The Pennsylvania State University
The Graduate School
Graduate Program in Plant Physiology

DISSECTING THE MECHANISM UNDERLYING
EPIGENETIC ACTIVATION
OF THE MAIZE SPM TRANSPOSON
BY THE ELEMENT-ENCODED TNPA PROTEIN

A Thesisin
Plant Physiology

by
Hongchang Cui

© 2003 Hongchang Cui

Submitted in Partial Fulfillment
of the Requirements
for the Degree of
Doctor of Philosophy

August 2003



The thesis of Hongchang Cui has been reviewed and approved by the following:

NinaV. Fedoroff

Willaman Professor of Life Sciences
Evan Pugh Professor

Thesis Co-Advisor

Chair of Committee

Jerry L.Workman

Associate Investigator, Howard Hughes Medical Institute
Paul Berg Professor of Biochemistry and Molecular Biology
Thesis Co-Advisor

Hong Ma
Professor of Biology

Teh-hui Kao
Professor of Biochemistry and Molecular Biology
Head of the Graduate Program in Plant Physiology

* Signatures are on file in the Graduate School.




ABSTRACT

The activity of the maize Som transposon is epigenetically regulated. The promoter
and its downstream GC-rich sequence are extensively methylated when the transposon is
inactive and unmethylated when the element is active. A methylated, inactive Som
transposon can be activated by an active element, and the activation is accompanied by
loss of DNA methylation in both the promoter and the GC-rich sequence. Previous
studies have identified TnpA, one of the Som-encoded transposase proteins, as the trans-
acting factor that mediates the epigenetic activation of an inactive Som. However, how
TnpA promotes DNA demethylation has yet to be determined.

To facilitate elucidating the underlying mechanism, | have developed a novel assay
system that permits demethylation of the Spm sequence to be controlled by inducing
expression of TnpA in transgenic tobacco cells. Using thisinducible DNA demethylation
system, | show that TnpA-mediated DNA demethylation occurs at arate much faster than
that attributable to interference with methylation maintenance during DNA replication.
This observation strongly suggests an active process.

In further studies, | show that TnpA is a weak transcriptional activator and that
deletions that disrupt its ability to activate transcription also eliminate its ability to
promote DNA demethylation. Since the fusion protein between the truncated protein and
the viral VP16 activation domain has stronger DNA demethylation activity as well as
transcriptional activity, it is thus concluded that TnpA’s transcriptional activity plays an

important role in promoting DNA demethylation.



Although TnpA-mediated demethylation of the Som sequence is rapid over the
whole process, initial DNA demethylation is very slow. Moreover, DNA demethylation
has been observed only in callus and suspension cells, but not in leaves that have ceased
to divide. Using inhibitors of DNA replication and cell division, | show that DNA
replication is required as well for TnpA-mediated Spm demethylation. By using a gel
mobility shift assay | show that the binding affinity of TnpA to fully methylated DNA
fragments derived from Spm termini is much lower than its affinity for the same
fragments when hemi-methylated or unmethylated. Based on these observations, a two-
step DNA demethylation mechanism is suggested where TnpA binds to the post-
replicative, hemi-methylated Spm sequence and promotes demethylation either by
creating an appropriate demethylation substrate or by itself participating in or recruiting a
demethylase complex.

In animals cells several enzymatic activities have been identified that appear to be
capable of converting 5-methylated cytosine (5mC) into normal cytosine through distinct
mechanisms. Although there are cytological observations that suggest the presence of
DNA demethylase in plant cells, no biochemical evidence has ever been obtained. Inthe
present study, | have developed an in vitro DNA demethylation assay for which a
hemimethylated DNA fragment derived from Som promoter and GC-rich sequence is
used as the substrate. A DNA demethylase activity is detected in nuclear extract that is
prepared from suspension cultured tobacco cells.

To investigate whether TnpA is itself a sequence-specific DNA demethylase or it
recruits a DNA demethylase activity to the Som sequence, | have purified native TnpA

protein and its truncated derivatives from tobacco suspension cells by



coimmunoprecipitation. No DNA demethylase activity is detected in the TnpA-
containing immunoprecipitate, however, indicating the lack of a specific physical
interaction between TnpA and DNA demethylase. These results clearly rule out the
possibility that TnpA is a sequence-specific DNA demethylase.

To further explore the connection between transcriptional activation and DNA
demethylation, | have generated transgenic tobacco lines with the Som promoter and GC-
rich sequence under the control of a glucocorticoid-inducible promoter. DNA
demethylation is observed in lines that show inducible transcription through the Som
sequence. Som demethylation is rapid, again suggesting an active DNA demethylation
process. Taken together, these observations strongly suggest that ThpA promotes Som
demethylation by facilitating the access of DNA demethylase activities to methylated
DNA as a consequence of transcriptional activation.

Since several other trans-acting factors that are known to promote DNA
demethylation are also transcription factors, the present study has likely revealed a
common mechanism for epigenetic regulation. The theoretical and practical implications
of the present findings are discussed. Lastly, severa future directions and approaches are

briefly described.
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Chapter 1

INTRODUCTION

DNA methylation is an aimost universal phenomenon in living organisms ranging
from bacteria to the human being (Palmer and Marinus, 1994; Y oder and Bestor, 1996).
In prokaryotic cells, methylation occurs on both adenosine and cytosine, giving riseto 6’ -
N-methyl adenosine and 5-methylcytosine (5mC) respectively, and is functionally
important in such processes as methylation-directed DNA repair (Modrich, 1989), control
of DNA replication initiation (Abeles et al., 1993), as well as protection of the host cell
against foreign nucleic acid invasion (Palmer and Marinus, 1994). By contrast, DNA
methylation in eukaryotes is normally found as 5mC only. Whether 5mC maintains these
prototypic functions is still unclear, but there are indications that it may play arolein
controlling initiation of DNA replication (Rein et a., 1997). Extensive studies over the
past decades, however, have shown that DNA methylation is an important epigenetic

modification for normal growth and development in eukaryotes.

DNA Methylation is Essential for Growth and Development

In mammals, DNA methylation islinked to avariety of phenomena such as parental
imprinting (Constancia et al., 1998; Reik and Walter, 1998), X-inactivation (Allaman-

Pillet et al., 1998), and allelic exclusion of gene expression (Mostoslavsky et al., 1998).



Since 5mC is normally associated with virus sequences, transposons and retrotransposons
as well as other repetitive sequences (Kochanek et al., 1995; ten Lohuis et al., 1995;
Bingham, 1997; Y oder et al., 1997; Fedoroff, 2000), DNA methylation has been regarded
as a safeguarding mechanism against genome instability. DNA methylation has also been
shown to repress homologous recombination (Maloisel and Rossignol, 1998).

The importance of DNA methylation to eukaryotic organisms has been revealed by
studies of animal and plant mutants that have a reduced level of DNA methylation. In the
mouse, adeficiency in DNA methylation results in embryonic death early in development
(Li et al., 1992; Okano et al., 1999). A variety of diseases have been associated with a
genome-wide decrease in DNA methylation (Hendrich, 2000), among them Rett
syndrome (Van den Veyver and Zoghbi, 2000) and immunodeficiency centromeric
instability and facial anomalies (ICF) (Hansen et al., 1999). Although the survival of
Arabidopsis ddml mutant is not affected, its growth and development are seriously
impaired (Vongs et a., 1993; Kakutani et al., 1996). Deficiency in genome-wide DNA
methylation causes abnormal flower development (Jacobsen and Meyerowitz, 1997,
Jacobsen et al., 2000; Soppe et a., 2000) and loss of imprinting (Baroux et al., 2002;
Grini et a., 2002). Moreover, many tissue- and cell-specific genes have specific patterns
of DNA methylation, and maintenance of this methylation pattern seems essential for
normal cell growth and differentiation (Rossl et al., 1997; Leegwater et a., 1998; Samac
et al., 1998). Programmed changes in the DNA methylation pattern of flower specific
genes has been reported during the process of vernalization, a treatment that promotes

flowering (Sheldon et al., 1999). In human cancer cells, genes that are essential for cell



proliferation are often found to be associated with aberrant DNA methylation (Schmutte

and Jones, 1998).

Biochemistry of DNA Methylation

Maintenance of DNA Methylation

DNA methylation is heritable, that is, it can be passed through DNA replication and
to succeeding generations. DNA methylation is maintained by maintenance DNA
methyltransferase (Bestor and Verdine, 1994; Adams, 1995). In animals, two
maintenance DNA methyltransferase genes have been identified, DNMT1 and DNMT2,
but only DNMT1 has been shown to have DNA methyltransferase activity (Hsieh, 1999a;
Robert et al., 2003). It has been reported recently that not only the C-terminal catalytic
domain, but also the N-terminal regulatory domain, is essential for DNA methylation
(Araujo et a., 2001). The lack of the N-terminal domain in DNMT?2 is the likely reason
why DNMT?2 does not have methyltransferase activity (Okano et al., 1998), although it
contains all the catalytic domains (Y oder and Bestor, 1998). In contrast, plants have two
functional DNA methyltransferase genes. In addition to MET1, which is the counterpart
of DNMT1 in animals (Jeddeloh et al., 1998), a new methyltransferase,
CHROMOMETHYLASE 3, appears to be a plant specific DNA methyltransferase.
Unlike DNMT1 or MET1, which maintains methylation in CpG dinucleotides (Finnegan

and Kovac, 2000), CHROMOMETHYLASE 3 (CMT3) is responsible for the



maintenance of CpXpG methylation, which is a magjor DNA modification in plants but
essentially absent in animals (Jeddeloh and Richards, 1996; Lindroth et al., 2001).
Consistent with a role of DNMTL1 in maintenance of DNA methylation, in vitro
studies have shown that DNMTL1 recognizes and preferentially methylates
hemimethylated duplex DNA. Moreover, maintenance of DNA methylation appears to be
coupled with DNA replication, as DNMT1 colocalizes at the replication loci with PCNA,
a DNA polymerase accessory factor (Leonhardt et al., 1992; Chuang et al., 1997; Liu et
al., 1998). Physical interaction between DNMT1 and PCNA has also been reported

(Araujo et al., 2001).

De novo DNA Methylation

Unmethylated DNA sequences, either exogenous or endogenous, can also be
methylated, which is defined as de novo DNA methylation. Since DNMT1 also shows de
novo methyltransferase activity by an in vitro assay and for along time has remained the
only known DNA methyltransferase, it has been regarded as the de novo methylation
methyltransferase as well. However, in vivo studies have clearly demonstrated that
DNMT1 functions only in maintenance of DNA methylation (Hsieh, 1999a). In the
meantime, other proteins with de novo DNA methyltransferase activity have been
identified.

In most organisms, de novo DNA methyltransferases are distinct from the
maintenance DNA methyltransferases. The fungus Neurospora is an exception, however,
where the only DNA methyltransferase, DIM-2, is responsible for both the maintenance

and de novo DNA methylation (Kouzminova and Selker, 2001). In mammals, two de



novo DNA methyltransferases, DNMT3a and DNMT3b, are well characterized. Both
proteins show de novo methyltransferase activity by both in vitro (Okano et al., 1999) and
in vivo assays (Hsieh, 1999a) and use unmethylated DNA as the preferred substrate
(Yokochi and Robertson, 2002). DNMT3b has a weaker methyltransferase activity and
different cellular localization than DNMT3a (Bachman et al., 2001). DNMT3a is
primarily involved in CpG methylation, but also catalyzes cytosine methylation in an
asymmetric (CpN) context (Ramsahoye et al., 2000).

Recent studies show that DNMT3a and 3b may also play an important role in
maintenance of DNA methylation in cooperation with DNMT1. DNMT3aand DNMT3b
could form a complex and colocalize with DNMT1 in the nucleus (Kim et al., 2002).
Since hemimethylated DNA of a repetitive sequence can be converted to fully methylated
DNA by overexpression of DNMT3aand DNMT3b, but not DNMT1, it is suggested that
maintenance of DNA methylation in some sequences could be partly achieved through de
novo methylation (Liang et a., 2002). This accounts for the observation that substantial
level of DNA methylation is still detected in human cells lacking the DNMT1 gene (Rhee
et al., 2000).

A mammalian de novo methyltransferase-like gene, DNMT3L, has been identified
as well (Aapola et al., 2000). Unlike DNMT3a and DNMT3b, DNMT3L lacks DNA
methyltransferase catalytic domains (Bourc'his et al., 2001). Nevertheless, it still
stimulates de novo methylation in maternal imprinting (Bourc'his et al., 2001).
Subsequent studies have revealed that DNA methylation due to DNMT3L is achieved by

recruitment of the DNMT3a protein (Chedin et al., 2002; Hata et al., 2002).



Two homologs of the animal de novo DNA methyltransferase genes, DRM1 and
DRM2, have been identified in Arabidopsis (Cao et al., 2000), and there is genetic
evidence that they are indeed required for de novo DNA methylation (Cao and Jacobsen,
2002a). All the conserved methyltransferase motifs are present in these proteins but in a
noncanical order, which gives their names (DRM stands for Domain Rearranged
Methyltransferase) (Cao et al., 2000). Unlike DNMT3a and DNMT3b, DRM1 and DRM2
appear to be redundant genes because only double mutants show decrease in DNA
methylation (Cao and Jacobsen, 2002a). Moreover, DRM1 and DRM2 also show
overlapping function with CMT3 in maintaining CpNpG methylation (Cao and Jacobsen,
2002b). These findings indicate that plants have evolved some unique feature in

controlling DNA methylation.

DNA Methylation Represses Transcription

In eukaryotes, a magjor function of DNA methylation is to represse transcription. In
some cases, DNA methylation may inhibit transcription directly by reducing the binding
affinity between transcription factors and their target promoter sequences (Bednarik et
a., 1991; Inamdar et al., 1991; Kochanek et al., 1995). In others, DNA methylation does
not apparently affect DNA binding by transcription factors, but transcription is still
efficiently repressed (Holler et al., 1988; Silke et al., 1995; Rossi et al., 1997). Obvioudly,
in the latter situation DNA methylation alone is insufficient to bring about transcription
inhibition, suggesting the involvement of additional mechanisms. In agreement with this

view, afamily of methylated-DNA binding proteins (MBDs) has been identified (Meehan



et al., 1989; Lewiset a., 1992) (Hendrich and Bird, 1998), and most of them can target to
methylated DNA for transcription repression (Fujita et al., 1999; Ng et al., 1999; Ng et

a., 2000; Hendrich et al., 2001).

Methylated DNA Binding Proteins

The essential role of MBDs for transcription repression by DNA methylation has
been elegantly demonstrated in studies of MeCP2, which, due to its abundance in the
nucleus, has received the earliest attention. MeCP2 contains two domains that are
required for transcription repression: one is a methylated DNA binding domain and the
other a repressor domain (Nan et al., 1997). In Drosophila melanogaster, which lacks
substantial level of DNA methylation (Lyko et al., 2000), transcription activity from the
leukosialin promoter does not differ substantially whether the promoter is unmethylated
or methylated. Strikingly, however, transcription from the methylated promoter is
significantly inhibited when the human MeCP2 gene is expressed in Drosophila (Kudo,

1998).

DNA Methylation Functions through Chromatin Remodeling

Despite a general correlation between DNA methylation and transcription
repression, numerous examples exist where heavily methylated DNA is still actively
transcribed (Garrick et al., 1996; Walsh and Bestor, 1999). These observations support
the view that DNA methylation alone is not sufficient for gene silencing. They further
suggest that the presence of MBDs does not necessarily leads to transcriptional

repression. More recent studies have revealed that transcription repression by DNA



methylation interfaces with another gene regulatory mechanism, i.e., chromatin
remodeling and chromatin protein modification, histones in particular (Geiman and
Robertson, 2002; Robertson, 2002).

A functional link between DNA methylation and chromatin remodeling is
suggested by an early study on transcription regulation of the HSV tk gene by DNA
methylation (Kass et a., 1997). Kass et al found that methylated templates are initially
assembled into active transcription complexes and transcription inactivation occurred
only when chromatin structure was reconstituted (Kass et al., 1997). In agreement with a
key role of chromatin remodeling in transcriptional regulation, heavily methylated and
transcriptionally inactive genes are generally associated with heterochromatin, a
facultatively condensed form of chromatin (Geiman and Robertson, 2002; Robertson,
2002) and transcriptional activation results in chromatin decondensation (Tumbar et a.,
1999; Muller et a., 2001; Nye et al., 2002).

Further studies have shown that all known transcription repressor-like methyl-DNA
binding proteins, including MBD1, MBD2, MBD3 as well as MeCP2, are components of
larger repressor complexes that contain histone deacetylase activity (Y oder and Bestor,
1996; Razin, 1998; Ballestar and Wolffe, 2001). Hyperacetylation of histones, on the 9th
lysine of histone H3 particularly, is a hallmark of transcriptionally active genes. These
observations suggest that histone modification may determine the function of DNA
methylation. Evidence that histone deacetylase is indeed essential for MBD-mediated
gene silencing is derived from the observation that repression of transcription by MBD1
and MBD?2 is relieved by trichostatin A, a specific histone deacetylase inhibitor (Ng et

a., 2000; Magdinier and Wolffe, 2001). Moreover, disruption of the histone deacetylase



activity in the MeCP1 complex abolishes its ability to represses transcription from
methylated DNA (Feng and Zhang, 2001). Interestingly, many transcriptional factors
such as GCN5 and the viral VP16 protein have been shown to contain histone
acetyltransferase activity or interact with other proteins with such an activity (Tumbar et
a., 1999; Dyda et al., 2000; Marmorstein, 2001). Notably, yeast and Drosophila, which
lack substantial levels of DNA methylation, still show a full spectrum of epigenetic
phenomena (Paro et a., 1998; Lyko et al., 2000). Although some MBD-like proteins have
been identified in Drosophila, they appear to repress transcription independently of DNA
methylation (Roder et al., 2000; Ballestar et al., 2001). DNA methylation has thus come
to be regarded as an additional layer of regulation enhancing gene silencing and

maintaining low level of background transcription.

Inter play between DNA Methylation, Chromatin Remodeling,

Histone M odifications and Gene Silencing

More recent studies have revealed intimate links between DNA methylation,
chromatin remodeling, histone modifications, and gene silencing. On the one hand,
chromatin remodeling and histone modifications are essential not only for the function
but also for the maintenance or occurrence of DNA methylation. On the other hand, DNA
methylation is able to alter the structure of chromatin and the status of histone

modifications by recruiting chromatin-remodeling proteins. By such a positive feedback



mechanism, transcriptional repression by DNA methylation is enhanced, ensuring robust

control of gene regulation.

Dependence of DNA Methylation on Chromatin Remodeling and Histone M odifications

An important role of chromatin proteins in maintaining DNA methylation is
uncovered by the finding in plants that mutationsin DDM1, a ATP-dependent SWI/SNF-
like chromatin remodeling gene, cause a genome-wide decrease in DNA methylation
(Jeddeloh et al., 1999). As the ddml mutation does not affect the expression or the
activity of DNA methyltransferase (Bartee and Bender, 2001), it is likely that the DDM 1
protein itself is required for the maintenance of DNA methylation. A similar phenotype
has been observed in mammals that lack the related chromatin remodeling proteins LSH
in the mouse (Dennis et al., 2001) and ATRX in the human (Gibbons et al., 20003,
Bourc'his and Bestor, 2002).

How chromatin-remodeling proteins affect the status of DNA methylation is still
unclear, but there is convincing data that histone methylation, particularly at the 9th
lysine of histone H3 (H3mK9), and heterochromatin formation are key determinants of
DNA methylation. In the fungus Neurospora, a mutation in DIM-5, the sole histone
methyltransferase gene, leads to a complete loss of DNA methylation (Tamaru and
Selker, 2001; Selker et al., 2002). Mutations in KRYPTONITE, a histone
methyltransferase gene in Arabidopsis, cause loss of DNA methylation as well, albeit
primarily in the CpNpG context (Jackson et al., 2002). Moreover, the ddml and kryp
mutants have a reduced level of histone methylation in regions where the level of DNA

methylation decreases (Gendrel et al., 2002). The latter study also showed that

10



heterochromatin protein HP1, but not methylated H3, interacts with CM T3, the CpNpG
DNA methyltransferase (Jackson et al., 2002). The role of HP1 in heterochromatin
formation has been demonstrated in Drosophila (Li et al., 2003). These studies have
therefore revealed an important role of heterochromatin in DNA methylation. Indeed,
both the ddm1 and atrx mutants show defects in chromatin condensation (Gibbons et al .,
2000; Probst et al., 2003).

In addition to methylation, histones have other modifications such as acetylation,
phosphorylation and ubiquitinization. Each seems to play a different role in gene
regulation (Richards and Elgin, 2002). Since acetylation and methylation cannot occur
simultaneously at the same position (K9), acetylated histones must be deacetylated
before being methylated. In the ddml and kryp mutants, a decrease in the extent of DNA
methylation is associated not only with the loss of histone methylation, but also with
histone hyperacetylation (Gendrel et al., 2002; Johnson et al., 2002). Histone

deacetylation thus could play acritical role in the occurrence of DNA methylation.

Transcriptional Gene Silencing Leadsto DNA Methylation

Heterochromatin, histone hypoacetylation and methylation at K9 are generally
associated with transcriptionally inactive sequences such as the centromeres, transposons
and other repetitive sequences (Avramova, 2002; Richards and Elgin, 2002). Since thisis
also true for such organisms as yeast and Drosophila, which are either deficient in DNA
methylation or lack substantial levels of DNA methylation (Schotta et al., 2002), DNA
methylation could be secondary to transcriptional inactivation. Supporting this view,

silencers derived from Drosophila not only repress transcription but also become

11



methylated in transgenic mice (Brenton et al., 1999). Conversely, mammalian sequences
that remain methylated in their host behave as silencers in Drosophila without
involvement of DNA methylation (Drewell et al., 2000). Importantly, accumulating
evidence indicates that DNA methyltransferases do not bind DNA themselves but are
recruited to target DNA sequences through sequence-specific DNA binding
transcriptional repressors (Fuks et al., 2001; Kishimoto et al., 2001; Zilberman et a.,
2003). Thisis also true for DNMT3L, a DNA methyltransferase homolog (Aapola et al.,
2000) that has no DNA methyltransferase activity (Aapola et al., 2002). Recently
DNMTS3L has been shown to be a transcriptional repressor that interacts with histone
deacetylase and directs DNA methylation through recruitment of de novo DNA
methyltransferases DNMT3A and DNMT3B (Deplus et al., 2002). Although there is
disagreement over whether DNA methylation determines the status of histone
methylation and hypoacetylation (Soppe et al., 2002), most studies strongly suggest that
transcriptional gene silencing determines or precedes the occurrence of DNA

methylation.

Feedback of DNA Methylation on Gene Silencing, Histone Modifications and Chromatin

Remoldelling

Once established, DNA methylation not only maintains gene silencing, but also
affects transcription and DNA methylation in flanking sequences by altering the status of
histone modification and chromatin structure. As discussed previously, there exist a
number of MBDs that are associated with histone deacetylase. All DNA

methyltransferases are associated with histone deacetylases (Burgers et al., 2002).
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Hypoacetylated histones arising from the binding of MBDs and DNA methyltransferases
would become potential sites for histone methyltransferase, which in turn modifies the
histones and eventually effects DNA methylation. By such a positive feedback
mechanism, DNA methylation and heterochromatin can be spread into flanking
sequences, and in the case of X-inactivation it even spreads to the whole chromosome
(Brockdorff, 2002).

Spreading of DNA methylation is not unlimited, however, due to the counteraction
by transcriptional activators. Many transcriptional co-activators such GCN5 and
P300/CBP have histone acetyltransferase activity and they can prevent the formation of
heterochromatin by maintaining histones in a hyperacetylated state (Frit et al., 2002).
Transcriptional activators can also resolve compact heterochromatin by recruiting
chromatin-remodeling factors like SWI/SNF proteins (Varga-Weisz, 2001; Li et al.,
2002). The boundary of heterochromatin thus seems to be determined by the relative
strength of the two opposing forces. histone hyperacetylation resulting from
transcriptional activation and histone hypoacetylation and methylation as a consequence
of repressor binding (Dillon and Festenstein, 2002). Since different genes need to be

transcribed at different stages of development, the boundary is not static, but dynamic.

DNA Methylation is Reversible

DNA methylation is both heritable and reversible. Methylated DNA can become
demethylated in one of two ways, designated “passive” and “active” (Hsieh, 2000; Kress

et a., 2001; Relk et al., 2001). Passive DNA demethylation occurs by the replication of
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methylated DNA without remethylation. This gradually dilutes the concentration of
methyl groups and methylated DNA strands in a cell population. Passive DNA
demethylation is a predictable function of cell division time, since fully methylated DNA
becomes hemimethylated after one cycle of replication and only half of the daughter
molecules are unmethylated after two replication cycles. Active DNA demethylation
occurs rapidly and can, in some cases, be independent of DNA replication. In mammals,
genome-wide DNA demethylation occurs in germ cells, as well as in early embryonic
development (Dean et al., 2001; Reik et a., 2001). Loss of DNA methylation in the
paternal genome after fertilization is rapid (within 4 hrs) and independent of DNA
replication (Mayer et al., 2000; Oswald et al., 2000; Santos et al., 2002). However, the
heavily methylated maternal genome is not demethylated as rapidly as the paternal
genome (Oswald et al., 2000; Dean et a., 2001). Little is known about methylation and
demethylation during plant development, but it appears that DNA is actively
demethylated during pollen development (Oakeley et a., 1997).

DNA demethylation also occurs during later stages of plant and animal
development, but in a sequence-specific manner. Genome-wide DNA demethylation in
early animal embryonic development is followed by de novo methylation (Reik et al.,
2001). The new methylation pattern is stably propagated during development, except for
the selective demethylation of genes in specific tissues or at particular developmental
stages (Migeon et a., 1991; Brunk et al., 1996; Kirillov et a., 1996; Grange et a., 2001).
Tissue-specific gene demethylation has been observed in response to hormone treatment
(Wilks et al., 1984; Grange et a., 2001; Thomassin et al., 2001). Gene-specific DNA

demethylation has also been detected during vernalization in certain flower-specific
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genes (Sheldon et al., 1999; Soppe et al., 2000). The most extensively studied
demethylation mechanisms in plants are those associated with transposable elements and
there is evidence for both global demethylation of plant transposons and sequence-
specific demethylation (Fedoroff et al., 1995; Jeddeloh et al., 1999; Hirochika et al.,

2000; Bartee and Bender, 2001).

Biochemistry of DNA Demethylation.

While substantial progress has been made in identifying and analyzing the multiple
DNA methyltransferases of both higher plants and animals, relatively little is known
about the biochemistry of DNA demethylation. Several DNA demethylation mechanisms
have been identified in animal cells. The nucleotide excision repair (NER) pathway
entails nicking of the DNA duplex at 5-methylcytosine (5mC) residues and removal of
the nucleotide (Jost, 1993; Vairapandi and Duker, 1993). The base excision repair (BER)
pathway commences with the cleavage of the glycosidic bond and removal of the 5-
methylcytosine by a DNA glycosylase (Jost and Jost, 1995; Jost et al., 1995; Vairapandi
and Duker, 1996). The resulting gap from the NER pathway or the abasic site from BER
is subsequently replaced by cytosine as a result of DNA repair activities (Jost and Jost,
1995; Jost et al., 1995; Vairapandi and Duker, 1996; Scharer and Jiricny, 2001). Two
distinct 5-methylcytosine DNA glycosylase activities have been reported, one is specific
for fully methylated DNA (Vairapandi and Duker, 1996) and the other has a preference
for hemimethylated DNA as the substrate (Jost and Jost, 1995; Jost et al., 1995). Both 5-
methylcytosine DNA glycosylase enzymes appear to require an RNA moiety for activity

(Fremont et al., 1997; Jost et a., 1997; Vairapandi et al., 2000).
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DNA demethylation can also be achieved by deamination of 5mC to thymine (T),
followed by repair of the G/T mismatch by the G/T mismatch DNA glycosylase activity
of methyl-binding protein 4 (MBD4) and DNA repair enzymes that remove and repair the
abasic residue with cytosine (Bellacosa et al., 1999; Hendrich et al., 1999; Petronzelli et
al., 2000).

DNA demethylation by direct removal of the methyl group from 5-mC is
controversial. Although it has been claimed that the methyl DNA-binding protein 2
(MBD2) has such a ‘bona fide' DNA demethylase activity (Bhattacharya et al., 1999),
efforts in several laboratories have failed to replicate these findings (Ng et al., 1999;
Wade et al., 1999). On the contrary, evidence that MBD2 is a transcriptional repressor
has steadily accumulated (Ng et al., 1999; Boeke et al., 2000; Tatematsu et al., 2000;
Magdinier and Wolffe, 2001; Yu et al., 2001). Moreover, active DNA demethylation was
not affected even in cells that are deficient in the MDB2 protein, suggesting that MBD2
does not have detectable DNA demethylase activity (Santos et al., 2002). Direct
enzymatic demethylation has long been considered unlikely because it is highly
unfavorable energetically, but it is not impossible (Cedar and Verdine, 1999). Hence the
guestion of whether DNA is demethylated by direct removal of methyl groups remains
open.

5-methylcytosine could be demethylated as well by an oxidative demethylation
mechanism. The bacterial AIkB protein, a 2-oxoglutarate-dependent and iron-dependent
oxygenase, recently has been shown to correct DNA with alkylated adenine and cytosine

(Falnes et al., 2002; Trewick et al., 2002). AlkB can use both double- and single-
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stranded DNA as substrate, but has a preference for single-stranded DNA. Homologs of
the bacterial AIkB gene have been identified in human and other mammals.

Although the animal enzymes described above have been implicated in DNA
demethylation, whether they participate in regulating DNA methylation in vivo still
remains mysterious. Much less has been learned about the biochemistry of DNA
demethylation in plants. Very recently, two Arabidopsis DNA glycosylase genes, ROSL
and DEMETER, have been shown to encode DNA glycosylase. Whereas ROS1 was
shown to be essential for preventing DNA methylation and maintaining active
transcription of a stress-inducible gene in the presence of homologous transgenes,
DEMETER does not appear to function in regulating DNA methylation at all (Fremont et

al., 1997).

Sequence-Specific DNA Demethylation.

Several trans-acting factors have been shown to promote sequence-specific DNA
demethylation, among them the ubiquitous transcription factor Spl (Silke et al., 1995), as
well as NF-kappa B (Kirillov et al., 1996), the EBNA-1 protein (Hsieh, 1999b) and the
glucocorticoid receptor (Grange et a., 2001; Thomassin et al., 2001). There is evidence
that these proteins promote active DNA demethylation, rather than just interfering with
maintenance DNA methylation, another mechanism by which DNA can be demethylated
(Wilks et al., 1984; Matsuo et al., 1998; Hsieh, 1999b; Grange et al., 2001; Lin and
Hsieh, 2001; Thomassin et al., 2001). The target specificity of DNA demethylation by
transcription factors is likely to be determined by the DNA binding domain, but

transcription activation may also play arole (Matsuo et al., 1998). Consistent with the

17



view that transcription activation is important for DNA demethylation, a recent study
indicates that histone acetylation, which generally accompanies transcription, might mark
the site for DNA demethylase action (Cervoni and Szyf, 2001). Studies on the NF-Kappa
B factor indicate that additional proteins may be required as well (Matsuo et a., 1998).
Interestingly, 5-methylcytosine DNA glycosylase, which can catalyze DNA
demethylation through the DNA repair pathway, has been shown to interact with the
retinoid or the estradiol receptors, both of which are known to promote sequence-specific
DNA demethylation (Zhu et al., 2001; Jost et al., 2002). However, whether this is the

case for other trans-acting factors still remains to be determined.

The Maize Spm Transposon is Epigenetically Regulated

Some of the earliest evidence for epigenetic regulation of gene expression came
from McClintock’s elegant genetic studies on the maize Suppressor-mutator (Som)
transposable element. McClintock reported that an active Som could undergo what she
termed a “change of phase’, by which she meant a heritable, but reversible, genetic
inactivation (McClintock, 1958, 1963). Peterson, who identified the element
independently but named it as “Enhancer” (En), made similar observations (Peterson,
1966). In further studies, McClintock identified epigenetic variants of the Som transposon
exhibiting different developmental patterns of activation and inactivation (McClintock,
1957-58, 1961, 1968, 1971). Importantly, she deduced that an active Som element could

transiently reactivate an inactive one when they were brought together by a genetic cross
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(McClintock, 1958, 1959, 1971), suggesting that Som encodes a trans-acting factor that
can reactivate a genetically silent transposon.

More recent experiments showed that the genetic activity of Som elements is
correlated with the extent of DNA methylation of the transposon’s 5 end comprising its
promoter and the adjacent GC-rich sequence, termed the downstream control region
(DCR) (Bankset al., 1988). Both are unmethylated in an active Som element and become
progressively methylated as the heritability of the inactive state increases (Banks and
Fedoroff, 1989).

A moderately methylated inactive Som transposon is readily reactivated by the
genetic introduction of an active element (Fedoroff, 1989). Transient reactivation of an
inactive element requires the simultaneous presence of an active element. A heavily
methylated element, termed a “cryptic” Som, is extremely resistant to either spontaneous
or Spm-mediated reactivation. However, exposure to an active Som element gradually
promotes the heritable reactivation of both inactive and cryptic Som transposons.
Heritable activation of the latter is a slow process that occurs over several plant
generations and requires continuous exposure to the active element (Fedoroff, 1989).

Activation of a genetically inactive transposon is correlated with the loss of DNA
methylation in the promoter and the DCR sequences in maize (Banks et al., 1988). Som
undergoes genetic inactivation and methylation of the 5 terminus in transgenic tobacco,
as it does in maize (Masson and Fedoroff, 1989). Further studies have identified TnpA,
one of the two Spm-encoded proteins required for transposition, as the protein that
promotes demethylation of the transposon’s 5’ terminal sequences (Schléppi et al., 1993;

Schl&ppi et al., 1994).
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TnpA is a sequence-specific DNA-binding protein. It recognizes slight variations
of a 12-bp sequence (CCGACACTCTTA) present in 9 copies at the 5 or promoter end
of the element and in 15 copies at the 3' end of the element (Masson et al., 1987; Gierl et
a., 1988). The DNA binding domain is located between amino acids 120 and 420 at the
N-terminus of the protein (Gierl et al., 1988; Trentmann et a., 1993). At its C-terminusis
aleucine-zipper domain that is involved in protein dimerization (Trentmann et al., 1993).
As homodimers TnpA can thus bind two cognate binding sites on one or two DNA
fragments. Accordingly, TnpA could bring together the two ends of the Som sequence,
forming the transposition complex. Notably, the TnpA protein easily aggregates and can
bind its cognate DNA only under reduced condition (Gierl et al., 1988; Trentmann et al.,
1993).

The TnpA-binding motif is present in both direct and inverted orientations at both
ends of the Som transposon. The orientation and the number of binding site appear to
have an effect on TnpA binding. It has been reported that TnpA forms a more stable
complex with DNA fragments with two binding sites in atail-to-tail orientation than in
other orientations (Trentmann et al., 1993). Cooperative TnpA binding between TnpA
binding sites is suggested by the observation that DNA fragments with an increasing
number of binding site form complexes with TnpA at decreasing protein concentrations
(Rainaet al., 1998). These observations could explain why truncation in both ends of the
Som element delays the timing and frequency of transposition (Masson et a., 1987; Raina
et al., 1998).

The Som promoter sequence is co-extensive with the TnpA-binding region at the 5’

end of the element and lacks a conventional TATA sequence (Raina et al., 1993).
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Truncation from the 5’ end gradually reduces but never eliminates its promoter activity
(Rainaet al., 1993). Inactivation of the promoter entails methylation of both the promoter
and the GC-rich DCR, which encodes the untrandated |eader sequence of the single Som
transcription unit. TnpA-mediated promoter demethylation encompasses both the
promoter and DCR sequence (Banks et al., 1988), although there is no TnpA-binding
sitesin the DCR (Rainaet al., 1998). There is evidence that both the N-terminal DNA
binding domain and C-terminal protein dimerization domain are essential for promoting
demethylation of the Som sequence (Schlé&ppi et al., 1994; Raina et al., 1998). These
observations imply that demethylation does not occur by a simple competition between
TnpA and DNA methyltransferases for binding to the ThpA promoter (Schléppi et al.,

1994; Rainaet a., 1998).
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Chapter 2

TNPA PROMOTESRAPID DEMETHYLATION OF THE

SPM SEQUENCE

Introduction

Previous studies have identified TnpA, one of the transposase proteins encoded by
the Spm transposon, as the trans-acting factor that mediates both genetic activation and
demethylation of the Som sequence (Banks et al., 1988; Banks and Fedoroff, 1989;
Fedoroff, 1989; Schlgppi et al., 1993; Schldppi et a., 1994). However, the mechanism by
which TnpA promotes DNA demethylation is unknown.

One possible mechanism by which TnpA promotes demethylation of the Spm
sequence is blockage of DNA remethylation, generally termed passive DNA
demethylation. Multiple copies of the consensus TnpA binding site have been identified
in the Som promoter sequence (Raina et al., 1993), and there is evidence that the DNA
binding domain is indispensable for TnpA’s ability to promote Som demethylation
(Schldppi et a., 1994). Conceivably, during DNA replication TnpA could interfere with
the binding of maintenance DNA methyltransferases to the strand that is newly
synthesized and thus unmethylated, causing loss of DNA methylation.

Active DNA demethylation, or enzymatic removal of methylated cytosine, has been

reported in plants as well as in animals (Aoyama and Chua, 1997; Oakeley et a., 1997,
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Hsieh, 1999; Oswald et al., 2000; Dean et al., 2001; Reik et al., 2001), although it does
not seem to occur in some organisms, such as Xenopus laevis (Stancheva et al., 2002).
Thus, it is possible that an active process could be involved in TnpA-mediated DNA
demethylation. Since a passive mechanism is solely dependent on the number of cell
cycles, whereas an active process is not, these two possible mechanisms can be
distinguished by examining the rate of DNA demethylation relative to the DNA
replication rate. In order to study the mechanism underlying TnpA-mediated DNA
demethylation, | first sought to develop a novel assay system that would meet the
following criteria. First, the assay should be compatible with ongoing DNA replication,
as DNA demethylation may be achieved through a passive mechanism. Second, TnpA
expression should be controllable so that initiation of DNA demethylation can be
accurately timed. Finally, the Som sequence should remain methylated before interaction
with TnpA. To this end, | used an inducible promoter to control the expression of the
TnpA protein in existing transgenic tobacco plants that carry a methylated Som sequence.
| also prepared hemimethylated DNA containing the Som sequence and examined its
sensitivity to methylation-sensitive enzymes Sall and Ecol09l, which were used for
assaying DNA methylation in the Som sequence. The results show that ThpA-mediated
DNA demethylation is rapid, suggesting the involvement of an active DNA

demethylation mechanism.



M aterials and M ethods

Plant M aterials and Treatments

Nicotiana tabacum L. cv Petite Havana line SR1 plants were used in this study.
Transgenic plants were obtained by the Agrobacterium leaf-disc transformation method.
Where indicated, callus cultures were established from leaves of month-old F1 plants
derived from crosses of Som-LUC plants by plants carrying the dexamethasone-inducible
construct for FLAG-TnpA or FLAG-TnpA ,,,. Callus was maintained on agar medium
containing 1X Murashige minimal organics medium (MS) (Life Technologies), 0.8%
agar, 3% sucrose, 1 mg/L a-naphthaleneacetic acid (NAA) (Life Technologies) and 0.1
mg/L 6-benzylaminopurine (BA) (Sigma-Aldrich). Expression of TnpA and ThpA ,,, was
induced in callus by incubating the callus overnight in liquid growth medium containing
10 uM dexamethasone, then transferring it to an agar plate containing 1 mg/L NAA and
0.1 mg/L BA. For continuous TnpA induction in callus, 1 ml liquid growth medium
containing 10 uM dexamethasone was added to the agar plate every 2 days. A similar
regime was followed for other chemical treatments.

The cell doubling time was determined by weighing callus, transferring it onto fresh

callus maintenance medium, and then reweighing it daily.

Plasmid Constructs

To clone the FLAG-TnpA cDNA, a 750-bp fragment containing the FLAG epitope
sequence at the 5’ end was PCR amplified from pRR483 (Raina et al., 1998) using primer

pairs FLAG-1 (5 ATCTTATGGACTACAAGGACGAC3') and FLAG-2
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(5 ATACATCATACCCTTTACAGCS'). The Vent® DNA polymerase (New England
Biolabs) was used for the PCR reaction so that the amplified product was blunt-ended
and ready for subsequent cloning. After restriction with Spll, the PCR products were
resolved on a low melting-point agarose gel and the longer fragment (626 bp) was
recovered and purified. This DNA fragment and a Spll-Spel fragment from pRR483 were
then cloned by a tripartite ligation into pBluescript || KS (+) (Stratagene) that was cut
with EcoRV and Spel. Clones with the full-length FLAG-TnpA cDNA insert (pFLAG-
TnpA) were identified by PCR using the primer pair FLAG-1 and FLAG-2 and were
further confirmed by sequencing.

pFLAG-TnpA ,,, were cloned by ligating the Xhol to Spll fragment from pFLAG-
TnpA and the Spll to Sall fragment from pMS198 (Schléppi et al., 1994) (the Sall site
was filled in using the DNA polymerase Klenow fragment) together into pBluescript |1
KS (+) that was aready cut with Xhol and EcoRV. pFLAG-TnpA,,, encodes the N-
terminal 420 amino acids of TnpA, as aresult of a nonsense mutation introduced by site-
directed mutagenesis at the 3 end of the cDNA for TnpA (Schléppi et al., 1996).

For inducible protein expression, the Xhol to Spel fragment from pFLAG-TnpA
and pFLAG-TnpA ,,, were cloned into pTA7002 (Aoyama and Chua, 1997), giving rise to
PTA-FLAG-TnpA and pTA-FLAG-TnpA,,, respectively. For constitutive protein
expression, the cDNAs for FLAG-TnpA was first cloned as an Xhol to Xbal fragment
from pFLAG-TnpA into pAVA120 (von Arnim et al., 1998), yielding pAVA-FLAG-
TnpA. The expression cassette was then subcloned as a Hindl 1 fragment into pCGN1549

(McBride and Summerfelt, 1990), giving rise to pCGN-35S-FLAG-TnpA.
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Sm Methylation Analysis

Genomic DNA was prepared using a CTAB protocol as described
(http://www.arabidopsis.org/info/Protocols Mundy2.html). Six ug of genomic DNA
were digested in a 40 ul reaction for 16 hrs with 20 units each of EcoRV and the
methylation-sensitive enzymes EcoO109! or Sall (New England BioL abs). The digest
was resolved on a 1.25% Seakem LE agarose gel (BMA) and transferred to Hybond+
(Amersham) nylon membrane. A BamHI-EcoRV fragment from pDC107, part of the
luciferase gene, was used as the probe for subsequent Southern analysis. The signal was
guantified using a Phosphorimager, and the extent of DNA methylation is represented as

the percentage of the total signal in the methylated band.

Preparation and Restriction Analysis of Hemimethylated DNA

A 647-bp DNA fragment containing the Som promoter and DCR, amplified by PCR
from pDC105 (Raina et al., 1993) using primers KS and SK, was used for determining
the sensitivity of hemimethylated DNA to EcoO109I and Sall. 0.2 ug DNA was digested
for 1 hr in a20 ul reaction with 5 units of either enzyme and the digest was resolved on a
1.8% MetaPhor® agarose gel (BMA). The amount of DNA cleaved was quantified using
the Alphalmager ™ 2200 gel documentation and analysis system (Alpha Innotech Corp.).

Methylated DNA was prepared either by using Sssl methylase (New England
BioLabs) or by incorporating 5-methyl-dCTP (Roche Applied Science) during PCR
amplification. Hemimethylated DNA was prepared either by annealing complementary
unmethylated and methylated single-stranded (ss) DNA or by incorporating 5-methyl-

dCTP into the complementary strand of an unmethylated ssSDNA template. Less than
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fully methylated DNA was prepared by synthesizing DNA using a mixture of 5-methyl-
dCTP and dCTP. The composition of DNA was calculated based on the random
probability of dCTP and 5-methyl-dCTP incorporation from a substrate mixture. For
example, at a 5-methyl-dCTP:dCTP ratio of 2:1, the probability of 5-methyl-dCTP
incorporation at each cytosine residue is 2/3; thus, for the EC0O109I cleavage site in the
Spm-Luc transgene, GGGTCCC, hemimethylated DNA with all cytosines methylated
would comprise 2/3 x 2/3 x 2/3 =8/27 of the total DNA, whereas those with 2 or 1
cytosines methylated would be 2/3 x 2/3 x /3 x 3 =12/27 and 2/3 x 1/3 x 1/3 x 3 =6/27
respectively. Likewise, unmethylated DNA would be 1/3 x 1/3 x 1/3 =1/27.

A biotin-streptavidin technigue was used to prepare ssDNA. Briefly, dSDNA was
PCR-amplified using one primer with 5 biotin modification and the other without
modification. After the dsDNA was bound to streptavidin-paramagnetic beads and
washed thoroughly following the vendor’s protocol (CPG Inc.), the unmodified ssDNA
was released by incubation in 0.1IN NaOH for 8 min. The eluate was neutralized by
adding 0.1 volume 1N HCI and 1M Tris-HCI, pH8.0, and the ssDNA was further desalted
using the Qiagen PCR purification kit.

To examine enzyme sensitivity under the digestion conditions used for analysis of
genomic DNA, approximately 1 ng **P-labeled hemimethylated DNA was added to 6 ug
tobacco genomic DNA and digested with 20 units of Sall in a40 ul reaction for 16 hours.
1/5 of the digest was resolved on a 2% agarose gel. After drying, the gel was exposed to
an X-ray film for visualization. DNA was labeled by preincubation with Klenow and

dTTP at 30° C for 15 min, followed by addition of dATP, dGTP and **P-dCTP (10 uCi in
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a 20 ul reaction) and an additional 15-min incubation. All DNA preparations were

purified using Qiagen columns.

Results

Inducible TnpA-M ediated Demethylation of the Som Sequence

To study the mechanism of TnpA-mediated Som demethylation, the early eventsin
TnpA-DNA interactions need to be examined. The TnpA cDNA was therefore expressed

from a glucocorticoid-inducible promoter (Aoyama and Chua, 1997) in transgenic

RB [435s] GvG [ E9 [NosP| Hyg | Nos | GRP E:npA [3af4 LB

4 i}
@T Dex

[Gal4BD | VPI6AD | ——» | Gal4BD | VP1I6AD [ GR |
Dex

Cyt0p|asm Nucleus

Figure 1. T-DNA regon of the binary vector used for inducible expresson of FLAG-
TnpA, deletion derivatives, and fusion proteins FLAG, the FLAG polypeptide sequence;
Dex, dexamethasone, GV G, a hybrid transcription factor consisting of the Gal4 binding
domain (Gal4 BD), the vird VP16 activation doman (VP16 AD) and the glucocorticoid
receptor domain (GR). GV G is constitutively expressed under the CaMV 35S promoter
(35S), however, in the absence of glucocorticoid ligands it is bound by a heat shock protein
(HS protein) and remains inactive in the cytoplasm . Upon binding of dexamethasone (Dex),
GVG isactivated and transported into the nucleus, where it promotes transcription from the
GVG responsive promoter (GR P). Nos P, the nopaline synthase promoter; hyg, the
bacterial HPTII gene, conferring hygromycin resistance; Nos, the nopaline synthase poly
(A) addition sequence; E9 and 3A, the poly (A) addition sequences of pea ribulose
bi sphosphate carboxylase small subunits rchS-E9 and rchS-3A, respectively.
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tobacco lines containing a methylated Spm sequence in a luciferase reporter construct
designated Spm-LUC (Schldppi et a., 1994) (Fig. 1 and 2A). To facilitate protein
monitoring, a FLAG-epitope tag was fused in-frame to TnpA’s N-terminus based on the
previous observation that an N-terminal 120-amino acid deletion did not affect its ability
to mediate Som demethylation (Schl&ppi et al., 1994). To determine whether the FLAG-
tagged TnpA protein promotes demethylation, a plant expressing the fusion protein from
a Cauliflower Mosaic Virus (CaMV) 35S promoter was crossed to a plant containing a
heavily methylated Som-LUC transgene and was monitored for the methylation of the
Spm sequence. The Spm sequence was demethylated in all 6 progeny plants examined
(not shown), indicating that the FLAG-TnpA retains its demethylation activity.

The inducible TnpA construct, designated pTA-FLAG-TnpA, was transformed into
an Som-LUC transgenic tobacco line, SR1-83, in which the Som sequence showed about
50% methylation. The Som sequence was demethylated in the resulting transgenic
calli and methylation was restored to a very low level even in the second generation of
regenerated plants. | therefore screened many independent lines of transgenic plants that
contain only the Som-LUC construct and selected a line in which the Som sequence was
the most heavily methylated (SR1-1, about 90% and 70% methylation at the sites
monitored in the promoter and DCR, respectively), and introduced the dexamethasone-
inducible TnpA construct by a genetic cross with a transgenic pTA-FLAG-TnpA plant.
The Spm promoter was methylated in leaves of the F1 plants, but methylation was
unaffected by dexamethasone.

Because cell division has ceased in leaves and continuing cell division may be

necessary for demethylation, callus cultures were established from leaves of 1 month-old
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F1 progeny plants carrying both pTA-FLAG-TnpA and Som-LUC constructs. These also
maintained a high level of Spm methylation in the absence of dexamethasone, but
exhibited dexamethasone-inducible demethylation. Figure 2A shows a diagram of the
Spm promoter region in the Spm-LUC reporter gene construct that was tested for
methylation and the location of the methylation-sensitive restriction endonuclease sites
used to monitor its methylation status, as well as a representation of the expected band
sizes for the methylated and unmethylated fragments. The two monitored sites, EcoO109I
and Sall, are respectively located in the Som promoter and the DCR. Both sites in the
Spom sequence became fully sensitive to restriction in some calli but not in others after 3
weeks of induction with dexamethasone. Fig. 2B shows a Southern blot of genomic DNA
digested with EcoRV and either EcoO109I or Sall. In Fig. 2C the data obtained from
replicates of assays on the same calli are expressed as the percentage of the total signal in
the band corresponding to the methylated fragment (% methylation). The extent of Som
methylation observed in the absence of dexamethasone shows some variation among
independently derived callus lines (Fig. 2C). This variation may be attributable to small
differences in the background expression levels of the TnpA transgene, since the
prolonged maintenance of callus lines containing the gene results in the gradual
disappearance of methylation. Sibling lines lacking the TnpA gene maintain Som
methylation levels. Nonetheless, as evident in Fig. 2C, replicate measurements made on
an individual callus line at a similar growth stage, both with and without dexamethasone

induction, are highly reproducible.
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Figure 2. Inducible TnpA-mediated Som demethylation. (A) The Spm-LUC reporter gene
construct. Spm P, the Spm promoter; Spm 3’, the sequence of 3’ end of Spm. Luc 5’ and Luc 3’ are
primers for RT-PCR analysis. The diagram shows the location in the 5 end of Som of the
restriction sites used to monitor its methylation status. The diagram on the right shows the sizes of
the genomic DNA fragments expected using the LUC gene probe. EcCoO1091* and Sall* are
methylation-sensitive sites in Som P and DCR; m, methylated; u, unmethylated; E, ECORV; O,
EcoO109I; S, Sdll; B, BamHI. (B) A Southem blot of genomic DNA extracted from transgenic
tobacco cali containing the constructs shown in Fig. 1 and 2A before (control, ctl) and after
induction (induced, ind) with 10 uM dexamethasone for 20 days. (C) Data obtained from replicate
experiments on the same callus lines used in B were quantified using a Phosphorimager and
expressed as the % of the total signal in the band migrating at the position of the uncleaved
fragment (mean and standard error). (D) RT-PCR assay of the FLAG-TnpA transcript in the calli
used in Fig. 2B and C before and after 48 hrs of Dex induction.

One of the 3 calli assayed in Fig. 2 showed no decrease in DNA methylation upon
dexamethasone induction. To determine whether the TnpA gene was expressed in all
induced calli, the TnpA mRNA level was monitored by RT-PCR. Asshown in Fig. 2D,
TnpA mMRNA was detectable in the two calli that showed demethylation after
dexamethasone induction, but not in the callus that did not show demethylation of the
Spm sequence. The data in Fig. 2C represent replicates of induction experiments
performed with 3 independent calli derived from a single cross. Similar results have been
obtained with 2-3 independent callus lines derived from 4 different crosses between SR1-
1 plants and plants containing the inducible TnpA construct. Callus lines were checked
by PCR to verify that both the Som-LUC and dexamethasone-inducible ThpA constructs
were present. About half (55%) of the callus lines containing both constructs exhibited
dexamethasone inducible demethylation and all of these also showed dexamethasone-

inducible TnpA mRNA expression, detectable by RT-PCR, as shown in Fig. 2D. In the
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remaining lines, dexamethasone was unable to induce either demethylation or TnpA
MRNA expression. Because Som methylation remained unchanged after inducible
expression of the FLAG-TnpA,,, protein (Figure 8, Chapter 4), the observed DNA
demethylation in the TnpA-inducible lines cannot be attributed to the inducible system. It
follows that demethylation of the Som sequence can be controlled by inducing expression

of TnpA.

TnpA Promotes Rapid Som Demethylation

The complete loss of Spm methylation observed after 20 days of dexamethasone
induction in the foregoing experiments suggests that TnpA-mediated DNA demethylation
is an active process. If demethylation occurs by interference with remethylation of newly
replicated DNA, the extent of demethylation should depend on the number of cell
divisions and some methylation should still be detectable at 20 days, the precise amount
depending on the exact doubling time. The extent of Spom DNA demethylation was
therefore determined after treatment of calli with 5-aza-cytosine (5-aza-C) or 5-aza-
deoxycytosine (5-aza-dC), both of which are incorporated into DNA in place of cytosine,
but cannot be methylated (Bender et al., 1999). Little effect on Spm methylation was
observed after 10 days of treatment with either compound at concentrations of either 10
or 50 uM. Even after 20 days of treatment, methylation was reduced by less than 50% at
the higher concentration of 5-aza-dC (Fig. 3A). By contrast, no methylation was detected
in cali treated with dexamethasone, either in the presence or absence of 5-aza-dC. Thus
TnpA-mediated demethylation is either more rapid or more efficient than the

demethylation resulting from the incorporation of 5-aza-dC.
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Figure 3. Rapid DNA demethylation after TnpA expression. (A) Som promoter and DCR
methylation in genomic DNA from transgenic tobacco calli after treatment for 20 days with
5-aza-deoxycytosine (aza-dC), 10 uM dexamethasone (Dex) or both. (B) The growth of
tobacco callus after transfer to fresh medium. Each time point represents the mean (and
standard error) of fresh weight measurements of 6 calli. The arrow indicates the initial
doubling time. (C) Spm promoter and DCR methylation after 36 hrs and after 6 days of TnpA

induction on 10 uM Dex. The values are the means and standard errors of measurements

from two replicate experiments performed with each callusline at a similar growth stage.

To determine how rapidly the Som sequence was demethylated after induction of
TnpA expression relative to the cell doubling time, the callus growth curve was first

determined under our experimental conditions (Fig. 3B). There is an initial lag phase,
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giving aninitial doubling time of 6-7 days, followed by an exponential growth phase with
a doubling time of about 2 days. The methylation status of the Spm sequence was
examined under precisely these growth conditions 1.5 and 6 days after transfer to
dexamethasone-containing medium. As shown in Figure 3C, the Som DNA was amost
completely demethylated after 6 days of dexamethasone treatment and significant loss of
methylation could already be detected by 36 hrs. If DNA demethylation is a consequence
of interference with remethylation of newly replicated DNA, the Som sequence should be
hemimethylated after one cycle of DNA replication. If the hemimethylated DNA is still
resistant to restriction by methylation-sensitive enzymes Sall and EcoO109I, no change
in methylation is expected after a single doubling time, unless the DNA is actively

demethylated.

Restriction Analysis of Hemimethylated DNA

Although it has been reported that the fully hemimethylated Sall site with both of
its C residues methylated is resistant to cleavage, there is no information about either the
sensitivity of the fully hemimethylated EcoO109I site or on either site when less than
fully methylated (Nelson et al., 1993). A DNA fragment containing the Som promoter
and DCR was therefore methylated using the bacterial methyltransferase Sssl, which only
methylates the cytosine (C) residue in CpG dinucleotides. The sequence of the EcoO109I
cleavage site in the Som promoter is GGGTCCC with the last C followed by a G, placing
it in the CG dinucleotide context. The Sall site sequence is GTCGAC. Thus, Sssl
methylates only one of the 3 C residues in the EcoO109I site and one of the two C

residuesin the Sall site.

46



As shown in Figure 4A, double-strand DNA methylated by Sssl is completely
resistant to Sall, but is still sensitive to EcoO109I. Because genomic Som DNA islargely
resistant to EcoO109I in the present experiments, it is likely that the EcoO109I site
contains more than 1 methylated C residue (5mC), although it is possible that resistance
is conferred by methylation of an internal C, but not the site’s terminal C. To methylate

al of the C residuesin one strand, hemimethylated DNA was prepared by incorporating
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Figure 4. Sensitivity to restriction enzymes of hemimethylated DNA containing the Som
promoter and DCR. (A) EcoO1091 (O) and Sall (S) digests of a PCR-amplified 674-bp
fragment either unmethylated (Unmeth) or methylated (Meth) with Sssl. The two fragments
generated by Sall differ by only 27 bp and are not resolved on this gel. (B) EcoO109I (O) and
Sall (S) digests of the same DNA fragment unmethylated (Unmeth) or hemi-methylated at all
C residues in the lower strand (Hemi-L) as described in Methods (C) Native PAGE gd
purification of hemimethylated DNA (Anneal) by annealing of single-stranded (ss) DNA
preparations. Ss-SK and ss-K S are the upper and lower strands, respectively. Double-stranded
DNA (dsDNA) amplified by PCR was loaded as a control. (D) Sal restriction of
unmethylated (unmeth) and Sssl methylated dsDNA after treatments with the conditions
indicated, as used for ssDNA preparation. (E) Sensitivity to Sall of the Som sequence when it
is unmethylated (unmeth), methylated by Sssl in the lower (Hemi-L), the upper strand (Hemi-
U) or both strands (Meth). 0.5 ug DNA was digested with 5 U Sall for 1hr. (F) An
autoradiogram of a gel used to fractionate a 16-hr Sall digest of 6 ug tobacco genomic DNA
mixed with 1 ng of the 32P-labeled unmethylated (Unmeth) or hemi-methylated Som promoter
fragment with one C methylated in the lower strand (Hemi-L) or the upper strand (Hemi-U).

5-methyl-dCTP into one of the two strands as described in Methods. Hemimethylated
DNA prepared in thisway is completely resistant to both EcoO109I and Sall (Fig. 4B).

To determine the resistance of a singly methylated hemimethylated Sall site,
hemimethylated DNA was prepared from Sssl-methylated DNA (Fig. 4C, see Fig. 5 for a
digramatic representation). Singly hemimethylated DNA is more resistant to Sall than
unmethylated DNA, but could be digested when a large excess of Sall was used (Fig.
4E). Control experiments showed that methylated DNA is very stable under the condition
used for hemimethylated DNA preparation, and thus the incomplete resistance of
hemimethylated DNA to Sall restriction is not an artifact (Fig. 4D). To ask whether the

singly hemi-methylated Sall site is digested under the conditions used to analyze Spm
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sequence methylation in genomic DNA, **P-labeled singly hemimethylated Som DNA
was prepared using Sssl methylation and a trace amount of it was added to a genomic
DNA digest (1 ng labeled DNA/6 mg genomic DNA). As shown in Fig. 3F, the singly
hemimethylated DNA was almost completely resistant to Sall digestion, irrespective of

the strand into which the methyl group was introduced (hemi-L or -U).
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Figure 5. A diagram depicting the method for preparation of hemimethylated
DNA using biotin/streptavidin interaction. See methods for details.
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To examine the sensitivity of hemimethylated DNA with fewer 5mC residues per
site to EcoO109I, hemimethylated DNA was prepared using a mixture of 5-methyl-dCTP
and dCTP at ratios of 3:1 and 2:1. From the ratio of methylated to unmethylated dCTP,
the expected frequencies of tri-methylated, di-methylated, monomethylated and
unmethylated EcoO109I sites can be calculated (see Methods). Based on this calculation,
the extent of digestion can in turn be predicted if just unmethylated and monomethylated
sitesare cut (Table 1, 15.6% at 3:1 and 25.9% at 2:1) and if dimethylated sites are cut, as
well (Table 1, 57.8% at 3:1 and 70.4% at 2:1). The observed extent of EcoO109I
cleavage, also given in Table 1, is very close to that predicted if only the unmethylated
and monomethylated sites can be cleaved in hemimethylated DNA (Table 1, 15.3% and
22.4%). It is therefore concluded that hemimethylated DNA with any 2 of its 3 C's
methylated at the EC0O109I site is resistant to digestion. Since genomic Som DNA is
highly resistant to EcoO109I and is therefore likely to have at least two methylated C
residues in its EcoO109I site, it follows that the newly replicated, hemimethylated site
will al'so be resistant to cleavage by the enzyme.

The foregoing results clearly show that the hemimethylated EcoO109I and Sall sites
are resistant to enzymatic digestion when methylated at all internal C residues. They
further provide evidence that under the conditions employed in the present experiments,
both sites are resistant even when less than fully hemimethylated. The initial doubling
time for the callus cultures under the assay conditions was about 6 days, with subsequent
doubling times of about 2 days. If Som DNA is demethylated by TnpA'’s interference
with remethylation of hemimethylated DNA, it should be fully resistant to restriction by

Sall and EcoO1091 after one doubling time (day 6), 50% resistant after 2 (day 8) and
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25% resistant after 3 doubling times (day 10). Since methylation was reduced by about
40% after 36 hrs, much less than the initial doubling time, and virtually gone by 6 days,

we conclude that TnpA-mediated DNA demethylation is an active process.

Table |. Expected and observed extent of EcoO109I cleavage of hemimethylated
DNA with different number of methylated cytosine residues (5mC) at the
recognition site. The hemimethylated DNA was generated by copying
unmethylated single-stranded DNA using Tag DNA polymerase and a mixture of
dCTP and 5-methyl-dCTP.

Eco0109I site (GGGTCCC?)
5mC (2) +
Ratio” Expected 5mC (1) +| 5mC (1) + | DNA

5m-dCTP:dCTP | DNA composition® | 5mC (0) | 5mC (0) cleaved

5mC (3): 42.2%
31 5mC (2): 42.2% | 15.6% | 57.8% 15.3%
5mC (1): 14.0%
5mC (0): 1.6%

5mC (3): 29.6%
2:1 5mC (2): 445% | 25.9% | 70.4% 22.4%
5mC (1): 22.2%
5mC (0): 3.7%

4 Eco0109I recognition sequence in the Som promoter.

® The ratio of 5-methyl-dCTP to dCTP used in preparing hemimethylated DNA.

°5mC(N), the calculated percentage of DNA with the indicated number (N) of
5mC residuesin the EcoO109I site (see Methods for calculation).
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Discussion

An Inducible DNA Demethylation Assay

Most studies on DNA demethylation rely on the use of in vitro premethylated DNA,
which is transfected either transiently or stably into cells. There are some caveats with
this approach, however. First of all, naked DNA introduced by this method readily gets
demethylated even in the absence of the trans-acting demethylation-promoting factors,
presumably by general DNA demethylase activities in the cell (Qu and Ehrlich, 1999;
Cervoni and Szyf, 2001). Because known DNA demethylase activities do not show
sequence specificity (Jost et al., 1995; Neddermann et al., 1996; Bhattacharya et al.,
1999; Vairapandi et al., 2000; Jost et a., 2001), the observed demethylation may not at
all reflect the activity of the trans-acting factor under investigation. In the case of
transient transfection, alarge amount of DNA is generally used but only a small fraction
can get into the cells and even less DNA is demethylated, making it difficult to detect the
product of DNA demethylation.

Preliminary studies in the laboratory indicate that in tobacco cells there is a DNA
demethylase activity that does not have sequence specificity (Chen and Fedoroff,
unpublished observation). To overcome the problems associated with transient
transfection, | have thus developed an in vivo assay system for dissecting the mechanism
of TnpA-mediated DNA demethylation.

By controlling DNA demethylation through inducible TnpA expression, we are able
to characterize the initial stages of DNA demethylation through severa cell division

cycles in the native chromatin context. The importance of chromatin structure in
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controlling DNA methylation has been revealed in recent studies (see Introduction). This
has not been possible previously because methylation was studied either in transformed
cells or in regenerated plants many cell generations after the introduction of a TnpA gene
or Spm transposon by transformation. The ability to induce DNA demethylation will
facilitate further molecular analysis of TnpA-mediated DNA demethylation. To our
knowledge, this is the first inducible DNA demethylation system ever reported. This
approach should be useful as well for studies of other trans-acting factors that promote

sequence-specific DNA demethylation.

Active DNA demethylation in plants

Although there are both cytological and biochemical evidence that active DNA
demethylation occurs in animals cells, very little is known about plantsin thisregard. The
first evidence that DNA is actively demethylated in plantsis derived from the observation
that DNA methylation is dramatically reduced in the generative but not the vegetative
nucleus of germinating pollen in the absence of DNA replication (Oakeley et al., 1997).
The present study has provided further support for the existence of an active DNA
demethylation mechanism in plants and represents the first example of sequence-specific
DNA demethylation mediated by trans-acting factors. More recently, the ROS protein in
Arabidospsis has been shown to be able to nick methylated DNA, implicating its role in

DNA demethylation through a DNA repair pathway (Gong et al., 2002).
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Sensitivity of Hemimethylated DNA

DNA methylation-sensitive restriction enzymes are often used for studies of DNA
methylation and demethylation. However, artifacts may result if this method is not used
properly, because the extent of digestion of some restriction sites is dependent on not
only the extent of methylation (the number of 5mC and whether one or both strands are
methylated) but also the amount of enzyme and DNA used in the restriction reaction, as
manifested by this and other studies (Nelson et al., 1993). In the present study, | have
found that although the Sall recognition site is completely resistant to Sall restriction
when methylated at both strands, it is only partialy resistant to this enzyme when only
one strand is methylated with a single 5mC. While hemimethylated DNA with one
cytosine residue methylated is still restrictable, hemimethylated DNA with both cytosine
residues methylated becomes completely resistant to Sall restriction. This study also
showed that DNA hemimethylated at the Sall site with one 5mC is protected from Sall
restriction by an excess of unrelated DNA that also contains Sall restriction sites.
Similarly, the EcoO109I site is sensitive to restriction when only one cytosine is
methylated but becomes completely resistant when more than two cytosine residues
methylated. Since not al restriction sites have been characterized regarding sensitivity to
restriction when they are variously methylated, caution must be exercised when
methylation-sensitive enzymes are used for studies of DNA methylation and
demethylation. The methods for preparation of hemimethylated DNA developed in this

study would be helpful in characterizing the sensitivity of other restriction sites.
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Chapter 3

TNPA ISA SPM-SPECIFIC TRANSCRIPTIONAL ACTIVATOR

Introduction

A prominent feature of TnpA-mediated DNA demethylation is that it is not
confined to the Som promoter, which contains multiple TnpA binding sites (Raina et al.,
1998), but also occurs in the downstream GC-rich sequence termed the DCR, which
encodes the first untranslated exon of the full-length Som transcript (Masson et al., 1991).
Since there are no TnpA binding sites in the DCR (Rainaet al., 1998), it is unlikely that
DNA demethylation of the Som sequence, particularly the DCR, is conferred by TnpA
alone. The extended region of DNA demethylation suggests that other trans-acting factors
might be involved as well. Interestingly, a leucine-zipper domain has been identified at
the C-terminus of the TnpA protein (Trentmann et al., 1993), it is therefore possible that
TnpA recruits other proteins that participate in the demethylation of the Som sequence..

To investigate this possibility, | first attempted to screen for plant proteins that

interact with TnpA using the yeast two-hybrid interaction trap system (Fields and Song,
1989). Surprisingly, TnpA strongly activated transcription as indicated by two reporter

genes in the yeast cells. That TnpA is an Som-specific transcriptional activator is
confirmed by further studies using a transgenic line of tobacco that shows inducible

TnpA expression and contains an unmethylated Som sequence. Since the Som sequence

57



remains unmethylated during the assay, transcriptional activation cannot be attributed to
DNA demethylation. The present study resolves a long-standing paradoxical observation
that TnpA acts as both a transcriptional activator and repressor depending on the

methylation status of the Som promoter.

M aterials and M ethods

Plant materials and treatments

Calli for expression of FLAG-TnpA.,,-VP16 were generated and maintained in
similar ways for the FLAG-TnpA expressing lines as described in Chapter 2. Suspension
cultures were derived from transgenic calli and were maintained at 24°C with shaking
(120 rpm) in MS medium supplemented with 3% sucrose and 0.2 mg/L 2,4-
dichlorophenoxyacetic acid (2,4-D) (Life Technologies). Expression of the FLAG-tagged
proteins was induced in suspension cultures by adding 10 uM dexamethasone (Sigma-
Aldrich) to the growth medium. Induction of protein expression in calli was performed in

the same was as described in Chapter 2.

Plasmid Constructs

All FLAG-tagged clones were derivatives of pFLAG-TnpA. pFLAG-TnpA.,,-Vpl6
was obtained by ligating the Xhol-Spll fragment of pFLAG-TnpA and the Spll-Ncol
fragment (the Ncol site was filled in using the Klenow fragment) from pMS249

(Schldppi et al., 1996) together into the pBluescript || KS (+) vector cut with Xhol and
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EcoRV. pTA-FLAG-TnpA.,-Vpl6 was cloned by ligating a Clal to Spel fragment from
pFLAG-TnpA.,,-VP16 and pTA7002 that was cut with Xhol and Spel and the Xhol site
was partialy filled in to the adenine residue.

The construct for expression of the fusion protein between the Gal4 DNA-binding
domain and TnpA in yeast cells was cloned as follows. The yeast expression vector pAS2
was first cut with Ncol, filled in with Klenow and then cut with Sall. pRR466 (Raina et
a., 1993) was cut with BamHl, filled in with Klenow and then cut with Sall to release the

cDNAsfor TnpA, which were then cloned into pAS2, giving rise to pAS2-TnpA.

Transcription Assays

Plasmid pAS2-TnpA as well as the vector pAS2 was transformed into yeast strain
Y190. Yeast transformation and the subsequent transcription assay were conducted
according to the protocol described for the HybriZAP® two-hybrid cDNA Gigapack®
cloning kit (Stratagene).

RT-PCR was used to assay transcriptional activation of the Spm-LUC gene by
TnpA in plant cells. Total RNA was prepared using either the Qiagen RNeasy Plant Mini
kit or the GibcoBRL® TRIzol® reagent. To remove residual DNA, RNA was treated with
DNase | for 5 min as recommended by the vendor (Life Technologies). For reverse
transcription, 1 ul of 100 ng/ul total RNA was mixed with 3 ul of 100 ng/ul random
primer and 8 ul RNase-free water, then denatured at 70°C for 10 min. The solution was
chilled on ice and collected by centrifugation. A premixed solution of the following
reagents was then added: 4 ul of 5x first strand buffer (Life Technologies), 2 ul of 0.1 M
DTT, 1 wl 10 uM dNTPs and 2 units RNase block inhibitor. The solution was incubated

at 25° C for 10 min, and then at 42° C for 2 min, followed by the addition of 1 ul
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Superscript RT (Life Technologies) and incubation at 42° C for 50 min. The reaction was
terminated by heating at 70° C for 15 min and 1-2 ul was used in a 20 ul PCR reaction.
Simultaneous amplification of the transcripts for the FLAG-TnpA gene and the luciferase
(LUC) reporter gene was achieved by including both primer setsin the same reaction. For
semi-quantitative analysis, the PCR reaction was stopped after 15 cycles, fractionated on
an agarose gel and then transferred to Hybond" nitrocellulose membrane (Amersham).
The amplification products for the TnpA and luciferase genes were detected by Southern
blot analysis. To ensure that equal amounts of total RNA had been used in the reaction,
the 18S rRNA was also amplified by RT-PCR for 10 cycles using the primer pair 18S-5’
(5 TACCGTCCTAGTCTCAACCAZ) and

1853 (5 AACATCTAAGGGCATCACAGSI).

Western Blot Assay

The FLAG-tagged TnpA expressed in transgenic tobacco plants were detected in
transgenic plants extracts using the polyclonal anti-FLAG antibody (Sigma-Aldrich).
Total plant protein was extracted by grinding plant tissue in 2 volumes of TBS buffer (50
mM Tris-HCI, pH 7.8, 150 mM NaCl) supplemented with 1 mM PMSF and 1x protease
inhibitor cocktail for plants (Sigma-Aldrich). The extract was centrifuged at 14,000 rpm
at 4° C for 10 min, the supernatant was mixed with 6x SDS loading buffer (Scopes,
1998), boiled for 5 min, and 30 ul was loaded on an 8% polyacrylamide gel for
fractionation. Proteins expressed in both yeast and plant cells were visualized using the

WesternBreeze™ chemifluorescence immunodetection system (Invitrogen).
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Results

TnpA Activates Transcription in Y east Cells

To identify proteins that could interact with TnpA, I first used the yeast two-hybrid
system. However, attempts to use TnpA and ThpA fragments as bait (Fig. 6A) revealed
that a Gal4 fusion with the full-length TnpA protein strongly activates transcription of

both the histidine synthase and -gal actosidase reporter genes (Fig. 6B).

A pAS2-TnpA | Gal4BD | TnpA |

| UAS | TATA| Histidine synthase |

Reporter genes

| UAS |TATA| 3J-galactosidase |

Snfl/Snf4
+)

Gal4 BD
-TnpA

Gal4 BD

Figure 6. TnpA is atranscriptiona activator in yeast. (A) Construct used for expression of
the fusion protein between the Gal4 binding domain (BD) and TnpA as well as the reporter
genes for transcriptional activity assay in yeast cells. UAS, Gal4 binding sequence.

(B) Growth of transformed yeas cells on histidine (-) medium (left) and filter paper lift
assay for (3-galactosidase activity (right). Cells expressing the Gal4 BD was used a negative
control. Snfl/Snf4 cells express the Gal4 BD-SNF1 and SNF4-Gd4 activaion doman
fusion proteins and serve as aweak positive control. The middle panel is adiagram showing

the position of yeast cells transformed with the constructs as indicated.
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TnpA isaWeak Transcriptional Activator in Plant Cells

To assess the transcriptional activity of TnpA on an unmethylated Som promoter, |
used suspension cultures derived from tobacco callus lines containing a dexamethasone-
inducible TnpA gene and an Som-LUC gene in which the Spm promoter was not
methylated. As a positive control, suspension cultures were also generated from calli that
express the FLAG-TnpA.,,-V P16 fusion protein under the control of the dexamethasone-
inducible promoter (Fig 7A). After addition of dexamethasone into the cell culture, the
FLAG-TnpA transcript peaked at 24-48 hrs (Fig. 7B-1). Expression of the tagged proteins
peaked at about 72 hrs (Figs. 7C). Induction of TnpA enhanced transcription of the
luciferase reporter gene, albeit weakly, and maximal induction was observed when the
TnpA protein, rather than its transcript, reached maximum (Fig. 7B-1). Activation of
transcription from the Som promoter by TnpA was reproducible and was observed when
independent lines were examined (data not shown). Notably, there is some background
level of transcription even in the absence of TnpA induction, which is likely due to leaky
expression from the inducible promoter or the Som promoter. Nevertheless, repression of
transcription was not observed, even at elevated concentrations of dexamethasone (data
not shown). Because the strong TnpA induction could artifactually enhance the LUC
MRNA signal, the blot was stripped and reprobed with just a LUC probe. The result
confirmed that the LUC transcript level indeed increased (Fig. 7B-2). By contrast,
although induction of the FLAG-TnpA,,,-VP16 gene was very slight, it substantially
enhanced transcription of the LUC gene from the Som promoter (Fig. 7, B-1and B-2).

Taken together, these results showed that TnpA can stimulate transcription from the
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unmethylated Som promoter and is therefore a transcriptional activator, albeit a much

weaker one than the FLAG-TnpA.,,-VP16 fusion protein.
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Figure 7. TnpA is a weak transcriptional activator in tobacco cells. (A) The top diagram
shows the domain structure of the TnpA protein. The bottom diagram shows the structure of
the FLAG-tagged TnpA-V P16 fusion protein. (B-1) Analysis of TnpA and luciferase (LUC)
transcripts following induction of the FLAG-TnpA-VP16 and FLAG-TnpA genes in
suspension-cultured transgenic tobacco cells. RNA was amplified by RT-PCR (15 cycles)
followed by Southern analysis for signal detection. Equal amounts of TnpA and LUC probes
were used; the 18S rRNA was amplified as a loading control. (B-2) To better revea the
changein LUC transcript level in FLAG-TnpA expressing cells, the membrane used in B-1
was gripped and reprobed with only the LUC probe the TnpA bands represent residual
label from the initial hybridization. (C) Western analysis of proteins in the corresponding

cultures using FLAG antibodies.



Discussion

TnpA has been shown to activate transcription from the Spm promoter when
methylated, but represses transcription from an unmethylated Spm promoter .
Paradoxically, however, these studies also showed that the Som promoter has stronger
transcription activity when it becomes demethylated due to the presence of TnpA
(Schléppi et al., 1994). The present study shows that TnpA is a weak transcriptional
activator of the unmethylated Spom promoter in plant cells, although its transcription
activation domain functions as a strong transcriptional activator when fused to a
heterologous DNA binding domain in yeast. Since the Som sequence is unmethylated
even before TnpA expression, the observed transcriptional activation is unlikely a
consequence of DNA demethylation. DOPA, the TnpA homolog encoded by the Spm-
like maize Doppia transposon, recently has been reported to be a transcriptional activator
(Bercury et al., 2001). Interestingly, analysis of the TnpA sequence using a motif-
recognition program (http://www.motif.genome.ad.jp/) revealed the presence of a
glutamine-rich motif, a common transcription activation domain motif, within the C-
terminal leucine-zipper domain (Fig. 7A). However, further studies are needed to
determine whether it is responsible for the observed transcriptional activation. In yeast
cells glutamine-rich domain activates transcription weakly.

The paradoxical observation about TnpA in the previous studies could arise from
the intrinsic drawbacks of the transcription assays used in that experiment. In the case of
the transient assay, where TnpA expression construct was introduced into plant cells by

the biolistic delivery method, transcription repression could occur as a consequence of
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‘self-interference’ or ‘coactivator dilution-out’ due to protein over-expression (Kannan
and Tainsky, 1999; Nucifora et al., 2001). Similar situation could have occurred in the
studies using stable transgenic plants, where TnpA was expressed under strong promoters
(Schldppi et al., 1994). Another possible cause for the observed repression by TnpA of
transcription from an unmethylated Som promoter is the high background activity of the
reporter gene in the line used for the transcription assay. Conceivably, a protein with an
intermediate transcription activity can act as an activator on a promoter that is located in
atranscriptionally inactive locus or as arepressor when the reporter geneisin an actively
transcribing region. In this sense, transcription activation or repression by a trans-acting
factor is only relative to the background level of the reporter gene. Accordingly,
transcription repression by TnpA in one line does not necessarily mean that TnpA also
represses transcription in other lines. To further investigate this possibility, it would be
interesting to examine the transcription activity of TnpA in a line that shows high
luciferase activity using the TnpA inducible strategy. This experiment is worth doing
since other proteins with dual properties have been reported elsewhere (Ohlsson et al.,
2001).

In the present study transcription assay has been conducted in the same line of
transgenic plants that has an unmethylated Spm sequence, the results therefore should
better reflect TnpA’s intrinsic activity. Although transcription activation from the Spm
promoter by TnpA is rather weak, it is nevertheless reproducible and consistent when
independent transgenic lines are examined. Since the transcription activity before and
after induction is measured in the same transgenic line, variability due to sample

heterogeneity is minimized, thus permitting reliable detection of even small changes in
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transcriptional activity. Variability has been further reduced by using suspension cultures,
which has a more homogeneous cell constitution.

The resolution of the apparent paradox that TnpA functions as both an activator and
repressor may also lie in the protein concentration-dependent competition between
TnpA’s functions in transcription and transposition. TnpA is a bi-functional protein, and
the Som sequence comprising its promoter likewise has two functions. TnpA isrequired
both for transcription from the transposon’s promoter and for transposition of Som
(Masson et al., 1991; Schldppi et a., 1993). There are multiple TnpA binding sites at both
transposon ends (Masson et al., 1987). Those at the 5’ end are required for promoter
function and the TnpA binding sites at both ends are involved in transposition (Masson et
al., 1987; Rainaet a., 1993).

Previous experiments to assess the ability of TnpA to activate transcription from an
unmethylated Som promoter were carried out in transient transfection assays at high DNA
concentrations (Schlé&ppi et al., 1996). The experiments described here were carried out
by inducing expression of a TnpA gene in vivo and measuring transcription from an
integrated chromosomal copy of the Som-LUC reporter gene. Hence the concentrations
of both the target promoter and the transcription factor are likely to have been much
lower in these experiments than in the previous transient expression assays (Schl&ppi et
a., 1996). Because the Spm promoter region is co-extensive with the TnpA-binding
region at the 5' terminus (Raina et al., 1993), the likeliest explanation is that TnpA-
mediated association of Spm termini competes with other types of protein-protein
interactions involving TnpA, including transcriptional activation. Evidence that it is

TnpA and not the inherent weakness of the Spm promoter that limits transcriptional
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activity is provided by the observation that the TnpA.,,-VP16 fusion protein is a strong
transcriptional activator of the Som promoter (Schl&ppi et al., 1996). The observation that
TnpA is a much weaker transcriptional activator of the Som promoter than might be
anticipated from the ability of the Gal4-TnpA fusion protein to activate transcription in
yeast is consistent with the interpretation that ThpA is a transcriptional activator at low
concentrations, but becomes a repressor by homodimerization as its concentration
increases. However, the possibility can not be ruled out that TnpA’s transcriptional
activity is modulated by co-repressors present in plant cells, but not in yeast. In maize,
host factors that bind to the subterminal sequences of Ac/Ds and the Mutator element and
regulate their transpositional activity have been identified (Becker and Kunze, 1996;
Jarvis et al., 1997), and these proteins could bind to the Som sequence as well and affect

its promoter activity.
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Chapter 4

THE TRANSCRIPTIONAL ACTIVITY OF TNPA ISESSENTIAL
FORITSABILITY TO PROMTE SPM DEMETHYLATION

Introduction

Among the trans-acting factors that are known to promote sequence-specific DNA
demethylation, most are transcriptional factors, Spl (Silke et al., 1995), NF-kappa B

(Kirillov et al., 1996; Matsuo et al., 1998) and the glucocorticoid receptor (Grange et al.,
2001; Thomassin et al., 2001) for example. This observation suggests that transcription

activation plays a positive role in DNA demthylation. Indeed, general transcription
machinery has been shown to be essential for DNA demethylation mediated by the NF-
kappa B transcriptional activator, although actual transcription does not seem to be
required (Matsuo et al., 1998). Chromatin remodeling and transcriptional factor binding
have been also shown to precede DNA demethylation (Matsuo et a., 1998; Grange et al.,
2001; Thomassin et a., 2001).

DNA demethylation mediated by non-transcriptional factors has also been reported.
For instance, the Epstein-Barr virus latent replication origin protein EBNA-1 is shown to
promote DNA demethylation of its binding sites, oriP (Hsieh, 1999). Subsequent studies
of the Lacl repressor protein indicate that DNA binding is both necessary and sufficient

for targeted DNA demethylation (Lin et a., 2000; Lin and Hsieh, 2001). In these cases,
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however, sequences beyond the binding sites are not demethylated, a sharp contrast to the
extended demethylation pattern by TnpA and other transcriptional activators. Moreover,
although the Lacl protein has been shown to be able to prevent DNA methylation at its
binding site, there is no evidence for active DNA demethylation by this protein (Lin et
al., 2000; Lin and Hsieh, 2001). This is also true of CTCF, a conserved zinc-finger
protein that is essential for maintaining imprinting and X-inactivation (Wolffe, 2000;
Chao et al., 2002). Distinct from other trans-acting factors, however, CTCF can only
maintain its binding sites unmethylated in the X-chromosome that is to be inactivated
(Bell and Felsenfeld, 2000; Szabo et al., 2000; Wolffe, 2000; Chao et al., 2002). It is not
clear how such allele-specific activity is achieved, as the CTCF protein can function as
both a transcription activator (Yang et al., 1999) and repressor (Awad et al., 1999;
Ohlsson et al., 2001), dependent upon posttransiational modification (Delgado et al.,
1999; Klenova et al., 2001) and interaction with other trans-acting factors that are
activators (Chernukhin et al., 2000) or repressors (Lutz et al., 2000).

Since TnpA turns out to be an Som specific transcriptional activator, it is therefore
interesting to determine whether this activity is required for its ability to promote Spm
demethylation. Using truncated TnpA proteins and fusion proteins with a strong
transcription activation domain, the present study show a close correlation between the
ability of TnpA to activate transcription and the ability to promote DNA demethylation,
suggesting a causal relationship between transcriptional activation and Som

demethylation.
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M aterials and M ethods

Plant materials and treatments

Callus and suspension cultures as well as treatments were the same as described in

previous chapters.

Plasmid Constructs

The construct for expressing FLAG-TnpA has been described previously. All other
FLAG-tagged clones were derivatives of pFLAG-TnpA. pFLAG-TnpA,,, and pFLAG-
TnpA ,,, were cloned by ligating the Xhol to Spll fragment from pFLAG-TnpA and the Spll
to Sall fragment from pMS199 or pMS198 (Schléppi et al., 1994) (the Sall site wasfilled in
using the DNA polymerase Klenow fragment) together into pBluescript || KS (+) that was
already cut with Xhol and EcoRV. pFLAG-TnpA,, and pFLAG-TnpA,,, encode the N-
terminal 540 and 420 amino acids of TnpA, respectively, as a result of a nonsense mutation
introduced by site-directed mutagenesis at the 3' end of the cDNA for TnpA (Schl&ppi et al.,
1996). pFLAG-TnpA.,-Vp16 was obtained by ligating the Xhol-Spll fragment of pFLAG-
TnpA and the Spll-Ncol fragment (Ncol site was filled in using the Klenow fragment) from
pMS249 (Schldppi et al., 1996) together into the pBluescript 11 KS (+) vector at the Xhol
and EcoRV restriction sites.

For inducible protein expression, the Xhol to Spel fragment from pFLAG-TnpA,
pFLAG-TnpA.,, and pFLAG-TnpA ,,, were cloned into pTA7002 (Aoyama and Chua, 1997),
giving rise to pTA-FLAG-TnpA, pTA-FLAG-TnpA.,, and pTA-FLAG-TnpA .,

respectively. pTA-FLAG-TnpA.,,-Vpl16 was cloned by ligating the Clal to Spel fragment
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from pFLAG-TnpA.,,-VP16 and pTA7002 that was cut with Xhol and Spel and the Xhol site
was partiadly filled in to the adenine residue. For constitutive protein expression, the FLAG-
TnpA cDNA and its deletion derivatives were first cloned as an Xhol to Xbal fragment from
pFLAG-TnpA into pAVA120 (von Arnim et al., 1998), yielding pAVA-FLAG-TnpA,
PAVA-FLAG-TnpA;,, and pAVA-FLAG-TnpA .0, respectively. The expression cassette was
then subcloned as a Hindl Il fragment into pCGN1549 (McBride and Summerfelt, 1990) or

pCam1300 (http://www.cambia.org.au/main/r_et camvec.htm), giving rise to pCGN-35S-

FLAG-TnpA, pCam1300-35S-FLAG-TnpA.,, and pCam1300-35S-FLAG-TnpA .
respectively.

Constructs for expression in yeast cells of fusion proteins comprising the Gal4 DNA-
binding domain and TnpA, as well as its deletion derivatives, were cloned as follows. The
yeast expression vector pAS2 was first cut with Ncol, filled in with Klenow and then cut
with Sall. pPRR466 (Raina et al., 1993), pMS199 and pM S198 (Schlé&ppi et al., 1994) were
cut with BamHl, filled in with Klenow and then cut with Sall to release the cDNAs for TnpA
and its deletion derivatives (TnpAg,, and TnpA ,,,), which were then cloned into pAS2, giving

riseto pAS2-TnpA, pAS2-199, pAS198, respectively.

Protein Blot Assays

Protein expression in yeast cells was analyzed by Western blotting using a rapid
method for lysate preparation (Langlands and Prochownik, 1997) and a polyclona
antibody against the Gal4 binding domain (Santa Cruz Biotech.). The FLAG-tagged
TnpA and its deletion derivatives FLAG-TnpA;,, and FLAG-TnpA ,,, in transgenic plants

cells were detected using the polyclonal anti-FLAG antibody (Sigma-Aldrich). Total
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plant protein was extracted by grinding plant tissue in 2 volumes of TBS buffer (50 mM
Tris-HCI, pH 7.8, 150 mM NaCl) supplemented with 1 mM PMSF and 1x protease
inhibitor cocktail for plants (Sigma-Aldrich). The extract was centrifuged at 14,000 rpm
at 4° C for 10 min, the supernatant was mixed with 6x SDS loading buffer (Scopes,
1998), boiled for 5 min, and 30 ul was loaded on an 8% polyacrylamide gel for
fractionation. Proteins expressed in both yeast and plant cells were visualized using the

WesternBreeze™ chemifluorescence immunodetection system (Invitrogen).

Other Assays

The DNA methylation assay and the transcription assay have been described in the
Methods of Chapter 2 and Chapter 3, respectively. Gel mobility shift assays were carried
out as described (Raina et al., 1998) using an unmethylated DNA fragment with 2 TnpA
binding sites in the tail-to-tail orientation (Raina et al., 1993). Conditions for protein

immunoprecipitation were described in detail in Chapter 7.

Results

Truncated TnpA Derivatives Lack the Ability to Promote DNA Demethylation

The finding that TnpA is a transcriptional activator prompted me to ask whether
this activity is required for the ability of TnpA to promote Spom demethylation. SR1-1
plants carrying the methylated Som-LUC construct were crossed with plants carrying the

FLAG-TnpA,,, or the FLAG-TnpA,,, construct under the control of the CaMV 35S
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promoter. The extent of Spom methylation in the F1 plants expressing either truncated
protein was almost the same as that in parental SR1-1 plants, confirming the previous
report that the C-terminus is essential for TnpA-promoted demethyation (Schl&ppi et al.,
1994). The truncated proteins were also expressed using the dexamethasone-inducible
system. Callus tissue derived from transgenic F1 plants from a cross between SR1-1

plants and transgenic plants with inducible expression of the truncated FLAG-TnpA.,, or
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Figure 8. Demethylation of the Som sequence by TnpA deletion derivatives and the TnpA-
VP16 fusion protein. (A,B) Som promoter and DCR methylation before (ctl) and after (ind)
indudion with 10 uM Dex for 20 days in transgenic tobacco calli contaning either an
inducible (A) FLAG-TnpA ,,, or (B) FLAG-TnpA.,, construct. The lower panelsin A and B
show the results of RT-PCR amplification of FLAG-TnpA,,, or FLAG-TnpA.,, transcripts
before and after 48 hrs of induction. The values shown are the means (and standard errors)
of measurements from two replicate experiments performed with the same lines of cali at
similar growth stages. (C) Western analysis of FLAG-TnpA and its ddetion derivaives
(indicated by arrows) in extracts of transgenic plants expressing the proteins from a CaMV
35S promoter. (D) Som promoter and DCR methylation, as evidenced by digestion with
Eco0109I (O) and Sdl (S), respectively, in DNA from transgenic tobacco calli with the
FLAG-TnpA-VP16 fusion protein expressed from the Dex-inducible promoter and in the
parent SR1 line used for the transformation (the methylated fragments migrate more slowly
than the unmethylated fragments, as diagrammed in Fig 2).

FLAG-TnpA,,, protein was treated with dexamethasone for 20 days. Although the
FLAG-TnpA,,, gene was expressed in many calli, its expression had no effect on Som
methylation (Fig. 8A), whereas expression of the FLAG-TnpAs,, gene resulted in a small
decrease in Spm methylation, particularly in the promoter sequence (Fig. 8B). After a
comparable period of induction, calli expressing the full-length FLAG-TnpA showed
complete loss of methylation (Fig. 2B, chapter 2). Analysis of proteins by Western
blotting using anti-FLAG antibodies showed that TnpA and both of its truncated
derivatives are expressed at comparable levels in the transgenic plants that did not show

change in DNA methylation (Fig. 7 and Fig. 8C).
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Figure 9. Truncated TnpA proteins do not activate transcription in yeast cells.

(A) Constructs used for expression of Gal4 fusion proteins in yeast cells. @ indicates the
position of the stop codon introduced into the TnpA cDNA to truncate the proteins at amino
acid 420 or 540; the full-length protein is 621 amino acids. (B) Quantitative 3-galactosidase
assay in transformed yeast cells. Snf1/Snf4 cells express the Gal4 BD-SNF1 and SNF4-
Ga4 activation domain fuson proteins and serve as a weak podtive control. Represented
values are the means (and standard errors) of 3 replicates. (C) Western blot analysis of the
Gal4-TnpA fusion protein and its truncated derivatives in yeast using anti-Gal4 BD

antibodies. The arrow marks a nonspecific band that reflects total protein loading.
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Truncated TnpA Derivatives Lack Transcription Activity

To better compare the transcriptional activity of TnpA and its truncated derivatives,
| first measured [3-galactosidase activity in yeast cells expressing their GAL4 fusion
proteins (Fig. 9A) using a quantitative assay. Neither truncated derivative activated
transcription significantly in yeast cells (Fig. 9B). Transcription activity of FLAG-
TnpAg, and FLAG-TnpA,,, was then determined using transgenic tobacco lines that
showed good inducibility of these truncated proteins and have the same methylated Som-
LUC reported construct for studies of TnpA. As shown in Fig. 10C-1, deletion of just the
C-terminal 80 amino acids eliminates TnpA’s ability to activate the Spm promoter in
plant cells (Fig. 10 C-1). No transcriptional activity was observed for FLAG-TnpA ,,,
either (not shown). The lack of transcriptional activity is not due to protein instability as
the truncated proteins were expressed at similar levels as the full-length protein in both
yeast and plant cells (Fig. 9C and Fig. 10C-2). Notably, however, there is an
accumulation of full-length TnpA protein in the yeast cells, and this becomes more
significant when the cell gets old. By contrast, full-length TnpA protein was not detected
in plant cells expressing the truncated proteins. Since the truncations were generated by
introduction of nonsense codons into the full-length TnpA cDNA, the full-length TnpA
protein is likely a trandational reading-through product. The observed difference in full-
length TnpA protein accumulation between yeast and plant cells may reflect their
different ability to manage missense mutations. Taken together, the results from this
study clearly showed that the C-terminal domain of TnpA is necessary for its ability to

both activate transcription and promote DNA demethylation.
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Figure 10. Truncated TnpA protein does not activate transcription in tobacco cells.

(A) The top diagram shows the domain structure of the TnpA protein and the positions at
which proteins were truncated. The bottom diagram shows the structure of the FLAG-
tagged TnpA-V P16 fusion protein. (B-1, C-1) Andysis of TnpA and luciferase (LUC)
transcripts following induction of (B) the FLAG-TnpA-VP16 and FLAG-TnpA genes, and
(C) the FLAG-TnpA,,, gene in suspenson-cultured transgenic tobacco cells. RNA was
amplified by RT-PCR (15 cycles) followed by Southern analysis for signd detection.
Equal amounts of TnpA and LUC probes were used; the 18S rRNA was amplified as a
loading control. (B-2) To better reveal the change in LUC transcript level in FLAG-TnpA
expressing cells, the membrane used in B-1 was stripped and reprobed with only the LUC
probe; the TnpA bands represent residua label from the initial hybridization. (B-3) and (C-
2) Western analysis of proteins in the corresponding cultures using anti-FLAG antibodies.

(B) isthe same as Fig 7.B and isincluded here for the convenience of comparison.

Truncated TnpA Derivatives Expressed in Plant Cells Binds to its Cognate DNA

The lack of transcriptional and DNA demethylation activity in the truncated
proteins could be due to the loss of DNA binding ability. Although it has been shown that
both truncated proteins TnpA.,, and TnpA ,,, prepared by in vitro translation can still bind
well to its cognate DNA binding sites derived from the Som promoter sequence (Gierl et
a., 1988), whether the in planta expressed proteins have the same ability has not yet
been determined . To investigate this possibility, | purified the FLAG tagged truncated
proteins in their native forms from suspension cultured tobacco cells by
immunoprecipitation using agarose bead-coupled anti-FLAG antibodies and by elution
with FLAG peptide solution. As shown in Fig. 11, the truncated proteins were still able to

bind to DNA containing TnpA binding sites.
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Figure 11. Gel mobility shift assay showing binding of TnpA,, and TnpA ,,,

to DNA derived from the Spm promoter sequence (A) Diagram of the DNA fragment

used for the mobility assay, which contains 2 TnpA binding sites.

(B) Mohility shift assay using immunoprecipitates (IP) prepared from transgenic tobacco
cells expressing FLAG-TnpA and its truncated derivatives FLAG-TnpA,, and FLAG-
TnpA .. TnpA, purified TnpA protein expressed in bacteria and used as a positive
control. Protein extract buffer (Buffer), the FLAG peptide (FLAG) and an |IP prepared
from wildtype tobacco extracts (WT) were used as negative controls. The arrows

indicate the positions of the DNA-proten complexes. (C) Western blot detection of

FLAG tagged proteinsin the IP shown in Fig 11.B.
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FLAG-TnpA,-V P16 fusion protein promotes DNA demethylation

The observed correlation between the loss of TnpA’s ability to stimulate
transcription and demethylation in the deletion derivatives suggests a causal relationship.
| therefore investigated whether the addition of atranscriptional activation domain affects
the ability of the truncated proteins to promote Som demethylation. In all calli and
regenerated plants expressing the FLAG-TnpA.,,-VP16 fusion protein from the CaMV
35S promoter, the Som sequence is completely unmethylated regardless of the initial
methylation level (not shown). The TnpA,,-VP16 fusion protein was also expressed
from the dexamethasone-inducible promoter in transgenic tobacco lines with high levels
of Som methylation, as we did for TnpA. None of the lines containing the inducible
construct was able to maintain methylation of the Som sequence even in the absence of
induction (Figure 8D). Since transgenic tobacco lines containing an inducible TnpA gene
can maintain Som methylation for along period of time in the absence of dexamethasone
treatment, the consistent absence of Spm methylation in lines expressing the FLAG-
TnpA.,-VP16 fusion protein is believed to be attributable to its much greater strength as
a transcriptional activator of the Som promoter when compared with intact TnpA. Thus
the low level of FLAG-TnpA,,-VP16 expression in the absence of inducer probably
suffices for DNA demethylation. As noted earlier, lines containing the inducible TnpA
construct lose Spm methylation after several months in culture. These observations
suggest that the ability to activate transcription is essential for TnpA’s ability to promote

Som demethylation.
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Discussion

Transcription Activation and DNA Demethylation

Although the ability of DNA methylation to repress transcription is well
understood, the connection between transcription activation and DNA demethylation is
poorly understood. The present study has revealed a causal connection between
transcriptional activation and DNA demethylation. One the one hand, deletion of the C-
terminal 80 amino acids of TnpA clearly abolishes both its transcriptional and
demethylation activities, although the TnpA.,, protein is still able to dimerize (Gierl et
al., 1988; Trentmann et al., 1993). On the other hand, loss of methylation in the Spm
sequence was also observed in transgenic tobacco calli and plants containing a FLAG-
TnpA,,,-VP16 gene, even when the fusion protein was expressed from an inducible
promoter in the absence of inducer. This shows that the TnpA’s transcriptional activation
domain can be replaced by a heterologous one and further suggests that the much
stronger transcription activation capacity of the fusion protein compared to that of intact
TnpA increases its demethylation activity. Because TnpA can activate transcription from
an unmethylated Spm promoter, as shown in chapter 3, it is believed that DNA
demethylation is a consequence, rather a cause, of transcriptional activation by TnpA.

An important aspect of TnpA-mediated DNA demethylation isthat it is not
confined to the Som promoter, which contains multiple repeats of the TnpA binding site,
but also includes the GC-rich sequence encoding the untrans ated |eader of the Som
transcript (Banks et al., 1988; Masson and Fedoroff, 1989). This pattern of DNA

demethylation resembles that due to other transcription factors (Matsuo et al., 1998;



Grange et a., 2001; Thomassin et a., 2001) and different from that mediated by the viral
DNA replication protein, EBNA-1, and the repressor protein Lacl. Neither EBNA-1 nor
Lacl isable to promote DNA demethylation of sequences beyond their binding sites
(Hsieh, 1999; Lin et a., 2000; Lin and Hsieh, 2001). Since the chromatin remodeling
that is attendant on transcriptional activation is not limited to the protein binding sites, the
extended region of DNA demethylation is consistent with the notion that DNA

demethylation is associated with the formation of atranscription initiation complex.

DNA Binding and DNA Demethylation

DNA binding has been shown to be both necessary and sufficient for sequence-
specific DNA demethylation mediated by some trans-acting factors such as the EBNA-1
protein (Hsieh, 1999) and the Lacl repressor protein (Lin et al., 2000; Lin and Hsieh,
2001). This is apparently not the case for TnpA-mediated demethylation of the Som
sequence. Although the DNA binding domain appears essential for determining target
sequence specificity, it alone does not promote DNA demethylation (Schldppi et al.,
1994). Whether expressed under a constitutive or inducible promoter, neither of the
truncated TnpA proteins, ThpAg,, or TnpA ,,,, causes significant reduction in the extent of
methylation in the Som sequence. The loss of the ability to promote DNA demethylation
in these truncated proteins does not seem to arise from protein instability (Fig. 8C and
Fig.10), nor from their inability to bind the Som sequence (Gierl et a., 1988 and Fig. 11).
Interestingly, although TnpA., still contains the leucine-zipper domain and the putative
glutamine-rich transcription activation motif, it does not show significantly higher

transcriptional activity than TnpA,, What causes such a dramatic change in this
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property of the TnpA,, protein is unclear, but improper protein folding is regarded as the
most likely explanation. It is worth pointing out, however, that the observed DNA
binding ability of the truncated proteins shown by the in vitro assay does not necessarily
reflect their in vivo activity. It is likely that the transcriptional activator domain is
required to facilitate the access to DNA in the chromatin context. In any event, the
present study supports the conclusion that TnpA’s transcription activity is essential for

TnpA-mediated Som demethylation.

The Mechanism Underlying TnpA-Mediated DNA Demethylation

The mechanism by which TnpA promotes Som demethylation can be summarized
in the model shown in Fig. 12. Binding of TnpA nucleates the assembly of a
transcription initiation complex that either contains or attracts additional proteins required
for DNA demethylation. Although the possibility has not been definitively ruled out that
TnpA itself has a demethylase activity, initial efforts to demonstrate such an activity have
not been successful (Chen and Fedoroff, unpublished). Moreover, given the tight binding
of TnpA to the Som promoter, but not the DCR, it appears unlikely that the protein itself
demethylates the DCR (Raina et al., 1998). Som demethylation is depicted as preceding
transcription in Fig. 12, but the temporal relationship between DNA demethylation,
chromatin remodeling and transcription per se has yet to be examined. It remains to be
determined whether TnpA recruits a DNA demethylase (either directly or indirectly) or
whether the changes in chromatin structure attendant on formation of the transcription

initiation complex simply increase the accessibility of the sequence to such proteins.
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Figure 12. A model depicting the role of TnpA in Som demethylation.

(A) TnpA binds to the Som promoter, assembles a transcription initiation complex.

(B) TnpA either actively recruits additional prateins necessary for demethylation
directly (1) or indirectly (2), or restructures chromatin to increase the accessibility of the

Sm sequence to DNA demethylase (3).
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Chapter 5

DNA REPLICATION ISREQUIRED FOR TNPA-MEDIATED
SPM DEMETHYLATION

Introduction

Trans-acting factor-mediated DNA demethylation can be achieved through two
alternative pathways. Passive DNA demethylation results from blocking DNA binding
by DNA methyltransferases to newly synthesized DNA, and thus preventing
remethylation after DNA replication. By contrast, active DNA demethylation involves a
DNA demethylase, which is recruited to the target sequence by the trans-acting factors.
These two conceptually different mechanisms can both be involved in the same DNA
demethylation process mediated by a specific trans-acting factor, however, as has been
suggested for the NF-kappa B transcriptional factor (Matsuo et a., 1998) and the Epstein-
Barr virus latent replication origin protein EBNA-1 (Hsieh, 1999).

The experiments described in Chapter 2 clearly demonstrated that TnpA-mediated
demethylation of the Som sequence involves an active mechanism. Although the whole
process is very rapid, DNA demethylation is rather slow initialy. For example, after 36
hrs of TnpA induction with the inducible system, when the TnpA transcript level is
amost maximal and a high level of TnpA protein has already accumulated in the cells,

the extent of DNA demethylation is only 30-40%. Nearly complete DNA demethylation
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isexpected if a purely active mechanism isinvolved. This observation suggests that DNA
replication is required as well in TnpA-mediated DNA demethylation. Supporting this
view, DNA demethylation was not observed after induction of TnpA in leaves in which
cell division has ceased.

To investigate this possibility, | determined the role of DNA replication in TnpA-
mediated DNA demethylation using inhibitors of DNA replication and cell division. The
results show that Som demethylation is inhibited when DNA replication is arrested. |
further show that TnpA has a much-reduced binding affinity for the methylated Som
promoter sequence when compared with either the unmethylated or hemimethylated
promoter. The requirement for TnpA to initiate DNA demethylation can thus be

explained by the low affinity of TnpA for fully methylated DNA.

M aterials and M ethods

Plant Material and Treatments

Unless specified, al plant materials and treatments were the same as described in
previous chapters. Inhibition of DNA replication in callus was achieved by treatment
with a combination of aphidicolin and olomoucine (Sigma-Aldrich) at concentrations of
15 uM and 50 uM, respectively. The efficiency of DNA replication inhibition was
evaluated by monitoring incorporation of bromodeoxyuridine (BrdU) (Sigma-Aldrich)
into DNA using a mouse monoclonal antibody to BrdU (Sigma-Aldrich), alkaline

phosphatase-conjugated antibodies to mouse 1gG (Sigma), and the WesternBreeze™
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chemifluorescence immunodetection system (Invitrogen).

Gel Mobility Shift Assay

Gel mobility shift assays were carried out as described (Raina et al., 1998). DNA
sequences with different numbers of TnpA binding sites and differing methylation states
were prepared by PCR amplification from plasmids containing either synthetic
oligonucleotides or Spm promoter fragments (Raina et al., 1993). Primer KS
(5 TCGAGGTCGACGGTATC3') and DCR 3’ primer (5 CACGACGGCTGTAGAZ) or
SK (5CGCTCTAGAACTAGTGGATC3') were used for amplification of DNA
fragments with 1 and 6 (derived from promoter deletion) or 2 TnpA binding sites (cloned
synthetic oligonucleotide). Unmethylated and fully methylated DNA sequences were
prepared by PCR amplification with either dCTP (Life Technologies) or 5m-dCTP
(Roche Applied Science) respectively, in the reaction. Hemimethylated DNA fragments
were prepared by annealing complementary ssDNA with one unmethylated and the other
fully methylated, generated by asymmetric PCR. Optimal ssDNA amplification was
achieved when the asymmetric PCR was run for atotal of 40 cycles with DNA template
at a concentration of 1 ng/50 wl and primer concentrations of 2 uM and 0.2 uM,
respectively. 3.5% NuSieve 3:1 agarose (BMA) and 8% native PAGE gel were used for
ssDNA analysis and preparation, respectively.

DNA was labeled by preincubation with Klenow and dTTP at 30° C for 15 min,
followed by addition of dATP, dGTP and **P-dCTP (10 uCi in @20 ul reaction) and an
additional 15-min incubation. All DNA preparations were purified using Qiagen

columns.
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Other Assays

The DNA methylation assay and the transcription assay have been described in the

Methods of Chapter 2 and Chapter 3, respectively.

Results

Inhibitors of DNA Replication and Cell Division Interfere with TnpA-Mediated Som

Demethylation

Although TnpA expression in tobacco cells is nearly maximal 36 hrs after
induction, Som demethylation is far from complete at that time. This could be the result
of a slow demethylation process, the lack of TnpA expression in some cells, or a
requirement that DNA replicate before demethylation can occur, as suggested by the
observation that demethylation can be induced by dexamethasone in callus cultures, but
not in the leaves from which they were derived. | therefore asked whether interfering
with DNA synthesis and cell division interferes with Som demethylation. Calli containing
amethylated Som-LUC transgene and a dexamethasone-inducible FLAG-TnpA gene were
treated with aphidicolin, a DNA synthesis inhibitor (Sala et al., 1980), and olomoucine,
an inhibitor of the Cdc2/Cdk2 kinase that blocks the G1-S cell cycle transition (Glab et
a., 1994). The efficiency of DNA replication inhibition was examined by monitoring the
incorporation of bromodeoxyuridine (BrdU) into newly replicated DNA using anti-BrdU

antibody. At the concentration used in the experiments, DNA replication was completely
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Figure 13. Inhibitors of DNA synthesis and cell divison interfere with TnpA-
mediated Som demethylation. (A) Western analysis of bromodeoxyuridine (BrdU)
incorporation into DNA following addition of BrdU to tobacco cdalus without
(BrdU only) or with aphidicolin (15 uM) and olomoucine (50 uM)
(Brdu+Aph+0lo). (B) Som promoter and DCR methylation in transgenic tobacco
calli treated with aphidicolin (Aph) and olomoucire (Olo) for 2 days, with or
without dexamethasone (Dex) induction of TnpA expression. The values shown
are the means (and standard errors) of measurements from two replicate

experiments performed on the same callus lines at a similar growth stage.

arrested (Fig. 13A). | then compared the levels of Som methylation after 2 days of
treatment with the inhibitors, with dexamethasone alone, and with a combination of all
three compounds. Treatment of calli with aphidicolin and olomoucine slightly enhanced

Spm methylation, while treatment with dexamethasone alone resulted in Spm
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demethylation (Fig. 13B). Treatment of calli with aphidicolin and olomoucine prevented
dexamethasone-induced TnpA-mediated Som demethylation. This suggests that DNA

replication is arate-limiting step in TnpA-mediated demethylation of the Som sequence.

TnpA Binds More Strongly to Unmethylated and Hemimethylated than to M ethylated

DNA

It has been reported previously that DNA methylation reduces the affinity of
TnpA for oligonucleotides containing its consensus 12-bp binding site,
CCGACACTCTTA (Gierl et al., 1988). To assess the effect of DNA methylation on the
binding affinity of DNA fragments derived from the Som promoter, | compared TnpA
binding to unmethylated, hemimethylated and fully methylated synthetic oligonucleotides
and DNA fragments derived from the 5’ end of the Som transposon (Raina et al., 1998).
The electrophoretic mobility shift assay was used to compare the binding of DNA
fragments containing 1, 2 and 6 TnpA binding sites. Fully methylated derivatives, as well
as both hemimethylated substrates were prepared by the method developed in this study
as described (see Methods).

TnpA bound strongly to unmethylated and hemimethylated DNA fragments,
irrespective of which strand was methylated. For the fragment containing 1 binding site,
the amount of bound protein was dslightly greater for the unmethylated fragment than for
the hemimethylated fragments, but the difference was not large (Fig. 14A). Similar
results were obtained with synthetic oligonucleotides (2 binding sites) and with Som-
derived DNA fragments (6 binding sites) (Fig. 14B and 14C). These observations are

consistent with the previous report that TnpA’s affinity for fully methylated
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oligonucleotides containing 1 or 2 TnpA binding sites is less than for hemi- or un-
methylated oligonuclectides (Gierl et a., 1988). However, more of the promoter-derived
fragment containing 6 TnpA binding sites was in DNA-protein complexes than of the
DNA fragments containing 1 or 2 binding sites. Som promoter-derived fragments with
multiple binding sites formed large complexes, spreading the labeled DNA over alarge

fraction of the gel (Fig. 14C).

Figure 14. Electrophoretic mobility shift assay of TnpA binding to DNA
fragments with (A) one, (B) two and (C) six TnpA binding sites (). The DNA
fragments were unmethylated (U), fully methylated (M), methylated in the upper
strand (H1), or methylated in the lower strand (H ).

@ Free DNA; < TnpA-bound DNA.

The formation of such large complexes has been reported previously, and it has

been noted that the concentration of TnpA required for binding decreases with increasing
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number of binding sites per DNA fragment (Raina et al., 1998). In the present
experiments, fully methylated DNA fragments bound TnpA less effectively than hemi-
methylated DNA fragments in all cases. However, methylated DNA fragments
containing 6 TnpA binding sites bound a larger fraction of the input DNA than those with
fewer binding sites. Nonetheless, the TnpA-DNA complexes that formed with
methylated DNA migrated faster than those formed with unmethylated or
hemimethylated fragments, suggesting that they are smaller. This, in turn, indicates that
fewer binding sites per methylated DNA molecule were occupied by TnpA. These
results are consistent with the observation that DNA replication and cell cycle inhibitors
interfere with TnpA-mediated demethylation and support the interpretation that DNA
replication is necessary to produce the hemimethylated Som sequence to which TnpA can

bind.

Discussion

DNA can be demethylated by interfering with maintenance methylation or by active
elimination of methyl groups, methylated bases or methylated nucleotides (Li et al.,
1992; Jost et al., 1995; Vairapandi and Duker, 1996; Bhattacharya et al., 1999). DNA
demethylation by interference with remethylation of newly replicated DNA is a slow
process. It requires two rounds of replication to produce the first fully unmethylated
daughter molecules and further reduces the amount of methylated DNA by just twofold at

each subsequent replication. The results of the present study reveal that demethylation of
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Figure 15. A modified model depicting the role of TnpA in DNA demethylation. (A) TnpA
does not bind the fully methylated Som sequence. (B) In dividing cells, TnpA binds to newly
replicated, hemimethylated DNA. (C) TnpA assembles a transcription initiation complex
and either actively recruits additional proteins necessary for demethylation directly (1) or
indirectly (2), or restructures chromatin to increase the accessibility of the Som sequence to

demethylation (3).

the Som sequence occurs much more rapidly than can be accounted for by interference
with maintenance methylation. However, inhibition of DNA replication and cell cycle
progression interferes with the ability of TnpA to demethylate DNA. The likely
resolution of this dichotomy lies in the much greater affinity of TnpA for unmethylated
and hemimethylated DNA than for fully methylated DNA (Fig. 14). Since demethylation
commences soon after TnpA induction in unsynchronized cell cultures, it seems likely

that TnpA binding to newly replicated molecules is followed rapidly by demethylation
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and that DNA replication is the rate-limiting step for TnpA-mediated demethylation.
This interpretation is consistent with our observation that TnpA expression has no effect
on Som methylation in leaves, where cell division has ceased. Fig.15 is arevised model,
illustrating the two-step mechanism for TnpA-mediated demethylation of the Som

sequence.
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Chapter 6

DNA DEMETHYLASE ACTIVITY ISPRESENT IN DIVIDING
TOBACCO CELLS

Introduction

Programmed change in DNA methylation is essential for norma growth and
development of both animals and plants. In animals, active DNA demethylation has been
well documented and several proteins seem to be able to convert 5-methylated cytosine
(5mC) to cytosine through distinct mechanisms. MBD2, a methyl-DNA binding protein,
is shown to be capable of removing the methyl group from 5mC, thus yielding
unmethylated DNA (Bhattacharya et al., 1999). Although the existence of such a bona
fide DNA demethylase has gained further support from subsequent studies from the same
lab (Cervoni et a., 1999; Ramchandani et al., 1999; Detich et al., 2002), it has not been
replicated by others, which have identified MBD2 as a transcription repressor in alarge
transcription repression complex (Ng et al., 1999; Zhang et a., 1999). By contrast, an
accumulating body of evidence indicates that a mgjor mechanism of active DNA
demethylation is through the removal of the methylated base from 5mC by a 5
methylcytosine DNA glycosylase (5SMCDG) activity and subsequent replacement of the
abasic site by a cytosine via the DNA repair pathway (Jost and Jost, 1995; Vairapandi

and Duker, 1996; Zhu et al., 2000). DNA demethylation could also occur as an indirect
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consequence of 5mC deamination, which gives rise to a T/G mismatch pair and is the
primary cause of mutation in methylated DNA (Wang et a., 1982). There is evidence that
MBD1, a protein with a N-terminal methyl-binding domain and a C-terminal DNA
glycosylase domain (Wu et al., 2003), is involved in repairing the G/T mismatch pair
(Hendrich et al., 1999; Petronzelli et al., 2000). More recently, an oxidation DNA
demethylation mechanism has been proposed for the bacterial AlkB protein, which
appears to have a preference for methylated DNA in single-stranded DNA (Falnes et dl.,
2002; Trewick et al., 2002). A similar mechanism might have evolved in higher
organisms, as homologs of the AlkB gene have been identified in animals.

Although there are cytological observations that suggest the existence of DNA
demethylase activities in plant cells (Oakeley and Jost, 1996), no biochemical evidence
has ever been obtained. The present study of ThpA-mediated DNA demethylation also
indicates that there are DNA demethylases in plants. To investigate this possibility as
well as the mechanism by which TnpA promotes Som demethylation, | developed an in
vitro assay for sensitive detection of DNA demethylase activity. | also optimized the
conditions for preparing nuclear extracts from tobacco suspension cells. A DNA
demethylase activity was indeed detected in the nuclear extracts. The in vitro DNA
demethylase assay will be especially useful for further studies of the mechanism

underlying TnpA-mediated DNA demethylation.
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M aterials and M ethods

Plant materials
All plant materials used in this study and treatments have been described in

previous chapters.

Whole Cell and Nuclear Extract Preparation

Whole cell extracts were prepared from tobacco suspension cells essentially
following the protocol of (Cooke and Penon, 1990). A protoplast-based method was used
for preparation of tobacco nuclear extracts with some modifications (Roberts and Okita,
1991). Suspension culture was filtered through a layer of miracloth (Calbiochem-
Novabiochem Corporation, La Jolla, CA). 50 g cells were washed 2-3 times with
protoplast medium (10 MM MES-KOH, pH5.8, 0.4 M D-mannitol) and then resuspended
at 4 ml/g cellsin protoplast medium containing 1% cellulase “ Onozuka R-10" and 0.1%
macerozyme (SERVA product, Crescent Chemical Co, Inc, Islandia, NY). Cells were
incubated at 28 °C for 90 min on a shaker (100 rpm) and protoplasts were collected by
centrifugation at 2500 g for 10 min at 4°C. After washing 3 times with protoplast
medium, the pellet was resuspended in 1 vol of ice-cold lysis buffer (25 mM MES-KOH,
pH5.8, 18% sucrose, 0.15 mM spermine, 0.15 mM spermidine, 3 mM PMSF, 0.2 ug/ml
pepstatin, 2 ug/ml leupeptin, 10 mM p-mercaptoethanol and 20 mM NaF). The mixture
was vacuum-filtered through one layer of nylon mesh (75 uM pore size), and the filtrate
was centrifuged at 2500 g for 10 min at 2 °C. The pelleted nuclei were gently

resuspended in 20 ml of 0.5X protoplast medium and, centrifuged at 2500 g for 5 min at
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4 °C. The nuclei were then resuspended immediately in 2 vol of nuclear extract buffer (25
mM HEPES-KOH, pH7.9, 25% glycerol, 4mM MgSO,, 0.2mM EDTA, 1mM EGTA,
10mM NaF, 10 mM B-mercaptoethanol, 3 ug/ml pepstatin, 2 ug/ml leupeptin and 1mM
PMSF). 4M ammonium sulfate was added to a final concentration of 0.42 M and the
suspension was shaken gently at 4 °C for 30 min, then centrifuged at 200,000 g for 1 hr at
2 °C. The supernatant was dialyzed for 2-3 hrs immediately at 4°C against 500 ml
dialysis buffer (20 mM HEPES-KOH, pH7.9, 20% glycerol, 100 mM KOAc and 0.2 mM
EGTA, 0.1 mM EDTA, 10 mM B-mercaptoethanol and 0.5 mM PMSF). After two
changes of dialysis buffer, the extract was centrifuged at 10,000 g for 5minat 2 °C. The

supernatant was aliquoted and frozen in liquid N2 and stored at —80 °C.

DNA demethylation assay

The substrate for the in vitro DNA demethylation assay is a hemimethylated DNA
fragment containing the Spm promoter and DCR. It was generated by a
biotin/streptavidin-based method described in Chapter 2. To determine DNA demethylase
activity, 1-5 ng *P labelled hemimethylated DNA was incubated with protein extracts at
37 °Cfor 4 hrsin a50 ul reaction containing 25 mM HEPES, pH7.6, 40 mM KCI, 1 mM
MgCl,, 0.0lmM ZnCl,, 0.5 mM EDTA, 0.5 mM DTT, 0.5mM ATP, 0.1% BSA and 1
mM dNTPs. 2.5 ug pBluescript plasmid DNA was added into the reaction as carrier
either at the start or end of the reaction. DNA was then purified using a Qiagen PCR
purification column and eluted in 50 ul ddH,O. 10 ul of the eluate was digested with 2-4
U Sall in a 20 ul reaction for 2 hrs at 37 °C and the digest was resolved on a 1.8%

Metaphor® agarose gel (BMA, Rockland, ME) in 1X TBE buffer. The gel was dried and
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expose to X-ray film. Where specified, endonuclease IV (MBI Fermentas) was also used

to nick the DNA at abasic sites.

Results

Development of anin vitro DNA demethylation assay

My previous experiments suggested that DNA demethylase activities participate in
TnpA-mediated DNA demethylation (Chapater 2). To further understand the underlying
mechanism, | need a DNA demethylation assay that permits sensitive detection of DNA
demethylase activity. As suggested by the observation that rapid DNA demethylation
occurs after one cycle of DNA replication, hemimethylated Som DNA might be the
preferred substrate for the DNA demethylase activiti(es) involved in TnpA-mediated
DNA demethylation (Chapter 5). | therefore used hemimethylated DNA containing the
Som promoter and DCR sequence as the substrate for an in vitro DNA demethylation
assay.

DNA was methylated in vitro using the bacterial methylase Sssl, which catalyzes
the formation of 5-methylcytosine (5mC) in the CpG dinucleotide context.
Hemimethylated DNA prepared by this method contains only one 5mC in the Sall
recognition site. Since removal of the single 5mC in the Sall site will render the DNA
sensitive to Sall restriction, Sssl methylated DNA should permit sensitive detection of

low DNA demethylase activity.
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Surprisingly, however, the hemimethylated DNA is not completely resistant to Sall
restriction (Fig. 4E). This is not due to instability of methylated DNA under the
conditions used for the preparation of ssDNA, as shown previously (Fig 4D). Notably,
however, more Sall enzyme was needed for complete digestion of hemimethylated DNA
than unmethylated DNA, indicating that hemimethylated DNA is partially resistant to
Sall restriction. | therefore reasoned that for a mixture of hemimethylated and
unmethylated DNA, a range of Sall concentrations could be defined within which the

unmethylated DNA would be completely restricted, whereas the hemimethylated DNA
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Figure 16. Optimization of condtions for an in vitro DNA demethylation assay.
Restriction of 32P-labeled (A) unmethylated and (C) hemimethylated substrate DNA
by various amounts of Sall enzyme in a 20 ul reaction containing 0.5 ug
unmethylated pBluescript plasmid DNA, the digestion pattern of which is shown in
(B). The bracket indicated the amount of Sall enzyme (1-5 U) within which DNA
demethylation can be performed.
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would remain intact.

To test this possibility, | added trace amount of radioactively labeled substrate DNA
(about 1 ng), either unmethylated or hemimethylated, into a restriction reaction that
contains alarger amount of unlabeled pBluescript plasmid DNA (0.5 ug), which contains
asingle Sall site. As shown in Fig.16 A and B, the radioactively labeled unmethylated
DNA and the pBluescript plasmid were equally digested at the same Sall concentrations
and complete restriction was achieved at 1 U of Sall. By contrast, at this concentration of
Sall radioactively labeled hemimethylated DNA was intact and its complete restriction
was not observed until Sall wasincreased to 10 U (Fig. 16 C). These results indicate that
under the specified assay condition, unmethylated DNA arising from demethylation of
hemimethylated DNA could be reliably detected by Sall restriction within the range of 2-

5 U per reaction.

DNA Demethylase Activity is Present in Tobacco Cultured Cells

To determine whether there is a DNA demethylase activity in plant cells, | used
nuclear extracts prepared from wildtype tobacco suspension cells because of the
following considerations. As DNA demethylation is a nuclear event, TnpA and other
proteins involved in this process should be concentrated in a nuclear extract, thus
facilitating subsequent protein purification. Using a nuclear extract should also help to
minimize protein degradation and enzyme inactivation due to contamination by phenolic
compounds in the cytoplasm (Lax et al., 1986; Chen et al., 1993).

Initially | used two methods for nuclear extract preparation, one by grinding the

whole cells in liguid nitrogen and the other by first preparing protoplast (see Methods).
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The quality of these preparations was then evaluated by assaying DNase activity. As
shown in Fig 17A, whereas very little DNase activity was detected in the nuclear extract
prepared by the first method, strong DNase activity was present in the nuclear extract
prepared using the protoplast protocol. For subsequent DNA demethylation assay, | have

therefore used the protoplast-based method for nuclear extract preparation.

Figure 17. DNase activity in tobacco nuclear extracts and inhibition under the

conditions for the in vitro DNA demethylation assay. 2.5 ug pBluescript plasmid
DNA wes incubated at 37 °C for 4 hrs with various amount of tobacco nuclear
extract prepared via protoplasting (NE2) in the absence (A) or presence (B) of
EDTA. The qudity of the nudear extract prepared by grinding in liquid nitrogen
(NE1) was compared by the DNase assay. M is 1kb DNA ladder.

The presence of strong DNase activity in the nuclear extract presents a problem
with the in vitro DNA demethylation assay, because DNA degradation interferes with
detection of demethylated DNA. Since Mg* alone is sufficient for the activity of most
enzymes, while both Mg* and Ca?* are required for DNases (Latham, G. Ambion, inc.
unpublished data), | added the metal chelator EDTA to the DNA demethylation reaction

at a concentration significantly lower than that of Mg* but high enough to chelate
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residual Ca™* (see Methods). Under these conditions, DNase activity is completely
inhibited (Fig 17 B).

The DNA demethylation assay was then performed in the presence of EDTA. Sall
sensitive DNA was observed after incubation with tobacco nuclear extracts, but not after
mock treatment (Fig. 18). Moreover, the signal for cleaved DNA intensified when the
amount of nuclear extract was increased (Fig. 18). These results clearly demonstrated the

presence of an enzymatic activity in tobacco suspension cells that nicks methylated DNA.

NE Oul 1ul 2ul 4 ul
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Figure 18. A representative in vitro DNA demethylation assay, showing the presence

of a DNA demethylase activity in a nudear extract (NE) prepared from wild type
(SR1) tobacoo suspension cells. The band indicated by the arrow is DNA fragment
resulting from Sall restriction of the substrate DNA.
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Discussion

A Sensitivein vitro DNA Demethylation Assay

To determine whether there is a DNA demethylase activity in plant cells, |
developed an in vitro DNA demethylation assay using hemimethylated DNA containing
the Som promoter and the DCR as the substrate. This assay will permit the detection of
general DNA demethylase activities in plant cells, as well as an activity specific for
TnpA. Because TnpA has much higher binding affinity for the Som promoter sequence
when hemimethylated than fully methylated (Chapter 5), using hemimethylated DNA
enhances the interaction between TnpA and its substrate DNA, thus increasing the
sensitivity for detection of TnpA-associated DNA demethylase activity.

Because fully methylated DNA is completely resistant to Sall restriction and
hemimethylated DNA is digestable at high enzyme concentrations, the in vitro DNA
demethylation assay can also be carried out with fully methylated DNA substrate by
increasing the amount of Sall in the reaction. This modified DNA demethylation assay
will be useful in characterizing the substrate specificity of plant DNA demethylases in

further studies.

Distinct DNA Demethylase Activitiesin Plant Cells

Although there is evidence suggesting the presence of DNA demethylase activities
in plant cells, the present study represents the first effort to directly test such a possibility.
My results showed that there is indeed a methylated DNA nicking activity in tobacco

suspension cells. The nicked DNA cannot be attributed to DNases in the nuclear extract,
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because DNase activity was completely inhibited by the metal chelator EDTA. Although
it is still unknown whether this DNA nicking activity is specific to methylated DNA, it
clearly uses methylated DNA as substrate and is believed to be a DNA demethylase.
Since multiple DNA demethylases activities may be present in the crude nuclear extracts,
prior purification is necessary in further experiments to characterize the activity.
Simultaneously with this finding it was reported that the ROS1 protein in
Arabidopsis, a DNA glycosylase, is able to nick methylated DNA specifically (Gong et
a., 2002). Unlike the activity detected in this study, however, the ROS1 protein only
nicks DNA methylated with Mspl methylase, which methylates the external cytosinein a
CCGG context, but not DNA methylated with Sssl methylase that methylates the
cytosine in the CG dinucleotide context. Because the DNA substrate used in the present
study was methylated using the Sssl methylase, it is very likely that the DNA
demethylase activity detected in our assay is distinct from ROSL. Interestingly, two ROSL
homologs have been identified in Arabidopsis. One of them is the DEMETER, which
encodes an embryo-specific DNA glycosylase but does not seem to have an in vivo
function in DNA demethylation (Choi et al., 2002). The function of the second homolog
has not been characterized, and therefore it would be interesting to see whether it encodes

aDNA glycosylase that catalyzes the removal of 5mC from the CG dinucleotide context.

Tissue-Specific and Temporal Expression of DNA Demethylase

As described previously (Chapter 5), TnpA-mediated DNA demethylation was not
observed in fully expanded leaves that have ceased to divide. This could be due to the

inability of TnpA to get access to methylated Som sequence in the absence of DNA
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replication, as DNA replication was shown to be required for TnpA to initiate DNA
demethylation (Chapter 5). Another possible cause is the lack of DNA demethylase in the
leaf cells. In animals, the 5-methylcytosine DNA glycosylase is exclusively expressed in
dividing cells (Jost and Jost, 1995; Schwarz et al., 2000). This observation raises the
interesting possibility that DNA demethylase activity in plants may also be expressed in a
tissue-specific or temporal manner. This may help to explain the phenotype of the mom
mutation of Arabidopsis that causes release of gene silencing but no change in DNA
methylation (Amedeo et al., 2000). The mom mutation is a weak allele affecting only a
transgene at later stage of development when cells have ceased dividing (Probst et al.,

2003).
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Chapter 7

DNA DEMETHYLASE ACTIVITY ISRECRUITED TO THE SPM
SEQUENCE ASA RESULT OF TRANSCRIPTIONAL ACTIVATION

Introduction

Although several proteins in animal cells have been shown to be capable of
converting 5mC to cytosine, whether and how they participate in sequence-specific DNA
demethylation still remain largely unknown. In some cases, DNA demethylases seem to
be targeted to DNA sequences by trans-acting factors through physical interactions. For
example, 5-methylcytosine DNA glycosylase, which could catalyze DNA demethylation
through a DNA repair pathway, has been shown recently to interact with the retinoid and
the estradiol receptors, both are known to promote sequence-specific DNA demethylation
(Zhu et al., 2001; Jost et al., 2002).

The previous findings that there is a DNA demethylase activity in plant cells and
that TnpA has a leucine-zipper domain in its C-terminus strongly suggest that a DNA
demethylase might be recruited to the Som promoter sequence through direct or indirect
protein-protein interactions. To test this possibility, | purified TnpA and possible
interacting proteins from plant cells expressing the TnpA protein using a co-
immunoprecipitation approach. DNA demethylase activity was not detected in TnpA-

containing immunoprecipitate, however. The present study clearly ruled out the
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possibility that TnpA is a sequence-specific DNA demethylase. Results from this
experiment and selective precipitation by ammonium sulfate also failed to show direct
interaction between TnpA and DNA demethylase activities. Since demethylation of the
Som sequence was observed after induction of transcription from the Som sequence under
the control of an inducible promoter, it is suggested that a DNA demethylase gains access
to the Spom sequence passively as a result of transcriptional activation by the TnpA

protein.

M aterials and M ethods

Plant Materials

Unless specified, all plant materials and treatments used in this study have been
described in previous chapters. Transgenic tobacco lines containing the pTA-U+D-Luc-
Spm3 construct for inducible transcription activation was generated using the
Agribacterium-mediated |eaf-disc transformation method as used for generation of other

transgenic lines.

Constructs
To clone pTA-Spm-LUC-Spm3’, the construct for inducible transcription through
the Som sequence, the Som-LUC reporter construct was first subcloned from pMS73 as

an approximately 4.7 kb fragment (Schldppi, 1994) into pBluescript 11 KS (+) and then
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cloned as an Asp718 (filled-in with Klenow) to Spel fragment into pTA7001 or pTA7002

(Aoyama and Chua, 1997) that was cut with Xhol and Spel (Xhol filled-in with Klenow).

| mmunoprecipitation

The FLAG-tagged TnpA protein and its truncated derivatives, FLAG-TnpA ,, and
FLAG-TnpA,,,, were pulled down using anti-FLAG® M2-agarose affinity gel (A-2220,
Sigma-Aldrich, St. Louis, MO). Tobacco suspension cultures that express each protein
were first filtered through a layer of miracloth (Calbiochem-Novabiochem Corporation,
La Jolla, CA), weighed and grounded on ice in 3X volume of ice-cold extraction buffer,
which is composed of 50 mM Tris-HCI, pH 7.6 at 4 °C, 450 mM NaCl, 10 mM EDTA,
1% Triton X-100, 50 mM B-mercaptoethanol, 3 mM PMSF, 1X plant protease inhibitor
cocktail Sigma-Aldrich), 10% glycerol and 1% BSA. The extract was centrifuged at
15000 rpm, 4°C for 15 min, and 1 ml supernatant was transferred to a tube with 40 ul
anti-FLAG agarose beads, which had been pretreated following the vendor’'s
recommendations. After incubation at 4 °C for 6 hrs on a shaker (Barnstead/thermolyne,
Dubuque, IOWA), the beads were washed 1-3 times with a buffer that contains 50 mM
Tris-HCI, pH 7.6 at 4°C, 150 mM NaCl, 10 mM EDTA, 50 mM p-mercaptoethanol, 1
mM PMSF, 1X plant protease inhibitor cocktall and 10% glycerol and 0.1%-1% Triton
X-100 depending on the required stringency. The gel was finally washed in washing
buffer that contains no Triton X-100.

For protein detection only, the gel was boiled in 40 ul 2X SDS protein sample
buffer and the supernatant was analyzed by a western blot assay. To release the FLAG-

tagged protein in its native form, the gel was incubated with 40 ul of 150 ng/ul FLAG
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peptide solution at 4 °C for 45 min with shaking. The supernatant was collected after a
brief centrifugation at 10,000 rpm, 4°C. The elution was repeated once and the

supernatants were combined.

Ammonium Sulfate Precipitation

Selective ammonium sulfate precipitation of proteins from tobacco extract was
conducted following standard protocols (Lovrien and Matulis, 1997). Briefly, tobacco
suspension cultures were first filtered through a layer of miracloth (Calbiochem-
Novabiochem Corporation, La Jolla, CA). 50 g cells were weighed and ground in 50 ml
ice-cold extraction buffer (Tris-HCI, pH 7.6, 150 mM NaCl, 10% glycerol, 10 mM
EDTA, 50 mM 2-mercaptoethanol, 5 mM PMSF and 5mM NaF). The supernatant was
then collected after the homogenate was centrifuged at 40,000 rpm, 4 °C for 1 hr using a
Ti70 rotor (Beckman Ultracentrifuge). (NH,),SO, powder was added into the extract with
stirring to achieve the desired saturation. The slurry was stirred for additional 20 min,
then centrifuged at 17,500 rpm at 4 °C for 20 min. The supernatant was transferred to a
beaker and the process was repeated to precipitate proteins at higher (NH,),SO,
concentrations.

The pellets from each fraction were dissolved in 2 ml protein extraction buffer and
centrifuged at 15000 rpm, 4 °C for 15 min to remove undissolved material. Each fraction
was dialyzed against 100X vol of dialysis buffer (20mM HEPES-KOH, pH7.9, 20%
glycerol, 100 mM KOAc, 0.2 mM EGTA, 0.1 mM EDTA, 2 mM DTT and 0.5 mM
PMSF) using cellulose ester tubing (Spectra/por® CE, MWCO of 3500, CAT# 131162).

The buffer was changed every 4-6 hrs and this was repeated twice. Finally, the solution
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was centrifuged at 15,000 rpm, 4 °C for 20 min and the supernatant was aliquoted and

stored at —80C.

DNA Demethylation Assay and Other Assays

DNA demethylase assay was performed as described in Chapter 6. In some cases,
hemimethylated DNA containing the DCR sequence alone was used as the substrate,
which was amplified by PCR as a 493 bp fragment from pDC131 using primer pairs KS
and SK (Raina, 1993). Silver staining of protein gels was performed using the Silver
Stain Plus kit (BioRad, Hercules, CA).

All other assays such as Western blots, gel mobility shift assays, RT-PCR and DNA

methylation assays were performed as described previoudly.

Results

Optimization of Conditions for TnpA |mmunoprecipitation

To investigate the possibility that TnpA interacts physically with a DNA
demethylase activity, it is necessary to purify TnpA aong with possible interacting
proteins from transgenic tobacco cells that express the TnpA protein. This was attempted
by co-immunoprecipitation (IP) using anti-FLAG antibody affinity gel (Methods), as
TnpA and its truncated derivatives TnpA.,, and ThpA ,,, have been expressed as FLAG-
tagged fusion proteins in transgenic tobacco cells. Another advantage of this approach is
that, along with the use of proteomics tools, it would permit quick identification of the

proteins that participate in TnpA-mediated DNA demethylation.

120



Although the fusion protein between the FLAG tag and bacterial alkaline
phosphotase (FLAG-BAP) was efficiently pulled down in the reconstruction experiment
when purified FLAG-BAP protein was added to a tobacco extract, the initial effort to pull

down the FLAG-TnpA protein from tobacco cells was not successful (not shown). The
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Figure 19. Immunoprecipitation (IP) of FLAG-tagged TnpA protein and derivatives
from tobacco sugpension cultured cells. (A) Western blot assay of FLAG-TnpA or
FLAG-TnpA ., in immunoprecipitates prepared in the presence (+) or absence (-) of
50 mM B-mercaptoethanol (-ME). As a negative control, | P was conducted as well
with a wildtype (WT) extract. (B) Silver staining of the immunoprecipitates in (A).
(C) IP of FLAG-TnpA in the presence of the chemicas as indicated. The band

marked by “*” isanon-TnpA signal arising from cross reactivity.
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failure is partly due to some intrinsic property of the protein, because IP efficiency was
very low even with purified FLAG-TnpA in extraction buffer (not shown). Since no
TnpA protein was recovered at all when it was added to a plant extract, some components
in the tobacco extract may exacerbate this problem.

To optimize the conditions for TnpA immunoprecipitation, | therefore compared the
efficiency of immunopreciptation under various conditions, including different salt,
glycerol and detergent concentrations as well as in the presence of bovine serum albumin
(BSA) and polyvinylpolypyrrolidine (PVP). None of the tested conditions significantly
and consistently improved the IP efficiency (not shown). However, an inverse
relationship was observed between IP efficiency and the intensity of brown color,
suggesting that oxidation of polyphenolic compounds might interfere with
immunoprecipitation of the TnpA protein (Lax et a., 1986; Chen et al., 1993).

In order to prevent oxidation of phenolic compounds, | therefore increased the
concentration of the reducing reagent $-mercaptoethanol in the protein extraction buffer.
Remarkably, | was able to consistently pull down the FLAG-TnpA protein and its
truncated derivatives when 50 mM B-mercaptoethanol was used (Fig. 19A). Use of other
chemicals that supposedly increase specificity or stabilize protein complexes did not
further improve the efficiency of immunoprecipitation (Fig 19 C). Interestingly, it has
been reported previously that the presence of areducing reagent, such f-mercaptoethanol
or DTT, is essential for maintaining the DNA binding ability of the TnpA protein
(Trentman, 1991). A likely explanation for this observation is that under the oxidative
condition proteins with protein-protein interaction domains tend to form functionally

inactive aggregate.
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TnpA is not itself, nor does it Bind to, a DNA Demethylase

To be compatible with the in vitro DNA demethylation assay, the FLAG-tagged
TnpA protein was released from the affinity gel in its native form by incubation with

FLAG peptide solution. As a negative control, native FLAG-TnpA.,, and FLAG-TnpA .,

A FLAG peptide WT FLAG-TnpA  FLAG-TnpA420

Sall 0 2 3 0 2 3

»
5 FLAG peptide WT FLAG-TnpA FLAG-TnpA420
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Figure 20. TnpA does not associate specifically with aDNA demethylase activity.
DNA demethylase activity in immunoprecipitates (2 ul each) prepared by (A) mild
washing or (B) extensive washing. The arrow indicates the position of Sall cleaved
DNA as aresult of DNA demethylation. (C) Western blot analysis of the samples
used in (B).
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proteins were also prepared, in addition to a mock immunoprecipitation using wildtype
tobacco cell extract. This mild elution condition should also help to maintain the integrity
of possible TnpA-containing protein complexes. For the same reason, the IP experiment
was initially carried out using mild washing conditions (washing once with 0.1% Triton
X100).

As shown in Fig. 20A, DNA demethylase activity was clearly detected in all
immunoprecipitated samples. The observed Sall-sensitive DNA was not due to DNase
activity, which was inhibited under the assay condition (not shown). This observation
confirmed the previous one that there is a DNA demethylase activity in plant cells.
However, after increasing the stringency of washing in subsequent IP experiments
(multiple washes with buffers containing 1% Triton X-100), DNA demethylase activity
was dramatically reduced in all immunoprecipitate samples (Fig. 20B), although the
FLAG-G tagged proteins were still present (Fig 20C). DNA demethylase activity
detected in the immunoprecipitate without extensive washing is thus believed to have
arisen from nonspecific interaction between proteins and the affinity gel. As revealed by
silver staining of the gel, many proteins were still present in both the mock
immunoprecipitate and the FLAG-TnpA immunoprecipirate (Fig 19B). These results
suggested that TnpA does not associate with a demethylase, nor does it contain such an
activity.

The failure to detect TnpA-associated DNA demethylase activity in the foregoing
experiments could be due to the inability of the FLAG-TnpA protein to bind the DNA
substrate. As shown in Fig. 21, the TnpA protein purified by immunoprecipitation binds

well to a DNA fragment containing its cognate binding sites. However, because of the
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Figure 21. TnpA protein expressed in tobacco cells binds well to the Som promoter
sequence. Native FLAG-TnpA protein prepared by immunoprecipitation from tobacco
cells was assayed by mobility shift assay for binding to a synthesized DNA fragment
containing two TnpA binding sites (shown above). The arrow and agerisk mark the
positions of TnpA-DNA complexes. TnpA purified from bacteria (TnpA) was used as
a positive control, the FLAG peptide (FLAG) and mock immunoprecipitates prepared
from wildtype tobacco extracts (WT) served as negative controls. IP1 and P2
represent two preparations of immunoprecipitates. In lane 8-10 was added 20 ng
competitor DNA as indicated. pBS, pBluescript plasmid; U+D, a 565 bp Hindlll-
BamHI fragment cut from pDC105 contaning the Som promoter and DCR; Som3', a
1.2 kb Hindll1-Pstl DNA fragment from pM S66 containing the 3' end sequence of the
Som transposon (Schldppi et a., 1994).

strong DNA binding, TnpA-associated DNA demethylase activity could be anchored in

the Som promoter region and thus unable to reach the downstream DCR to effect DNA
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demethylation. To check this possibility, | performed a DNA demethylation assay using a

hemimethylated DNA fragment containing the DCR sequence only as substrate

(Methods). Again, TnpA-associated DNA demethylase activity was not observed (Fig

22).

A Ks Sal | (GTCGAC) SK
—> |
— DCR —
e pig »>|
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B WT FLAG-TnpA  FLAG-TnpA;,, FLAG-TnpA,,,

Salk o0 2 3 0 2 3 0 2 3 0 2 3uU

Figure 22. DNA demethylation assay using hemimethylated DNA containing DCR
only. (A) A diagram showing the primers KS and SK used for PCR amplification
of the DNA substrate and the expected DNA fragments after Sall restriction. (B)
DNA demethylase activity in immunoprecipitates as used for the experiment shown
in Figure 20B.

The foregoing experiments do not rule out the possibility that TnpA binds a 5-

methylcytosine DNA glycosylase (6MCDG). If a5MCDG activity participates in TnpA-

mediated DNA demethylation, the resulting abasic sites at 5mC may become resistant to

Sall restriction, as is the case for EcoRIl (Petrauskene et al., 1995), and thus evade

detection under the current assay conditions. To investigate this possibility, endonuclease
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IV, an apurinic/apyrimidinic (AP) endonuclease that nicks DNA specifically at abasic
sites (Kaboev et a., 1985; Masters et a., 1991), was used to initiate DNA nicking before
Sall restriction. No change in the amount of Sall sensitive DNA was observed, however,

indicating the absence of DNA glycosylase in the TnpA-containing immunoprecipitate

(Fig 23).
A
__5pGp3_  pnA — 5’I? Gp3' —  DNA Repair — 5"? Gp3'
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Figure 23. Detection of abasic sitesin DNA using endonuclease 1V.

(A) Diagram showing DNA demethylation through a DNA repair pathway involving
DNA glycosylase. (B) Using bacterial endonuclease 1V (End 1V) and Sall for
detection of DNA demethylase activity in the immunoprecipitates as used for the

experiment shown in Fig 20B.

Another possibility for the lack of DNA demethylase activity in the TnpA
immunoprecipitate is that proteins that interact with TnpA might be washed off under the

more stringent | P condition. To address this question, | precipitated proteins from TnpA

127



A B P

30% oS & 40% 50%

& N S 00]0 0 ()
&g e — TS S0 2
i ) PBS L . . . 4 - L L4
& 9 u+b . - + - - - - % - - L o4

C Fraction 30% 40% 50% 60%

Sall o 2 3 0 2 3 0 2 3 0 2 3U

Figure 24. TnpA does not co-fractionate with DNA demethylase activity.

Mobility shift assay of precipitates at the concentrations of AmSO, indicated (A) in the
absence or (B) presence of competitor DNA. The asterisk marks the position of DNA-
TnpA complexes. pBS and U+D, same DNA fragment as described in Figure 21. #6, a
134bp PCR-amplified DNA fragment containing 2 TnpA binding site, as described in
Chapter 4; The buffer used to dissolve the sample was used a control. 30%+40% and
40%+50%, mixtures of equal volumes of the 30% and 40% or 40% and 50% fractions
respectively. (C) DNA demethylase activity in different fractions of AmSO,
precipitation, asindicated by the band marked by the arrow.

expressing tobacco cells at increasing concentrations of ammonium sulfate and

128



determined their DNA demethylase activity. Due to the ‘salting out’ effect, proteins tend
to remain in their complex at high (NH,),SO, concentrations. If TnpA interacts with a
DNA demethylase activity, TnpA and DNA demethylase activity would be expected to
co-fractionate. While almost all FLAG-tagged TnpA protein was precipitated at 30%
saturation of (NH,),SO,, as revealed by mobility shift assay (Fig. 24A and B), only a
small portion of DNA demethylase activity was present in this fraction (Fig. 24 C). By
contrast, most DNA demethylase activity seems to be in the fraction corresponding to
40% (NH,),S0O, saturation, which contains little TnpA protein (Fig 24).

Taken together, all the experiments described above indicate that TnpA is unlikely to

be associated physicaly with aDNA demethylase.

Som Demethylation after Transcriptional Activation

The finding that TnpA’s transcriptional activity is required for it to promote DNA
demethylation, as well as the failure to detect DNA demethylase activity in TnpA-
containing immunoprecipitates, strongly suggests an indirect mechanism for the
recruitment of DNA demethylase activity to the Som sequence. To further investigate the
relationship between transcription activation and DNA demethylation, | generated
transgenic tobacco plants in which the Som promoter and DCR aong with a luciferase
reporter gene construct (Schldppi et al., 1994) are placed downstream of the
glucocorticoid-inducible (GR) promoter (Aoyama and Chua, 1997), the same vector as
used for controlling TnpA expression described in previous experiments (Fig 25A). This
will make it possible to assemble the transcription initiation complex on the GR promoter

upstream from the Som promoter, then transcribe through the Som sequence.
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In most transgenic lines, the Spm sequence remained either methylated or

unmethylated after dexamethasone treatment to activate transcription (Not shown).
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Figure 25. Som demethyaltion after induction of transcription. (A) T-DNA region of the

binary vector used for controlling transcription through the Som sequence. GV G, a hybrid

transcription factor congsting of the Gal4 binding domain (Gal4 BD), the viral VP16

activation domain (VP16 AD) and the glucocorticoid receptor domain (GR). Som P, the

Som promoter sequence; DCR, the promoter downstream sequence. The Som P-DCR-Luc-

Sm 3’ sequence is transcribed as a single transcription unit. See the legend in Figure 1 for

detail. (B) DNA methylation in the Som promoter (P) and DCR (D) sequence before (Ctl)

and after (Ind) induction treatment in two independent transgenic tabacco calli with the

construct shown in (A). (C) Som methylation in transgenic tobacco calli, which have lost

methylation due to ThpA expression, 2 weeks after transfer to non-induction medium. SR1

isthe line that does not have the TnpA-expression construct. In (B) and (C), the upper and

lower bands represent methylated and unmethylated DNA, respectively.
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However, two of 11 independent transgenic lines examined showed significant loss of
DNA methylation after 48 hrs of induction (Fig. 25B). As neither dexamethasone nor the
transcription factor GV G for inducible transcription interferes with DNA methylation in
the Som sequence (Chapter 2), the present observation strongly supports a causal
connection between transcriptional activation and DNA demethylation.

Notably, none of the transgenic lines showed an increase in DNA methylation,
although there was clear evidence for the presence of de novo DNA methylase activity in
the cells under study. In transgenic lines that contain the construct for inducible TnpA
expression and have completely lost DNA methylation in the Spm sequence after
prolonged induction treatment, the Som sequence regained methylation after depletion of

the inducing chemical (Fig. 25C),

Discussion

Recruitment by TnpA of DNA Demethylase Activity to the Som Sequence

TnpA could promote active demethylation of the Som sequence through one or a
combination of the following possible mechanisms. First, TnpA could itself be a
sequence-specific DNA demethylase. Although it has been shown that purified
recombinant TnpA protein overexpressed in bacteria does not have DNA demethylase
activity, the possibility that TnpA contains DNA demethylase activity has not been
formally ruled out, as some eukaryotic modifications might be essential for TnpA’s

ability to promote DNA demethylation. A more likely possibility is that TnpA recruits a
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distinct protein that has DNA demethylase activity to the Som sequence. Recruitment of
this DNA demethylase could be achieved through direct interaction with TnpA or
indirectly through a protein complex. Since the transcription activation domain of TnpA
has been shown to be indispensable for TnpA’s ability to promote DNA demethylation, a
third possible scenario is that DNA demethylases gains access to the Som sequence as a
consequence of transcription activation, chromatin remodeling in particularly.

To distinguish these possibilities, | used co-immunoprecipitation to purify TnpA
and possible interacting proteins from tobacco cells that express TnpA as a FLAG tagged
protein and determined DNA demethylase activity in the immunoprecipitate using an in
vitro DNA demethylation assay. If TnpA itself isa DNA demethylase or it recruits such
an activity through protein-protein interactions, a DNA demethylase activity should be
detectable in the immunoprecipitate that contains TnpA, but not in ones containing its
truncated derivatives or in a mock immunoprecipitate from wildtype tobacco extract.

Although a DNA demethylase was detected in al immunoprecipitates under mild
washing conditions, no such activity was found to be specifically associated with the
TnpA protein regardless of the method used for detecting DNA demethylase activity.
This result clearly rules out the possibility that TnpA itself is a sequence-specific DNA
demethylase. The co-immunoprecipitation study does not support the hypothesis that
TnpA interacts with a DNA demethylase, either. It is not very likely that a TnpA-
associating DNA demethylase was washed off the affinity gel during the co-
immunoprecipitation experiment because TnpA and DNA demethylase did not co-
fractionate when proteins in whole cell extract was selectively precipitated by ammonium

sulfate. Results from these experiments and the inducible transcription approach
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described below strongly suggest that DNA demethylase activities are recruited to the

Spom sequence passively as a consequence of transcriptional activation (see below).

DNA Demethylation in Response to Transcription Activation

A causal connection between transcription and DNA demethylation has been
identified in the present studies on ThpA (Chapter 2 and 3) and has gained support from
the observation that no direct interaction between TnpA and DNA demethylase activity
was revealed in the foregoing experiments. To further examine the role of transcription in
DNA demethylation, | used a glucocorticoid-inducible promoter to control transcriptional
activation from the Spm sequence. Demethylation of the Som sequence was observed
soon after transcription induction (48 hrs), again suggesting an active process. Since
transcription activation was achieved by the binding of GV G, a chimeric transcription
factor consisting of the gal4 binding domain, the viral VP16 activation domain and the
glucocorticoid receptor domain, DNA demethylation cannot be attributed to the TnpA
protein. These results further suggest that TnpA promotes DNA demethylation through a
mechanism that is common with other transcriptional factors that are also able to promote
sequence-specific DNA demethylation.

One possible scenario is that DNA demethylase activity is recruited to actively
transcribing DNA sequences via the transcription machinery. There is evidence that the
animal G/T mismatch DNA glycosylase, which has been shown to be capable of
converting 5mC to normal cytosine through a DNA repair pathway (Zhu et al., 2000),
interacts with the transcriptional coactivator p300/CBP (Tini et al., 2002). As most

known DNA demethylation-promoting trans-acting factors are transcriptional activators
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(Matsuo et al., 1998; Grange et al., 2001; Thomassin et a., 2001; Zhu et al., 2001; Jost et
a., 2002), itislikely that they recruit a DNA demethylase activity viathe p300 protein or
similar coactivators. Interestingly, p300/CBP homologs and interacting proteins have
been identified in plants, which share a highly conserved structure to their animal
counterparts (Bordoli et al., 2001; Yuan and Giordano, 2002; Lafarge and Montane,
2003), implying that a similar DNA demethylation mechanism might have evolved in
plants.

DNA demethylation could result from transcription per se. It has long been known
that damaged nucleotides in the actively transcribed strand are preferentially repaired, a
process termed transcription-coupled repair (TCD) (Li and Bockrath, 1995), which has
been found in a wide range of living organisms including plants (Mellon et al., 1996;
Leadon and Avrutskaya, 1998; Sturm and Lienhard, 1998). A direct approach to test this
possibility isto activate transcription initiation while inhibiting transcription per se using
transcription inhibitors such as a.-amanitin or cordycepin (Tumbar et al., 1999; Nyeet dl.,
2002). The present inducible transcription system would enable such an experiment,
because the transcriptional activator GV G, which activates transcription from the
inducible promoter, is constitutively expressed and its activation only requires the
binding of glucocorticoid ligands. Consequently, assembly of the transcription initiation
complex and chromatin decondensation will not be affected by a-amanitin or cordycepin.
Such an experiment is impossible with the inducible TnpA system described previously
(Chapter 2), as transcription activation from the Som sequence requires the TnpA protein,

which requires de novo transcription.
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There is accumulating evidence indicating that chromatin remodeling rather than
transcription per se plays a major role in facilitating the access of DNA demethylase to
methylated DNA. Although DNA demethylation mediated by the transcription factor NF-
K requires the presence of the general transcription machinery, it occurs even when
transcription is inhibited (Matsuo et al., 1998). It has also been suggested that
hyperacetylated histone may serve as a mark for targeting DNA demethylase (Cervoni
and Szyf, 2001). Probably the most telling evidence regarding the role of chromatin
structure in DNA demethylation is derived from studies of the mom1 and ddm1 mutations
in Arabidopsis. Both DDM1 and DDM1 proteins are SWI2/SNF2-like chromatin
remodeling protein (Amedeo et al., 2000; Brzeski and Jerzmanowski, 2003). Whereas
mutation in the DDM1 gene causes genome-wide reduction in DNA methylation
(Jeddeloh et al., 1999) and release of gene silencing (Jeddeloh et al., 1998), the moml
mutant only shows derepression of gene silencing without a noticeable change in DNA
methylation (Amedeo et al., 2000).

Since transcription is generally associated with chromatin remodeling, these
observations seem to argue against a role of chromatin remodeling in DNA
demethylation. Remarkably, however, a recent study has revealed that the transgene

whose transcription is affected by the mom mutation is still in a heterochromatin context
(Probst et al., 2003). Since the ddml mutant is also associated with heterochromatin

decondensation in addition to histone hyperacetylation and loss of histone methylation
(Gendrel et al., 2002; Probst et al., 2003), heterochromatin structure could be the major

factor affecting the accessibility of DNA demethylase to methylated DNA.
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The viral VP16 activation domain is among the best characterized to activate
transcription through increasing the level of histone acetylation and remodeling the
chromatin structure (Tumbar et al., 1999; Muller et al., 2001; Nye et al., 2002). The
present finding that Som demethylation followed transcriptional activation by the GVG
transcription factor thus lends further support to the chromatin remodeling-based
mechanism. Moreover, this inducible system would permit a dynamic study of the
interrelationship between DNA demethylation and transcription activation, change in

histone methylation and acetylation as well as chromatin remodeling.

Transcriptional Gene Silencing and DNA Methylation

The experiment using an inducible promoter to control transcription through the
Spm sequence has also yielded information regarding the mechanism that controls de
novo methylation and gene silencing of the Som sequence. DNA methylation can result
from gene silencing at the level of transcription (TGS) or posttranscription (PTGS) (Sijen
et al., 2001; Vaucheret and Fagard, 2001). In contrast to TGS, where transcription is
completely arrested, PTGS is characterized by active transcription from the promoter and
an insignificant steady-state level of full-length transcripts as a result of RNA
degradation. Since TGS and PTGS often occur to repetitive sequences, and dsRNA has
been found to be a potent silencer of gene expression (Matzke et a., 2000), it has been
hypothesized that silencing and methylation of transgenes may be due to aberrant RNA
derived from inverted repeats in the transgene (Muskens et al., 2000). If Som methylation
results from such a PTGS mechanism, transcription activation should enhance DNA

methylation. However, this possibility is apparently not supported by our observation,
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because none of the lines examined showed an increase in DNA methylation, regardless

of theinitial methylation status of the Som sequence.
Another interesting observation from this study is that inducible Som demethylation

seems to depend on how the inducible Som-LUC transgene is constructed. Only a small
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Figure 26. Transgenesin close proximity are co-regul ated.

(A) A diagramatic representation of the Som sequence and the NPT |1 gene, which confers
resistance to kanamycin, in the vector used for tobacco transformation. (B) Three lines of
transgenic tobacco plants grown on MS medium containing 50 mg/L kanamycin, and (C)
DNA methylation of the Som promoter (P) and the DCR (D) sequence. The uppea and
lower bands in each lane represent methylated and unmethylated DNA, respectively.
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number of transgenic lines showed inducible Som demethylation when the 5 end of the
Spm-LUC construct is placed adjacent to the border of the T-vector (facing inward, Fig
25A). By contrast, no such transgenic lines were obtained when the 5 end of the Som-
LUC construct is placed adjacent to the hygromycin expression cassette (facing outward).

One likely explanation for this observation is that the Som sequence and the GVG
gene are more coregulated when they are in closer proximity. DNA methylation and
silencing of flanking sequences has been reported in animal studies (Pikaart et al., 1998)
and a similar phenomenon was noted in the present study of transgenic tobacco plants
with the Som-LUC construct. As shown in Fig. 26, plants with more extensive DNA
methylation in the Som sequence grew much slower than those with slight DNA
methylation when grown on medium containing kanamycin, resistance to which is
conferred by the NPT gene in the same vector. The transgene did not disrupt the normal
growth of the transgenic plants, however, when they were grown in normal medium. This
observation suggests that gene silencing or methylation in the Som sequence may have
spread over to the flanking NPT gene.

A similar situation may occur in the transgenic lines with the inducible Som-LUC
construct. One prediction from the hypothesis described above is that transcription was
efficiently activated in lines with unmethylated DNA, but was not in those with
methylated DNA. Such a correlation would lend further support to the foregoing
observation that transcriptional activation causes DNA demethylation. In transgenic lines
with the Som-LUC transgene facing inwards, however, the GVG gene and the Som

sequence are flanked by different sequences and thus may behave more independently.
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To overcome the problem of cosilencing, the inducible transcription factor GV G can be

expressed using a different vector in lines with heavy DNA methylation.
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Chapter 8

CONCLUSION

Mechanism of TnpA-Mediated DNA Demethylation

Programmed DNA methylation and demethylation are essential for the normal
growth and development of both animals and plants. Although much has been learned
about the mechanisms that control de novo and maintenance DNA methylation (Bestor,
2000; Finnegan and Kovac, 2000; Kishimoto et al., 2001; Lindroth et al., 2001; Cao and
Jacobsen, 2002a, b), our understanding of DNA demethylation is still rudimentary.
Genome-wide demethylation, followed by the imposition of a gender- or tissue-specific
methylation pattern, is likely to be one mechanism by which differential epigenetic
control is achieved. Differential gene expression is also achieved in development by
targeted demethylation of different subgroups of genes in different tissues. In animals,
some trans-acting factors are known to promote demethylation of DNA sequences to
which they bind. Several proteins have also been found to be capable of converting 5-
methylcytosine into cytosine by different routes. However, whether and how these
enzymes participate in the sequence-specific DNA demethylation mediated by trans-
acting factorsis largely unknown. Virtually nothing is known in plants, although there is

evidence that DNA demethylation occursin plants as well.
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In this study, | carried out experiments aimed at dissecting the mechanism by which
the maize Spm transposon-encoded ThpA protein promotes demethylation of the Som
promoter and its downstream GC-rich sequence. Using an inducible promoter to control
TnpA expression in transgenic tobacco cells that harbor a methylated Spm transgene, |
was able to follow the process of DNA demethylation during DNA replication. | found
that TnpA-mediated DNA demethylation is an active process, much more rapid than can
be explained by blockage of DNA remethylation. This observation suggests that TnpA is
either a sequence-specific DNA demethylase or it recruits such an enzyme to the Som
sequence. To further understand the underlying mechanism, | developed an in vitro DNA
demethylation assay that is designed specifically for sensitive detection of TnpA-
associated DNA demethylase activity. Indeed, | detected DNA demethylase activity in
nuclear extracts prepared from tobacco suspension cells. By an immunoprecipitation
approach, | purified native TnpA and its truncated derivatives from tobacco cells that
overexpress these proteins. However, no direct interactions between TnpA and DNA
demethylase activity was detected. Since the purified TnpA protein still binds well to the
Spm promoter sequence, my results clearly rule out the possibility that TnpA itself is a
DNA demethylase. They further suggest that a DNA demethylase is recruited to the Som
sequence through a mechanism that does not involve direct protein-protein interaction.

A prominent feature of TnpA-mediated DNA demethylation is that not only the
Spm promoter, which contains multiple TnpA binding sites, but also its downstream
sequence, gets demethylated. In further experiments, | found that the TnpA protein is a
transcriptional activator specific to the Som promoter and this activity appears to be

essential for TnpA to promote DNA demethylation. On the one hand, truncated TnpA
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derivatives with a deletion of the C-terminal 80 or 190 amino acids lack both the abilities
to activate transcription and to promote Som demethylation. On the other hand, the fusion
protein between the truncated TnpA.,, protein and the viral VP16 activation domain
promotes Spm demethylation more efficiently than the full-length TnpA protein.
Demethylation of the Som sequence was also observed when transcription from the Som
sequence was activated from an upstream inducible promoter by a VP16 activation
domain-containing transcription factor. These findings strongly suggest that a DNA
demethylase activity is recruited to the Som sequence as a conseguence of transcriptional
activation. Since most other trans-acting factors that promote sequence-specific DNA
demethylation are known transcriptional activators, the present finding may have
revealed a common mechanism of active DNA demethylation. Conceivably, a DNA
demethylase could be targeted to actively transcribing sequences through the
transcription initiation complex or the transcription elongation complex. Alternatively, a
DNA demethylase may gain access to methylated DNA passively as a result of chromatin
remodeling.

Although TnpA-mediated DNA demethylation is very rapid, it occurs at a rather
slow rate in the initial stage of TnpA-DNA interaction. In agreement with this
observation, the present study demonstrated that DNA replication is required for TnpA to
initiate the demethylation event. The requirement for an additional step lies in the fact
that TnpA’s binding is much weaker to fully methylated DNA compared with
hemimethylated DNA. Based on these observations, a two-step mechanism is proposed
for TnpA-mediated DNA demethylation: 1) Aninitial passive process where TnpA binds

to post replicative, unmethylated DNA and prevents its remethylation; 2) A subsequent
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active mechanism, which follows transcription activation by TnpA and involves a DNA

demethylase activity.

Significance of the Present Findings

The present study has revealed two essential elements of sequence-specific active
DNA demethylation mediated by trans-acting factors. Whereas the DNA-binding ability
defines target specificity, the transcriptional activation domain appears to facilitate the
access of DNA demethylases to methylated DNA, which is otherwise embedded in
compact heterochromatin. When DNA binding is affected by DNA methylation in the
target sequence, DNA replication is required for the trans-acting factors to bind
hemimethylated DNA. Of course, another critical prerequisite for active DNA
demethylation is that DNA demethylase activity must be available when trans-acting
factor is expressed.

This understanding can account for severa distinct DNA demethylation patterns
mediated by other trans-acting factors. For example, a one-step active mechanism has
been reported for DNA demethylation by transcription factors such as the retinoid and
estradiol receptors, as well as the glucocorticoid receptor (Grange et al., 2001; Thomassin
et a., 2001; Zhu et a., 2001; Jost et al., 2002), whose binding to DNA is through other
proteins that are already anchored in the target DNA and thus is not affected by DNA

methylation. In the case of ThpA, however, an initial passive process is required for
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TnpA to bind to hemimethylated DNA and usher in the subsequent step of active
mechanism.

A similar two-step DNA demethylation mechanism has been reported for the
transcriptional activator NF-kappa B (Matsuo et al., 1998) and the Epstein-Barr virus
latent replication origin protein EBNA-1 (Hsieh, 1999). Although the EBNA-1 protein
has not been associated with transcriptional activity, it is well known that DNA
replication is generally accompanied by transcription and histone hyperacetylation
(Vogelauer et a., 2002). Notably, DNA demethylation due to the EBNA-1 protein is
restricted to the region where the protein binds. Thisis in sharp contrast to that mediated
by transcriptional factors such as TnpA, which promote demethylation of sequences well
beyond the binding sites. The Lacl repressor represents another type of trans-acting
factors. Although it has been shown to be able to maintain its binding sites unmethylated,
there is no evidence that it can promote active DNA demethylation (Lin et al., 2000; Lin
and Hsieh, 2001). In this case, the observed DNA demethylation is probably a result of
maintenance of DNA unmethylation rather than loss of DNA methylation. Similar
activity has been reported for the CTCF protein, a multifunctional protein (Ohlsson et al.,
2001) that can prevent DNA methylation of its binding site in the imprinting center (Hark
et al., 2000; Chao et al., 2002). Unlike the Lacl protein, however, CTCF binds to its
binding sites only in the maternal X chromosome that will undergo inactivation.
Importantly, binding of CTCF to its cognate sequence is inhibited by DNA methylation
and demethylation in the paternal X-chromosome has not been observed (Hark et al.,
2000). Although CTCF can be a transcriptional activator or repressor dependent on the

locus as well as protein modifications or interaction partners, it appears to be a
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transcriptional repressor in the imprinting locus because it interacts with a histone
deacetylase (Chernukhin et al., 2000; Lutz et al., 2000; Klenova et al., 2001). This
observation underscores the importance of the transcriptional domain of trans-acting
factors in promoting DNA demethylation.

The present findings have practical implications as well. Genetic engineering,
which entails the expression of exogenous genes to confer desired traits in plants, has
become a powerful tool for crop improvement. However, a major difficulty that has
surfaced in this approach is that transgenes are often transcriptionally silenced and in
many cases become methylated (Vaucheret et al., 1998; Matzke et al., 2000).
Understanding how genes are selectively demethylated is likely to have practical
applicationsin improving our ability to maintain transgenes in an active state.

Another practical application of understanding targeted gene demethylation is to
enhance our ability to use homologous recombination to alter gene sequences in situ.
DNA methylation not only interferes with transcription, but also with recombination,
possibly due to the formation of compact chromatin structures around methylated DNA.
This has been shown in the fungus Ascobolus (Maloisel and Rossignol, 1998) and is very
likely to be true in other organisms with extensive DNA methylation, particularly plants
(Puchta, 2002). The ability to minimize homologous ectopic recombination is
undoubtedly an important mechanism for maintaining stability in genomes with large
populations of transposons and retrotransposons (Fedoroff, 1999). But the extremely low
frequency of homologous recombination in plants presents a major obstacle to the
successful use of homologous recombination to inactive genes, as well as to modify gene

sequences for improved agricultural performance or nutritional quality. Targeted DNA
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demethylation could therefore be useful to break the barrier that prevents homologous
recombination.

The present study on the mechanism by which the Spm-encoded TnpA protein
promotes Som demethylation has not only filled a significant gap in our understanding of
epigenetic regulation of gene expression, but may also allow us to manipulate the
expression of agronomically important genes. Because the principle of DNA
demethylation appears similar in plants and animals, the knowledge obtained from this

study could be useful aswell in designing new strategies for gene therapy.

Future Directions

The main question that remains to be answered in future studies is how DNA
demethylase activity is recruited to the Spom sequence. Specifically, it is necessary to
determine whether DNA demethylase activity is present in the transcription initiation
complex or the transcription elongation complex or whether it reaches methylated DNA
as a result of chromatin remodeling. Moreover, there is also a need to identify and
characterize the DNA demethylase activity that participates in ThpA-mediated Som
demethylation.

Although a DNA demethylase activity was detected in the nuclear extracts prepared
from tobacco suspension cultured cells, no physical interaction between this enzyme and
the TnpA protein was revealed in the present study. However, a DNA demethylase that

weakly interacts with TnpA might have been lost during the stringent washing step in
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preparing the TnpA-immunoprecipitate. To address this question, native blue-gel
electrophoresis (BN-PAGE) can be used to compare the apparent molecular size of TnpA
in cell extract and the TnpA-containing immunoprecipitate. The BN-PAGE method is a
modified 2-D gel electrophoresis technique that was originally developed for
characterization of protein complexes in mitochondria and later found wide applications
in proteomics (Schagger and von Jagow, 1991; Schagger, 2001; Brookes et al., 2002;
Nijtmans et al., 2002). If TnpA turns out to be in a protein complex, this approach can
help in optimizing the conditions for immunoprecipitation.

Asatranscriptional activator, TnpA could facilitate the binding of aDNA
demethylase to the Spm sequence through the transcription machinery or by exposing
binding sites in a chromatin context. TnpA may interact with other proteins only when
bound to DNA. For example, conformational changes and increased protein-protein
interaction induced by DNA binding have been reported for the Fos and Jun proteins,
which form heterodimers through a leucine-zipper domain (Patel et al., 1990). Thus, it
would be interesting to determine whether a DNA demethylase is recruited to the Som
promoter sequence in the presence of TnpA.

It has been demonstrated that TnpA binds strongly to the Som promoter sequence
when unmethylated and hemimethylated, but not fully methylated. By forming
homodimers, TnpA also creates large intermolecular DNA-protein complexes (Raina et
a., 1998). To facilitate purification of such complexes, biotinylated hemimethylated Som
promoter fragments will be used to pull down TnpA and DNA-binding proteins whose

binding to DNA depends on TnpA-mediated transcriptional activation. Use of
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biotinylated DNA would allow easy recovery of the DNA-protein complex using
paramagnetic streptavidin beads (Kroeger and Abraham, 1997).

Another question that remains to be answered is whether transcription per se is
required for Spm demethylation. This can be investigated by using the inducible
transcription system, as has been discussed in Chapter 7.

In the light of the recent revelation about the interplay between histone
modifications, chromatin structure and DNA demethylation (Richards and Elgin, 2002)
aswell as the current finding that transcriptional activation leads to Som demethylation, it
would be very interesting to examine changes in these elements during the course of
DNA demethylation. Changes in histone modification from methylation to
hyperacetylation has recently been reported during transcription activation at the
dihydrofolate reductase promoter (Nicolas et a., 2003). In this regard, both the TnpA
inducible system and the inducible Som transcription system would be useful because
they permit a dynamic study of the DNA demethylation process.

The inducible system for controlling TnpA expression or transcription at the Som
sequence has yielded much information that leads to the current understanding of the
mechanism of TnpA-mediated DNA demethylation. Still, there are many more questions
that can be addressed using the inducible system. For example, in combination with
bisulfite sequencing (Clark et al., 1994), a technique for mapping all cytosine sites, it
would permit one to examine the dynamic change in DNA methylation in the course of
TnpA expression. Such a study would address a range of interesting questions. For
example, do the two strands get demethylated differentially? Does demethylation occur

distributively or progressively from the TnpA binding sites? Does 5mC in every context
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(CpG, CpNpG and non-asymmetric position) get demethylated with the same efficiency?
Gain of DNA methylation has been observed in transgenic tobacco calli after withdrawal
of the inducing chemical. This will allow a detailed and dynamic study of the process of
de novo methylation.

Dissecting the mechanism by which the Som sequence gets methylated is also
important for us to understand how TnpA reverses this epigenetic mark. One of the
efforts that have been made is to reproduce the Som epigenetic phenomenon (DNA
methylation and demethylation) in Arabidopsis, so as to take advantage of the available
rich genetic resources. Among hundreds of transgenic plants examined, however, none
show a trace of methylation in the Som sequence. This observation reflects some
fundamental difference between tobacco and Arabidopsis. One possible reason for the
lack of DNA methylation in the Som sequence in transgenic Arabidopsis plantsis the lack
of trans-acting factors that recognize the Som sequence for de novo methylation. As
histone deacetylation and methylation have been shown to be the determinants of DNA
methylation, it would be interesting to test whether fusion of a histone deacetylase or
methyltransferase domain to truncated TnpA derivatives would bring about de novo
methylation of the Som sequence. Alternatively, the Som sequence could remain
unmethylated because of factors that bind and maintain an active status of the Som
transgene. These possibilities need to be examined as well in future studies.

Lastly, but not least importantly, the DNA demethylase activity that participates in
TnpA-mediated DNA demethylation needs to be identified and characterized. If it turns
out that this activity is not in the transcription complex, it might be necessary to purify

DNA demethylase activities from cell extracts by other separation methods. After the
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corresponding genes are cloned, their roles in TnpA-mediated Som demethylation can be
determined by examining TnpA’s ability to promote Spom demethylation in transgenic

plants with the respective gene silenced.
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