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ABSTRACT
Studies into the Molecular Basis of Chloroplast Division.
(May 2011)
Aaron Gene Smith, B.S., Oakland University

Chair of Advisory Committee: Dr. Andreas Holzenburg

Chloroplasts are the powerhouses of plants and also perform important storage
functions. Chloroplast division is an essential process that involves proteins that are
conserved from prokaryotic fission and proteins evolved in eukaryotes. Due to their
endosymbiotic origin, the division machineries of chloroplasts and all plastids share
some core similarities with the bacterial division apparatus, but during evolution some
prokaryotic components of the division machinery were not conserved and some novel
components evolved to fulfill new functions. The components of the division apparatus
and their interactions are being elucidated, but relatively little is known about the
mechanism and dynamics of the first protein families to localize to the division site,
FtsZ1 and FtsZ2. This work details a thorough investigation of the biochemical
characterization of Arabidopsis thaliana FtsZ proteins and begins to determine the
mechanism of FtsZ assembly. To achieve these ends a number of techniques were
incorporated including: electron microscopy, protein purification, sedimentation and
image processing.

Following expression of FtsZ and subsequent purification, experiments aimed at

assessing the activity were conducted. These included determining whether the protein



was an active GTPase and capable of self-assembly as the bacterial FtsZ homolog
displayed these characteristics. The recombinant protein displayed both of these
activities and this result allowed for further characterization. The co-assembly critical
concentration and assembly efficiency were determined by sedimentation and were
82.75 pg/ml and 33.4 £ 0.9%, respectively.

Bacterial FtsZ assemblies have been reported to be in dynamic exchange with a
soluble pool of FtsZ and the existence of a similar pool in plants has been discussed in
the literature. Part of this work undertook the investigation of the composition of the
soluble pool in Arabidopsis chloroplasts. Gel chromatography revealed that prior to FtsZ
assembly initiation the pool consists solely of dimers. Image processing and native
PAGE results suggest that at least one assembly intermediate exists between the dimer
and mature filamentous assemblies. The most common intermediate observed in
assembly reactions is a tetramer. Three-dimensional renderings of the dimer and
tetramer are presented and suggest that these oligomeric forms may represent

consecutive steps in the assembly mechanism of Arabidopsis FtsZ.
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CHAPTER |

INTRODUCTION

1.1 INTRODUCTION TO BACTERIAL AND PLASTID DIVISION

Chloroplasts are organelles that house the photosynthetic machinery and are derived
from proplastids which are small and undifferentiated plastids that possess the capability
of becoming several types of plastids including chloroplasts (1). Chloroplasts evolved as
a result of an endosymbiotic event between a cyanobacterial-like photosynthetic
prokaryote being engulfed by a non photosynthetic eukaryote and is supported by the
hypothesis of Mereschkowsky in 1905 that plastids are reduced forms of cyanobacteria
(2,3). In addition, chloroplasts perform important storage functions and measure five um
in diameter and two-thirds of a um thick. Chloroplasts and all plastids only arise by
division of existing plastids. A complex division process occurs in chloroplasts that
critically depends on two families of proteins that are homologous to the prokaryotic cell
division protein FtsZ (Filamentation temperature sensitive Z), a self-assembling GTPase.
The history and significance of FtsZ in chloroplast division will be discussed in the
second section of chapter 1. Proper function of the division machinery is necessary for
maintaining a high number of small chloroplasts in leaf mesophyll cells, a determining
factor for photosynthetic competence (4) and for phototropic movements of

chloroplasts, a coping mechanism in high-light stress conditions (5). Deciphering the

This dissertation follows the style of the Journal of Biological Chemistry.



functional characteristics of plastid division proteins is important not only from an
evolutionary and cell biological perspective, but also has applied science aspects. For
example, recent studies regarding altered expression levels of specific plastid division
genes were shown to affect the size of the starch-storing plastids, amyloplasts, and in
turn the size of starch granules in rice (6) and potato (7) (Fig. 1.1). Large granules are
favored for baking because they produce softer-texture flour, while small granules are
desired for fat replacements in foods, manufacture of paper, biodegradable films and as a
carrier material in cosmetics. Furthermore, increased starch granule size leads to more
efficient wet-milling in corn, which subsequently improves starch yields leading to gross
value gains in the region of $280 million per year domestically (8).

Milling processes enable the extraction of economically useful products and the
wet-milling process for corn separates the product into its four basic components: starch,
germ, fiber, and protein (9). Valuable by-products of wet-milling include ethanol and
corn oil. Estimated ethanol production in the United States used in gasoline mixtures
was 3.4 billion gallons in 2004 and is expected to increase in the future (10).
Conventional wet-milling of corn uses a five step process and begins with an initial steep
of 24 to 40 hours in a mixture of water and the hazardous chemical sulfur dioxide to
begin the separation of the starch and protein bonds. Next, the germ is separated from
other kernel components by grinding allowing a subsequent step to extract starch and
convert it to sweeteners or ethanol. A protocol that represents a substantial decrease in
the amount of sulfur dioxide needed and is less expensive has been introduced by

Ramirez and colleagues (11). The process substitutes proteases for the large amounts of



sulfur dioxide previously used and repeats the same downstream steps as conventional

wet milling.

Figure 1.1. Starch granules isolated from wild-type potato tubers and from tubers
from three transgenic lines GBSS-S04, GBSS-S12 and GBSS-S25 analysed by light
microscopy. The transgenic lines each have increased FtsZ expression relative to wild-
type. The scale bars correspond to 200 um. GBSS, granule-bound starch synthase (7).

Another option for removing valuable products from corn is dry milling. Initial
dry milling capital costs are less than wet-milling, usually smaller in scale and represent
the majority of new milling facilities (12). The hardness of the corn kernel also

determines which type of milling is used as studies have shown large and hard kernels



are preferable for dry milling and softer kernels are useful for wet-milling as they require
less steeping time (13,14). The steps for dry milling begin with a coarse grind and then
mixing with water, adjusting pH to 5.8 and adding a-amylase to break down the long
chains to dextrins (15). Glucoamylase is also added to convert the dextrins to glucose
and yeast is introduced to begin fermentation and eventual distillation of the alcohol.
Remnants from the distillation tank can be centrifuged to yield wet distillers grain that
can be dried and used as a high protein component of cattle feed (16). Manipulating
plants to produce traits beneficial to the milling process requires a robust model system
for basic research prior to application in economically important crops.

Arabidopsis thaliana is a member of the Brassicaceae family and is a popular
model system for plant research. Johannes Thal discovered the plant in the Harz
mountains (located in present day central Germany) in the sixteenth century and
phenotypes deviating from the wild-type strain were first reported by Braun in 1873
(17). Friedrich Laibach first suggested using the plant as a genetic model system in 1943
and one of his students subsequently reported first mutants induced by x-ray radiation
(18). There are many ecotypes classified though only three are commonly used in
research, Landsberg erecta, Columbia and Wassilewskija. Chloroplast number varies
among the ecotypes with Landsberg having an average of 120 chloroplast per cell and
Wassilewskija having 60-80 per cell (19). A regularly updated website, The Arabidopsis
Information Resource (TAIR), catalogs data about the model system including DNA and

protein sequences. In addition, DNA clones, libraries and seeds are available to the



research community through the TAIR website for a nominal cost
(www.arabidopsis.org).

Advantages of the model system include having the smallest sequenced genome
in the plant kingdom, ease and speed of growth for wild-type plants (approximately six
week life cycle), harboring only five chromosomes and the ability to introduce mutations
(17,20). A time intensive plant regeneration and tissue culture protocol using vacuum
filtration had been the predominant method for introducing recombinant DNA into
Arabidopsis until the “floral dip” method was published (21). Studies have reported that
seed yields are increased in floral dip as compared to tissue culture and plant
regeneration. Floral dip is accomplished by growing a culture of Agrobacterium
tumefaciens containing a gene of interest and then dipping plants into the bacterial
solution containing a detergent and 5% (w/v) sucrose as an osmoticum. Following
growth of the plants, transformants are selected using an herbicidal or antibiotic marker.

Arabidopsis thaliana has been used extensively to investigate plastid division.
The similarities that plastid division share with bacterial cell division makes
understanding the mechanism of binary division an important research goal. Plastid and
bacterial division both polymerize FtsZ to create a Z ring at mid-plastid or mid-cell
(22,23). Research has shown that some bacterial FtsZ accessory proteins have been
conserved in plastid division. Most bacteria contain a single ring-shaped division
machinery, whose assembly is initiated by polymerization of a tubulin-like GTPase

protein, FtsZ, into a ring (Z-ring) at mid-cell (Fig. 1.2). Due to the early localization of
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Figure 1.2. FtsZ and cell/plastid fission. FtsZ localizes to the inner side of the inner
membrane as the Z-ring (green). In plastids, dynamin-like protein rings (red) localize to

the cytoplasmic face while the stromal dividing ring (green), contains the FtsZ1 and
FtsZ2 families and is localized along the inner envelope membrane.

FtsZ to mid-cell and its essential role in cell divsion FtsZ is an attractive antibiotic
target. Completely sequenced genomes of bacteria, including cyanobacteria, contain
only one FtsZ family and upon assembly into the Z-ring recruit additional components to
assemble the functional division machinery and to remodel the peptidoglycan cell wall
(24,25). Chloroplasts in plants, green and red algae lost the peptidoglycan wall and many

of the peptidoglycan synthesis genes are either absent from their genomes (26) or



perform different functions (27). Two previously undiscovered members of the FtsZ-
tubulin superfamily have recently been described in bacteria and archaea though the
authors suggest that it is highly unlikely they play a role in cell division (28). Recent
reports show that some archaea are capable of maintaining division without FtsZ and use
an alternate division machinery (29).

The position of the division site and Z-ring is determined by the bacterial Min
(Minicell) system consisting of the MinC, MinD and MinE proteins that allow
destabilization or disassembly of FtsZ filaments and rings at improper sites via a
coordinated mechanism (30,31). MinD recruits MinC and MinE to the membrane and a
helical MinCDE structure is formed and bound to the membrane at one of the polar
regions via MinD. The helical structure terminates in an E-ring composed of MinE that
contracts and moves towards the pole resulting in breakdown of the MinCDE structure
(Fig. 1.3). The MInCDE structure is then reassembled at the opposite pole and this
oscillation occurs several times before cell division ensues. This process ensures a higher
concentration of MinC in the polar regions and allows proper cell division at mid-cell as

high concentrations of MinC inhibits polymerization of the Z-ring (32).
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Figure 1.3. Overview of bacterial Min system. The MinCDE polar zone begins
assembling at a cell pole and grows towards midcell (1-2 and 5-6). The MinE ring then
assembles at the leading edge of the polar zone (3 and 7). The polar zone then
disassembles, releasing MinC, MinD and MinE molecules, shrinking back to the pole,
and finally releasing MinE from the E-ring (4-5 and 8-1). Because of the rapid
oscillation, a zone of division inhibition (dark blue shading) is present near the two ends
of the cell for a large portion of the cell cycle (33).

A system for ring placement at proper sites in plastids has been described and

shares some similarities with the bacterial system (34). Homologs of cyanobacterial



MinD (AtMinD) and MinE (AtMInE) are present in Arabidopsis chloroplasts (34) and
work in concert with proteins not found in bacterial division systems to accomplish
proper chloroplast Z-ring placement. One of these proteins, ARC3, localizes to the
division site and chloroplast poles. ARC3 also directly interacts with AtMinD, AtMinE
and FtsZ1 and overexpression inhibits ring formation (35-37). These observations have
lead to the conclusion that ARC3 fulfills a similar role to MinC in the bacterial Min
system. The chloroplast Min system also contains the MCD1 (MULTIPLE
CHLOROPLAST DIVISION SITE 1) protein that directly interacts with AtMinD and as
a result recruits AtMinD to the division site. MCDL1 is found only in land plants while
ARC3 is conserved in land plants and green algae (38). Null mutants of Atmind/e, mcdl
and arc3 promote asymmetric chloroplast division and the formation of several FtsZ
rings (Figs. 1.4 and 1.5, respectively) (38).

Both bacterial and plant FtsZ have several accessory proteins that play critical
roles in the division mechanism. Assembly of the Z-ring requires three essential proteins
in E. coli: FtsZ, FtsA and ZipA (24). FtsA acts as a membrane tether, has a role in
recruiting downstream proteins and is well conserved in bacteria (39-41). ZipA has been
identified as a secondary membrane anchor and promotes assembly of FtsZ
protofilament bundles and sheets (42,43). While ZipA is conserved in

gammaproteobacteria, a study has demonstrated that a single amino acid substitution in
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Figure 1.4. Multiple chloroplast division in mcd1 mutants.

(A-D) Chloroplasts were observed by Nomarski optics in leaf mesophyll cells (A, B)
and in petiole cells (C, D). Wild-type (A, C) and mcd1-1 mutant (B, D) are shown.
Arrows indicate the constriction sites of dividing chloroplasts. (E-H) Localization of
FtsZ2-GFP (E, F) and GFP-DRP5B (G, H) in wild-type (E, G) and mcd1-1 mutant (F,
H). The fluorescence of GFP is green and the autofluorescence of chlorophyll is red.
Each set of images (A and B, C and D, and E-H) are shown at the same magnification.
Scale bars correspond to 5 um (38).
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FtsZ2-1 Immunolocalization
arc11 arc12

FtsZ IF

Chloroplast morphology
arc12

Figure 1.5. Phenotypes associated with arc3 and AtMinD/E alleles. Top panel. A-D)
Immunofluorescent micrographs of AtFtsZ2-1 filament morphology in chloroplasts of
mature leaf mesophyll cells from wild-type Columbia ecotype (Col-0) (A), arc1l (an
allele of AtMinD) (B), arc12 (an allele of AtMinE) (C) and arc3 (D). Bottom panel. E—
H) Light micrographs of chloroplast morphology in mature leaf mesophyll cells from
wild-type Col-0 (E), arc11 (an allele of AtMinD) (F), arc12 (an allele of AtMInE) (G)
and arc3 (H). Arrowheads in (H) show points of constriction in arc3 that are probable
sites of Z-ring formation. The mutant arc12 harbors a lesion in AtMInE creating a
frameshift and premature stop. Scale bars correspond to 20 pum (37).

E. coli FtsA renders ZipA non-essential and permits efficient growth and division (44).
Several regulators of Z-ring dynamics are found in bacterial genomes though these
proteins are not essential for cell division. ZapA is a small protein that promotes Z-ring
assembly and stability though no phenotypes are observed in null mutations except in
some sensitive backgrounds where the mutation is lethal (45-47). Some
gammaproteobacteria harbor ZapB that has a redundant role with ZapA (48). EzrA is
constitutively expressed in gram-positive bacteria with a low GC content and is a

negative regulator of Z-ring assembly (49). Gram-positive bacteria and cyanobacteria
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require SepF for proper septal morphology and in some bacteria may have a role similar
to FtsA (46). Three proteins have been identified that are negative regulators of cell
division under certain conditions. UgtP acts as an inhibitor of cell division in nutrient
rich media by destabilizing interactions between FtsZ protofilaments and is
downregulated under non-nutrient rich media conditions (50). During DNA damage in
E. coli, SulA is expressed as part of the SOS response and inhibits assembly of new Z-
rings and promotes disassembly of active Z-rings (51-54). The critical concentration of
FtsZ assembly increases five fold in the presence of SulA (55). B. subtilis expresses the
MciZ protein during sporulation and this protein directly interacts with FtsZ and inhibits
polymerization. During the period of inhibition the GTPase activity of FtsZ is
significantly reduced (56).

Bacterial cell division is not directly applicable to chloroplast division owing to
some prokaryotic components of the division machinery being lost during evolution.
Consequently, chloroplasts harbor a selection of evolutionary conserved proteins
homologous to bacterial division proteins and have evolved some completely novel
components to fulfill newly required functions (37,57-60). Unlike the single ring found
in bacteria, chloroplasts have two ring-shaped division machineries, one on the outer,
cytosolic side of the double envelope membrane and one on the inner, stromal side (Fig.
1.2). Following the sequencing of the Arabidopsis thaliana genome, gene homology
searches were initiated to look for conserved genes. Two families of FtsZ are present in
higher plants and the FtsZ2 family contained more similarity to bacterial FtsZ and parts

of the Min system were conserved (34,61).
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Studies by Pyke and colleagues using ethyl-methyl sulfate, a non-specific
mutagen, described several accumulation of replicating chloroplasts (ARC) mutants that
would later be confirmed as components of the division machinery (19,62-65). A later
report outlined some roles using double mutants and analyzing their effects on plastid
division (66). In addition to the role of ARC3 described above, these studies included
phenotypes for ARC5, ARC6, ARC10, ARC11, ARC12 and ARCL1. The first protein to
be described as part of the cytosolic ring was the dynamin-like ARC5 which does not
have a homolog present in bacterial cell division (67). ARC6 provides a membrane
tether for the Z ring, is a positive stabilizing factor for FtsZ polymers and shares
similarities on the gene level with the bacterial cell division gene Ftn2 (68). ARC6 also
coordinates positioning of PLASTID DIVISION2 (PDV2) which is part of the cytosolic
ring. These initial results did not explain positioning of another component (PDV1) as
PDV1 and ARCG6 has no direct interaction. A paralog of ARC6 (PARC6) was identified
in vascular plants and determines positioning of PDV1 which is another member of the
cytosolic ring and at least one of the PDV proteins must be present to recruit ARC5 to
the cytosolic ring during the late stages of chloroplast constriction (69,70). Mapping
experiments have shown that ARC10 is located in the same area on chromosome five as
FtsZ1 and that ARC10 is a missense mutation of FtsZ1 (G366A) (71,72). Wild-type
FtsZ1 was able to complement the arc10 null mutant (71). ARC11 and ARC12 are
members of the Min system in chloroplasts and are homologs of MinD and MinE
respectively (37,73). Currently, no information is available for ARC1 except for the

observed decrease in chloroplast number and division defects (66). A separate search for
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components of the chloroplast division machinery yielded Arabidopsis thaliana
envelope membrane integrase (ARTEMIS) (74). Experiments using severely reduced
levels of ARTEMIS resulted in Arabidopsis that had similar growth patterns to wild-type
plants though undivided chloroplasts were observed (74). ARTEMIS is nuclear
encoded, but localizes to the inner envelope membrane and may coordinate envelope
constriction events (74).

Plastid division is studied in other photosynthetic model systems in addition to
Arabidopsis and includes Cyanidioschyzon merolae (a unicellular red alga) and
Physcomitrella patens (a multicellular moss) (37). Additionally, mitochondrial division
research is represented in the literature and similar to chloroplasts an endosymbiotic
event occurred involving an a-protobacterium and a non-photosynthetic eukaryote
(3,75). C. merolae has one plastid and one mitochondria and the divisions can be
synchronized using light and dark cycles (76,77). Three distinct rings have been
identified in C. merolae chloroplast division including a FtsZ ring, a plastid dividing ring
and a dynamin ring (78). Physcomitrella patens requires simple growth conditions, is
recognized as the first land plant and was the first moss to be successfully transformed
(79). Early studies established this moss as a model genetic system (80-82). Subsequent
studies have shown that a third FtsZ family is present in Physcomitrella and five
isoforms are present though recent gene knockout experiments suggest that the isoforms
have overlapping functions (83). While the mitochondria of some lower eukaryotes such
as the golden brown algae Mallomonas splendens retain FtsZ isoforms, the mitochondria

of yeast and higher eukaryotes do not harbor FtsZ and use dynamin rings in division
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events (22,84). A mutational analysis studying the dynamin-related GTPase protein
found in the yeast Saccharomyces cerevisiae, Dnm1p, reported that mutations caused
collapse of the mitochondrial membranes towards one side of the mitochondria. Two
unicellular algae and a protist later had mitochondrial FtsZ identified (84-86).

The generation of the constriction force necessary for division is provided by
different mechanisms in plant and bacterial division. Cell division in bacteria is powered
by energy resulting from guanosine triphosphate (GTP) hydrolysis and an accompanying
transition in FtsZ filaments from a straight to curved conformation (87,88). An elegant
set of experiments reconstituted the essential components to generate bacterial
constriction force in liposomes and confirmed that hydrolysis is necessary to generate
the constriction force (89). Chloroplasts do not appear to use this mechanism as results
presented herein and those of Olson et al. do not report significant curvature in the
presence of guanosine diphosphate (GDP) (90,91). Further supporting these results,
ARCS5 is a dynamin-like protein that has been suggested to power the division process
and arc5 mutants arrest late in chloroplast division (67). A dynamin present in red algae,
CmDnmz2, has a role in the late division events of chloroplasts and is thought to provide
the mechanical force required for constriction (92). Phylogenetic analysis determined
that CmDnm2 is a close match to ARC5 (92). Whether FtsZ1 or FtsZ2 play a role in
generating the force for chloroplast division is currently unclear.

The work presented here furthers the understanding of plastid division by
examining chloroplast processes at a molecular level that was previously largely absent

in the literature. Results presented here include the only published results of expression
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of plant FtsZs in a eukaryotic system. Previous reports and one subsequent to this work
expressed plant FtsZ in a bacterial expression system containing endogenous FtsZ.
Biochemical characteristics of FtsZ are investigated and information about the
oligomeric states of FtsZ involved in the assembly mechanism are provided.

1.2 INTRODUCTION TO FILAMENTOUS TEMPERATURE SENSITIVE Z
(FTSZ) PROTEINS

FtsZ proteins are ancestral structural homologs of eukaryotic tubulin found in the
endosymbiotic ancestors of chloroplasts, cyanobacteria and are the first proteins to
locate mid-cell/plastid prior to a division event. Several members of the Fts (Eilamenting
temperature sensitive) gene family were discovered by Hirota and his colleagues in a
screen for bacterial cell division mutants and included FtsZ (93). The conserved N-
terminal domain of FtsZ forms a Rossman fold and contains a tubulin signature motif,
GGGTG(T/S)G where S represents either a G or C, that allows for binding of GTP and
has been a hallmark of all FtsZ genes found in other species (94,95) (Fig.1.6). A separate
region, the T7 loop, is highly conserved in all FtsZ and is required for GTP hydrolysis
(91). Due to the presence of this motif, bacterial FtsZ was expected to be an active
GTPase and this notion was confirmed experimentally in vitro (22,96). The C-terminal
portion of FtsZ is more variable than the N-terminus although the C-terminal core
domain is highly conserved in bacterial FtsZ and the FtsZ2 family but absent in FtsZ1
(97). The C-terminal core domain allows specific interaction of proteins that anchor the
Z-ring to the membrane and the absence of the domain in FtsZ1 suggested functional

differences for the two families present in plants (98). In 1991 it was demonstrated that
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bacterial FtsZ assembled into the Z-ring located at mid-cell (99). The Z-ring is most
likely composed of relatively short FtsZ filaments, termed protofilaments (88).

While FtsZ accessory proteins are required for recruiting additional components
to assemble functional division machinery, the assembly of FtsZ in vitro in the absence
of these accessory proteins has been investigated. Electron microscopy (EM) has been
used extensively to visualize in vitro FtsZ assemblies in the bacterial system (87,100-
102). Sheets, filaments and mini-ring assemblies have been found depending on the
experimental conditions used (Fig. 1.7). The availability of soluble and active protein
allowed for structural determination of prokaryotic FtsZ. The crystal structure of FtsZ
with a bound GDP from Methanococcus jannaschii revealed dimensions of 6 x 4 x 3.5
nm at a resolution of 2.8 A and the structure was similar to tubulin (94). This
observation further suggested that FtsZ is a tubulin homolog. A helix connects the two
domains of Methanococcus jannaschii FtsZ and the N-terminal portion is the GTPase
domain and contains a six stranded parallel B-sheet and five helices. A four strand
parallel -sheet and two helices compose the C-terminal FtsZ domain. Hydropathy plots
of FtsZ proteins reveal several hydrophobic regions that are present in Arabidopsis FtsZ
families and Methanococcus jannaschii FtsZ (Fig. 1.8).

The GTPase activity of bacterial FtsZ is correlated with the dynamics of
protofilament assembly in vitro and in vivo (100,103-107). The FtsZ molecules outside
the bacterial Z-ring are most likely in the monomeric oligomeric state (108,109). The
exchange of molecules may be possible not only from the ends of protofilaments as end-

to-end joining of filaments and depolymerization from internal zones were also observed
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in vitro, suggesting that fragmentation and reannealing may contribute significantly to
the dynamics of FtsZ assembly (109,110). When the prokaryotic FtsZ filaments
hydrolyze GTP, they switch from a straight to a curved shape endowing the FtsZ
assembly with a constrictive force sufficient to ‘power’ the binary fission process (87-
89). A study has reported that a missense mutation (FtsZ84) in E. coli FtsZ converts the
protein from a GTPase to an ATPase (104) and that a GTPase inactive mutant assembles

into double stranded filaments (100).

Arabidopsis thaliasna FtaZiz
GGHNPEIGHMNAARESKEVIEEALYGEDMVFVTAGHGGGTGTHAAPVIAGTIARKANGILTVGI 240

Staphvlococcus jureus Frsz
GANPEIGEKEAARESREQIEDATOGADMVFVTSGHGGETCTCAAPVVAKTAKEMGALTVGY 131

Arabidopsis thalisna FtsIil
GENPLLGEQALARESEDAT ANALEGADLYFITAGMGGGTEEGAAPVVAQISEDAGYLTVGY 193

E. coli Fts3E
GANPEVGRENAADEDRD AL RAAL EGAD MU F TA A GGG TETEAAPVVAREVAKDLGILTVLAY 130

Figure 1.6. Sequence alignment of tubulin signature motif from FtsZ in different
species. Sequence alignment at the protein level from Arabidopsis FtsZ1,
Staphylococcus aureus FtsZ, Arabidopsis FtsZ2 and E. coli FtsZ. The tubulin signature
motif is highlighted in light green.
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Figure 1.7. The four types of polymers formed by FtsZ in MEMKG®.5. (a) Straight
protofilaments formed with GTP but without DEAE-dextran; (b) sheets of straight
protofilaments assembled from FtsZ plus DEAE-dextran; (c) minirings assembled with
GDP and adsorbed onto a cationic lipid monolayer; (d) FtsZ tubes assembled with GDP
and DEAE-dextran. The parallel white lines indicate the helical protofilaments in these
tubes (87).
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Figure 1.8 FtsZ hydropathy plots. Left panel is FtsZ1, right panel is FtsZ2-1 and
bottom panel represents Methanococcus jannaschii FtsZ. Kyte and Doolittle hydropathy
plots that measure hydrophobicity of the FtsZ proteins. The X-axis is position of the
amino acid in the protein and Y-axis is relative score. The positive scores represent
hydrophobic regions.
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In 1995, Osteryoung and Vierling identified a nuclear encoded gene in
Arabidopsis thaliana which shared significant sequence homology to E. coli FtsZ and in
1998 a second family of FtsZ in higher plants was discovered (61,111). These families
both retain the conserved tubulin signature motif and have a highly conserved N-
terminus but FtsZ1 lost the C-terminal core domain and both families are necessary for
proper chloroplast division (71,111,112). FtsZ1 and FtsZ2 interactions promote the
formation of the Z-ring structure at the mid-plastid division site (23,113).
Overexpression or antisense suppression of either FtsZ1 or FtsZ2 cause severe defects in
plastid division, which led to the conclusion that they are both essential for normal
plastid division (111). Recent analysis, however, showed that inactivation of Arabidopsis
FtsZ1 does not completely block plastid replication, indicating that the chloroplast
division apparatus can function without FtsZ1, albeit less efficiently (71). Bacterial FtsZ
studies demonstrated that some accessory proteins directly interact with FtsZ via the C-
terminal core domain (41). The fact that FtsZ1 does not have this domain suggested that
the families perform different functions (114). Initial models suggested that FtsZ1 could
form a stromal ring and FtsZ2 would form a cytosolic ring based on observations that
FtsZ1 could be imported into the stroma while FtsZ2 could not be imported into the
stroma (114). Later work refuted this result and demonstrated that the FtsZ2 used in the
earlier study lacked a proper transit peptide and the new construct could be imported into
the stroma (115). The FtsZ1 family has a single member, AtFtsZ1-1, while two proteins,

AtFtsZ2-1 and AtFtsZ2-2 comprise the FtsZ2 family (111,116). A recent report showed
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that AtFtsZ2-2 is redundant with AtFtsZ2-1 and that either can restore chloroplast
division in ftsz2-1, ftsz2-2 double mutants (117). Therefore, the research presented is
focused on AtFtsZ1-1 and AtFtsZ2-1 only. The following convention is adhered to:
FtsZ1 stands for AtFtsZ1-1 and FtsZ2 for AtFtsZ2-1.

Evolutionary history of the two FtsZ families was investigated due to the distinct
functionality of the two families present in plants and algae. Phylogenetic analysis
determined that the chloroplast FtsZ families diverged before the appearance of land
plants and that the gene duplication event occurred before divergence among mosses,
seed plants and ferns (72,118). Following the endosymbiotic event that gave rise to the
chloroplast, the single ftsz gene of the cyanobacterial endosymbiont evolved into two
structurally distinct families occurring independently three times in different clades of
the evolutionary tree (Fig. 1.9) (116). The evolutionary divergence from prokaryotes,
FtsZ1 and FtsZ2 specific interactions and overall greater complexity of the chloroplast
division process suggests that the large body of work that has been done on the single
FtsZ protein of prokaryotes is not sufficient for complete understanding of how FtsZ1

and FtsZ2 interact and function in chloroplasts.
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Figure 1.9. Schematic representation of the origin and evolution of the plastid FtsZ
families (116).

A large body of in vivo FtsZ work has revealed information about chloroplast
division. Fluorescently tagged FtsZ1 and FtsZ2 were shown to colocalize at the division
site (Fig. 1.10) (23,115). Overexpression of FtsZ1 and FtsZ2 leads to excessive FtsZ
assembly and disruption of normal division in chloroplasts (119). The relative ratio of
FtsZ1:FtsZ2 in chloroplasts is maintained at 1:2 even after total FtsZ levels decline as
plants age (117). This result does not address the ratio in the filaments and that ratio is

currently unknown. Normal division occurs with up to 2-fold overexpression of FtsZ1
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(119), while FtsZ2 is required at closer to wild-type levels (120). FtsZ1 has been shown
to specifically interact with ARC3 and FtsZ2 interacts with ARC6, but not ARC3,
providing further evidence of their divergent functions (36,68,121). A recent report has
shown that double knockouts (FtsZ1 and FtsZ2-1) and triple knockouts (FtsZ1, FtsZ2-1
and FtsZ2-2) are viable and that chloroplast partitioning occurs (112). This suggests that
a currently unknown mechanism lacking FtsZ may participate in plastid partitioning in
higher plants.

Following identification of the FtsZ families in plants attempts were made to
purify the proteins for in vitro experiments. Recombinant Arabidopsis thaliana FtsZ
proteins proved difficult to purify from E. coli due to an unfavorable codon bias, toxicity
to the host and formation of inclusion bodies (100-102). Despite these limitations,
recombinant expression of plant FtsZ has been accomplished in E. coli using
Arabidopsis (91) and Nicotiana tabacum FtsZ (122). El-Kafafi and colleagues concluded
that Nicotiana tabacum FtsZ1 is able to assemble into filamentous structures while
FtsZ2 did not assemble into organized polymers and this result is in contrast to Olson et
al. and work in our laboratory demonstrating that both FtsZ1 and FtsZ2 are capable of
self-assembly into filaments (90,91,122). Our work and that of Olson et al. concluded
that both FtsZ families are active GTPases albeit with different rates of hydrolysis while
El-Kafafi did not address GTP hydrolysis experimentally (91,122). It should be noted
that the studies using bacterial expression systems have endogenous FtsZ present and
use affinity tags to purify the recombinant protein. However, it is unknown if the

endogenous FtsZ could interact with the recombinant FtsZ via the conserved self-
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Figure 1.10. AtFtsZ1-1 and AtFtsZ2-1 rings are colocalized. Leaf sections from wild-
type Arabidopsis plants were subjected to sequential, double immunofluorescence
labeling of AtFtsZ1-1 and AtFtsZ2-1. The order of antibody application is indicated on
the left. Tissue sections were incubated first with no antibodies (None), anti-AtFtsZ1-1
antibodies (anti-1-1), or anti-AtFtsZ2-1 antibodies (anti-2-1), followed by monovalent
anti-rabbit antibody conjugated to Rhodamine red-X (RRX). Sections were treated with
no, anti-AtFtsZ1-1, or anti-AtFtsZ2-1 antibody, followed by anti-rabbit FITC conjugate.
The labeled sections were viewed using FITC (green) and Texas red (red) filter sets. The
yellow color in the overlay of the red and green signals indicates colocalization of
AtFtsZ1-1 and AtFtsZ2-1. Scale bar corresponds to 2 pm (23).
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interaction domains. The work of Olson et al. uses a strain of E. coli that overexpresses
the endogenous FtsZ copy as an expression system. To avoid this potential pitfall, our
work employs the Pichia pastoris yeast expression system as this system lacks
endogenous FtsZ.

The data demonstrated in this work includes the biochemical characterization of
FtsZ1 and FtsZ2 including GTPase activities. These results are presented and discussed
in chapter 11. Several outstanding questions remain in the field including the effects of
GTP hydrolysis on plant FtsZ assemblies and whether FtsZ1 or FtsZ2 contribute to the
constriction force in plastids.

Chapter 111 describes experiments that address the nature of the FtsZ assembly
mechanism. In particular, discussion centers around the composition of a stromal pool of
soluble FtsZ molecules that is thought to be in dynamic exchange with the assembled
filaments. This area of research has been discussed in the literature though no
experimental data has confirmed the oligomeric identity of the components
(83,112,117). Collected micrograph data of FtsZ assembly intermediates were
subsequently subjected to image processing to render low resolution three-dimensional
reconstructions. Detailed structure of FtsZ assemblies and the complete assembly

dynamics of FtsZ1 and FtsZ2 remain to be elucidated.
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1.3. INTRODUCTION TO IMAGE PROCESSING

Prior to the research presented and discussed in chapter 111 of this work, little structure-
function data was available for Arabidopsis thaliana FtsZ. In large part this is a
consequence of the plant FtsZ cloning problems described earlier. Several research
groups, including our own laboratory, have successfully purified recombinant FtsZ and
this may indicate that structural studies will become more frequent in the field. One goal
of this research is to provide structural data for plant FtsZ using EM and subsequent
image processing as the primary tools. Previously, a crystal structure has been solved for
Methanococcus jannaschii FtsZ (94).

Image processing has been in use for decades and has proven valuable for
generating three-dimensional structures from collected two-dimensional data (Fig. 1.11).
The reconstruction process is initiated by recording images of the relevant particles and
aligning them to common views (Fig 1.11 A-C). Aligned particles are subsequently
assigned to classes and averages are used to generate a three-dimensional reconstruction
(Fig. 1.11 D-F). Several programs have been developed for reconstructions including
SPIDER, IMAGIC and electron micrograph analysis (EMAN) (123-128). EMAN was
selected for use in this work and is a free to download suite of reconstruction programs
and is capable of reading SPIDER, IMAGIC and several other file types. Three-
dimensional reconstructions generated by EMAN include the model protein GroEL (Fig.
1.12), the protein translocation channel protein SecY and the ATP synthase in
mitochondria (129-131). The software is capable of refining asymmetric particles

though symmetry is preferable. In addition, an active on-line community is available to
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aid in solving processing problems that arise and informative workshops are hosted on a
regular basis.

The protein of interest is prepared for data collection by either negative staining
or cryo-EM methods. Transmission electron microscopy (TEM) micrographs are
recorded at a minimum of 3 times oversampling. This exceeds the Nyquist criterion
which is the minimum sampling density needed to capture all information present in the
micrograph. Before beginning the reconstruction steps, the quality of the micrographs
are evaluated using the Fast Fourier Transform algorithm (FFT) in the image analysis
program CRISP (132). Those micrographs containing no drift or astigmatism and
bearing similar defocus values are chosen for particle selection using Boxer (123).

Boxer is a program included in the EMAN software package that allows the user
to manually or semi-automatically select the desired particles for reconstruction. The
semi-automatic routine requires the user to select several particles as references and then
manually change thresholds that discriminate between good and bad particles. Areas of
poor contrast or otherwise undesirable locations of the micrograph can be excluded from

the semi-automatic boxing.
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Figure 1.11. Depiction of single particle structure determination. A: Cartoon
representation of a sample micrograph with three unique views of the object under study.
B: Nine selected particle images from the micrograph shown in A. C: Aligned particle
images. D: Classified particle images. E: Determined orientations. In this cartoon
example, the orientations correspond to the side, front, and top of the object. F: Three-
dimensional reconstruction. G: Sample of a real electron cryomicroscopy image. Shown
is a digital micrograph of DNA-dependent kinase (133) with the inset depicting one
individual selected particle image. Scale bar corresponds to 50 nm (134).
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Figure 1.12. Final reconstruction of GroEL structure at ~6 A resolution. Each
monomer has been colored to make the structure easier to visually interpret (129).

A low pass filter can be applied to the particle set to attenuate high spatial
frequency contributions as these represent mostly noise. Some reconstructions also use a
high pass filter that highlights details in the micrographs and is referred to as a
sharpening filter. Filtering out very low spatial frequencies leads to a suppression of
unwanted information resulting from non-uniform specimen illumination or stain
background. The particle sets are centered before additional processing steps are
performed.

Similar particles can be grouped together in the absence of references and two

dimensional class averages produced that represent distinct orientations of the particle.
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These averages should reflect individual particles represented in the data set and an
appropriately diverse data set will represent most of the possible particle orientations.
Once the averages are obtained an initial three-dimensional model must be determined.
Particles with known symmetry are preferable as the program encourages imposing
symmetry in the reconstruction steps. EMAN allows the user to select the class averages
used in forming the initial model and a Fourier common-lines routine determines the
orientations of the class averages and combines them into a three-dimensional model.
Alternatively, an initial model can be generated using a program other than EMAN and
imported for the later refinement steps.

After obtaining a suitable initial model, the iterative refinement process is used to
produce a final reconstruction. This process begins by generating a set of classes with
different orientations. Each raw particle is evaluated and the similarity of the particle to
each class is determined. The particles are then aligned and averaged for each assigned
class. At this point a determination of the quality of each particle in the class is
determined and those particles least similar to the average are not included in the new
average used in the next iteration. The user defines the number of iterations that occur
with the goal of obtaining a self-consistent reconstruction.

The validity of three-dimensional reconstructions can be determined by several
methods and the models should converge during the final rounds of refinement.
Convergence is defined differently depending on the program employed. EMAN defines
convergence as when the Fourier shell correlation (FSC) curves do not move between

iterations although some programs have more stringent conditions (123). Generally these
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curves begin at a value of one which denotes perfect correlation between the two
averages and decline to zero as this value represents no correlation (135,136).
Depending on noise in the micrographs, this may mean that some FSC curves will
remain above 0.5 at all spatial frequencies. The FSC cutoff of 0.5 is useful in
determining the resolution of the reconstruction though it should be noted that several
other criteria are employed in the field (137,138). Asymmetric triangles constitute a
graphic aid in which the three points of the triangle represent orthogonal views of the
particle and the interior points represent intermediate projections of the particle (139).
They are useful in determining whether a sufficient number of views are present in a
data set for calculating a three-dimensional structure.

A qualitative process to determine accuracy of the model is to examine back
projections. This method displays two-dimensional projections used to create the final
reconstruction. Comparing these projections to the class-averages, the user should be
able to identify the projections represented in the class-averages.

The Even/Odd (E/O) test is a tool that essentially splits the data set of raw
particles into two groups (135). The program will then create two additional three-
dimensional models, one for the even data set and one for the odd data set. These
reconstructions should be similar to each other and if they are significantly different
there is probably bias in the final reconstruction and the data should be re-evaluated or a
new data set should be obtained. The E/O test also indicates resolution of the
reconstructions though EMAN has been reported to overestimate the resolution in some

cases.
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CHAPTER I
EXPRESSION AND BIOCHEMICAL CHARACTERIZATION OF Arabidopsis

thaliana FtsZ1-1 AND FtsZ2-1

2.1 INTRODUCTION

FtsZ was initially discovered in bacteria and plays a critical role by being the first
protein to locate to mid-cell prior to a binary fission event where it recruits several
essential accessory proteins. Plants have retained FtsZ as an important factor in plastid
division though multiple families evolved. In our model system, Arabidopsis thaliana,
two families of FtsZ (FtsZ1 and FtsZ2) are present and essential for proper chloroplast
division. Chloroplast division is not directly comparable to bacterial binary fission due to
some bacterial accessory proteins being lost in evolution while novel proteins were
evolved in chloroplasts. The resulting chimerical mix in chloroplasts resulted in a more
complex division system that involves more than one ring and is not yet completely
understood. Past biochemical approaches aimed at characterization have been hampered
by the lack of soluble expressed FtsZ. Expression in systems containing endogenous
FtsZ were not able to delete the endogenous copy and resulted in inclusion bodies,
though some reports did obtain yields sufficient for research. This chapter discusses the
expression of Arabidopsis thaliana FtsZ families in a system that does not contain

endogenous FtsZ and the subsequent biochemical characterization assays.
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2.2 RESULTS

2.2.1 Arabidopsis thaliana FtsZ can be expressed in a system lacking endogenous
FtsZ

The presence of bacterial FtsZ is required for viable cell cultures and proper cell divison.
As a result, bacterial expression systems carrying an FtsZ transgene also require the
endogenous FtsZ. Two reports, one prior and one subsequent to our work, used plant
FtsZ expressed in a bacterial expression system (91,122). The work presented here and
previously published work from our laboratory use Arabidopsis FtsZ expressed in a
methylotrophic, eukaryotic system lacking endogenous FtsZ, Pichia pastoris
(90,140,141). Many useful techniques developed in Saccharomyces expression systems
are applicable in Pichia such as gene disruption and gene replacements. In addition, 10
to 100 fold increases in expression levels have been observed in Pichia as compared to
Saccharomyces systems.

The transformation vector pPICZ was used for this work and allowed for ample
transgene expression and suitable tags for purification and detection. An alternate vector,
pPICZa, was constructed that secretes the expressed protein directly into the media, but
was not used in the experiments presented. Expression is driven by the alcohol oxidase 1
gene and periodic supplements of methanol were added during growth due to
evaporation. Transformation of the vectors into Pichia utilized chemically competent
cells supplied by the manufacturer initially and later cells made competent in the
laboratory. Transformants were selected on yeast extract peptone dextrose (YPD)

medium supplemented with Zeocin as an antibiotic selection marker. Following the
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selection of transformants, culture size was increased from 5 ml to 250 ml to generate
sufficient biomass for purification. Arabidopsis FtsZ sequences were submitted to
ChloroP, a program that predicts the size of the chloroplast targeting sequence (142).
This step was essential as previous work demonstrated that functional FtsZ is transported
from the nucleus to the chloroplast and the targeting sequence is cleaved before division
events proceed (114).

The manufacturer supplied three Pichia strains (X33, GS115, KM71H) and
pPICZ bearing FtsZ1 and FtsZ2 on separate plasmids were transformed and each of the
three strains were tested for expression. Two FtsZ1 constructs were used, the wild-type
and a construct carrying a S115F substitution that was present in the cDNA clone used to
create the original construct. The correct clone was subsequently obtained and
transformed into Pichia strain X33. Experiments revealed biochemical properties to be
similar for the wild-type and S115 FtsZ1 mutant. These results were surprising given
that the serine at this position is close to residues that in Methanococcus jannaschii are
known to contact guanine nucleotides (97). The serine is conserved in most plant and
many bacterial FtsZ sequences.

Our results indicated that the X33 strain supported expression at levels deemed
appropriate for further processing while the GS115 and KM71H strains demonstrated
lower expression and were not used for experimentation. Optimization of expression
levels in the X33 strains included using various amounts of methanol (1-5% (v/v)) every
12 h (up to 72 h) and taking a sample for protein isolation. Cells were pelleted, washed

and lysed using breaking buffer (see section 2.4.2) and 0.5 um glass beads. Samples
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were assayed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and those with the most biomass were selected for large scale cultures. The
optimal growth conditions were slightly different for each strain and concentrated FtsZ
protein solution was routinely 1-3 mg/ml. FtsZ purification was achieved via a nickel
coated column affinity resin (nickelnitriloacetic acid (Ni-NTA), Invitrogen) that
exploited the 6xHis tag. Protein was removed from the resin by increasing
concentrations of imidazole (see section 2.4.2).

2.2.2 SDS-PAGE, dot and Western blotting confirm the presence of FtsZ

Protein detection assays have become an indispensible tool for several fields of research.
Molecular biology has greatly benefited from the ability to specifically identify a desired
protein from heterogeneous mixtures (e.g. cell extracts). The most common form of
detection is the Western blot and this technique is derived from Laemmli's description of
SDS-PAGE (143) and Towbin's method for electrophoretically transferring proteins
from polyacrylamide gels to membranes (144). Following protein transfer the desired
protein is detected using an antibody (the primary antibody) which is in turn detected by
a secondary antibody conjugated to a molecule that allows signal visualization (e.g.
alkaline phosphatase, horseradish peroxidase, etc.). Dot blots achieve protein detection
in a similar manner but do not require SDS-PAGE or an electrophoretic transfer as
protein is directly spotted onto a membrane. This technique does not allow for
determination of protein size or whether multiple proteins were detected by the antibody.
For these reasons, Western blotting is needed for most research applications although dot

blotting is an important tool that affords a significant reduction in experiment time.
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Subsequent to protein elution from the Ni-NTA column, fractions were subjected
to SDS-PAGE analysis to monitor transgene expression for FtsZ1 (Fig. 2.1) and FtsZ2
(Fig. 2.2). The gels indicate that the wash steps removed loosely bound protein from the
column and the first two to three elution fractions contained protein other than FtsZ and
were not used for experimentation. Later elution fractions were resolved as a single band
and were dialyzed to remove residual imidazole before further investigation.

Dot and Western blotting were used to confirm the identity of the band observed
in the SDS-PAGE gels. Dot blots were used to detect the protein by the c-myc tag on the
C-terminal end of the FtsZ constructs. The secondary antibody was conjugated with
alkaline phosphatase and developed using aqueous 5-Br-4-Cl-3-indolyl-phosphate
(BCIP) and nitroblue tetrazolium (NBT) and the same recognition and development
schemes were employed in Western blots. Single bands were detected for both FtsZ1
(Fig. 2.1) and FtsZ2 (Fig. 2.2) in Western blot elution fractions.

Concurrent to these experiments a control using identical procedures was carried
out using a non-transformed X-33 Pichia strain. No protein in the appropriate range for
FtsZ was found on SDS-PAGE gels following affinity purification and no signal was
detected on immunoblots probing with the anti-c-myc antibody. These results suggest
that the purification protocol was specific for FtsZ and the protein purified was free of

potential Pichia contaminants.
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Figure 2.1. Purification of recombinant FtsZ1 expressed in Pichia pastoris.
Coomassie stained FtsZ1 SDS-PAGE (a-n) and Western blot (0-u) probed with anti-c-
myc antibody. (a) Diluted whole cell lysate, (b) flowthrough, (c-g) wash fractions (h-n)
eluate fractions 1-7 and (o-u) Western blot corresponding to eluate fractions 1-7.
Molecular mass marker positions are given in kDa. The arrow indicates the FtsZ1 band.
The box indicates fractions that were used for dialysis and subsequent experiments (90).
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Figure 2.2. Purification of recombinant FtsZ2 expressed in Pichia pastoris.
Coomassie stained FtsZ2 SDS-PAGE (a-j) and Western blot (k-0) probed with anti-c-
myc antibody. (a) Diluted whole cell lysate, (b) flowthrough, (c-e) wash fractions (f-j)
eluate fractions and (k-0) Western blot corresponding to eluate fractions. Molecular
mass marker positions are given in kDa. The arrow indicates the FtsZ2 band. The box
indicates the fraction used for dialysis and subsequent experiments.
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2.2.3 Microwave-assisted protocols reduce blotting times
Cold Microwave-assisted (CMWA) research has been employed in laboratories for over
thirty years and originated in histological studies (145). The ability of CMWA protocols
to preserve cell structure made the technology a valuable tool for EM and light
microscopy (LM) (146). CMWA research overcame the problem of poor heat
conduction in biological materials and allowed the penetration of microwave energy
several centimeters into histological samples (147). Early attempts lead to reductions in
experiment time though a thorough study into experimental variables was needed for
results to become reproducible (148). Studies aimed at understanding microwave energy
behavior and microwave effects on chemical reagents were largely responsible for
greater sample reproducibility (149). For example, a study comparing conventional (56-
72 hours) and CMWA (4 hours) tissue processing protocols concluded that CMWA
protocols performed equally well or surpassed conventional protocols (150).
Microwave-assisted (MWA) protocols have previously been successful in several fields
of research including resin polymerization for electron microscopy (151) and antibody
labeling of fixed biological tissue (152). Improvements in protocols made it possible to
use less chemical reagents and increase the number of specimens that can be processed
simultaneously saving significant time and resources.

During the development of the FtsZ purification strategy a line of experiments
were pursued that led to shortened protein detection times using CMWA protocols
(140,141). The protocol does not use additional chemicals that may interfere with

conventional steps suggesting that CMWA protocols may be applicable to other
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techniques. Conventional protocols require total blotting times of several hours to
overnight while the CMWA protocol reduces the time to approximately 45 minutes
(Table 2.1). The basic steps of protein detection described in the conventional

approaches have been preserved in CMWA protocols.

Table 2.1. Comparison of the traditional and the CMWA dot and Western blot
protocols. The six minute cycle consists of 2 minutes on, 2 minutes off and 2 minutes

on at 37°C and at a calibrated power of 220 Watts. Wash steps are at 37°C and a power
of 220 Watts.

Traditional CMWA
Blocking Overnight at 4°C (or 2 h at 6 min cycle
21°C)
Primary antibody Overnight at 4°C 6 min cycle
Wash (TBS+ 2% (v/v) 4 times for 10 min each (21°C) | 4 times for 1 min
Tween) each
Secondary antibody 1 hat21°C 6 min cycle
Wash (TBS+ 2% (v/v) 2 times for 10 min each (21°C) | 2 times at 1 min each
Tween)
Wash (TBS) 2 times for 10 min each (21°C) | 2 times at 1 min each

While heat-sealed bags were used in the conventional protocol, the proper vessel
for CMWA protocols required microwave compatibility and minimum volume capacity.
Mini-blotting containers (Research Products International) were used for Western blots
and polypropylene dishes (Ted Pella, Inc.) were employed for dot blots. Each of these

containers were re-used for several experiments and no noticeable effects on the results
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were observed. The CMWA protocols used a two-fold higher antibody concentration so
lowering the volume requirements was of interest in making the technique economically
viable. Early versions of the protocol used 1 ml of solution per step for dot blots and 20
ml for Western blots. In an effort to decrease the volume needed for Western blotting,
containers were rendered hydrophilic by glow-discharging (in air) for 10 s at reduced
atmospheric pressure immediately prior to use and this allowed a reduction in volume to
10 ml per step for Western blots. Dot blot containers were glow-discharged and still used
1 ml per step to allow total coverage of the membrane and to prevent background. It
should be noted that CMWA Western blots did require a threefold increase in reagent
use as compared to conventional protocols.

CMWA blotting used a six minute microwave cycle (2 min on, 2 min off, 2 min
on) at a calibrated setting of 220W for blocking and antibody incubation steps compared
to one hour or more for each step in conventional protocols. Blot development was
performed at 21 °C as described for the conventional protocol. Dot blots processed
concurrently using the CMWA protocol, but in the absence of microwave radiation did
not produce a detectable signal (data not shown). The results of a CMWA Western blot
using an anti-c-myc antibody demonstrated that specific proteins can be detected by the
protocol and that non-specific proteins are not detected as a variant of lambda holin
S105 bearing a His tag produced no signal. Analysis of dot blot and Western blots
suggest that the uniform background corrected, integrated signal intensities in both the
conventional and CMWA Western and dot blots are comparable. The complete CMWA

protocol developed in our laboratory has been published (140).
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Previous MWA protocols such as the ELISA protocol described by Van Dorp et
al. (153) or the Western blot analyses reported by Li et al. (154) and Toyokuni et al.
(155) utilized a microwave environment that does not provide a homogeneous,
temperature-controlled microwave field at calibrated power settings (Watts). The latter
studies could therefore not discount the involvement of microwave heat in addition to
microwave energy and need to be seen in contrast to the CMWA protocol developed in
our laboratory (140,141). In addition, the reports by Li et al. and Toyokuni et al.
describe extended blocking and antibody incubation steps resulting in longer protocols.
2.2.4 Arabidopsis thaliana FtsZ assembly reactions promote two distinct types of

filaments

Given its important role in chloroplast division, observation of FtsZ at a higher
resolution than allowed by light microscopy is important to understand the morphology
and manner in which they assemble. Similar studies using bacterial FtsZ revealed the
morphology of filaments that assemble into the Z-ring. Bacterial studies also
demonstrated that sheets, filaments and mini-ring assemblies are induced depending on
the experimental conditions used and mutations made to bacterial FtsZ (100-102). One
of the goals of this research is to examine the self-assembly capabilities of Arabidopsis
FtsZ and compare them to the bacterial FtsZ results. Arabidopsis harbors two families of
FtsZ proteins and each has to be investigated separately and in combination as a study
using a yeast-two hybrid and bimolecular fluorescence complementation approach
concluded that FtsZ1 and FtsZ2 interact with themselves and each other (113). Bacterial

FtsZ studies have identified regions important for self-interaction (156).
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FtsZ1 and FtsZ2 from Nicotiana tabacum have been expressed in E. coli (122)
and while it was reported that FtsZ1 was able to self-assemble into filaments, FtsZ2
formed globular aggregates, which is in stark contrast to our observations. It is possible
that Nicotiana tabacum and Arabidopsis FtsZ have different assembly properties, but a
more likely explanation is that instead of the mature form of the proteins, the authors
used recombinant proteins that included the N-terminal transit peptide. Olson et al. also
reported that both FtsZ1 and FtsZ2 assembled into filaments as was observed in our
studies (91).

Using a buffer system that was successful in the bacterial system, 100 mM MES,
1 mM EGTA, 5 mM magnesium acetate, pH 6.5 (MEMK) (157), Arabidopsis FtsZ
assembly was demonstrated in vitro (90). Studies in our laboratory have investigated
FtsZ protein assembly in equimolar concentrations and each protein individually in the
absence and presence of GTP (C1oH16N5014P3) and a nonhydrolyzable analog GTPyS
(C10H16N5013P3S) that replaces an oxygen on the gamma phosphate with a sulfur (Fig.
2.3). Presence of both FtsZ1 and FtsZ2 promoted assembly, as did reactions with only
one of the FtsZ species present. Two distinct types of filaments termed type-I and type-11
were observed in both FtsZ1- and FtsZ2-only self-assemblies as well as in FtsZ1 and
FtsZ2 mixtures (1:1) (Fig. 2.4) and initial analysis of the filaments hinted at their

possible helical nature. FtsZ assembly assays lacking nucleotides or Mg®* failed to



44

promote filament assembly in individual FtsZ preparations and when both proteins were
present. Published reports indicate that without molecular crowding agents, the bacterial
FtsZ self-assembly is not achieved in the presence of GTPyS (158,159). FtsZ1 and/or
FtsZ2 assembly reactions containing GTPyS did not produce any assemblies except
single particles. Assembly reactions containing GTPyS and polyethylene glycol (PEG)
1000 as a molecular crowding agent ranging from 1-8% did not produce larger
condensates as observed in bacterial FtsZ (159). These experiments were repeated with a
different assembly buffer successful with bacterial FtsZ assembly, HEPESAc (89), and
the results were similar to those observed with MEMK.

An attempt to obtain more regular assemblies (filaments, helical tubes, two-
dimensional crystalline sheets, etc.) that would facilitate data retrieval to higher
resolution was conducted. Experimental variables included manipulating the relative
FtsZ concentrations in the co-assembly procedure, supplementing the assembly buffer
with Ca®* which caused sheet formation in bacterial FtsZ and varying the concentration
of Mg?*. None of the conditions tested supported assemblies except the filament types
described above. These results suggest the assembly pathway of bacterial and

Arabidopsis FtsZ are mechanistically different.



45

A ;
0
OOB @ o

|| i 0
HI v || It
o H 0O 1l
A > ettt T o0y h—oH
s OH OH NN . on OH O
HO  OH
0
0 D 0
\ i3 N o 58 9
/k > ~O ~p-P—OH )\ | \> o ﬂ(%fFIL\O,p_OH
HoM OF " OH N OHyy OH A
HO  OH

Figure 2.3 GTP and derivatives used in this study. (A) GTP, (B)GMP-PNP replaces
the oxygen bridging the beta and gamma phosphates with a nitrogen, (C) GTPyS
replaces the double bonded oxygen on the gamma phosphate with a sulfur, (D)
GMPCPP replaces the oxygen bridging the alpha and beta phosphates with a methylene

group.
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Figure 2.4. Electron micrographs of negatively stained FtsZ1 and FtsZ2 assemblies
in the presence of GTP. For all panels, arrowheads highlight type-I filaments and
arrows highlight type-I1 filaments. (A) Filaments from a reaction containing FtsZ1 and
FtsZ2 in an equimolar mixture, (B) filaments from a reaction containing only FtsZ1, (C)
filaments from a reaction containing only FtsZ2. The background displays filament
precursors. Scale bars correspond to 100 nm (90).
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2.2.5 Precursor assembly molecules are observed in assembly reactions
Assembly reactions in the presence of GTP have shown two distinct types of filaments
while favoring type-11 filaments (Table 2.2). Considerable heterogeneity in regards to
particle types was observed (Fig. 2.5). The particles present when each protein was
assembled alone and in combination are thought to comprise the soluble stromal FtsZ
pool in chloroplasts. Using GDP in the assembly reactions favored the formation of
type-1 filaments (Table 2.2) with a significant background of unassembled intermediate
particles. Upon surveying the sizes and shapes of the observed projections, it was noted
that a fraction of the particle population displayed dimensions and shapes that were
different from the ones observed under GTP-containing conditions and experiments
lacking appropriate nucleotides (Figs. 2.5 and 2.6).

Fluorescence recovery after photobleaching (FRAP) was used to demonstrate
that subunit exchange in and out of the Z-ring in B. subtilis and E. coli and the results
reveal that it is rapid, indicating that the ring undergoes continuous remodeling

(109,160) with half-time of FtsZ turnover tll2 of approximately 8 s (160), similar to a

rate of assembly determined by Forster resonance energy transfer with FtsZ labeled via
small fluorescent dyes in vitro (161). Investigating whether these particles represent the

stromal soluble FtsZ pool was studied and will be discussed in chapter Il1.
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Figure 2.5. Overview electron micrograph of FtsZ2 assembly particles in the
presence of GTP. Micrograph of a FtsZ2 assembly reaction in the presence of GTP
displaying assembly intermediates in an area devoid of type-I and type-II filaments.
Scale bar corresponds to 20 nm.

Figure 2.6 Overview electron micrographs of intermediates in assembly reactions
lacking nucleotide and in the presence of GDP. The left panel represents a FtsZ1
assembly reaction lacking nucleotide. Projections resembling class averages discussed in
chapter Il are circled. The right panel displays an area from a FtsZ1 + GDP assembly
assay devoid of filaments. Triangles highlight projections that could correspond to head-
to-tail dimers as discussed in chapter I11. Squares depict a minor species that does not
appear in other assembly conditions. The dimensions of these particles are roughly
consistent with a monomeric population.



49

Table 2.2. Distribution and diameter measurements of type-1 and type-I1 filaments

with GTP and GDP containing MEMK buffer and under assembly conditions.

Type-I (%)*

Type-I1 (%)*

FtsZ 1+2 (GTP) 38 62
FtsZ 1 (GTP) 27 73
FtsZ 2 (GTP) 41 59
FtsZ1+2 (GDP) 71 29
FtsZ 1 (GDP) 66 34
FtsZ 2 (GDP) 58 42
Filament Diameter’ 144nm +0.8 11.2nm £ 0.3

4n =100
bnh=70

Standard deviation for type-I1 filaments in GTP is 6.01
Standard deviation for type-1 filaments in GDP is 5.35
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2.2.6 Type-I and type-I1 filaments are promoted in the presence of GTP and GDP
at different rates

Negatively stained FtsZ1, FtsZ2 or the FtsZ co-assembly in the presence of either GDP
or GTP were examined by EM to determine the relative abundance of the two types of
filaments observed. While type-I1 filaments were favored in the presence of GTP, type-I
filaments were more abundant in GDP assemblies. These trends hold true for the
individual FtsZ protein assemblies as well as the FtsZ co-assembly and the results are
summarized (Table 2.2).

In all of our in vitro experiments, FtsZ1 and FtsZ2 consistently formed straight or
slightly undulating type-1 and type-Il filaments in assembly reactions containing either
GDP or GTP and no evidence of GDP-dependent curvature was found as was described
in the bacterial literature (102). Data presented here supports the idea that FtsZ1 or FtsZ2
alone or in combination with each other are unlikely to provide force for constriction of
the chloroplasts.

2.2.7 Arabidopsis thaliana FtsZ are GTPases

One of the hallmarks of bacterial FtsZ is GTPase activity and plant FtsZ proteins have
been expected to be GTPases due to their homology (96). In particular, the presence of
the tubulin signature motif suggested that nucleotide binding occurred. A continuous
GTPase assay was used as a gauge of functionality for the purified FtsZ proteins (162).
This assay avoids substrate depletion and ensures accurate representation of data in the

case of a lag in GTPase activity that are both potential problems in a fixed time point
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assay. It has been previously used for S. cerevisiae mitochondrial division protein Dnm1
(162) and for bacterial FtsZ (106).

The recombinant, purified FtsZ1 and FtsZ2 each displayed a GTPase activity, 66
+ 1.5 nmoles GTP hydrolyzed - min™ - mg™ protein and 12 + 0.5 nmoles GTP
hydrolyzed - min™ - mg™ protein, respectively (Fig. 2.7) (90). When equal amount of
both proteins were mixed, the activity was substantially lower (16.5 + 0.3 nmoles GTP
hydrolyzed/min/mg protein) as compared to a simple average of the individual activities
(39 nmoles GTP hydrolyzed/min/mg protein), suggesting that GTPase activity of FtsZ1
may be moderated upon its interaction with FtsZ2. The GTPase activities are comparable
to that reported for bacterial/archaeal FtsZ, which ranges from ~13 nmol/min/mg of
protein in Mycobacterium tuberculosis (163) to ~90 nmol/min/mg of protein in E. coli
(164). FtsZ GTPase activity was lower when GTP was replaced by the slowly
hydrolyzable analog B-y-methyleneguanosine 5' triphosphate (GMPPCP)
(C11H18N5013P3) that replaces the bridging oxygen between the beta and gamma
phosphates of GTP with a methylene group (Fig. 2.3) (165). Recent reports show that
archaeal FtsZ GTPase is suppressed in the presence of sodium ions (100). This was also
the case in plant FtsZ1 and FtsZ2: when the potassium component of the GTPase
buffering system was replaced with sodium, GTP hydrolysis fell to essentially zero (data

not shown).
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Figure 2.7. GTPase activity of FtsZ1 and FtsZ2. Enzyme-coupled assay
monitoring NADH oxidation vs. time for (A) FtsZ1, (B) FtsZ2, and (C)

FtsZ1 and FtsZ2 in the presence of GTP (top black line). Two controls were
carried; FtsZ in the presence of GMPCPP (middle gray line) to show
significance of GTP and an empty well control (bottom white line) to ensure
experimental compatibility between different experimental set-ups (i.e. this
report versus Ingerman et al. [18]). Readings were taken every 20 s for at least
15 min. The slope was subsequently used to calculate GTPase activity as
described (see section 2.4.4) (90).

52
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2.2.8 Determination of the critical concentration of the FtsZ co-assembly and FtsZ
assembly efficiency

In vitro biochemical properties of bacterial FtsZ proteins have been characterized in
terms of critical concentration, assembly efficiency and dynamics (164,166). The
availability of soluble Arabidopsis FtsZ protein allowed characterization of these
parameters. Determination of the percentage of protein incorporated into filaments and
the critical concentration required for filament formation is important especially in light
of the recent report in which molar concentrations and stoichiometry of FtsZ1 and FtsZ2
in Arabidopsis chloroplasts have been quantified (117).

The critical concentration was determined for the FtsZ1+FtsZ2 co-assembly (1:1) in
the presence of GTP by ultracentrifugation and densitometry of the pellet (assemblies)
after SDS-PAGE and Coomassie staining (Fig. 2.8). A bovine serum albumin (BSA)
dilution series was used for calibration and to confirm linearity of the assay. Similar to
the method used to determine the critical concentration of bacterial FtsZ, the amount of
FtsZ in the pellet was plotted against the initial amount of FtsZ protein and the critical
concentration was calculated as the x-intercept of the linear regression. The critical
concentration for the FtsZ co-assembly was 82.75 pg/ml (= 1.95 uM), comparable to
that for bacterial FtsZ measured using light scattering (167) (2.5 pM), sedimentation
(166) (1.5 uM) or isothermal calorimetry (157) (0.3 uM).

The assembly efficiency of FtsZ proteins in the presence of GTP was monitored
by gel densitometry analysis of pellet and supernatant fractions following sedimentation.

Assembly efficiency of FtsZ2 was 42.2 £1.9% , which is similar to that of E. coli FtsZ
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(51%) under GTP containing conditions (166). The assembly efficiency of FtsZ1, which
is more divergent from the bacterial protein, was substantially lower, and reached only
14.3 £ 2.5%, while co-assembly of FtsZ1l and FtsZ2 at an equimolar ratio gave

intermediate results, 33.4 £ 0.9% (Fig. 2.9).
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Figure 2.8. Critical concentration of the FtsZ1 and FtsZ2 co-assembly in the
presence of GTP. Total FtsZ concentration is plotted on the X-axis and FtsZ found in
the pellet fraction after sedimentation is plotted on the Y-axis. The X-intercept (82.75
ug/ml) is given as the critical concentration of FtsZ needed for assembly as described
previously (166). The correlation coefficient was determined to be 0.944.

2.2.9 Volume measurements of the subunits of type-11 filaments

Type-II filaments were markedly different than type-I filaments and displayed discrete,
easily identifiable densities that appeared to constitute the subunits - i.e. the smallest
repeating units - from which the filaments have assembled. Each of these filament

subunits are elliptical in projection with the long axis measuring 6.1 nm and the short
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axis 4 nm. Assuming a prolate ellipsoid as the three-dimensional subunit shape and a
partial specific volume (v) of 0.74 ml/g (168,169), the molecular mass (m) can be
estimated according to the formula m (Da) = volume of the protein (ml) x Avogadro’s
number x 1/v (170). Using this approach, one arrives at a molecular mass of 41.5 kDa
per subunit which is in excellent agreement with the molecular mass of either FtsZ1 or
FtsZ2. The molecular dimensions also agree well with the X-ray data for bacterial FtsZ
where the bulk of the protein along the three principal axes measures approximately 3.5

X4 x 6 nm (94).

FtsZ1 FtsZ2 FtsZ co-assembly
sup peI

Figure 2.9. Assembly efficiency of FtsZ proteins. Following assembly procedures and
centrifugation, supernatant fractions were recovered and pellet fractions were
resuspended in fresh polymerization buffer. Fractions were subjected to SDS-PAGE as
described previously (90). Representative SDS-PAGE bands for supernatant (sup) and
pellet (pel) fractions for FtsZ1, FtsZ2 and the FtsZ co-assembly are shown.
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2.3 DISCUSSION

2.3.1 Soluble FtsZ allows for biochemical characterization

Our laboratory and others have designed protocols that allow expression and purification
of adequate amounts of FtsZ and partial characterization of the assembly mechanism and
biochemical properties have been reported (90,91,122). The other reports used plant
FtsZ expressed in E. coli. Overexpressing FtsZ from plants in bacterial systems has
previously been shown to decrease growth rate, produce long filaments and change cell
morphology with overexpression of FtsZ2 having a more severe effect (122). The
proteins in E. coli were mostly misfolded and sequestered into inclusion bodies, making
purification of functional FtsZs difficult, albeit possible (100,102,122). Whether
bacterial and plant FtsZ can interact through self-assembly domains is unknown and a
control has not been included in published reports.

To overcome the shortfalls of bacterial FtsZ expression and to increase protein
yield, the Pichia pastoris yeast expression system has been used in our current studies.
Pichia does not have endogenous FtsZ, thus overexpression of the protein is not toxic to
the cell and use of a eukaryotic expression system would allow relevant posttranslational
modifications of the expressed proteins that more closely represent native characteristics.
The commercial Pichia expression vector pPICZ yields proteins C-terminally tagged
with both myc and 6xHis tags to facilitate purification and detection. Small tags have
been demonstrated not to affect biological activity with bacterial FtsZ (171).

El-Kafafi et al. concluded that FtsZ2 did not assemble into filaments which is not

in agreement with the work presented here and Olson et al. observed that both FtsZ1 and
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FtsZ2 assembled into filaments though not the morphologies observed in our studies
(91,122). 1t should be noted that El-Kafafi et al. used FtsZ from Nicotiana tabacum and
not Arabidopsis though the FtsZ between these species is well conserved at the protein
level. Our work and Olson et al. demonstrate GTPase activities for both FtsZ families
and critical concentrations of 1.95 uM and approximately 0.75 uM, respectively while
El-Kafafi et al. did not include these experiments in their analysis (91,122).
2.3.2 Microwave-assisted protocols can be applied to other molecular techniques
Early users of MWA protocols faced difficulty in reproducing results in part due to
inhomogeneities in the strength of the microwave field and uncontrolled heating
(148,150,172,173). These problems were largely solved with the ColdSpot™ technology
(developed by Ted Pella, Inc.) that creates uniform microwave irradiation and allows a
rigorous temperature control of the sample (174). Earlier attempts to incorporate MWA
principles into conventional techniques did not use the ColdSpot™ technology and had
extended blocking and antibody incubation steps (154,155). Protocols using CMWA
technology employ identical chemistry when compared to conventional techniques and
may be adapted for a wide range of other screening/visualization applications. An
example is the CMWA enzyme-linked immunosorbent assay (ELISA) protocol that was
developed in our laboratory (140).

CMWA dot blotting is an attractive choice for screening large numbers of
protein-expressing strains in a rapid fashion. In our experience, the same volumes of
reagents are used and considerable time savings are achieved. However, CMWA

Western blotting requires more antibody than conventional protocols owing to increased
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volume requirements. This may pose a problem for laboratories dealing with an antibody
that is in short supply, though the time savings may make the CMWA protocol more
cost effective.

This line of experimentation provided further evidence in support of a microwave
radiation effect versus a thermal effect. CMWA and corresponding microwave-
unassisted experiments were carried out under the same conditions with regards to
blocking steps, buffer composition, incubation steps and antibody concentration. A
signal was detected only in the presence of microwave radiation, suggesting that
antibody-antigen interactions are improved solely by microwave radiation. Experiments
that were carried out at increased temperatures observed a further signal enhancement
likely owing to an additional thermal effect.

2.3.3 The precursor molecules constitute the soluble pool that remodelss the Z-ring
Plant FtsZ has been actively researched at the organelle level using LM and other
techniques and a large collection of phenotypic mutants is available to the research
community. However, a lack of purified and biologically active protein has led to a lack
of information at the molecular level. The expression protocols developed in our
laboratory and by others will allow inquiries at the molecular level and structure-
function relationships to be examined.

Bacterial FtsZ has been shown to contain a cytoplasmic soluble pool of FtsZ that
constantly exchanges molecules in the Z-ring (109). A soluble FtsZ pool had been
hypothesized to exist in chloroplasts and evidence of dynamic exchange in Arabidopsis

Z-rings was recently provided by FRAP experiments in our laboratory (Carol B. Johnson
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and Stanislav Vitha, manuscript in preparation). These experiments did not identify the
FtsZ pool in terms of the oligomeric states present. Assembly experiments in the absence
of appropriate nucleotides, Mg®* or an assembly procedure did not promote filaments
but many particles were observed in the background that possibly were precursor
molecules to filament formation. Particles, representing assembly intermediates, were
observed in assembly reactions in the presence of nucleotides in lesser numbers.

The prolate ellipsoid calculation given above for type-11I filaments suggested that
the observed densities incorporated into these filaments were in the size range of FtsZ1
and FtsZ2. The mechanism of incorporation of precursor molecules into type-1 and type-
Il filaments is not currently understood. Chapter 111 of this work concerns itself chiefly
with understanding the mechanism of Arabidopsis FtsZ assembly and identifying the
oligomeric states present in the FtsZ soluble pool.

2.3.4 Type-I filaments may be helical and type-I11 filaments have distinct sub-
filament units

While type-11 filaments displayed identifiable densities that appeared to constitute the
subunits, type-1 filaments were smoothly delineated but often revealed a longitudinal
striped pattern (marked by arrowheads in Fig. 2.10). Using Fourier peak filtering, a map
(Fig. 2.11B) was calculated that emphasizes a 3.5 nm separation between stain-
excluding densities that typically appear at type-I filament ends (highlighted by arrows
in Fig. 2.11A). Given the generalized shape and dimension of archaeal FtsZ
(Methanococcus jannaschii) monomers being a prolate ellipsoid of 3.5 x 4 x 6 nm (94),

it is conceivable that each stain-excluding density corresponds to a FtsZ monomer in an
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end-on projection of the ellipsoid, i.e. when viewed perpendicular to its short half-axis.
Regarding their overall appearance, type-1 Arabidopsis filaments were comparable to
those assembled from Nicotiana tabacum FtsZ1 by El-Kafafi et al. (122) and to B.
subtilis FtsZ filaments assembled in a GTP-containing environment (175). It is
interesting to note that FtsZ filaments from B. subtilis displayed a striped pattern similar
to those observed using Arabidopsis FtsZ under similar experimental conditions
(compare right and left panels in Fig. 2.10). The separation between the striped densities
was calculated as approximately 4 nm in Arabidopsis filaments (Fig. 2.11B) and
approximately 4.3 nm in B. subtilis filaments, which suggests a similar protofilament
arrangement. This thought is further supported by structural studies of bacterial FtsZ
demonstrating protofilament widths between 4.2 and 4.7 nm (100,102,176,177). In
contrast to type-I, type-1l filaments had easily identifiable subunits and Fourier analysis
suggested a separation of 6 nm between the units (Fig. 2.11C, D). This dimension agrees
well with the overall monomer dimensions given above but would argue for a different
packing. While in type-I FtsZ molecules are assembled with the short axes of the
molecule aligned parallel to the filament axis, in type-Il the positioning appears to have
changed so that the long 6-nm axis of the molecule runs parallel with the filament.

At this point one has to differentiate between the fate of FtsZ molecules once
incorporated into the filament and the process of incorporation of molecules into the
filament. While this section describes the static assembled product, chapter 111 will be
concerned with defining the components and the timing relevant for the dynamic

mechanism of FtsZ assembly. The chapter will also allude to a structural evaluation of



61

the precursors prior to incorporation but en route to filament assembly. Proposed models

for FtsZ incorporation into type-I and type-I1 filaments are presented in chapter I11.

Figure 2.10. Type-I filament co-assembly in the presence of GTP. Reocurring striped
pattern is highlighted by arrowheads in both panels. Left panel displays an Arabidopsis
FtsZ1 type-I assembly in the presence of GTP. Right panel displays a B. subtilis FtsZ
filament assembly in the presence of GTP. Scale bar for right panel corresponds to 50
nm (175).
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Figure 2.11. Electron microscopic analysis of negatively stained in vitro FtsZ1+
GTP assemblies. (A) Type-I filament displaying helical (arrows) ends and striped
(arrow-heads) mid-filament patterns. (B) Fourier peak filtered map suggesting a helical
architecture and emphasizing a 3.5 nm subunit separation found in type-1 filament ends.
It is interesting to note that the striated pattern observed at mid-filament locations
(marked by arrowheads in A, and arrows in Figure 2.9) also shows a 3.5 nm repeat. The
morphology of type-II filaments is strikingly different (C,D) readily revealing individual
sub-filament units (arrows). Fourier analysis of type-1I filaments suggests a subunit
separation of 6 nm along the filament axis. Scale bars correspond to 20 nm.
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2.3.5 FtsZ most likely does not supply the power needed for chloroplast constriction

in a manner similar to bacterial constriction

An important aim of plastid division research is to determine the components that power
the process by supplying energy for generating the constriction force necessary for
division. Identifying the relevant proteins allows for inquiries into their functions as they
relate to the division process. Bacterial Z-ring constriction is thought to occur by ring
curvature triggered by a transition from straight filaments to curved filaments powered
by GTP hydrolysis as straight filaments were observed in the presence of GTP and a
nonhydrolyzable analog while assemblies in the presence of GDP produced curved
filaments (87). Reconstitution experiments in liposomes using relevant bacterial
components to show curvature has been published (89) and a potential experiment using
Arabidopsis proteins is described in chapter 1V.

A similar pattern of filament assembly was not observed in our studies as
filaments were promoted in the presence of both GTP and GDP but no filament
curvature was noted in the later suggesting that bacterial and plastid division derives
constriction force from different sources. This is in agreement with current models for
plastid division that imply ARCS for this role. ARC5, in conjunction with PDV1 and
PDV2, comprises the cytosolic division ring (37,70). Late stages of chloroplast
constriction have been shown to be arrested in the absence of ARC5 (67). The possibility
of a coordinated mechanism between the stromal and cytosolic rings can not be

discarded at this time but could be addressed in the proposed reconstitution experiments.
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2.3.6 The role of GTP hydrolysis in FtsZ assembly remains unresolved

The results from the assembly studies suggest that interaction with guanine nucleotides
is necessary for FtsZ1 and/or FtsZ2 assembly since reactions performed without
GTP/GDP or with a non-hydrolysable analog in bacterial FtsZ, GTPyS, did not yield any
assemblies. However, the role of GTP hydrolysis in relation to FtsZ assembly remains
unknown. Previous reports have demonstrated that another non-hydrolysable analog,
guanylyl-imidodiphosphate (GMP-PNP) (C1oH13NgO13P3) (Fig. 2.3), is not a suitable
substrate for bacterial FtsZ (158,178) and glutathione S-transferase tagged E. coli FtsZ
does not polymerize when GTP is replaced by GMP-PNP (179). GMP-PNP is
differentiated from GTP by replacing the oxygen atom bridging the beta and gamma
phosphates with a nitrogen atom.

While further work is needed to address the complete role of GTP hydrolysis, the
lack of filaments in assembly reactions devoid of nucleotides demonstrates that the
filaments observed in the presence of GTP and GDP are the result of an active FtsZ
protein assembly and not due to a contaminant or aggregates of misfolded, denatured
protein. If GTPyS is a true substrate for Arabidopsis FtsZs, the results herein would hint
at GTP hydrolysis as an essential requirement for assembly in vitro as no filaments were
observed in GTPyS reactions. The nucleotide binding region, the T7 loop, has been
identified in bacterial studies and is conserved in plant FtsZ families. A rigorous
mutational study examining this region and monitoring affects on FtsZ assembly under

different conditions would provide answers to some of the outstanding questions.
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2.4 EXPERIMENTAL PROCEDURES

2.4.1 Plasmid constructs

FtsZ1 cDNA (Genbank Accession U39877) nt 180 to end, corresponding to the
predicted mature protein without the chloroplast targeting sequence, was amplified using
5’-atgaattctataatgtctagaatcagtcaattccg-3’ (forward), and
5’-gaggtaccgagaagaaaagtctacgggg-3’ (reverse) primers and the Pfx50 proofreading DNA
polymerase (Invitrogen, Carlsbad, CA). The forward primer introduces an EcoRI
restriction site (underlined) and an initiation ATG as part of a yeast consensus sequence
(double underlined) (180). The reverse primer was designed to remove a stop codon and
to introduce a Kpnl restriction site. Similarly, FtsZ2 cDNA (NM_129183) fragment
containing nt 220 to 1435 of coding sequence, without the predicted chloroplast
targeting sequence, was amplified using primers 5’-atgaattctataatgtctttgaaccttcacccggaa-
3’ (forward) and 5’°- gaggtaccgagactcggggataacgag-3’(reverse).

Each PCR product was cloned into Smal-digested pBluescript 1l KS+ cloning
vector (Stratagene, La Jolla, CA) and the lack of PCR errors was verified by sequencing.
The FtsZ fragment was then excised with Kpnl and EcoRlI, gel-purified and cloned in-
frame into the pPICZ B expression vector (Invitrogen, Carlsbad, CA) for intracellular
recombinant protein expression. In-frame junction of the vectors and inserts was
confirmed by sequencing. The resulting expression constructs were then isolated,
linearized with Smal and used for transformation of Pichia pastoris strains X33, GS115,
and KM71H with the Easy Select Pichia expression kit (Invitrogen, Carlsbad, CA).

Protocols were carried out as described in the user manual. Transformants were selected
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on YPD plates supplemented with 18.2% (w/v) sorbitol and zeocin at 100 pg/ml as a
selection medium. Integration and expression were verified by PCR analysis and
Western blotting.

The FtsZ1 cDNA (U39877) contains a mutation resulting in S115F substitution.
The Serine at this position is conserved in most plant and many bacterial FtsZ sequences
and is close to conserved residues that in Methanococcus jannaschii are known to
contact guanine nucleotides (97). Therefore, an error-free FtsZ1 cDNA (AY113896) was
also obtained and amplification and expression vector preparation was performed as
above.
2.4.2 Protein expression and purification
Pichia X-33 strain expressing FtsZ1 or FtsZ2 were grown in 250 ml cultures using
buffered methanol complex medium (1% (w/v) yeast extract, 2% (w/v) peptone, 100
mM potassium phosphate (pH 6.0), 1.34% (w/v) yeast nitrogen base, 4 x 10°% (w/v)
biotin, and 1% (v/v) methanol) and supplemented with 3% (v/v) methanol every 12 h for
a total growth time of 60 h at 30 °C. Cell lysates were prepared by centrifuging the
culture and resuspending in 10 ml of breaking buffer (50 mM sodium phosphate (pH
7.4), 1 mM phenyl-methylsulfonyl fluoride (PMSF), 1 mM ethylenediaminetetraacetic
acid (EDTA), and 5% (v/v) glycerol). An equal volume of 0.5 pm glass beads were
added and the sample was vortexed for eight 30 s cycles interspersed by 30 s on ice. The
proteins were purified under native conditions using Ni-NTA agarose beads (Invitrogen,
Carlsbad, CA) as follows. Cell lysates were poured over a 10 ml Ni-NTA column to

selectively purify the tagged protein. After addition of the lysate, it was allowed to bind
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under gentle agitation for 30 min at 4 °C. Subsequently, four washes were performed
with 8 ml of native wash buffer (50 mM sodium phosphate, 0.5 M sodium chloride, and
20 mM imidazole, pH 8.0) and collected by gravity filtration. Finally, the protein was
eluted using native elution buffer (50 mM sodium phosphate, 0.5 M sodium chloride,
and 250 mM imidazole, pH 8.0) and collected in 1-ml fractions. Subsequently, fractions
determined to contain the respective FtsZ protein by SDS-PAGE were dialyzed against a
buffer comprised of 50 mM NaMES (2-(N-morpholino) ethanesulfonic acid), 100 mM
potassium chloride, 1 mM EGTA (ethylene glycol tetraacetic acid) and 2.5 mM
magnesium acetate (pH 6.5) using SnakeSkin® pleated dialysis tubing (Pierce,
Rockford, IL) with a 10,000 molecular weight cutoff. Protein concentrations were
determined using a NanoDrop 1000 (Thermo Scientific, Rockford, IL), the bicinchoninic
acid protein assay (Pierce, Rockford, IL) (181) or by the Bradford method (182).
Collected fractions were subjected to SDS-PAGE and Western blotting to identify pure
aliquots for assembly reactions.

2.4.3 Conventional Western and dot blots

For Western blotting, the proteins were first separated by SDS-PAGE (10% separating
and 4% stacking gels) using a Mini-PROTEAN 3 system (Bio-Rad, Hercules, CA) (143)

and the Precision Plus protein standards (Bio-Rad, Hercules, CA). The protein was
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transferred onto 0.2 pum nitrocellulose at 1 A for 50 min in 25 mM Tris—glycine/20%
methanol (v/v) (pH 8.3) using a Genie blotter (Idea Scientific, Minneapolis, MN). All
incubation steps were performed at room temperature (21 °C) unless indicated otherwise.
Blocking for 1 h with 2% (v/v) cold water fish gelatin (Sigma, St. Louis, MO) in TBST
(50 mM Tris-HCI (pH 7.4), 200 mM sodium chloride, 0.2% (v/v) Tween-20 (Research
Products International, Mt. Prospect, Illinois)) was followed by an overnight incubation
at 4 °C with mouse monoclonal anti-c-myc antibody (Invitrogen, Carlsbad, CA) at a
1:5000 dilution in TBST, three washes in TBST 10 min each, and a 45-min incubation
with mouse anti-rabbit alkaline phosphatase conjugate (Invitrogen, Carlsbad, CA).
Developing was carried out with 10 ml of reaction buffer (100 mM sodium chloride, 5
mM magnesium chloride, and 100 mM Tris—HCI (pH 8.8)), 60 ul of 5% (w/v) aqueous
BCIP solution (Research Products International, Mt. Prospect, Illinois) and 10 pl of
7.5% (w/v) NBT (nitroblue tetrazolium, Research Products International) in 100% (v/v)
methanol at 21 °C. Individual washes of membranes were carried out for 10 min in Tris-
buffered saline (50 mM Tris and 200 mM NaCl (pH 7.4)) or TBST.

2.4.4 GTPase assay

GTPase activity was measured using a continuous, regenerative GTPase assay (162)
(Fig. 2.12) at 37 °C with 50 pl reaction volumes in a 384-well plate (Greiner Bio-One,
Monroe, NC). This assay was modified from an earlier ATPase measuring protocol
(183). Absorbances at 340 nm were monitored using a Synergy HT Multi-Mode
Microplate Reader (BioTek Instruments, Inc., Winooski, VT). Data were plotted using

Microsoft Excel and corrected against a sample containing no protein. GTPase activities
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given are derived from triplicate experiments. In control reactions, GTP was substituted
by GMPCPP, which is hydrolyzed at a much slower rate than GTP (165). GTPase
activity was calculated as follows (example provided is for FtsZ2).

The slope of the FtsZ2 curve was 5 x 10 and that of a no protein added curve
was 2 x 107 resulting in a corrected slope of 3 x 10°. Division by the molar NADH
extinction coefficient [6220 Mcm™] yields 2.89 x 10" min/ M cm and division by the
path length of a 384-well plate [0.391 cm] results in 7.4 x 107 M/min. Relating this to

total protein [0.003 mg] yields 12.34 nmoles of GTP/min x mg protein.

Ftsd
7 TN
GTP GDP + Pi
A
Pyruvate kinase Lactate dehydrogenase
/—\ /—\
PEP Pyruvate + NADH + H Lactate
:
Measure Allyyp

Figure 2.12. The continuous GTPase assay schematic. The active GTPase, in this case
FtsZ, hydrolzes GTP to GDP and the newly formed GDP and phospho(enol)pyruvate
participate in a reaction catalyzed by pyruvate kinase that yields GTP and pyruvate. The
GTP allows the first reaction to be continuous and the pyruvate is reduced to lactate and
the cosubstrate NADH is oxidized to NAD". The oxidation results in a measurable
decrease at an absorbance of 340 nm that is directly proportional to the rate of GTP
hydrolysis. This assay was used previously to ascertain the GTPase of bacterial FtsZ
(106). Adapted from (162).
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2.4.5 FtsZ assembly reactions and electron microscopy

Assembly reactions were carried out with either 100 mM morpholine-
ethanesulfonicacid, 1 mM EGTA, and 5 mM magnesium acetate (adjusted with
potassium hydroxide to pH 6.5) (MEMK) (184) or 50 mM HEPES, supplemented with 5
mM magnesium acetate and 350 mM potassium acetate (pH 7.7) (HEPESACc) (89).
Reactions contained 0.6 mg of FtsZ protein per ml and either 2 mM GTP, 2 mM
GMPPNP, 2 mM GMPPCP, 2 mM GMP-PNP or no nucleotide and assembly conditions
consisted of a 10 min incubation on ice followed by a 10 min incubation at 37 °C. For
electron microscopic analysis 2-5 pul of the reaction mixture was adsorbed onto a freshly
glow-discharged carbon-coated formvar grid, washed briefly in water and negatively
stained with a 2% (w/v) aqueous solution of uranyl acetate (pH 4.5). Specimens were
observed in a JEOL 1200 EX transmission electron microscope operated at an
acceleration voltage of 100 kV. Electron micrographs were recorded at a calibrated
magnification (24,390 x) on Kodak electron image sheet film 4489. Negatives were
digitized at 10 um increments using an Epson Perfection 4490 flatbed scanner
corresponding to 0.41 nm/pixel at the specimen level.

2.4.6 Blot quantification

Integrated densities in the dot and Western blots were quantified using Image J routines
(185). Briefly, the digitized data were converted to 8-bit grayscale images, uniform
background features subtracted using a 25 pixel rolling-ball algorithm, and the densities
inverted to yield pixel values close to zero. The speckled background features observed

with the conventional dot blots were assessed using the Digital Map routine within the
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image processing software package CRISP (132). Two representative background areas
were cropped and their density distributions evaluated for maximum and minimum
values. The change in density variations were compared between the CMWA and
conventional dot blot background areas and found to amount t018 and 42, respectively,
suggesting that the CMWA protocol provides an approximately two-fold lower
background noise.

2.4.7 Microwave assisted blotting

The protocol using CMWA technology involved identical reagents but made use of a
PELCO BioWave® Pro Laboratory Tissue Processing System equipped with a
ColdSpot™ temperature control system. Processing temperature was set at 37 °C or 21
°C (temperature cutoff at 42 °C or 25 °C, respectively) and blocking and antibody
incubations were cycled for 6 min (2 min on, 2 min off, 2 min on) using a calibrated
power output of 220W. Washing step times were reduced to 1 min each. Dot blots were
carried out by placing 2-5 ul droplets of a 0.2 mg/ml protein sample onto a 0.2 um
nitrocellulose membrane (Bio-Rad, Hercules, CA ). Polypropylene dishes (Ted Pella,
Inc., Redding, CA, 50mm dia. x 12mm deep) were used for dot blots and mini-blotting
containers (Research Products International, 9 x 6.4 x 2.1 cm) for Western blotting.
Wattage was calibrated by placing a glass beaker containing 1 liter of water inside the
cavity without the ColdSpot™ and incubating for 2 min at a nominal power setting of
250W. The temperature difference prior to and after the incubation (AT) multiplied by

35 gave the true wattage output.
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CHAPTER I

STRUCTURAL STUDIES OF THE FtsZ ASSEMBLY MECHANISM

3.1 INTRODUCTION

As alluded to in chapter Il, this section deals with FtsZ assembly dynamics. To this end,
it becomes important to further differentiate between the ab initio assembly dynamics
defined above and the steady-state dynamics of already existing filaments. The latter
process is known in the literature as dynamic exchange and involves exchange between a
soluble pool of FtsZ intermediates and the assembled filaments in the Z-ring. Previous
reports showed that 50% of FtsZ molecules in the Z-ring are turned over within
approximately 7 s in E. coli and B. subtilis (160), or within approximately 25 and 60 s
for Mycobacterium smegmatis (186) and Mycobacterium tuberculosis (103),
respectively. Recent results in our laboratory demonstrate that Arabidopsis FtsZ1 and
FtsZ2 also undergoes dynamic exchange with the Z-ring although at a slower rate than
the bacterial Z-ring and FtsZ1 and FtsZ2 displayed different turnover dynamics (Carol
B. Johnson and Stanislav Vitha, manuscript in preparation). While the driving force
behind the slower turnover rate was not readily apparent, the existence of this turnover
activity prompted an investigation into the components of the FtsZ soluble pool by EM,
native PAGE and gel chromatography using precursor molecules occurring in the
presence of GTP under assembly conditions. The omission of assembly conditions and
appropriate nucleotides, i.e. GTP, granted an opportunity to observe FtsZ molecules

prior to filament assembly endowing this chapter with the first insights into the dynamic
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exchange between the Z-ring and the soluble FtsZ pool and the assembly mechanism for
FtsZ in Arabidopsis.

3.2 RESULTS

3.2.1 FtsZ1 and FtsZ2 under non-assembly conditions are homodimers

A soluble stromal FtsZ pool had been thought to perform dynamic exchange with the Z-
ring in plastid division similar to the cytoplasmic FtsZ pool present in bacterial systems,
confirmation of its existence was demonstrated using FRAP experiments in our
laboratory (Carol B. Johnson and Stanislav Vitha, manuscript in preparation). A model
of bacterial Z-ring dynamic exchange suggests that the cytoplasmic pool may consist of
monomers (109). Bacterial FtsZ has been shown to assemble into ribbons that are one
monomer thick in a GTP-dependant manner as determined using atomic force
microscopy (187). It is currently unknown if Arabidopsis FtsZ behaves in a similar
manner.

To better understand the population of Arabidopsis FtsZ that participates in Z-
ring turnover, the oligomeric state of non-assembled FtsZ1 and FtsZ2 particles were
determined. Previous results demonstrated that Arabidopsis FtsZ assembles into two
filament types in the presence of GTP with one of them displaying discrete subunits that
when assumed to be a prolate ellipsoid yielded a volume of 41.5 kDa which is in
agreement with a monomer (90,169). No filaments were observed in the absence of the
assembly procedure and nucleotides.

FtsZ1 and FtsZ2 were purified to homogeneity using a Ni-NTA column and

analyzed for purity by subsequent SDS-PAGE analysis (90). Protein in the absence of
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assembly procedures and nucleotides was then subjected to gel permeation
chromatography using a Superdex-200 column to separate potential different oligomeric
orientations of FtsZ. Only one major peak was observed on the gel chromatograph for
each FtsZ protein and corresponded to approximately 78 kDa for FtsZ1 and
approximately 80 kDa for FtsZ2 which are close to the calculated molecular mass of
dimers suggesting that the molecules are homodimers prior to assembly. This result
suggests that Arabidopsis FtsZ can dimerize in the absence of added GTP as was shown
for bacterial FtsZ (188,189). A smaller peak (approximately 3 kDa) was present in both
chromatographs and most likely represents residual imidazol carried over from previous
purification steps (Figs. 3.1 and 3.2). The ~78 kDa and ~80 kDa proteins were each
spread over two fractions and both were kept for analysis. The smaller peak fractions
were adsorbed to carbon-coated grids, negatively stained using an aqueous solution of
2% (w/v) uranyl acetate (pH4.5) and observed using TEM. No apparent protein densities
similar to those observed in FtsZ reactions were present. In order to determine if protein
subjected to chromatography remained biologically active, fractions representing the 78
kDa and 80 kDa proteins were used in assembly reactions in the presence of GTP and/or
GDP. Both types of filaments were present in these reactions suggesting the proteins
remained active following chromatography. This allowed for examination of precursor
molecules beyond those found in the unassembled state. Experiments with the dimeric
FtsZ1 and FtsZ2 fractions under non-assembly conditions and in the absence of
nucleotides did not yield filaments as judged by TEM over a wide range of

concentrations (from 25 - 500 pg/ml FtsZ).
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Native gel electrophoresis was used as an independent method to confirm the
oligomeric state of unassembled FtsZ proteins. The basic native PAGE gel displayed one
prominent broad band. The median of this band corresponds to approximately 80 kDa
which is in agreement with the major peak from the gel chromatograph (Fig. 3.3). An
alternative interpretation could be that the broadness of the band harbors two density
maxima corresponding to two masses, one at slightly higher and the other at slightly
lower mobility. This difference could originate from two protein populations that are of
similar mass but exhibit differences in electrophoretic mobility. Such differences are due
to variations in the charge to mass ratio regimes as conferred by e.g. configurational
changes. No contaminating bands were observed except for a high molecular weight
band that most likely represents the filamentous assemblies previously seen using EM
(Fig 2.4). Taken together, these results suggest that FtsZ1and FtsZ2 are homodimers
prior to assembly and are the building blocks used in FtsZ assembly. However, the
possibility of formation of heterodimers (FtsZ1 and FtsZ2) can not be excluded at this

time.
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Figure 3.1. Gel filtration chromatography of nucleotide-free FtsZ1. Elution profile
of FtsZ1. The mobility of the front (right) peak corresponds to ~2.7 kDa, the rear (left)
peak is estimated as ~79 kDa, using molecular mass standards (Bio-Rad).
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Figure 3.2. Gel filtration chromatography of nucleotide-free FtsZ2. Elution profile
of FtsZ2. The mobility of the front (right) peak corresponds to ~2.7 kDa, the rear (left)
peak is estimated as ~81 kDa, using molecular mass standards (Bio-Rad).
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Figure 3.3. Basic native PAGE of FtsZ proteins. Native gel showing single bands for
FtsZ1 (left lane) and FtsZ2 (middle and right lanes) at approximately 80 kDa (arrow)
which corresponds to a dimer. Molecular weight marker positions are given in kDa.

3.2.2 FtsZ under non-assembly conditions has C2 symmetry

Following purification and Superdex-200 column work, the relevant fractions were
adsorbed to grids, negatively stained with 2% (w/v) uranyl acetate and micrographs were
recorded on a JEOL 1200X electron microscope with an optically coupled 3k slowscan

Charge-Coupled Device (CCD) camera. Image quality was evaluated using the FFT
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algorithm in the CRISP software (132). Those micrographs exhibiting no drift or
astigmatism and of similarly suitable defocus (i.e. close to Scherzer focus) were selected
to be used for particle selection using the Boxer program included in the EMAN
software package (123). Boxer allows the user to manually or semi-automatically select
the desired particles for reconstruction. The semi-automatic routine was used with the
data sets presented in this report as this method lead to a larger and more diverse data set
and eliminated the possibility of user bias. Smaller data sets that were picked manually
were also used for reconstruction and gave similar final reconstructions but at lower
resolutions (~30-35 A) as compared to the reconstructions presented below.

Following particle selection, all data were normalized and low-pass filtered within the
framework of EMAN (Fig. 3.4 top panel). The data set was aligned by reference-free
alignment into class averages (Fig. 3.4 middle panel) (190). Initial reconstructions were
created using a subset of class averages without imposed symmetry. Iterative refinement
was carried out until no further increase of resolution was observed. Examination of the
back-projections used to create the final reconstructions revealed that these projections
showed features that agreed with those present in the class averages (Fig. 3.4 bottom

panel).
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Figure 3.4. Image analysis of the FtsZ1 unassembled particles. Top row: raw
particles. Middle row: representative class averages harboring the raw particles
presented in the top row as members. Bottom row: back-projections from the final 3-D
reconstruction. Scale bar corresponds to 10 nm.

The validity of three-dimensional reconstructions can be qualitatively determined
by several methods. Asymmetric triangles are useful in determining whether a sufficient
number of views are present during reconstruction with each point of the triangle
representing an orthogonal view. The asymmetric triangle presented here demonstrates
that many views of the particle are reflected in the reconstruction and that the three-
dimensional space has been well sampled (Fig. 3.5A). FSC curves help determine
whether reconstructions converge and provide an approximate resolution. Similar FSC
curves between iterations are a mark of convergence. The curves for eight iterations of

unassembled FtsZ1 are shown in Figure 3.5B. Similar results were generated using the

FtsZ2 reconstruction (data not shown).
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The reconstruction after the eighth iterative round of refinement displayed two
gourd-shaped structures with a wide gap between the structures at the base (Fig. 3.6).
Volume measurements estimate the molecular mass of the reconstruction at
approximately 85 kDa as shown. Resolution for the final reconstruction is approximately
26 A. The point where the monomers contact each other is likely to contain the FtsZ
self-interaction domain. Separate studies using E. coli FtsZ suggest that the self-
interaction domain is contained between amino acid residues 175 to 323 (156) or
residues 100 to 326 (191). This region is well conserved between bacteria and
Arabidopsis FtsZ. This seems to support the idea that Arabidopsis FtsZ would be able to
dimerize in the absence of nucleotide binding as shown for bacterial FtsZ (161,186). It
should be noted that the tubulin signature motif, essential for nucleotide binding, is
located upstream of the region described by Di Lallo and colleagues (156). A report
utilizing Staphylococcus aureus FtsZ showed that a nine amino acid region (residues 202
to 210) of FtsZ and a single residue, L270, are necessary for self-interaction (192). Three
amino acids are conserved in both Arabidopsis FtsZ families in the 202 to 210 region
and are also conserved in E. coli FtsZ (Fig. 3.7) and the L270 residue is conserved in
FtsZ2 but not FtsZ1. Future experiments employing mutational analysis of these
regions/residues coupled with gel chromatography to determine the oligomeric state of
the mutants will allow identification of the critical residues in Arabidopsis. All together,
these results further suggest that homodimers are a building block of the FtsZ filament

assembly mechanism in GTP containing environments.



Figure 3.5. Asymmetric triangle and FSC curves for FtsZ1 unassembled particles. (A) Asymmetric triangle from the final
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Figure 3.6. FtsZ1 unassembled reconstruction. Rendering of the final three
dimensional reconstruction with C2 symmetry imposed.

Arabideopsis thaliana Fr=aiz
QOGVRGISDITITIPGLVNWVDFADVELRTMANAGEALMGIGTATGESRARDALLNATOIPLLD 360

brabidopsis thagliagna FtsZl
OEVOGISDIITIPGLVNYDF ADVEAVHED I GTANLGVGVISSENRAEEALEQALATLAPLIG 5313

E. colil FtsZ
GAVOGIAELITEPGLMNVDF ADYVETUVMSENGY AMMGSGVASGEDRAEELLAEMATSSPLLE 250

Staphvlococcus ureus FrLsz
QEVOGISDLIAVIGEVHNLDF ADVETIHANOGS AL NG IGVISGENRAVELAKKLTSSPLLE 251

Figure 3.7. Alignment of region identified as necessary for FtsZ self-interaction in
S. aureus. Residues 202-210 were reported to be necessary for self-interaction and are
highlighted in red. Three conserved residues in this region in E. coli and Arabidopsis
FtsZ are highlighted in blue.
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3.2.3 The most abundant FtsZ assembly precursor molecule is a tetramer

FtsZ1 and FtsZ2 assembly reactions were conducted as described above, adsorbed onto
carbon-coated grids and processed with EMAN as described for the FtsZ unassembled
particles. Native PAGE of assembly reactions revealed that there are intermediate
oligomeric forms between the homodimer and assembled filaments. In addition to the
high molecular weight band seen in the native PAGE gel, at least two additional
oligomeric forms were observed (Fig 3.8). It is unclear if the additional band is a true
intermediate or a degradation product. Analysis of the most frequently occurring
intermediate is described in this section. Initial reconstructions were created using a
subset of class averages without imposed symmetry and from the raw data set with C4
symmetry imposed (Fig. 3.9 top and middle panels) and back projections used in the
final reconstruction were contained in the class averages (Fig. 3.9 bottom panel).
Iterative refinement was carried out separately with each initial reconstruction yielding
similar results. The results of a refinement using imposed symmetry are reflected in the
asymmetric triangle (Fig. 3.10A) and FSC curves for eight iterations of refinement (Fig.

3.10B). No further gain in resolution was observed using additional iterative cycles.
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Figure 3.8 Native gel of assembly reaction. Left lane shows assembly reaction in the
presence of GTP and 2 ul 2% (w/v) ammonium molybdate as a stabilizing agent and the
presence of additional oligomeric intermediates. Right lane shows bands for an assembly
reaction without stabilizing agent and no additional intermediates are observed.
Molecular weight marker positions are given in kDa. The black arrow corresponds to 75
kDa and the red arrow to 150 kDa.
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Figure 3.9. Image analysis of the FtsZ1 assembly particles. Top row: raw particles.
Middle row: representative class averages harboring the raw particles presented in the
top row as members. Bottom row: back-projections from the final three dimensional
reconstruction. Scale bar corresponds to 10 nm.



075

0.5

‘M B N N NN NN N
N ENENENNENMNBN.
e ® & 2 & @ »

Fourier Shell Correlation

0.25

| | | | | | | | |
100.00 S0.00 3333 25.00 20.00 16.67 14.29 12.50 1111
s (1/A)

Figure 3.10. Asymmetric triangle and FSC curves for FtsZ1 assembly particle. (A) Asymmetric triangle from the final
round of refinement, (B) FSC curves for eight iterative cycles. Estimated resolution for the final reconstruction is
approximately 30A.
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The final three-dimensional reconstruction has C4 symmetry imposed and
dimensions of approximately 12x12x12 nm with a significant protein deficit of ~5nm
across the base of the structure (Fig. 3.11). Four protomers are connected at the base and
the protein density is contiguous at the base. Each protomer extends from the base
approximately 6 nm and measures 4 nm across. The reconstruction presented here is
estimated to be 175 kDa suggesting that the molecule is a tetramer. Reconstructions
imposing D4 symmetry, which would produce an octamer, did not produce back-

projections consistent with the class averages. An octamer could therefore be excluded

as the most prevalent assembly intermediate.

Figure 3.11. FtsZ1 assembly intermediate reconstruction. Rendering of the final three
dimensional reconstruction with C4 symmetry imposed.
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3.3 DISCUSSION
3.3.1 The dimer and tetramer intermediates may represent consecutive steps in the
assembly mechanism
The current literature and our own experiments suggest that a stromal FtsZ pool is
present, but the results presented here are the first to examine the composition of the
soluble FtsZ pool. These experiments investigated the oligomeric state of Arabidopsis
FtsZ prior to assembly events and following initiation of the assembly events. Native gel
electrophoresis and gel chromatography results demonstrate that the smallest identifiable
building block of FtsZ assembly is a dimer and native gel and image analysis suggest
that a tetramer is present under GTP assembly conditions. Additional oligomeric states
were not detected in the data sets used for the reconstructions presented here. However,
particles that possess dimensions consist with monomeric FtsZ particles were detected in
assembly reactions using GDP. Gel chromatography studies with GDP assembly
reaction intermediates will be useful in determining if these particles are FtsZ
monomers. Under GTP assembly conditions, image processing with the EMAN software
revealed tetramers to be the most abundant species in FtsZ assembly reactions. This
raises the questions as to whether the dimer and tetramer are consecutive steps in the
assembly pathway and what is the ultimate fate of the tetramer during filament
assembly.

It is noteworthy that in none of the GTP containing in vitro assembly reactions

has monomeric FtsZ been detected by EM, native PAGE or gel permeation
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chromatography. This is in stark contrast to bacterial FtsZ, for which a monomeric
population was reported in vitro (193) based on sedimentation equilibrium
centrifugation. Those authors also propose the linear assembly of monomers into 4.3 nm
wide single-stranded filaments. The absence of a distinct population of FtsZ monomers
could be due to a pronounced instability. It has, for instance, been argued that the simple
association of two identical monomeric protein molecules into a dimer confers
thermodynamic benefits, i.e. freedom for rotational motion and mutual vibration of the
monomers in the dimer in conjunction with a possible gain in entropy (ASsowvent) (based
on the loss of protein surface area available for binding water molecules) and a decrease
in binding enthalpy (AH) (194-196). In a similar vein, forming a larger ordered
assembly would offer the same or even more pronounced overall negative free energy
(AG) values. Following on from this, it is conceivable that the monomeric pool
undergoes prompt self-assembly into protofilaments and filaments. If this were true, one
would expect to see filaments that exhibit inter-profilament spacings in the order of 4 nm
based on the findings published for bacterial FtsZ. Upon closer inspection of FtsZ type-I
filaments (see Fig. 2.10 left panel), which appear overall void of finer structural details,
striations occurring at 4-nm periodicities have been noted. It is plausible that type-I
filaments consists of protofilament bundles and that each protofilament resulted from a
linear self-association starting with the formation of head-to-tail dimers in which there is

significant overlap between the monomeric units (Fig. 3.12). However, the results in the
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presence of GTP demonstrate that type-I1 filaments are favored in the assembly reactions
(Table 2.2) implying that head-to-tail dimers would be the less prevalent dimeric form in
the population and that head-to-head, arc-shaped dimers (see below) are the driving
force behind type-I11 filament formation, i.e. dimers that do not assemble into
protofilaments. The head-to-head dimers (lateral association) are distinct from the head-
to-tail dimers (longitudinal association) and do not engage in dovetailing along the 6-nm
axis as demonstrated by the given reconstruction (Fig. 3.6). Through this different
association, the head-to-head dimers would have less solvent-accessible surface area
available for interaction. It is interesting to note that with bacterial FtsZ the same two
types of dimers have been observed albeit in different species, head-to-tail dimers in
Methanococcus jannaschii (197) and arc-shaped head-to-head dimers in Mycobacterium
tuberculosis (198). Under assembly conditions, the head-to-head dimer should be
considered a first intermediate en route to type-11 filament formation with a second
intermediate being likely a tetramer. To this end, it was noted that a significant number
of FtsZ molecules occurred in a tetrameric state under GTP assembly conditions.
However, as equilibrium concentrations are lower for tetramers than for dimers (199) a
dichotomic fate may be expected: tetramers could either revert to dimers or proceed to a
higher order assembly. Electron microscopic characterization of the tetramer led to the
calculation of a three- dimensional structure (Fig. 3.11). In this structure, the four

protomers extending from the base form a square when viewed face-on projecting down
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towards the base. In this projection, the center-to-center distance between the protomers
measures 5.7 nm. This value agrees well with the calculated subunit separation in type-II
filaments. In addition, one can discern the tetrameric footprint within the sub-filament
units (Fig. 2.11D) which means that it is possible that tetramers are indeed assembled
into type-11 filaments. The model for FtsZ assembly described above follow the two-
state model reaction proposed by Neet and Timm who suggest that stable monomers do
not exist in significant concentrations at equilibrium (Fig. 3.12) (196,200).

The experiments described here investigated FtsZ1 and FtsZ2 assembly
separately though the proteins are known to colocalize in FtsZ rings in vivo (23). The
results demonstrate that both FtsZ1 and FtsZ2 form homodimers prior to assembly
events though it remains unknown if heterodimers can be formed and used for filament
incorporation. The possibility that a mixture of homodimers and heterodimers may be
necessary to assemble the filaments observed in the assembly experiments cannot be
excluded. A clearer picture of the incorporation of the precursor molecules into filaments
may be revealed following filament reconstruction and further work with GDP and GTP

analogs.
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Figure 3.12. Proposed two-state FtsZ assembly mechanism in a GTP environment.
Schematic representation of the proposed two-state FtsZ assembly mechanisms. The
FtsZ monomer assembles into dimers that are packed differently for each filament type.
The type-I filaments are assembled as a result of dimers that slightly overlap each other
and type-I1 filaments are exclusively assembled from tetramers.

3.3.2 Implications for the model of chloroplast division

Bacterial FtsZ dynamic exchange between the Z-ring and the soluble cytoplasmic pool
involves monomers (109,193). Disassembly of the bacterial filaments is not dependent
on GTP-hydrolysis, but the rate of disassembly is enhanced with hydrolysis (201). One
aim of this research is to determine if these models could be applied to plastid division.
However, no monomers were detected in our experiments using GTP. It is currently
unclear which oligomeric form(s) would participate in the dynamic exchange in

chloroplasts.
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An updated model of FtsZ assembly postulates that assembly of protofilaments
using molecules from the stromal FtsZ pool is driven by GTP binding and enhanced by
GTP hydrolysis. Chloroplast division is initiated by formation of a Z-ring from the
protofilaments. Prior research has suggested that chloroplast division is most likely
powered by ARC5 (dynamin-like) as mutants have led to initiation but incomplete
chloroplast constriction (67,202,203). PDV1 also has a role at the division site and
PDV1 in conjunction with PDV2 recruits ARCS5 to the division site late in constriction.
3.3.3 Accessory proteins ARC3 and ARC6 may regulate relative rates of FtsZ

assembly

Plants and algae encode two conserved FtsZ families, FtsZ1 and FtsZ2, which arose by
gene duplication after the cyanobacterial endosymbiosis (72,204) and are both required
for normal plastid division (71,120,205). FtsZ2 closely resembles its cyanobacterial
ancestor, while FtsZ1 lost a conserved C-terminal core domain (97,204,206) known to
mediate interactions with proteins involved in Z-ring stabilization and tethering to the
membrane in both prokaryotes (FtsA,(98)) and plants (ARCS6, (207)). The loss of this
domain may play a role in FtsZ assembly and the relative rate of assembly between the
two FtsZ families.

Previous data has shown that both FtsZ1 and FtsZ2 assembly reactions promote
the same types of filament formation (90). Subsequent work demonstrated filaments
with different morphologies but also report that FtsZ1 and FtsZ2 were each capable of
assembling into similar filaments (91). Given this data it is not surprising that both

proteins have similar assembly mechanisms. This work does not address the relative
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amounts of FtsZ1 and FtsZ2 being incorporated into the filaments. However, FtsZ1 has
been shown to interact with a destabilizing factor ARC3 (36) and due to a lack of the C-
terminal core domain (97,116,206) does not interact with the Z-ring stabilizing factor
ARCS6 (70). This suggests that ARC3 may play a role in reducing the efficiency of FtsZ1
assembly in vivo which is in line with the observed 1:2 FtsZ1/FtsZ2 ratio present in
Arabidopsis chloroplasts (117). A line of experiments to test this hypothesis are
described in chapter IV. Additionally, in vivo experiments in our laboratory that aim to
elucidate the relative amounts of FtsZ in assembled filaments is underway.

3.4 EXPERIMENTAL PROCEDURES

3.4.1 Plasmid constructs and protein purification

Pichia pastoris X-33 strains expressing AtFtsZ1 or AtFtsZ2 with C-terminal c-myc and
6x His tags were grown and cell lysates prepared using 0.5 um glass beads as described
in section 2.4.2. Lysates were poured over a 10-ml Ni-NTA column to selectively purify
the tagged protein and eluted with 250 mM imidazole. Collected fractions were
subjected to SDS-PAGE and Western blotting to identify pure aliquots for assembly
reactions. When homogenous populations were desired, purified protein was subjected
to a Superdex-200 column.

3.4.2 FtsZ assembly reactions and electron microscopy

Assembly reactions were carried out with 0.6 mg of protein and MEMK (184) assembly
buffer in a GTP containing environment. Samples were placed on ice for 10 min
followed by 10 min at 37°C. Samples were adsorbed onto carbon-coated formvar grids

for up to 5 minutes and negatively stained with 2% (w/v) uranyl acetate. Specimens were
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observed on a Jeol 1200 EX TEM operated at 100 kv. Images were captured using an
optically coupled 3k slow scan CCD camera (SIA, Duluth, GA model 15C) and Maxim
DL imaging software.

3.4.3 Image processing

Images were processed with CRISP to evaluate initial image quality (132). Suitable
micrographs (absence of drift, astigmatism, etc.) were further processed within the
framework of the EMAN software package (123). Images of selected particles were
bandpass-filtered and aligned by reference-free alignment (190). Classes of particles
representing identical orientations were determined by multivariate statistical analysis
and hierarchical ascendant classification using complete linkage. Resolution was
assessed by using the standard Fourier shell correlation (FSC) criterion (135,136). The
angular refinement process was stopped when no further increase of resolution was
observed. The three dimensional reconstructions were visualized and manipulated using
the Chimera software packages (208).

3.4.4 Native gel electrophoresis

Discontinuous native gel electrophoresis was carried out according to a protocol
developed at the Wolfson Centre for Applied Structural Biology at The Hebrew
University of Jerusalem (http://wolfson.huji.ac.il/). Basic-native gels were run in buffer
containing 0.38M Glycine, 0.05M Trizma and pH adjusted to 8.9. Loading buffer
consisted of two parts 100% glycerol (v/v), one part 0.5M Tris-HCI pH 6.8 (v/v), one
part dH,O (v/v) and trace amounts of bromophenol blue. In some cases 2 ul of 2%

ammonium molybdate (w/v) (pH 7.0) was added following assembly reactions to
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stabilize intermediates. Ten percent resolving and four percent separating gels were cast
and FtsZ protein was loaded into the wells. Gels were initially ran at 50 V and increased
to 100 V after protein entered the resolving gel. Staining used 50% (v/v) Methanol, 40%
(v/v) dH,0, 10% (v/v) acetic acid and 0.25% (w/v) Coomassie Brilliant Blue R and gels
were shaken in stain for ~1 h-overnight. Destaining solution consisted of 15% Methanol
(v/v), 10% acetic acid (v/v) and 75% dH,0 (v/v) and was carried out with several

changes until bands were readily visible.
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CHAPTER IV

CONCLUSIONS AND FUTURE DIRECTIONS

4.1 CONCLUSIONS AND IMPACT ON FIELD
The research described here allows for several contributions to the literature in the field
of plastid division and advancements in blotting that is applicable to multiple fields of
research. Prior to this work, a report had expressed FtsZ1 and FtsZ2 from Nicotiana
tabacum in an E. coli system and did not characterize the biochemical parameters apart
from demonstrating self-assembly for FtsZ1 (122). Protocols allowing expression and
purification of Arabidopsis FtsZ in a eukaryotic system were developed during this
project (90). Using protein purified from these strains, our laboratory provided evidence
of FtsZ1 and FtsZ2 self-assembly which is in contrast to the earlier report. A later report
using Arabidopsis FtsZ expressed in E. coli demonstrated self-assembly in FtsZ1 and
FtsZ2 albeit with different morphologies (91). Our results also provide evidence of
different GTPase activities for each family, a critical concentration for FtsZ co-assembly
and FtsZ assembly efficiencies. Unpublished observations indicate that filaments are
promoted in the presence of GDP and a similar result was reported in Olson et al. (91).
Chapter 111 describes research that examines structure-function relationships at a
molecular level. The composition of the stromal soluble pool of Arabidopsis FtsZ that
undergoes dynamic exchange had not been investigated previously. Image processing
software and gel chromatography were useful in providing the first data relating to

oligomeric states of the soluble FtsZ pool that is incorporated into FtsZ assemblies. This
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line of research will be expanded in the future to include the effect of accessory proteins
(e.g. ARC3) on FtsZ assembly. Further assembly experiments using GTP analogs and
GDP will be conducted and their effects on the oligomeric state of the intermediates
investigated.

CMWA protocols developed in our laboratory and previously published hold the
potential to be applied to techniques that are useful in several fields of research (140).
The microwave steps included do not introduce additional reagents and allow for
identical chemistry to conventional protocols. Our publications have outlined protocols
for Western blotting, dot blotting and ELISA (140). Other laboratories have developed
protocols for diverse applications such as decalcification of bone (209), resin
polymerization for electron microscopy (151) and antibody labeling of fixed biological
tissue (152).

4.2 DETERMINATION OF FTSZ ACCESSORY PROTEIN EFFECTS ON THE
ASSEMBLY PATHWAY

The FtsZ families in Arabidopsis each have an accessory protein that specifically binds
only one of the families. ARC3, a factor shown to perform some functions similar to
MinC in bacteria and has destabilizing effects regarding FtsZ assembly (36), binds to
FtsZ1. An additional interaction occurs between ARC3 and PARCG6 that may affect
FtsZ1. A stabilizing factor, ARCSG, binds to FtsZ2 in addition to tethering the FtsZ ring
to the membrane. Whether these interactions also play a role in regulating the efficiency

of the FtsZ assembly pathway is currently not understood.
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A direct way to test the effects of these accessory proteins involves expressing
each accessory protein in vitro using the Pichia pastoris expression system described or
another suitable system. Once purified, these proteins will be used in assembly reactions
harboring different combinations of proteins. For example, (i) FtsZ1 and ARC3, (ii)
FtsZ1, ARC3 and PARCS, and (iii) FtsZ2 and ARC6 are combinations that could
potentially provide valuable information. These reactions would be monitored by TEM
to determine if novel assemblies are promoted and by dynamic light scattering to obtain
the relative rates of polymerization.

Controls for these experiments will include using combinations of proteins that
are known to not interact in vivo such as (i) ARC3 and FtsZ2, (ii)) ARC6 and FtsZ1, (iii)
PARCS6 and FtsZ2, etc. The relative rates of FtsZ assembly and assembly morphology
are not expected to significantly change from wild-type rates under these conditions.
This line of experimentation also allows the possibility of reconstructing the accessory
proteins in a similar manner to the process outlined above or using cryo-EM to obtain
higher resolution structures. The results from this line of inquires may provide valuable
information on the relative effects of the accessory proteins on FtsZ assembly which
would allow a more detailed model than the current hypothesis presented in the
literature.

4.3 MUTATIONAL ANALYSIS OF FTSZ ACCESSORY PROTEIN BINDING
DOMAINS
The availability of an in vitro expression system allows inquiries into the structure and

function of Arabidopsis FtsZ by mutagenesis after taking into consideration that several
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important residues or regions in plant and bacterial FtsZ have been identified
(71,100,164,210,211). The report by Yoder et al. focused on Arabidopsis FtsZ1 plastid
division mutants and observed defects in chloroplast division ranging from a severe
phenotype, G267R, with 1 chloroplast per cell to a mutant (G366A) with 23 chloroplasts
per cell as opposed to 55 chloroplasts per cell in the wild-type (71). Bacterial studies
revealed relevant mutations that decrease GTPase activity (164) and affect cell division
frequency, placement and morphology (211).

Several of the published mutants are single or a few residue changes and a
commercially available kit such as Quickchange (Stratagene) may be a valuable tool for
rapidly constructing these mutants in our laboratory. Larger changes such as domain
truncations will most likely require mutagenesis by PCR using the original FtsZ
constructs as templates. Aside from plastid division mutants, other relevant FtsZ regions
including the C-terminal core domain of FtsZ2 will be probed for functional
consequences. For example, a recent report used point mutations in Methanococcus
jannaschii FtsZ to produce a set of mutants that had phenotypes such as increased
GTPase activity, reduced assembly and stabilized assembly (212). Protein sequence
alignments reveal that eight of these point mutants are conserved in either FtsZ1 or
FtsZ2. The relevant residues will be mutated to alanine for these experiments and their
effect on assembly of type-1 or -11 filaments, the distribution of filament types or the
occurrence of assemblies not yet observed will be monitored by TEM and rates of
assembly analyzed by dynamic light scattering. Mutant proteins will be purified as

described above and analyzed for their assembly pathway and intermediates. Particularly
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interesting mutants will serve as candidates for three-dimensional reconstruction to
compare to the wild-type structure.

4.4 RECONSTITUTION OF FTSZ ASSEMBLY IN LIPOSOMES

Recent reports have characterized the FtsZ tethering mechanism in bacteria identifying
FtsA as the major in vivo membrane-tether (213). With Arabidopsis thaliana, ARC 6 is
proposed to act as the envelope anchor (68) and reconstitution experiments using
different combinations of FtsZ, ARC and PDV proteins could be used in a liposome
environment to examine force generation in a cell-free system. A similar experiment
using bacterial cell division machinery has been recently reported (89). These
experiments clearly showed Z-ring constriction and relaxation using the liposome
environment (Fig. 4.1).

The major players that have been identified to participate in plant ring formation
are the proteins FtsZ1, FtsZ2, ARC3, ARC5, ARC6, PARC6, PDV1 and PDV2. The
target proteins are thought to organize into a coordinated structure that allows ring
constriction. These experiments seek to determine the architecture of the coordinated
ring structure, identify the component(s) that generate the force for ring constriction and
gather information about the assembly properties of the ARC proteins.

To accomplish these ends, ARC3, ARC5, ARC6, PARCG6, PDV1 and PDV2 will
be expressed and purified. FtsZ proteins tagged with YFP or CFP will be expressed for
this experiment to visualize reconstituted rings. A variant of ARC6 has been expressed
that lack the predicted transmembrane domain and will be used to examine the effects of

membrane tethering on constriction force generation. A full-length variant of ARC6 was
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recently expressed and purified in our lab and shown to be capable of assembly in vitro
(Fig. 4.2). The initial liposome used will be a mixture of monogalactosyldiacylglycerol
(~50%), digalactosyldiacylglycerol (~20%), phosphatidylcholine (~15%),
phosphatidylglycerol (10%) and sulfoquinovosyldiacylglycerol (5%) as this mixture
corresponds to the approximate lipid conditions found in the Arabidopsis thaliana
chloroplast envelope (214). A liposome composed of a mixture of 1,2-dioleoyl- sn -
glycero-3-phospho- rac -(1-glycerol) and egg phosphatidylcholine was used for the
bacterial reconstitution system and this liposome will be used to determine if the

bacterial liposome environment can support the plant chloroplast division machinery.

630 (sec

Figure 4.1. A Z ring and its constriction abruptly relaxes. For this preparation, the GTP
concentration was 100 mM and should have been exhausted in ~20 min. The first image was
obtained ~10 min after mixing liposomes with E. coli FtsZ and GTP, and images were taken
every 10 s for another 60 min. Elapsed times after the first image are indicated on the frames
(89).
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Figure 4.2. Electron micrograph of negatively stained ARC6 molecules. The arrow
highlights a single ARC6 particle viewed face-on. Scale bar corresponds to 10 nm.

In the bacterial system, only FtsZ and GTP were needed to generate a ring
constriction force and this line of experiments will determine the minimal machinery
required to generate this force in Arabidopsis. Experiments will be conducted by mixing
proteins with the liposomes, placing onto a coverslip and monitoring for liposome
constriction at the LM level (Zeiss Axiophot). Experiments will be conducted in several
combinations: (i) each FtsZ protein alone, (ii) both FtsZ1 and FtsZ2, (iii) FtsZ proteins
with ARC3, PARC6 and ARCS6, (iv) FtsZ proteins with ARC3, PARC6, ARC6 and
ARCS5 (v) FtsZ proteins with ARC3, PARC6, ARC6, ARC5, PDV1 and PDV2. No
constriction is expected for experiments using FtsZ proteins in the absence of accessory
proteins. These experiments would provide a tool to test the current model of chloroplast
constriction presented in the literature.

Currently there are no published reports of ARC3, ARC5, PARC6, ARC6, PDV1
and PDV2 being expressed in an in vitro system and biochemical characterization of

these proteins would prove beneficial to the FtsZ field. Assembly properties will be



104

monitored by EM and possible GTPase activity will be determined in a similar method
to the FtsZ proteins. ARCS5 is a member of the dynamin-related protein family and is

expected to have a GTPase activity (67).
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