompanying DeepView software
(Peitsch et al. 1995, Guex and Peitsch 1997, Schwede et al. 2003).
The WHAT_CHECK report generated for the predicted structure
determined that there were no major problems with the structure

Analysis of chioroplast phenotype

Leaf tissue was fxed and macerated 1o separate individual
czlls as described previously (Osteryoung et al. 1998) Mesophyll
cells were viewed using an Olympus BH2 microscope equpped
with DIC optics and a 40x objective Images were caprured with a
Leica DFC320 digital camera

Immunofluorescence microscopy

Tissue samples were embedded in Steedman’s wax. secuoned
and immunostained essentially as previously described in Vitha
et al (2001). except that the sections were incubated with anti-FisZ
antibody diluted 1:3,500 overnight at room temperature, and a
second blocking step. identical to the first was added prior to
mcubation with secondary antibody. The samples were then
mcubated with goat anu-rabbit Alexa Fluor 48K conugate

(Molecular Probes) for 4 h at room temperature at 1: 300 dilution
Samples were viewed with 2 Laaca DMRA2 fluorescence micro-
scope equipped with 100x/1.35 and 63x/1.32 o1l immersion
objectives using fluorescein isothiocyanate (FITC, exdtation
460 S00nm, emission 512 545nm) and Cy3 (excitation 510

S60nm, emission 572 647 nm) filter sets. The fluorescence collected
through the Cy?3 filter set was used to visualize chloroplast shape in
expanding leaves. Stacks of optical sections were captured using
VolumeScan software (Vaytek, Fairfield, 1A, USA) and a Retiga
1350exi cooled CCD camera (Qimaging, Burmaby, BC, Canada),
with the z-step set to 0 4 um for mature leaf tissue and to 0.25 um
for voung leaf tissue. The FITC and Cy3 image stacks were
processed using ImageJ ver. 1.57v software (http:/isb.nfe.nih.
gov/i’) by unsharp masking (mask weight 0.55, Gaussian radius 4
and 15 for FITC and Cy3. respectively), merged to RGB and then
pro‘ected to achieve extended depth of focus (brightest point
method) Assembly and annotation of figures and final ad:ustment
of brightness and contrast were performed using Adobe Photoshop
version 6.0.

Western blotting and immunoblotting

Woestern blot analysis of FtsZ levels in FisZ mutants and
wild-type controls was performed as previously described 1n Stokes
et al. (2000), wath the following modifications in sample prepara-
tion. Leaves from 3-weck-old plants were snap-frozen i liquid
nitrogen, crushed with a mortar and pestle, and then suspended in
1.5x plant extracuon butfer [1.5x plant extracton butier 1s Y0mM
Tns HCl (pH&.0), 3% SDS, 22.5% sucrose, proteass inhibitors
(5mM g-anuno-N-<aproic acid and ImM benzanudine) and
100mM dithuothratol (DTT)]. The samples were then heated at
90°C for 10min and the insoluble debris was pelieted by
centnfugaton for 10 min at 16,000xg at room temperature. The
supernatant from each sample was loaded based on equal fresh
weight on a 10% SDS polyacrylamide gel for subsequent analysis.

RT PCR analysis

Total RNA was isolated from 8-day-old shoots grown on MS
plates under the same growth conditions as for soil-grown plants
above. The shoots were snap-frozen in liquid nitrogen, ground in a
mortar and pestle. and total RNA extracted using an RNwsyT'\’
kit (Qiagen Inc.. Valencia, CA, USA). Reverse transcripuon was
periormed on Spg of toal RNA using SuperScnpt 1™
(Invitrogen) according to the manufacturer’s recommenda-
tions with oligo(dT) primers. AtFtsZ1-1 and ArFrsZ2-1 wanscripts
were amplitied using the following prmer pairs: 18897
(5-ATAAACACGGATTCGCAAGCTC-3) and 8.0X0 (5-CCG
ATCAATGGAGCCAAAGTTG-3'). 9.137 (§-TCGAAGAAGA
ACTGTTCAGGCTC-3") and 9,179 (§-GGTTATGCTTACTTG
ACCGC-3"ytfrom 1.0 ul of final reverse wranscription product in 22,
24 and 26 cycles. Actin-2 was amplified using the primer pair:
ACT2-1 (5-GGCTCCTCTTAACCCAAAGG-3') and ACT2-2
(- TTCTCGATGGAAGAGCTGGT-3) from 0 Sul of fimal
reverse transcription product in 22, 24 aund 26 cycles. The band
intensities  from ecach of the mutant allele RT PCRs were
compared with the respective wild-type and actin centrols

Seed set analvsis

The sibques from fully mawre Arabidopsis plants were
harvested, placed on a microscope slide using double-sided tape
and gently openad to expose the developed seeds. The numbers of
mature, abnormal and aborted seeds were counted and the
percentage of mature seeds was calculated based on the sum of
all the potendal seeds. The difference i the percentuge of seed set
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from 100% represents the percentage of seeds that were abnormal
or aborted.

Supplementary material

Supplementary material mentioned in the
available to online subscribers at the journal
www. pcp.oxfordjournals.org.

article is
website
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