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ABSTRACT
REGULATION OF A DNA-COMPACTING PLASTID NUCLEOID PROTEIN
by Steven William Adamson

December 2006

DCP68, a DNA-compacting nucleoid protein, was further characterized in
order to understand how plastid nucleoid proteins affect the structure and
function of chloroplast DNA. Previously, DCP68 was identified as
ferredoxin:sulfite reductase, an enzyme that participates in reductive sulfur
assimilation and inhibits chloroplast DNA replication and transcription in vitro [1,
2]. In this study, the portion of SiR that was found to be present in soluble and
plastid nucleoid-enriched fractions indicated that most SiR was stromal in
Arabidopsis and soybean plants. Although SiR was detected in Arabidopsis
chloroplast nucleoid-enriched fractions, the study of nucleoid dynamics proved to
be difficult due to the few nucleoids that could be isolated from this model plant.
Furthermore, Arabidopsis heterozygous mutants that contained a reduced SiR
protein level did not display an obvious mutant phenotype that could be ascribed
to the role of SiR in plastid nucleoids. A significantly higher amount of SiR was
present in nucleoid-enriched fractions from young soybean leaves than in mature
leaves. The variation in the amount of SiR allocated to plastid nucleoids
supports the hypothesis that the interaction of SiR with ctDNA is regulated. The
factors that may influence the association of SiR with plastid nucleoids remain

elusive. In vitro evidence suggested that the phosphorylation status of SiR could
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potentially regulate its interaction with DNA [2]. The isoelectric point profile of
SiR was examined in vivo, as a first step towards identifying possible
developmental differences in the post-translational modification of SiR. In
conjunction with these studies, SiR was found to contain a conserved CK2

phosphorylation site and was capable of being phosphorylated by CK2 in vitro.
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CHAPTER|

INTRODUCTION

The information stored in the genome dictates every trait that is expressed
by the individual, from genes that aid in embryonic development to enzymes
involved in the biosynthesis of amino acids. Maize contains 10'° bp of DNA,
which is equivalent to a linear contour length of about 10 m [3]. DNA must be
condensed by several orders of magnitude in order for it to fit inside the cell
nucleus, but this process cannot damage the genome, and must allow for
genome activities such as replication and transcription.

Condensation is achieved by wrapping genomic DNA around a set of
histone proteins forming a nucleosome array which can further condense into
highly ordered chromatin structures with increasing levels of complexity [4]. Not
surprisingly, the level of condensation has a profound impact on gene
expression. It has been demonstrated that transcriptionally active genes are
present in chromatin that is less condensed [5]. The degree of DNA compaction
is affected by post-translational modification of histone proteins. For example,
DNA is less compact in nucleosomes in which the histone proteins have been
acetylated [4].

The DNA present in plastids originated from a cyanobacterial genome.
According to the endosymbiotic theory, plastids arose when a photosynthetic
cyanobacterium was engulfed by a primitive eukaryote, establishing a symbiotic

relationship [6, 7]. Most of the cyanobacterial-derived DNA was transferred to
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the nucleus, while about 100 genes remain encoded by the plastid genome.
Since several metabolic pathways occur either predominantly or exclusively in
the chloroplast, a vast number of nuclear-encoded proteins must be imported into
the plastid such as enzymes that participate in the biosynthesis of amino acids,
starch, fatty acids and volatile organic compounds. This requires an
extraordinary degree of communication between the nucleus and plastids. For
example, the large subunit of ribulose bisphosphate carboxylase/oxygenase
(RubisCO) is encoded by the plastid genome but the small subunit is encoded by
the nuclear genome [4].

Chloroplasts are thought to be ideal for the production of pharmaceutical
proteins and vaccines. Plastids are polyploid, implying that transformed
chloroplasts may contain numerous copies of a transgene and could potentially
achieve higher levels of the recombinant protein expression. Plastids are
capable of properly folding eukaryotic proteins and the maternal inheritance of
chloroplasts reduces the likelihood that transgenes may be transferred to related
species [8]. Ultimately, the production of foreign proteins in plastids will rely on
the ability of researchers to transform the plastid genome [8]. Currently, this is
routinely successful only with tobacco plants, which are not ideal hosts for
pharmaceutical proteins.

Part of the difficulty in developing novel plastid transformation strategies
may originate from the lack of information that describes the underlying
mechanisms influencing the structure and function of the plastid genome. It is

well established that the DNA in plant nuclei is wrapped into supercoiled
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chromatin fibers and transcriptional activity may be influenced by mechanisms
such as post-transcriptional modification of histone proteins. By contrast, the
structure of chloroplast DNA appears to differ significantly from the nucleus and
is probably more similar to bacterial or mitochondrial nucleoids.

Chloroplast DNA is organized by proteins that compact the DNA into
structures called nucleoids. Studies with bacterial and mitochondrial nucleoids
have indicated that nucleoid proteins affect DNA structure and function. There
are documented changes in the compaction of nucleoids during plastid
development. These changes coincide with differences in the protein
composition of plastid nucleoids, making it tempting to speculate that nucleoid
proteins share some functional similarities to histone proteins. It is also possible
that the changes in chloroplast nucleoid protein composition and abundance
could account for the variation in rates of chloroplast DNA replication and
transcription throughout plastid development. Furthermore, several studies of
bacterial and mitochondrial nucleoid proteins suggest that the interaction of these
proteins with DNA is a regulated process.

Therefore, this study was designed with the goal of understanding how a
DNA-compacting plastid nucleoid protein might be regulated. Since few plastid
nucleoid proteins have been characterized to any significant degree, this study
focused on an abundant plastid nucleoid protein (DCP68) previously purified
from the SB-M cell line. The analogous protein (SiR) in Arabidopsis and soybean
plants was characterized to examine the possibility that plant development may

modulate the function of DCP68/SiR.
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The biochemical characterization of DCP68/SIR focused on three areas
that might support the hypothesis that the interaction of DCP68 with ctDNA is
regulated. Since nucleoid protein composition varies during plastid development,
the abundance of DCP68/SiR was examined in young and mature tissue. In
Arabidopsis, the amount of SiR did not vary significantly between young and
mature leaf tissues. However, an initial study of the abundance of SiR in
Arabidopsis indicated that, in contrast to the SB-M cell line, very little SiR was
nucleoid-associated. This led to an examination of the portion of SiR distributed
to plastid nucleoids. These data indicate that approximately one-third of the total
SiR is distributed to plastid nucleoids in young soybean plants, but this falls to
less than 5% in mature plants. This supports that the hypothesis that the
interaction of DCP68/SiR with ctDNA is a regulated process. Surprisingly, less
than 5% of the total SiR is distributed to plastid nucleoids in Arabidopsis, but
Arabidopsis may not be a suitable model system to study plastid nucleoids.
Finally, this study examined the possibility that the function of SiR may be
regulated by post-translational modification. Similarly, a previous study
demonstrated that the DNA-binding affinity of DCP68/SIiR was affected by

dephosphorylation [2].
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CHAPTER Il

LITERATURE REVIEW

2.1 Structure and Function of Plastids

Chloroplasts are the most familiar members of a diverse group of
organelles termed plastids, marked by broad structural and functional diversity.
Plastids are thought to have arisen from an endosymbiotic event in which a
photosynthetic prokaryote invaded a primitive eukaryotic host [7]. Since then,
these organelles have diversified to support important roles in lipid and amino
acid metabolism in addition to photosynthesis [9, 10]. Plastids exist in several
interconvertible forms and may undergo a variety of differentiation pathways.
The cell type and the presence of light appear to play important roles in plastid
development [11].

Chloroplasts are the most abundant members of the plastid family and are
the photosynthetic organelles. They are characterized by the presence of
organized thylakoid membranes and chlorophyll. Chloroplasts are present in
photosynthetic tissues of plant leaves, stems, and unripened fruits. There is
considerable variation in chloroplast structure and metabolism. In C4 plants,
photosynthesis is split between the chloroplasts of mesophyll and bundle sheath
cells, a mode that enhances the efficiency of CO; fixation [4, 9]. Light stimulates
the development of chloroplasts from etioplasts or proplastids.

Proplastids are the undifferentiated organelles from which all other

plastids are derived. Proplastids are 10-20% the size of chloroplasts and do not
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contain chlorophyll or an internal membrane structure [12]. These organelles are
found in meristematic tissue, ripening seeds, in young, dark-grown cotyledons,
and in the senescent leaves of some plant species [9, 12]. Studies have
estimated that there are 10-20 proplastids per meristematic cell [10]. Proplastid
development is strongly influenced by cellular and environmental stimuli [10, 13].

Etioplasts are pre-photosynthetic organelles that contain prolamellar
bodies, a structure formed by the synthesis of lipids that normally compose the
internal membranes of chloroplasts [4]. The high lipid content of etioplasts
results in a formation of tubes that branch in three-dimensions to form a semi-
crystalline structure. Prolammelar bodies contain the chlorophyll precursor,
protochlorophyllide and various membrane proteins [9, 12]. Light triggers the
development of etioplasts into chloroplasts, resulting in the conversion of
prolammelar bodies into thylakoid membranes and protochlorophyllide into
chlorophyll [12].

The diversification of plastids is accompanied by structural changes that
accommodate their unique role in plants. Amyloplasts store and synthesize
starch granules as a food reserve. These organelles are localized to roots,
tubers, endosperm, and cotyledons. They signal the geotropic response in root
caps. Amyloplasts are formed directly from proplastids or arise through
chloroplast de-differentiation [9, 13]. Leucoplasts or elaioplasts are oil-storing
plastids that synthesize terpenoid compounds implicated in allelopathy. These

plastids are restricted to the oil glands present in cacti stems and epidermal celis
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of some lily and orchid species [9]. Chromoplasts are plastids containing
pigments other than chlorophyll. These plastids are present in fruit, petals and
sepals and accumulate carotenoids, which are localized in the chromoplast
membranes [9].

The ability of plastids to interconvert is underscored by the functional
diversity of plastids. Each plastid type requires a different set of proteins to
accommodate function. In fact, it has been estimated that the Arabidopsis plastid
contains approximately 5000 different proteins. Some plastid proteins are
encoded by the plastid genome (plastome). Due to the relatively small size of
the plastid genome, it is apparent that the vast majority of plastid proteins are
encoded by the nucleus and subsequently targeted to the plastid, usually via an
N-terminal signal sequence. In other instances, the coding capacity of plastid
proteins is split between the nuclear and plastid genomes. Although the large
subunit of ribulose bisphosphate carboxylase/oxygenase (RubisCO) is encoded
by the plastome, the small subunit is nuclear encoded and imported into the
plastid. It is clear that plastid interconversion requires organ-specific, cell-
specific, and developmental stage-specific signals to regulate changes in gene

expression [9].

2.2 Plastome

Plastid DNA ranges in size from 120 kbp to over 200 kbp and is

characterized by the presence of an inverted repeat, 20-30 kbp in size, that is

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



separated by a large and small single-copy region [14, 15]. The structure,
composition and gene arrangement of the plastome are conserved among higher
plants, encoding over 100 genes involved in photosynthesis, gene expression
and biosynthetic processes [15, 16]. The shape of the plastome varies from
closed circular molecules to oligomeric forms. Oldenberg ef al. have suggested
that the predominant form is branched concatamers that arise from
recombination-dependent DNA replication [17, 18]. Plastids are polyploid,
meaning that there are multiple copies of the plastome per organelle.
Chloroplast DNA replication rates in young leaves exceed the rate of organelle
division. The resulting amplification of the plastome can be quite dramatic, such
as in spinach where the plastome copy numbers reach 22,000 per cell during
mesophyll leaf cell expansion [19-24]. There are several reports indicating that
the DNA content of developing chloroplasts is higher than that of mature
chloroplasts of pea, wheat, beet, and spinach [20, 23-26]. In wheat endosperm
amyloplasts, the average copy number per plastid rises five-fold as the plastid
matures [27]. Light-grown cultured tobacco cells show a much higher plastome
copy number than dark-grown cells [28]. It is interesting to note that the
plastome copy number in cultured cells of soybean (SB-M) is approximately four-
fold higher than within intact plants [29]. Plastome amplification has been
proposed to support an increased need for chloroplast ribosomes by raising the

effective gene dosage of rRNA genes [30, 31]. A similar phenomena exists
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during the development of amphibian oocytes, in which an amplification of rRNA

genes precedes a large increase in protein synthesis [31].

2.3 Plastid Nucleoids
2.3.1 Nucleoid Structure and Function in Organellar DNA Metabolism

Electron microscopy studies of pea and daffodil chloroplast nucleoids
have revealed an electron dense central core with naked DNA projecting in the
form of loops or supercoils [32-34]. In contrast, daffodil chromoplast nucleoids
possess an electron dense central core with no visible naked DNA [32].
Protease treatment or buffers of high ionic strength expose the beaded structure
of nucleoids. These observations suggest that nucleoid architecture is formed by
ionic interactions betweén nucleoid proteins and DNA [32, 35].

There is strong evidence to suggest that the nucleoid is the site of DNA
replication. Electron microscopy studies of thylakoid-associated nucleoids
isolated from spinach have indicated a high incidence in replication forks, and
confirmed by the incorporation of [°H]-thymidine [36-38]. It was later shown that
isolated chloroplast nucleoids from developing barley and proplastid nucleoids
from culture tobacco cells synthesize DNA in vitro [39, 40]. A subsequent study
evaluating bromo-deoxyuridine incorporation revealed that replicating DNA is not
associated with chloroplast nucleoids from cultured soybean cells and the
unicellular alga Ochromonas danica [1, 41]. This may indicate there is an

uncoupling of DNA replication from packaging into plastid nucleoids in soybean
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chloroplasts, or may be related to differences in nucleoid structure and function
[11.

Isolated nucleoids from daffodil and pea plastids contain a significant RNA
components, indicating that nucleoids are likely active in transcription [32-34].
Although RNA was not detected in highly-purified tobacco nucleoids, it did exhibit
activity in run-on transcription assays [35, 42-44]. Activity was also observed in

nucleoids from developing barley [45].

2.3.2 Nucleoid Changes During Plant Development

Initial studies of chloroplast nucleoids described morphological patterns
during organelle development. Using the fluorochrome 4', 6-diamidino-2-
phenylindole (DAPI), Kuroiwa et al. surveyed 69 plant species and found the
number of nucleoids per chloroplast varied between 8 and 40 and ranged in size
from 0.2-1.2 um [46]. Approximately 6-25 plastome copies are present in each
nucleoid [47]. Researchers have described morphological differences during
plastid differentiation including changes in plastid nucleoid size, number and
distribution [32, 43, 46, 48].

There are typically between one and ten small ovoid proplastid nucleoids
[22, 49]. The nucleoids observed in leaf proplastids are similar in size and shape
to those found in meristematic root tips and stem cells [46]. Proplastid nucleoids

found in the center of dry wheat seed increase in size after imbibition and are
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then re-localized to the peripheral region of the organelle [22]. Changes in
nucleoid distribution can be correlated with thylakoid membrane biogenesis [46].

In the absence of light, proplastids develop into etioplasts accompanied by
a two- to four-fold increase in the size of the nucleoid. Etioplast nucleoids are
occasionally found in association with the peripheral region of the prolamellar
body [22, 46, 47]. In wheat etioplasts, nucleoids change from a cup-shaped to a
ring-shaped structure, but this appears not to be the case in wild oat [47, 49].

Light triggers the development of proplastids and etioplasts into
chloroplasts. During this transition, the size of wheat nucleoids decreases and
their number increases three-fold [22]. Chloroplast nucleoids are localized to the
plastid periphery in immature organelles, which is significant based on reports
showing the that ctDNA binds to the envelope membrane fraction in developing
pea plastids, a developmental time point that has shown to have higher ctDNA
replication and transcription activities [50-52]. Mature chloroplasts contain more
nucleoids than young chloroplasts and the nucleoids are re-localized to stacked
grana. Senescent organelles contain few ﬁucleoids and a reduced plastome
copy number per nucleoid [53, 54].

In addition to differences in nucleoid number, compaction and organellar
distribution noted in organelle development, it is apparent that the protein
complement of nucleoids is unique to plastid type. The protein/DNA ratio in
chromoplast nucleoid is 6-fold higher than in chloroplast nucleoids [32]. These

differences in nucleoid protein composition in each plastid type coincide with
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differences in organellar replication and transcription. Photosynthetically active
chloroplasts contain more ctDNA than do the undeveloped plastids of non-green
tissue [20, 22, 24, 28, 29, 52, §5-57]. Plastome amplification and organelle
division in young leaf cells results in an accumulation of ctDNA copy numbers, as
leaf cells age, the organelle division rate surpasses the plastome replication rate,
resulting in the distribution of plastome molecules to daughter organelles [19, 24,
26, 40, 52, 54, 56, 58, 59]. Although no ctDNA replication occurs in mature
leaves, it is evident that amyloplast DNA synthesis within the wheat endosperm
continues after the organelle has ceased dividing [27].

A phytochrome-mediated response controls plastid transcription,
accounting for the higher transcription rates in light-grown leaves than in leaves
of etiolated plants [51]. The transcription rates of chloroplasts are higher than
those observed in amyloplasts and chromoplasts [60-62]. Young plastids
possess higher transcription rates than mature chloroplasts [45, 51]. In the basal
meristem of barley seedlings, plastid transcription activity varied more than 10-
fold, declining with increasing cell age. The observed changes in nucleoid
morphology and organellar DNA metabolism are influenced by nucleoid protein
composition [51, 63, 64].

Much of the early research on nucleoid proteins documented the nucleoid
composition in different plastids as defined by apparent electrophoretic mobility
of these proteins [32]. However, few of these proteins have been characterized

to any significant degree.
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2.3.3 Plastid Nucleoid Proteins

2.3.3.1 PEND. The plastid envelope DNA-binding protein was first identified
in developing pea chloroplasts [53, 65]. Protein orthologs of PEND have been
found in Arabidopsis, Brassica, Medicago, cucumber, and cherry [66, 67]. PEND
is a 130 kDa integral membrane protein localized to the chloroplast inner
envelope membrane and is only expressed in the very young plants [65]. The
DNA-binding activity of PEND derives from the presence of a bZIP domain [53,
66]. The bZIP domain forms a dimer in vitro and preferentially binds to the
canonical sequence TAAGAAGT. Since it has been demonstrated that nucleoids
are localized to the inner envelope of young chloroplasts (the proposed site of
plastome ampilification), it is possible that PEND may anchor the nucleoid to the
envelope membrane during plastome amplification.

In order to further understand the function of PEND, Wycliff et al.
produced transgenic tobacco plants that overexpress the Brassica napus PEND
homolog. Approximately 35% of the 60 transgenic plant lines contain chlorotic
areas in which there is evidence of aberrant development of palisade cells.
Palisade cells of overexpression mutants display a spongy appearance similar to
the underlying mesophyll cells, loss of parallel arrangement and a dramatic
decrease in the number of chloroplasts [68]. The authors of this report suggest
the PEND overexpression phenotype is caused by retention of plastid DNA at the
envelope membrane, yet they provide no experimental evidence to support this

claim.
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2.3.3.2 MFP1. The 80 kDa MFP1 protein was first identified as a nuclear
matrix attachment region binding protein [69-71]. It has since been recognized
that MFP1 is present in thylakoid membranes of cultured tobacco cells and in
Arabidopsis, but is also present in the nuclear matrix [72, 73]. It has been
suggested that MFP1 could anchor the nucleoid to the thylakoid membranes in
mature chloroplasts. The C-terminal DNA-binding domain is oriented towards
the stroma and has no sequence specificity [72]. MFP1 accumulates in light-
grown seedlings and its expression positively correlates with the development of
thylakoid membranes in young, green tomato fruit [72].

2.3.3.3 CND41. A 41 kDa protein present in tobacco chloroplasts and
etioplasts (CND41) binds DNA non-sequence specifically via a helix-turn-helix
motif in the lysine-rich N-terminus [35, 74]. Very low amounts of CND41 were
detected in roots, leaves, or photoautotrophic cultured cells, relative to the
protein abundance found in stems and heterotrophic cultured cells. CND41
transcript abundance is higher in senescing leaves than in young, growing leaves
of tobacco, although this study lacks evidence showing that protein levels mirror
transcript abundance [75].

Only two transgenic tobacco plant lines carrying an antisense CND41

gene construct contained more than a 50% reduction in CND41 protein. These
mutants contain slightly elevated chloroplast gene transcripts and lower levels of

gibberellins resulting in a dwarf phenotype. Wild-type leaf morphology is
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restored by the exogenous application of gibberellins to the mutants [76].
Antisense plants also show a delayed onset of senescence [75].

There is ~25% amino acid identity of CND41 to some aspartyl proteases
and possesses the active site residues of aspartyl proteases [74]. However,
aspartyl proteases are acidic proteases and the highest protease activity was
demonstrated at pH 2.5 with only 10% of maximum activity remaining at pH 7.0.
It seems doubtful that this activity is physiologically relevant, given that the
chloroplast pH is ~8.0. In the presence of an aspartyl protease inhibitor, the
proteolytic activity of CND41 is only weakly inhibited [77]. It seems more
plausible that the proteolytic activity observed in CND41 preparations may be the
result of contaminants.

2.3.3.4 CpPTP. The resurrection plant Craterostigma plantagineum
expresses a 21 kDa abscisic acid- and dehydration-responsive DNA-binding
protein. CpPTP has four nearly identical genes in Craterostigma, significant
homology to a tomato gene, but no other obvious gene homologs [78]. Chimeric
green fluorescent protein (GFP) reporter constructs localize to proplastid
nucleoids in a transformed tobacco cell line [78]. CpPTP protects DNA from
digestion by DNase | in vitro, therefore a role in dehydration mediated nucleoid
remodeling seems reasonable [78]. DNA is protected from dehydration by the C-
terminal DNA-binding coiled-coil motif [78].

2.3.3.5 DCP68/SiR. DCP68 is a unique DNA-binding protein present in

plastid nucleoids of cultured cell lines of soybean (SB-M) and tobacco (BY-2) and
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garden pea [1, 79-82]. N-terminal amino acid analysis of purified DCP68
revealed strong homology to ferridoxin:sulfite reductase (SiR) from higher plants
[81]. Sulfite reductase is a member of the sulfur assimilation pathway. It
catalyzes the reduction of sulfite using six electrons donated from reduced
ferredoxin [83]. Strong evidence suggested this identification was not an artifact.
Purified DCP68 exhibits the same siroheme absorbance peaks expected for SiR
[79, 81]. The cDNA of DCP68 contains the conserved active site residues,
ferredoxin binding sites, and an overall homology that is 79% identical to SiR
from Arabidopsis [81]. Immunolocalization of SiR in pea and SB-M chloroplasts
suggested that SiR is localized to the nucleoids [81]. This indicates that SiR is a
moonlighting protein, participating in sulfur assimilation and present in plastid
nucleoids. Moonlighting proteins have a second function often unrelated to their
primary or catalytic role, such as in DNA/RNA-binding to regulate transcription
and translation or to serve as structural proteins as in the lens of the eye [84].

A series of in vitro studies suggest DCP68/SIR may regulate nucleoid
function by modulating DNA-compaction. Compact structures reminiscent of
plastid nucleoids are observed when purified DCP68/SIR is incubated with DNA.
A DNA-synthesis assay demonstrates DCP68/SIR inhibits nucleotide-
incorporation in a concentration-dependent manner [1]. Sekine et al. has shown
that DCP68/SIR inhibits DNA transcription [82]. Interestingly, the compact
structures formed by recombinant maize SiR were disrupted by increasing

concentrations of heparin [82]. This is thought to be significant since the
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transcriptional inhibition by SiR could be partially restored by the addition of
heparin [82]. These combined observations suggest that nucleoid compaction by
SiR may determine the overall ability of the ctDNA to serve as a template.

2.3.3.6 Other Putative Nucleoid Proteins. A 28 kDa protein isolated from
young pea chloroplast nucleoids has considerable homology to the ribosomal
protein L19 [85]. A protein resembling the abundant bacterial nucleoid protein
HU seems to be present in the nucleoids of algal species [86-89]. HipA from G.
theta or its ortholog HC from C. merolae are non-sequence specific DNA-binding
proteins but display a preference for structural features such as four-way
junctions [89]. Mutant B. subtilis lacking the functional HU protein can be rescued
by complementation with HIpA, suggesting that HIpA is functionally equivalent to
HU [89]. Two reports have shown that antisera raised against E. coli HU
crossreacts with protein(s) in spinach chloroplasts [90, 91]. However, the
electrophoretic mobility of the immunoreactive proteins was not similar in these
two experiments, suggesting that the identification may have arisen from protein
contaminants. More recent attempts to identify HU-like proteins in higher plants
have failed. Proteins corresponding to the molecular weight of HU are present in
soybean chloroplast nucleoids but do not crossreact with HU antisera [1]. In
addition, nuclear and plastid genomes of Arabidopsis and rice do not possess an
obvious HU homolog [92].

Finally, a recent proteomics survey of proteins in a pea thylakoid-

membrane enriched fraction identified several new candidates for nucleoid

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

protein classification. Mass spectrometry identified RecA isoforms, histone
orthologs, ribosomal proteins, RNA binding proteins, RNA helicases, and a
ribonuclease S5 ortholog [80]. However, a more quantitative biochemical assay

has not yet been performed to substantiate these claims.

2.4 Bacterial Nucleoids

2.4 .1 Prokaryotic Nucleoid Structural Dynamics

2.4.1.1 Nucleoid Morphology. The prokaryotic nucleoid has been studied
more extensively than plastid or mitochondrial nucleoids. Prokaryotic nucleoids
are the site of DNA replication, recombination and transcription [93, 94]. E. coli
nucleoids range in size from 0.3 to 2 um and contain one to three genome copies
per nucleoid, although this is reduced to one copy in stationary-phase E. coli [95-
98]. Typically, there are one or two nucleoids per cell that are centrally located
[99]. In growing E. coli, nucleoids exhibit a bilobed shape that is influenced by
growth conditions [94, 99, 100].

2.4.1.2 Proposed Genome Structure. The E. coli 4.7 Mbp chromosome has a
linear contour length of 1.5 mm but is compacted four orders of magnitude,
occupying a total volume of 0.2 um?® [94, 101]. Electron microscopy has shown
E. coli nucleoids form a rosette-like structure with interwoven loops that protrude
outwards radially from a central core [102, 103]. The number of loops is
comparable to the number of topological domains predicted by biochemical

analyses [102, 103]. E. coli contains about 40 independent supercoiling domains
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but the number of domains is dynamic and depends on the cellular growth rate
[102-104].
2.4.2 E. coli Nucleoid-Associated Proteins

2.4.2.1 Fis. Eactor for Inversion Stimulation (Fis) was originally identified as a
cofactor for site-specific recombination [105, 106]. It also has been shown to
function in transcriptional activation of rRNA and tRNA operons, oriC-dependent
DNA replication, and autoregulation of its own transcription [107]. Fis binds DNA
by inserting its helix-turn-helix motif into DNA major grooves [108]. It binds DNA
with some specificity upon recognizing a poorly conserved 15 bp binding site.
Fis binding sites are present in the genome about every 230 bp, most of which
are probably occupied during exponential growth [108]. Fis modulates
transcriptional activity through two mechanisms. Transcriptional repression of
DNA gyrase in E. coli results in nucleoid de-compaction. As discussed later
(Section 2.4.4), supercoiling is one of the most important forces promoting
nucleoid condensation [106]. Also, it has been documented that Fis competes
for H-NS binding sites. Electron microscopy has documented distinct DNA
architecture formed by H-NS and Fis [109]. This effect could explain the
observed changes in nucleoid conformation observed during growth phase
changes.

2.4.2.2 H-NS. The 15.6 kDa H-NS protein is a highly abundant nucleoid
protein, consisting of an N-terminal dimerization domain and a C-terminal DNA-

binding domain [106]. H-NS mediates transcriptional silencing, site-specific
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recombination and the cold-shock response [101, 110, 111]. There are few
examples where H-NS positively affects gene expression [106, 112]. In fact,
microarray and proteomics data suggest H-NS may act as a global repressor.
Up to 5% of E. coli genes display changes in expression in the presence or
absence of H-NS [113]. When overexpressed, H-NS induces an artificial
stationary phase by silencing global transcription [114]. H-NS expression is
strongly regulated by temperature and osmolarity. During cold shock, the H-NS
to DNA ratio increased three- to four-fold [115].

The mechanism by which H-NS represses transcription has been
examined in detail in for the rmB P1 ribosomal gene. H-NS bound preferentially
to intrinsically curved A/T-rich stretches of DNA [116, 117]. Due to the presence
of multiple binding sites, H-NS dimers at distinct sites may undergo
olligomerization, thereby forming a looped structure. Repression occurred when
RNA polymerase was trapped inside this loop [118, 119].

2.4.2.3 HU. HU is a non-sequence specific DNA-binding protein but prefers
DNA structures that are recognized DNA repair intermediates such as DNA
kinks, gaps, and cruciform structures [101, 106, 120-122]. The affinity with which
HU binds DNA structures was 1000-fold higher that linear DNA. In fact, binding
of HU to repair intermediates protected them from exonuclease degradation
[121].
HU is widely distributed among different eubacteria, archaebacteria, and

blue-green alga [123]. There is strong evidence to suggest that HU wraps DNA

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



21

by a mechanism analogous to the histone-DNA interaction in eukaryotic
chromatin. Rouviere-Yaniv et al. demonstrated that purified HU decreased the
linking number of bound DNA sequences [124].

2.4.2.4 IHF. The Integration Host Factor (IHF) was first discovered as an
accessory protein involved in phage recombination [125]. IHF is structurally
similar to HU and likely uses a similar mechanism to induce bending. IHF binds
to a 35 bp site comprised of a 3' conserved domain and a 5' A/T-rich segment
[101]. Variations in the 5' sequence can result in 100-fold changes in DNA-
binding affinity [101, 126]. More recently, it has been proposed that IHF may be
a very important factor in nucleoid condensation. The concentration of IHF is 30-
fold higher than available binding sites [108, 127]. It has been suggested that
non-specific-binding by IHF may be the basis for strong global transcriptional
repression. Microarray analyses have demonstrated that IHF directly affects the
expression of at least 46 genes, and indirectly affects more than 50 others [128].

2.4.2.5 Dps. The 19 kDa Dps is the most abundant nucleoid protein from
starvation-phase E. coli [129, 130]. Dps binds DNA non-sequence specifically.
Dps expression is inducible by nutritional or oxidative factors [131, 132]. The
crystal structure of Dps reveals its structural similarity to the iron-storage protein
ferritin. Both form a dodecamer with a negatively-charged hollow core that
protects DNA from oxidative damage [133]. Mutants lacking Dps have a higher
frequency of single-strand lesions generated by hydrogen peroxide and G/C >

T/A spontaneous mutations [131]. Frenkiel-Krispin ef al. have commented on the
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effectiveness of the Dps-DNA crystalline assemblies in starved E. coli. As
starvation proceeds, the nucleoid forms a toroidal structure that grows by a
pattern-matching process termed epitaxial growth. This phase transition in
nucleoid structure does not require energy but maintains chromosomal
organization [134, 135]. Co-crystallization of DNA and Dps results in a greatly
enhanced stability to both components, indicating that the structure can
withstand prolonged starvation [135].

2.4.2.6 Other E. coli Nucleoid Proteins. A number of other nucleoid-
associated proteins have been identified though their biochemical
characterization is limited. CbpA is a non-sequence specific DNA-binding protein
with a preference for curved-DNA. There is high amino acid sequence homology
between CbpA and DnaJ, a chaperone involved in DNA replication [130, 136].
The highest level of expression of CbpA is in the late stationary phase [130, 137].
The related protein CbpB (Rob) is a sequence specific DNA-binding protein
involved in the transcriptional regulation of genes coding for resistance to
antibiotics and the free-radical superoxide [138, 139].

The 52 kDa DnaA protein initiates chromosomal replication upon binding
to the replication origin [140-142]. It was later shown to modulate transcription of
uvrB, pros, dnaA, and mioC [143]. A related protein, the 33 kDa IciA binds a 13
nt consensus sequence in the E. coli replication origin [144, 145]. However,
some have suggested that IciA contributes to nucleoid condensation by binding

non-sequence specifically to A/T-rich regions [129, 144, 146].
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StpA exhibits significant amino acid sequence homology to H-NS, binds
DNA non-sequence specifically, and is able to complement hns mutants [129,
147, 148]. In fact, both H-NS and StpA constrain DNA supercoils and inhibit
transcription from promoters containing curved DNA [149]. However, there are
differences between these analogues. H-NS regulates a much broader class of
genes that are unaffected by StpA. In addition, the RNA chaperone activity is
much stronger in StpA [149-151]. The expression of both StpA and H-NS
decreases after reaching stationary phase. However, the impact of StpA on
nucleoid compaction is not as strong as H-NS given that H-NS expression is 90-
fold higher than that of StpA [130, 150].

The leucine-responsive regulatory protein (Lrp) regulates expression of a
large number of operons (more than 75 genes) controlling amino acid and one-
carbon metabolism, metabolite transport, and pili formation [130, 152-155]. The
abundance of Lrp decreases rapidly upon reaching stationary phase [130]. Six
different modes of transcriptional regulation have been described for Lrp. The 20
kDa monomer forms higher order oligomers that binds DNA in a cooperative
manner leading to the formation of a large nucleoprotein complex [156, 157].
The N-terminal domain is responsible for DNA-binding, a middie domain is
required for transcriptional activation, and the C-terminal domain is needed for
leucine-responsiveness [158, 159]. The distribution of Lrp between the nucleoid
and cytoplasm is modulated by leucine, leading to a 2.5-fold decrease in 'free’

Lrp [157, 160].
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2.4.3 Nucleoid Architecture Results from a Balance of Forces

The structure and function of nucleoids is determined by a balance of
forces [102, 103, 161]. Nucleoid proteins clearly play important roles in DNA-
binding and nucleoid compaction. The abundance and composition of nucleoid
proteins strongly influences replication, recombination, transcription, and
segregation [93, 106, 129, 130]. Electron microscopy has demonstrated that
nucleoids from stationary phase E. coli are more compact than those in log
phase growth, and this is accompanied by global changes in gene expression
[93, 162]. Two recent reports have documented changes in nucleoid protein
composition and abundance during E. coli growth phase transitions. The
expression of CbpB, DnaA, H-NS, HU, IciA, Lrp, and StpA are highest during the
exponential growth phase. In contrast, the expression of CbpA, Dps, and IHF is
highest during stationary phase [93, 129, 130]. Fis and HU are the most
abundant nucleoid proteins in the exponential growing phase, but are replaced
by Dps in stationary phase [93, 129, 130]. These data suggest that nucleoid
function is affected by genome compaction, which is a direct reflection of the
nucleoid protein composition and abundance.

There is strong evidence that nucleoid proteins exert a significant
condensing force on the bacterial nucleoid structure. Although binding modes
may differ, most nucleoid proteins constrain the DNA topology through bending.
A bend can occur as a direct result of binding by nucleoid proteins, like the 50-

90° bend induced by the E. coli nucleoid protein Fis. Compaction of DNA can
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occur indirectly, such as when H-NS dimers undergo oligomerization and form a
DNA-bridge [108]. Bending by nucleoid proteins can lead to the formation of
higher-ordered looped DNA structures that aid in gene repression. For example,
a repressor loop is formed by HU that contains both GalR promoters, which
prevents RNA polymerase from beginning transcription [101].

Nucleoid proteins are not the only factors that contribute to nucleoid
structure. Early estimates of the DNA-binding constants of HU and H-NS were
five to ten-fold higher than the predicted intracellular concentration [163]. When
macromolecular crowding was simulated by the addition of polyethylene glycol, a
seven to ten-fold enhancement in binding was observed, reconciling the apparent
paradox between nucleoid protein abundance and in vitro estimates of binding
constants [163-165].

Negative supercoiling is also an important factor contributing to nucleoid
condensation. Negative supercoiling is the driving force in cellular processes
requiring DNA strand separation such as transcription, replication and
recombination [102]. DNA supercoiling also promotes the formation of non-
canonical DNA structures such as cruciforms, Z-DNA, or triple helices that are
recognized by some non-sequence specific nucleoid proteins [120]. Some have
speculated that nucleoid proteins exert a compaction force by modulating
superhelicity [102, 103]. Although some nucleoid proteins are able to wrap DNA

and decrease the linking number of bound DNA, experiments in mutants devoid
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of HU and H-NS indicate that these two nucleoid proteins are not the source of
most of the supercoiling in E. coli nucleoids [166].

Several forces exert a de-condensing effect on nucleoid structure. Itis
apparent that nucleoid proteins themselves can participate in nucleoid de-
compaction. Some nucleoid proteins compete for binding sites on specific
promoters. IHF and Fis can relieve repression by H-NS at specific promoters
[108]. In fact, some have speculated that HU is an antagonist to H-NS, by
competing for binding sites. H-NS mediated transcriptional repression is
enhanced in mutants that lack HU [106, 167]. In fact, the abundance of nucleoid-
associated proteins changes depending on the growth phase, coinciding with
changes in gene expression.

DNA replication has a de-condensing effect on the nucleoid because
replication is accompanied by positive supercoiling. In addition, the force
generated by DNA replication contributes to the movement of nascent DNA

strands away from the nucleoid [168, 169].

2.5 Yeast Mitochondrial Nucleoid Proteins
2.5.1 Yeast Mitochondrial Nucleoid Proteins
Eukaryotes contain highly variable number of mitochondria. Yeast cells
contain 50-100 copies of the 80 Kbp mitochondrial genome [170, 171].
Mitochondrial nucleoids are the site of replication, transcription, segregation, and

recombination [172, 173]. Most research in this field has focused on
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characterizing yeast mitochondrial nucleoid proteins. It is of some note that
many putative mitochondrial nucleoid proteins appear to have previously
characterized roles in primary metabolism.
2.5.1.1 Abf2p. The 20 kDa Abf2p is the primary condensing protein in yeast

mitochondrial nucleoids [174]. Two high mobility group motifs in Abf2p suggest
its participation in DNA packaging, replication, recombination, and transcription
[175]. Abf2p binds DNA without sequence specificity but prefers DNA structures
such as Holiday junctions [174, 176]. In the presence of topoisomerases, Abf2p
induces negative supercoiling [174, 177]. Double mutants containing null copies
of abf2 and mgt1 (a cruciform-cutting endonuclease) display a ten-fold decrease
in recombination intermediates. This may indicate that, in addition to nucleoid
compaction, Abf2p is involved in DNA recombination [176, 178, 179].

2.5.1.2 Mgm101p. Mgm101p encodes a 30 kDa protein with a C-terminal
basic region involved in mtDNA maintenance [180]. Mgm101p localizes
exclusively to mitochondrial nucleoids [181, 182]. Mgm101p mutants do not
show differences in mtDNA replication nor in nucleoid packaging, segregation, or
partitioning [181]. Mutant cells lacking a functional copy of Mgm101p are
hypersensitive to oxidative damage, suggesting that this protein is involved in the
repair of damaged mtDNA [181].

2.5.1.3 Aco1p. Aconitase (Aco1p) is an abundant enzyme of the citric acid

cycle that moonlights as a mitochondrial nucleoid protein [183]. It has been

shown that Aco1p also has a role in mtDNA maintenance and can rescue mutant

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



28

strains lacking Abf2p [159]. lIts role in mtDNA maintenance is independent of
enzyme activity or the metabolic flux through the citric acid cycle but may be
sensitive to redox state [159, 184, 185]. Mammalian aconitase moonlights as an
iron-responsive element binding protein (IRP1). Enzyme catalysis and mRNA
binding were determined to be mutually exclusive and the functional switch
occurs through the loss of an iron-sulfur cluster that is required for aconitase
activity [186-188].
2.5.1.5 Hmi1p. The Hmi1p is a helicase required for mtDNA inheritance.

Yeast strains without a functional Hmi1p protein possess three-fold more
nucleoids that are smaller in size and contained less DNA than wild-type yeast
mitochondria [189]. Analysis of intact mtDNA molecules from wild-type and
Hmi1p null mutants demonstrated large differences in the size of DNA generated.
These data suggest Hmi1p may be a structural factor involved in the synthesis of
large concatameric DNA molecules [189].

2.5.1.6 ILV5p. Acetohydroxyacid reductoisomerase (llvSp) catalyzes a step in
branched-chain amino acid synthesis and moonlights as a mitochondrial nucleoid
protein [190]. It has previously been shown that Ilv6p is under control of Gen4p,
a transcriptional activator of amino acid biosynthetic genes. Mutants
overexpressing Gendp have an increased number of nucleoids and can suppress
the mtDNA instability phenotype of abf2pA celis[191-193]. This suggests that the
number of nucleoids is co-regulated by the general amino acid control pathway

[191, 194]. It has also been noted that DNA mutation rates are significantly
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higher in cells after the general amino acid control pathway is partially de-
repressed [195].
2.5.1.7 Hsp60. The heat shock protein Hsp60 is an essential molecular

chaperone expressed during oxidative stress to protect iron-sulfur proteins [196].
It also moonlights as a mitochondrial nucleoid protein. Hsp60 binds to the
template strand of active mtDNA ori sequences in vitro [183]. Mitochondrial DNA
is rapidly lost from Hsp60 temperature-sensitive mutants. Yet mtDNA instability
in these mutants required transcription from promoter elements within the active
ori. Kaufman ef al. suggested the interactions between Hsp60 and active ori
elements that may represent a potential regulatory mechanism of mtDNA
transmission [182].

2.5.1.8 Moonlighting Mitochondrial Nucleoid Protein Candidates. Many
mithochondrial nucleoid proteins have been identified using formaldehyde to
covalently crosslink nucleoid proteins to DNA in vivo. It has emerged that many
of these proteins have important roles in the primary metabolism and are
apparently involved in nucleoid maintenance [197, 198]. These proteins are
called moonlighting proteins and may facilitate the coupling of metabolism and
mtDNA maintenance [159]. Moonlighting mitochondrial nucleoid proteins are

shown in Table 1.
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[Table 1. Moonlighting Mitochondrial Nucleoid Proteins

Protein Primary Function Species References
Sls1p Translation S. cerevisiae [183]
Hsp70p Mitochondrial chaperone S. cerevisiae [183]
IDH-E1 NAD-dependent isocitrate dehydroenase S. cerevisiae [183, 198-200]
IDP1p NADP-dependent isocitrate dehydrogenase S. cerevisiae [183]
SCS Succinyl-CoA ligase, o subunit S. cerevisiae [183]
PDHC-E1 a Pyruvate dehydrogenase, E1 o subunit S. cerevisiae [183, 198]
PDHC-E1 B Pyruvate dehydrogenase, E1 § subunit S. cerevisiae [183]
ilvep Acetolactate synthase regulatory subunit S. cerevisiag [183]
Cha1p Ser/Thr deaminase S. cerevisiae [183]
IAnt1 Adenine nucleotide translocator X. laevis [198, 201]
Phb2 Prohibitin2 X. laevis [198, 201]
PDC-E2 Pyruvate dehydrogenase X laevis [201, 202]
BCKD-E2 Branched chain keto acid dehydrogenase X laevis [201]
llv5p Acetohydroxyacid reductoisomerase 8. cerevisiae [183, 198]
Hsp60 Mitochondrial chaperone S. cerevisiae [182, 183]
Ald4p Aldehyde dehydrogenase S. cerevisiae [183]
Kgd2p 2-Oxoglutarate dehydrogase S. cerevisiae [183]
Lpd1p Dihydrolipoamide dehydrogenase S. cerevisiae [183]
lAco1p Aconitase S. cerevisiae [183]
|Atp1p ATPase o subunit S. cerevisiae [183]
Mdj1p Mitochondrial chaperone S. cerevisiae [203]

2.6 Gene Regulation by Phosphorylation

Although there are over 350 distinct post-translational modifications,

reversible protein phosphorylation is one of the best characterized [204].

Approximately 5% of the Arabidopsis genome encodes protein kinases and

phosphatases [205, 206]. These proteins are essential members of signal
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transduction cascades that govern plant responses to developmental and
environmental changes. Phosphorylation is one of the most common
mechanisms for regulating gene expression. It affects chromatin remodeling,
transcription factor binding, and plastid nucleoid protein DNA-binding activity.
2.6.1 Nuclear Gene Expression is Modulated by Phosphorylation

2.6.1.1 Chromatin remodeling. In eukaryotes, DNA is wrapped around
histone proteins that maintain chromatin in a condensed state. Post-translational
modifications may dictate dynamic transitions between the active and repressed
chromatin states. The first evidence to be reported was that histone lysine
residues are hyperacetylated in actively transcribed genes [207]. Acetylation and
phosphorylation alter the overall charge of histones, disrupting electrostatic
interactions between histones and DNA, thereby reversibly altering chromatin
structure [208]. Furthermore, it is now clear that in some instances
phosphorylation promotes acetylation on the same histone [209, 210].

Phosphorylation of histone proteins occurs during cell cycle progression

and in response to environmental factors. During the developmental transition
from interphase to metaphase, chromatin is condensed in preparation for
segregation. Histone H3 phosphorylation coincides with chromatin condensation
and is phosphorylated in a cell cycle dependent manner [211-213].
Phosphorylation of the histone variant H2A.X occurs in response to double-

strand breaks as well as apoptotic chromatin fragmentation, [214-218]. In vitro
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studies have suggested that H2A.X phosphorylation may govern nucleosome
spacing [219, 220].
2.6.1.2 Transcription factor activity. Perhaps the most common mechanism of

modulating transcription factor activity is through reversible phosphorylation [221-
223]. Phosphorylation of many transcription factors, such as PT14 and
OsEREBP1, modulates their DNA-binding affinity [224, 225]. In some cases,
transcription factor DNA-binding is affected by diurnal changes in
phosphorylation [226].
2.6.2 Organelle Gene Expression is Modulated by Phosphorylation

Protein phosphorylation directly affects the translation of the psbA gene.
The psbA 5' untranslated region (UTR) is bound by a complex of four proteins:
RB38, RB47, RB55, and RB60. Binding of this complex to the UTR is regulated
by a phosphorylation-dependent mechanism that is responsive to light and redox
state [227]. RB60 is phosphorylated in chloroplasts through an ADP-dependent
mechanism that is principally active in the dark [228]. In the light, RB60 is
dephosphorylated which allows the protein to become responsive to redox
signals generated during photosynthesis. Reduction of a key vicinal dithiol site
on RB60 activates binding of the complex to the UTR, which allows translation to
occur [229].

Protein phosphorylation also impacts organellar gene expression indirectly
by modulating properties of proteins in the transcription apparatus. Tiller et al.

discovered that phosphorylation of three sigma-like factors (SLFs) changes the
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transcription profile of Sinapis alba plastids [230]. SLFs are prokaryotic-type
transcription factors that do not bind DNA themselves, but confer promoter
specificity and aid in transcription initiation. Chloroplasts and etioplasts contain
three SLFs of similar molecular weight, but differ in the preferred binding site in
the psbA promoter and the ionic strength need for efficient DNA-binding [231].
The properties of chloroplast SLFs can be mimicked by incubating them with a
kinase [231].

Tiller et al. later discovered that the kinase responsible for phosphorylation
of plastid SLFs is a casein kinase-like enzyme (CK2) that is associated with the
plastid-encoded RNA polymerase [232-236]. Plant casein kinases are involved
in the regulation of circadian clock genes, cell cycle, seed storage, DNA
transcription, and RNA translation [237-241]. Arabidopsis contains four genes
encoding a CK2. The N-terminal transit peptide of one cpCK2 gene targets this
kinase to the chloroplast where it has been demonstrated to phosphorylate
plastid-encoded RNA polymerase, SLFs, chlorophyll a/b-binding protein CP29
and the B subunit of ATP synthase [235, 242, 243]. Plastid-targeted CK2 is
subject to regulation by changes in phosphorylation and redox state [232, 235,
236, 244]. These observations have led several researchers to suggest that
cpCK2 is part of a signal transduction system that coordinates transcription levels
and redox state [232, 235].

2.6.3 Nucleoid Protein Phosphorylation
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2.6.3.1 Nucleoid protein phosphorylation. The presence of CK2 recognition
motifs present within the MFP1 sequence and in vitro experiments showing that
MFP1 can be phosphorylated by CK2 support the notion that MFP1 is
phosphorylated in vivo [245]. It was later shown by that the tobacco chloroplast
MFP1 is post-translationally modified in vivo [245]. A subsequent southwestern
DNA-binding experiment demonstrated that the phosphorylated tobacco MFP1
shows a decrease in DNA-binding affinity [245]. It is interesting to note that the
in vitro dephosphorylation of the 90kDa Allium cepa MFP1 disrupts its
association with the nuclear matrix [73].

Chi-Ham ef al. used electrophoretic mobility shift assays to demonstrate

the purified DCP68/SiR bound DNA differently than purified DCP68/SiR that had
been pretreated with alkaline phosphatase [81]. This could suggest that the

DNA-compacting activity of SiR may be regulated by phosphorylation.
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CHAPTER I
EXPERIMENTAL PROCEDURES
Materials
Agarose, N,N,N',N'-Tetramethylethylenediamine (TEMED), ammonium
persulfate, glycine, nitrocellulose, acrylamide, ampholytes, Triton X-100, Bradford
dye reagent, immobilized pH gradient (IPG) strips, XT-MES running buffer,
Criterion gels, and silverstaining chemicals were obtained from BioRad,
Hercules, CA. 3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate
hydrate (CHAPS), phenylmethylsulfonyl fluoride (PMSF), p-toluenesulfonyl
fluoride (PTSF), ficoll, sorbitol, 2-morpholinoethanesulfonic acid (MES), 4-(2-
hydroxyethyl)-1-piperazine ethane sulfonic acid (HEPES), sodium azide,
thiourea, 2-mercaptoethanol (BME), diethylpyrocarbonate (DEPC), e-amino-n-
caproic acid, formamide, iodoacetic acid, formaldehyde, protease inhibitor
cocktail (PIC), and DNAse | were obtained from Sigma, St. Louis, MO.
Dithiothreitol (DTT) was obtained from EMD Biosciences, San Diego, CA. RNA
was isolated using Plant RNA Purification Reagent from Invitrogen, Carlsbad,
CA. Enhanced chemiluminescent substrate (ECL) was purchased from GE
Biosciences, Piscataway, NJ. Murashige and Skoog minimal organics medium
[246] was purchased from Sigma, St. Louis, MO (no sucrose) and GibcoBRL,
Gaithersburg, MD (with sucrose). Gel Code Blue gel stain and CL-Xposure film
were purchased from Pierce, Rockford, IL. Cellulysin cellulase and Miracloth
were obtained through Calbiochem, San Diego, CA. Small Parts Inc. of Miami

Lakes, FL supplied the 53- and 20-um netting. Restriction enzymes and
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recombinant CK2 were obtained from New England Biolabs, Beverly, MA.
Integrated DNA Technologies, Coralville, IA, synthesized primers. Arabidopsis
growing medium, seed, and growing flats were purchased from Lehle Seeds,
Roundrock, TX. All other chemicals were obtained from Fisher Chemical

Company, Fairlawn, NJ.

Routine Apparatus

Nucleic acid electrophoresis was performed using GibcoBRL Horizon 58
Model 200 and IBI Model MPH multipurpose gel electrophoresis cells. Protein
electrophoresis was performed using a BioRad Criterion or Mini-Protean 3 cells.
Transfer to nitrocellulose was performed using the BioRad Mini-Transblot or
Criterion blotter. Isoelectric focusing was accomplished using a BioRad Protean
IEF cell. Long-term storage of samples was achieved using a Puffer Hubbard —
80°C freezer. E. coli cells were disrupted using an SLM Aminco French Pressure
cell. E. coli culture incubation was performed in a Fisher Scientific 650D
incubator, a New Brunswick G24 incubator shakers, a New Brunswick Series 25
incubator shakers. Arabidopsis plants were grown in a Percival I-60VL growth
chamber. The SB-M suspension cell line was maintained upon New Brunswick
G10 Gyratory Shakers. Centrifugation was accomplished using a Beckman
Coulter Avanti J-301 and Eppendorf 5417 centrifuges. Hybridization was
performed using a Techne Hybridizer HB-1D. Solvent evaporation was

performed using Savant SpeedVac concentrator. A Techne Genius thermocycler
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was used for PCR. Sample masses were determined using Mettler Toledo
balances, models AB54-S and PV303-S. Spectrophotometric absorbance was
determined using Nanodrop ND-1000 and Beckman DU640 spectrophotometers.
Microscopy was performed using an Olympus BX-60 microscope with the Q-
Imaging Micropublisher Imaging system. Distilled water was deionized using a
Barnstead Nanopure Il system. Microliter solution volumes were measured using
Pipetman P-1000, P-200, and P-20. Solution pH was determined using a Fisher
Accumet pH meter model 915. Labware and solutions were sterilized in Steris
Amsco Lab 250 and 3031-S autoclaves.

Media

Antibiotic Stock Solutions

25 mg/ml Ampicillin in water (final concentration: 100 pg/ml)

34 mg/m! Chloramphenicol in ethanol (final concentration: 30 ug/ml)
Antibiotic solutions were sterilized with a 0.2 um filter and added to the media
after cooling to 50°C.

Arabidopsis Growing Medium
33% vermiculite

33% perlite

34% potting soil

Vitamin Mixture (1000x) for KT Medium
200 pg/l Nicotinamide

200 pg/l Pyridoxine HCI

100 pg/l D-Biotin

100 pg/l Choline ClI

100 pg/l Calcium Pantothenate
100 ug/l Thiamine HCI

50 ug/l Folic acid

50 pg/l p-Aminobenzoic acid
50 pg/l Riboflavin

0.15 pg/l Cyanocobalamin
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Germination Medium (GM)

2.2 g/l Murashige and Skoog basal salts

1% sucrose

0.8% agar

5 mM MES, pH 5.7

(Where noted, 15mg/L BASTA and/or 50uM cysteine were added after the media
has cooled.)

KT Medium (KT) [247]

1 mg/l naphthaleneacetic acid

0.2 mg/l kinetin

34.6 g/l Murashige Minimal Organics medium (with sucrose)
1X Complex Vitamin mixture

Luria-Bertani Broth (LB)
10 g/l NaCl

10 g/l tryptone

5 g/l yeast extract

SOC Medium

2% tryptone

0.5% yeast extract
10 mM NacCl

2.5 mM KClI

10 mM MgCl,

10 mM MgSO,

20 mM glucose

Solid Bacterial Media
1.5% (w/v) agar was added to LB or TB before autoclaving.
0.8% (w/v) agar was added to GM before autoclaving.

Terrific Broth (TB)
12 g/l tryptone

24 g/l yeast extract
0.4% (v/v) glycerol
17 mM KH.PO,

72 mM K;HPO4

Buffers

Agarose Gel Loading Buffer (6X)
0.4% (w/v) Orange G
0.03% (w/v) Bromophenol Blue
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0.03% (w/v) Xylene Cyanol
15% Ficoll

10 mM Tris-HCI, pH 7.5

50 mM EDTA, pH 8.0

Buffer A for preparation of Arabidopsis soluble protein extracts
20 mM Tris-HCI, pH 8.0

20 mM NaCl

0.4 mM PMSF/PTSF

1% (v/v) Protease Inhibitor Cocktail

Bacterial Cell Lysis Buffer
20 mM Tris-HCI, pH 8.0
500 mM NaCl

1 mM EDTA

0.1 % Triton X-100

0.4 mM PMSF/PTSF

Chitin Column Buffer
20 mM Tris-HCI, pH 8.0
500 mM NaCl

1 mM EDTA

0.4 mM PMSF/PTSF

Chloroplast Isolation Buffer
50 mM HEPES, pH 8.0
400 mM sorbitol

1 mM EDTA

Store at 4°C

Coomassie Blue (agueous)
0.05% (w/v) Coomassie Blue G250 dye dissolved in water

Denhardt's Reagent (50X)

10 mg/mi Ficoll (MW 400 Kda)

10 mg/ml polyvinylpyrrolidone (MW 30 KDa)
10 mg/ml bovine serum albumin

Dialysis Buffer

20 mM Tris-HCI, pH 8.0
20 mM NaCl

0.4 mM PMSF/PTSF

DNA Compaction Buffer
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20 mM Tris-HCI, pH 8.0
20 mM NaCl

0.4 mM PMSF/PTSF

1 mM dithioerythritol (DTT)

Immobilized pH Gradient (IPG) Strip DTT Equilibration Buffer
6 M Urea

50 mM Tris-HCI, pH 8.8

20% (v/v) Glycerol

2% (w/v) SDS

2% (wiv) DTT (Added immediately prior to use)

Store at —20°C

DNA Prehybridization Solution
5X SSC,pH 7.0

5X Denhardt's solution

50% (v/v) formamide

1% sodium dodecyl sulfate
0.1 mg/ml salmon sperm DNA
DEPC-treated water

Immunoblot Transfer Buffer
25 mM Tris-HCI, pH 8.3
192 mM glycine

20% methanol

Chill to 4°C prior to use

IPG Strip lodoacetic Acid Equilibration Buffer

6 M Urea

50 mM Tris-HCI, pH 8.8

20% (v/v) glycerol

2% (w/v) SDS

2.5% (w/v) lodoacetic acid (Added immediately prior to use)
Store at —20°C

Laemmli Running Buffer
25 mM Tris-HCI, pH 8.3
192 mM glycine

1% (w/v) SDS

Laemmli Loading Buffer
200 mM Tris-HCI, pH 6.8
40% (v/v) glycerol

2.9 M BME
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8% (w/v) SDS
0.01% (w/v) Bromophenol Blue

MES Sorbitol Buffer
50 mM MES, pH 5.8
400 mM sorbitol

2 mM CaCl,

Low-Salt TAN Buffer

20 mM Tris-HCI, pH 7.0

20 mM NaCl

0.5 mM EDTA

1.2 mM spermidine

7 mM 2-mercaptoethanol (BME)

0.4 mM PMSF/PTSF (Added immediately prior to use)

1% Protease Inhibitor Cocktail (PIC) (Added immediately prior to use)

High-Salt TAN Buffer

20 mM Tris-HCI, pH 7.0

2 M NaCl

0.5 mM EDTA

1.2 mM spermidine

7 mM 2-mercaptoethanol (BME)

0.4 mM PMSF/PTSF (Added immediately prior to use)
1% PIC (Added immediately prior to use)

Phenyl-Sepharose Elution Buffer

50 mM Tris-HCI, pH 8.0

50% Methanol

10 mM NaCl

1 mM EDTA

0.4 mM PMSF/PTSF (Added immediately prior to use)
1% PIC (Added immediately prior to use)

Overlay Agarose Buffer

1X XT-MES running buffer (Bio-Rad, Hercules, CA)
0.75% (w/v) agarose

0.002% Bromophenol Blue

PBS blocking Buffer
5% (w/v) non-fat dry milk dissolved in PBS

Phosphate Buffered Saline (PBS)
137 mM NacCl
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2.7 mM KCI

4.3 mM Na;HPO4

1.4 mM KH,PO,

0.1% (v/v) Triton X-100
Adjust pH to 7.4 with 1M HCI

SSC (1X)
150 mM NaCl

15 mM sodium citrate, pH 7.0

TBE Buffer

89 mM Tris, pH 8.3
2 mM EDTA

89 mM boric acid

2D IPG Rehydration Buffer
7 M urea

2 M thiourea

50 mM DTT

4% CHAPS

0.0002% Bromophenol Blue
0.066% 3-10 ampholytes
0.133% 5-8 ampholytes

1% PIC

0.4 mM PMSF/PTSF

Store buffer at —20°C

DTT, PIC, PMSF/PTSF, and ampholytes added immediately prior to use

Cultures
Glycine max Cell Line SB-M
The SB-M suspension cell line was developed by Widholm et al. from Glycine
max (L.) Mer. V. Corsoy [248]. SB-M cells were grown photomixotrophically in
KT medium supplemented with sucrose. Cells were grown in 2L Erlenmeyer
flasks with approximately 500-600 mL of medium shaking at 160 RPM. The cell
line was maintained under constant lighting at an intensity of 45 uE-m?2's™" using

eight 34 W fluorescent bulbs. The cell line was diluted 1:2 with KT medium every
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seven days. The cell line was used for preparation of various cellular extracts as
well as in nucleoid and chloroplast isolations.
Plants

Arabidopsis thaliana ecotype Columbia. Arabidopsis seeds were surface
sterilized prior to sowing by vigorously mixing them in a solution containing 70%
ethanol for 60 sec, followed by 10 min in a 10% bleach solution. The seeds were
washed four times in sterile water and suspended in a sterile solution of 0.1%
agarose. The seeds were sown on Arabidopsis Growing Medium. The flats
were wrapped in SaranWrap and several slots were made to allow for gas
exchange. To synchronize germination, the flats were incubated at 4°C for 96
hours. After germination, the plants placed on a 12 h light/dark cycle at 22-25°C
with a photosynthetic light flux of 150 nE-m?-s™.

Seed viability was assessed by plating Arabidopsis seeds onto solid
Germination Medium. Plates were grown vertically under a light intensity of
~150 uE-m?2-s™ and a 12 h light/dark cycle. Seed from the 1223 SAIL line was
grown on GM supplemented with BASTA for selection of T-DNA containing
plants.

Glycine max Mer. V. Corsoy. Soybean seed was obtained from the National
Plant Germplasm Center in Beltsville, MD. The seeds were washed in a 10%
bleach solution for 10 min, rinsed in water and planted in Arabidopsis Growing

Medium. Soybeans were grown with a 12 h light/dark cycle with a photosynthetic

light flux of 150 pE-m2-s™.
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Methods

Preparation of Arabidopsis Soluble Protein Extracts. Arabidopsis leaves and
roots were routinely harvested five hours into the light cycle. Plant material was
ground for approximately 30 s in 800 pl Buffer A per gram of fresh weight. The
extract was subjected to a centrifugation step of 10,000xg for 10 min at 4°C.
The supernatant was dispensed into aliquots and stored at —80°C until further
use.

Protein Analysis. Protein concentration was measured according to the dye
binding assay of Bradford using BSA as a standard [249]. One-dimensional
protein gel electrophoresis was performed using homemade 7.5% reducing
denaturing polyacrylamide gels (SDS-PAGE) [250]. Gels were rinsed in distilled
water for 15 min prior to staining with Gel Code Blue for 60 min. Gels were
destained overnight in distilled water.

Isoelectric Focusing Sodium Dodecy! Sulfate-Polyacrylamide Gel
Electrophoresis (IEF)/SDS-PAGE or 2D) Sample Preparation. Nucleic acids
were removed from 2D samples by digestion with 20 U of DNase | at room
temperature for 30 min. Protein precipitation occurred after the addition of one
volume of 10% trichloroacetic acid (TCA) in acetone and incubated at —20°C for
90 min. The resulting precipitate was centrifuged at 10,000xg for 5 minutes. The
pellet was washed twice in cold acetone and dried in a SpeedVac concentrator.

The pellet was resuspended in 125 pl of 2D IPG Rehydration Buffer, shaken
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vigorously for 15 min, and incubated at 30°C for 60 min. This was then
centrifuged at 10,000xg for 5 min and the supernatant coliected. To the pellet,
55 ul of 2D IPG Rehydration buffer was added, vigorously shaken, and incubated
at 37°C for 15 min. The resuspension was centrifuged at 10,000xg for 5 min and
the supernatants were pooled and used to rehydrate the IPG strip. Adequate
swelling of the IPG gel matrix required at least 16 h for the IPG strip to rehydrate.
Eleven cm IPG strips covering a pH range of 3-10 were used for IEF analysis.
IEF/SDS-PAGE. lsoelectric focusing occurred in three stages. Throughout
the run a temperature of 20°C and a maximum current of 50 pAmp per strip were
maintained. A preconditioning stage (250 V; 20 min) was used to remove
contaminating charged compounds. A linear voltage ramping stage of isoelectric
focusing was conducted with a maximum voltage of 8,000 V for a total period of
10,000 V-h, which was followed by a rapid voltage ramping stage for 25000 V-h.
The strips were removed from the isoelectric focusing tray and excess mineral oil
was removed. The strips were then incubated in 5 ml of IEF Strip DTT
Equilibration Buffer for 10 min, followed by incubation with IEF Strip lodoacetic
Acid Equilibration Buffer. The strips were immersed briefly in XT-MES Running
Buffer, placed onto a 4-12% Bis-Tris gradient gel and covered with overlay
agarose. Electrophoresis was conducted at 150 V for 90 min. 2D gels were
fixed overnight, washed for 6 hours with distilled water, and visualized by silver

staining for approximately 7 min.
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Transfer of Protein to Nitrocellulose. Gels were incubated in freshly prepared,
chilled Transfer Buffer for 15 min and transferred to nitrocellulose (pore size 0.2
pm). Homemade 7.5% reducing, denaturing gels were transferred at 100 V for
90 min. Bis-Tris gradient gels were transferred at 70 V for 45 min.

Development of the Immunoblot. Nitrocellulose was incubated with PBS
Blocking Buffer for 45 min followed by one-hour incubation with the primary
antibody (aSiR chicken IgY 1:300, or aSiR rabbit 1:6,000 dilution). The blot was
washed successively (15 min each) in PBS, PBS Blocking Buffer, and PBS, then
incubated for 60 min with a secondary antibody conjugated to horseradish
peroxidase (achicken goat HRP conjugate 1:250,000, or arabbit goat HRP
conjugate 1:12,000 dilution). The blot was washed successively (15 min) in PBS,
PBS Blocking Buffer, and PBS and developed in 0.125 ml/cm? of ECL substrate.
The blot was wrapped in SaranWrap® and photographed.

Chloroplast Isolation from SB-M Suspension Cells. SB-M cells were routinely
harvested two days post transfer into fresh medium as a source for chioroplast
preparations, as outlined by Cannon et al. [1]. Approximately 125-250 g of SB-M
cells were collected on a fritted glass filter, washed and resuspended in
approximately 400 ml of MES-Sorbitol Buffer. Cellulysin cellulase was added to
0.2% (w/v) and incubated at 37°C for 2-3 hours to partially digest the cell walls.
The cells were resuspended in the same volume of HEPES-Sorbitol Buffer and
further disrupted with three passes using a Dounce homogenizer (shaft A),

followed by filtration through 53 um nylon mesh netting. The homogenate that
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remained was again resuspended, disrupted with the Dounce homogenizer, and
filtered with the 53um nylon mesh. This step was repeated twice more, and then
the filtrate was passed over a 20pum nylon mesh netting. The filtrate was
centrifuged at 150xg for 8 min to remove ruptured cell wall debris. The
supernatant was then centrifuged at 1,400xg for 10 min to pellet chloroplasts.
The pellet was carefully resuspended in 30 ml of HEPES-Sorbitol Buffer using a
small paintbrush, and centrifuged at 750xg for 10 min to pellet chloroplasts. The
pellet was stored at —80°C until further use.

Chloroplast Isolation from Arabidopsis thaliana. Arabidopsis leaves

(approximately 150 g) were placed in a Braun blending unit and homogenized in
30 ml HEPES-Sorbitol Buffer for approximately 10 sec. This homogenate was
filtered through four layers of Miracloth®. The retained leaf matter was
homogenized a second time in HEPES-Sorbitol and passed again through the
Miracloth®. This procedure was repeated twice more. The filtrate was then
passed over a 20 um nylon mesh netting to remove cell debris, and a clearing
spin was performed for 1 min at 300xg. Chloroplasts were pelleted by a
centrifugation step at 2,500xg for 10 min. The chloroplasts were gently
resuspended in 30 ml of HEPES-Sorbitol Buffer using a small paintbrush. One
final centrifugation step of 2,500xg for 10 min was sufficient to isolate
chloroplasts. The pellet was stored at —80°C until further use.

Isolation of Chloroplast Nucleoids from SB-M Chloroplasts. SB-M plastid

nucleoids were isolated based on the protocol outlined by Chi-Ham et al. [251].
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In this method, chloroplasts from 2.5 kg of SB-M cells were resuspended in 100
ml of Nucleoid Isolation buffer and Nonidet P-40 was slowly added to a final
concentration of 2%. The chloroplasts were stirred for 30 min at room
temperature and subsequently centrifuged at 7,800xg for 30 min to pellet
nucleoids. The pellet was resuspended in 50 ml of Nucleoid Isolation Buffer and
Nonidet P-40 was added to 2%. The suspension was stirred for 30 min and
centrifuged at 7,800xg for 30 min. This step was repeated twice more, except in
the final step no Nonidet P-40 was added.

RNA Isolation from Arabidopsis thaliana. Approximately 100 mg Arabidopsis

tissue was frozen in liquid nitrogen and ground with a mortar and pestle. The
powder was transferred to a cold microfuge tube, to which 500 pl of Plant RNA
Purification Reagent was added and mixed vigorously. The tube was incubated
for 5 min at room temperature and the suspension was clarified by centrifugation
for 2 min at 12,000xg. The supernatant was removed, and 100 pl of 5 M NaCl
and 300 pl of chloroform were added to the solution. After thorough mixing by
inversion, the sample was centrifuged for 10 min at 12,000xg. One volume of
cold isopropyl alcohol was added to the supernatant and the mixture was allowed
'to stand at room temperature for 10 min. The RNA was pelleted by
centrifugation step at 12,000xg for 10 min. Salt was removed by washing the
pellet in 1 ml of 75% ethanol. The RNA was again pelleted by centrifugation of

12,000xg for 1 min. The remaining solvent was removed by centrifugation in the
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SpeedVac® concentrator, and the RNA was stored at —80°C until further use
(typically no more than 4 days after isolation).

Northern Blotting. Transcript abundance was analyzed by using 10 pg of total
RNA for electrophoresis on a 1.5% agarose gel containing 0.41 M formaldehyde
and 1 X MOPS Running Buffer. Gel electrophoresis was conducted at 70 V for
4.5 h and rinsed in 500 ml of DEPC-treated water for 15 min. The gel was
transferred to a nylon membrane by gravity-assisted flow. The blot was
irradiated on a UV transilluminator for 2 min to fix the RNA to the membrane and
incubated in DNA Prehybridization Solution for 100 min at 42°C. Denatured sir
and act2 gene probes were added and allowed to hybridize for 24 h. The blot
was washed twice in 16 ml of 2 X SSC, 0.1% SDS for § min (22°C), and then
washed twice in 0.2 X SSC, 0.1% SDS for 15 min at 42°C, and twice more at
68°C. The PhosphoScreen® was exposed to the blot for 24 hours and
densitometry was performed using Bio-Rad's QuantityOne software.

Preparing the Northern Blotting Probes. Radioactive probes were generated
using the Prime-A-Gene labeling system from Promega according to t to the
manufacturer's instructions. Unincorporated label was removed using a
homemade G-50 spin column. Typically, probes with a specific activity of 1 X 10’
cpm/ul were used for hybridization.

DNA Compaction Assay. A 25 ul reaction containing 1 X DNA-Binding Buffer,

500 ng of pUC19 plasmid DNA, 0.1 ng/pl 4,6'-diamidinophenolindole (DAPI), and
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3.5 ug rAtSiR were incubated overnight at 4°C. Compaction was assessed using
epifluorescence microscopy at 100X magnification [2].

Generation of Polyclonal Antisera. Recombinant AtSiR was gel-purified on a
7.5% SDS-PAGE. The gel was rinsed in distilled water and stained with 0.05%
aqueous Coomassie Blue for 10 min. The gel was then washed extensively in
distilled water and the 63 kDa band was excised. Rabbit inoculation of 100 nug of
rAtSiR was followed by four 50-ug boosts of the same antigen over a period of
two months. Cocalico Biologicals, Reamstown, PA handled all aspects of animal
inoculation, boosting, and bleeds.

In Silico Data Mining. The SiR gene sequences from Arabidopsis thaliana
(CAA71239), Nicotiana tabacum (BAA33796), Glycine max (AAG59996), and
Pisum sativum (BAD12837) were obtained from NCBI. Promoter analysis was
performed using the Arabidopsis Gene Regulatory Information Server (AGRIS)
[252, 253]. Phosphorylation predictions based on the primary sequence of
mature AtSIR (without the N-terminal signal sequence) was performed using
NetPhos [254, 255]. Sequence alignment and analysis were performed using
ClustalX and MEGA 3.0.

DNA Isolation. DNA extraction for PCR was performed using the REDEXxtract-
N-Amp Plant PCR Kits from Sigma. DNA was extracted from a small disk of
tissue from Arabidopsis leaves according to the manufacturer's instructions.
Plasmid DNA was isolated using a Qiagen Plasmid Extraction Kit according to

the manufacturer's instructions.
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Polymerase Chain Reaction (PCR) of p-Actin Gene. The AACTF and AACTR
primers (Table 2) were used to amplify a 669 bp fragment of exon 3 from the B-
actin gene of Arabidopsis. This PCR reaction contained 1X Pfu polymerase
buffer, 1.25 U of Pfu DNA polymerase, 0.8 mM dNTPs, and 1.3 uM of each
primer. DNA extracted from an Arabidopsis leaf disc was used as template in
this reaction. This reaction undérwent 30 cycles of 95°C for 20 sec, 57.3°C for
30 sec, and 72°C for 2 min.

PCR of Detection of the T-DNA Insertion. A PCR reaction was used to
determine the genotype of the 1223 SAIL line mutant plants. To accomplish this
task, two PCR reactions were performed using DNA extracted from a leaf disc of
the mutant plants. The first PCR reaction determined the presence of a T-DNA
insert in the sir gene. The AtKoR and TMRI-LB2 primers (Table 2) were used to
amplify a 3.7 Kbp fragment containing a portion of the T-DNA border. This PCR
reaction contained 1X Ex Taq polymerase buffer, 1.25 U of Ex Taq polymerase,
0.8 mM dNTPs, and 1.3 uM of each primer. This reaction was thermocycled
through 30 cycles of 94°C for 18 sec, 57.3°C for 30 sec, and 69°C for 3 min. If
DNA isolated from a 1223 SAIL mutant plant generated a 3.7 Kbp PCR
amplimer, then this indicated the test plant was not a wild-type plant.

A second PCR reaction was used to determine if the mutant plant was
homozygous or heterozygous, by detecting the presence of a wild-type sir gene.
The AtSIiRF and AtSiRR primers (Table 2) were used to amplify a 2.4 Kbp

fragment of the wild-type sir gene. This fragment included the T-DNA insertion
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Table 2. Primer Sequences.

Primer Sequence Tm (°C) | Direction
Name

AtKoR 5'-CAGTTCAGACAGAGACATTACATTACATGA-3' 62.9 Reverse
AtSIRF 5'-CGGCACAACCGCCTGAACAGAAGTG-3' 67.5 Forward
AtSIRR 5'-AGGCGAAGAACTCGACGAAGAAGCGG-3' 67.4 Reverse
AACTF 5'-TCTTGACCTTGCTGGACGTGAC-3' 61.5 Forward
AACTR 5-TGTGAACGATTCCTGGACCTGC-3' 61.5 Reverse
TMRI-LB2 5'-GCTTCCTATTATATCTTCCCAAATTACCAATACA-3' | 65.6 Forward

site, which, if present, would prevent amplification of the wild-type allele. This
PCR reaction contained 1X Ex Taq polymerase buffer, 1.25 U of Ex Taq
polymerase, 0.8 MM dNTPs, and 1.3 uM of each primer. This reaction was
thermocycled through 30 cycles of 94°C for 20 sec, 57°C for 30 sec, and 69°C for
3 min. In a final step, the extension time was lengthened to 10 min. If DNA from
a test plant generated both a 3.7 Kbp product from the first PCR and a 2.4 Kbp
product from the second PCR, then the plant was considered a heterozygous
mutant.

Expression of AtSiR Containing Siroheme. The C-terminus of AtSiR was
fused, via a self-cleaving intein, to a chitin-binding domain to facilitate purification
(vector construction and transformation performed by C. Chi-Ham) [81]. E. coli
does not naturally express sufficient amounts of siroheme to support the demand
for heme following induction, and therefore the proteins lack this cofactor. To
circumvent this difficulty, the construct was co-expressed with cysG, which

encodes an enzyme involved in porphyrin biosynthesis.
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E. coli cotransformed with the AtSiR and cysG constructs was grown at
37°C in Terrific Broth with stirring but without aeration until reaching an ODggg of
0.5 t0 0.8. The cultures were incubated at 16°C for 16 h after the addition of 0.5
mM isopropylthiolgalactoside (IPTG) and 0.2 mM &-aminolevulinic acid (3-ALA).
The cultures were spun at 5,000xg for 10 min and the pellet was resuspended in
50 ml of Chitin Column Buffer. The cells were disrupted using a French press
and a clarification step was performed by centrifugation at 20,000xg for 30 min to
pellet insoluble material. The supernatant was batch-adsorbed to 6 ml of chitin
affinity resin for 3 h at 4°C on a rotating drum. The resin/supernatant mix was
poured into a column and washed with 5 bed volumes of Column Buffer
containing 1 M NaCl, 5 bed volumes of Chitin Column Buffer containing 1.5 M
NaCl, 10 bed volumes of Chitin Column Buffer containing 1 M NaCl, and 10 bed
volumes of Chitin Column Buffer containing 0.5 M NaCl. Passing 3 bed volumes
of Cleavage Buffer over the resin induces self-cleavage of the intein. The
column was incubated at 4°C for 40 h and eluted with Chitin Column Buffer in 3
ml fractions. The fractions were dialyzed and analyzed for impurities on a 7.5%
SDS-PAGE. The presence of a single band on a silver stained gel at 63 kDa
indicated the presence of rAtSiR.

Isolation of Chloroplast Nucleoids from Arabidopsis thaliana. Three

Arabidopsis chloroplast pellets were resuspended in 11.5 ml of Low-Salt TAN
buffer and stirred until the suspension reached room temperature. The

chloroplasts were lysed by the slow addition of Nonidet P-40 to a final
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concentration of 2% and stirred for an additional 30 min. The suspension was
centrifuged at 3,000xg for 10 min and the supernatant was carefully removed and
spun at 48,000xg for 40 min to pellet the nucleoids. The supernatant was
decanted and the pellet was frozen at —-80°C.

Purifying Chloroplast Nucleoid Proteins from Arabidopsis thaliana. The

Arabidopsis nucleoid pellet was resuspended in 3 ml of chilled High-Salt TAN
Buffer. The suspension was mixed for 15 min and passed twice through a
syringe fitted with a 23 g needle, after which it was centrifuged at 7,800xg for 10
min. The supernatant was saved and the pellet resuspended in 0.6 ml of High-
Salt TAN Buffer. The nucleoid proteins were stored at —80°C until further use.

Analysis of the Portion of SiR Distributed to Plastid Nucleoids. The protocol
used to determine the distribution of SiR is outlined in Figure 6. Leaves were
ground in liquid nitrogen and resuspended in Low-Sait TAN Buffer containing
Nonidet P-40 to solubilize membranes. A centrifugation step was used to
separate the soluble proteins from the insoluble material, including nucleoids.
The volume of the supernatant was determined and the pellet was resuspended
in an equivalent volume of High-Salt TAN Buffer to disrupt the electrostatic
interactions between ctDNA and nucleoid proteins. The resuspension was
batch-adsorbed to pre-equilibrated phenyl-sepharose resin used in the
purification of DCP68/SIR [2].

The phenyl-sepharose resin was washed twice with High-Salt TAN Buffer

to remove unbound proteins. Bound proteins were eluted from the column in a
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Phenyl-Sepharose Elution Buffer that contained 50% methanol to disrupt the
hydrophobic interaction. The fraction enriched for nucleoid-bound SiR was
subjected to vacuum centrifugation to remove the methanol and was
subsequently resuspended to the initial volume with methanol-free Phenyl-
Sepharose Elution Buffer.

The portion of SiR distributed to plastid nucleoids was determined by
analyzing an equivalent volume of nucleoid-enriched as well as soluble SiR
fractions by quantitative immunoblotting. The signal intensity of SiR in each
fraction was calculated as a percentage of the total SiR.

Epifluorescence Microscopy of Arabidopsis Leaves. Leaves were cut into

small pieces and fixed in a solution containing 5% glutaraldehyde, 4%

55

formaldehyde, and 25 mM Phosphate Buffer (pH 7.2) for 2 h. The leaf material

was rinsed in buffer containing 100 mM glycine to quench the reaction, and

placed onto poly-lysine coated slides, stained with 0.5 ug/ml DAPI, covered with

a solution of antifade reagent, and allowed to dry overnight.
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CHAPTER IV
RESULTS

The plastome is compacted by DNA-binding proteins into the nucleoid, the
site of organellar DNA replication and transcription. Plastid nucleoid protein
composition changes during plastid development but the mechanism by which
these proteins affect nucleoid structure and function has not been examined
thoroughly. The current research aims to identify the molecular basis of the
interaction between an abundant plastid nucleoid protein and ctDNA. SiR is an
enzyme of the sulfur assimilation pathway that moonlights as a chloroplast DNA-
binding nucleoid protein. Therefore, a study was undertaken to characterize the
distribution, abundance, and potential post-translational modifications of SiR in
Arabidopsis and soybean plants. These experiments were designed to
determine the regulation and biological significance of the interaction between

SiR and ctDNA.

4.1 Detection of SiR in Arabidopsis Chloroplast Nucleoids
DCP68/SIR is an abundant protein present in purified SB-M chloroplast
nucleoids [1, 2]. An effort was therefore made to isolate Arabidopsis chloroplast
nucleoids and to evaluate its presence in other model plants. After chloroplasts
were isolated from mature Arabidopsis leaves, they were resuspended in the
buffer used to isolate SB-M chloroplast nucleoids. The chloroplast membranes

were solubilized by the addition of detergent and the solution was centrifuged at
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7,800xg in an attempt to pellet the chloroplast nucleoids. However, no SiR was
detected on immunoblots of the chloroplast nucleoid-enriched fractions. In
addition, there was not a significant amount of DNA present in chloroplast
nucleoid-enriched fractions. The DNA within chloroplast nucleoids was stained
using the fluorophore 4',6-diamidino-2-phenylindole (DAPI), which fluoresces
bluish-white upon binding to DNA. These observations suggested there may be
fewer Arabidopsis chloroplast nucleoids or they may be structurally different from
those observed in SB-M cells. Therefore, a method was adapted from protocols
used to isolate plastid transcriptionally active chromosomes (TACs), which may
represent partially unwound nucleoids [48]. A centrifugal force of 48,000xg was
necessary to pellet Arabidopsis chloroplast nucleoids, rather than the 7,800xg
used in SB-M nucleoid isolation. The presence of SiR in chloroplast nucleoid
fractions was confirmed by immunoblotting. An Arabidopsis chloroplast nucleoid-
enriched fraction displayed a 63 kDa band of moderate intensity corresponding to
the expected molecular weight of the AtSiR monomer (Figure 1). The relative
amount of SiR present in the 48,000xg supernatént was, however, higher than in
the 48,000xg pellet, suggesting that most of the SiR was present as a soluble
protein in mature leaf chloroplasts of Arabidopsis. The additional bands in the
immunoblot of the 48,000xg supernatant are proteins that exhibit immunological

crossreactivity to the SiR antiserum.
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Figure 1. Arabidopsis Chloroplast Nucleoid Purification Scheme.
Flow chart outlining the protocol used to isolate Arabidopsis chloroplast

nucleoids.

Fraction Protein {mg} ctDNA {mg} Protein/DNA
Chioroplasts 236 £1.3 0.4
48000xg peilet ] 10.2 42.4 0.2
48008xg super | 75.8 2.7 1.8
48000xg pellet ll 6.2 430 0.1
48000xg super i 9.8 12.3 8.8
48000xg pellet I 24 35.0 0.1
48008xg super [l 9.4 8.3 1.1
48000xg pellet IV {Ct Hucleoids} §.1 34.4 8.2
48000xg super IV 0.1 2.1 8.6
2i1 super {Hucleoid Proteins} 0.5 1.2 8.4
20 pellet {CIDNA} 5.4 328 0.2

Table 3. Protein/DNA Ratio of Fractions During Nucleoid

Isolation.
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Figure 2. Identification of SiR in Arabidopsis Nucleoids.
Immunoblots of approximately 24 ng of the 48,000xg pellet I and
supernatant I fractions probed with (A) SiR antiserum raised in
chicken or (P) preimmune serum.

The relatively low abundance of SiR in the nucleoid-enriched fraction was
somewhat surprising. DCP68/SIR is an abundant nucleoid protein in SB-M cells
and was detected on an immunoblot of 1 pg of SB-M nucleoid proteins (data not
shown). However, the immunological detection of SiR in the Arabidopsis
nucleoid-enriched fraction required a significantly higher protein load (Figure 1).
This may be due to differences in the purity of nucleoid preparations that was
attainable. Whereas SB-M nucleoids can be purified, the isolated Arabidopsis
nucleoids may have contained contaminating membrane proteins, as judged by
the green color of the nucleoid pellet. Alternatively, SiR may not be an abundant

chloroplast nucleoid protein in Arabidopsis.
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4.2 Abundance of SiR in Arabidopsis

No comprehensive study of the abundance of SiR has been published, but
some previous experimental observations suggest that the abundance of this
plastid nucleoid protein might affect nucleoid function [1, 2, 82]. There are well-
documented differences in nucleoid compaction and organellar distribution in
young and mature chloroplasts, which may be related to differences in nucleoid
protein composition [32, 53, 72, 256]. Moreover, in vitro studies demonstrating
that AtSiR inhibits DNA synthesis in a concentration-dependent manner suggest
that the abundance of SiR affects the activity of nucleoid-associated processes
[1]. Therefore, the transcript and protein abundance of SiR was analyzed in
young and mature Arabidopsis plants.

4.2.1 Relative SiR Protein Abundance. Due to the limited amount of SiR in
isolated Arabidopsis nucleoids, the abundance of SiR was analyzed in soluble
leaf and root protein extracts by quantitative immunoblotting. Protein extracts
were separated by SDS-PAGE, transferred to nitrocellulose and probed with
polyclonal antiserum raised against rAtSiR. The signal intensity was quantified
by densitometry and normalized to the level of SiR present in mature leaves.
Immunoblots had a single band with an estimated molecular weight of 63 kDa,
corresponding to the AtSiR monomer (Figure 2A). Mature roots and leaves
possessed equivalent soluble-SiR protein levels (Figure 2B); young leaves

contained approximately 20% less soluble SiR, while the relative abundance of
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soluble SiR in young roots was less than 10% of that in mature leaves.

4.2.2 Relative SiR Transcript Abundance in Arabidopsis. Bork et al. found
that the transcript abundance of SiR was higher in leaf tissue than in roots [83,
257]. However, this research did not make use of a Northern blotting control
gene to normalize the gene expression data and only examined SiR transcripts in
mature plants. Therefore, the SiR transcript abundance was determined in
young and mature Arabidopsis tissues.

4.2.2.1 Generation of a p-actin gene probe. In addition to probing the gene of
interest, Northern blots must also probe a control gene in order to account for
differences in the quality of RNA preparation and in RNA amounts loaded onto
agarose gels. Although there is no gene that is uniformly expressed under ali
growth conditions and in all tissues, B-actin is used by many investigators to
standardize Northern hybridizations [258]. Genomic DNA was prepared from a
leaf disc to amplify a portion of exon 3 from the B-actin gene from Arabidopsis. A
PCR reaction with primers AACTF and AACTR (Table 2) yielded a product close
to the expected size of 669 bp (Figure 3A). To confirm the product was correctly
inserted into the vector, a restriction digest analysis was performed on plasmid
DNA isolated from three colonies, two of which were shown to possess the

insertion (Figure 3B).
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A YR MR YL ML wML*
P APAPATPA P A

4— 63 kDa

Relative SiR Protein Abundance

YR MR YL ML ML®

Figure 3. AtSIiR Protein Abundance in Roots and Leaves.

Panel A: Representative immunoblot signals from 5 pg of soluble
protein isolated from Arabidopsis tissues (YR=Young Roots;
MR=Mature Roots; YL=Young Leaves; ML=Mature Leaves;
ML*=Mature Heterozygous 1223 SAIL Mutant Leaves; P=Preimmune
serum; A=SiR antiserum raised in chicken)

Panel B: Relative SiR protein abundance normalized to the value in
mature leaves. The error bars represent that standard error of signal
intensity from at least three independent preparations of soluble leaf
extracts.
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from young and mature plants. Northern blot analyses were performed using
three different sets of independently prepared RNA. The signal intensity ratio of
B-actin to SiR was calculated for each sample and normalized to the ratio
observed in mature leaves. The results of these analyses indicated that the SiR
transcript abundance was highest in mature leaf tissue. The SiR transcript
abundance in young leaves was approximately two-thirds of that in mature
leaves, whereas the SiR transcript abundance in young and mature roots was
less than half of that in mature leaves (Figure 5).

Taken together with the results from the SiR protein abundance study,
these data suggested that SiR was regulated differently in leaf and root tissues.
The SiR transcript abundance in young and mature leaves was similar to level of
SiR protein that accumulated in the leaves at these two developmental stages.
This could indicate that the abundance of SiR was controlled primarily at the level
of gene transcription in leaf tissues. This is in contrast to observations in root
tissues. In young and mature roots, the SiR transcript abundance was
approximately equal, but SiR protein accumulated to significantly higher levels in
mature roots. These data suggested that in roots, the abundance of SiR was
controlled at the post-transcriptional level.

4.3 Distribution of SiR to Chloroplast Nucleoids in Arabidopsis
The SiR signal present on immunoblots of the nucleoid-enriched 48,000xg pellet
and 48,000xg supernatant, obtained from the Arabidopsis chloroplast nucleoid

isolation, suggested that most SiR was soluble in mature leaves (Figure 1).
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Figure 4. Ciloning of p-Actin Exon 3 from Arabidopsis.

Panel A: The PCR reaction products of Arabidopsis DNA primed with
AACTF and AACTR primers were analyzed on a 0.8% agarose gel,
stained with ethidium bromide and visualized on a UV transilluminator.
M indicates the molecular weight marker, 2 is the no-template
negative control, and 3-5 are independent PCR reactions.

Panel B: Three clones were analyzed by restriction digestion. Two
EcoRI restriction sites flank the B-actin exon 3 insertion site in the
plasmid, and one EcoRI site cleaved the inserted DNA into two
fragments. Digestion of clones 1 and 3 revealed fragments of the
expected size for the cloned p-actin exon 3 fragment. The letter U or
C indicates whether the reactions were performed in the absence or
presence of restriction endonuclease, respectively.
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Figure 5. Relative SiR Transcript Abundance in Arabidopsis.
Panel A: Total RNA (10 pg) was prepared from different Arabidopsis
tissues and blotted onto a nylon membrane. The nylon membrane
was hybridized with SiR and B-actin DNA probes for 24 h, washed, and
exposed to a Phosphorimager screen.

Panel B: The relative transcript abundance in each tissue sample,
normalized to the value in mature leaves. The error bars represent
the standard error of transcript abundance in at least three
independent RNA preparations from Arabidopsis.

(YR=Young Roots; MR=Mature Roots; YL=Young Leaves; ML=Mature
Leaves; ML*=Mature Heterozygous 1223 SAIL Mutant Leaves)
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Since there are documented changes in nucleoid protein composition that
accompany plastid development, it seemed possible that SiR may be associated
with chloroplast nucleoids only in young Arabidopsis leaves [32]. However, it
was not feasible to prepare nucleoid extracts from young Arabidopsis leaves,
given the small size of Arabidopsis and the apparent scarcity of chloroplast
nucleoids. If most SiR was nucleoid-associated in young Arabidopsis leaves,
then it is possible that the amount of soluble SiR in mature leaves might be
significantly higher than in young leaves. However, the abundance of soluble
SiR in mature Arabidopsis leaves was only slightly lower in young leaves (Figure
3). Therefore, the portion of SiR distributed to chloroplast nucleoids was
examined in young and mature Arabidopsis.

Young or mature Arabidopsis leaves were ground in liquid nitrogen and
resuspended in buffer containing a detergent to solubilize membranes (Figure 6).
The mixture was subjected to a centrifugal force of 48,000xg to separate soluble
proteins from insoluble material (including chloroplast nucleoids). The insoluble
pellet was extracted with a high-salt buffer to disrupt any interactions of proteins
with DNA. As noted previously, dialysis of high-salt chloroplast nucleoid extracts
results in partial nucleoid re-formation [1]. To prevent this from occurring, the
high-salt extracts were batch-adsorbed to phenyl-sepharose resin and then
washed with high-salt buffer to elute unbound proteins. The phenyl-sepharose

resin was washed with a buffer containing methanol to elute the bound protein.
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The portion of SiR distributed to the chloroplast nucleoid-enriched fraction was
determined by quantitative immunoblotting. The densitometry of SiR immunoblot
signal in the nucleoid-enriched and soluble protein fractions was considered to
be 100% and the portion of SiR distributed to the nucleoid-enriched fraction was
represented as a percent of the total SiR.

Less than 5% of the total SiR was present in the nucleoid-enriched fraction
prepared from mature Arabidopsis leaves, which was consistent with the earlier
attempt to detect SiR in Arabidopsis chloroplast nucleoids (Figure 7). The signal
corresponding to soluble SiR in the 48,000xg supernatant was considerably
stronger than the SiR signal in the 48,000xg chloroplast nucleoid-enriched
fraction (Figure 2). Surprisingly, there was no detectable nucleoid-associated
SiR present in young leaves of Arabidopsis. Young leaves are active in cellular
and plastid division and are likely undergoing significant plastome amplification
[4, 259].

The fact that no nucleoid-associated SiR was detectable in young leaves
and only a small proportion of SiR was present in the chloroplast nucleoids of
mature Arabidopsis leaves raises the possibility that AtSiR may not be a
chloroplast nucleoid protein. Cannon et al. have commented on the 'sticky’
nature of chloroplast nucleoids [1]. Perhaps this resulted in the non-physiological
association of SiR with chloroplast nucleoids in Arabidopsis. Alternatively, if the
association of SiR with chloroplast nucleoids in Arabidopsis was correct, why

would so little SiR be present in Arabidopsis nucleoids.
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Figure 6. The Portion of SiR Distributed to Chloroplast
Nucleoids.

This flow chart outlines the process used to determine the amount of
total SiR that was distributed to chloroplast nucleoids from (A)
Arabidopsis and soybean leaves as well as (B) cultured SB-M cells.
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Figure 7. Distribution of SiR in Arabidopsis.

Immunoblots of soluble (S) and nucleoid-enriched (N) fractions
isolated from Arabidopsis and probed with SiR antiserum (raised in
rabbit) demonstrated that less than 5% of the SiR in mature leaves
was distributed to the nucleoid. There was no detectable SiR present
in the nucleoid-enriched fraction isolated from young leaves of
Arabidopsis. Young leaf fractions: 83 ug of soluble protein and 0.4 pg
nucleoid-enriched protein loaded; mature leaf fractions: 106 pg of
soluble protein and 0.9 ug of nucleoid-enriched protein loaded.
(YL=Young leaves; ML=Mature leaves)

Immunolocalization data suggested that virtually all SiR is nucleoid-associated in

young pea and SB-M chloroplasts [2].

4.4 Arabidopsis SiR DNA Compaction Assay
Purifying sufficient amounts of AtSiR to test for DNA binding would be
problematic due to the absence of an established protocol to purify Arabidopsis
nucleoids, the limited amount of SiR present in Arabidopsis chloroplast

nucleoids, and the small size of the plant. Although it would be possible to adapt
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the method used to purify soluble spinach SiR, the soluble Arabidopsis SiR may
not bind DNA, if enzymatic activity and the DNA-compacting activity of AtSiR are
mutually exclusive and regulated accordingly. As a first step towards examining
the possibility that AtSiR may not be a chloroplast nucleoid protein, the DNA-
compacting activity of recombinant AtSiR was examined in vitro.

Chi-Ham et al. determined that the recombinantly expressed AtSiR did not
bind DNA in a DNA-compaction assay [260]. It was believed that this was
related to the lack of siroheme in rAtSiR. Co-expression of cysG with AtSiR was
necessary to express catalytically active recombinant maize SiR that contained
siroheme [261]. The E. coli cysG gene product is uroporphyrinogen |l|
methyltransferase, the rate-limiting enzyme in siroheme biosynthesis. However,
coexpression of AtSiR and cysG did not yield a recombinantly expressed AtSiR
that contained siroheme [260]. To express an enzymatically active recombinant
spinach nitrite reductase (NiR), it was necessary to culture the transformed E.
coli in Terrific Broth with stirring but without aeration [262]. In addition, the
porphyrin precursor, 3-amino levulinic acid (S-ALAj, was added when the culture
was induced. Arabidopsis SiR and nitrite reductase have an amino acid
sequence homology of approximately 44% [2].

When AtSIR was co-expressed with cysG under these conditions, a 63
kDa protein exhibited the signature siroheme absorbance peaks at 386 and 587
nm (Figure 8) [263, 264]. A subsequent assay demonstrated that rAtSiR

compacted pUC19 plasmid DNA into structures that are reminiscent of plastid
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Figure 8. Siroheme presence in rAtSiR.

Panel A. Siroheme was detected in rAtSiR by spectrophotometric
absorbance maxima at 384 and 587 nm.

Panel B. Comparison of relative absorbance of spinach SiR, DCP68/SiR

and rAtSiR.
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Figure 9. DNA Compaction Assay with rAtSiR.

AtSIR expressed recombinantly under conditions that facilitate
siroheme incorporation was capable of forming structures that
resembled plastid nucleoids when stained with 0.1 pg/ul DAPIL. All
three images had the same exposure time. For clarity, the image
colors were inverted. (A) 500 ng pUC19 DNA; (B) 3.5 ug rAtSiR; (C)
500 ng pUC19 DNA and 3.5 pg rAtSiR.
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nucleoids (Figure 9). Although DCP68/SIR purified from SB-M cells was able to
compact DNA almost instantaneously [260], no immediate DNA-compaction by
rAtSiR was observed but was noted after a 16 h incubation. A similar incubation
time was required to confirm DNA compaction by recombinantly expressed
maize SiR [261]. This may be related to differences in siroheme incorporation
(Figure 8). It is possible that siroheme incorporation was needed for proper
folding of SiR but may inhibit DNA-binding. The absorbance ratio of 278 to 384
nm can be used to estimate the amount of siroheme incorporation. SiR purified
from chloroplast nucleoids has the lowest ratio and, therefore, the lowest amount
of incorporated siroheme. This may indicate SiR loses its siroheme prior to
becoming nucleoid-associated. The amount of incorporated siroheme is higher
in soluble spinach SiR and no DNA binding has been reported.

Alternatively, the differences in DNA-compaction between recombinant
and purified SiR may be related to differences in post-translational modification.
Chi-Ham et al. used electrophoretic mobility shift assays to demonstrate that the
phosphorylation state of DCP68/SIR modulates DNA-binding affinity [2]. Purified
DCPG68/SIR treated with calf intestinal alkaline phosphatase resulted in a larger
shift in mobility than untreated DCP68/SiR at the same concentration. These
data suggest that the DNA-binding affinity of dephosphorylated DCP68/SIR is
different from that of untreated SiR. Differences in the extent of phosphorylation
of rAtSiR and purified DCP68/SiR could account for the slower rate of DNA

compaction by recombinantly expressed SiR from Arabidopsis and maize.
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4.5 Characterization of Arabidopsis T-DNA Mutants

By compacting ctDNA, nucleoid-associated SiR may regulate template
accessibility and, therefore, modulate plastid DNA replication and transcription [1,
82]. To investigate how AtSiR affected nucleoid morphology, a reverse genetics
approach was employed by characterizing mutant plants with a null copy of the
sirgene. Previous attempts to generate Arabidopsis plants that underexpress
SiR due to the presence of an antisense construct were not successful. Hell et
al. determined that the SiR protein level was not diminished in these plants, and
that they did not display a strong phenotype [265]. Therefore, the best probability
of determining the phenotype of SiR mutants would be in mutants that express
no SiR protein at all.

4.5.1 SiR T-DNA Mutants. The Syngenta Arabidopsis Insertion Library (SAIL)
contains more than 100,000 T-DNA insertion mutants generated by
Agrobacterium-mediated gene transfer. The T-DNA is transferred from the Ti
plasmid of Agrobacterium and inserted more or less randomly into the plant
nuclear genome [4]. An electronic database contains the DNA sequence flanking
the T-DNA insertion site of each mutant in the SAIL line. The SiR DNA sequence
was submitted to this database, which identified several candidate plants lines
with T-DNA insertions at various positions in the SiR gene. There is a single SiR

gene in the annotated Arabidopsis genome database and since plants have a

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



75

requirement for reduced sulfur, the complete disruption of this gene, and
therefore the sulfur assimilation pathway, could be lethal to plants.

The 1223 SAIL plant line possessed a T-DNA insertion in the promoter
region of AtSiR (Figure 12). The expected phenotype of the 1223 SAIL lines
might be similar to the effects of sulfur deficiency in plants: smaller and fewer
leaves that are chlorotic [265]. The initial observations of plants from the 1223
SAIL line had noted smaller and fewer siliques, lower seed viability, slower
growth, and smaller leaves. To further examine the phenotype in the 1223 SAIL
line, the leaf span, root length, plant height, seed set, silique length, and number
of siliques were measured and compared with wild-type plants grown under the
same conditions. Mutant plant lines were grown on medium containing a
selection marker to ensure that only transformants would grow.

The 1223 SAIL phenotypic data was compiled from several different seed
pools. Seed from many different 1223 plants was collected to create a large
pool of 1223 SAIL mutants (bulk 1223). In addition, the F2 generation of seed
from a single 1223 plant was kept as individual pools (i.e. 1223-61). The leaf
span and root length was measured with 10-day old plants, while the plant height
was determined in mature plants. These data indicated that vegetative plant
growth in the 1223 SAIL line was not considerably different from that of wild-type
plants. The mean leaf span of plants grown from bulk 1223 seed was not
statistically smaller than that of wild-type plants (Figure 10A). Although plants

from the 1223-61 individual seed pool had a smaller mean leaf span than wild-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



76

type plants, this was not observed in plants grown from the 1223-64 and 1223-65
seed pools, indicating this was probably natural variation in leaf span rather than
a characteristic of the mutant. Similarly, the mean root length of the 1223 SAIL
line was not statistically different from that of wild-type plants (Figure 10B). The
mean height of plants grown from bulk 1223 seed (27.2+0.9 cm) was slightly
shorter than that of wild-type plants (30.1+1.6 cm) (Figure 10C). The plant height
was not determined in plants grown from the 1223-61, -64, and —65 seed pools.
The number of siliques per plant and the seed set indicate that
reproductive growth of Arabidopsis was impaired in the 1223 SAIL line (Figure
11). The number of siliques per plant was more than 2.5-fold higher in wild-type
plants than in plants grown from bulk 1223 seed. Similarly, the seed set of wild-
type plants was approximately two-fold higher than that of plants grown from bulk
1223 seed. The observed phenotype in 1223 mutants could be related to
deficiency in sulfur assimilation. The seeds of Arabidopsis are normally filled
with sulfur-rich storage proteins such as glycinin that contribute to seed
metabolism. Since the 1223 SAIL mutants did not exhibit the symptoms of sulfur
deficiency, the abundance of SiR was determined in 1223 SAIL mutants.

4.5.2 SiR Abundance in T-DNA Mutants. Northern blotting and quantitative
immunoblotting were used to determine if the SiR transcript and protein
abundance in the 1223 mutants was lower than wild-type plants (Figures 2 and
4). The SiR transcript and protein abundance in mature leaves of heterozygous

1223 mutants was reduced by approximately 50%, compared to wild-type plants.
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Figure 10. Vegetative Growth Phenotypes of the 1223 T-DNA
Insertion Mutant Line of Arabidopsis thaliana.

(A) Mean leaf span; (B) mean root length; (C) plant height of wild-
type and the 1223 SAIL line. Mean leaf span and root length were
determined from 10-day old plants, while the plant height was
determined from mature 6-week old plants. The error bars represent
the standard error of mean leaf span, mean root length, and plant
height from at least three different plants.
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Figure 11. Reproductive Growth Phenotypes of the 1223 T-DNA
Insertion Mutant Line of Arabidopsis thaliana.

(A) The number of siliques per plant; (B) seed set of wild-type (WT)
and the 1223 SAIL line (1223). The error bars represent the standard
error of the siliques per plant and seed set based on measurements of
at least three different plants.
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These data support regulation of SiR abundance at the transcriptional level,
because the observed reduction of SiR transcripts in heterozygous mutants was
similar to the reduction in protein abundance. It is probable that the reduction in
SiR protein level was not sufficient to observe a phenotype in nucleoid
morphology, since less than 5% of the SiR was distributed to chloroplast
nucleoids in mature leaves (Figure 7). In this instance, a change in nucleoid
morphology would most likely be observed in a homozygous T-DNA mutant that
lacks SiR. Homozygous mutants were expected to be present in 25% of the
1223 seed population. PCR and immunoblotting were used to screen for
homozygous mutants.

4.5.3 Screening for Homozygous Mutants. Initially, the identification of
homozygous mutants was attempted using two PCR reactions to screen
individual plants. The relative positions of the T-DNA insertion site and primer
binding sites are outlined in Figure 12. The first PCR reaction was used to
confirm the presence of a T-DNA insertion in the AtSiR gene. Plants are diploid
and a second PCR reaction was needed to determine if the T-DNA insertion was
present in both SiR genes. This PCR used primers that flank the T-DNA
insertion site. This PCR reaction would amplify a 2.4 Kbp fragment in mutant
plants that have a T-DNA insertion in only one of the SiR genes. However, no
product would be amplified in plants that contained T-DNA insertions in both SiR

genes.
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Figure 12. Diagram of the 1223 SAIL Line T-DNA Insertion Site
and Primer Binding Sites.

Screening T-DNA mutants by PCR required the use of two separate
PCR reactions. The insertion of T-DNA in the SiR gene promoter was
detected in the first reaction (TMRI-LB2 and AtKoR primer pair; Table
2). Homozygous mutants would contain a T-DNA insertion in both SiR
alleles. The large size of the T-DNA insert (7.5 Kbp) prevents the
amplification of a product using primers that flank the T-DNA insertion
site (AtSiRF and AtSiRR primer pair; Table 2).
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Figure 13. PCR Screen for Homozygous Mutants.

A representative two-stage PCR screen for homozygous mutants.
Negative (-) and positive (+) controls are indicated for each reaction.
The lanes numbered 56-60 are five mutant plants.

Panel A. The 3.7 Kbp amplification product indicates the presence of a
T-DNA insert in plants 58-60.

Panel B. The 2.4 Kbp amplification product indicates that plants 56 and
57 are wild-type, while plants 58-60 are putative homozygotes.
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The first round of PCR used the TMRI-LB2 and AtKoR primers (Table 2) to
amplify a 3.7 Kbp fragment. This identified those plants that contained T-DNA
insertions (Figure 13A, lanes 58-60). In order to identify mutants without a
functional SiR gene, the second round of PCR used the AtSiRR and AtSiRF
primers (Table 2) to amplify a 2.4 Kbp fragment (Figure 13B, lanes 56-57). This
approach identified mutants that may not have a functional SiR gene.

After identification by PCR, the level of SiR protein in these plants was
determined by immunoblotting. SiR protein was detected in all of the putative
homozygous mutants, which indicates that the PCR method used to screen
mutants may have identified false positives and may not be a valid method of
screening. Therefore, mutant plants were screened by immunoblotting.
However, no mutant plants were identified that were found to lack SiR protein,
despite screening more than 75 mutant plants (Figure 14).

4.5.4 Germination Efficiency of the 1223 SAIL Mutant Seeds. It was
suspected that the lack of homozygous mutants might be related to the
requirement of plants for reduced sulfur to support growth. A germination
efficiency assay was performed to assess the viability of mutant seeds. The
germination efficiency of the 1223-61 seed pool (172 seeds) was 76% of wild-
type germination efficiency (190 seeds) by day 10 (Figure 15A). Seeds from the
1223-61 mutant were also screened on medium containing BASTA. The
selection agent BASTA does not affect seed germination but wild-type plants do

not progress beyond the cotyledon stage. In the presence of BASTA, the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



83

«+63 kDa

Figure 14. Immunoblot Screen for Homozygous Mutants.
Soluble leaf protein extracts were prepared from wild-type and 1223
T-DNA insertion mutants. Ten micrograms of total protein was
analyzed by immunoblotting and probed with SiR antiserum (raised in
chicken). The presence of an immunocrossreactive band at 63 KDa
indicated that all putative homozygous plants were, in fact,
heterozygous because they contained SiR protein.
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The germination efficiency of the Arabidopsis seed was represented as

The germination efficiency of wild-type and mutant seed grown in the
the ratio of seeds that germinated out of the total seeds planted.

absence (A) and presence (B) of 50 uM cysteine. The number in
brackets in the figure inserts indicates the number of seeds tested.

Figure 15. Seed Viability of the 1223 Mutant SAIL Line.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



85

germination efficiency of the 1223-61 SAIL line (199 seeds) was 69% of wild-type
by day 10. If all mutant seeds were viable, the 1223-61 seed pool would have
had a similar germination rate to the wild-type seed.

It is possible that the absence of a functional SiR gene in homozygotes is
lethal to the embryo. Therefore the medium was supplemented with 50 uM
cysteine, a form of reduced sulfur that is absorbed by maize plants and is the end
product of the sulfur assimilation pathway [266]. Under these conditions, the
germination efficiency of the 1223-61 seed pool (65 seeds) was 66% of wild-type
(168 seeds) by day 10 (Figure 15B). Medium supplemented with cysteine did not
contain the selection agent BASTA. Since the supplementation of cysteine to the
growth medium resulted in a slight decrease in germination efficiency, rather than
a large increase, this could indicate Arabidopsis did take up sufficient cysteine to
support plant growth.

4.5.5 Epifluorescence Microscopy of Nucleoids. Although the best chance of
detecting aberrant nucleoid morphology would have been within the homozygous
mutants, their apparent lack of viability eliminates this possibility from being
tested. The nucleoid morphology in heterozygous plants was evaluated by
epifluorescence microscopy. Wild-type and heterozygous plant leaves were
fixed and stained with the DNA-binding fluorophore DAPI. A qualitative
assessment of nucleoid compaction and shape did not reveal significant
differences between wild-type and heterozygotes. The number of nucleoids per

chloroplast in young wild-type and heterozygous plants of the 1223 SAIL line was
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determined by scoring the DAPI-stained nucleoids visible within chloroplasts.
Wild-type plants contained approximately 17 nucleoids per chloroplast, whereas
in heterozygous plants the number of nucleoids per chloroplast ranged from 12-
24 (Figure 16).

Since the number of nucleoids per chloroplast seemed to vary significantly
between mutant plants, an attempt was made to detect shifts in the number of
nucleoids in the presence of a cysteine. The yeast mitochondrial nucleoid
protein livbp is part of the branched chain amino acid pathway. Upregulation of
this pathway results in an increase in the number of nucleoids [191]. Perhaps a
similar scenario exists for SiR, whereby plants grown on cysteine may have a
different number of nucleoids per chloroplast than plants grown without cysteine.
In wild-type plant leaves, the number of nucleoids per chloroplast was slightly
higher when grown in the presence of cysteine (Figure 16). Plants grown from
bulk 1223 seeds contained a higher number of nucleoids per chloroplast than
wild-type plants. Plants grown from the 1223-61 and 1223-65 seed pools had a
lower number of nucleoids per chloroplast, whereas plants from the 1223-62
seed pool had a higher number of nucleoids per chloroplast. Collectively, these
data may indicate that the number of nucleoids per chioroplast cannot be
accurately determined in whole Arabidopsis leaves at the resolution offered by

light microscopy.
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Figure 16. Number of Nucleoids per Chloroplast.

Two-week old plants were fixed briefly and stained with DAPI. All
images were captured with the same settings. The number of
nucleoids per chloroplast was scored in leaves of Arabidopsis wild-type
and mutant plants. The number of nucleoids per chloroplast was
determined from four wild-type and two of each Arabidopsis mutant
plants. The error bars represent the standard error of the mean
number of nucleoids per chloroplast obtained from screening
approximately 20 chloroplasts from each plant.
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4.6 Distribution and Abundance of DCP68/SIR in SB-M Cells
Since only a small portion of SiR was found to be nucleoid-associated in mature
Arabidopsis leaves, it was important to assay the portion of SiR distributed to
chloroplast nucleoids in the SB-M cell line. At the resolution offered by light
microscopy, Chi-Ham ef al. found that most SiR colocalized with chloroplast
nucleoids in SB-M clls and young pea plants [2].

4.6.1 Intracellular Distribution of DCP68/SIiR. The protocol used to determine
the distribution of SiR in SB-M cells was similar to the one used to evaluate the
distribution of SiR in Arabidopsis, except that the SB-M nucleoid-enriched
fraction was centrifuged at a lower rate (Figure 6). To determine the effect of cell
age on the portion of SiR distributed to chloroplast nucleoids, the distribution of
SiR was examined over the course of 16 days. SB-M cells have a cell doubling
time of approximately 7 days, therefore, at 16 days post-transfer, ctDNA
replication rates would likely be greatly reduced [248].

Approximately 97% of the SiR was found in nucleoid-enriched fractions
prepared from SB-M cells two days post-transfer (Figure 17). The amount of SiR
fell to approximately 79% in nucleoid-enriched fractions prepared from SB-M
cells 16 days post-transfer. The large disparity in the amount of SiR found in
Arabidopsis leaves and in SB-M chloroplast nucleoid-enriched fractions may be
related to a difference in the rate of cell and organelle division. SB-M cells have

a short cell doubling time, are very active in ctDNA replication and accumulate
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ctDNA to approximately 30% of the total DNA [29, 57]. It is likely that the amount
of ctDNA is much lower in Arabidopsis leaves. This could indicate that the
portion of SiR distributed to chloroplast nucleoids may be related to ctDNA
replication rates. It is well known that nucleoid protein composition changes
during chloroplast development, and this is thought to influence nucleoid
structure and function [32]. Perhaps the amount of SiR allocated to plastid
nucleoids is influenced by organelle or cell development. To examine this
possibility, the abundance of SiR was quantified in nucleoid-enriched fractions
from cultured SB-M cells over the course of 16 days.

4.6.2 DCP68/SIR Nucleoid Abundance. The nucleoid-enriched extracts were
subjected to SDS-PAGE and transferred to nitrocellulose for immunoblotting.
The intensity of the signals from the immunoblot was determined by
densitometry. These values were normalized to the two-day post-transfer level
of DCP68/SIR present in this extract. The abundance of SiR was highest in
fractions obtained from SB-M cells two-day post-transfer into fresh medium. By
four days post-transfer, the abundance of SiR had dropped to approximately 42%
of the original level (Figure 18). Eight and 16 days post-transfer SB-M cells
contained approximately 33% and 27% of the original SiR level, respectively.
Since the amount of SiR present in nucleoid-enriched fractions changed with cell
age, it is possible that the amount of SiR that was associated with SB-M
chloroplast nucleoids may be influenced by a developmental factor associated

with cell or organelle aging.
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Figure 17. Distribution of DCP68/SiR in SB-M Cells.

Panel A. The signal intensity of the 63 KDa band on immunoblots of
(N) nucleoid-enriched and (S) soluble SiR indicated the portion of
nucleoid-associated SiR was relatively constant over a time period of
16 days. Total protein analyzed: (2D PT) 68 ng of soluble protein, 2.5
ug of nucleoid-enriched extract, (4D PT) 58 ug of soluble protein, 2.2
ug of nucleoid-enriched extract, (8D PT) 72 ug of soluble protein, 2.0
ug of nucleoid-enriched extract, (16D PT) 53 pug of soluble protein, 1.8
ng of nucleoid-enriched extract.

Panel B. The signal intensity from the immunoblots was quantified
using densitometry. The combined intensity of nucleoid and soluble
SiR was considered to be 100%. The sample time points are
expressed in days post-transfer into fresh medium. The error bars
represent the error in the proportion of SiR distributed to nucleoid-
enriched and soluble fractions. At least three independently prepared
soluble protein fractions, and the corresponding nucleoid-enriched
fractions, were used for this analysis.
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Figure 18. Abundance of DCP68/SiR in Nucleoid-Enriched
Fractions from SB-M Cells.

Panel A. Immunoblots of nucleoid-enriched fractions from SB-M cells
demonstrated that the relative abundance of DCP68/SIR in the
nucleoid-enriched fraction was highest in the youngest SB-M cells.
The total protein of each sample was approximately 2 ug.

Panel B. The signal intensity of each sample and a standard of 60 ng
rAtSiR were quantified using densitometry. The ratio of signal
intensity of each sample to the standard was used to account for
differences in signal intensity between blots. These values were then
normalized to the abundance of DCP68/SIR in two-day post-transfer
cells. Sample time points are expressed in days post-transfer into
fresh medium. The error bars represent the error in the abundance of
SiR in at least three independently prepared nucleoid-enriched
fractions for each timepoint.
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It was surprising that the highest amount of SiR was present in chloroplast
nucleoid-enriched fractions from the youngest SB-M cells, given that the ctDNA
synthesis rate was expected to decrease with cell age, and SiR inhibits ctDNA
synthesis in vitro [1]. This could indicate that SiR may not have an inhibitory role

in ctDNA synthesis in vivo.

4.7 Distribution and Abundance of SiR in Soybean Plants

The portion of SiR in SB-M chloroplast nucleoid-enriched fractions far
exceeded that found in Arabidopsis, but it is difficult to directly compare the
accumulation of SiR in SB-M chloroplast nucleoids, a developmentally uniform
cell line, to data from Arabidopsis plants. Since SiR accumulated in SB-M
chloroplast nucleoids to significantly higher levels than in Arabidopsis, the
allocation of SiR to chloroplast nucleoids was examined in soybean plants.
Glycine max (L.) Merr. Var. Corsoy was chosen because it is the cultivar that was
used to generate the SB-M callus [248].

4.7.1 Distribution of DCP68/SIR in Soybean Plants. The portion of SiR
distributed to chloroplast nucleoids in soybean plants was determined as
described in Figure 6. Soluble SiR and nucleoid-bound SiR fractions were
prepared from cotyledons, young emerging leaves and fully expanded mature
leaves. The portion of total SiR in the nucleoid-enriched fraction was less than
1% in cotyledons and approximately 36% in young leaves (Figure 19). Less than

5% of the total SiR was nucleoid-associated in mature leaves. The large amount
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of DCP68/SIR distributed to chloroplast nucleoids in young emerging leaves may
facilitate DNA-compaction during ctDNA amplification. As cells leave the
meristematic state, the plastome copy number per plastid decreases with the
distribution of ctDNA to daughter organelles, as shown in pea and spinach [31,
267]. This could indicate why the portion of SiR distributed to chloroplast
nucleoids is higher in young soybean leaves than in mature leaves. ltis
noteworthy that a similar portion of total SiR from mature soybean leaves was
present in Arabidopsis (Figure 7). It is difficult to reconcile why the portion of SiR
distributed to young leaves of Arabidopsis and soybean is not comparable,
suggesting there were differences in nucleoid composition between the two
plants at the developmental stages examined.

4.7.2 Abundance of DCP68/SIR in Soybean Nucleoids. The allocation of a
significant portion of SiR to chloroplast nucleoids in young soybean leaves does
not necessarily indicate that the nucleoid composition in young leaves is different
from maturelleaves. Therefore, the abundance of SiR was examined in nucleoid-
enriched fractions. An equal mass of each nucleoid-enriched fraction from
cotyledons, emerging leaves, and mature leaves was analyzed by quantitative
immunoblotting. The DCP68/SIR signal in each sample was normalized to the
value observed in mature leaves. The abundance of DCP68/SIR in nucleoid-
enriched fractions from cotyledons was approximately 14% of the value found in
mature leaves (Figure 20). By contrast, the SiR abundance in plastid nucleoid-

enriched fractions prepared from young leaves was 2.5-fold higher than that of
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Figure 19. Distribution of SiR in Soybean Plants.

Panel A. The signal intensity of the 68 KDa band on immunoblots of
(N) nucleoid-enriched and (S) soluble SiR indicated the proportion of
nucleoid-bound SiR was higher in emerging leaves than in other
developmental stages. Total protein analyzed: (C) 77 ug of soluble
protein, 1.8 ug of nucleoid-enriched extract, (YL) 68 ug of soluble
protein, 2.2 nug of nucleoid-enriched extract, (ML) 55 ug of soluble
protein, 2.8 ng of nucleoid-enriched extract.

Panel B. The signal intensity was quantified using densitometry as
described in Figure 18. The error bars represent the error in the
proportion of SiR distributed to nucleoid-enriched and soluble
fractions. At least three independently prepared soluble protein
fractions, and the corresponding nucleoid-enriched fractions, were
used for this analysis. (C=Cotyledons; YL=Emerging leaves;
ML=Mature Leaves)
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Figure 20. Abundance of SiR in Plastid Nucleoid-Enriched
Fractions from Soybean Plants.

Panel A. Representative immunoblots of nucleoid-enriched fractions
containing SiR (1.5 pg total protein loaded per lane).

Panel B. Densitometric measurements of the signal intensity in each
fraction indicated that the relative abundance of SiR in nucleoid-
enriched fractions was highest in young leaves of soybean. Analysis
was performed as described in Figure 18. The error bars represent the
error in the abundance of SiR distributed to nucleoid-enriched fractions
in different leaf types. At least three independently prepared nucleoid-
enriched protein fractions, at each growth stage, were used for this
analysis. (C=Cotyledons; YL=Emerging leaves; ML=Mature Leaves)
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mature leaves. These data suggest that the nucleoid composition changes as
young chloroplasts develop into mature chloroplasts. The high abundance of SIR
in nucleoids of young chloroplasts may be related to the ctDNA ampilification

occurring during this stage.

4.8 Effect of Light on SiR Abundance

4.8.1 In Silico Description of the AtSiR Promofer. It was first speculated that
the expression of SiR was light-regulated by R. Hell when the gene for SiR was
identified in Arabidopsis [83]. Several light-responsive elements such as G-box
and T-box are present in the putative SiR promoter region. A number of
genomics tools have become available to plant researchers, including the
Arabidopsis Gene Regulatory Information Server (AGRIS), which allows the user
to identify potential transcription factor binding sites and gene responsive
elements in a given promoter [252, 268]. The AtSiR promoter was found to
contain putative binding sites for transcription factors regulated by abscisic acid,
a plant hormone involved in seed dormancy and water stress-induced closure of
the stomata (Figure 21) [4]. Additionally, the AtSiR promoter contained the
GATA, T-box, I-Box, and G-box promoter motifs, which form the basis for light-
regulated expression [269-271].

4.8.2 Effect of light on AtSIiR Expression. To examine if light regulated SIR
abundance, the amount of AtSiR was assessed in light-grown and etiolated

Arabidopsis. Soluble leaf protein extracts were prepared and analyzed by
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Figure 21. AtSiR Promoter Analysis.

Many of the promoter elements present in AtSiR can be categorized as light-
responsive (light-gray) or abscisic acid responsive (dark-gray). The AGRIS
database was used to search the putative SiR promoter region for transcription
factor binding sites and motifs. These promoter elements were classified by the
AGRIS database and refined by literature research.
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Figure 22. Light Enhances SiR Abundance in Arabidopsis Leaves.

Panel A. Representative immunoblots containing 20 Og of total protein isolated
from light-treated and etiolated Arabidopsis plant leaves and probed with SiR
antiserum.

Panel B. The densitometric signal of SiR in etiolated plants was normalized to
that of light-treated Arabidopsis. The error bars represent the error in the
abundance of SiR in light-treated and etiolated Arabidopsis leaves. At least three
independently prepared soluble protein fractions were used for this analysis.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



99

quantitative immunoblotting. The abundance of SiR in etiolated plants was
approximately half of that in light-grown Arabidopsis (Figure 22), suggesting that
the expression of AtSiR was stimulated by light. The fact that light may regulate
the abundance of sulfite reductase is not altogether unexpected. Although SiR is
active in maize roots, sulfur assimilation in leaves is thought to occur
predominantly during the daylight hours during peak ATP synthesis [269, 272].

In fact, the first reaction of the sulfate pathway uses ATP to form a charged sulfo-

compound, 5'-adenylsulfate [273].

4.9 Effect of Cysteine on Abundance and Distribution of SiR in SB-M Cells
The expression of several proteins in the sulfur assimilation pathway, such

as sulfate permease, ATP sulfurylase, and serine acetyltransferase, is regulated
by cysteine in maize [266]. It is possible that cysteine also influences the
expression of SiR or the allocation of SiR to chloroplast nucleoids. Controlling
the nutrient composition of Arabidopsis plants grown in soil would be problematic
due to difficulties in obtaining a uniform concentration of cysteine the soil.
Therefore, the effect of cysteine was determined in the SB-M cell line by
supplementing the growth medium with cysteine.

4.9.1 Distribution of DCP68/SIR in the Presence of Cysteine. The distribution
of SiR was assessed as outlined before (Figure 6). As a negative control,
soluble and nucleoid-enriched fractions were obtained from SB-M cells two days

post-transfer, prior to the addition of 400 uM cysteine. Samples were isolated 48
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and 96 h later to determine the effect of cysteine on the allocation of SiR to
chloroplast nucleoids. Approximately 90% of the total SiR was found to be
present in plastid nucleoid-enriched fractions prepared from SB-M cells two-days
post-transfer (Figure 23). The addition of 400 uM cysteine to the growth medium
did not significantly affect the portion of SiR distributed to plastid nucleoid-
enriched fractions (Figure 23).

4.9.2 Effect of Cysteine on the Abundance of SiR in SB-M Plastid Nucleoids.
The abundance of SiR in SB-M chloroplast nucleoid was assessed by
quantitative immunoblotting. By six days post-transfer, the amount of SiR found
in a plastid nucleoid-enriched fraction increased 1.6-fold of the control in the
presence of 400 uM cysteine (Figure 24). By contrast, the SiR abundance in
nucleoid-enriched fractions decreased to less than half in SB-M cells two days
post-transfer (Figure 17), suggesting that the expression of SiR was up-
regulated. This would be distinct from the regulation of other genes of the sulfur
assimilation pathway, whose expression appears to be down-regulated by
cysteine [266, 274].

4.10 Post-translational Modification of SiR
The phosphorylation status of SiR has been of considerable interest, since
it was demonstrated that the DNA-binding affinity of purified DCP68/SiR was
altered when pre-treated with alkaline phosphatase [2]. An earlier study
demonstrated that purified SB-M chloroplast nucleoids contained a 70 kDa

phosphoprotein and the phosphorylation status of this protein changed during
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Figure 23. The Distribution of DCP68/SIR (from SB-M cells) in the Presence
of Cysteine.

Panel A. Representative immunoblots of soluble and nucleoid-enriched
fractions from SB-M cells. Samples were isolated from SB-M cells two,
four, and six-days post-transfer (D PT) into fresh medium. Cysteine
(400 uM) was added after sample preparation two-days post transfer.
Panel B. The signal intensity was quantified by densitometry. Cysteine
did not affect the distribution of DCP68/SIiR between 48-96 h after the
addition to the culture medium. The error bars represent the error in
the proportion of SiR distributed to nucleoid-enriched and soluble
fractions. At least three independently prepared soluble protein
fractions, and the corresponding nucleoid-enriched fractions, were
used for this analysis.
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Figure 24. Abundance of DCP68/SiR (from SB-M cells) in the
Presence of Cysteine.

Panel A. Representative nucleoid-enriched fractions from SB-M cells
containing the 68 KDa band present on immunoblots of 1.0 ug of total
protein.

Panel B. Densitometry was used to quantify the signal intensity in
samples and 60 ng of rAtSIiR that was used as a standard. The ratio of
standard to sample signal was used to correct for small differences in
immunoreactivity. These data indicate that there was a small increase
in DCP68/SIR abundance after 48-96 h of exposure to 400 uM
Cysteine. The abundance of SiR was normalized to the level present in
2D PT SB-M cells. The error bars represent the error in the abundance
of SiR distributed to SB-M nucleoid-enriched fractions. At least three
independently prepared nucleoid-enriched fractions, at each time
point, were used for this analysis.
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plastid development (G. Cannon and S. Heinhorst, unpublished observations).
These data suggest the exciting possibility that the DNA-binding activity of SiR
may be regulated by phosphorylation. As a first step towards examining this
prospect, the isoelectric point (pl) profile of SiR isoforms was evaluated in
extracts prepared from plants at different developmental stages.

4.10.1 Isoelectric Point Profile of AtSiR In Young and Mature Leaves.
Phosphorylation and other post-translational modifications can affect the
charge/mass ratio. These can be detected as differences in the pl profile using
two-dimensional isoelectric focusing/SDS-PAGE (2D IEF/SDS-PAGE) [275-277].
Protein isoforms are separated based on their pl in the first dimension and then
separated by molecular weight in the second. Soluble leaf extracts from
Arabidopsis were prepared from young and mature plants. Numerous attempts
were made to correlate the spots observed on 2D immunobilots with the proteins
observed on silver stained gels. Evidently, the abundance of SiR in a soluble
leaf extract was too low for visualization. In 2D immunoblots of mature
Arabidopsis soluble leaf extracts, the observed pls of SiR isoforms ranged from
6.4 to 7.4 (Figure 26). The most abundant isoforms had a calculated pl of 6.7,
6.8 and 7.1. In young Arabidopsis soluble leaf extracts, the observed pls of SiR
isoforms ranged from 6.2 to 7.3, with the most abundant isoforms at 6.7, 6.9 and
7.2.

The predicted pl of mature AtSiR is 7.6 [278]. Since the observed pl of

SiR was significantly different from the predicted value, an isoelectric point
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calculator was used to determine that the addition of a single phosphoryl residue
to AtSiR was predicted to shift the pl to 7.1 [279]. Additional phosphoryl residues
were predicted to shift the pl to the acidic range by approximately 0.2 pH units
per modified residue. The observed pls of SiR isoforms are consistent with
phosphorylation, but there are other post-translational modifications, such as
acetylation, that can result in an acidic shift to the pl.

4.10.2 pl Profile of AtSiR in Etiolated Leaves.
Soluble leaf extracts were prepared from etiolated and light-grown Arabidopsis
plants. Arabidopsis was grown for two weeks under a normal 12 h light/dark
cycle. To stimulate the formation of etioplasts, the plants were deprived of light
for one week; control plants were not shifted to growth in the dark. In control
plants, the observed pls of SiR isoforms ranged from 6.3 to 7.4 with the most
abundant isoforms occurring at a pl of 6.6, 6.9 and 7.2 (Figure 26). This was
consistent with the previously determined pl profile of SiR isoforms in young
Arabidopsis leaves (Figure 26). In etiolated plants of the same age, the
observed pls of SiR isoforms ranged from 6.8 to 7.3, with the most abundant
isoforms occurring at pls of 7.1 and 7.3.

The absence of the acidic isoforms on 2D immunoblots of etiolated
Arabidopsis suggests that the post-translational modification of SiR was different
in etioplasts. If the isoforms of SiR arose solely from phosphorylation, this may
suggest that SiR carried fewer phosphoryl residues in etiolated plants.

Alternatively, the pl profile may reflect the decrease in SiR abundance observed
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Figure 25. 2D IEF/SDS-PAGE of Soluble Leaf Protein Extracts from

Arabidopsis.

Extracts (400 pg) prepared from (A) mature and (B) young Arabidopsis leaves
were analyzed by two-dimensional isoelectric focusing/sodium dodecyl sulfate
polyacrylamide gel electrophoresis (2D IEF/SDS-PAGE). The pl profile of SiR in
mature leaves does not differ significantly from that of SiR in young leaves. The
immunoblots were probed with «SiR antiserum (raised in chicken) and exposed

for 20 min.
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Figure 26. 2D IEF/SDS-PAGE of Light-Treated and Etiolated Arabidopsis
Leaf Extracts.

Extracts (300 pg) prepared from (A) light-grown and (B) etiolated Arabidopsis
were analyzed by 2D IEF/SDS-PAGE. The immunoblots were probed with aSiR
antiserum (raised in rabbit) and exposed for 30 sec. The range of SiR isoforms
in leaf extracts from etiolated plants was narrower than in leaf extracts from light-
grown plants.
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in etiolated plants (Figure 22), and the more acidic isoforms of SiR were below
the limit of detection.

4.10.3 Isoelectric Point Profile of SiR in the Stromal and Nucleoid-Enriched
Fraction. The experiments designed to detect potential differences in the pl
profile of AtSiR were performed using soluble fractions of SiR, because more
than 90% of the total SiR was found in the soluble fraction (Figure 7). Soluble
and nucleoid-enriched fractions of AtSiR isolated from mature Arabidopsis leaves
were analyzed by isoelectric focusing and SDS-PAGE, but no signal was present
in the immunoblot of the nucleoid-enriched sample, even after a two hour
exposure. By comparison, a 1 min exposure of a 2D immunoblot was capable of
detecting SiR in a soluble protein extract prepared from young Arabidopsis
leaves. This was likely a result of the relatively low abundance of SiR in
Arabidopsis nucleoids.

Since a nucleoid-enriched fraction prepared from young soybean leaves
contained higher abundance of SiR, the pl profiles of soluble and nucleoid-
enriched fractions were analyzed in that tissue. The pl range of SiR isoforms
from the nucleoid-enriched fraction was 5.2 to 5.5 (Figure 27). The pl range of
SiR isoforms from soluble extracts of soybean leaves ranged from 4.9 to 7.2, with
the most abundant isoforms possessing pls of 5.2, 5.6, and 7.2.

The predicted pl of mature soybean SiR was 8.8, which was significantly

different from the measured pl values in soybean leaves [278]. This could
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Figure 27. 2D IEF/SDS-PAGE of Nucleoid-Enriched and Soluble Fractions
From Young Soybean Leaves.

Soluble extracts (200 ug) (A) and nucleoid-enriched extracts (7.5 ng) (B)
displayed slightly different pl profiles of SiR. The pl profile of SiR in nucleoid-
enriched fractions was narrower. The immunoblots were probed with aSiR
antiserum (raised in rabbit) and exposed for 5 min.
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be related to the clustering of charged residues in the soybean SiR sequence.
Isoelectric points are predicted using fixed pKa values of side chain groups;
however, this simplified approach fails when charged residues are clustered in
the primary sequence [280]. In fact, the number and sequence of charged
residues affect the isoelectric point of a protein. Since Arabidopsis and soybean
SiR have a high amino acid sequence identity, it is reasonable to expect that the
pls of Arabidopsis and soybean SIR isoforms would deviate from the predicted pl
to a similar degree. The reason for this deviation is not known. Perhaps
phosphorylation results in a stronger than expected shift in pl that could explain
the large deviation from the expected pl of soybean SiR. Therefore, the effect of
phosphatases on the pl profile of SiR was examined.

4.10.4 Effects of Phosphatases on the pl of SiR. Bacteriophage A protein
phosphatase (A-PPase) is an enzyme with broad substrate specificity [275, 281].
Arabidopsis soluble protein extracts were incubated with A-PPase for several
hours. An untreated soluble protein extract served as the negative control.
Incubation with A-PPase resulted in an unexpected acidic pl shift (Figure 28).
Dephosphorylation should remove negatively charged phosphoryl groups,
resulting in a greater abundance of basic isoforms. These results are
confounding and could indicate that enzymes present in the Arabidopsis soluble
protein extract may have post-translationally modified SiR during the incubation

with A-PPase.
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It has previously been shown that treatment with calf intestinal alkaline
phosphatase (CIAP) modulates the in vitro DNA-binding affinity of DCP68/SiR
[2]. In Arabidopsis soluble protein extracts treated with CIAP, the pls of SiR
isoforms ranged from 6.2 to 7.3 (Figure 29). Similarly, the pl profile of SiR in
untreated extracts ranged from 6.2 to 7.2, which may indicate that CIAP has low
reactivity with AtSiR. DCP68/SIR purified from SB-M chloroplast nucleoids was
treated with CIAP to determine if this had an effect on the pl profile of AtSiR.

Untreated DCP68/SIR displayed a pl range of 5.2 to 5.8, and the most
abundant isoforms had a pl of 5.4, 6.5, and 5.7. DCP68/SiR treated with heat-
inactivated alkaline phosphatase displayed a pl range of 4.9 to 6.2, and the most
abundant isoform had a pl of 5.2. The observed pl profile of CIAP-treated
DCP68/SiR was 4.9 to 5.3 and the most abundant isoform had a pl of 5.1 (Figure
30). These data are reminiscent of the observed effect of A-PPase on soluble
leaf extracts from Arabidopsis (Figure 28). In both cases, the effects of
dephosphorylation resulted in an acidic shift in the pl profile.

Perhaps the presence of CIAP affected the isoelectric focusing resolution,
due to its similar molecular weight (69 kDa) and predicted pl (5.7). The pl profile
of untreated DCP68/SiR had several well-resolved isoforms (Figure 30A). More
unresolved protein is present in 2D immunoblots of samples treated with CIAP
(Figure 30B,C). This is evident as a 68 kDa smear on the acidic side of SiR. If

the CIAP-treatment of DCP68/SiR actually resulted in more acidic isoforms, then
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Figure 28. The Effect of A-PPase on the pl Profile of AtSiR.

Arabidopsis soluble leaf extracts (400 pg) were incubated with (A) no enzyme or
(B) A-PPase. The immunoblots obtained following 2D IEF/SDS-PAGE were
probed with SiR antiserum (raised in chicken) and a secondary antibody
conjugated to horseradish peroxidase. After incubation with chemiluminescent
substrate, the blot was exposed for 20 min.
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Figure 29. The Effect of Alkaline Phosphatase on the pl Profile of AtSiR.

Arabidopsis soluble leaf extracts (400 pg) were incubated with (A) no enzyme or
(B) CIAP. The immunoblots obtained following 2D IEF/SDS-PAGE were probed
with SiR antiserum (raised in chicken) and a secondary antibody conjugated to
horseradish peroxidase. After incubation with chemiluminescent substrate, the
blot was exposed for 20 min.
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Figure 30. The Effect of Alkaline Phosphatase on the pl Profile of Purified
DCP68/SiR.

DCP68/SiR (1.5 ug) was incubated with (A) no enzyme (B) active CIAP or (C)
heat-killed CIAP. The immunoblots obtained following 2D IEF/SDS-PAGE were
probed with SiR antiserum (raised in rabbit) and a secondary antibody
conjugated to horseradish peroxidase. After incubation with chemiluminescent
substrate, the blot was exposed for 30 sec.
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untreated DCP68/SIR should show a similar isoform pattern to the sample
treated with to the heat-inactivated CIAP. However, both samples that were
treated CIAP had unresolved protein, which indicated that the presence of CIAP
affected isoelectric focusing.

4.10.5 In Vitro Phosphorylation of SiR by CK2. An in silico approach was
used in an attempt to identify potential kinases that may phosphorylate SiR in
vivo. The reliability of phosphorylation prediction programs for plant proteins is
uncertain, in part because these algorithms were trained on mammalian kinases
that do not necessarily have homologs in plants. However, a putative role for a
CK2-type enzyme in the phosphorylation of a chloroplast nucleoid protein
(MFP1) suggested that this kinase warranted additional investigation [245]. CK2
phosphorylates serine or threonine residues that are followed by acidic residues
in the consensus sequence (S/T-X-X-E/D) [237]. Most physiological targets have
additional acidic residues in the +1, +2, +4, or +5 positions. The conservation of
these sites supports the idea that they may be of regulatory importance. The
amino acid sequence of SiR from soybean, Arabidopsis, pea, and tobacco each
has a single conserved CK2 consensus sequence (Figure 31).

A kinase assay was performed to determine whether SiR could serve as
an in vitro substrate for phosphorylation by CK2. The results of this assay
demonstrate that rAtSiR was phosphorylated by CK2 (Figure 32, lanes 6-8). Two
other polypeptides present in the rAtSiR sample were phosphorylated in addition

to
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AtSiR Amino Acid Sequence

1
61
121
181
241
301
361
421
481
541
601

MSSTFRAPAG
AVSTPAKPET
REERGGRSYS
KTVMSSIIKN
MWVDGEQFMT
LTNDIGVVVV
VVTQREHGRR
EQGDGTWFCG
VLAQAGLLQP
SVVIRVTGCP
CEPLFYHWKL

AATVFTADQK
ATKRSKVEII
FMLRTENPSG
MGSTLGACGD
AEPPEVVEKAR
SDENGEPQGF
DDRKYSRMKY
LHVDSGRVGG
EFVDPLNQTA
NGCARPYMAE
ERQTRESFGE

IRLGRLDALR
KEKSNFIRYP
KVPNQLYLTM
LNENVLAPAA
NDNSHGTNFV
NIYVGGGMGR
LISSWGIEKF
IMKKTLREVI
MACPAFPLCP
LGLVGDGPNS
YTTRMGFEKL

SSHSVFLGRY
LNEELLTEAP
DDLADEFGIG
PYVKKDYLFA
DSPEPIYGTQ
THRMESTFAR
RDVVEQYYGK
ERYKIDVRIT
LAITEAERGI
YQUWLGGTPN
KELIDTYKGV

GRGGVPVPPS
NVNESAVQLI
TLRLTTRQTF
QETADNIAAT
FLPRKFKVAV
ILAEPIGYVPK
KFEPSRELPE
PNONIVLCDI
PSILKRVRAM
LTQIARSFMD
sQ
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ASSSSSSPIQ
KFHGSYQQYN
QLHGVLEQNL
LSPQSGFYYD
TVPTDNSVDL
EDILYAVKATI
WEFKSYLGWH
KTEWKRPITT
FERKVGLDYDE
KVRVHDLEKV

Figure 31. Putative CK2 Consensus Site in Arabidopsis SiR.
ProSite, a phosphorylation prediction server was used to determine the
presence of CK2 consensus phosphorylation sites in AtSiR [282, 283].
A single site (underlined) was predicted to occur that was conserved in
the SiR sequences of Arabidopsis thaliana (CAA89154), Glycine max
(AAG59996), Pisum sativum (BAD12837), and Nicotiana tabacum
(BAA33796).
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fer + DCPGBISIR + Active CK2

Buffer + o-casein + Heat-Killed CK2
Buffer + DCP&RISIR + Heat-Killed CK2

Buffer + Active CK2

Buflfer + o-casein

Buffer + o-casein + Active CK2
Buffer + rAtSIR

Buffer + rAtSiR + Heat-Killed CK2
Buffer + rAtSIR + Active CK2
Bulfer + DCP&8/SIR

94 kb

28 kDa

Figure 32. In Vitro CK2 Assay.

A kinase assay was performed to determine if CK2 could phosphorylate rAtSiR
and purified DCPG8/SIR in an in vifro assay. The kinase reaction was incubated
for 12 h, processed on a 10% polyacrylamide gel, and exposed to a
Phosphorimager screen for 2 h. The arrow indicates a phosphorylated reaction
product that is the predicted molecular weight of rAtSiR.
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rAtSiR. These proteins, migrating at approximately 35 kDa and 45 kDa may
represent bacterial protein contaminants were present in the rAtSiR sample, or
proteolytic degradation products of rAtSiR.

Equivalent amounts of SiR and a-casein were used as in vifro substrates
but the SiR phosphorylation signal intensity was considerably weaker than that of
a-casein. This may be related to the number of potential CK2 phosphorylation
sites on the two proteins. There are 5 predicted CK2 phosphorylation sites in a-
casein, as opposed to the single consensus site in rAtSiR. DCP68/SIR purified
from SB-M chloroplast nucleoids was not phosphorylated by CK2 (Figure 32,
lanes 9-11). The protein is a known phosphoprotein, and may have been
phosphorylated at the CK2 phosphorylation site. Alternatively, these data could

indicate that the predicted CK2 site is not phosphorylated in vitro by CK2.
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CHAPTER YV

DISCUSSION

Previous work in this laboratory identified DCP68 as an abundant
chloroplast nucleoid protein in the SB-M cell line. In vitro tests showed that
DCP68 has strong DNA-compacting activity and inhibits DNA synthesis in a
concentration-dependent manner [1]. DCP68 was later identified as SiR by a
series of biochemical assays [2]. These data imply that a well-characterized
enzyme of sulfur assimilation is also involved in nucleoid compaction. It is
possible that the sulfite reductase activity prevents sulfite ions from damaging
chloroplast DNA [2]. Alternatively, DCP68/SiR may participate in a signal
transduction pathway that regulates plastid gene expression. It is possible that
the organellar redox status may influence nucleoid structure since ferredoxin is
reduced in photosynthesis and is the electron donor for sulfite reduction. These
scenarios posit that the interaction of DCP68/SiR with ctDNA is regulated. This
study examined possible mechanisms of this regulation.

The Distribution of SiR to Chloroplast Nucleoids

The immunolocalization of SiR in young pea and SB-M chloroplasts
suggested that most SiR is associated with the nucleoid, yet the amount of SiR
detected in this study in nucleoid-enriched fractions from Arabidopsis was
significantly lower than expected [2]. SiR was undetectable in nucleoid-enriched
fractions from young leaves, and less than 5% of the total SiR was found in

fractions prepared from mature leaves (Figure 7). Arabidopsis chloroplast
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nucleoids may have a different structure, stability or even function from those
described in soybean and pea. Alternatively, the small amount of SiR found to
be present in nucleoid-enriched fractions from Arabidopsis may not be
physiologically significant. Purified nucleoids have been noted to be 'sticky'
complexes, with the potential for non-nucleoid proteins to interact with the
complexes during purification [1]. However, recombinant AtSiR was shown to
compact DNA in vitro, forming structures similar to plastid nucleoids (Figure 11).
These data support a possible role of SiR in chloroplast nucleoids of Arabidopsis
similar to its role in SB-M cells. It is significant, however, that the amount of SiR
allocated to chloroplast nucleoids in Arabidopsis was significantly lower than in
soybean plants or the SB-M cell line. More than 90% of the total SiR was
present in chloroplast nucleoid-enriched fractions prepared from the SB-M cell
line (Figure 17). In soybean plants, approximately one-third of the total SiR was
allocated to chloroplast nucleoid-enriched fractions in young leaves, but this fell
to less than 5% in mature leaves (Figure 19).

it was significant that SiR accumulated in chloroplast nucleoids from
young soybean Ieavés but was undetectable in young Arabidopsis leaves. ltis
doubtful that the absence of SiR in chloroplast nucleoid-enriched fractions was
due to fewer nucleoids present in young Arabidopsis leaves, since, the number of
nucleoids is known to increase during the differentiation of proplastids to young
chloroplasts [284]. It is unlikely that the absence of SiR in chloroplast nucleoid-

enriched fractions was due to the lack of ctDNA replication in young Arabidopsis
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leaves. It bears mentioning that ctDNA accounts for approximately 26% and
12% of the total DNA in SB-M cells and young soybean plants, respectively [57].
It seems reasonable that the amount of ctDNA may influence the amount of SiR
associated with soybean chloroplast nucleoids, but does not explain the lack of
detectable SiR in young Arabidopsis chloroplast-nucleoids.

The portion of SiR allocated to chloroplast nucleoids in young soybean
leaves was much higher in cells active in ctDNA synthesis, since the observed
distribution is the average of all leaf cells, of which most are no longer active in
ctDNA replication. For example, SiR might be largely distributed to chloroplast
nucleoids in cells that are active in ctDNA synthesis, but in cells that are inactive
in ctDNA synthesis, most SiR might be soluble.

This study was important in demonstrating that the amount of SiR
allocated to chloroplast nucleoids was different in young and mature leaves. This
supports the notion that the interaction of SiR with ctDNA is regulated. ltis
tempting to speculate that a factor, possibly related to leaf development, may
influence the amount of SiR allocated to chloroplast nucleoids.

It is possible that SiR might modulate plastome compaction as a
mechanism to regulate organellar DNA replication or transcription. In vitro
studies have shown that SiR inhibits ctDNA replication and transcription [1, 82].
Based on these studies, the highest abundance of nucleoid-associated SiR was
expected to occur in leaf developmental stages that are least active in ctDNA

replication and transcription. The data from this study contradict this notion and
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raises the possibility that the presence of SiR in chloroplast nucleoids may not
affect DNA replication or transcription in the manner in vitro studies have
suggested.

In soybean plants, the proportion of SiR distributed to chloroplast
nucleoids was much higher in young leaves than in mature leaves. This is
significant since young chloroplasts have higher rates of ctDNA synthesis than
mature chloroplasts. Furthermore, SiR was 2.5-fold more abundant in nucleoid-
enriched fractions isolated from young soybean leaves than in mature leaves
(Figure 19). This pattern was similar in SB-M cells. The abundance of SiR was
approximately three-fold higher in nucleoid-enriched fractions prepared from two-
day post-transfer cells than in 16-day post-transfer cells (Figure 18). Since the
largest portion of SiR was distributed to chloroplast nucleoids of young soybean
leaves and young SB-M cells, perhaps SiR functions as a nucleoid structural
protein, during plastome amplification, which facilitates ctDNA-binding.

Azam et al. have shown that the abundance of prokaryotic nucleoid
proteins is dependent upon the growth phase. During logarithmic growth, the
most abundant nucleoid proteins are H-NS, HU, and Fis. However, the
abundance of these proteins decreases upon entering stationary phase and the
abundance of Dps increases. It was shown by Frienkel-Krispin et al. that the
nucleoids of starved E. coli, which are predominated by Dps, form a toroidal
structure that is extremely stable. Therefore, it is probable that the changes in

prokaryotic nucleoid protein expression affect the structure/activity of the
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nucleoid. Similarly, since the highest portion of Sir was present in young
soybean leaves and young SB-M cells, perhaps DCP68/SIR functions as a
scaffold protein during ctDNA ampilification. Since there was no SiR detected in
chloroplast nucleoid-enriched fractions from young Arabidopsis leaves, this could
indicate that the structural composition of Arabidopsis chloroplast nucleoids is
different from those observed in soybean or pea.
Possible Regulatory Mechanisms of DNA-Binding by SiR

If sulfur assimilation and DNA-binding are regulated by similar factors, this
could suggest a novel regulatory strategy of modulating plastid gene expression.
Although originally described as bifunctional protein, DCP68/SIR is more
accurately described as a moonlighting protein. Moonlighting proteins contain a
catalytic domain and an additional functional domain that mediates a distinct
process [285]. Moonlighting proteins can switch between functions by several
different mechanisms including differential localization, differential expression,
oligomerization, concentration of ligand or substrate, presence of distinct binding
sites, and phosphorylation [286]. None of these are mutually exclusive, and
there are several cases that indicate multiple mechanisms aid in modulating the
activity of the moonlighting function.

In several instances, the concentration of ligand or substrate affects the
moonlighting function. For example, the intracellular concentration of iron affects
whether aconitase functions as an enzyme or as an iron response element

binding protein [287]. More interestingly, the E. coli PutA protein has proline
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dehydrogenase and pyrroline-5-carboxylate dehydrogenase activity when
substrate concentrations are high. However, when substrate concentrations
decrease, PutA lacks enzymatic activity and binds to DNA as a transcriptional
repressor. In both of these examples, the moonlighting function and the catalytic
activity are mutually exclusive. Perhaps the DNA-binding activity of SiR is
modulated by the concentration of substrate. SiR is probably maintained at a
level that would prevent the accumulation of the toxic sulfite anion and, as such,
it is difficult to imagine that there would be sufficient accumulation of sulfite to
influence the allocation of SiR to chloroplast nucleoids [265].

It is possible that the binding of a ligand or cofactor could regulate the
DNA-binding activity of SiR. For example, it is necessary for aconitase to lose its
4Fe-4S cluster in order to take on its role as an iron-responsive element binding
protein [288]. SiR contains a bound siroheme complex as well as a 4Fe-4S
complex. It is doubtful that the 4Fe-4S cluster modulates DNA binding, since it
was previously shown that treatment with the iron-chelator dipyridyl, which
modulates the function of aconitase, had no effect on the DNA-binding activity of
SiR [260]. It is possible that the siroheme may regulate the DNA-binding activity
of SiR. The incorporation of siroheme into recombinant maize SiR was essential
for catalytic activity and DNA-binding. In this study, the incorporation of siroheme
into recombinant Arabidopsis SiR was essential for DNA-binding activity.
However, it is possible that the incorporation of siroheme was necessary for

proper folding of SiR, rather than a requirement for DNA-binding. The relative
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abundance of siroheme can be estimated by the 278/384 nm absorbance ratio,
where a low ratio indicates that more siroheme is incorporated into the protein.
The soluble SiR isolated from spinach chloroplasts had a 278/384 nm
absorbance ratio of 2.2. SiR purified from SB-M chloroplast nucleoids had a ratio
of 7.6, suggesting that less siroheme was present in the nucleoid-associated SiR.
The 278/384 nm absorbance ratio for rAtSiR was 5.4. The recombinantly
expressed AtSiR compacted DNA in vifro but required a long incubation time, as
opposed to the almost instantaneous DNA-compaction that occurs for SiR
purified from chloroplast nucleoids. It is possible that while siroheme may be
required for proper folding in the expression cell line, it may not be necessary for
DNA-binding.

It is possible that the two functions of SiR are regulated by
oligomerization. Glyceraldehyde-3-phosphate dehydrogenase exists as a
catalytically active tetramer, but as a monomer, functions as a nuclear uracil-
DNA glycosylase [288]. Soluble SiR exists predominantly as a homodimer in
plants; perhaps it is the monomeric form that has DNA-binding activity [289]. In a
previous study, a Southwestern blot assay was used to demonstrate DNA-
binding by the SiR monomer [260]. A weak DNA-binding band that might have
corresponded to the SiR dimer was detected on the same Southwestern blot.
Moreover, catalytic activity is preserved in the spinach SiR monomer [263].
These data could indicate that the SiR monomer is the predominant form that

binds DNA.
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It is doubtful that the DNA-binding and catalytic activities of SiR are
mutually exclusive. SiR purified from tobacco chloroplast nucleoids was reported
to have enzyme activity by Sato et al. [79], but no experimental evidence was
provided to substantiate this claim. Likewise, recombinant maize SiR was
reported to have both catalytic activity and DNA-binding activity, but no
experimental evidence was presented [290]. Since approximately 90% of total
SiR is distributed to chloroplast nucleoids in SB-M cells, it seems unlikely the
cells would obtain sufficient reduced sulfur if the nucleoid-associated SiR were
enzymatically inactive.

Post-translational Modification of SiR

SiR purified from SB-M chloroplast nucleoids is known to be a
phosphoprotein [2]. It is possible that phosphorylation may regulate the functions
of SiR. Phosphorylation has been shown to regulate the activity of several other
moonlighting proteins as well as the DNA-binding activity of SiR in vitro [2].
Phosphorylation of phosphoglucose isomerase by CK2 results in the loss of
enzymatic activity, but does not perturb is function as an autocrine motility factor
[288]. Data from this study demonstrate that recombinantly expressed AtSiR,
which is likely unphosphorylated, was capable of compacting DNA in vitro. This
confirms previous observations by Chi-Ham et al. that SiR dephosphorylation
may modulate the interaction of SiR with DNA but is not strictly required for DNA-

compaction [2].
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Perhaps the phosphorylation of SiR regulates the strength of DNA-
compaction. For example, phosphorylation of Ets-1 functions as a 'molecular
rheostat’, where the number of phosphoryi residues that are tagged to an
unstructured region modulates the DNA-binding activity of this transcription factor
[291]. Although, Ets-1 is not a known moonlighting protein, perhaps the DNA-
binding activity of SiR is regulated in a similar manner. One would expect, if
phosphorylation regulated the DNA-binding activity of SiR, that the pl profile of
nucleoid-associated SiR would be different than the pl profile of soluble SiR.
However, the most abundant pls of SiR in a chloroplast nucleoid-enriched
fraction isolated from young soybean leaves were similar to those of a soluble
fraction (Figure 27). This suggests that phosphorylation does not affect the
portion of SiR allocated to chloroplast nucleoids. The range of SiR isoforms was
broader in the soluble extract than in the nucleoid-enriched fraction, but this is
most likely related to the higher abundance of soluble protein analyzed. These
data could indicate that soluble and nucleoid-associated SiR were post-
translationally modified to a similar degree, if at all, in young soybean leaves.

SiR purified from SB-M chloroplast nucleoids was shown to be a
phosphoprotein, but no experimental data has indicated if this was true for AtSiR.
Based on the amino acid sequence of AtSiR, phosphorylation was predicted to
shift the pl of AtSiR from 7.6 to 7.2, with additional phosphoryl residues resulting
in acidic shifts of 0.2 pH units. The pl profile of SiR in soluble leaf extracts was

consistent with this prediction, which suggests that AtSiR may be phosphorylated
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in vivo (Figure 25). In silico data mining also suggested that the GmSIiR and
AtSiR amino acid sequences contained several potential protein kinase
consensus motifs for protein kinase C, CKIl, and others. To further examine the
possibility that AtSiR was phosphorylated, soluble leaf protein extracts were
treated with A-PPase and CIAP. A-PPase-treated soluble leaf extracts resulted in
an unexpected acidic shift in the pl profile of AtSiR (Figure 28). When soluble
protein extracts were treated with CIAP, virtually no change was observed in the
pl profile of AtSiR (Figure 29). Moreover, 2D |IEF/SDS-PAGE of DCP68/SiR
purified from SB-M plastid nucleoids did not display the predicted acidic shift after
treatment with alkaline phosphatase. Since purified DCP68/SIR is a known
phosphoprotein, the utility of this approach for further research into the post-
translational modifications of SiR may be questionable for this system.
Collectively, these data do not indicate that Arabidopsis SiR is phosphorylated.
To further examine this possibility, purified Arabidopsis SiR could be analyzed by
mass spectrometry.
A Working Model of Nucleoid Remodeling

A model for the packaging of ctDNA into the nucleoid was previously
proposed by Chi-Ham [260]. Chloroplast DNA is attached to the inner envelope
membrane of young chloroplasts by an anchoring protein such as PEND [65].
Chloroplast DNA replication may occur predominantly while the nucleoid is

associated with the inner envelope membrane. As the chloroplast matures, the
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nucleoids become associated with the thylakoid membrane, possibly via
interaction with the MFP1 anchoring protein [72].

SiR and probably several other DNA-compacting nucleoid proteins
condense the DNA in chloroplast nucleoids. Since the compaction of ctDNA may
have a significant impact on organellar transcription and replication, SiR may
need to be displaced prior to the onset of these processes. The high level of
transcription and replication observed in young leaves indicates that plastome
compaction by nucleoid proteins must be a regulated process [292-295]. In this
study, it was found that the amount of SiR allocated to chloroplast nucleoids in
young SB-M cells and soybean plants, decreased with age. These data
suggests that SiR does not simply inhibit DNA replication or transcription in
planta. Instead, SiR may function as a DNA scaffolding protein in young
chloroplasts during ctDNA amplification since the youngest SB cells and soybean
leaves contained the highest portion of nucleoid-associated SiR.

It is well documented that some bacterial nucleoid proteins compete for
similar binding sites [106, 108, 167]. Perhaps the distribution of SiR to
chloroplast nucleoids is affected by interactions with other nucleoid proteins that
might bind to similar sites. Since SiR binds without apparent sequence
specificity, virtually any other nucleoid protein with higher affinity for ctDNA could
displace SiR. It is possible that future research that describes interactions

between SiR and other plastid nucleoid proteins could bring a wealth of
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information regarding the regulation of SiR and, ultimately, plastid nucleoid

structure/function.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

The portion of SiR distributed to chloroplast nucleoids was examined in
the model plants Arabidopsis and soybean. SiR was detected in a nucleoid-
enriched fraction from Arabidopsis. In contrast to results from previous
immunolocalization experiments in SB-M and young pea chloroplasts, the portion
of SiR associated with Arabidopsis chloroplast nucleoids represented only a
fraction of the total SiR. In addition, recombinantly expressed AtSiR compacted
DNA into structures that resemble chloroplast nucleoids. The abundance of
soluble SiR was examined in various Arabidopsis tissues and the evidence
suggests that SiR is differentially regulated in leaf and root tissues. However,
due to the low abundance of nucleoids in Arabidopsis, this may not be an
appropriate model organism to study nucleoid dynamics.

A distribution study provided evidence that most SiR in the SB-M cell line
was distributed to the nucleoid, confirming results from the previous
immunolocalization study. In soybean and Arabidopsis plants, the portion of SiR
distributed to chloroplast nucleoids varied with leaf developmental stage. The
portion of SiR distributed to chloroplast nucleoids was significantly higher in
young soybean leaves. Surprisingly, there was no detectable SiR in chloroplast
nucleoid-enriched fractions from young Arabidopsis leaves. Since young leaves
undergo significant plastome amplification, it is possible that the ctDNA

amplification may influence the amount of SiR allocated to chloroplast nucleoids.
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The absence of SiR in young Arabidopsis chloroplast nucleoids is noteworthy
and could be related to inherent differences in Arabidopsis nucleoid structure,
composition, or functions from those of pea, soybean, and tobacco in which
chloroplast nucleoids have principally been studied. Moreover, these
observations support the hypothesis that the interaction of SiR with ctDNA is
regulated.

The pl profile of SiR was examined as a first step towards investigating
the role of post-translational modifications that may affect the function of SiR. No
evidence suggested that the post-transiational modification of nucleoid-
associated SiR was different from the soluble form.

In this study, several attempts were made to modify potential post-
translational modification(s) of SiR by treatment with phosphatases. A more
accurate determination of the post-translational modifications of SiR could be
assessed by mass spectroscopy. Since these post-translational modifications
may have different effects on DNA-binding and catalytic activity, this analysis
could be performed with SiR purified from chloroplast nucleoids and soluble S\iR.
Mass spectroscopy can identify the specific residue(s) that may be post-
translationally modified. Since kinases act on consensus sites, it may also be
possible to identify the kinase(s) responsible for phosphorylation based on the
sequence surrounding the phosphorylated residue(s).

Although this study focused on a single nucleoid protein, further research

must be performed to determine the identity of other nucleoid proteins. Further
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analysis of nucleoid proteins should be performed in soybean because
chloroplast nucleoids are plentiful, there is an established protocol for
purification, and the nucleoid polypeptide pattern has previously been examined
[1]. In addition, there are efforts to sequence the soybean genome, which will
provide a wealth of information to researchers. Initially, the identity of chloroplast
nucleoid proteins could be determined by mass spectrometry of gel purified
nucleoid proteins. Then, these proteins could be screened for their DNA-binding

characteristics and their interaction with SiR using the yeast two-hybrid assay.
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