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DNA substrate specificity of pea DNA methylase
Claire E. HOULSTON, Heather LINDSAY, Sriharsa PRADHAN and Roger L. P. ADAMS*
Plant Molecular Sciences Group, Department of Biochemistry, University of Glasgow, Glasgow Gl 2 8QQ, U.K.

DNA methylase, present in low-salt extracts of nuclei prepared
from Pisum sativum shoot tips, methylates modelDNA substrates
containing CNG trinucleotides or CI dinucleotides only. The
binding to the hemimethylated trinucleotide substrates is very

much stronger and more persistent than the binding to the
unmethylated substrates or to the hemimethylated dinucleotide
substrate. When the DNA concentration is limiting, the rate of
methyl-group transfer with the hemimethylated CNG substrate

INTRODUCTION

The DNA of plants contains methylcytosine both in mCG
dinucleotides and in mCNG trinucleotides (Gruenbaum et al.,
1981) and this explains in part how the proportion of cytosines
that are methylated can be as high as 30% in plants (Adams and
Burdon, 1985). M is used to represent 5-methylcytosine in
oligonucleotides. In peas (Pisum sativum) we have shown, using
h.p.l.c. analysis of acid-hydrolysed DNA, that 5% of the bases
(26% of the cytosines) are methylcytosine (Yesufu et al., 1991).
The function of this high level ofmethylcytosine in plant DNA

is unknown. It has been difficult to determine the function of the
much lower levels of methylcytosine found in the DNA of
vertebrates, but it is now becoming clear that this can bring
about gene silencing in at least two different ways (Meehan et al.,
1989; Adams, 1990; Lewis et al., 1992). Firstly, methylation of
certain promoters can interfere with the binding of transcription
factors (Dobrzanski et al., 1988; Watt and Molloy, 1988; Iguchi-
Ariga and Schaffner, 1989; Comb and Goodman, 1990). An
alternative, though less specific, mechanism involves the inter-
action of a methylcytosine-binding protein with a group of
methylcytosines, which leads to the incorporation of the
methylated region of the DNA into a form of inactive chromatin
(Boyes and Bird, 1991; Meehan et al. 1989). Although there are

several reports (e.g., Banks and Federoff, 1989; Matzke and
Matzke, 1990; Weber et al., 1990) of DNA methylation in-
terfering with plant gene expression, little information is available
about which of the above mechanisms operates. However, there
is no reason to doubt that both operate, and methylcytosine-
binding proteins have been detected in plants (Zhang et al., 1989).
Nevertheless, with the increased frequency of occurrence of
methylcytosine in plant DNA, clusters of methylcytosine will
occur far more frequently than in animal DNA and details of the
'inactive chromatin' mechanism may differ between plants and
animals.

Methylation of CG dinucleotides alone in plant DNA has
been shown by Hershkovitz et al. (1990) to be effective in gene
silencing and they suggested that the presence of methylcytosine
in MNG sequences may serve some entirely different function. If
this were so, then it is likely that the mechanism and control of
the methylation of CG dinucleotides and ofCNG trinucleotides

is much greater than that with the unmethylated CNG. However,
the Vmax is similar for the two CNG substrates. On fractionation
using Q-Sepharose, two peaks of activity are seen with different
relative activities using the di- and trinucleotide substrates. The
relative activity with these substrates changes during purification,
during plant growth and on heating at 35 °C as well, indicating
that more than one enzyme or more than one form of the enzyme
may be present.

would be different. This would be facilitated if the two target
sequences were recognized by different enzymes.

We have partially purified a DNA methylase from the nuclei
of pea-shoot tips (Yesufu et al., 1991). We present evidence now
that two species of enzyme might be present, although complete
fractionation has not been achieved. Using nearest-neighbour
analysis, we have reported previously results consistent with the
transfer of methyl groups both to CG dinucleotides and to CNG
trinucleotides. The present paper extends this work using syn-

theticDNA substrates that contain only CG (or CI) dinucleotides
or onlyCNG trinucleotides. On fractionation using Q-Sepharose,
methylase activity measured using substrate containing the
dinucleotide target sequence fails to coincide with activity
measured using the trinucleotide target sequence and the ratio of
the activity with the different substrates varies under a variety of
conditions. Furthermore, investigation of the interaction of the
enzyme with unmethylated and with hemimethylated substrates
leads us to propose that the enzyme(s) might interact in a

fundamentally different way when carrying out maintenance
methylation of CNG sequences.

EXPERIMENTAL

Isolation and assay of DNA methylase
Peas (Pisum sativum var. Feltham First) were obtained from
Booker Seeds, Sleaford, Lincs., U.K. Nuclei from 5-7-day-old
pea-shoot tips were prepared as previously described (Yesufu et
al., 1991) and were extracted with bufferM [50 mM Mops/NaOH
buffer, pH 7.2; 1 mM EDTA; 0.01 NaN3; 1 mM dithiothreitol;
60 ,ug/ml phenylmethanesulphonyl fluoride; 1O0% (w/v) gly-
cerol] containing 0.2 M NaCl, to give the crude salt extract (El)
that was used in most of the experiments described here. For
storage or direct use, El was dialysed overnight against buffer M
containing 50% (w/v) glycerol. This gave an enzyme preparation
with 0.2-0.5 mg of protein/ml that could be stored at -20 °C for
several weeks with little loss in activity. The assay for methylase
activity was as previously described (Yesufu et al., 1991) except
that different DNA substrates were used, as indicated in the text.
In outline, the assay involved a 2 h incubation at 30 °C with
tritiated S-adenosylmethionine, followed by the isolation of the
radioactive DNA product for counting. The incubation con-

Abbreviation used: M, 5-methylcytosine in oligonucleotides.
* To whom correspondence should be addressed.
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tained BSA (5 gul of a 10 mg/ml solution); El (5 ,ug of protein);
DNA (5 ,d); S-[methyl-3H]adenosylmethionine (10 #1, containing
1.1 ,uCi at 4.64 Ci/mmol; Amersham International) and buffer
M (to 70 ,ul).

Chromatography
El (undialysed) was stirred with heparin-Sepharose and either
was batch-eluted with buffer containing 0.6 M NaCl or was
eluted from a small column using a 0.2-0.6 M NaCl gradient.
Active fractions were diluted to 0.15 M NaCl and were stirred
with 2 ml ofQ-Sepharose (Pharmacia). The pelleted Q-Sepharose
was resuspended and placed in a minicolumn, which was eluted
with a 0.15 M-0.5 M NaCl gradient (in buffer M). Samples were
dialysed overnight against buffer M containing 50% (w/v)
glycerol, before assaying.

Oligonucleotide- synthesis and anneaflng
Poly(dI-dC) -poly(dI-dC) was obtained from Sigma Chemical
Co. The material used initially had a size range of 100-500 bp,
but a more recent batch was mostly longer than 2000 bp.
Oligonucleotides were synthesized using an Applied Biosystems
machine. Except for the alternating mCG oligonucleotide (which
was a hexamer), all the synthetic oligonucleotides were 21-mers.
The phosphoramidite derivatives were obtained from British
Drug Houses, with the exception ofthe methylcytosine derivative,
which was obtained from Glen Research Corp. Herndon, VA,
U.S.A. After deprotection and precipitation, the oligonucleotides
were redissolved in annealing buffer (Kadonaga and Tjian, 1986;
Tris/HCl, 67 mM, pH 7.6; MgCl2, 13 mM; dithiothreitol,
6.7 mM; spermidine, 1.3 mM and EDTA, 1.3 mM) and, when
required, were mixed in equivalent amounts for annealing.. This
was done by heating the mixture at 88 °C for 2 min, 65 °C for
5 min, 37 °C for 5 min and at room temperature for 5 min before
storing at -20 'C. When using the oligonucleotide containing
alternating mCG residues, the above annealing procedure was
preceded by heating the mixture at 100 'C for 2 min. As indicated
in the Results section, the hemimethylated molecules containing
the dinucleotide target sequences were inactive as substrates for
the pea DNA methylase. A substrate was therefore made using
Escherichia coli DNA polymerase (Klenow fragment), using the
method of Giordano et al. (1991), except that dithiothreitol
(1 mM) was present in the incubation. This product is of high
molecular size (500-2000 bp, as judged by electrophoresis) and,
as the cytosines and methylcytosines are incorporated at random
from a 3:1 mix, it will contain, for every doubly methylated
dinucleotide pair, six hemimethylated and nine unmethylated
target sites.

RESULTS
DNA substrate requirements
Table 1 presents the results of an initial experiment to investigate
the substrate requirements of the pea DNA methylase. The
single-stranded 21-mer (CAG)7 is a very poor substrate, con-
firming earlier results (Yesufu et al., 1991) that showed the pea
DNA methylase to prefer a double-stranded substrate. Moreover,
the single-stranded DNA interferes strongly with the methylation
of duplex DNA when both are present in the same incubation
[e.g. 0.25,tg each of (CAG)7 and of (CAG- MTG)7 present
together in an incubation gave only 27% of the-activity obtained
when the hemimethylated substrate is present alone]. It is
probable that this indicates that the enzyme interacts strongly

with the single-stranded DNA even though it methylates it very
poorly, although an alternative explanation could be that the
single strand binds to the hemimethylated duplex to form a
triple-stranded structure that is not recognized by the enzyme
(Helene and Toulme', 1990).
For the animal enzyme poly(dl-dC) * poly(dl-dC) is an excellent

substrate for de novo methylation (Pfeifer and Drahovsky, 1986)
and it is used satisfactorily by the pea enzyme. Its high ability to
accept methyl groups using the vertebrate enzyme is attributed
to its high concentration of target sites, coupled with a much
greater ease of denaturation compared with the alternating, CG-
containing substrate. However, the hemimethylated dinucleotide
target sequences [poly(CI)/(MG)3 and poly(CI)/(MI)7; see Table
1], made by annealing oligonucleotides to poly(dI-dC) -poly(dI-
dC), are poor acceptors of methyl groups using the pea enzyme.
The accepting strands ofthe latter contain alternating CI residues,
while the 'template' strands contain either alternating mCG or
mCI residues. Although these structures fulfil the requirements
of the vertebrate DNA methylase, as defined by Smith et al.
(1991), it is possible that the high concentration of methyl-
cytosines renders the duplex resistant to the partial denaturation
that appears to be a prerequisite for enzyme interaction (Adams
et al., 1979). An alternative possibility is that the presence of the
methyl group in an alterna-ting sequence causes the DNA to
assume a left-handed helical (Z) conformation (Van Lier et al.,
1983), in which form it is less able to accept methyl groups
(Vardimon and Rich, 1984). These substrates do not appear to
bind with the enzyme, since they do not interfere with the
methylation of the hemimethylated trinucleotide target sequence
in mixing experiments. (It should be noted that these substrates
are methylated by the mouse DNA methylase, showing that
they are not incapable of accepting methyl groups; H. Lindsay
and R. L. P. Adams, unpublished work.) However, the hemi-
methylated dinucleotide target sequence [(CI/MI). in Table 1]
prepared by polymerase action is a good substrate for the
enzyme and it must be supposed that in this substrate the chance
of having long runs of alternating MI dinucleotides is very small.
Pea DNA, which will contain a mixture of unmethylated and

hemimethylated di- and trinucleotide target sequences, is quite a
good substrate, but the best substrate for the pea enzyme is the
oligonucleotide duplex containing the trinucleotide target se-
quence, especially in the hemimethylated state.

Table 1 EffectIveness of various substrates for pea DNA methylase
The production of the DNA substrates is described in the Experimental section. 1 #sg of DNA
was incubated with 5 jug of DNA methylase protein (fraction El) for 2 h at 30 OC in a reaction
volume of 7T ,ul containing S[methyl -3H]aden-osylmethionine and the incorporation of
radioactivity into DNA was measured. (Cl/Ml)n is the substrate prepared using DNA polymerase,
whereas (Cl/MG)3 and (Ct/MI)7 were prepared by annealing synthetic oligonucleotides
to (poly dl-dC) * (poly dl-dC). The values are averages of duplicate determinations. Individual
assays have been repeated several times.

Substrate Methylase activity
(1 ug per assay of 70 ,ul) (c.p.m./2 h per 5 /zg of protein)

None
Pea DNA
(CAG)7
(CAG/CTG)7
(CAG/MTG7
(Cl/Cl),
(Cl/MG)3
(Cl/MI)7
(Cl/Ml),,

30
690
30

1210
3230
420
120
60

820
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Figure 1 Fractonafton of pea DNA methylase on Q-Sepharose

Nuclear extract (El) was treated with heparin-Sepharose and then was applied to a Q-
Sepharose column, as described in the Experimental section. Activity was assayed either with
(poly dl-dC) -(poly dl-dO) (0) or with d(CAG/MTG)7 (0). The dotted line indicates the ratio
of activity for the two substrates. The results of two fractionations are shown as (a) and (b).

Enzyme fractionation
During purification we have assayed enzymic activity using
either (poly dI-dC) (poly dI-dC) or the double-stranded substrate
made by annealing (CAG)7 with (mCTG)7 (that is, the hemi-
methylated trinucleotide target sequence). These two substrates
allow us to follow CG and CNG methylation and, additionally,
allow a comparison of de novo and maintenance methylation.
When a nuclear extract is fractionated by gel filtration on

Superose 6, the enzymic activity measured with the two substrates
co-elutes (results not shown), which is consistent with the presence
of only one enzyme species capable of de novo and maintenance
methylation of di- and trinucleotide target sequences. In contrast,
Figure 1 shows two examples of the elution from Q-Sepharose of
enzyme that had been previously purified by affinity chromato-
graphy on heparin-Sepharose. The peak activity with the two
substrates does not coincide and the relative activity with the
hemimethylated trinucleotide target DNA increases steadily
across the column. There is, in fact, evidence for two or more

different enzyme species.
We have evidence from SDS/PAGE that there is a different

degree of degradation in different preparations, although we

have not been able to prevent this routinely. In some prepara-
tions, fraction 4 from the Q-Sepharose column shows one

predominant protein of 160-180 kDa, with smaller proteins
present in later fractions. Similar preparations containing a

predominant high-molecular-mass protein were described by
Yesufu et al. (1991). Other preparations show the presence of
more bands of a range of sizes. Figure 2 shows examples from
two preparations in which the proteins were stained or Western
blotted onto Hybond C-extra (Amersham) and were probed
using an antibody either raised to a peptide present in the
presumed active site of the mouse DNA methyltransferase
(Ab 156; Figure 2a) or to a 55 kDa protein present in the wheat
DNA methyltransferase (Figure 2b; this antibody was kindly
provided by H. Follmann of Gesamthochschule Kassel Uni-
versitit). The purified enzyme and the Western blots show
evidence of several bands that we believe to be the enzyme and
its breakdown products. There is a cluster of high-molecular-
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Figure 2 Size fractionation and cross-reacivity of pea DNA methylase

Nuclear extract (El) was electrophoresed in lanes 1 and 3 of an SDS/PAGE gel (a and b). Lanes
2 and 4 contained pooled fractions (a) or fraction 5 (b) from the Q-Sepharose fractionation. After
electrophoresis, the gel either was silver-stained (anes 1 and 2) or was transferred to Hybond
C-extra (Amersham) and probed with an antibody to an active-site peptide in mouse DNA
methyltransferase (a; lanes 3 and 4) or with an antibody to the wheat DNA methyltransferase
55-kDa protein (b; lanes 3 and 4). Probing was done using enhanced chemiluminescence
(Amersham). Molecular-mass markers are shown in lane M and molecular masses are given
in kDa.

mass proteins reminiscent of the pattern obtained with the mouse
enzyme (Adams et al., 1989). Two proteins of 92 and 85 kDa are

highlighted by both antisera, as is a fainter 100 kDa band. A
protein of around 70 kDa reacts strongly with the wheat DNA
methyltransferase antibody, but not with the antibody to the
mouse enzyme active-site peptide. Two smaller proteins of 60
and 63 kDa react with the anti-mouse antiserum, but it cannot be
ascertained whether they react with the anti-wheat antiserum
because of the strong reaction of this antiserum with the 70 kDa
band.

Enzyme stability

The nuclei used in the purification were obtained from pea
shoots 5-7 days after imbibition. A-s shown previously and
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Figure 3 Developmental regulatdon of methylase

(a) Nuclei, isolated from pea-shoot tips of the indicated ages, were assayed for methylase
activity using their endogenous DNA. (b) DNA, isolated from pea-shoot tips of the indicated
ages, was used as a substrate for El DNA methylase. (c) El, isolated from pea-shoot tips of
the indicated ages, was used to methylate either (poly dl-dC) -(poly di-dC) (0) or
d(CAG/MTG)7 (0).

confirmed in Figure 3(a), such nuclei show the maximum
incorporation of methyl groups into their endogenous DNA.
Figure 3(b) indicates that DNA isolated from young shoots is a
better acceptor of methyl groups than is DNA isolated from
older shoots; that is, such DNA has a greater concentration of
acceptor sites, and this alone might explain the higher activity
found in nuclei (Figure 3a). However, when fraction El isolated
from shoots of different ages was used to methylate the synthetic
substrates, it was clear that the activity with the hemimethylated
trinucleotide target sequence begins to fall after day 5 (Figure
3c). Thus in pea nuclei both the enzyme activity and the ability
of the endogenous DNA to accept methyl groups decrease
dramatically with age. The enzymic activity with (poly dl-
dC) (poly dI-dC) as the substrate behaves somewhat differently,
falling sharply between 4 and 5 days and thereafter falling more
slowly. On day 4, activity with the hemimethylated CNG

Rgure 4 Effect of heating on methylase actvity

El was incubated at 35 °C for the indicated times and then incubated in a methylase assay
with either (poly dl-d) - (poly dl-dC) (0) or d(CAG/MTG)7 (0) as the substrate.

substrate is only about 5-fold that with (poly dI-dC) (poly dl-
dC), whereas on days 6 and 7 the ratio of activities is 14-20.
These values form a range typical of those found with different
preparations of El, though more purified fractions typically
show ratios of up to 50 (see Figure 1).
Another situation in which the ratio of the activities with the

two substrates changes dramatically is on heating (Figure 4).
When either El or pooled fractions from the Q-Sepharose
column are heated at 35 °C in the absence of DNA, before
incubation at 30 °C, there is a rapid loss in activity measured
using the hemimethylated trinucleotide target sequence. We have
also shown that activity with the hemimethylated trinucleotide
target sequence is more susceptible to digestion with trypsin
(results not shown) and hence the loss of activity on heating may
be the result ofinactivation by proteolysis. Inactivation does not,
however, occur on prolonged incubation during assay at 30 °C
(Yesufu et al., 1991 and Figure 5), implying that the enzyme
might be stabilized by some component in the assay mixture.
This is confirmed by the results shown in Table 2, which show
that when the enzyme is pre-incubated at 35 °C in the presence
ofboth substrates there is only a 14% loss of activity, as opposed
to a 68 % loss when the enzyme is pre-incubated alone. It would
appear that some conformational change occurs at 35 °C that
readily leads to a reduction in activity with the hemimethylated
trinucleotide target sequence, but that this change is blocked in
the presence of substrate. The almost complete protection
obtained implies that nearly all the enzyme is associated with
substrate.

DNA concentration curves

Figure 6 shows the effect of varying DNA concentration on

enzyme activity using the unmethylated and hemimethylated
substrates with the di- or trinucleotide recognition sequences.
The pea DNA methylase is saturated at very low concen-

trations of the hemimethylated trinucleotide target substrates,
but much higher concentrations of the corresponding un-

methylated substrates are required for saturation. Nevertheless,
at saturating amounts, the rate of methylation of the un-

methylated and hemimethylated trinucleotide substrates is similar
and is significantly greater than with dinucleotide target
sequences or with pea DNA (Table 3). Similar experiments with
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Table 2 Stabilizatdon of the enzyme by substrate

Enzyme (2.5 Atg; fraction Q) was pre-incubated for 10 min at 35 °C or on ice (0 °C), in the
presence of substrate [1 ug of DNA and Sadenosylmethionine (AdoMet) at 9.2 'uM] where
indicated, in a volume of 25 #I. All tubes were then incubated in a standard assay at 30 °C
for 2 h and methylase activity was determined. Results (from one of two similar experiments)
are expressed as c.p.m. per assay and are averages of duplicate assays.

Pre-incubation Methylase activity
reaction mix (c.p.m. per assay)

(CAG/MTG)7 AdoMet 0 OC 35 °C Inhibition (%)

- - 2800 900 68
+ - 2500 1200 52
+ + 2900 2500 14
- + 3700 900 76

120

35

30

E
6.
ci 25

0C*cu 20
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x 10
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0 30 60 90
Time (min)

Time course of methylation and the effect of NaCi added at

The time course of the reaction is shown for an excess of (a) the trinucleotide target sequences
and (b) the dinucleotide target sequences. Triangles represent the unmethylated sequences and
circles the hemimethylated sequences. Open symbols show the results when NaCI (0.1 M) was
added to the incubation after 10 min (arrowed); closed symbols are in the absence of NaCI
addition.

the mouse DNA methylase (Adams et al., 1992) indicate that it
can methylate the trinucleotide sequence (unmethylated or hemi-
methylated) at about 5 % the rate of (poly dI-dC) * (poly dI-dC),
which is in agreement with results from Toth et al. (1990) and
from Simon et al. (1978).

Enzyme/DNA binding

With 30 ng of hemimethylated CNG target DNA per assay, the
rate of transfer of methyl groups is proportional to the amount
of enzyme in the assay up to 3 ,ug of protein, and the presence of
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[DNA] (pg/70 pi)
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Figure 6 DNA concentration curves

The amount of DNA indicated was incubated for 2 h at 30 °C in an incubation of 70 ,ul, with
5 #g of protein from fraction El, as described in the Experimental section. (a) Refers to the
trinucleotide target DNA molecules d(CAG/CTG)7 (0) and d(CAG/MTG)7 (@), (b) to the
dinucleotide target DNA molecules (poly dl-dC) * (poly dl-dC) (0) and (poly dl-dC/dM) * (poly
dl-dC/dM) (0).
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Table 3 KIneic values for various DNA substrates

Km Vm
Substrate (/,g/ml) (pmol/h per mg)

(CAG/CTG)7
(CAG/MTG)7
(Cl/CI)n
(CI/MI)n
Pea DNA

25

EX20-

n
0

15

0

E

< 10
z

a
x

(6' 5 -

0r

14.3
0.71

13.0
21.0
20

340

340

72

208

26

Mixture

A

Unmethylated (100 ng)

0 1 2 3 4
[Enzyme] (pg of protein/70 pi)

5

Figure 7 Enzyme concentration curve and effect of compettor DNA

The curve shows the effect of increasing amounts of enzyme protein in a standard assay of
70,u1 containing 30 ng of d(CAG/MTG)7 and 100 ng of d(CAG/CTG)7 (0). In addition, the
incorporation with 30 ng of hemimethylated DNA alone is shown (t) and that with 100 ng

of unmethylated DNA alone (A).

100 ng of unmethylated CNG target DNA does not compete
(Figure 7). This confirms the conclusion that the pea DNA
methylase will preferentially bind to, and methylate, hemi-
methylated CNG target DNA in the presence of unmethylated
sequences.

We have previously reported (Yesufu et al., 1991) that the pea

DNA methylase rapidly forms a salt-resistant complex with pea

DNA. This DNA will contain a variety of substrate sites including
unmethylated and heminimethylated di- and trinucleotide target
sequences. Figure 5 shows that the pea enzyme rapidly forms a

stable, salt-resistant complex with the hemimethylated tri-
nucleotide target sequence, but not with the unmethylated
sequence, which stops accepting methyl groups almost immedi-
ately on addition ofNaCl. With the dinucleotide target sequences,

the reaction continues for a limited time after the addition of
NaCl, but ceases after 60 min with the unmethylated seq-uence

and after 90 min with the hemimethylated sequence. These times
reflect the length of the substrate DNA, i.e. 21 bp for
(CAG/CTG)7; 100-500 bp for (poly dI-dC) (poly dI-dC) and
500-2000 bp for (poly dI-dC/dM) - (poly dI-dC/dM).

DISCUSSION

We have used synthetic oligonucleotides to study the substrate
requirements of pea DNA methylase. To avoid loss of any
species of enzyme, we have deliberately used a crude nuclear
extract as a source of enzyme in many of the experiments

reported in this paper. This extract shows multiple DNA cytosine
methyltransferase activities that co-fractionate on gel filtration,
although fractionation of different activities has been obtained
using ion-exchange columns. We conclude therefore that the
crude extract contains more than one enzymic activity, although
whether this results from changes in conformation or from
protein modification is not known. Several bands can be seen on
SDS/PAGE of more purified fractions and attempts to reduce
proteolysis by including further protease inhibitors (such as
benzamidine) in the purification produced no consistent effect.
Many of these bands cross-react with antibodies raised against
an active-site peptide from the mouse DNA methylase and also
with antibodies raised against a purified wheat DNA methylase,
showing that there has been considerable conservation of se-
quence between species. However, one band at about 70 kDa
reacts exclusively with the antibody to the wheat DNA methylase
and one might speculate that this protein is the CNG methylase.
However, it is not possible at present to definitively identify
particular bands with individual activities. Experiments in
progress indicate that the enzyme can interact with the hemi-
methylated trinucleotide target sequence in the presence of a
1000-fold excess of (poly dI-dC) (poly dI-dC), confirming the
presence of two independent activities.
To follow methylation of a dinucleotide sequence we used the

alternating copolymer (poly dI-dC) - (poly dI-dC) as an un-
methylated substrate. Unfortunately activity was extremely low
with the hemimethylated analogues made by annealing synthetic
oligonucleotides to poly dI-dC and the reason for this is not
known. Fortunately the hemimethylated dinucleotide target
sequence made using DNA polymerase is a good substrate, with
a Vm.ax around 3-fold greater than the unmethylated analogue. As
this substrate contains 3-fold more CI dinucleotides than MI
dinucleotides, the actual rate of maintenance methylation is
about 20-fold greater than the rate of de novo methylation at this
target sequence. Furthermore, the use of a limiting amount (3 #ug
per ml) of a synthetic 22-mer duplex containing a single CG
dinucleotide 8 bp from one end gave a rate of reaction that was
9-fold greater when the duplex was hemimethylated (results not
shown), showing that in a more normal sequence the enzyme
shows greater activity with the hemimethylated substrate. This
discrimination between de novo and maintenance methylation is
not as great as that shown by the enzyme from rice cells
(Giordano et al., 1991), which is also much smaller than the pea
DNA methylase.

Synthetic repeating trinucleotide sequences in unmethylated
and hemimethylated form provided substrates that enabled us to
study the trinucleotide target sequence in isolation. We have not
considered all possible CNG target sequences, as it is not possible
to construct molecules containing CCG or the complementary
CGG sequences without including CG dinucleotide sequences. A
comparison of the rates of methylation of unmethylated duplexes
with a simple repeating structure shows that the enzyme methyl-
ates the trinucleotide target sequence faster than the dinucleotide
target sequence. This could explain why, in vivo, the fraction ofthe
former that is methylated is considerably higher than that of the
latter (Messeguer et al., 1991).
With limiting DNA, the ratio of maintenance to de novo

activity observed varies from 10 to 30 and this could be a realistic
value for the relative rates of maintenance and of de novo
methylation that occur in vivo. As there are two possible sites for
methylation in the unmethylated target duplex, this means that
the rate of maintenance methylation per target cytosine is around
20-60-fold higher than the rate of de novo methylation. Clearly,
a significant amount of de novo methylation could be occurring
in vivo.

I I I I I
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Figure 8 Interaction of pea DNA methylase with DNA containing CNG
sequences

The enzyme interacts reversibly with any DNA to form a loose complex. This interaction is salt-
sensitive. When cytosines in CNG target sequences are present, the enzyme can interact with
these to form a stable complex in which the enzyme may have undergone a conformational
change {E*). This stable complex may be dissociated to regenerate the loose complex and the
free enzyme and DNA or it may interact with Sadenosylmethionine (SAM) to form a transient,
covalent complex. Transfer of a methyl group will liberate Sadenosylhomocysteine (SAH) and
generate methylated DNA, still loosely associated with the enzyme.

It is probable that the enzyme can form- a complex with any
DNA, but it appears to interact with higher affinity with
hemimethylated DNA, particularly that containing the tri-
nucleotide target sequence. Complex formation.is dependent on
the DNA concentration, as is shown in Figure 6, and low
concentrations of hemimethylated trinucleotide target DNA are
sufficient to saturate the enzyme. However, at saturating DNA
concentrations, the rate of methyl-group transfer is similar with
unmethylated or hemimethylated substrate, but is greater with
trinucleotide target sequences than it is with dinucleotide target
sequences (Table 3). The rate-limiting step must be the interaction
of the enzyme/DNA complex with the second substrate, S-
adenosylmethionine, and the consequent transfer of the methyl
group.

It has been proposed that DNA methyltransferases form a
covalent complex with their target sequence (Santi et al., 1984;
Chen et al., 1991; Friedman and Ansari, 1992). The covalent
complex probably forms as a result of the maturation of a series
of intermediate complexes. Initially the enzyme will form a loose
complex with any DNA and probably then will travel along the
DNA until it recognizes a target site, at which point a stable,
non-covalent complex will form. This is probably associated with
a change in enzyme conformation. Only on interaction with S-
adenosylmethionine will the covalent complex form. This com-
plex could be broken either by the reversal of the formation
reaction (probably an unlikely event) or on transfer of a methyl
group, with the concomitant release of S-adenosylhomocysteine
(Figure 8); that is, the covalent complex will form only transiently
in the presence of a methyl donor, but may be stabilized in the
presence of analogues such as S-adenosylhomocysteine or syne-
fungin, which do not allow the transfer of a methyl group to
occur. Such a situation has been shown to occur with several
bacterial methyltransferases (for example, Bergerat and Guschl-
bauer, 1990; Dubey and Roberts, 1992).
With the pea enzyme, all the DNA substrates tested rapidly

form salt-resistant complexes on mixing with the enzyme. How-
ever, these complexes dissociate after a time that is dependent on
the length of the DNA. The exception is the complex formed
with the hemimethylated trinucleotide target sequence, which is
completely stable for 2 h or more (Figure 5; Yesufu et al., 1991).
Why are lower concentrations of hemimethylated trinucleotide

target DNA sufficient to saturate the enzyme and form a stable,
salt-resistant complex? Either the stable complex is formed more
readily with this DNA or the dissociation of the complex with the
other DNAs is faster.
The results described lead us to propose the following series of

events. The initial interaction of the DNA with the enzyme is
inhibited by 0.1 M NaCl. With most DNA there is a rapid
equilibrium between unbound, loosely bound and tightly bound
enzyme and DNA with the result that the reaction is rapidly
inhibited by salt, which traps the reactants in an unbound form.
With hemimethylated trinucleotid-e target DNA, the tightly
bound DNA-enzyme complex is more stable and less likely to
dissociate; the concentration of free reactants is, therefore, very
low and the continued reaction is not sensitive to salt inhibition.
This will have the effect, in vivo, of efficiently maintaining the
level of CNG methylation, while the pattern of CG methylation
may be more susceptible to disruption, either by chance or by the
presence of competing proteins. A similar increased stability of
the complex between DNA methylase and hemimethylated DNA
is found for the mouse enzyme (A. Reale, H. P. Saluz, R. L. P.
Adams, J. P. Jost and R. Strom, unpublished work).
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