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Methylation Pattern of Activator Transposase Binding Sites
in Maize Endosperm
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Institut flr Genetik und Mikrobiologie, Universitat Mlinchen, Maria-Ward-Strasse 1a, 80638 Munich, Germany

The maize transposable element Activator (Ac) transposes after replication from only one of the two daughter chromatids.
It has been suggested that DNA methylation in conjunction with methylation-sensitive transposase binding to DNA may
control the association of Ac transposition and replication. We present here a detailed genomic sequencing analysis
of the cytosine methylation patterns of the transposase binding sites within both Ac ends in the wx-m9::Ac allele, where
Ac is inserted into the tenth exon of the Waxy gene. The Ac elements in wx-m9::Ac kernels exhibit intriguing methylation
patterns and fall into two distinct groups. Approximately 50% of the elements are fully unmethylated at cytosine residues
through the 256 nucleotides at the 5' end (the promoter end). The other half is partially methylated between Ac residues
27 and 92. In contrast, at the 3’ end, all Ac molecules are heavily methylated between residues 4372 and 4554. The more
internally located Ac sequences and the flanking Waxy DNA are unmethylated. Although most methylated cytosines in
Ac are in the symmetrical CpG and CpNpG arrangements, nonsymmetrical cytosine methylation is also common in the
hypermethylated regions of Ac. These results suggest a mode! in which differential activation of transposon ends by

hemimethylation controls the chromatid selectivity of transposition and the association with replication.

INTRODUCTION

The maize transposable elements of the Activator/Dissocia-
tion (Ac/Ds) family can transpose throughout development of
the endosperm tissue. However, timing and frequency of
transposition events are influenced by their copy number and
genomic locations. Maize kernels carrying one, two, or three
copies of an Ac element exhibit distinct variegation phenotypes
(McClintock, 1951; Heinlein and Starlinger, 1991; Heinlein,
1995). This enables the fate of an excised Ac to be traced
(McClintock, 1951; Greenblatt and Brink, 1962; Greenblatt,
1984). By using elegant genetic experiments, Greenblatt and
Brink (1962) have demonstrated that Ac transposes frequently
during mitosis. The appearance of “twin mutations,” which are
generated by excision of Ac from the P-vv locus ~80% of the
time (Greenbilatt, 1974), has led to the conclusion that Ac trans-
poses during or shortly after the S phase of the cell cycle.
Moreover, there is genetic and molecular evidence that after
replication of Ac, only one of the two daughter elements is com-
petent for transposition (Greenblatt and Brink, 1962; Greenblatt,
1984; Chen et al., 1987, 1992; Fedoroff, 1989). Although these
results indicate a very strong correlation between chromosomal
replication and transposition of Ac at the P locus, they do not
imply a general requirement for DNA replication in the Ac trans-
position process.

1 Current address: Scripps Research Institute, Department of Cell Bi-
ology-MRC7, 10666 North Torrey Pines Road, La Jolla, CA 92037.
2 To whom correspondence should be addressed.

The autonomous Ac consists of sequences required in cis
and in trans for transposition. The trans-acting region contains
the transcription unit (starting ~300 nucleotides from the &'
end and terminating 264 nucleotides from the 3' end), which
encodes the gene for the 807-amino acid transposase (TPase)
protein (Kunze et al., 1987). The TPase is the key protein and
is essential for the transposition process. The Ac element,
like the maize Enhancer/Suppressor-Mutator (En/Spm) element
(McClintock, 1957), can cycle between an active and an inactive
state (McClintock, 1951). The inactive state of Ac is correlated
with methylation of several methylation-sensitive restriction en-
zyme sites in the 5’ untransiated sequence and the putative
promoter region and a lack of transcription (Schwartz and
Dennis, 1986; Chomet et al., 1987; Kunze et al., 1988). Also,
with maize En/Spm and Mutator transposons, a strong corre-
lation of reversible inactivation, Tpase-gene silencing, and
hypermethylation of the promoter and downstream control
regions is found (reviewed in Fedoroff and Chandler, 1994).

The Ac sequences that are required in cis for transposition
of the element consist of the 11-bp terminal inverted repeats
and of subterminal regions that are ~250 bp long at both ends
(Coupland et al., 1988, 1989; Varagona and Wessler, 1990).
The subterminal regions are very GC rich, and there is a strong
bias toward the arrangement of these two bases in potential
cytosine methylation sites, CpG or CpNpG (Gruenbaum et al.,
1981). The 5’ and 3’ subterminal regions contain 26 and 24
CpG dinucleotides but only one GpC sequence each (Kunze
et al., 1988). Many of these potential methylation sequences
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are part of TPase binding sites that are related to the sequence
AAACGG and are found in multiple copies throughout the 250-
bp subterminal regions at both ends of the element (Kunze
and Starlinger, 1989; Feldmar and Kunze, 1991).

Binding of TPase to AAACGG sequences in vitro is de-
pendent on the methylation state of these motifs. TPase binds
to unmethylated double-stranded AAACGG and hemimethylated
5-AAACGG-375-mC™CGTTT-3' motifs, whereas sequences
methylated on the other strand and on both strands (5-AAA™-
CGG-3/5-CCGTTT-3' and 5-~AAA™CGG-3/5-mCMCGT T T-3")
are not recognized (Kunze and Starlinger, 1989; Kunze et al.,
1991). These binding properties of the TPase suggest that,
in addition to TPase gene silencing, methylation could have
a second regulatory function during transposition, that is, the
coupling of transposition to replication and providing the
differential transpositional competence of the two daughter ele-
ments after replication. A precedent for such a mechanism
is the bacterial transposon 1S70, whose transposition is regu-
lated by DNA adenine methylation of the 1S70 TPase binding
sites. After passage of the replication fork, one hemimethylated
IS70 is more active than the other and at least 1000-fold more
active than the fully methylated element (Roberts et al., 1985).

A prerequisite for a similar, methylation-dependent regula-
tion of Ac transposition is that the TPase binding sites within
Ac are methylated before replication. By using restriction
analysis of genomic maize DNA with methylation-sensitive en-
zymes, it has been shown that the three Hpall sites within the
cis-acting subterminal region at the 3’ end of Ac in the wx-
m9::Ac allele, where Ac is inserted into the tenth exon of the
Waxy gene, are methylated (Schwartz and Dennis, 1986;
Schwartz, 1989). The Hpall sites are close to the TPase bind-
ing sites, but the subterminal AAACGG TPase binding sites
themselves are not accessible by any restriction enzymes. In
contrast to the 3' end, no methylation could be detected by

restriction analysis at the 5’ end of Ac. However, at this Ac end,
with only one exception, all analyzed restriction sites are lo-
cated within the 5’ untranslated sequence of the Ac messenger
RNA. This sequence is neither in cis nor in trans required for
transposition.

In this study, we determined the methylation state of the
TPase binding sites at both Ac ends in the wx-m9::Ac allele
by genomic sequencing. We used the positive display protocol,
which is based on the conversion of unmethylated cytosine
residues to uracil by bisulfite treatment. This procedure allows
the methylation state of individual molecules to be determined
(Frommer et al., 1992; Clark et al., 1994). We found that at the
3'end of Ac, essentially all TPase binding sites are always fully
methylated. In contrast, the 5’ end is totally unmethylated in
~50% of the sequenced Ac molecules. The other half of the
Ac molecules are partially methylated in a region that contains
several putative TPase binding sites; however, the role of these
binding sites in transposition has not yet been investigated.
Based on these results, we present a model to explain the as-
sociation of transposition with replication and the strand
selectivity of transposition.

RESULTS

Experimental Design

Sodium bisulfite treatment of single-stranded DNA results in
the conversion of cytosine to uracil, whereas 5-methylcytosine
is not deaminated (Frommer et al., 1992). DNA from wx-m9::Ac
kernels was denatured and reacted with sodium bisulfite (for
details, see Methods). The modified Ac ends were polymer-

Table 1. PCR Primers for Amplification of Genomic wx-m9::Ac DNA and the pJAC Control Plasmid

Primer Gene 5 Residue®  Sequence® 3’ Residue®
al Waxy 2539 CGATACACGCATGTAGTAGCCG 2518
a2 Ac 283 CCTCAGTGGTTATGGATGGGAGTT 260
b1 pBR322 1046 GCAACGCGGGCATCCCGATG 1027
cl Ac 4218 AGCCAAGAGCCCAAGACTTATCAC 4241
c2 Waxy 2371 GGACCGGAACATCCCGCTGGTGG 2393
Bb2 pBR322 1046 GGGGTACCGTAATGTGGGTATTTTGATG 1027
Bd2 Ac 281 GGGGTACCTCAA/GTAATTATAAATAAAAATTAAAAC 255
Bd1 Waxy 2537 GGGGTACCT/CGATATAT/CGTATGTAGTAGT/CT/CG 2518
Be1 Waxy 2491 GGGGTACCCAA/GAACA/GATCTA/GCACA/GTCCTCCACC 2467
Be3 Ac 278 GGGGTACCGTGGTTATGGATGGGAGTTGG 258
Be2 Ac 363 GGGGTACCATGT/CTGTTATTT/CGTGTGGTGTT/CTGG 339
Bf1 Ac 4219 GGGGTACCGTTAAGAGTTTAAGATTTATTATTTATG 4246
Bf2 Waxy 2414 GGGGTACCAAACAA/GAAAAACCCCA/GACA/GTCATAAC 2439
Bg1 Ac 4246 GGGGTACCATACTACATTAAACTATATATACTCC 4271
Bg2 Waxy 2414 GGGGTACCGAGT /CAGAAGGGTTT/CT/CGAT/CGTTATGG 2438

2 The numbers relate to the corresponding positions in pBR322, Ac, and the Waxy gene (Kldsgen et al., 1986). The B primers carry a

10-nucleotide extension with a Kpnl cloning site at their 5’ ends.

b Some B primers are degenerate (T/C or A/G) at positions that correspond to the C residues in CpG and CpNpG sequences.
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Figure 1. Strategy for PCR Amplification of Genomic wx-m9::Ac DNA and the pJAC Control Plasmid before and after Bisulfite Modification.

Primers drawn within the bars represent Waxy (wx), Ac, and pBR322 sequences that hybridized with unmodified DNA. Primers shown above
amplified specifically bisulfite-modified DNA of the upper strand, and those drawn below amplified bisulfite-modified lower strand DNA. For the
amplification of the Ac left end (5’ end) lower strand, two successive rounds of amplification with a nested primer (Be3) were necessary, whereas
in all other cases, a single amplification yielded sufficient amounts of PCR product for cloning and sequencing. The arrow between the vertical

lines within Ac indicates the direction of Ac transcription.

ase chain reaction (PCR) amplified, and the products were
cloned and sequenced. As occurs after sodium bisulfite treat-
ment, the two DNA strands are no longer complementary at
the former cytosine positions. Consequently, two different sets
of PCR primers are required to amplify the upper and the lower
strand of the reacted DNA, respectively (Table 1 and Figure 1).

The maize genome contains hundreds of sequences with
homology to Ac (Geiser et al., 1982; Theres et al., 1987). Many
of these are Ds elements and have the same terminal se-
quences as Ac. Therefore, to generate PCR products exclusively
from the Ac element in the wx-m9::Ac allele (referred to as Ac9),
we defined one primer in the ends of Ac9 and the second one
in the flanking single-copy Waxy gene (Figure 1).

The primers should preferably contain no potential methyl-
ation sites (CpG or CpNpG). Due to the high frequency of these
sites in the Waxy gene and the Ac ends, this was not always
possible; thus, at the respective positions, some primers are
degenerate for G and A or T and C, respectively (Table 1).

The reaction conditions for the bisulfite treatment of DNA
must be carefully adjusted to ensure complete conversion of

“all cytosines to uracil but to prevent too much degradation of
the DNA (Clark et al., 1994). As a control, a single-copy gene
equivalent of plasmid pJAC, grown in an Escherichia coli host
that was either the wild type (dcm™) or deficient for the Dcm
methylase (dcm™), was mixed with maize endosperm DNA be-
fore sodium bisulfite treatment (see Methods). pJAC contains
the Ac element plus flanking sequences from the wx-m7::Ac
allele, where the element is inserted into the Waxy gene in

a different place than in the wx-m9::Ac allele. The Ac termini
can be amplified from this plasmid by using the same Ac in-
ternal primers as used for amplification of genomic wx-m9::Ac
DNA and a second set of primers hybridizing with the pBR322
DNA (Figure 1). In all experiments, the completeness of the
bisulfite reaction was verified by two criteria. First, before bi-
sulfite treatment, PCR bands of the expected length were
generated with the respective wild-type primer pairs for
genomic wx-m9::Ac DNA and pJAC, whereas no products were
obtained with the primer pairs specific for bisulfite-treated DNA
(B primers). After bisulfite treatment, PCR bands were obtained
with the B primers but not with wild-type primers (data not
shown). Second, the amplified pJAC fragment contains two
Dcm recognition sites (C™CATGG), one in the Waxy sequence
flanking the Ac &' end and the other overlapping with the Ac
5’ terminal inverted repeat. If pJAC/dcm~ DNA was mixed with
the genomic DNA, all cytosines of the amplified fragment were
converted to uracil (Figure 2). If pJAC/dcm™ DNA was in-
cluded, as expected all but the two C residues in the Dcm sites
were converted (Figure 2).

Due to the amplification of the modified genomic DNA, it
is possible that multiple clones with identical C methylation
patterns are derived from the same genomic Ac molecule.
Therefore, to ensure that we obtain sequences from different
genomic Ac molecules, the strategy outlined in Figure 3 was
used. We started with three independent wx-m9::Ac endosperm
DNA preparations (D1, D2, and D3). Several aliquots of each
DNA preparation were individually treated with sodium bisulfite
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Figure 2. Ac Sequences Obtained from Bisulfite-Modified Genomic
Maize wx-m9::Ac DNA and the pJAC Control Plasmid.

Shown are representative methylation patterns of the upper strand DNA
of the control plasmid pJAC, grown in a dcm* host (dcm*) or a dem~
host (dcm™), of a partially methylated Ac9 5’ end upper strand DNA
(5'V) and of a methylated Ac9 3’ end lower strand DNA (3'L). To the
right of lanes C, the border between Ac and the flanking Waxy sequence
is indicated. Near the top of the gel, arrows mark the break point be-
tween cloned insert and vector DNA. The two asterisks beside the
wx-m9::Ac 5'U sequence denote two A — G misincorporations by Taq
polymerase during PCR.

(B1 to B14), and between one and four PCRs were performed
on each aliquot (designated P1 to P4 in Figure 3). Subsequently,
between two and 38 cloned product molecules from each PCR
were sequenced (termed C1 to C38). If multiple sequences
with identical methylation patterns were obtained from the same
PCR, they were listed only once in Figures 4 and 5 because
they could possibly be derived from the same genomic Ac
molecule.

To reduce the risk of misincorporations by the Tag DNA poly-
merase, we optimized the reaction conditions to generate in
only one round of amplification sufficient PCR product for clon-
ing. This was successful for both Ac 3’ end DNA strands and
the 5’ end upper strand. However, amplification of the 5’ end
lower strand proved to be more difficult and required a sec-
ond round of amplification, using a nested primer (Figure 1).
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Figure 3. Experimental Strategy to Determine the Methylation Pat-
terns of Independent Ac Molecules.

On each of three genomic wx-m9::Ac DNA preparations, D1, D2, and
D3 (under DNA prep), several independent modification reactions were
performed (B1 to B14; under bisulfite reaction). One to four PCR am-
plifications were run on each modified DNA sample (P1 to P4; under
PCR reaction), and subsequently, the PCR products were purified and
cloned. Between two and 38 clones from each PCR were sequenced
(C1 to C38; under sequenced clones). Under DNA strand, the num-
bers of sequenced clones are provided. M, clones with methylated
cytosines; (-), unmethylated clones; I, sum of sequenced clones; 5'U,
Ac 5' end upper strand clones; 5L, Ac 5' end lower strand clones; 3'U,
Ac 3 end upper strand clones; 3'L, Ac 3’ end lower strand clones.
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Figure 4. Methylation Maps of the 5’ and 3' Ends of Ac9 Molecules.

(A) Methylation maps of the 200 5’ terminal nuclectides of Ac9 elements with partially methylated & ends.

(B) Methylation maps of the 200 3’ terminal residues of Ac9 elements.

Clones with identical patterns derived from the same PCR are shown in one line (for example, the third line shows the patterns of clones D1-B1-P1-
C3 and D1-B1-P1-C7 that were identical). The 11-bp terminal inverted repeats of Ac are highlighted by the arrows between the DNA strands. Methy!-
ated C residues are indicated by dots, and unmethylated C residues are indicated by dashes.
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Figure 5. Cytosine Methylation Patterns of the 5’ and 3' Ends of AcS.

For each cytosine, the percentage of methylated residues is shown
as a closed bar above or below the sequence.

(A) At the Ac 5 end, the average degree of methylation of only the
partially methylated molecules is shown; the 50% unmethylated mol-
ecules are not included.

(B) The average degree of C methylation at the Ac 3’ end is shown.
A Oinstead of a bar indicates that the respective cytosine was not meth-
ylated in any of the analyzed molecules. CpG sequences are highlighted
by white letters in black boxes, and CpNpG sequences are highlighted
by boldface letters in both DNA strands. Nonsymmetrical cytosine

Methylation Pattern of the 5' End of Ac9

We determined the methylation pattern of the 5’ terminal 255
residues of the Ac9 element in mature wx-m9::Ac kernels. In
total, 157 cloned PCR products, representing 97 upper and
60 lower strand DNA molecules, were sequenced (Figure 3).

Interestingly, 48 of the 97 upper strand clones were totally
unmethylated. However, the other 49 clones were derived from
partially methylated Ac molecules that carried between one
and 31 5-methylcytosine residues. A representative sequence
of a partially methylated Ac 5’ end is shown in Figure 2. Twelve
clones had methylation patterns identical with other clones
derived from the same PCR and thus were possibly derived
from the same genomic Ac molecule. This assumption is
supported by the fact that all the remaining 37 independent
molecules differed in their methylation patterns. The methyl-
ation maps of these molecules are shown in Figure 4A.

Very similar results were obtained from the lower strand.
Here, 31 of 60 sequenced clones were unmethylated. The re-
maining 29 clones were partially methylated. Of these, 26 had
different and unique methylation patterns containing between
one and 27 5-methylcytosines (Figure 4A).

If we assume that equal fractions of clones are derived from
individual, methylated, and unmethylated genomic DNA mol-
ecules, respectively, the Ac elements in 50% of the wx-m9::Ac
endosperm cells are totally devoid of methylation throughout
their 5’ ends, including the TPase binding sites. Figure 5A
shows for each C residue at the Ac 5’ end the percentage of
methylated residues in the partially methylated molecules (the
unmethylated molecules were not included in this calculation).

Between individual, partially methylated molecules, the dis-
tribution of 5-methylcytosine residues differs considerably. Yet,
in the majority of Ac9 5’ ends, methylation is restricted to the
region between residues 27 and 92. Remarkably, with only five
exceptions (D1-B3-P1-C1, D1-B4-P1-C1, D2-B6-P1-C3, D2-B6-
P1-C4, and D2-B7-P1-C10), almost no methylation is found
within the more internal Ac region. This region contains clusters
of TPase binding motifs between positions 103 to 152, which
were shown to be important for transposition (Coupland et al.,
1989; Kunze and Starlinger, 1989; Chatterjee and Starlinger,
1995). The only Hpall site in the analyzed region (at position
179) and the overlapping BamHI site are unmethylated in 97%
of molecules, which is consistent with the results of earlier DNA
gel biot analyses (Schwartz and Dennis, 1986; Schwartz, 1989).
However, in our experiments, the Pvul site at Ac position 76
was methylated in only 28% of molecules, whereas Schwartz
(1989) estimated this site to be fully methylated in Ac9 as de-
termined by DNA gel blot analysis.

residues are individually boxed on each DNA strand. Putative
AAACGG- and A/TA/TCGG-TPase binding sites are highlighted by
closed and open arrows, respectively, above or below the Ac sequence.
The 11-bp terminal inverted repeats of Ac are indicated by the arrows
between the DNA strands.



Methylation Pattern of the 3’ End of Ac9

To determine the methylation pattern at the 3’ end of Ac, we
sequenced the ~300 terminal residues in 16 upper strand and
16 lower strand clones. Twelve upper strand and 11 lower strand
clones displayed different methylation patterns and thus are
derived from individual genomic Ac9 elements. The C meth-
ylation maps of these molecules are compiled in Figure 4B.

The methylation pattern at the 3’ end of Ac differs markedly
from that at the &' end. In the most internal region between
residues 4246 and 4371, which is devoid of any TPase bind-
ing sites, all 274 cytosines were unmethylated. However, in
sharp contrast to the 5’ end, all 3’ end molecules are heavily
methylated throughout the terminal 194 Ac residues, except
for the terminal inverted repeat. This region contains all 3’ ter-
minal TPase binding sites. The average degree of methylation
at each cytosine residue in the Ac 3’ end is shown in Figure
5B. At some positions, the cytosines are methylated in 100%
of molecules. The three Hpall sites in the 3’ end of Ac are
methylated in 91 and 97% of the sequenced molecules, respec-
tively. Methylation of these sites in the active Ac9 element has
also been detected by DNA gel blot analysis (Schwartz and
Dennis, 1986).

Methylation Pattern of Flanking Waxy Sequences

In the wx-m9::Ac allele, the Ac element is inserted 37 bp
upstream of intron 10 into a very GC-rich region of exon 10
(Klésgen et al., 1986). The cloned PCR products contained
up to 60 bases of Waxy DNA flanking Ac at either end. At both
ends, the flanking Waxy DNA is 99% unmethylated (data not
shown), which is consistent with the results of Schwartz and
Dennis (1986), who have shown that the Hpall sites located
49 bp beside the 5’ end and 92 bp beside the 3’ end of Ac9
are unmethylated.

Methylation of Nonsymmetrical Cytosine Residues

In plants, the symmetrical CpG and CpNpG sequences are
considered to be the exclusive methylation sites (Gruenbaum
et al., 1981). In addition to these canonical methylation se-
quences, both ends of Ac contain several nonsymmetrical
cytosine residues. Remarkably, a significant fraction of these
cytosines is methylated in Ac, and at some positions they are
methylated as frequently as cytosines that are embedded in
a CpG or CpNpG context. We could not determine a correla-
tion between methylation frequency and distance to the closest
3'located G residue. Interestingly, methylation of nonsymmetri-
cal cytosines is mostly restricted to the same regions at both
Ac ends that are methylated at symmetrical sequences. in
only four cases, twice at the 5’ end and twice at the 3’ end,
methylation of nonsymmetrical cytosine residues in the termi-
nal inverted repeats was observed. The two respective 5’ end
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molecules D2-B7-P1-C9 and D2-B7-P1-C10 had an overall ex-
ceptional methylation pattern, however.

DISCUSSION

Ac Is a Methylation Island with Distinct Local
Methylation Patterns

By using genomic sequencing, we investigated the methyl-
ation pattern of the ~250-bp subterminal regions of the active
Ac element in the wx-m9::Ac allele that are required in cis for
transposition. We found that the pattern and degree of meth-
ylation are strikingly different in the two ends. In half of the
molecules analyzed, the Ac 5' end is absolutely unmethylated.
In the other partially methylated molecules, cytosine methyl-
ation is mostly restricted to Ac positions 27 to 92. Because
the DNA preparations contained embryonic and endosperm
tissue, it is possible that the methylation patterns of the Ac
5’ ends differ in these two tissues. In contrast, 100% of the
Ac molecules are hypermethylated throughout the 194 3’ ter-
minal Ac residues, except for the terminal inverted repeat. The
Waxy sequences flanking Ac are always unmethylated. The
observed methylation pattern suggests that the Ac element
may be a methylation island that contains certain regions
whose methylation (or demethylation) is governed by signals
within the Ac sequence. These signals seem to act specifi-
cally on Ac, because the hypermethylation of the Ac 3’ end
remains restricted to Ac and does not extend into the flanking
CpG-rich Waxy DNA.

Recently, by using a different genomic sequencing protocol
with transgenic tobacco, the 5 end of Ac was found to be
unmethylated between residues 73 to 200 (Ott et al., 1992).
Possibly, the partial methylation between residues 73 and 92
remained undetected due to the lower sensitivity in these
experiments. Alternatively, the methylation pattern of Ac in
tobacco differs from that in maize.

Both ends of Ac have a very similar sequence composition,
that is, they contain 26 and 24 CpG motifs versus only one
GpC sequence. Thus, one would ask what mechanism pre-
vents the 5’ end from being methylated to a degree similar to
that of the 3’ end. One possibility would be that steric hindrance
by protein factors excludes the methyltransferases from the
Ac 5' end, as has been suggested for CpG islands in mammals
(Bird, 1986). Because the 5' end contains the Ac promoter in
addition to the TPase binding sites, it is conceivable that tran-
scription factors bound to this region interfere with methylation.
Interestingly, the architecture of the Ac 5' end is somewhat simi-
lar to that of the En/Spm 5’ end, in which the promoter and
binding sites of the element-encoded ThpA protein overlap. Re-
cently, it was shown that ThpA can activate the inactive,
methylated En/Spm promoter and cause its demethylation
(Schlappi et al., 1994). A similar mechanism seems to be com-
mon in mammalian genes. For example, peripherally located
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GC boxes, the binding sites for the Sp1 transcription factor,
protect the CpG islands in the mouse and hamster aprt gene
promoters from de novo methylation (Brandeis et al., 1994;
Macleod et al., 1994). Another model suggests that CpG is-
lands in mammals are subject to de novo methylation but that
the modification is subsequently removed by an island-specific
demethylating activity (Frank et al., 1991).

A Model for the Strand Selectivity of Ac Transposition

The analysis of variegation patterns generated by excision of
Ac from the P locus has led to the conclusion that Ac trans-
poses during the mitotic cycle. In most cases, the element
excises after replication of the donor locus exclusively from
one of the two daughter chromatids (strand selectivity) and
reinserts into both unreplicated and replicated target sites
(Greenblatt and Brink, 1962; Greenblatt, 1984; Chenet al., 1987,
1992). This implies that the enzyme required for excision of
Ac is not active on the unreplicated transposon and differ-
entiates between the two daughter elements after replication
(chromatid selectivity). It has been suggested that hemimethyl-
ation of transposon sequences after replication could provide
a mechanism for the cell cycle-~dependent regulation of Ac
transposition (Schwartz and Dennis, 1986) and the distinction
of the daughter chromatids (Fedoroff, 1989). The E. coli mo-
bile element 1S70 provides a precedent for this mechanism
of transposition regulation. Hemimethylation of its TPase bind-
ing sites activates 1S70 for transposition and preferentially one
hemimethylated form of 1IS10 transposes (Roberts et al., 1985).

The Ac transposase specifically binds in vitro to AAACGG
and similar sequence motifs that occur in muttiple copies in
both ends of Ac. Interestingly, the protein binds to DNA that
is unmethylated or hemimethylated on one strand (5-AAACGG-
375-"CMCGT TT-3), whereas cytosine methylation on the other
strand almost completely inhibits TPase binding (5-AAA™-
CGG-375-CCGTTT-3’ and 5-"AAA™CGG-3/5-"C"CGTTT-3)
(Kunze and Starlinger, 1989; Kunze et al., 1991). These bind-
ing properties suggest indeed that methylation of TPase
binding sites is of functional importance for transposition. To
date, methylation of Ac sequences has been investigated by
using methylation-sensitive restriction enzymes. Hypermeth-
ylation of several restriction sites within Ac has been correlated
with an inactive state of Ac and the lack of TPase gene ex-
pression (Schwartz and Dennis, 1986; Chomet et al., 1987;
Kunze et al., 1988; Schwartz, 1989; Brettell and Dennis, 1991;
Brutnell and Dellaporta, 1994). However, because Ac in the
inactive state (Ds-cy) can be mobilized by an active Ac ele-
ment (Schwartz and Dennis, 1986), methylation of Ac and the
lack of TPase expression do not inhibit the activity of the sub-
terminal TPase binding sites and the terminal inverted repeats
of Ac.

The TPase binding sites in the Ac 5’ end are distributed be-
tween residues 28 and 235, and at least four of them are located
in the partially methylated region (Figure 5A). However, most
TPase binding sites are located in the unmethylated region

between Ac residues 100 and 235, including a prominent
cluster extending from position 103 to 152. This region is es-
sential for transposition because a deletion retaining 166 5
terminal Ac residues decreases the transposition frequency
to 19% and a mutant retaining only 116 bp is virtually immobi-
lized (0.4% transposition frequency) (Coupland et al., 1989).
The significance of the TPase binding sites in the Ac 5' end
has also been demonstrated in vivo by showing that their sub-
stitution in the unmethylated region between residues 97 and
243 with unrelated sequences of identical length abolishes
transposition (Chatterjee and Starlinger, 1995).

The 3’ end of Ac exhibits an entirely different methylation
pattern from the 5’ end. Between residues 4266 and 4371, the
element is unmethylated and devoid of CpG dinucleotides and
TPase binding sites. This region is dispensable for transposi-
tion (Coupland et al., 1989; Varagona and Wessler, 1990). In
contrast, the 3' terminal 194 bases are heavily C methylated
at all 24 CpG sequences. All of the 3’ TPase binding sites are
located in this region and are methylated in 80 to 100% of the
molecules (Figure 5B). This finding confirms the results of
Schwartz and Dennis (1986), who have used DNA gel blot anal-
ysis to show that the three Hpall sites in the 3’ end of Ac9 are
modified. The 3’ terminal 194 Ac residues are essential for
transposition (Coupland et al., 1989), and even minor sequence
alterations may severely disturb the transposition activity. An
insertion of four bases between residues 4387 and 4392 causes
a 10-fold decrease in transposition activity in tobacco (Keller
et al., 1993), and a single C—G substitution in the outermost
AAACGG motif at position 4553 results in a fivefold lower
transposition frequency in petunia protoplasts (Chatterjee and
Starlinger, 1995).

Based on the differential binding affinities of TPase to hemi-
methylated DNA in vitro and the in vivo methylation pattern
of Ac reported in this study, we suggest a model to explain
the strand selectivity of Ac transposition (Figure 6). Before
replication, TPase presumably binds to unmethylated 5’ ends
(Figure 6A) and, in a different mode, to Ac elements with
partially methylated 5’ ends (Figure 6B), whereas the fully meth-
ylated 3’ ends are not recognized. Immediately after replication,
previously methylated recognition sites become hemimethyl-
ated. Because these sites occur in both orientations in either
end of Ac, both ends of each pair of daughter elements can
now be bound by TPase. However, the arrangement of TPase
proteins differ at the 3' ends of the daughter transposons and
also at the 5’ ends of those Ac elements that were partially
methylated before replication (Figure 6B). We suggest that the
TPase arrangement on the 3’ end of one daughter chromatid
renders the element competent for transposition, whereas that
on the other one does not promote transposition.

At the 3’ end, seven of nine putative TPase binding sites
are in the same orientation (Figure 5B). Therefore, one of the
two differentially hemimethylated 3’ ends binds more TPase
than will the other. One would then ask whether TPase bind-
ing or the lack of binding to certain sites activates the 3’ end
for transposition. Ac and Ds elements that are transfected as
naked DNA into petunia protoplasts readily excise from the
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Figure 6. Model for the Chromatid Selectivity of Ac Transposition.

Three AAACGG-TPase binding sites at each end of Ac are shown
schematically. Unmethylated DNA strands are shown as black letters
in open arrows, and methylated DNA strands are shown as white let-
ters in closed arrows. TPase molecules are symbolized by shaded
half spheres. TPase binds in vitro to unmethylated double-stranded
AAACGG sequences and with increased affinity to 5-AAACGG-3/5'-
mCmCGTTT-3' motifs, whereas cytosine methylation on the other
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plasmid vector (Houba-Hérin et al., 1990). Because bacterial
plasmids are not methylated at CpG sequences, it must be
assumed that the transposon that is unmethylated at both ends
excises from the plasmid DNA (Figure 6C). According to our
model, TPase could bind to all recognition sites of unmethylated
3’ ends. Hence, it seems unlikely that TPase binding to certain
sites inhibits transposition. Rather, TPase binding to particu-
lar sites in the Ac 3’ end activates the element for transposition.
In half of the Ac elements, the 5’ ends are unmethylated.
Consequently, after replication, the occupation of the two daugh-
ter elements with TPase should be identical and the 5’ ends
of both daughter elements should be competent for transpo-
sition. In this situation, it is theoretically possible that the 5’
end on one daughter transposon engages erroneously in a
transposition complex with the transposition competent 3’ end
on the other chromatid. However, during extensive genetic and
molecular analysis of Ac transposition, no such events have
been detected (Greenblatt and Brink, 1962; Greenblatt, 1968,
1974, 1984; Chen et al., 1987, 1992). Possibly, a mechanism
exists that prevents an interchromatid reaction at simple (state
i) Ds or Ac elements. This could be achieved if both ends of
the element were marked differentially after replication.
Recently, evidence for a differential activation of both Ac ends
was obtained by the analysis of chromosome breakage events
induced by aberrant transposition in tobacco. The abberant
intrachromatid transposition or SIN model (Déring et al., 1984,
1989; English et al., 1993) proposes that two directly oriented
Ds ends on the same chromatid undergo aberrant transposi-
tion. In contrast, the abberant interchromatid transposition or
SIS model suggests that, after replication, a 5’ end on one and
a 3’ end on the other daughter chromatid combine to form an
aberrant transposition complex (Greenblatt, 1984; Fedoroff et
al., 1989; English et al., 1993, 1995; Weil and Wessler, 1993).
English et al. (1995) have consistently shown that the SIS mech-
anism predominates in tobacco. Unlike the SIN model, the SIS
model requires that both ends of the transposon are asymmet-
rically activated for transposition. On the other hand, the fact
that unmethylated Ac elements can excise from plasmid DNA
in petunia cells (Houba-Hérin et al., 1990; Becker et al., 1992)
indicates that hemimethylation is not essential for transposition.
Because the TPase has a higher affinity for hemimethylated
DNA, we hypothesize that in the presence of unmethylated
and hemimethylated transposon ends, the TPase has a strong
preference to establish a productive transposition complex in-
volving the hemimethylated ends, whereas in the absence of

strand (5'-AAA™CGG-3/5-CCGTTT-3' and 5-AAA™CGG-3/5'-
mMCMCGTTT-3) inhibits TPase binding (Kunze and Starlinger, 1989;
Kunze et al., 1991). The presumed presence (+) or lack (-) of transpo-
sition activity is indicated to the right of each element (TP).

(A) Model for Ac9 elements with unmethylated 5’ ends.

(B) Mode! for Ac9 elements with partially methylated 5’ ends.

(C) Model for unmethylated Ac elements.
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hemimethylation the unmethylated transposon ends may be
accepted.

Similar to Ac, several other plant transposable elements have
highly structured subterminal regions containing repetitive se-
quence motifs. Because some of these partially resemble the
Ac TPase binding motifs, including the methylation sites (Ta-
ble 2), it is intriguing to speculate that these repeats may be
the targets of transposition enzymes whose DNA binding prop-
erties are influenced by the methylation state of their binding
sites. Indeed, the En/Spm element transposes frequently dur-
ing replication (Dash and Peterson, 1994), and it was shown
that binding of the En/Spm-encoded ThpA protein to the
hemimethylated target site is reduced by a factor of 5 to 10.
Holomethylation results in an even more severe reduction (Gierl
et al., 1988).

Methylation of Nonsymmetrical Cytosine Residues

In plants, the symmetrical CpG and CpNpG sequences are
the canonical methylation sites, and it is generally supposed
that C residues in other sequence contexts (nonsymmetrical
C residues) are not methylated (Gruenbaum et al., 1981).
Meanwhile, there is growing evidence for nonsymmetrical C
methylation in plants. In the inactive, hypermethylated state,
maize transposons Ac and Mutator are not cleaved by the
5-methylcytosine-sensitive enzymes BamH|! and Sstl, respec-
tively, although their sensitive C residues are not in the CpG
or CpNpG context (Schwartz, 1989; Martienssen and Baron,
1994). Recently, the methylation pattern of the maize A7 gene
in transgenic petunia plants has been investigated. In a vari-
ant with a silenced, hypermethylated A7 transgene, >90% of
Cp(Np)G sequences but also 32% of the nonsymmetrical cyto-
sines were methylated (Meyer et al., 1994). Significant
methylation of nonsymmetrical cytosines was also observed
in an endogenously duplicated, partially silenced copy of the
maize A gene (Ronchi et al., 1995).

Table 2. Subterminal Repeats of Plant Transposable Elements
with Putative Asymmetrical Methylation Sites

Elementa Subterminal Repeat Number®
Ac AAACGG 12
Tpni GACAACGGTT 55
Tgm1 ACATCGG >12
Tpct TTCGG >4
En/Spm TAAGAGTGTCGG 24
Tat1 T/IACGGT/A 7
Tam3 T/ACGGC 14

a3 Maize Ac (Kunze and Starlinger, 1989); Japanese morning glory
Tpn1 (Hoshino et al., 1995); soybean Tgm7 (Rhodes and Vodkin, 1988);
parsley Tpc? (Herrmann et al., 1988); maize En/Spm (Gierl et al., 1988);
Arabidopsis Tat7 (Peleman et al., 1991); snapdragon Tam3 (Hehl et
al., 1991).

b Number of repeats at both ends of the transposon.

We have found that in Ac, methylation of nonsymmetrical
cytosines occurs but is restricted to regions with a high den-
sity of methylated CpG and CpNpG sequences. This finding
could indicate that the methyltransferase, which establishes
symmetrical methylation patterns, is also active on nonsym-
metrical cytosines in the vicinity of hemimethylated symmetrical
sites. Alternatively, the maintenance methylase could recruit
and direct a second, different methyltransferase to nonsym-
metrical cytosine residues.

METHODS

Plant Material and DNA Preparation

DNA was extracted from mature maize kernels that were either homozy-
gous for the wx-m9::Ac allele, where Activator (Ac) is inserted into the
tenth exon of the Waxy gene (preparations D2 and D3), or originated
from the cross wx-m9::Ac x wx (preparation D1), thus being hetero-
zygous for Ac in the embryo and carrying two doses of Ac in the
endosperm (wx-m9::Ac/wx-m9::Aciwx). The kernels were ground in
liquid nitrogen to a fine powder, and the DNA was extracted by CTAB
precipitation, according to Murray and Thompson (1980).

Bacterial Strains and Plasmids

Escherichia coli strains used for the propagation of control plasmids
for the bisulfite reaction were DH5a (dcm*) and RP41-82 (decm™) (a gift
of Wolfgang Glasner, Georg-August University, Gottingen, Germany).
The control plasmid was pJAC. pJAC contains the complete Ac ele-
ment from the wx-m7::Ac locus plus 72- and 30-bp Waxy sequences
flanking Ac at the 5’ and 3’ end, respectively, in pBR322 (Kunze et
al., 1987). Polymerase chain reaction (PCR) products were cloned into
pUC19 or pT7T3 (Pharmacia).

Sodium Bisulfite Modification

Genomic DNA and pJAC control plasmid were digested with EcoRli
before bisulfite treatment. Bisulfite modification was performed as de-
scribed by Frommer et al. (1992) and Clark et al. (1994). Briefly, 5 ug
of genomic DNA was mixed with 60 pg of pJAC (approximately one
single-copy gene equivalent), and the volume was adjusted to 100 pL
with water. The DNA was denatured for 10 min at 95°C, quickly cooled
to 0°C, mixed with 1.2 mL of 3.1 M sodium bisulfite (Sigma), 0.5 mM
hydrochinone, pH 55, and incubated for 15 to 20 hr at 50°C under
mineral oil. Subsequently, the DNA solution was diluted 1:5 with wa-
ter and precipitated with 0.7 volumes of isopropanol. After washing
the pellet with 70% ethanol, the DNA was resuspended in 200 ulL of
10 mM Tris-HCI, 1 mM EDTA, pH 80, mixed with 86 uL of 1 M NaOH,
and incubated for 30 min at 37°C (Wang et al., 1980). Subsequently,
the DNA was precipitated once more by adding 0.1 volumes of 3 M
sodium acetate and 2 volumes of ethanol, washed with 70% ethanol,
and resuspended in 100 pL of 10 mM Tris-HC!, 0.1 mM EDTA, pH 80.

PCR Amplification, Cloning, and Sequencing

Bisulfite-treated DNA was amplified in a total volume of 100 uL con-
taining 5 to 10 pL of the DNA solution, 100 pmol of each primer (Figure



1), 0.2 mM deoxynucleotide triphosphates, 50 mM KCI, 1 mM MgCl,
10 mM Tris-HCI, pH 9.0, 0.1% Triton X-100, and 1 unit of Taq polymer-
ase (Promega). Amplification cycles were for 3 min at 85°C, followed
by 5 cycles (1 min at 95°C, 1 min at 48°C, and 1 min at 72°C), 35 cycles
(1 min at 95°C, 1 min at 50°C, and 2 min at 72°C), and a final 20 min
at 72°C. Reamplification of the 5’ end lower strand was performed un-
der the same conditions, except that the annealing temperature was
always 50°C. The PCR products were digested with Kpnl and size frac-
tionated on a 1% agarose gel. The band was excised, eluted using
a GlassMAX kit (Life Technologies, Gaithersburg MD), and subse-
quently ligated into Kpnl-linearized pUC19 or pT7T3. Individual clones
were either manually sequenced with T7 DNA polymerase (Pharma-
cia) or automatically sequenced on an ABI 373A sequencer, using a
dideoxy terminator kit (Perkin-Elmer).
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