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ABSTRACT

Housekeeping enzymes are vital to the metabolism of all plant cells. Two such enzymes
adenosine kinase (ADK) and S-adenosylhomocysteine (SAH) hydrolase share a similar
function: both sustain S-adenosylmethionine-dependent methylation reactions by
removing inhibitory by-products. SAH hydrolase breaks down SAH which is a
competitive inhibitor of all methyltransferase activities. ADK phosphorylates the Ado
produced by SAH hydrolase and in doing so drives this reversible reaction in the
hydrolysis direction. By catalyzing the phosphorylation of Ado into adenosine
monophosphate, ADK not only prevents SAH from re-forming but also initiates the
recycling of Ado into adenylate nucleotides and cofactors.

This thesis documents two distinct research topics related to methyl recycling in
plants. The first goal was to identify ADK-deficient mutants to establish the contribution
of this enzyme activity to adenosine salvage. The second goal was to determine the
subcellular localization of ADK and SAH hydrolase in Arabidopsis thaliana (Columbia).
T-DNA insertion lines for highly similar ADK isoforms (ADK1 and ADK2) and
silencing lines of overall ADK activity (SADK) were compared to WT Arabidopsis to
identify phenotypic abnormalities associated with ADK deficiency. In addition to
following their growth, microscopic analysis was performed on the sADK lines. While
removal of either ADK1 or ADK2 had no phenotypic effect, lowering ADK levels to 6-
20% that of WT lead to several changes including small, wavy rosette leaves, delayed
leaf senescence, decreased internode length, reduced branching, clustered inflorescences
and lack of petal abscission and silique dehiscence. Further analysis linked the abnormal

phenotype to increased levels of hypomethylation throughout the plant (K Engel
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unpublished data), as was expected; however higher levels of active cytokinin were also
observed. Thus ADK appears to be integral in regulating cytokinin levels as well as
recycling methylation intermediates.

To investigate the relationship between the subcellular localization of SAH
production and its metabolism, immunogold labelling was performed on leaf and
meristematic tissues of Arabidopsis using antibodies specific for either ADK or SAH
hydrolase. As well, B-glucuronidase and green fluorescent protein translational fusions of
each enzyme were examined (S. Lee unpublished data). Results of both the immunogold
labelling and fusion lines revealed that all ADK and SAH hydrolase isoforms localize to
the cytosol, chloroplast and nucleus. Further analysis of purified chloroplasts has given
varying results regarding the targeting of these enzymes to the organelle, and further
research will be required before ADK and SAH hydrolase can be conclusively localized

to the chloroplast.
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INTRODUCTION

Overview

The recycling of adenosine (Ado) into adenosine monophosphate (AMP) plays an
important role in plant development and metabolism by not only providing the necessary
precursors for primary and secondary metabolites including adenylate nucleotides, but by
also maintaining methyl recycling throughout the cell. Although plant genomes encode
more than one enzyme capable of Ado metabolism, adenosine kinase (ADK, EC
2.7.1.20) is believed to catalyze the predominant route for Ado salvage by
phosphorylating Ado to AMP.

Of the Ado being recycled, a large quantity is committed to synthesizing S-
adenosylmethionine (SAM). SAM is the predominant methyl donor in transmethylation
reactions. The transfer of a methyl group from SAM during transmethylation generates
the by-product S-adenosyl-L-homocysteine (SAH). The subsequent breakdown of SAH
by S-adenosyl-L-homocysteine hydrolase (SAHH, SAH hydrolase; EC 3.3.1.1) releases
Ado back into the nucleotide pool, as well as providing homocysteine (Hcy) to be used in
the regeneration of SAM. Thus by breaking down SAH, SAH hydrolase is able to ensure
that Ado and SAM are recycled.

The research described in this thesis explores several aspects of ADK and SAH
hydrolase activities in plants, using Arabidopsis thaliana as a model system. To
determine the importance of ADK in plant metabolism, mutant lines deficient in ADK
were examined for their abundance of ADK transcripts and enzyme activity, methyl-

metabolite synthesis, methylation and organ development. Additionally, transgenic plants



expressing the B-D-glucuronidase (GUS) reporter under the control of either ADK or
SAH hydrolase promoters were also generated to study the expression of the genes
throughout the plant at the transcriptional level. Finally, to further our understanding of
how methylation occurs in multiple compartments within the plant cell, the subcellular

localization of ADK and SAH hydrolase isoforms was studied.

Arabidopsis thaliana

Arabidopsis thaliana is in many ways a classic example of the model organism, having
more value in the laboratory than in the field. A member of the Brassicaceae family, A.
thaliana is a small, self-fertilizing plant (see Figure 1) native to the Northern
Hemisphere. Numerous ecotypes of A. thaliana have been isolated with Columbia (Col)
and Landsberg (Ler) being two of the most commonly used. Due to its lack of
agricultural value, A. thaliana has been traditionally considered nothing more than a
weed. However, in the past 40 years A. thaliana has risen to become one of the most
studied and characterized organisms in the field of genetics.

There are several factors that make A. thaliana ideal for research, including that it
is easily maintained in a laboratory setting, only reaching a maximum height of 30 cm
and requiring a moderate temperature and light regimes (19°C and 120 uE, respectively).
Additionally, A. thaliana has a short generation time and high seed production. For
example, A. thaliana (Col) has a lifespan of 6-8 weeks and begins producing seed after 4-
5 weeks, ultimately releasing 1000-5000 seeds per plant (Bowman, 1994). Along with
these physiological advantages, the genome has several features that make it amendable
to molecular studies. One such advantage is its small (125 Mbp), diploid genome (Dennis
and Surridge, 2000), making it much easier to manipulate than other higher plants such as
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the 466 Mbp rice (Oryza sativa L. ssp. Indica) genome (Yu et al., 2002). The A. thaliana
genome is further simplified by containing a relatively low abundance of transposable
elements and repetitive DNA, small introns and few gene families (The Arabidopsis
Genome Initiative, 2000). Finally, A. thaliana is easily transformed using Agrobacterium
tumefacians (Clough and Bent, 1998).

An additional benefit to using A. thaliana is the large knowledge base that already
exists and the extensive scientific community actively sharing information and research.
The fully sequenced genome of A. thaliana, stocks of mutant lines and results of high
throughput experiments are all publicly available. This project has relied on several of
these features to examine the involvement of SAH hydrolase and ADK in methyl

recycling.

Activated Methyl Cycle

SAM is the predominant methyl donor in eukaryote transmethylation reactions, with the
actual transfer of the methyl group catalyzed by methyltransferases (MTs, EC 2.1.1)
specific for particular substrates (Poulton 1981). MT activities are essential for the
synthesis/ functionality of hundreds of compounds in plant cells including DNA and
mRNAs, pectin, lignin and phosphatidylcholine. Upon methylation of these acceptors a
molecule of S-adenosyl-L-homocysteine (SAH) is produced (see Figure 2). Thus, given
the breadth of SAM-dependent methylation activities, cells are continuously generating
SAH. In eukaryotes and some prokaryotes, SAH is cleaved into L-homocysteine (Hcy)
and Ado by SAH hydrolase (de la Haba and Cantoni, 1959). The SAH hydrolase-
catalyzed reaction serves two important functions: it provides the precursor for the

regeneration of Met and ultimately SAM, thereby maintaining the availability of these
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compounds for cellular metabolism, and it also reduces the accumulation of SAH which
would otherwise competitively inhibit MT activities (Poulton, 1981).

However, since the reaction catalyzed by SAH hydrolase is reversible and its
equilibrium lies in the direction of SAH formation (de la Haba and Cantoni 1959), it must
be drawn in the direction of SAH hydrolysis through the constant removal of both
products, Ado and Hcy. Otherwise SAH would not be broken down and MT activities
would be inhibited. Hey is metabolized to Met, either by Met synthase (EC 2.1.1.13) or
Hcy S-methyltransferase (EC 2.1.1.10), and the resulting Met is subsequently converted
to SAM, via SAM synthetase (EC 2.5.1.6) or back to S-methylmethionine (SMM) by Met
S-methyltransferase (MMT, EC 2.1.1.12) (Hanson et al., 1994). Although it is not yet
known in A. thaliana, the amount of Met tied up in the SMM cycle has been studied in
maize, where MMT knockout mutants exhibit SAM levels 15% higher than that of the
WT control (Kocsis et al., 2003). The purpose of diverting Met through the SMM cycle
has been suggested as a mechanism to regulate SAM levels, with the formation of SMM
serving as a reservoir of SAM precursors during periods of increased methylation.

In plant cells, the majority of the Ado resulting from SAM-dependent MT activities
is salvaged by ADK (Moffatt et al., 2000). This was most clearly demonstrated during
periods of increased methylation activity in spinach, where during the synthesis of the
methylated osmolite glycine betaine, in response to salinity stress, ADK and SAH

hydrolase expression and activities increase 2-3 fold (Weretilnyk et al., 2001).



Figure 1. Five-week-old Arabidopsis thaliana.

A fully developed Arabidopsis plant is shown. The rosette leaves form at the base of the plant
from which the shoots develop, while cauline leaves arise from the shoots and secondary
branches. Located on top of the developing shoots, floral meristems produce buds which then
develop into flowers, and upon self fertilization, become siliques (fruit). As long as the plant is
viable, siliques are formed thus various stages of silique development can be observed along the

same shoot.
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These increases match well with the changes in the MT activity required to synthesize
glycine betaine indicating that ADK expression is responsive to the increased flux
through the activated methyl cycle (Weretilnyk et al. 2001). In addition to responding to
stress, ADK and SAH hydrolase expression fluctuates accordingly to lignin synthesis
(methylation being a key component in lignin monomers) throughout Arabidopsis

(Pereira et al., 2006).

Methyl Sinks

SAM, along with donating methyl groups to MT, is a precursor for the synthesis of
various compounds including ethylene, polyamines, biotin and nicotinamides, all of
which are necessary for plant development. Both biotin and nicotinamide serve as
vitamins essential to all eukaryotes, with biotin transports dissolved bicarbonates needed
for macromolecule metabolism (McMahon, 2002) and nicotinamides actings as
precursors to B-nicotinamide adenine dinucleotide (NAD") coenzymes responsible for
generating ATP in the mitochondria (Ishaque and Al-Rubeai, 2002). Due to their reliance
on SAM as a common precursor, the plant growth regulators ethylene and polyamines are
of particular interest to this study.

Ethylene is formed through the conversion of SAM to l-aminocyclopropane-1-
carboxylic acid (ACC) by way of ACC synthase; ACC oxidase then reacts with ACC to
produce ethylene (Jakubowicz, 2002). As a growth regulator, ethylene affects numerous
stages of plant development by promoting the induction of fruit ripening (Nakatsuka et
al., 1998), flower senescence (Kamachi et al., 1997), petal (Clark et al., 1997) and leaf

abscission, the inhibition of seedling elongation (Ishiki et al., 2000), and the stimulation
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of root initiation (Llop-Tous et al., 2000). Additionally, ethylene mediates cell signalling
associated with responses to a variety of stresses including drought, cold, anoxia and
pathogens (Avni et al., 1994; Lelievre et al., 1997; Kato et al., 2000; Cao et al., 2006).

Like ethylene, polyamines have been associated with root growth, somatic
embryogenesis, floral initiation, and the development of flowers and fruits, as well as cell
signalling in response to plant stress (Walters, 2003). Although there is more than one
kind of polyamine present in higher plants, the most common are putrescine, spermidine
and spermine, all of which arise from decarboxylated SAM (Pandey et al., 2000). While
ethylene and polyamines share a common precursor, it is not quite clear whether or not
SAM is prioritized to ethylene or polyamine synthesis. In many cases during
development, such as during fruit ripening and leaf/flower senescence, ethylene and
polyamine biosynthesis are in fact antagonistic and inhibit the production of the other
(Pandey et al., 2000).

Despite these multiple sinks, it is commonly believed that SAM is never limiting
for the transmethylation cycle. For example, in the case of Lemna it is estimated that
>90% of SAM is tied up in the activated methyl cycle (Mudd and Datko, 1986). However
in mutants unable to produce SAH hydrolase or ADK at high enough levels to ensure
proper recycling of SAH, there is a potential for reallocation of SAM flux to different
sinks. Such mutants can also be used to study the impact of ADK deficiency on functions
requiring Ado salvage, including the maintenance of nucleotide pools, cytokinin (CK)

interconversion and gene silencing in response to pathogens.



Figure 2. SAM methylation cycle.

Upon methylation of the acceptor, a molecule of S-adenosyl-L-homocysteine (SAH) is produced
and cleaved into L-homocysteine (Hcy) and Ado by SAH hydrolase (SAHH). However, since the
reaction catalyzed by SAH hydrolase is reversible and its equilibrium lies in the direction of SAH
formation, it must be drawn in the direction of SAH hydrolysis through the constant removal of
both products, Ado and Hcy. Hcy is metabolized to Met, either by Met synthase or Hcy S-
methyltransferase (HMT) and the resulting Met is subsequently converted to SAM, via SAM
synthetase (EC 2.5.1.6) or back to S-methylmethionine (SMM) by Met S-methyltransferase (Met

S-MT). Other minor routes for Ado salvage are discussed in Chapter 1.
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Maintenance of Nucleotide Pools

Plants as well as animals are capable of regenerating their nucleotide pools through
salvage pathways. Nucleotide bases and nucleosides resulting from the breakdown of
nucleic acids (Guranowski and Wasternack, 1982), and the hydrolysis of SAH within the
SAM cycle and from by-products formed by the conversion of methionine (Met) to
ethylene, are all potential sources for the salvage of Ado and adenine (Stasolla et al.,
2003). The advantages associated with the salvaging of nucleotides as opposed to the de
novo pathway are the recycling of limited nitrogen sources and energy conservation. In
addition to conserving nucleotide pools, the conversion of Ado to AMP plays a vital role

in cell signalling by way of CK interconversion and biosynthesis.

Cytokinin Interconversion and Biosynthesis

CKs are a class of plant-specific growth regulators that play a central role in controlling
the cell cycle and influencing numerous developmental programs including cell
signalling for apoptosis (Carimi et al., 2003), pollen development in response to
gibberellin (Huang et al., 2003), meristem activity and morphology (Huang et al., 2003),
chloroplast biogenesis (Hoth et al., 2003) and cell division (Hoth et al., 2003). The most
predominant class of CKs is comprised of N°-substituted adenines, which are generally
thought to be synthesized via the addition of an isopentenyl group to ATP creating
isopentenyladenosine monophosphate (iPMP) (Kakimoto, 2003). Modification of the side
chain leads to the formation of zeatin monophospate (ZMP) and other derivatives. An
alternate iPMP-independent pathway has been proposed to exist in A. thaliana in which

ZMP is formed directly by the addition of an alternate side chain to AMP (Mlejnek and
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Prchazka, 2002). Thus by converting Ado to AMP, ADK helps maintain CK precursor
levels.

It is thought that the free bases and riboside forms of CKs are the biologically
active compounds and their interconversion to the nucleotide and conjugation with
sugars, amino acids or phosphorylation creates storage, transport or inactivated forms of
the molecule (Astot et al., 2000). Based on the results of in vitro assays it has been
proposed that ADK contributes to the interconversion of CK ribosides and nucleotides
(Chen and Eckert, 1977; Moffatt et al., 2000), although it is not clear if this occurs in in
Vivo since the affinity of A. thaliana ADK for a CK riboside, as estimated by its apparent
K, 1s 10-fold lower than for Ado and ADK’s catalytic efficiency (Vmax/Km) 1s 250-fold
lower on CK ribosides versus Ado (Moffatt et al. 2000). A more recent study found that
the 4 isoforms of ADK in BY-2 tobacco cells had strong affinities for not only Ado but
isopentenyladenosine, zeatin riboside and dihydrozeatin riboside (Kwade et al., 2005).
ADK’s in vivo role in CK metabolism has only been documented in a few cases to date.
Chloronemal tissues of the moss Physcomitrella patens incorporate exogenously fed
isopentenyladenosine into its nucleotide pools, via a route that must depend on ADK
activity (von Schwartzenberg et al., 1998). The importance of ADK in such a role has
also been shown in tobacco where isopentenyladenosine-induced apoptosis in BY-2
cultured cells was dependent on the intracellular phosphorylation of iPA to iPMP by
ADK (Mlejnek and Prchazka, 2002). Analysis of CK metabolism and CK composition in
the ADK-deficient lines of A. thaliana may provide further insight into the contribution

of ADK to CK homeostasis.
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Plant Pathogen Responses and Gene Silencing

As well as maintaining methylation needs associated with abiotic stress responses, ADK
activity is also involved in pathogen resistance. Studies conducted by (Wang et al., 2005)
indicated that in Nicotiana tabacum, ADK activity increases in response to geminivirus
infection that depletes cellular ATP, most likely to provide alternate routes for the
synthesis of adenylate nucleotides. The rise in ADK activity is mediated by the action of
the metabolic regulator SNF kinase which is induced by increased AMP: ATP ratios.
Interestingly, infection of N. tabacum by Begomovirus and Curtovirus geminiviruses
leads to the expression of viral proteins (AL2 and L2) that inactivate both SNF kinase
and ADK in order to disable this plant defence system.

It has become evident in the last few years that RNA silencing is a key mechanism
used by plants to limit viral infections. In the case of RNA silencing, small RNAs
resulting from the cleavage of double-stranded RNA inhibit epigenetic gene expression in
both the cytoplasm and the nucleus (Matzke et al., 2001). The gene silencing itself can
occur by the post-transcriptional degradation of complementary mRNAs, and in the case
of plants, transcriptional gene silencing of homologous DNA sequences. Viral sequences
can then serve as both a trigger and a target of RNA silencing as viral double-stranded
RNA is detected by the RNAI surveillance mechanism and cleaved into single-stranded
RNA (Waterhouse et al., 2001). To adapt to this defence mechanism, many plant viruses
develop proteins such as AL2 and L2 that interfere with silencing pathway components
and as a result counter the silencing activity of the host (Brigneti et al., 1998; Voinnet et
al., 1999). Plants may also suppress viral replication through the methylation of viral

DNA (Brough et al., 1992), in which case the virus may avoid the defence mechanism by
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inhibiting ADK and thereby SAM-dependent DNA methylation. Thus a loss of ADK

may leave the plant more vulnerable to viral infection.

ADK

ADK has been characterized from a wide range of eukaryotes, including yeast (Caputto
1951, Kornberg and Pricer 1951), humans (Spychala et al., 1996), wheat (Chen and
Eckert, 1977), lupin (Guranowski, 1979), peach (Faye and Le Floch, 1997)
Physcomitrella patens (Von Schwartzenberg et al., 1998) and A. thaliana (Moffatt et
al.,2000). The enzyme functions as a monomer, and depending on the organism, has a
molecular weight of 34 to 56 KDa (34 KDa in Arabidopsis), a pH optimum between 4.8
and 8.0 and a temperature optimum ranging from 30 to 41°C (Schomburg et al., 2004).
Kinetic studies conducted using purified enzyme established ADK’s utilization of Ado
versus other ribose sugars and the requirement for ATP and divalent cations such as Mg*"
to catalyze the phosphorylation of Ado to AMP (Moffatt et al., 2002). Further
examination of the crystal structure of human ADK found it to closely resemble
ribokinase, in addition to containing the substrate binding sites for ATP and divalent
cations (Mathews et al., 1998).

Until recently, it was believed that ADK was only expressed in eukaryotes;
however, the recent identification and characterization of an ADK in Mycobacterium
tuberculosis indicates it is present in some prokaryote species as well. The M.
tuberculosis ADK had been categorized previously as a sugar kinase with unknown
function due to its stronger sequence homology with ribokinase and fructokinase than
other ADKs. Whether or not other prokaryotes are also expressing ADK activities

requires further study.
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ADK Gene Expression

To begin to formulate a model for the role of ADK activity, the expression of ADK genes
in the major organs of different plants must be known, as the demand for ADK varies
between specific tissues in order to sustain their adenylate nucleotide and SAM pools and
possibly, CK interconversion. In addition, if multiple ADK coding sequences are present
in a genome, they may be expressed in response to different signals. In the case of A.
thaliana, there are two genes encoding ADK designated as ADK1 (At3g09820) and
ADK2 (At5g03300); these genes share 92% amino acid and 89% nucleotide identity
(Moffatt et al., 2000).

Studies on the response of ADK transcripts to stress are consistent with the
hypothesis that transcription of ADK increases in association with SAM-dependent
methylation activities (Koshiishi et al., 2001; Kocsis et al., 2003). Examination of ADK
transcript abundance in major organs of A. thaliana by northern analysis showed that
both genes are expressed constitutively, with higher steady-state mRNA levels in stem
and root (Moffatt et al., 2000). In all cases, ADK transcript abundance increased in
association with changes in SAH hydrolase transcript levels (Todorova 2002) and
methylation indicators.

More than one high-throughput method has been used to assess changes in
transcript abundance in different organs of A. thaliana; several of them detected changes
in ADK expression. Massively Parallel Signature Sequencing (MPSS) is a relatively new
technique which has been applied to evaluate Arabidopsis expression (Brenner et al.,
2000). MPSS produces short sequence signatures originating from a defined position

within an mRNA, and the relative abundance of these signatures in a given library
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represents a quantitative estimate of expression of that gene. In all the tissues tested, with
the exception of siliques, ADK1 transcripts were twice as high as those of ADK2. In
expanding green siliques (stage 16-17) ADK1 transcript levels were four-fold higher than
those of ADK2 (see Figure 3).

The analysis of microarray data compiled by Genevestigator database
(Zimmermann et al., 2004) also indicates higher ADK1 transcript abundance in stems and
roots as compared to flowers and leaves. Although the microarray data does not show a
significant difference in ADK1 and ADK2 transcript abundance, possibly due to lack of
specificity in detection of the mRNAs, a trend of higher levels of ADK1 is still observed.
In order to further assess the possible role of these isoforms, mutants lacking either
ADKI1 or ADK2 through T-DNA insertions (tagged lines) were identified and examined

in this thesis research.

ADK Mutants

GT6-2 is an A. thaliana (Landsberg) mutant containing a T-DNA insertion in ADK1-1
that exhibits cytokinin overproduction and an over-proliferating shoot apical meristem
(A. Para and A. Sundés-Larsson, Uppsala University, unpublished results). Overall,
however, the insertion does not appear to affect the vitality of the plant since the mutant
retains 45% of the ADK activity found in WT plants. On the other hand, A. thaliana lines
deficient in ADK activity due to trans-gene silencing (sADK lines) have very little
residual ADK activity (Moffatt et al., 2000). Use of these sADK lines has provided direct
evidence that this enzyme is essential for maintaining SAM-dependent transmethylation
activities in Arabidopsis, for most affected lines have up to 40-fold higher levels of SAH

than that of the wild-type parent, presumably due to the reversal of SAH hydrolase
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activity resulting from excess Ado. In addition to increased SAH levels, the mutants
display wrinkled leaves, clustered inflorescences and weak apical stem development
(Moffatt et al., 2000). The increased SAH levels are correlated with the severity of their
phenotype and with the inhibition of the MTs acting on pectin (Pereira et al. 2006). The
observation that tobacco plants deficient in SAH hydrolase activity have morphological
changes similar to those observed in the ADK-deficient lines and their genomic DNA is
also hypomethylated (Masuta et al., 1995b) supports the conclusion that the changes in

the ADK-deficient lines are associated with ADK’s role in the activated methyl cycle.

SAH Hydrolase

As SAH hydrolase is the only eukaryotic enzyme capable of metabolizing SAH generated
by intercellular SAM methylation, much study has been dedicated to understanding its
composition and activity, although the vast majority of this work has been focused on the
enzyme from animals rather than plants. While SAH hydrolase was once believed to be
exclusive to eukaryotes, it has also found in many prokaryotes (Shimizu et al., 1984).
However, prokaryotes containing SAH hydrolase are still in the minority; the majority
rely on SAH nucleosidase (EC 3.2.2.9); 5'-methylthioadenosine nucleosidase (EC
3.2.2.16) and/or S-ribosyl-homocysteine hydrolase (EC 3.3.1.3) (Duerre and Schlenk
1962; Walker and Duerre 1975).

Mammalian SAH hydrolases are composed of homotetramer 48 kDa subunits
(Bethin et al., 1995), while plants generally have a homotetramer of 53 kDa subunits; the
exception being yellow lupin, which is reported to be a homodimer (Guranowski and
Pawelkiewicz, 1977). The difference between the plant and mammalian SAH hydrolase

subunit molecular weights results from an internal stretch of 41 amino acids (positions
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164-205) and a longer NH»-terminal region in the plant enzyme, for a total of 485,
whereas the mammalian protein consists of 432 residues. Overall, SAH hydrolase has a
pH optimum ranging between 6.4 and 8.5, and temperature optimum between 30 to 55°C
(Schomburg et al., 2004). A comparison of the apparent Kys for Ado, SAH and Hcy
reveals SAH hydrolase to have a higher affinity for Ado (Schomburg et al., 2004).
Sequence alignments at either the nucleic or amino acid level show SAH
hydrolase to be highly conserved across species (Schomburg et al., 2004), even between
humans and prokaryotes. The most conserved sequences of SAH hydrolase can be found
around the catalytic sites, which consist of three domains: the SAH-binding domain, the
nicotinamide adenine dinucleotide (NAD)-binding domain and the Ado binding domain
(Gomi et al., 1989). Thus study of SAH hydrolase activity and function in plants is

relevant to other eukaryotes.

SAH hydrolase Expression

As with ADK, A. thaliana has two highly similar SAH hydrolase isoforms: SAHHI
(encoded by At4g13940) and SAHH?2 (encoded byAt3g23810) which have a 92% nucleic
acid and 95% amino acid identity. These genes are also constitutively expressed
throughout the plant at different levels. Northern blots and semi-quantitative PCR, show
that A. thaliana SAH hydrolase transcripts are present in all organs with stems and
siliques stages 16, 17a having the highest abundance; buds, flowers and 17b siliques at
moderate levels and leaves and dry seeds the lowest (Todorova 2002). In all cases,
SAHH1 mRNA transcripts are higher than SAHH2. In fact SAHH2 is near the limit of

detection in roots and leaves (Todorova, 2002), in mature plants.
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Figure 3. Expression of ADK and SAH hydrolase genes in mature Arabidopsis.

Transcript levels were examined using microarray data obtained from Genevestigator (A;
Zimmermann et al. 2004) and MPSS (B; Brenner et al. 2000) databases in September 2006. In the
microarray data obtained (A), standard deviations were obtained using triplicates of normalized
signal data while MPSS data only had one data set of measured transcript (B) so a standard
deviation could not be obtained. Both methods of measurement show ADK1 to be present at
higher levels in all organs, the only exception being in the root tip where isoforms are almost
equal. However there is a discrepancy between the two types of measurements in that the MPSS
data shows significantly lower levels of ADK2 transcripts relative to that of ADK. This
inconsistency also emerges for the SAH hydrolase isoforms. Aside from the stem, microarray
data shows SAHH1 to be present at higher levels than SAHH2. Despite showing the same pattern

of expression, MPSS data shows a larger disparity in expression levels between the two isoforms.
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Examination of high throughput transcript profiling data also reveals SAHHI to be
the more highly expressed of the two genes. MPSS data (Brenner et al. 2000) suggest
SAHH1 mRNA levels are 10-fold higher than SAHH2 transcript levels (see Figure 3B).
SAHHL1 displayed the following pattern of tissue expression (from highest to lowest): root
> inflorescence > siliques > leaf. In many organs and stages of development, SAHH2
mRNA was barely detected, with the greatest abundance being found in the stem,
whereas the lowest levels were found in roots (Figure 3B). Although microarray data
compiled in Genevestigator also revealed SAHHI to be present at higher levels than
SAHH?2, the difference in expression only ranged between 1.5 to 4-fold (Figure 3A). Both
isoforms had higher levels of expression in stem, stamen, hypocotyls and zone of
elongation in A. thaliana.

The relationship between SAH hydrolase activity and the synthesis of methylated
compounds has been investigated in several plants. SAH hydrolase activity has been
characterized in spinach (Poulton and Butt, 1976), tobacco (Sebestova L et al., 1983),
alfalfa (Edwards and Dixon, 1991), parsley (Kawalleck et al., 1992) and Catharanthus
roseus (Schroder et al., 1994; Eckermann et al., 2000) and in each case SAH hydrolase
activity fluctuated with metabolic and developmental processes such as the synthesis of

methylated secondary products such as lignin.

SAH Hydrolase Mutants

Mutants deficient in SAH hydrolase activity have been isolated from several organisms
including Rhodobacter (Sganga et al., 1992), mice (Miller et al., 1994), and tobacco
(Tanaka et al., 1997). Not surprisingly, deletion of the only SAH hydrolase gene in the

mice genome results in embryo lethality (Miller et al., 1994). An insertional mutant in the
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SAH hydrolase gene of Rhodobacter lacks detectable SAH hydrolase activity, and as a
result, the intracellular SAM: SAH ratio decreases 16-fold as compared to that of wild-
type cells. The only phenotypic change in these mutants noted by the authors was a
significant reduction in bacteriochlorophyll biosynthesis (Sganga et al., 1992); this is
significant as the synthesis of this compound requires methylation. The authors propose
SAH hydrolase deficiency is tolerated by the bacteria due to the presence of SAH
nucleosidase or S-ribosyl-homocysteine hydrolase (Walker and Duerre 1975).

SAH hydrolase-deficient tobacco lines, created through antisense gene silencing,
(Tanaka et al., 1997) have higher SAH levels, in some cases 10-fold higher than the wild-
type (WT) parent (Masuta et al., 1995). These lines are also associated with floral organ
abnormalities, stunting of growth, loss of apical dominance, delayed senescence,
hypomethylation of repetitive DNA, resistance to plant viruses requiring a methylated
cap for their replication and cytokinin levels three-times that of the wild-type parent
(Masuta et al., 1995a; Tanaka et al., 1997).

Interestingly, insertion mutants of SAHH1 (SALK 23915) and SAHH2 (SALK
134541) in A. thaliana have distinct phenotypes; while eliminating the expression of
SAHH?2 does not appear to have any affect on development, removing SAHH1 results in
embryo lethality (Seed Genes Project; www.seedgenes.org; emb1395). Taken together
with the expression data, these phenotypes suggest that SAHH1 is the predominant form

of the enzyme in plants, with SAHH?2 playing only a limited role.

Subcellular Localization of SAHH and ADK

SAM-dependent transmethylation occurs throughout the entire cell, mediating vital

processes such as cell signalling in the cytosol to chromatin modification in the nucleus
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and methylation of chlorophyll precursors in organelles. Each of these reactions produces
SAH which must be metabolized to prevent inhibition of MTs. Since SAH hydrolase is
thought to reside only in the cytosol it remains to be determined how SAH is removed in
other compartments. One possibility is that SAH is transferred out of the compartment
and into the cytosol (Ravanel et al., 2004; Palmieri et al., 2006). Conversely, SAH
hydrolase and ADK may reside within each subcellular compartment. In order to address
the validity of either hypothesis, the current understanding of protein transport must first
be understood.

Proteins are translated in the cytoplasm on either free or ‘bound’ ribosomes
(cytosolic or ER-associated respectively). Upon being synthesized, proteins are directed
to their appropriate cellular compartments. One method utilized by the cell to mediate
protein trafficking is the use of target signals within the peptide sequence (Emanuelsson
et al., 2000). Proteins destined for the mitochondria or chloroplast, contain signal
peptides located within their N-termini (Peeters and Small, 2001). While most nuclear
localization signals (NLS) are distributed throughout the coding sequence, although other
nuclear bound proteins having no apparent targeting motif (Nair et al., 2003). In addition
to specific transport systems, nuclei also contain nuclear pores which are believed to
transport proteins up to 50-70 kDa (Merkle et al., 1996; Liu et al., 2003), thus allowing
simple diffusion to occur. Assuming this to be the case, it may not be possible for a 4 x
53 kDa SAH hydrolase to enter via the NP, unlike the 32 kDa ADK.

Computer algorithms have been created based on documented motifs present in
proteins found in each cellular compartment. The most commonly used programs to

predict subcellular location are Mitoprot (Claros and Vincens, 1996), ChloroP
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(Emanuelsson et al., 1999), PSORT (Nakai and Horton, 1999) and TargetP (Emanuelsson
et al., 2000). However the main limitation associated with these prediction methods is the
lack of known targeting signals. So while a program like TargetP may have 85% reported
accuracy for proteins with known signal motifs, proteins with unconventional targeting
signals are not recognized (Heazlewood et al., 2005). Therefore, the prediction that ADK
and SAH hydrolase are exclusively localized to the cytosol based on these programs is
not conclusive (see Table 1). Part of the research described in this thesis sought to
establish whether SAH hydrolase and ADK are purely cytosolic proteins or whether they

are in fact targeted to other subcellular compartments as well.

Objectives

The research described in this thesis had three principal objectives:

1. A. thaliana lines deficient in ADK activity have a distinct vegetative morphology
(Moffatt et al. 2000) but this has yet to be examined in detail; particularly in
comparison to that of mutants lacking only ADK1 or ADK2. Thus the first goal of
this research was to perform a series of growth assessments and microscopic
analyses on the lines to evaluate the contribution of overall ADK activity, as well

as each isoform individually, to plant development.

2. In order to gain further insight into ADK and SAH hydrolase expression,
transgenic lines expressing a reporter gene under the control of ADK and SAH
hydrolase promoters were generated. Lines were selected based on expression

patterns obtained from northern blots and microarray data. Future use of these
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lines will not only display the role of each isoform in plant growth but also reveal

the molecular mechanism underlying these functions.

The final goal was to test the hypothesis that ADK and SAH hydrolase reside in
multiple subcellular compartments. This was done using immunogold labelling
and GUS fusion lines generated by fusing ADK or SAHH c¢cDNA to GUS under

the control of a constitutive promoter.
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Table 1. Predictions for subcellular localization of ADK and SAH hydrolase isoforms.

Based on recurring signal sequences identified in targeted proteins, programs have been created
to predict the subcellular localization of proteins. Aside from SignalP, the programs shown are
capable of generating a number values corresponding to the probability of the protein localizing
to a particular compartment. WoLF requires a reading of 6; TargetP 1.1 and ChloroP 1.1 need a
score of 1.0 and SubLoc 1.0 assigns a compartment with a value of accuracy, the highest being
1.0). All five programs have the cytosol set as their default localization if no known signal is
detected in the protein. Thus, based upon these computer algorithms, ADK and SAH hydrolase
isoforms are predicted to be localized in the cytosol. However, these findings do not exclude the
possibility that ADK and SAH hydrolase may contain novel or cryptic signal sequences that

direct them to compartments in addition to the cytosol Data were collected January 2006.
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CHAPTER 1: ANALYSIS OF THE PHENOTYPE OF ADK-
DEFICIENT PLANTS

Introduction

Adenosine (Ado) is generated by numerous processes including the breakdown of nucleic
acids (Guranowski and Wasternack 1982), the hydrolysis of S-adenosyl-L-homocysteine
(SAH) generated from transmethylation and as a result of by-products formed by the
conversion of methionine (Met) to ethylene (Stasolla et al., 2003). The Ado is recycled
into various compounds including those for energy reserves (ATP, GTP), nucleic acids,
nucleotide cofactors and cytokinins (CK). In addition to ensuring the synthesis of energy
and metabolites, enzymes capable of recycling Ado also serve to maintain methylation
throughout the cell by lowering SAH levels. SAH is a by-product of S-
adenosylmethionine (SAM)-dependent transmethylation that is inhibitory to
methyltransferase activities (de la Haba and Cantoni, 1959). The SAH can be broken
down into homocysteine and Ado, in a reversible reaction that is driven in the hydrolysis
direction by the removal of Ado. By reducing Ado accumulation that would otherwise
inhibit methylation, Ado salvage is vital to a large number of cellular processes including
gene regulation/expression, cell signalling and synthesis/ functionality of hundreds of
compounds in plant cells including DNA and mRNAs, pectin, lignin and
phosphatidylcholine (Vanyushin, 2006).

In addition to decreasing Ado levels, Ado recycling activities may contribute to CK
interconversion (Moffatt et al., 2002). CKs are a class of plant-specific growth regulators

that play a central role in controlling the cell cycle and influencing numerous
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developmental programs. It is thought that the free bases and riboside forms of CKs are
the biologically active compounds and their interconversion to the nucleotide along with
conjugation to sugars, amino acids or phosphorylation creates storage, transport or
inactivated forms of the molecule (Mlejnek and Prochazka, 2002). Thus Ado
metabolizing enzymes contribute to several important metabolic pathways in plants.

One route for Ado salvage is catalyzed by the sequential activities of two enzymes:
Ado nucleosidase (EC 3.2.2.9; AN) and adenine phosphoribosyltransferase (EC 2.4.2.7;
APT) (see Figure 4). AN converts Ado into adenine, while the APT phosphoribosylates
adenine into adenosine monophosphate (AMP). Although these enzymes are known to be
expressed in plants (Moffatt et al., 1994), with APT even being vital to pollen
development (Moffatt and Somerville, 1988), their overall roles in Ado metabolism are
considered negligible except for a few cases including caffeine synthesis in tea (Camellia
sinensis L., (Ashihara and Crozier, 1999; Ashihara and Crozier, 2001) and osmolyte
synthesis in Avicennia marina (Suzuki et al., 2003).

Another enzyme capable of recycling Ado is adenosine deaminase (EC 3.5.4.4;
ADA), which catalyzes the irreversible deamination of adenosine to inosine. ADA
activity has been documented in bacteria, vertebrates and invertebrates (Cristalli et al.,
2001) where it is considered to be a significant contributor to Ado salvage. Despite the
importance of ADA in eukaryotes, it has long been the belief that it is not present in
plants (Brady and Hegarty, 1966; Dancer et al., 1997). However with the latest
annotation of the Arabidopsis genome now includes the designation of a putative
Ado/AMP deaminase enzyme (At4g04880; TAIR database 2005). Comparison of ADA

amino acid sequences from animals show a significant homology to At4g04880,
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suggesting it is indeed an ADA (Maier et al., 2005). However, analysis at the sequence
level does not give information on whether or not the enzyme is functional and what kind
of role, if any, the enzyme plays.

The third enzyme and likely the predominant contributor to Ado salvage based on
its estimated kinetic activity and high constitutive expression throughout the plant is Ado
kinase (ADK, adenosine 5'-phosphotransferase; EC 2.7.1.20) (Moffatt et al., 2000). This
enzyme catalyzes the phosphorylation of Ado to AMP.

Mutants can be invaluable tools in determining a protein’s role in metabolism and
development. Previous studies revealed the presence of 3 APT genes in the Arabidopsis
genome, with only aptl-3 showing a phenotype, of male sterility (Moffatt and
Somerville, 1988). ADA mutants have no obvious phenotype (K. Engel and B. Moffatt,
unpublished data) and there is no identified AN gene in Arabidopsis as of yet. Thus this
study focused on identifying and analyzing Arabidopsis lines deficient in ADK and
ADA. ADK-deficient lines were chosen because it is considered the key enzyme for Ado
metabolism; ADA-deficient lines were investigated to determine whether or not the
corresponding gene product contributes to Ado salvage.

ADK silencing (sADK) lines induced by over-expression of the ADK1 cDNA
using a 35S promoter have already been generated (Moffatt et al., 2002). While these
lines retain between 4-50% residual ADK activity, their phenotype includes wrinkled
leaves, decreased internode length and clustered inflorescences. How a loss of ADK

activity leads to this phenotype has not been established and is one focus of this project.

30



Figure 4. Enzymes involved in Ado salvage.

Three possible routes for Ado salvage are shown; these are catalyzed by Ado nucleosidase (AN),
adenine phosphoribosyltransferase (APT) and Ado deaminase (ADA), and adenosine kinase
(ADK). AN converts Ado into adenine (A), while the APT phosphoribosylates adenine into
AMP (B). ADA catalyzes the formation of inosine from Ado (C). Lastly ADK phosphorylates
Ado into AMP (D) Images of the molecular structures were obtained from MetaCyc (Caspi et al.,

2006).
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In addition to examining the sADK lines, plants containing a T-DNA insertion in either

ADK1 (At3g09820) or ADK2 (At5g03300) were also characterized (see Figure 5).
Studying these lines allows one to separate the contributions of the two individual genes.
A putative ADA-deficient line was also identified from the T-DNA tagged collection (S.
Fry, unpublished data) and used in these experiments.

To establish their impact on Arabidopsis, the mutants’ growth was phenotypically
analyzed over a period of 8 weeks. During this time, samples were also taken to assess
morphology at the microscopic level, Ado and CK levels using GC-MS and degree of
genomic methylation. Careful examination of the T-DNA tagged mutants revealed no
phenotypic differences in comparison to the WT. RT-PCR performed on the T-DNA
insertion lines confirmed that the transcripts are indeed no longer present thus lack of
phenotype was not due to the enzyme still being expressed leading to the conclusion that
ADKI1 and ADK2 do not appear to perform specialized functions, and are instead
interchangeable. However, simultaneous loss of both enzymes in the sADK lines results
in numerous morphologic and metabolic defects which are concluded to be due to a
combination of hypomethylation and increased CK abundance. Although no phenotype
was observed in the ADA-deficient line, crossing the mutant with a SADK line resulted in
lower levels of ADK activity and a more severe SADK phenotype suggesting ADA does
play a role in plant metabolism. Several of the areas of investigation outlined in this
thesis were directed by others including studies of DNA methylation (G. Perry and K.

Engel) and Ado and CK profiling (R. J. W. Emery, Trent University).
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Figure 5. Methods used to generate ADK deficient lines.

Comparison of T-DNA insertion, or tagged lines (A) to silencing lines (B). T-DNA insertion
mutants (A) are created by inserting vector DNA into the gene of interest, interrupting or altering
gene expression. Screening for a mutant is then performed using right (RP) and left primers (LP)
flanking the insert, if the T-DNA is present in both copies of the gene then no amplification
should occur. To further confirm the homozyous status of the mutant, PCR is performed with one
of the flanking primers and a primer corresponding to the left border of the T-DNA sequence
(LB); no amplification occurs in WT gene. While silencing lines (B) are generated by
transforming the plant with a vector for the purpose of over-expressing a target cDNA in the
sense or antisense orientation; the native gene is not altered. The over-production of the transgene
signals the plant’s natural defence mechanisms, resulting in the degradation of the target
transcript and all similar sequences; the synthesis of the corresponding protein product is thus

reduced.
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Experimental Methods

Plant Growth

For growth on soil, 5.5 x 7.8 cm pots were filled with a 50:50 mixture of Sunshine LC1
Mix and Sunshine LG3 Germination Mix (JVK). Through suspension in 0.1% agar
solution, seeds were applied to the soil using a Pasteur pipette. Upon adding the seeds,
the pots were covered with plastic and incubated in the dark at 4°C for 24 to 72 hrs. After
the mandatory incubation period, the pots were moved to a growth chamber set at 22°C
and 16 hr light (150 + 20 umol m™ s photosynthetically active radiation [PAR]). The
plants were watered daily and fertilized with 20:20:20 fertilizer (Plant-Prod) until
reaching maturity (6 weeks), at which point they were allowed to dry out and seeds were
collected.

For growth on media, seeds were first sterilized using chlorine gas. To do this, an
open microfuge tube containing approximately 0.1 mL of seed was placed in a bell jar
containing 100 mL of 3-6% (v/v) sodium hypochlorite (Javex). Upon adding 4 mL of
concentrated hydrochloric acid to the sodium hypochlorite, the lid of the bell jar was
closed, sealing the seeds in with the generated chlorine gas for 1-2 hrs. After the requisite
exposure time, 100-250 sterile seeds were then sprinkled onto a Petri plate containing 25
mL of half strength Murashige and Skoog basal salts media (Murashige and Skoog 1962)
supplemented with B5 vitamins (Sigma 85K2400; 2.5 mM MES, 30 g/L sucrose, 8g/L
agar, pH 5.7-5.8). The plates were then wrapped and incubated for 24-72 hrs in the dark
at 4°C before being placed in 24 hr light (150 + 20 pmol m™ s™ PAR) at 20°C using a

TC7 tissue culture chamber (Conviron).
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DNA Extraction

Leaf tissue the size of a dime, was homogenized in 1.5 mL microfuge tube containing 0.4
mL of extraction buffer (200 mM Tris-Cl [pH 7.5], 250 mM sodium chloride [NaCl], 25
mM ethylenediaminetetraacetic acid [EDTA, pH 8], 0.5% sodium dodecyl sulphate
[SDS]). After 2-5 min homogenization, the sample was centrifuged at 13,200 rpm for 5
min at 4°C. The resulting supernatant was moved to a new tube and 0.2 mL of chilled
isoproponal was added. After mixing for 15 sec and incubating on ice for 2 min, the
sample was once again centrifuged at 13,200 rpm for 5 min at 4°C. After discarding the
supernatant, the DNA pellet was washed in 0.4 mL of 70% ethanol (EtOH) and
centrifuged at 13,200 rpm (4°C). After removing as much extraneous ethanol as possible,
the pellet was air dried for 15 min. The pellet was then re-suspended in 0.1 mL 1x TE

buffer (10 mM Tris-Cl [pH 7.5], ImM EDTA [pH 8]) and stored at -80°C.

Screening T-DNA Insertion Lines

Heterozygous, T1 seed stocks of T-DNA insertion (tagged) lines were obtained from the
Arabidopsis Resource Biological Centre (ARBC), Ohio State University. To identify
homozygous tagged lines in the T2 generation, DNA was extracted and screened using
polymerase chain reaction (PCR) with primers specific to sequences flanking the
insertion site (see Table 2) or in the left border (LB) of the T-DNA insertion sequence
itself:

GARLIC LB3 5" TAGCATCTGAATTTCATAACCAATCTCGATACAC 3’

SALK LBbl 5" GCGTGGACCGCTTGCTGCAACT 3’

Amplification using the LB primers were performed with both flanking primers (LB +
RP and LB + LP), as the orientation of the insert was unknown. If the mutant was
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homozygous for the insert, then the genome was disrupted and no amplification using
flanking primers occurred; while use of the appropriate flanking and LB primer resulted
in a PCR product. To ensure the DNA was of good quality, primers specific to the
constitutive Actin 2/7 were also used (Act F: 5 GGCCGATGGTGAGGATATTCA 3,
ActR: 5 AGCTCGTTGTAGAAAGTGTGAT 3’). Standard PCR conditions were then
used to screen the DNA, with the only variation being the Tm (listed in Table 2 for the

flanking primers, used 59 °C for LB amplifications and 54 °C for actin):

94 °C (5 min) — 1 cycle
94 °C (45 sec), Tm (45 sec), 72 °C (1 min) — 35 cycles
72 °C (10 min) — 1 cycle
The resulting PCR products were analysed on a 1% (w/v) agarose gel and visualized

using ethidium bromide. Individual plants exhibiting only insert amplification were

selected for and subsequent generations were tested to confirm homozygous insertions.

Table 2. Primers used in tagged line analysis.

Tagged Gene Flanking Sequence (-) Tm Product
line Primer (°C)  Size
(bp)

GARLIC ADKI D09 upper GATTAGGATGTGCTTACGGC 54 835

597.D09 D09 lower GATGCTTCAAGTTCCTGGGG

GARLIC ADKI FO6 upper CTCAGGGTAAGTGCAACCAG 54 734

157_F06 F06 lower TTGGCAATGAGACCGAGGC

SALK 103258 ADKI 103258 LP CAGGACTTTTCAATGCCACCG 56 905

103258 RP TGAATTCAAATGCACGCTAGGA

GARLIC ADK2 ADK2L CAAGACGCTTCACTCAGCAG 58 2519

625 D04 ADK2R CAAAACTGAGGGTAACCCAA

SALK 028066 ADK2 28066 LP GCTTCAAATTCCTGGGGCAAC 53 930

28066 RP  TACCTCCCAGCCATGAACCCT

SALK_ 000565 ADK2 565LP TGCAGGAGAAGTTCTTGCCGT 53 905
565 RP GTGGTAAAAAGTACACTCAAGCAA
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RNA Extraction

Prior to RNA extraction, all materials were either baked at 275°C O/N or washed in 0.5N
sodium hydroxide (NaOH) and diethylpyrocarbonite (DEPC)-treated water to eliminate
contaminating RNAses. For each sample, a leaf the size of a dime or 3 inflorescences
were placed in a 2 mL microfuge tube and flash frozen in liquid nitrogen. The sample
was then quickly homogenized in 1.2 mL Tripure Isolating Reagent (Roche) and kept at
room temperature (RT) for 5 min before mixing with 0.4 mL of chloroform. After sitting
for 10-15 min at RT, the sample was centrifuged at 13,200 rpm for 15 min at 4°C. The
resulting aqueous top layer was transferred to a new 1.5 mL tube and 0.5 mL of
isoproponal was added. After mixing, the RNA was precipitated by leaving the sample at
RT for 10 min. The RNA was then spun at 13,200 rpm for 10 min at 4°C. After carefully
removing the supernatant from the RNA pellet, 1 mL of chilled 70% EtOH was added
and mixed by inverting the tube. At this point the sample was either incubated at -20°C
for 10 min or kept for long term storage at -80°C.

After removal from the cold, the RNA was once again spun at 13,200 rpm for 10
min at 4°C, discarding supernatant. To remove excess ethanol, samples were air dried for
10-15 min. The dried RNA pellet was then re-suspended in 20 pL of DEPC treated water
by mixing gently with a pipette tip and/or heating at 55-65°C for 10-15 min. The RNA
quality and quantity was then determined by running out 3uL. of RNA on a denaturing
gel. The RNA was also quantified using a spectrophotometer set at 260 and 280 nm. The

RNA was stored at -80°C.
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cDNA Synthesis

In order to create cDNA, components of an Ambion cDNA synthesis kit were utilized. To
begin, 0.1-0.5 pg (or 2 uL) of template RNA was incubated with 1 uL of oligo (dT);s
primer (0.5 pg/ul) and 11 pL of nuclease free dH,O in a 0.5 mL microfuge tube at 70°C
for 5 min. After incubation, the tube was placed on ice and 4 pL of 5x reaction buffer
(250mM Tris-HCI1 [pH 8.3], 250 mM KCI, 20mM MgCl,, 50mM DTT), 1 pL of
ribonuclease inhibitor (20 pg/puL) and 2 pL of 10 mM dANTP mix were added. After
mixing with a pipette tip, the mixture was incubated at 37°C for 5 min and 2 pL of M-
MuLV reverse transcriptase (20pg/uL) was added. The cDNA was then initiated at 37°C

for 1 hr and stopped at 70°C for 10 min. The cDNA was stored at -20°C.

Crude Protein Extraction

All of the following steps were performed on ice. For each sample, 50-100 mg of leaf
tissue was homogenized in three volumes of Super Buffer to leaf (5 mM dithiolthreitol,
50 mM 4-[2-hydroxyethyl]-1-piperazineethanesulphonic acid [HEPES pH 7.2], 1mM
EDTA [pH 8.0], 50 mM citric acid pH 4.2, 10 mM boric acid pH 6, 20 mM Na-
metabisulphate, 4% w/v polyvinylpyrrolydone [Bio Basics Inc. DBO436; MW 40,000])
using a conical glass homogenizer. The crude extract was then placed in a 1.5 mL
microfuge tube and spun at 13,200 rpm for 2 min, transferring the resulting supernatant to
a new tube. The above step was repeated twice.

In order to remove contaminating molecules such as purines, nucleosides and bases,
the crude extract was run through a homemade Sephadex G25 column. The Sephadex
G25 beads (medium grade, Amersham) were prepared by soaking in 50 mM HEPES
buffer pH 7.2 overnight (O/N). Once the beads had absorbed the buffer, 1.2 mL of the
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swollen beads were added to a 1.5 mL centrifuge tube. A small hole was then made on
the bottom of the tube with a 20 gauge needle. The filled and punctured tubes were each
placed in 13x100 test tubes, and spun at 2000 g for 15 sec on table top centrifuge (IEC
HN-S, Damon) to remove excess buffer. Once the buffer was removed, the column was
transferred to a new test tube and 100-150 pL of crude extraction was applied. The tube
was once again spun at 2000g, with the resulting elutant being removed and placed in a

1.5 mL microfuge tube on ice or kept at 4°C O/N.

Protein Quantification and Storage

Quantification of crude protein extract was performed with the Bradford assay (Bradford,
1976) using BioRad (BioRAd, #500-0006) solution diluted to 1:4 with ddH,O and bovine
serum albumin (BSA) as a standard. Samples were tested in duplicate, using 2 pL of the
crude extract and a range of volumes (2-10 pL) for the standard, and read at ODsgs. The
concentration of protein was then determined using the slope of the standard values. The
crude extracts were stable at 4°C for O/N, however for more long term storage the protein
needed to contain 10% (v/v) glycerol before being flash frozen in liquid nitrogen and
stored at -80°C. For the ADK activity assay the crude extracts were diluted in Super

buffer to 0.1 mg/mL.

ADK Activity Assay

In order to examine the enzymatic activity of ADK in a sample of tissue, the rate at which
tritiated adenosine is incorporated into AMP was assayed (Moffatt et al., 2002). Prior to
the assay, a stock of the reaction mixture was made up of the following 50 mM HEPES

[pH 7.2], 4 mM adenosine triphosphate [ATP], I mM magnesium chloride [MgCl;], 30

41



mM sodium fluoride [NaF], 2.5 uM DCF, 1 mg/mL BSA, 4.09 Ci/mmol *H adenosine,
2uM adenosine. 40 pL of the stock mixture was added to individual test tubes, and
because triplicate volumes of protein were to be added to the reaction (2, 4, 6 uL),
appropriate volumes of water was added to top up the final volume to 50 uL. For the
assay, an Eppendorf brand p10 was used to add triplicate volumes of 0.1 mg/mL crude
extract to the corresponding triplicates of reaction mixture at 30°C in a Lauda water bath
(reaction mixture was incubated for 5 min at 30°C for 5 min prior to adding the protein).
After incubating the protein with the reaction mixture for 5 min, the reaction was stopped
by adding 1 mL of ice cold stop reagent (50 mM sodium acetate, 2 mM dipotassium
phosphate buffer [K;HPO4, pH 5.0]) and placing the test tube on ice. To precipitate the
tritiated AMP for detection, each of the samples were incubated at 4°C for 1 hr to O/N
with 0.2 mL of 0.5 M lanthium chloride. In addition to using triplicate volumes of the
protein, duplicates or triplicates of the sample were also performed to ensure precision.
Three reaction mixtures, excluding protein, were also assayed for background and 2
volumes of reaction mix were set aside to determine total counts per minute.

After the appropriate incubation time with lanthium chloride, the precipitated AMP
was collected through vacuum filtration on glass fibre filters (1.2 um pore size, Enzo
Diagnostics) and placed in 5 mL scintillation vials containing 4 mL of CyoScint
scintillation liquid (ICN). The radioactivity was then detected using a LS 1701
scintillation counter (Beckman Instruments) and ADK activity was calculated using one-

way ANOVA comparisons of means.
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Morphological Analysis of ADK Deficient Lines

To help establish the impact of ADK deficiency on plant development, morphological
analysis was performed on WT, sADK4-2, sADK9-1, SALK 000565 (adk2-1) and
GARLIC D09 507 (adkl1-1) lines. To ensure reliability, 64 plants of each mutant line
were grown along side 32 WT plants and grown under carefully maintained conditions
(16hrs light, 20°C, 150 m? s PAR). Plants were observed for up to 6 weeks, after which
they were left to dry and their seeds collected. Characteristics and stages of development
observed includes: seed morphology, germination time, length of primary roots, rate of
leaf and silique formation, rosette size, number of primary and secondary branching,
internode length and mature height.

In addition to making phenotypic observations, samples from WT and sADK were
taken for microscopic analysis and chlorophyll was quantified to assess senescence in the
leaves. To measure chlorophyll, 100 mg of leaf was obtained from 6 individuals at 3, 8
and 12 weeks of age, and homogenized in a 1.5 mL centrifuge tube containingl mL of
90% acetone. The homogenate was then centrifuged at 13, 200 rpm for 2 min and the
supernatant along with a 90% acetone blank, was measured at 543, 643 and 661 nm using
a spectrophotometer. The following calculations were then used to measure chlorophyll

a/b and anthocyanin (Gamon et al., 2001):

Anthocyanin = 0.0821%As34 - .00687*Aga3 - 0.002423* A,
Chlorophyll b =0.02255*Ag43 - 0.00439*As34 - 0.004488* Age1

Chlorophyll a = 0.01261*Age1- 0.001023* As34 - .00022* Agss
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SEM Analysis

Siliques stages 15-18 were collected from 5 week old WT, sADK4-2 and sADK9-1 and
placed in fixative solution (4% [w/v] paraformaldehyde [pH 7], 2% [w/v] glutaraldehyde,
Ix potassium bisulphite [PBS]) for 1 hr under vacuum at RT. Upon refreshing the
fixative solution, the samples were left to incubate for 5 hrs at RT or O/N at 4°C. The
tissue was then dehydrated by 10% ethanol gradient at 30 min intervals under vacuum.
Upon reaching 95% EtOH concentration, samples were left O/N at 4°C. Once the tissue
was fully dehydrated, the samples were moved to HPLC grade acetone for 24 hrs at 4°C.
The samples were then dried using mass critical point freezing, mounted on 2" studs and

splattered with gold particles. The tissue was visualized using a SEM.

Light Microscopy

Leaf and meristem samples of 3-week-old WT, sADK4-2 and sADKO9-1 were
immediately fixed in solution (0.05 M sodium cacodylate, 2% paraformaldehyde [w/v,
pH 7], 0.1% [w/v] glutaraldehyde) for 1 hr under vacuum at RT. The samples were then
applied with fresh fixative and incubated for another 5 hrs at RT or O/N at 4°C. After the
appropriate amount of fixation, the samples were dehydrated in a series of ethanol under
vacuum at RT, going from 10 to 70% EtOH in 15% intervals for 1 hr each. The samples
were left in 70% EtOH and 0.2% eosin O/N at 4°C. Once fully dehydrated, the tissue
was slowly infiltrated with LR White plastic resin (hard grade, Canemco-Marivac), in a
series of EtOH: resin volumes (see Table 3). Once the samples were fully embedded in
resin, the tissue was moved to a 0.5 mL BEEM capsule, covered with fresh LR White and

placed in a 60-65°C oven for 2-24 hrs. Once the resin had hardened, tissue was sectioned
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at 4 um thickness using a Reichert Ultracut E microtome and stained with Toluidine Blue

O for visualization.

Table 3. Ratio of resin to ethanol used in infiltration of tissue

Resin : Ethanol Ratio Duration (min)
LR white : Ethanol (100%) 1:3 60
LR white : Ethanol (100%) 2:2 120
LR white : Ethanol (100%) 3:1 120
LR white only 60
LR white O/N

Results

Identifying Adenosine Salvage Mutants

A putative ADA encoding locus (At4g04880) was identified based on the similarity of its
predicated amino acid sequence with those of known bacterial ADA genes (Moffatt,
unpublished). Only two expressed sequence tags of this locus from green siliques were
present in Genbank records at the time so reverse transcription polymerase chain reaction
(RT-PCR) was used to determine whether this gene was transcribed in other organs;
databases of high-throughput transcript profiling experiments were also scanned (see
Figure 6). The RT-PCR showed that ADA is evenly distributed in all tissues examined
with the exception of flowers and roots, where the transcript is nearly undetectable (S.
Fry, unpublished data). Data obtained from the MPSS database reflect a similar pattern of
expression while the microarray data show an equal level of ADA throughout the plant

including flowers and roots (see Figure 6).
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In addition to establishing transcript levels in WT plant tissues, RT-PCR was also
used to detect the presence of ADA transcripts in the previously identified ADA-tagged
line, ada-1-1 (SALK 010573; see Figure 6) and on various ADK-tagged lines (see Figure
7). In all cases, the tagged lines lacked the expected transcript the organs tested. Only one
mutant line for each isoform used for the following experiments: GARLIC 597 D09

(adk1-1) and SALK 000565 (adk2-1).

The Effects of Reducing Adenosine Salvage

In order to establish the effects of reduced ADK in silencing and tagged lines, the
development of 64 plants for each sADK4-2, sADK9-1, adkl-1, adk2-1, and WT was
monitored from germination to 5 weeks. As well as observing the rate of organ
development, samples were taken from select plants for metabolic measurements and
microscopic analysis. Sampling of the SADK mutant lines was limited as they exhibit a
range in silencing, with individual plants exhibiting different phenotypes; in fact in each
generation a portion of the plants exhibit a phenotype indistinguishable from WT (see
Figure 5) (Moffatt et al., 2002). This occurrence is not the result of heterozygous
populations, as both SADK4-2 and sADKO9-1 are homozygous for the ADK transgene
construct. At 4.5 weeks, SADK4-2 is the more severely affected of the two with the more
extreme mutants retaining 6.4% (£ 0.31) ADK activity in their leaves whereas the most
extreme sADKO9-1 have 15.2% + 0.26. Overall out of the 64 plants examined, 26% of the
sADK4-2 appeared WT and 32% exhibited the more severe phenotype; in the sADK9-1
population 30% appeared WT and 36% were severe. As expected the ADK-tagged lines
did not show variation nor were there any apparent morphological abnormalities when

compared to the WT. Despite this lack of phenotype, they did have decreased ADK
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Figure 6. Establishing putative ADA expression in Arabidopsis using RT-PCR and high-
throughput analysis.

Expression levels of putative ADA were measured in mature Arabidopsis organs using RT-PCR
(A), microarray (B) and MPSS (C). The RT-PCR performed with ADA primers showed an equal
level of expression throughout the plant with the exception of the flowers and roots. T-DNA
insertion mutant, adal-1, was checked with ADA primers and no product was detected. PCR
performed using actin primers confirmed that there were equal amounts of cDNA used in each

reaction (experiment performed by S. Fry).

Analysis of data obtained from microarray databases (B) show the putative ADA to be present at
a steady level in all of the Arabidopsis organs, and at considerably lower levels than both ADK1
and ADK2. MPSS data (C) also shows the ADK isoforms to be present at much higher levels, but
does not detect putative ADA in the root or inflorescence (bud and flower). Thus the MPSS data

supports the ADA distribution suggested by RT-PCR.
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Figure 7. RT-PCR analysis of ADK expression in homozygous T-DNA insertion mutant lines.

To confirm the presence of the T-DNA insert in the ADK1 (GARLIC 157 F06-7, SALK 105238-
4, GARLIC 597 D09-7) or ADK2 (SALK 028066-9, GARLIC 625 D04-3, SALK 000565-3)
gene, the sequence bordering the insert and the native gene was amplified using the left border
primer (LB) and a flanking primer specific to the isoform. To ensure the expression of the gene is
eliminated, cDNA of the mutant was amplified using isoform specific primers. No transcript was

detected in the three homozygous tagged lines for ADK1 or ADK2.
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activity with adk1-1 retaining 48.7% (£ 1.03) and adk2-1 54.6% (+ 1.27). To reduce the
variability in the data the SADK plants that showed no sign of abnormal phenotype
(wrinkled leaves, clustered inflorescences or affected primary shoot development) were
removed from final data analysis presented here. The data from these removed plants are

presented in the Appendix.

Analysis of ADK deficient mutants

Analysis of seed from each line revealed distinct differences between that of the WT and
sADK4-2. Although no significant alterations were evident in seed of the other mutant
lines examined, 35.8% of the SADK4-2 seced was wrinkled and of reduced mass as
compared to the WT (see Figure 9). Approximately half of the 4-2 seed was also delayed
in germination.

Examination of leaf initiation suggested that all of the sSADK plants form leaves at a
similar rate, with sADK4-2 developing 3 days + 0.42 behind WT (see Table 4). The leaf
size was significantly different; comparison of the rosette radii revealed WT to be 2.2-
fold larger than sADK4-2 leaves and sADKO9-1 to be slightly smaller in size. The
characteristic wrinkling evident in mature SADK leaves was first noted in the 9™ leaf (at
approximately 18 days) and was present in all subsequent leaves. After 3.5 weeks this
wrinkling also became apparent in leaves 1 through 8 of both severe sADK4-2 and
sADKO9-1 plants.

Primary shoot development was also delayed in the sSADK lines with the formation
of a 10 cm stem taking almost twice as many days to develop in sADK 4-2 as compared
to the WT (see Figure 10). Even with the removal of WT phenotypes, variability was still

evident at this stage in these plants, with 57% and 32% of sADK4-2 and sADKO9-1,
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Figure 8. Range of phenotypes observed in homozygous sADK lines at 5-weeks.

Top (A) and side (B) profiles of SADK lines show a range of phenotype. The more severe SADK
lines lack a primary shoot and clearly exhibit clustered inflorescences and wrinkled leaves. The
ADK activity relative to WT (A) is correlated to the severity of the phenotype; the more affected

the plant the lower the ADK activity.
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Figure 9. Examination of seed morphology in ADK deficient lines.

Five-hundred seeds for each WT and ADK-deficient line were examined for size and
morphology. While there wasn’t a significant difference in the size, a large majority of the
sADK4-2 seeds exhibited a wrinkled phenotype. The less severe sSADK9-1 and the ADK tagged

lines did not show any significant differences from that of WT, see Appendix 2. Bar = 1 mm.
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WT adk1-1 adk2-1 sADK 4-2 SADK 9-1
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Table 4. Timing of rosette leaf initiation in WT and ADK deficient lines.

The number of days required to develop 1 cm length leaves were monitored in the WT,
adkl-1, adk2-1 and sADK lines. Only the sADK4-2 plants showed a significant
difference in development, beginning from the 5" leaf on. Statistical analysis in

Appendix.
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Figure 10. Growth analysis of WT, ADK and ADA-deficient lines I.

The percentage of successful germination (A), average rosette leaf size at 5 weeks (B) and
average primary shoot length (C) in WT, adal-1, adkl-1, adk2-1 and sADK lines was

determined. Statistical analysis in Appendix 2.
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Figure 11. Growth analysis of WT, ADK deficient lines I

The number of days required to develop a stem exceeding 10 cm (A), the number of branches
formed (B) and the length of mature stage 18 siliques (C) were measured on mature Arabidopsis.
In addition to the sADK lines, adal-1,sADK9-1 crosses were also examined. No significant

values were detected between sADK9-1 and adal-1,sADK9-1. Statistical analysis in Appendix 1.
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respectively, not forming stems greater than 10 c¢cm in length. The delay or lack of
primary shoot development was indicative of the final size achieved by the mature plants
with sADK4-2 plants being on average 10-fold shorter than the WT (see Figure 10). Both
rosette and cauline branching was also affected in the severely affected sADK mutants
with some SADK4-2 plants having no branches at all, while 9-1 had 4-times fewer
branches than the WT (see Figure 11).

Silique formation (see Figure 12) was of particular interest since preliminary
observations of the SADK plants have siliques that do not shatter normally (Moffatt et al.,
2002). As in the other stages of development, the SADK plants were delayed in bud and
silique formation with the siliques in the clustered inflorescences being the most affected.
The most noticeable variations observed were with respect to timing of petal senescence
through stages 13-16 and the lack of silique ‘shatter’ at stage 18 (i.e. the siliques did not
dehisce and release seeds even after 2 weeks of dehydration; see Table 5). Overall,
sADK4-2 and sADK9-1 buds and siliques took longer to develop (in some stages as
much as 3 days) and the fully formed siliques (stages 17a-18) were also shorter in length
and contained fewer seed (see Table 5). Furthermore the pedicel length, the number of
siliques per plant and overall height of the sADK4-2 plants were reduced relative to the
WT. The sADKO9-1 lines were also affected in these traits but to a lesser degree. In
addition, sADK4-2 plants had significantly reduced primary roots and shorter lateral
roots. Interestingly, 82% of the severely affected sADK plants formed rosette/cauline

branches after 5 weeks that had leaves and silique development similar to that of WT (i.e.
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the siliques were not arranged into clusters and no wrinkling in the cauline leaves). With
respect to the traits followed in this growth analysis there were no variations in the

development of the adk1-1 and adk2-1 tagged lines.

Affect of putative ADA deficiency

In addition to the ADK deficient lines, adal-1 and adal-1,sSADK9-1 lines were also
examined at several points of development (adal-1 growth analysis was performed by S.
Fry, unpublished data). With respect to the traits followed in this growth analysis there
were no variations in the development of the adal-1 (see Figure 10). Introduction of the
adal-1 allele into the sADK 9-1 background (adal-1,sADK9-1; see Figure 10, 11)
appeared to increase the severity of the SADK phenotype, particularly with respect to the
proportion of “severe” plants detected. For example, although only 43% of the sSADK9-1
had a phenotype, 68% of the adal-1,sADK9-1 were distinctly abnormal. Significant
differences were also evident in their rosette size, branching and leaf senescence (see
Figure 13).

Chlorophyll assays were performed on fully expanded rosette leaves of WT,
sADKO9-1 and adal-1,sADK9-1 to determine if senescence was affected. The results
show the chlorophyll levels to be the same in the different lines at 3 weeks; by 8 weeks
chlorophyll was reduced in WT, while sADK9-1 and adal-1,sADK9-1 plants remained
steady at the 3 week level. By 12 weeks SADKO-1 plants showed a loss of chlorophyll
while adal-1,sADKO9-1 levels were still unaltered, consistent with the presence of the
adal-1 allele (i.e. loss of ADA activity). In all cases chlorophyll a and b were present in
the same amounts, and the presence of anthocyanin was inversely correlated to that of the

chlorophyll a/b ratio; that is when chlorophyll levels decreased, anthocyanin increased.
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Figure 12. Stages of silique development in Arabidopsis.

In order to develop into a silique (fruit), buds (stages 10-11, not shown) must self pollinate/be
pollinated (stage 13), develop into a flower (stage 14), ovary is fertilized and petals begin to
senesce (stage 15) and the ovary (now the silique) begins to develop, as the petals abscise (stage
16). At this point the fertilized ovary begins to distend and stage 17b the silique is fully developed
and the seeds are developed. Once the silique is matured, the silique senesces and the seeds dry
(stage 18); when it is completely dried the silique will dehisce and the seeds will be dispersed.

Image obtained from Tordorova 2002.
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Table 5. Analysis of silique development in WT and ADK deficient lines.

Siliques for WT, adk1-1, adk2-1, sADK4-2 and sADK9-1 were examined from stage 16
on to stage 18 in closer detail. In addition to a delay in petal abscission and silique
dehiscence, the sADK lines had smaller siliques and had half the number of siliques per
plant. As observed in previous analyses, the ADK tagged lines did not exhibit a

phenotype. See Appendix 2 for statistical analysis.
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Figure 13. Quantifying chlorophyll and anthocyanin levels in WT, sADK9-1 and adal-1,
SADKO9-1.

To assess the vitality of the leaves, chlorophyll assays were performed on 9 fully
extended leaves of 3, 8 and 12 week-old WT and deficient lines. SADK9-1 retained both
chlorophyll a and b longer than WT, however adal-1,sADK9-1 had more chlorophyll at
12 weeks than the sSADKO9-1 by itself. Both sADK9-1 and adal-1,sADK9-1 developed

less anthocyanin than that of WT. See Appendix 2 for statistical analysis.
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Examination of SADK Lines Using Microscopy

For the following studies, only severe SADK4-2 and 9-1 individuals were examined. Due
to their early senescence and subsequent inability to abscise, petals from SADK 4-2 were
more closely examined using SEM. Inspection of the abscission sites of WT and sADK
lines at the cellular level (see Figure 14), revealed the proliferation of new cells over the
dehiscence site of the WT 17a siliques was more advanced. These results are expected as
the SADK4-2 petals fall off later at stage 17b or not at all, and in the case of SEM
analysis petals were manually removed at stage 16. The other major abnormality of
sADK4-2 siliques, namely their inability to shatter, was also examined. At stage 17a both
WT and sADK4-2 siliques were very similar in appearance, however once the siliques
advanced to stage 17b the boundary between the carpels and replum of the sADK4-2
began to appear wavy while the WT boundary retained a rigid-looking linear appearance.
At stage 18, the WT carpels began to dehisce from the replum in advance of shattering
whereas no dehiscence was detected in the sADK4-2 siliques; instead the boundary
between the two components of the silique became more distorted (see Figure 14).

Using light microscopy, the meristems of WT Arabidopsis and clustered
inflorescences of sADK lines were also examined (see Figure 15). As well as
emphasizing the decreased internode length of the sADK inflorescences, the sections
revealed the presence of considerably enlarged bud primordia, while the meristem itself
remained the same size. Both SADK4-2 and sADKO9-1 meristems had this appearance
(see Figure 15). Further analysis of the meristematic cells showed that the cells of the WT

and sADK are of the same size.

Establishing Hypomethylation in SADK Mutants
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Because decreased levels of SAH hydrolase lead to reduced DNA methylation (Tanaka et
al., 1997), it was of interest to know if ADK deficiency also led to DNA
hypomethylation. These studies were carried out by two other members of the Moffatt
lab, Greg Perry and Katja Engel. The first experiment involved a genetic test of DNA
methylation in developing embryos. FIS2 serves as a signal for embryo and endosperm
development by repressing seed development until the double fertilization that occurs
after pollination; a null mutation identified within the gene, fis2, results in withered seed
coats and poor germination (Chaudhury et al., 2000). It has been previously established
that this abhorrent seed development can be corrected by crossing the fis2 line with a
mutant containing decreased DNA methylation (ddml) (Jeddeloh et al., 1999). The F2
seed of the sSADK4-2 and sADKO-1 crosses had 36-7% of the seed revert to a WT
phenotype (see Table 3) suggesting that the sADK parent lines had reduced DNA
methlyltion (Perry 2004).

The second experiment measured cytosine methylation quantitatively. Analysis of
5-methylcytosine content in genomic DNA not only showed a decreased degree of
methylation in the sADK lines relative to WT, but a significant decrease in the adal-1,
sADK9-1 line compared to that of SADK9-1 as well (see Figure 16). Overall, a direct
correlation between ADK activity and CG methylation was evident; in plants with 16 %
residual ADK activity, only 75-80 % of cytosines were methylated in comparison to WT.
In more severely affected mutants bearing 10 % residual ADK activity, a further decrease
in methylation occurs with 69 % 5-methylcytosine content in genomic DNA compared to

that of ddm1-5 at 45% (K. Engel, unpublished data).

Determining Levels of Adenosine Salvage
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Leaf samples of 3.5 — 4 week-old Arabidopsis lines were sent to Dr. Neil Emery at Trent
University to measure Ado, SAH and CK levels by gas chromatography tandem mass
spectrometry. In addition to detecting twice the level of Ado and SAH in the sADK lines,
the total level of CK ribosides increased 17-19 fold in severely affected sADK mutants
(see Figure 17). No significant variation in levels was evident in the tagged lines of ADK
or ADA, as compared to the WT; however, as seen in earlier measurements the sSADK9-1
carrying the adal-1 allele resulted in higher levels of Ado and CK as compared to

SADKO9-1 parent.
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Figure 14. SEM analysis of silique development of WT and sADK4-2.

Siliques of WT (F-J) and sADK4-2 (A-E) were examined at various stages using SEM analysis:
(AF) stage 15, (B,G) stage 16, (C,H) stage 17a, (D,I) stage 17b and (E,J) stage 18. When the
petal was forcibly removed from the sADK silique at stage 15, by stage 16 the abscission zone
was similar to that of WT. However, if the petal was not forcibly removed from the sADK4-2
then the petal would not abscice on its own. At stage 18, when compared to siliques of the same
age, WT siliques were more senesced than the ADK deficient and dehiscence was observed.

Instead of dehiscing the replum of the sADK siliques only became more wavy in appearance.
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Figure 15. Microscopic analysis of 3.5 week-old WT and sADK meristems.

5 meristems of WT (A), sADK4-2 (B) and sADK9-1 (C) floral meristems were sectioned at 4
um, stained with toluidine blue and examined at 100x magnification. The resulting meristems

displayed considerably larger sADK floral primordia than that of the WT. Bar = 1 mm.
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Table 6. Result of crossing sADK lines with fis2 mutant.

To establish whether or not the genome of sADK lines have decreased methylation, SADK4-2,
SADK7-1 and sADK9-1 were crossed into fis2 mutants. Methylation facilitates the early
expression of the altered FIS2 gene and the subsequent abnormal development of seed coat and
endosperm, resulting in a wrinkled phenotype and reduced successful germination. It has been
shown that this phenotype can be corrected by introducing the fis2 mutant to a hypermethylated
background as found in the ddm mutant (Richards et al., 1999). Thus by examining the number of
seeds displaying either WT or fis2 wrinkled seed phenotypes in the F2 generation (A), it was
established whether or not the SADK had reduced methylation at the embryo level. Close analysis
(B,C) shows a significant number of healthy seed phenotypes in the sSADK and fis2 crosses,
proving that the fis2 phenotype caused by methylation was corrected through ADK deficiency.

Data was obtained by Greg Perry, University of Waterloo.
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Plant Line Normal

Fis 2

WT 3
ddm1 187
sADK4-2 42
sADK7-1 45
sADKS-1 48

203

81
73
73

Chi Squared Analvsis

Plant Line Normal Fis 2Row Total Row %
WT 3 203 206 36.27
sADK4-2 42 81 123 21.65
sADKT7-1 43 73 118 20.77
sADK9-1 48 73 121 213
Column Total 138 430 568 100
Column % 243 757 100
Chi-Square 92.749

df 3

P Value <0.0001

Chi Squared Analysis

Plant Line Normal Fis 2Row Total Row %
sADEK4-2 42 81 123 33.98
sADK7-1 43 13 118 326
sADK9-1 48 73 121 33.43
Column Total 135 227 362 100
Column % 37.29 62.71 100
Chi-Square 0.8488

df 2

P Value 0.6542

78



Figure 16. HPLC analysis of genomic methylation in ADK and ADA deficient lines.

The degree of cytosine methylation and their correpsonding standard deviation within the samples
were determined by Katja Engel using HPLC analysis with DNA prepared from 3.5-4 week-old
floral meristems of WT, adal-1, adal-1,sADK9-1, SADK4-2 and sADKO9-1. The results show the
percentage of methylated cytosine decreases in the sADK lines, although not to the same extent
as the hypomethylation control ddm1-5 (A). Analysis of variance supported the decrease in SADK

and ddm1-5 lines to be of significant value (B).
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5mC (%C)

Degree of methylation

.
T N
T
T L
T
T T T T
WT ddm 1-5 ada sADK 4-2 sADK 9-1 9-1xada
Comparison |F-Ratio Prob Level Power
(Alpha=0.05)
1vs2 27.28 0.006414" 0.97
1vs3 58.97 0.004588" 0.997080
1vs4 40.82 0.001391* 0.998593
1vs5 34.81 0.001053* 0.997857
1vs B 1.97 0,232729 0,193339
1vs7 54.01 0.001826* 0.999421
4vs5 2.24 0.195096 0.230495
4vs 6 52,46 0,005428" 0,994153
4vs7 5,90 0,093420 0,390267
Bvs7 72,28 0,013555* 0,971979

* Term significant at alpha = 0.05
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Figure 17. Cytokinin and Ado levels measured by GC-MS in ADK and ADA deficient lines.

Triplicates of fully extended rosette leaves from 4-week old plants were flash frozen and sent to
Dr. Neil Emery at Trent University (Peterborough, ON) for GC-MS analysis of Ado, SAH and
SAM abundance. The resulting averages and corresponding standard deviations, showed Ado
levels to be twice the amount in the SADK lines than that of the WT, adk1-1, adk2-1 and adal-1
when expressed on a dry weight basis. Even more significant was the increase in overall CKs,
with the adal-1, sSADK 9-1 CK levels measured higher than ADK deficient lines by themselves.
WT n =9, adkl-1 n = 3, adk2-1 n = 3, adal-1 n = 3, SADK9-1 n = 6, sADK4-2 n = 6, adal-1,

sADK 9-1n=09.
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Discussion

Using lines deficient in ADA and ADK enzyme activities, this research attempted to
establish the impact of reduced Ado salvage on plant development. There was no
discernable phenotype in any of the single T-DNA insertion examined for ADK1, ADK2
or ADA. Tagged lines lacking either ADKI1 (adkl-1) or ADK2 (adk2-1) had
approximately 50% of the ADK activity detected in WT plants but displayed no changes
in morphology. Thus based on the stages of development observed in Arabidopsis, the
ADK isoforms appear to be interchangeable. However, attempts to cross the two mutant
lines resulted in no viable plants bearing double T-DNA insertions (Perry 2004). The
inability to generate mutants entirely lacking ADK was also observed in the SADK lines.
Unlike the tagged lines, SADK lines display an abnormal phenotype, analysis of which
draws a correlation between decreased ADK activity and an increase in severity of
phenotype which includes: wrinkled leaves and seeds, smaller lateral roots, delayed
development and senescence in leaves and siliques, enlarged inflorescent meristems, lack
of primary shoot and petal development, altered petal abscission and inability of siliques
to dehisce.

ADA activity has not been detected in WT plants (Moffatt personal
communication) so the degree of impairment could not be assessed in the tagged line for
this gene; however there is only one putative ADA gene in the Arabidopsis genome so it
is assumed the insertion eliminates 100% of the WT ADA activity. Interestingly crossing
of sSADK9-1 with adal-1 resulted in even lower levels of ADK activity and more severe
phenotype, in particular an increased proportion of mutant phenotypes in comparision to

its SADKO9-1 parent and changes in both CK and chlorophyll content. Since recombinant
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his-tagged Arabidopsis ADA has ADA activity based on an in vitro assay (R. Giercza,
unpublished results), it is likely that this enzyme does utilize Ado or Ado-related
substrates in vivo as well. If this is the case, then ADA would contribute to plant
metabolism despite its modest expression level and low abundance in planta.

As adenosine salvage is involved in a wide array of functions throughout the cell, it
is impossible to attribute these abnormal phenotypes to one specific defect. Previously
identified tagged lines of aptl (Moffatt et al. 2002) in Arabidopsis have only one
discernable phenotype, which is male sterility caused by defects arising after meiosis.
Ultimately, this lack of pollen development has been correlated to lowered adenylate
levels leading to altered lipid accumulation in the tapetal cells, changes in pollen cell wall
development, and a loss of synchrony in the development of the tapetum and microspore;
CK biosynthesis defects may also be contributing (Zhang et al. 2003).Therefore, although
essential for pollen development, vegetative growth is not dependent on APT1.

SAH hydrolase-deficient tobacco lines generated through antisense gene silencing
share a similar phenotype to that of SADK including floral organ abnormalities, stunting
of growth, loss of apical dominance and delayed senescence (Masuta et al. 1995; Tanaka
et al. 1997). Metabolite analysis shows that SAH levels are 10-times higher in the SAH
hydrolase mutant than they are in WT, suggesting a decrease in Ado levels. Not only
does this lower rate of SAH degradation lead to hypomethylation of repetitive DNA and
decrease in resistance to plant viruses requiring a methylated cap for their replication, but
an up to 3-fold increase of CK levels (Masuta et al. 1995; Tanaka et al. 1997). Data
obtained in this study indicate there are changes in both methylation and CK levels ADK-

deficient plants, both of which likely contribute to their phenotype.
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ADK Deficiency Results in Hypomethylation

The inhibition of the SAM methylation cycle in the SADK lines is supported by the
40-fold increase in SAH (Moffatt et al., 2002) and 88% higher levels of Ado. Such a
decrease in methylation can affect numerous cellular functions, one of which is the
synthesis of secondary metabolites. Previous studies have directly linked reduced
methylation to ADK deficiency in the seed coat and leaf pectin of severely affected
sADKs plants (Moffatt et al., 2006). Such a decrease in methylation could impact cell
wall components. For pectin in particular, removal or lack of methyl groups on the side
chains of the pectin promote interconnecting Ca™ or ‘salt> bridges to form between the
chains, resulting in a tighter confirmation. In fact it has been suggested that it is this
higher level of ‘sticky’ de-esterfied pectin that causes the ‘wrinkling’ observed in the
sADK lines (Pereira et al., 2006).

Another cell wall component that requires methylation is lignin (Ferrandiz, 2002).
In addition to possibly affecting cell wall morphology, the improper synthesis of lignin
may also be impacting the ability of the SADK siliques to dehisce. Dehiscence is the
separation of valve from the replum, allowing the seeds from within to be dispersed, and
one theory of this process relies heavily on lignification (Ferrandiz, 2002). As siliques
develop the non-lignified dehiscence zone develops between the lignified cells of the
valve and replum; upon maturity the replum becomes heavily lignified, while the valves
begin to desiccate. Pod shattering then occurs due to cell wall loosening along the middle
lamellae of the dehiscence zone separation layer and the tension formed as a result of
differential mechanical properties formed by lignification (Ferrandiz 2002).

Histochemical staining of lignin in SADK4-2 siliques and stems indicated they have a
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reduced content of methylated lignin as compared to WT tissue (L. Pereira, unpublished
results). However, despite the reproducibility of this observation, the stain is not
considered quantitative and further study is required to document lignin differences and
their association with the change in dehiscence of the sADK lines.

Gene expression and chromatin reorganization are strongly affected by DNA and
histone methylation (Jacobsen et al. 2006); such influence is characterized as epigenetic
alterations; meaning they are heritable but do not involve changes to the DNA sequence.
HPLC analysis of the SADK lines, shows a direct correlation between ADK activity and
CG methylation; the lowest level of ADK activity being associated with a 30% decrease
in methylation. Mutants documented to have affected CG DNA methylation include
ddml, whose interrupted gene encodes a SNF2-like chromatin remodelling ATPase in
Arabidopsis (Richards et al., 1999). The loss of DDMI function can lead up to a 70%
loss of genomic methylation and is associated with abnormal leaf development. This loss
of methylation occurs over time, with self-pollinating mutants being more affected in
later generations. As a result of this degradation in genome methylation heritable
alterations also accumulate. By monitoring rosette size and plant height (Perry 2004),
sADK plants were shown to develop a more pronounced phenotype over several
generations, suggesting that hypomethylation and the resulting genomic alterations are
indeed accumulating.

To test whether or not severely affected sADK plants are capable of maintaining
their genomic methylation, the ADK deficient lines were crossed into a fis2 mutant
background (Perry 2004). By introducing the fis2 mutant to a hypomethylated

background, the expression of FIS2 is repressed and normal embryo development is once
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again restored (Chaudhurry et al., 2000). The ability of the sADK lines to correct the fis2
wrinkle seed phenotype further validates decreased methylation. In addition, these
findings suggests that genomic methylation is affected at the embryonic level in the
sADK lines and that their abnormal phenotype is hereditary.

A specific phenotypic alteration observed in sADK that may be caused by
epigenetic alterations is the formation of relatively healthy secondary shoots on mutants
that have little or no primary shoot and clustered inflorescences. Such a phenomenon has
also been monitored in the bonsai mutant, whose phenotype depends on a loss in
methylation in the bonsai locus (Atlg07377) which encodes a protein involved in cell
division (Saze and Kakutani, 2006). In addition to the normal secondary shoot
development, bonsai mutants also exhibit variable phenotypes similar to sADK
segregation. While this similarity in phenotype was an exciting observation, there is no
abnormality in bonsai gene expression in SADK4-2 or sSADKO9-1 (J. Zhang, unpublished
results). However, finding that another DNA methylation mutant has normal secondary

branches is indeed intriguing and worthy of further investigation.

Abnormalities Due to Increased Cytokinin Levels

GC-MS-MS analysis of the sSADK plants indicates they have an abnormal CK profile,
with a particular increase in CK ribosides. Many of the phenotypic abnormalities
observed in the sADK lines could be attributed to an increase in CK activity. At the
hormone level, the interaction between auxin and CKs is believed to be essential in organ
development. In roots, CKs are inhibitory to root growth and a higher auxin:CK ratio

promotes root development (Mok 1994). Thus if sADK lines contain higher levels of
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CKs, the auxin:CK ratio could be altered and result in smaller root systems. The same
could be applied to the abnormal meristem development observed in the SADK mutants.
CKs synthesized in the roots and transported to the meristem, stimulate the formation and
activity of shoot meristems (Schmulling et al. 2001), while auxin acts as the inhibitor. As
in the roots, the higher levels of CKs detected in the sADK mutants would affect the
auxin to CK ratio and cause the over-proliferation of cells in the shoot meristem.
Increasing meristemic activity would not only result in the larger meristems observed in
the SADK lines but also the lack of or decreased internode length in primary shoots and
formation of secondary branching.

Delayed senescence was also observed in the fruit and leaves of SADK, and in the
case of the leaves higher CK levels have been found to cause such a phenotype by
expressing isopentyltransferase (important in CK biosynthesis) under the control of a
senescence-specific  promoter in tobacco (Gan and Amasino, 1995). The recent
development of the sob5 mutant also highlights the impact of CK overexpression (Zhang
et al. 2006). Although the actual function of SOBS in cytokinin mediated development
has yet to be established, RNAI lines for the gene exhibit increased levels of zeatin and iP
derivatives (for example ZR is 5.1-fold higher and 2.5-fold for ZMP). These elevated
CKs are believed to cause the resulting delay in leaf senescence as well as reduced apical
dominance and root development (Zhang et al., 2006).

Mutants involved in CK signalling also display distinctive phenotypes. CK receptor
mutants of the Arabidopsis histidine kinase family (AHK2, AHK3 and AHK4) exhibit
faster primary shoot development, leaf senescence and germination as well as an increase

in seed size and root development, in response to the inability of the plant to detect
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cytokinins (Schmulling et al., 2006). That sADK mutants display the opposite of these
characteristics, support the hypothesis that the phenotype of ADK-deficient lines is

largely attributed to a shift in plant hormone homeostasis.

Conclusion

Through the use of ADK tagged lines it is apparent that at the stages of development
examined, ADK1 and ADK?2 isoforms do not exhibit specialized functions, while ADK-
deficient lines highlight ADK’s role in CK interconversion and methyl recycling. In
addition analysis of ADA-tagged lines do not indicate an obvious role for this gene
product in WT plants, although loss of ADA activity in an ADK-deficient background

has an intriguingly large impact on plant morphology and CK metabolism.
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CHAPTER 2: KEY METHYL-RECYCLING ENZYMES RESIDE IN
MULTIPLE SUBCELLULAR LOCATIONS IN ARABIDOPSIS
THALIANA

Introduction

Transmethylation occurs in most plant cellular compartments where it contributes to a
wide variety of reactions ranging from mRNA capping, DNA and histone methylation in
the nucleus to cell signalling in the cytosol and chlorophyll biosynthesis in plastids. The
methyl donor molecule for these reactions is S-adenosylmethionine (SAM, AdoMet)
(Poulton, 1981). In addition to the methylated acceptor, each SAM-dependent
methyltransferase (MT) produces one molecule of S-adenosylhomocysteine (SAH).
Because SAH is a feedback inhibitor of all SAM-dependent MT reactions characterized
to date, it must be quickly metabolized to prevent inhibition of MT activities (Poulton
1981). SAH hydrolase (SAHH; EC 3.3.1.1) is the only enzyme capable of breaking down
SAH in eukaryotes (de la Haba and Cantoni, 1959). However, the equilibrium of the
SAH hydrolase reaction strongly favours SAH formation but can be driven in the
hydrolysis direction by the metabolism of each reaction product, adenosine (Ado) and
homocysteine. The latter is recycled into methionine and subsequently back to SAM,
while in plants Ado is salvaged mainly by adenosine kinase (ADK; EC 2.7.1. 20)
(Moffatt et al., 2002).

The need to metabolize SAH throughout the cell is complicated by the fact that
based on their lack of targeting signals, both SAH hydrolase and ADK are considered to

reside in the cytosol, the primary location of methyl recycling reactions (Hanson and
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Roje, 2001). There are two solutions to this situation: SAH could be transported into the
cytosol or SAH hydrolase and ADK could reside in multiple compartments. Only a few
reports have addressed this issue. One has identified a SAM/SAH symporter in
chloroplasts which exchanges plastid-produced SAH for SAM; this transport system is
consistent with the first paradigm (Ravanel et al., 2004). A more recent report has also
identified a similar SAM transporter (SAMCI1) in Arabidopsis that functions in the
mitochondria and possibly the chloroplast as well. Evidence for the localization of ADK
and SAH hydrolase to compartments other than the cytosol comes from two independent
proteomic studies; ADK was recovered from purified chloroplasts of A. thaliana grown
under normal growth conditions (Kleffmann et al., 2004) and is also present in the
chloroplasts of Dunaliella algae grown in saline conditions (Liska et al., 2004). SAH
hydrolase was not detected in these studies but it is possible that due to its large size (493
kDa) (Schomburg et al., 2004), it has not been recovered. However, a recent proteomic
study performed on Arabidopsis suspension cells (Shimaoka et al., 2004) identified SAH
hydrolase in the tonoplast, suggesting that SAH hydrolase may be localizing elsewhere
other than the cytosol. Thus it is possible that only ADK is localizing to the chloroplast,
to perform other vital functions in adenosine salvage. The most compelling evidence for
SAH hydrolase translocation to compartments other than the cytosol comes from studies
of Xenopus leavis oocytes. Dreyer and colleagues found that SAH hydrolase localizes to
the nucleus during times of increased transcription where it directly interacts with the MT
involved in mRNA capping, one of the largest methyl demands in eukaryotic cells

(Radomski et al., 2002). Given that SAH hydrolase is one of the most highly conserved
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known proteins (Sganga et al., 1992) it is very possible that similar localization occurs in
other eukaryotes.

Although neither ADK nor SAH hydrolase contain any discernable targeting
signals in their sequences both enzymes are encoded by isoforms that share 92% amino
acid identity in Arabidopsis ADK1 (At3g09820) and ADK2 (At5g02200); SAHHI
(At4g13940) and SAHH2 (At3g23810). Despite variances in their expression levels
being documented (Moffatt et al., 2000; Pereira et al., 2006), no distinct role has been
assigned to the isoforms of either enzyme. Thus, in addition to establishing whether or
not ADK and SAH hydrolase are present in more than one subcellular compartment, this
research was performed to differentiate any unique roles these isoforms may provide in
subcellular targeting. To accomplish these goals, Arabidopsis knockout lines deficient in
either ADK1 or ADK?2 were identified in Arabidopsis and used together with WT leaf
and meristemic tissue for immunogold localization studies. Further studies designed to
specifically examine ADK and SAH hydrolase isoforms utilized translational fusions
with B-glucuronidase (GUS) and green fluorescent protein (GFP). Upon establishing the
subcellular localization of these enzymes, Western blotting and in vitro import assays
were performed on isolated Arabidopsis chloroplasts obtained from plants at various
stages of development to determine whether ADK and SAH hydrolase localization is
dependent upon the metabolic demand of the plant. All transgenic lines were created by
others, GFP lines examined by S. Lee.

Results of the immunogold and GUS fusion lines show ADK and SAH hydrolase to
reside in three compartments: the cytosol, nucleus and chloroplast. Both methods found

no differentiation in the localization of the isoforms, suggesting that neither has a
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specialized transport function. Most importantly the detection of the GUS protein fusions
in the nucleus indicated these enzymes do not rely on simple diffusion to enter the
compartment, and instead require directed transport. However, further analysis of GFP
translational fusion lines of SAHH1 and ADKI1 and isolated Arabidopsis chloroplasts
provided contradictory evidence as to whether or not the proteins are localizing to the

chloroplast; leaving it unclear as to how, or if, the proteins enter the plastid.

Experimental Methods

Plant Materials and Growth Conditions

For all experiments the ecotype Col-0 of Arabidopsis thaliana was used. Both adk1-
1(GARLIC D09) and adk2-1 (SALK 000565) mutant stocks were ordered from ABRC,
and homozygous T-DNA insertions were identified by PCR using flanking and LB
primers (Ecker et al. 2003; described in Chapter 1). Plants were grown on a 50:50
mixture of Sunshine LC1 Mix and Sunshine LG3 Germination Mix (JVK) under
fluorescent light (150 £ 20 pmol m? s') in an 18-h light/6-h dark photoperiod, at 22°C.
The following experiments performed on the plants, unless otherwise stated, used

minimum ACS grade Sigma products.

Generation of Antibodies

Rabbit anti-ADK and anti-SAHH antibodies were raised against His-tagged recombinant
versions of ADK1 and SAHH1 expressed from pET30a (Novagen) in BL21 (DE3) pLysS
by B. Moffatt, Yvonne Stevens and Luiz Pereira. After injecting the rabbits with the
recombinant protein, sera was collected and affinity-purified using ADK or SAHH

affinity columns (Gu et al., 1994). After injecting the rabbits with the recombinant
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protein, sera was collected and affinity-purified using ADK or SAHH affinity columns.
Chicken anti-SAHH antibody was prepared by Immunochem Diagnostic Technologies
(IDT, Truro, Nova Scotia), using the same recombinant SAHH; unfortunately pre-
immune chicken serum was not provided. The limits of detection for each antibody were
determined through dot blots; the rabbit anti-ADK antibody detected 0.01 ng, rabbit anti-
SAHH detected 0.001 ng and chicken anti-SAHH detected 0.005 ng (Pereira et al. 2006).

All antibody preparations were specific to only one polypeptide.

Immunogold Labelling

Meristems and leaves of 3.5 week-old Arabidopsis were collected and fixed immediately
in a solution of 2% (w/v) paraformaldehyde and 0.1% (v/v) glutaraldehyde prepared in
0.05 M cacodylate buffer (pH 7.0) for 1 hr under vacuum at RT. After an additional O/N
incubation at 4°C in fresh fixative, the tissue was thoroughly washed in dH,O and 0.05 M
cacodylate buffer pH 7.0. The samples were then dehydrated in an ethanol series, before
being infiltrated and embedded in LR White resin. Once embedded in plastic, the samples
were sectioned (70-90 nm) using a Reichert Ultracut E ultra microtome and placed onto
nickel grids (Marivac, 300 mesh). Sections were stored for 48 hrs in preparation for
immunogold labelling.

The first step of the immunogold labelling was to incubate sections in droplets of
PBSMT blocking buffer (5% (w/v) fat free Carnation powder milk, 1% BSA, 0.5% (w/v)
Tween 20 in 1x PBS) for 30 min at RT. The sections were then placed on fresh droplets
of PBST (1% BSA, 0.5% (w/v) Tween 20 in 1x PBS) supplemented with 1:50 dilutions
of either serum for 3 hrs. After washing the sections for 5 mins in fresh droplets of PBST

3x, they were incubated for 3 hrs in either goat anti-rabbit IgG antibody conjugated to 15
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nm colloidal gold (Electron Microscope Services), or goat anti-chicken IgG conjugated to
6 nm colloidal gold (Electron Microscope Services) diluted to 1:40 in PBST. The washes
in PBST were repeated after which the sections were post-fixed in 2% (w/v)
glutaraldehyde in 1x PBS for 5 min and washed 3x for 15 mins in 1x PBS; subsequently
the sections were counterstained with lead citrate and uranyl acetate. Negative controls
consisted of omitting primary antibody, blocking primary antibodies with purified
recombinant of ADK (1 mg/mL) or SAHH (1 mg/mL) and replacing rabbit anti-ADK
with pre-immune rabbit serum.

The samples were then ready to be observed and photographed using a transmission
electron microscope (Phillips CM10). The number of gold particles per surface area was
determined for three different leaves at ten electron micrographs each using image
processing software, ImageTool (Version 3, University of Texas Health Science Center

in San Antonio).

Generation of GUS Fusion Lines

Transgenic plants expressing either SAHH1/2 or ADK1/2 fused to GUS were constructed
by inserting either 1.5 kb of SAHH1/2 or 1 kb of ADKI1/2 cDNA between the
constitutive CaMV35S promoter and GUS marker gene of pCAMBIA 1305.1, using Ncol
(see Table 7). To ensure that the fusions would be properly transcribed, cDNA was
verified to not contain stop codons; CDS and junctions of the fusions were then
sequenced. Once the constructs were inspected, they were introduced into 4-week-old A.
thaliana (Columbia) using Agrobacterium tumefaciens (Clough and Bent, 1998).
Homozygous lines were screened for hygromycin resistance on MS media containing 25

mg/mL Hygromycin B (Sigma).
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Visualization of GUS Samples

In order to visualize GUS protein fused to ADK and SAHH isoforms, inflorescences and
leaves from 3.5 week-old GUS fusion lines were histochemically stained as described in
Jefferson et al. (1987) using X-Gluc purchased from Bioshop. Once the histochemical
staining was complete, the samples were washed in 70% ethanol and fixed in 2.5% (w/v)
glutaraldehyde and 2% (w/v) paraformaldehyde in 100 mM potassium phosphate buffer
(pH 7.0) O/N at 4°C. After washing the samples in 100 mM potassium phosphate buffer,
the plant tissue was dehydrated in an ethanol series and embedded in LR White. After
allowing the resin to harden at 65°C, the samples were sectioned to 6um thickness using a
Reichert Ultracut E ultra microtome. The sections were examined using a Zeiss Axiophot

fluorescent microscope.

Western Blots

Protein of whole leaf samples was obtained by homogenizing tissue of 2.5, 3.5 and 4.5
week-old plants in extraction buffer (5 mM dithiolthreitol, 50 mM 4-[2-hydroxyethyl]-1-
piperazineethanesulphonic acid [HEPES pH 7.2], 1 mM Ethylene diamine tetraacetic acid
[EDTA, pH 8.0], 50 mM citric acid pH 4.2, 10 mM boric acid pH 6, 20 mM Na-
metabisulphate, 4% w/v polyvinylpyrrolydone [PVP, P-5288 MW 360,000]). Chloroplast
samples were obtained from 2.5, 3.5 and 4.5 week-old Arabidopsis following the

extraction protocol performed by Schulz et al. 2004.
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Table 7. Generation of GUS fusion lines for ADK and SAH hydrolase isoforms in A. thaliana.

cDNA fragments of ADK1/2 and SAHH1/2 were isolated using primers specific to the isoform
during PCR. As well as amplifying the isoform cDNA, the PCR ensured that the cDNA could be
cut on either end using Ncol, as both primers contained the required cut site. The fragments were
then inserted into the desired vector, by digesting both the cDNA and plasmid with Ncol, and
incubating them together to allow ligation. Lines (A-B, D) used pCambia 1305.1, while (C) used
pCambia 3301. The ADK1 GUS fusion containing the endogenous promoter (E) was constructed
using a previously created line using pCambia 1305.1. The constructs were then introduced to
DH5a electrocompetent cells using electroporation and successful transformants were screened
for kanamycin resistance. Transformation of the plant was performed by exposing 4 week-old
plant inflorescences to Agrobacterium tumefaciens (GV1030) cultures containing the construct.
Seed was then collected from the transformed plant, and screened on the antibiotic specific to the

vector.
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Prior to chloroplast isolation, plants were placed in the dark for 2-3 hrs to remove starch
from chloroplasts; in addition all solutions were cooled on ice for lhr or O/N. After
collecting 10g of leaf tissue, the leaves were homogenized in 125 mL of Ix grinding
buffer (GB; 50 mM HEPES pH 7.5, 330 mM sorbitol, 0.125% BSA, 0.5 M EDTA, 1 mM
magnesium chloride [MgCl,], ImM manganese chloride [MnCl,], water) using a blender
(Osterizer, 2 x 30 sec set to ‘grind’).

The homogenate was then quickly poured through two layers of cheesecloth and
into a 250 mL centrifuge tube. Un-homogenized leaf tissue was removed from the cheese
cloth, re-suspended in 100 mL 1x GB, re-homogenized and filtered over two new layers
of cheesecloth into the centrifuge containing the original isolated chloroplasts. Samples
were then centrifuged at 1000 x g for 5 min at 4°C. The resulting chloroplast pellet was
resuspended in 3 mL 2x GB (100 mM HEPES pH 7.5, 660 mM sorbitol, 0.25% BSA, 0.5
M EDTA, 1 mM MgCl,, ImM MnCl,, water) and layered over a 40/85% Percoll pad. To
prepare the Percoll pad, 6 mL of 40% Percoll was gently pipetted onto 3 mL of 85%
Percoll (diluted in 2x GB) in 12 mL centrifuge tube. The samples were then centrifuged
at 7700 x g for 15 min at 4°C in a swinging bucket rotor centrifuge (Beckman SwiT1) set
to brake off. The intact chloroplasts located between the 40 and 85% layers were then
pipetted into 40 mL of HEPES-sorbitol buffer (HS; 50 mM HEPES pH 8.0, 330 mM
sorbitol) in 100 mL centrifuge tube. The samples were then centrifuged at 1000 x g for 5
min at 4°C. The resulting supernatant was discarded and the pellet re-suspended in 0.5 — 1
mL HS buffer (depending on size of pellet). The isolated chloroplasts were then treated

with thermolysin to remove possible cytosolic contamination. To do this 90 pL of
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chloroplasts were incubated with 12.5 pL of thermolysin (2 mg/mL; Sigma), 6.25 pL
calcium chloride (200 mM) and 141.25 pL milliQ water for 40 min on ice. The reaction
was stopped by adding 100 pL of 50 mM EDTA.

Protein concentrations of both chloroplast and leaf were quantified using the
Bradford assay (Bradford 1976) with BioRad (BioRad, #500-0006) solution diluted to 1:4
with ddH»O and 1 mg/mL BSA as a standard. Upon establishing their concentration, the
chloroplasts were aliquoted into 10 pg samples and their protein was precipitated by
incubating in 80% acetone (1:4 ratio of chloroplast sample: 100% acetone) for 1 hr or
O/N on ice. After the proper incubation time, the chloroplast protein was centrifuged at
13 200 rpm for 20 min. The protein pellet was then re-suspended in 20 pL of 1 x running
buffer, incubated at 65°C for 15 min and aspirated with a pipette tip. To prepare the leaf
extract, 5 ug of protein was also mixed with 1 x running buffer to a total volume of 20
pL. The samples were electrophoresed on 12.5% (v/v) sodium dodecyl sulphate
polyacrylamide gels (SDS-PAGE) and transferred to a PVDF membrane. The membrane
was probed with affinity-purified polyclonal anti-ADK and anti-SAHH antibodies diluted
1:8000 and 1:16000, respectively, or polyclonal anti-SAMS antibodies diluted 1:1500
(Schroder et al., 1994). Binding of antibodies was detected using anti-rabbit antibodies
conjugated to horse radish peroxidase (Sigma) and visualized on Kodak film with
enhanced chemiluminescence (ECL; Amersham) labelling for 30 sec, 5 min and 10 min

exposures.

In vitro Import Assays

Components required in synthesizing *°S labelled protein of ADK, SAH hydrolase and

SSU were obtained from the TNT Coupled Reticulocyte Lysate system (Promega
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L4610); with the exception of template DNA obtained from M. Smith from the Wilfrid
Laurier University. In a 50 pL reaction, the following reagents were mixed and incubated
at 30°C for 1.5 hrs: 25 pL lysate, 2 pL buffer, 1 pL. amino acids (without methionine
[Met]), 2 uL **S (Met), 2 uL RNasin, 10 pg DNA template , 1 pL T7 RNA polymerase,
sterilized milliQ water. After the required incubation, the synthesized protein was
checked on 12.5% SDS-PAGE gel using a phosphoimager. Remaining protein was stored
at -80°C.

Chloroplasts used in the import assays were isolated in the same manner as those
used in the western blotting, with the exception of their quantification and not being
precipitated. The quantity of the chloroplasts was determined by mixing 10 pL of the
chloroplast suspension with 990 pL 80% acetone in a cuvette and measuring its
absorbance at 645 and 663 nm (80% acetone used as a blank). The chlorophyll content
was then determined using the following equation (Jagendorf 1982): [(Agas x 202) + (Age3
x 80.2)] x 10.5 = pg/mL.

For each import reaction, 50 pg of chlorophyll (intact chloroplast) was mixed with
10 pL of 10 x master mix (MM), 1 pL 0.1M DTT, 5 pL 0.1M ATP, 1 uL 0.1M GTP, 5
puL 200 mM Met, 3 pL radiolabelled protein and HS buffer to a total volume of 100 pL.
To allow for error and duplicate samples to treat with or without thermolysin, this was
performed at a 2.1-fold volume (total 210 pL). The mixture, without the g protein, was
first incubated at 25°C for 5 min; upon the addition of the protein, 30 min at 25°C. To
stop import, 630 pL of ice-cold HS buffer was added and the samples split up to 400 pL
aliquots. The samples were then layered onto a 500 uL. 40% Percoll pad (1.5 mL tube)

and centrifuged at 5000 x g for 5 min. The broken chloroplasts in the upper layer were
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discarded, and the intact pellet below the Percoll was re-suspended in 100 uL HS buffer.
For the samples being treated with thermolysin, 1 pL of 1M CaCl, and 10 pL of 2
mg/mL thermolysin was added, incubated on ice for 40 min and the reaction stopped by
adding 4 pL of 0.5 M EDTA. All of the samples (+/- thermolysin) were then mixed and
centrifuged at 5000 x g for Smin. The supernatant was discarded and the chloroplast
pellets re-suspended in 25 pL of 1 x SDS running buffer and incubated at 50°C for 15
min. Starch was removed by centrifuging the chloroplast protein at 13 200 rpm for 15
min. The samples were then electrophoresed on a 15% SDS-PAGE gel; pure
radiolabelled protein was also added to the gel by taking 1 pL of stock and adding it to
6.7 uL of water, mixing and adding 1 pL of dilution to 19 pL of 1xSDS buffer. The gel
was then dried for 1 hr, exposed to a phosphor film for at least 48 hrs and visualized

using a phosphoimager.

Results

TEM Analysis of ADK and SAHH Localization

The subcellular localization of ADK and SAH hydrolase was investigated using
immunogold labelling. To detect ADK and SAH hydrolase, affinity-purified antibodies
specific for the enzymes were previously developed in rabbit (Moffatt et al. 2000).
Immunoblots probed with these antibodies showed the limit of detection to be 0.01 and
0.005 ng for ADK and SAH hydrolase, respectively. However, due to the high degree of
identity of the isoforms, the antibodies are unable to distinguish between the two forms of

ADK and SAH hydrolase (Pereira et al., 2006). To allow for the differentiation of ADK
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isoforms, ADK tagged lines were examined along with leaves and meristems of 3.5
week-old WT Arabidopsis; T-DNA insertion mutants lacked either ADK1 (adkl1-1,
GARLIC 597 D09) or ADK2 (adk2-1, SALK 000565).

Immunogold labelling excluding anti-ADK or anti-SAHH antibodies or using pre-
immune rabbit sera resulted in no protein detection in the tissue sections. Previous work
by L. Pereira (2004) also tested the specificity of the antibodies by pre-incubating them
with their respective purified protein; the purpose being to saturate their binding
capacities for ADK or SAH hydrolase. In all sections examined, there was no labelling of
SAHH and only one case of the ADK antibody binding. Taken together with the lack of
antibody binding to pure resin sections, it was concluded that these antibodies
specifically recognized their target epitopes (see Figure 18). Additional experiments
carried out using anti-SAH hydrolase antiserum from chicken and rabbit resulted in the
same localization, however labelling with the chicken antibody did result in some
clustering of the gold particles (data not shown). This higher density of clustering is not
necessarily a result of higher amounts of SAH hydrolase and is most likely due to
antibody conjugates formed within the chicken serum prior to labelling (Invitrogen,
technical resources). To maintain continuity, only data obtained with rabbit anti-SAHH
antibodies was used in quantifying SAH hydrolase localization.

The results of the immunogold labelling experiments showed that both ADK and
SAH hydrolase reside in multiple subcellular compartments. In WT samples SAH
hydrolase and ADK were consistently found in the cytosol, the nucleus and the
chloroplast of both the leaf and meristem tissue (see Figure 19). Of all the sections

examined, only 4% of the mitochondria were identified as containing SAH hydrolase;
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neither WT nor mutant tissue contained evidence of ADK in mitochondria. Perhaps
surprisingly, the mutants had the same pattern of localization of ADK as in WT tissue;
both adkl-1 and adk2-1 leaf and meristem tissues had ADK localized in the cytosol, the
nucleus and the chloroplast (see Figure 20).

The occurrence of ADK and SAHH immunogold labelling per um® of cellular
compartment surface was quantified in 50 different microscopic fields (see Figure 21).
Overall, ADK was evenly distributed throughout the cytoplasm, nucleus and chloroplast
in WT as well as ADK1 and 2 deficient mutants, whereas SAH hydrolase was detected at
half the level of the cytosol in the nucleus, and a third of the cytosol in the chloroplast. As
only five mitochondria contained gold particles in all of the micrographs examined, SAH
hydrolase’s presence in the organelle on a um® basis was negligible. Overall, of the
mitochondria observed only 8% contained SAH hydrolase; in contrast 70% of the

chloroplasts contained ADK and 56% had SAH hydrolase.
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Figure 18. Controls for immunogold labelling in Wt Arabidopsis tissue.

Several controls were done to ensure the stringency of the labelling assays. Exclusion of either
rabbit anti-ADK (A) or anti-SAHH antibody (B) resulted in no gold particles binding to cellular
compartments including the cytosol, nucleus, chloroplast and mitochondria. In addition, replacing
rabbit anti-ADK antibody with pre-immune rabbit serum also resulted in no binding of gold
particles. In all of the above cases, non-specific binding only occurred in the ‘sticky,” emptied
vesicles of the starch grains. Examination of the bare resin (D) of the sections also gave no
indication of non-specific binding, with the plastic being free of particle debris. Abbreviations:
(CW) cell wall; (Chl) Chloroplast; (Cyt) Cytoplasm; (Mit) Mitochondria; (N) nucleolus; (Nuc)

nucleus; (St) starch grain; (/\) 15 nm gold particle. Bar = 100 pm
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Figure 19. Immunogold labelling of ADK and SAH hydrolase in the leaf and meristemic tissue
of 3.5- week-old WT Arabidopsis.

Immunogold localization of ADK (A, C, E) and SAH hydrolase (B, D, F) in the cytosol (A-B),
nucleus (C-D) and chloroplast (E-F). The gold particles in the cytosol are distributed throughout
the cell near chloroplasts (A), mitochondria and the cell wall (B) of the leaf. In (D) ADK and
SAH hydrolase were detected near the nucleus of the meristem, apparently in the process of
crossing through the nuclear envelope as well as residing in the nucleus. Staining in the leaf tissue
makes some of the thylakoid stacks (grana) visible (vertical light lines distributed throughout the
plastid). Closer examination of the gold particles suggest that ADK and SAH hydrolase reside
outside the grana and in the darker stained stoma (E-F). Abbreviations: (CW) cell wall; (Chl)
Chloroplast; (Cyt) Cytoplasm; (Mit) Mitochondria; (N) nucleolus; (Nuc) nucleus; (St) starch

grain.; (A\) 15 nm gold particle.
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Figure 20. Immunogold labelling of ADK in the leaf and meristemic tissue of 3.5- week-old
adkl-1 and adk2-1.

Detection of ADK in tagged lines lacking either adk1l-1 (A, C, E) or adk2-1 (B, D, F) with
affinity-purified anti-ADK antibodies. Antibody binding was evident by binding of secondary
anti-rabbit antibodies conjugated to 15 nm gold particles. Labelling was evident in the cytosol (A-
B), nucleus (C-D) and chloroplast (E-F). Therefore both ADK1 and ADK2 localize to at least to
these three subcellular compartments. Abbreviations: (CW) cell wall; (Chl) Chloroplast; (Cyt)
Cytoplasm; (Mit) Mitochondria; (N) nucleolus; (Nuc) nucleus; (St) starch grain; (A) 15 nm gold

particle.
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Figure 21. Density of protein labelling detected per pm? of cellular compartment of leaf and
meristem.

To establish the distribution of gold particles throughout the cell, the surface area and the number
of corresponding labelling was determined in 40 individual cells for ADK and SAH hydrolase in
WT and 25 individual cells of the ADK tagged lines. Analysis of gold particles bound to ADK1
and 2 epitopes reveals ADK to be evenly distributed throughout the three compartments (cytosol,
nucleus and chloroplast); SAH hydrolase appears to be most abundant in the cytosol and less so
in the nucleus and almost undetectable in the mitochondria. Negative controls for ADK and SAH
hydrolase both resulted in no beads binding to the tissue. Only SAH hydrolase detected using

anti-rabbit antibodies were used to collect the data.
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Determining Method of Transport Using GUS Fusions

Despite establishing that ADK1, ADK2 and SAH hydrolase are capable of
localizing to the chloroplast and nucleus, the immunogold studies did not provide
additional information on how the proteins might be taken up by the subcellular
compartments. While chloroplasts are thought to rely on active transport to take up
cytosolic proteins, nuclei are known to contain pores that allow proteins up to 50-70 kDa
(Merkle et al. 1996) to enter rapidly via diffusion. Since ADK is 32 kDa it should pass
through these pores passively; SAH hydrolase on the hand is a tetramer of 58 kDa
monomer subunits. Assuming it enters as an active enzyme, as is commonly assumed
then it must interact with the importing system (Merkle et al., 1996). To rule out the
possibility of diffusion of SAHH monomers translational GUS fusion lines were
generated by other students in the Moffatt lab (M. Todorova and A de Neto, unpublished
results).

Histochemical staining of a plant line (CS 3501) expressing GUS under the control
of the constitutive 35S promoter, revealed GUS to be incapable of entering any cellular
compartment other than the cytosol by simple diffusion (see Figure 22). To determine
whether or not over expression might be influencing the localization of the GUS fusion
proteins (i.e. overwhelming transport machinery leading to import into abnormal
compartments), ADK1p::ADK1-GUS transformants were also constructed and studied.
There was no difference observed in the pattern of GUS expression when the fusion
protein was under control of the native versus 35S promoter. This suggests that the

35Sp::GUS fusion lines are representative of native localization ADK and SAHH.
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Finally, examination of unstained and untreated tissue resulted in no detection of blue
precipitate; only the starch grains of the chloroplasts were evident (see Figure 22).

Upon determining GUS is limited to the cytosol, lines were constructed which
expressed GUS fused with the coding sequence of ADK1 or 2 (ADK1/2) or SAHHI or 2
(SAHH1/2) under control of a constitutive 35S promoter. After screening, two
homozygous lines of each construct were histochemically stained and fixed in triplicate.
Examination of the leaves from 3.5 week-old plants confirmed the immunogold findings;
SAH hydrolase and ADK were detected in the cytosol, nucleus and chloroplast (see
Figure 23). It was further confirmed that the SAH hydrolase and ADK isoforms do not
differentially localize, as blue precipitate was evident in all three compartments in the
leaf tissue of all the lines.

To further validate these findings, immunogold labelling was performed on leaves
obtained from 3.5-week-old 35S::SAHHI-GUS or 35S::SAHH2-GUS translational
fusion lines using an antibody specific to GUS (see Figure 22). Detection of GUS showed
the protein fusions localized in the same manner as revealed by immunogold labelling.
Specifically, both isoforms were detected in the nucleus, chloroplast and cytosol; there

were no evidence of localization in the mitochondrion (see Figure 23).

Impact of Development on Localization

Although immunogold labelling and GUS fusions showed ADK and SAH hydrolase
residing in multiple compartments of the cell, both methods have only looked at one
static point of development in the plant’s life cycle and limited tissue types. To allow
easier tracking of the enzymes’ movements, Arabidopsis plants were stably transformed

with GFP translational fusion lines of ADKI1 or SAHH1 and examined in vivo with
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confocal microscopy. These lines were developed by Sanghyun Lee. To prevent
misinterpretation of localization, Arabidopsis expressing GFP protein under the control
of a 35S constitutive promoter were also generated and examined. As anticipated, the
GFP protein was found to be exclusively localized to the cytosol and nucleus (see Figure
24); the nuclear localization was anticipated since GFP, at 23 kDa, is below the exclusion
limits of nuclear pores. Protein targeting throughout development was then examined
using rosette leaves from plants of various ages from 1 to 5 weeks.

All GFP fusions consistently localized to the cytosol and nucleus throughout
development, but showed no significant levels of fluorescence in the chloroplast (see
Figure 24). Although several chloroplasts appeared to contain GFP, this was not
consistently observed in all neighbouring cells. SAHH1 and ADK1 constructs under the
control of their native promoters or the constitutive 35S promoter were also transiently
introduced into tobacco leaves, with the same findings: GFP fusions were detected in the
cytosol and nucleus. Thus the promoter did not affect the movement of the GFP fusions.

In an attempt to study a larger population of plastids at once, chloroplasts were
isolated from 4-week-old leaves and examined under a fluorescent microscope. To ensure
the removal of cytosolic GFP sticking to the outside of the chloroplast wall, intact
chloroplasts were separated from the broken plastids using a 40% Percoll pad. Initial
comparison of 35S::GFP to 35S::SAHHI1/ADKI1-GFP isolates show a significant
decrease of GFP fluorescence suggesting the Percoll gradient was successful in removing
cytosolic contaminants from the extract (see Figure 25). Of the thousands of chloroplasts
observed from the protein fusions, only a few appeared to contain GFP while no

fluorescence was detected in the chloroplasts of the 35S::GFP control line. However, at
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the confocal microscope level there is not enough evidence to support SAHHI1 and

ADK1 GFP-fusion proteins localization to the chloroplast.

Establishing Localization to Chloroplast

In order to firmly establish whether or not SAH hydrolase and ADK reside in the
chloroplast, immunoblots and in vitro import assays were performed. To do so,
chloroplast isolations were performed on 3.5-week-old WT Arabidopsis, 35S::SAHH1-
GFP and 35S::ADK1-GFP plants for the purpose of immunoblotting and for import. To
remove contamination, intact chloroplasts were selected by centrifugation through a
40/85% (w/v) Percoll gradient and treated with thermolysin to remove cytosolic proteins
sticking to the outer chloroplast envelope.

After numerous attempts to detect ADK and SAH hydrolase in the chloroplast with
western blotting, no definitive answer has yet to be obtained; some blots showed the
enzymes in the chloroplast whereas others did not. One of the more successful attempts
using anti-ADK and anti-SAH hydrolase antibodies shows both the endogenous proteins
and GFP fusions in the chloroplast fraction (see Figure 26). Detection with the cytosolic
marker, phosphoenolpyruvate (PEP) carboxylase, suggests the chloroplast samples are
not contaminated with cytosol and that the protein detected is in fact of plastid origin.
Between ADK and SAH hydrolase, the latter was seen in higher levels in the plastid
extract despite being at equal levels of detection in the leaf. However, the SAH hydrolase
antibody is more sensitive than anti-ADK (0.005 ng compared to 0.01 ng), thus the
apparent higher levels of SAH hydrolase in the chloroplast may be due to the level of
detection of the antibody and not protein levels. Because the GFP fusions were expressed

using a 35S constitutive promoter the levels of these fusions were much higher than that
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of the endogenous proteins (see Figure 26). In addition, no changes were observed in the
size of the proteins found in the plastid, suggesting a lack of post-import processing of
the transit peptide. However as stated earlier these results have not been replicated.

In vitro import assays also provided in definitive results. Import proved to be
difficult, even using the small subunit (SSU) of Rubisco positive control. In experiments
that showed successful import of this control, a clear answer as to whether ADK and
SAH hydrolase were entering the chloroplast was not obtained. Results showed ADK and
SAH hydrolase to be present in post-import thermolysin-treated Arabidopsis chloroplasts,
but not those of pea. As seen in the immunoblots (see Figure 26), the proteins also did not
change in size upon import due to the removal of a signal peptide. Pre- and post-
thermolysin treated chloroplasts showed the same level of import for the ADK, while
showing reduced levels for SAH hydrolase (see Figure 27); it is possible that the
thermolysin treatment is not effective against ADK as it is against the SAH hydrolase.
Thus protein detected in the chloroplasts may be due to non-specific binding and

incomplete digestion by thermolysin.
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Figure 22. Control sections of 3.5 week-old Arabidopsis leaf tissue.

To ensure ADK and SAH hydrolase was not misinterpreted in the translational GUS
fusions, 8 sections of 4 um thickness from unstained WT (A-B) and 35S::GUS (C-D)
leaves were examined at 400x magnification under a light microscope. In unstained
tissue, only the cell wall and chloroplasts were visible (A-B). In the histochemically
stained 35S::GUS sections, blue precipitate is evident in the cytosol and in one case the
nucleus as well (C). However aside from the nucleus shown in (C) the GUS did not enter
the nucleus and was instead seen surrounding the nuclear envelope (D). GUS was only
seen surrounding the chloroplast, not within it. Abbreviations: (CW) cell wall; (Chl)

Chloroplast; (Cyt) Cytoplasm; (Nuc) nucleus. Bar = 40 pm.
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Figure 23. Analysis of GUS translational fusion lines in leaf tissue of 3.5 week-old Arabidopsis.

Mature rosette leaves of 35S::ADK1/2-GUS and 35S::SAHH1/2-GUS were histochemically
stained and sectioned at 4 um thickness. Both SAHH1 (A) and SAHH2 (B) displayed blue
precipitate in the chloroplast, nucleus and cytosol of the cell. The same pattern of localization was
also evident for ADK1 (C) and ADK2 (D) fusion proteins. To verify these findings immunogold
labelling was also performed on the SAH hydrolase translational GUS fusions using rabbit anti-
GUS antibody (E-F). The resulting localization of the 15 nm gold particle proved to be the same
as the GUS staining. More specifically gold particles representing SAHH1 (E) and SAHH2 (F)
were clearly evident in the chloroplast. Immunolabelling performed with no primary antibody and
examination of bare resin, resulted in no non-specific binding of the GUS antibody (data not

shown). Abbreviations: (Chl) Chloroplast; (Cyt) Cytoplasm; (Nuc) nucleus. Bar = 40 pm.
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Figure 24. Analysis of GFP translational fusion lines of ADK1 and SAHH1 in leaves of 3-week-
old Arabidopsis.

Examination of 35S::ADK1-GFP (A-C) 35S::SAHH1-GFP (D-F) and 35S::GFP (G-I) using a
confocal microscope showed all three lines to have the same pattern of localization; cytosol and
nucleus. (A, D) GFP representing ADK1 and SAHH1 respectively were not detected in the
chloroplast. (B, E, H) Chloroplasts were represented by red autofluorescence made visible at 650
nm emission. Abbreviations: (Chl) Chloroplast; (Nuc) nucleus. (Sanghyun Lee, unpublished

data).
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Figure 25. Examination of chloroplasts isolated from 4 week-old GFP translational fusion lines.

35S::ADK1-GFP (A, C-E), 35S::GFP (B) and 35S::SAHH1-GFP (F-H) chloroplast extracts were
examined under the confocal microscope. Compared to the protein fusions (A), 35S::GFP had
much of the cytosolic GFP removed and only the autofluorescence of the chlorophyll could be
seen (B). Approximately 1/1000 intact chloroplasts had ADK1-GFP (C) and SAHH1-GFP (F)

detected resulting in an overlapping yellow colour (E, H).
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Figure 26. Immunoblot analysis of chloroplasts isolated from WT and GFP translational fusion
lines.

Chloroplast protein (10 pg) isolated from 3.5 week-old WT, 35S:: ADK1-GFP and 35S::SAHH1-
GFP and 5 ug of corresponding leaf protein were electrophoresed through a 12.5 % SDS-PAGE
gel. Detection of the samples was performed using rabbit anti-ADK, anti-SAHH and anti-PEP
carboxylase (to test for contamination of the cytosolic protein in chloroplast isolates) antibodies
and anti-rabbit antibody conjugated to horse radish peroxidase as a secondary. Representative
samples are shown: (1) WT chloroplast, (2) 35S::ADK1-GFP chloroplast, (3) 35S::SAHH1-GFP
chloroplast, (4) WT leaf extract, (5) 35S::ADK1-GFP chloroplast and (6) 35S::SAHH1-GFP

chloroplast.
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Figure 27. In vitro import assays using chloroplasts isolated from 3.5 week-old Arabidopsis and
2-week-old Pea

Radiolabelled ADK, SAH hydrolase and pSSU (positive control) were incubated with isolated
with intact chloroplasts (from Arabidopsis and pea) in standard in vitro import assays. The
chloroplasts were then treated with (+ Th) or without thermolysin to remove cytosolic
contamination and 25 pL was analysed by electrophoresis through a 15% SDS-PAGE gel; the
proteins were detected by autoradiography. The order of the samples are: (1) 1/10 of the
radiolabelled ADK protein used in the import assay, (2) import of ADK into pea chloroplasts, (3)
import of ADK into pea chloroplast (+Th), (4) import of ADK into Arabidopsis chloroplast, (5)
import of ADK into Arabidopsis chloroplast (+Th), (6) 1/10 of the radiolabelled SAH hydrolase
protein used in the import assay, (7) import of SAH hydrolase into pea chloroplasts, (8) import of
SAH hydrolase into pea chloroplasts with thermolysin treatment (+Th), (9) import of SAH
hydrolase into Arabidopsis chloroplast, (10) import of SAH hydrolase into Arabidopsis
chloroplast with thermolysin treatment (+Th), (11) 1/10 of the radiolabelled pSSU used in the
import assay, (12) import of SSU in pea chloroplasts, (13) import of SSU in pea chloroplast after
thermolysin treatment (+Th), (14) import of SSU in Arabidopsis chloroplasts and (15) import of

SSU in Arabidopsis chloroplasts (+Th).
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Discussion

Localization to Multiple Subcellular Compartments

Determining the subcellular localization of ADK and SAH hydrolase is vital to
understanding how methylation is maintained throughout plant cells. With this in mind,
various techniques have been used to establish the localization of both enzymes. These
constructs were designed to test whether both enzymes are present in several cellular
compartments, or whether they only reside in the cytosol where they hydrolase SAH
which is imported from other organelles. Results from this study indicate the answer may
be both. For as well as being found in the cytosol, ADK and SAH hydrolase were also
detected in the nucleus and chloroplast. However, their presence in the chloroplast is still
questionable. While both immunogold and fusion protein systems support ADK and SAH
hydrolase residing in the nucleus, the same was not true for localization to the
chloroplast. The results of GFP fluorescence and immunoblot analysis of isolated
chloroplasts from ADK- and SAHH-GFP expressing plants have not consistently
demonstrated the presence of these enzymes in plastids, although immunogold and GUS
fusions clearly showed this localization.

One possible cause of this disparity may be that the 23 KDa GFP protein is
interfering with the folding of the ADK or SAHH fusion protein in ways the 89 KDa
GUS does not. Folding is a natural mechanism of the polypeptide and contributes to the
regulation of localization of dual targeted proteins, by making a targeting signal
inaccessible or accessible to protein/chaperone binding (Karniely and Pines, 2005). Thus

it is possible that the GFP folding blocks a target peptide sequence for chloroplast
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transport or allows a protein to bind and inactivate the signal, leaving the fusion only
open to nuclear transport. To address this theory, constructs were later made with the
GFP on the C terminus and middle of each protein; no differences were observed in the
localization of the corresponding fusions suggesting that this hypothesis is not correct (S.
Lee, unpublished results).

Of the immunoblots performed, both the endogenous and fusion proteins of ADK
and SAH hydrolase were present in within plastids at levels approximately one quarter
that found in total leaf extracts; in comparison to the fluorescence observed in the cytosol
and the even brighter nucleus, these levels may be less apparent. As further research is
performed protein targeting it is becoming more common find proteins that are
disproportionably allocated to one compartment over the other. In a well documented
case, the acotinase enzyme in Saccharomyces cerevisiae (ACO1), once believed to be
exclusive to the mitochondria, was found in the cytosol as well (Regev-Rudzki et al.,
2005). As a result of the small cytosolic amounts, the localization of ACO1 to this
compartment was overlooked due to ‘eclipsed distribution’ (Regev-Rudzki et al, 2005).
This phenomenon may be contributing to the low success rate of ADK and SAH
hydrolase import in in vitro import assays. The optimal uptake of radiolabelled Rubisco
small subunit introduced to the isolated chloroplasts during these assays was 20% in my
hands; in comparison to this targeted enzyme, ADK and SAH hydrolase import would
likely be much lower appear to be negligible. The stability of the GUS protein (Jefferson
et al., 1987) and sensitivity of the antibodies in the immunogold and immunoblots may

enhance the sensitivity of these methods as compared to GFP fluorescence.
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Using the immunogold labelling results as a guide, there are half the number of
gold particles in the chloroplast than the nucleus for SAH hydrolase, the difference in the
two compartments is insignificant for ADK. There was some disparity in gold particle
density between tissues; however this was most likely due to the varying organelle
content of leaf and meristem. In leaves from 3.5 week-old plants, there was a higher
proportion of chloroplast to nucleus localization, so there was a higher density of
particles detected in the chloroplast than that of the nucleus; the opposite was true for the
meristem, where actively dividing cells are largely comprised of the nucleus with very
few chloroplasts. Overall, immunogold labelling would suggest that there is little
difference between ADK and SAH hydrolase density labelling in the nucleus and
chloroplast.

In the same vein, SAH hydrolase and ADK may not be consistently present in
chloroplasts due to developmental differences. In vitro import studies performed in
collaboration with Dr. Matt Smith at Wilfrid Laurier University using chloroplast extracts
of 2.5 week-old seedlings import neither enzyme. Similar analysis of import studies using
plastids from 2.5, 3.5 and 4.5 week-old plants revealed ADK to be imported only into
chloroplasts isolated 3.5 week-old leaves; SAH hydrolase was not tested.

It has also been shown that some enzymes are targeted differentially in response to
cellular or environmental stimuli (Sakamoto and Briggs, 2002; Kim and Apel, 2004; Kim
et al., 2005). In the studies performed by Kim et al. isoforms of PORA and PORB only
localize to the nuclei of photosynthetic leaves; in a second case phytochrome proteins
have been shown to target to the nucleus only upon the appropriate exposure of light

(Nagatani, 2004). The only other report of SAH hydrolase localizing to subcellular
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compartments is in Xenopus oocytes is stage dependent; SAH hydrolase was only
detected in the nucleus during times of increased mRNA synthesis (Radomski et al.,
1999; Radomski et al., 2002). Thus SAH hydrolase and ADK may only be localizing to
the chloroplast during certain stages of metabolism present at 3.5-4 week-old plants.
However, GFP fusions were observed in Arabidopsis leaves from 1- 5 week-old plants
and no significant amounts of fluorescence were detected at any age.

The final option could be that ADK and SAH hydrolase do not localize to the
chloroplast. Closer examination of immunogold labelling shows that although non-
specific binding is evident, a low rate of gold particles binding to cellular compartments
is observed. While binding is occurring throughout the chloroplast section, the low
number of particles makes it hard to interpret whether or not the antibody is simply
binding to the outer envelope of the chloroplast. The evidence for chloroplast localization
from sectioning of the histochemical GUS staining is stronger because the blue
precipitate is evident throughout the entire cell, including the chloroplasts. Since these
sections are made at 4 um thickness, it makes it highly unlikely the GUS is merely
residing on the outside of the chloroplast. However, experiments conducted subsequent to
those described in this thesis showed that none of a range of N or C terminal deletions of
ADK affected the ability of the corresponding GUS fusion to localize to the plastid,
putting the GUS results into question (i.e. how can none of the protein be required for
targeting?).

Of the other compartments that did not contain these methyl recycling enzymes
(such as the mitochondria and tonoplast), it is possible that SAH produced in these

organelles is removed to the cytosol. However, in the case of the mitochondria it is most

133



likely that the SAH is removed into the cytosol. This is supported by the recent discovery
of a SAM/SAH exchange transporter (SAMC1) in Arabidopsis mitochondria by Palmieri
et al. (2006) and the very low percentage (4% of total mitochondria examined) of SAH

hydrolase detected in the mitochondria using immunogold studies and the lack of ADK.

Transport Relies on Alternate Pathways

Although it is now evident that ADK and SAH hydrolase localize to multiple
compartments, it is not yet clear how the enzymes are targeted to their respective
organelles. Protein targeting is thought to rely on the recognition of signal sequences in
each polypeptide by organellar transport machinery. For example, the majority of
proteins destined for mitochondria or chloroplasts contain N-terminal signal peptides that
are recognized by specific protein complexes within the target organelle (Rusch and
Kendall, 1995). Transport into nuclei is slightly different since they contain pores that
allow proteins of up to 50-70 kDa to enter or exit by diffusion (Merkle et al., 1996);
larger polypeptides contain nuclear localization signals distributed throughout their
coding sequences in order to be targeted by active transport systems (Nair et al., 2003).
Given the restrictions imposed on the proteins by the organelle the 212 kDa SAH
hydrolase would require directed transport into the chloroplast. Import of SAH hydrolase
into the nucleus would require directed transport as well. While the small ADK monomer
could potentially rely on diffusion to enter the nucleus, the fact that the ADK was still
able to enter the nucleus when attached the 89 kDa GUS protein suggests that this is not
occurring by simple diffusion. It seems unlikely that the nucleus would actively import
ADK when it could enter by diffusion, however it is possible that facilitated transport

ensures the metabolic demand for this enzyme activity is met. Another possibility is that
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SAH hydrolase bears a targeting signal and ADK enters by association with SAH
hydrolase. Early findings using YFP interaction studies with ADK and SAH hydrolase
support the conclusion that the two enzymes interact, however, more study is required (S.
Lee unpublished results).

The presence of targeting signals can be assessed using computer algorithms based
on amino acid signatures associated with proteins known to be localized in specific
cellular compartments. The most commonly used programs are Mitoprot (Claros and
Vincencs 1996), ChloroP (Emanuelsson et al., 1999), PSORT (Nakai and Horton, 1999),
TargetP (Emanuelsson et al., 2000) and Predator version 1.03 (Small et al., 2004).
Analysis of Arabidopsis ADK and SAH hydrolase amino acid sequences using these
programs indicate both reside in the cytosol. However, as these programs are based only
on known signal motifs, proteins with unconventional targeting signals are not
recognized and thus predicted to remain in the cytosol. For example, TargetP predictions
are claimed to be 85% accurate (Emanuelsson et al., 2000); however, an analysis of
proteomically identified chloroplast proteins using TargetP revealed that only 37% of the
370 proteins found in the chloroplast were identified by TargetP (van Wijk, 2004). Thus,
the prediction that ADK and SAH hydrolase are exclusively localized to the cytosol does
not mean these enzymes are incapable of being imported into other cellular
compartments.

These less than perfect prediction programs only highlight how little is understood
about protein targeting throughout the cell; this is particularly evident in chloroplast
import. It has long been the common held belief that all nuclear encoded proteins

destined for the chloroplast interior (inner envelope membrane, stroma and thylakoids)
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rely exclusively on the plastid’s Tic/Toc import machinery recognizing cleavable transit
peptides of the protein (Jarvis and Robinson, 2004). However, recent research has raised
questions about this long held view. In addition to showing that only 376 of the 604
identified chloroplast nuclear encoded proteins were accurately predicted by TargetP to
be there, the study of the chloroplast proteome by Kleffmann et al. (2004) also showed
that 49 of those proteins have signal tags for the ER and 142 have no cleavable targeting
signal. It has been suggested that these proteins are able to enter the chloroplast through
an alternate route via stromules and the endomembrane system (Jarvis and Robinson,
2004). While more study is required, it does provide promise in understanding how ADK
and SAH hydrolase are able to enter different organelles despite their lack of known

sequence tags.

Isoforms Do Not Exhibit Specialized Localization

While it may have once been considered unusual for a protein to be present in more
than one cellular compartment, the ever growing data obtained from high-throughput
proteomic analyses show that this is not uncommon. Documented cases of a protein being
dual targeted to the chloroplast and nucleus are still not that common, but examination of
proteomic data obtained from the SUBcellular location database for Arabidopsis proteins
(SUBA) show that there are perhaps 39 proteins with this localization pattern
(Heazlewood et al., 2005). The majority of these proteins have only been localized using
mass spectrophotometry, a technique with a high rate of false positives (Heazlewood et
al. 2005), although some have been confirmed using alternate methods, including acetyl-
CoA C-acyltransferase (Kleffmann et al., 2004; Pendle et al., 2005) and glyceraldehyde-

3-phosphate dehydrogenase (Bae et al., 2003). Arginine decarboxylase has been
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documented to reside in both the chloroplast and nucleus of tobacco plants (Bae et al.,
2003).

Multiple strategies for targeting a protein/enzyme to more than one compartment
have been established including: transcriptional regulation of a single gene via multiple
transcripts (Watanabe et al., 2001), translational control using alternative translation
initiation (Chabregas et al., 2001) and post-translational control which includes
ambiguous target sequences (Peeters and Small, 2001), post-translation modifications
(Sakamoto and Briggs 2002) and competitive targeting. Despite these alternate methods,
however, the vast majority of proteins/enzymes bearing a similar function in more than
one organelle are encoded by distinct genes (Silva-Filho, 2003). Therefore it seems
possible that SAH hydrolase and ADK isoforms carry specific targeting information,
thereby localizing in distinct patterns. Initial analysis using prediction programs does not
support this hypothesis as the algorithms seem unable to differentiate between the sets of
isoforms. Ultimately the current data do not support SAH hydrolase and ADK isoforms
displaying unique localization patterns. Assuming this limited study is representative of
the whole, any specialization of function found between ADK and SAHH isoforms are
not involved in subcellular localization. With that being said, more organs of A. thaliana
and different physiological conditions need to be examined to determine whether or not

this occurs throughout the entire plant system.

Conclusion

Based on these data, SAH hydrolase and ADK are localizing to at least the nucleus and
cytosol and possibly to the chloroplast. No variance between isoform localization was

detected, with both sets of isoforms found in all three compartments. Further study is
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required to establish how the enzymes are entering their respective subcellular
compartments using deletion GUS and GFP fusion lines. Further work is also required to
establish SAH hydrolase and ADK localization to the chloroplast by obtaining more

reliable data with chloroplast extracts analyzed with western blotting and import assays.
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Table 8. sADK individuals removed from statistical analysis

Due to to their WT phenotype, SADK4-2 and sADK9-1 plants were not used in the final analysis

of ADK deficient plants. In addition to sharing a similar morphology to WT, the mutant

individuals also developed at the same rate.
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n=22 n=30
WT sADK4-2 sADK9-1
Avg + 5D Avq + 5D Avg + 5D
1st cotyledon 3 0 3 03 3 02
1st leaf 5 013 52 02 49 045
2nd leaf 94 05 9 06 96 03
3rd leaf 105 056 102 054 108 043
4th leaf 116 058 11.1 05 1.7 047
5th leaf 127 062 12 061 125 053
6th leaf 14.1 042 1515 043 143 06
Tth leaf 15.1 044 14.7 046 156 033
8th leaf 16.1 037 157 05 163 032
oth leaf 17.1 0.36 173 032 177 03
10th leaf 18.1 034 185 046 186 029
11th leaf 19.1 034 193 051 198 03
12th leaf 201 032 204 042 21 0.28
13th leaf 212 0.36 21 041 219 026
14th leaf 222 0.36 22 053 228 0.31
days for stem> 10 cm 277 1.21 26.6 13 286 16
rosette radius 3 weeks 47 1.25 49 1.01 45 1.34
rosette radius 4 weeks 75 1.56 7 18 73 1.87
rosette radius 5 weeks 83 1.35 85 165 82 152
rosette radius 6 weeks 88 1.37 89 1.56 85 143
1st bud 16 0 16.3 0.23 16.1 023
1st petal dehiscence 256 0289 258 046 261 08
1st 17a silique 279 14 285 1.21 284 1.89
1st 17b silique 318 269 323 19 321 213
1st 18 silique 331 077 384 0867 386 056
1st silique shatter 415 038 42 04 417 093
17a silique length 11 149 116 132 119 185
17b silique length 128 304 123 289 123 254
18 silique length 1778 117 171 037 169 039
petiole length (stg 18) 565 1.1 54 0867 55 09
ratio of seedisilique 029 0021 032 0032 027 0032
total siliques 2997 5837 2764 336 3106 6002
plant height (cm) a7 319 338 354 353 456
# rosette branching 472 07 45 045 44 078
# cauline branching 69 13 74 15 78 09
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Table 9. Statistical analysis of WT versus ADK deficient lines in rate of cotyledon development

Significance of the variance observed in the mutant lines (A) was monitored using one-way

ANOVA (B), with Bonferroni (C) and Tukey B (D) post-hoc analysis.Values showing a

significant variation being highlighted in C.
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Line Mean N Std. Deviation

WT 127 32 046
adk1-1 123 32 055
adk2-1 125 32 072
sADK9-1 144 26 076
sADK4-2 145 38 069
Sum of
Squares df Mean Square F Sig.
Between Groups 15049 4.00 3762 9182 0.00
Within Groups 6351 15500 041
Total 21399 159.00
5% Confidence
.Mean Interval
Difference
(I) Line (J) Line (I-J) Std. Error Sig.  Upper Bound Lower Bound

WT adkf-1 0375 0.160 0204  -0.081 0.831

adk2-1 o219 0.160 1000  -0237 0.674

SADKS-1 -1.704 0.169 0.000 -2.166 -1.223

sADkK4-2 -1.808 0.154 0.000 2245 -1.370

adk1-1 WT -0.375 0.160 0.204 -0.831 0.081

acth2-1 -0.156 0.160 1.000 -0612 0.299

sADKS-1 -2.079 0.169 0.000 -2561 -1.598

sADK4-2 -2.183 0.154 0.000 -2620 -1.745

adk2-1 WT -0.219 0.160 1.000 -0674 0.237

acdki-1 0.156 0.160 1.000 -0.299 0612

sADKS-1 -1.923 0.169 0.000 -2404 -1.442

sADK4-2 -2.026 0154 0.000 -2464 -1.589

sADKI-1 WT 1.704 0.169 0.000 1.223 2.186

adki-1 2079 0.169 0.000 1598 2561

adkz-1 1923 0.169 0.000 1442 2404

sADK4-2 -0.103 0163 1.000 -0.567 0.361

sADK4-2 WT 1.808 0.154 0.000 1.370 2245

adki-1 2.183 0.154 0.000 1.745 2620

ack2-1 2026 0.154 0.000 1588 2464

SADKS-1 0.103 0.163 1.000 -0.361 0567

Subset for alpha = .05
Line 2 1

adki-1 12344
adk2-1 12.500

WT o 12.719
SADKS-1 14423
sADK4-2 14526
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Table 10. Statistical analysis of WT versus ADK deficient lines in rate of 5" leaf extension

Significance of the variance observed in the mutant lines (A) was monitored using one-way

ANOVA (B), with Bonferroni (C) and Tukey B (D) post-hoc analysis.Values showing a

significant variation being highlighted in C.
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Line N Mean S.D.

WT az a0 0.00
adk1-1 32 31 030
adk2-1 32 30 0.18
sADK9-1 26 is 0
sADK4-2 38 a7 075
Sum of
Squares df Mean Square F Sig.
Between Groups 1223 4 306 12.90 0.000
Within Groups 3674 155 0.24
Total 4898 159
Mean Difference 95% Confidence Interval
() Line (J) Line (1-J) Std. Error Sig. Upper Bound Lower Bound

WT adk -1 -0.094 0.122 1.000 -0440 0.253

adk2-1 -0.031 0122 1.000 -0378 0.315

sADKS-1 -0.500 0129 0.001 -0.866 -0.134

SADK4-2 -0.658 017 0.000 -0.991 -0.325

adki-1 WT 0.094 0122 1.000 -0.2563 0440

adk2-1 0063 0122 1.000 0284 0409

SADKS-1 -0.406 0.129 0019 -0.772 -0.040

sADK4-2 -0.564 0117 0.000 0897 0.231

adk2-1 WT 0.031 0122 1.000 -0315 0.378

adk -1 -0.063 0122 1.000 -0409 0.284

SADKS-1 -0469 0129 0004 -0835 -0.103

sADK4-2 -0.627 0117 0.000 -0.959 -0.294

sADKS-1 WT 0.500 0129 0.001 0134 0.866

adk1-1 0406 0.129 0019 0.040 0772

adk2-1 0469 0129 0.004 0.103 0835

sADK4-2 -0.158 0124 1.000 -0511 0.195

sADK4-2 WT 0.658 0117 0.000 0325 0.991

adk1-1 0.564 017 0.000 0.231 0897

adk2-1 0.627 017 0.000 0294 0.959

SADKS-1 0,158 0124 1.000 -0.195 0511

Subset for alpha= .05

Line 2 1
WT 3000
adkZz-1  3.031
adki-1 3094
SADKS-1 3.500
sADK4.-2 3,658
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Table 11. Statistical analysis of WT versus ADK deficient lines in rate of 14" leaf extension

Significance of the variance observed in the mutant lines (A) was monitored using one-way
ANOVA (B), with Bonferroni (C) and Tukey B (D) post-hoc analysis.Values showing a
significant variation being highlighted in C. Significant variation was observed in the sADK

mutants to that of WT and even adkl-1 and adk2-1.
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Line Mean N Std. Deviatien

wT 222 32 045
adk1-1 216 32 043
adk2-1 220 3z 040
sADK9-1 232 26 0.63
sADK4-2 251 ag 0.67
Sum of
Squares df Mean Square F Sig.
Botwaan Groups 27649 400 G912 23553 0.00
Within Groups 4540 15500 0.29
Tetel  321.98 159.00
95% Confidence Interval
Mean
{I) Line (J)Line Difference (I-J) Std. Error Sig. Upper Bound _ Lower Baund
W adhi-1 0.531 0.135 0.001 0.146 09017
adk2-q 0.125 0.135 1.000 -0.261 0511
sADKA1 -1.036 0.143 0.000 1443 0.620
sADH4-2 2923 0.130 0.000 -3.293 -2.553
adii-1 WT 0531 01235 0.001 0,917 0145
adk2-1 0406 0.135 0.032 {0797 0.021
SADKE-1 _158T 0143 0.000 1978 ~1.160
SADKA-Z 3459 0130 0.000 3824 3084
adi2-1 WT  -0.125 0.135 1.000 0511 0.251
adki-1 04086 0135 0.032 0.021 0702
SADKI-1 1161 0.143 0.000 1568 0754
SADM4-2 3048 0130 0.000 3418 2673
sADkKS-1 WT 1026 0143 0000 0OE29 1443
adkd-1 1567 0143 0.000 1.160 1075
adkz-1 1161 0143 0,000 0754 1 568
SADHA-Z y gg7 0133 0.000 -2.279 1494
sADk4-2 WT 2923 0130 0.000 2553 3203
adki-1 1454 0130 0.000 2084 3824
adhiz- 3.043 0130 0.000 2678 3418
SADKG-1 1887 01238 0.000 1404 2279

Subsetfor alpha= .05

Line 2 3 4 1
adkf-1 21825
adk2-1 22031
VI 22156
SADKS-1 23192
sADKS-2 25079
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Table 12. Statistical analysis of WT versus ADK deficient lines in formation of shoot > 10 cm

Significance of the variance observed in the mutant lines (A) was monitored using one-way
ANOVA (B), with Bonferroni (C) and Tukey B (D) post-hoc analysis.Values showing a
significant variation being highlighted in C. Significant variation was observed in the sADK

mutants and to that of WT and even adk1-1 and adk2-1.
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Line Mean N Std. Deviation

WT 2T R 3200 1.03
adk1-1 ) az200 107
adk2-1 278 A2.00 0.80
sADK9-1 are 2E00 782
sADK4-2 297 35300 798
adat-1.sADKS 3.8 000 505
Sum of Squares df Mean Square F Sig.
Batwoon Groups 595510 500 1,1491.22 5777 0.an
Within Groups ATH3TE 164 00 2062
Total Y Ay sy Tgyul
95% Confidence Interval
Mean Lower
{l) Line (J) Line Difference (I-J) Std. Error Sig. Upper Bound Bound
W adkiof 0469 1.135 1.000 -2a07 2845
qukZ-1 Q.000 1,135 1.000 SAATG 3370
SALDIKS-1 10418 1.1494 0.ooon -1 Az -1.353
SADKL2 -123149 1089 0nnn -5 554 -4074
adai-i sADK3-1 -8.954 1.154 0.000 -12.286 SHE2D
adk -1 WT -0.453 1.135 1.000 -3845 24807
adk?-1 -0.463 1135 1.000 -3845 2807
SADKS-1 11387 1199 0.00D -14 953 -TEN
sADRKS-2 -12.78% 1.089 0000 -16.028 -4548
adaf-i, sADKS-1 9423 1.154 0.000 -12.855 -5.9491
adk2-1 WT .oon 1.135 1.000 -3378 3373
adki-1 0469 1135 1.000 -2907 3845
sADK1 10918 1.199 0000 RE 7353
sADKRS-2 -12.3149 1.089 0.000 -15:554 -4074
adaf-i, sADKI-1 -3.954 1.1454 0.000 -12.386 5521
sADK G WT e 1.199 0000 7353 14484
adkf-1 1387 1.199 0000 7821 14953
qakZ1 A8 1.199 0.000 Fpclac 14484
SADKL? -14m 1156 1.000 - 535 2036
adaf-i, sADKI-1 1.964 1.217 1.000 -1.654 5583
sADK4-2 WT 12319 1.089 0000 2079 15559
adk -1 12788 1.089 0.00n 9 548 16025
aok2 1 12314 1.089 0.000 9079 154559
5ADKZ-1 1401 1156 1.000 S2036 4438
adaf-i, sADKS-1 3365 1.104 0041 0067 B6B63
adai-i sADKO-1 WT 2054 1.154 0.000 54822 12386
adki-1 9473 1154 0.000 53991 12 855
aak2-1 2.954 1.154 0.00D 5522 12386
SADKI-1 -1.964 1.217 1.000 -5583 1654
SADKAZ -3.3685 1.109 0.041 Ealilak) -0 06T

Subset for alpha = .05

Line 2 3 1
adk -1 27.344
W 27813
adk2-1 27813
adaf-1 sADKO-1 36 TET
SADKS-1 38731 38.731
sADK4-2 40132
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Table 13. Statistical analysis of WT versus ADK and ADA deficient lines in comparison to
mature height

Significance of the variance observed in the mutant lines (A) was monitored using one-way
ANOVA (B), with Bonferroni (C) and Tukey B (D) post-hoc analysis.Values showing a
significant variation being highlighted in C. Significant variation was observed in the sADK
mutants and to that of WT and even adkl-1 and adk2-1.No significant difference was observed

between WT and adal-1, however crossing the mutant into SADK9-1 did.
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Line Mean M Std, Deviation
WT a8 a2 0.54
adk1-1 349 az 063
adk2-1 29 32 062
sADKS-1 6.8 26 135
sADK4-2 40 38 1.05
adal-1 20 32 063
adal-1, sADKZ-1 46 20 097
Sum of Squarss df Maan Squars F Sig.
Between Groups 86820 600 144.70 19522 0.00
Within Groups 15936 21500 074
Tatal 1,027 56 22100
Mean 96% Confidence Interval
Driffersnce
() Line {J) Line {1-J} Std. Error Sig. Upper Boind  Lowai B
WT acthd. A 0011 0215 1.000 0673 0.651
adk2.q -0.051 0.215 41000 -0723 0.601
sADKS1 2062 0227 0000 13632 2.761
sADKA-2 4742 0.207 0000 4157 5427
adaf.f 0832 0.215 0001 0221 1.545%
adaf-i, sADKS-1 4252 0.218 0000 2530 4925
KT -7 WT oot 0213 1000 -0.651 0673
adk2.q -0.050 0.215 1.000 0712 0612
SADKS-1 2073 0.227 0000 1374 23772
sADK4-2 4502 0.207 o.ooo 4168 5438
adef-f 0.694 0.215 0001 0232 1.556
adaf-1 sADKS1 4262 0219 0000 2591 4.936
aifk2-1 WT 00861 0215 1.000 -0601 0722
adki-f 0050 0.215 1.000 -0612 0.712
sADKD-1 2122 0.227 0.000 1424 2.822
sADHL-2 4852 0207 0000 4218 5488
adaf.f 0344 0215 0000 0232 1.606
adaf-1, sADKIA 4313 0.21¢ 0000 a641 4.986
sADkKS A WT 2082 0.227 0000 -2.781 -1.383
aakT. T -2073 0.227 0000 2772 -1.374
adhz-1 -2123 0227 0000 -2822 -1424
sADKA-2 2730 0.219 0.000 2058 3403
adaf-f -1.179 0.227 0000 -1878 -0.480
adal-i sADKS-1 2190 0231 0.000 1481 2.900
sADK4-2 WT 4792 0.207 0.000 -5427 -4.187
adkit-f -4.803 0207 0000 -54328 -4.168
adk2-1 -4.853 0207 0000 -5458 -4.218
sADKSA -2730 0218 0000 -3403 -2.056
adaf.d -3.409 0.207 0000 -4 544 3274
adaf-i. saDK21 -0.534 0210 023 -1.186 0107
adai-1 WT  -0883 0215 0001 -1545 -0.221
adki. {4 -0.894 0215 0001 -1.556 -0.232
adk2.1 -0.944 0.215 0.000 -1.606 -0.282
saDKa 1178 0.227 0000 0430 1.878
sADkA.2 2909 0.207 0000 3274 4 544
adaf-1, sADKZ 3370 0.219 0000 2697 4.042
adaf-f sADK9A WYT -4,252 02149 0000 -4.9325 -3580
adki.f -4 263 0219 0000 -4.936 -3.581
a2 4313 0219 0000 4986 S350
sADKD -2.190 0.231 0.000 -2.900 -1481
sADk4-2 0539 0.210 0231 -0.107 1186
aoaf.-f -3.370 0219 oooo -4.042 -2.657
Subset for alpha= .05
Line 2 3 4 5 1
sADKk4-2 4047
adaf-f sADk9 4 557
sADKS1 6.777
adai-d 7956
wWT 2838
adrT-7 850
adkz=1 G0
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SUMMARY

The purpose of this research was to further our understanding of the enzymes involved in
Ado salvage and to establish the localization of ADK and along with SAH hydrolase. In
order to study the Ado recycling enzymes ADK and ADA, mutants were identified and
studied. Tagged lines lacking in either ADKI1 (adkl-1) or ADK2 (adk2-1) had no
discernable phenotype. Thus, at the development stages examined, ADK isoforms have
no specialized function and appear to be interchangeable. Reducing overall ADK levels
to 6-20% with genes silencing transgenes does result in a phenotype: wrinkled leaves,
reduced internode length, clustered inflorescences, delayed senescence and lack of petal
abscission/silique dehiscence. ADK tagged lines most likely did not display such a
phenotype due to the retention of approximately half of WT ADK activity. Therefore
ADK activity is necessary for viable Arabidopsis. Evidence supports both a decrease in
methylation and increased CK levels as causes for the phenotype observed in the sSADK
lines; severe SADK mutants exhibit up to a 30% reduction in cytosine methylation and a
>10-fold increase of total cytokinins. Both of these deviations appear to be due to the
decrease in Ado salvage: higher levels of Ado result in higher levels of inhibitory SAH
and it would appear that ADK does play a role in CK interconversion.

T-DNA insertion lines of putative ADA (adal-1) were also examined, and like the
ADK tagged lines resulted in no phenotypic abnormality. However when the ADA was
crossed with sADK9-1 (adal-1,sADK9-1) the sADK phenotype became more severe,
particularly in the occurrence of the sADK phenotypes observed and delayed leaf
senescence. Analysis using HPLC and GC-MS also supports the decrease in adenosine

salvage as both genomic methylation and CK levels were also affected. Thus the loss of
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the putative ADA does not appear to affect Arabidopsis metabolism unless ADK levels
are lowered. This would suggest that the putative ADA does perform some function in
adenosine salvage, although its role is less significant than that of ADK. Further study is
required to determine whether or not the putative ADA has ADA activity and the
generation of more stable miRNA lines to assess ADK loss.

Localization of ADK and SAH hydrolase was examined using various methods.
TEM analysis of immunogold labelling for the two enzymes indicated they reside in the
nucleus, cytosol and chloroplast. Use of GUS translational fusion lines of ADK and SAH
hydrolase isoforms supports this pattern of localization. Aside from supporting the
immunogold findings, the GUS fusions also support the possibility of active transport
into the nucleus as the large GUS protein attached to the proteins would make it
impossible for them to simply diffuse into the nucleus. However, examining GFP
translational fusion lines casts doubt as to whether the enzymes are capable of localizing
to chloroplasts as no GFP fluorescence was detected in the plastid. Further analysis using
chloroplast extracts for immunoblotting and in vitro import assays also provide
questionable results. Possible explanations for this contradicting information are that the
enzymes are only present in small amounts undetectable by GFP fluorescence, improper
folding of the GFP translational fusion lines and ADK and SAH hydrolase needing to be
tightly bound to outer envelope to allow transport (which subsequent thermolysin
treatment removes from the chloroplast extracts). Future research will be dedicated to
establishing whether or not ADK and SAH hydrolase are capable or localizing to the

chloroplast and how they are targeted to the nucleus using GFP deletion lines.
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