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ABSTRACT. Aberrant de novo methylation of CpG island DNA sequences has been observed in cultured
cell lines or upon malignant transformation, but the mechanisms underlying this phenomenon are poorly
understood. Using eukaryotic DNA (cytosine-5)-methyltransferase (of both human and murine origin),
we have studied the in vitro methylation pattern of three CpG islands. Such sequences are intrinsically
poor substrates of the enzyme, yet are efficiently methylated when a small amount of 5-methylcytosine
is randomly introduced by the 8s$ prokaryotic DNA (cytosine-5)-methyltransferase prior to in vitro
methylation by the eukaryotic enzyme. A stimulation was also found with several other double-stranded
DNA substrates, either natural or of synthetic origin, such as poly(dGpdy)(dG-dC). An At+T-rich
plasmid, pHIF1S, showed an initial stimulation, followed by a severe inhibition of the activity of DNA
(cytosine-5)-methyltransferase. Methylation of poly(di-¢f@)y(dI-dC) was instead inhibited by pre-
existing 5-methylcytosines. The extent of stimulation observed with poly(dGpdE)dG-dC) depends

on both the number and the distribution of the 5-methylcytosine residues, which probably must not be
too closely spaced for the stimulatory effect to be exerted. The activity of tBsdprokaryotic DNA
methyltransferase was not stimulated, but was inhibited by pre-methylation on either poly(gaigC)
(dG-dC) or poly(dI-dCypoly(dI-dC). The prokaryotic and eukaryotic DNA methyltransferases also differed

in sensitivity to poly(dG-rPdC)-poly(dG-nPdC), which is highly inhibitory for eukaryotic enzymes and
almost ineffective on prokaryotic enzymes.

De novo methylation of CpG dinucleotides in eukaryotic malignant transformation, in which case it is likely to act as
cells occurs during several physiological and pathological a means to inactivate tumor suppressor genes. CpG island
processes. lItisinvolved in the establishment of the somaticmethylation has indeed been shown for MdL and RB
methylation pattern during development (Monk, 1995), in genes in renal carcinoma cell (Herman et al., 1994) and
genomic imprinting (Li et al., 1993), and in X chromosome retinoblastomas (Greger et al., 1989), respectively, and for
inactivation (Singer-Sam & Riggs, 1993). Tumor progres- the gene encoding the cyclin-dependent kinase inhibitor p16
sion (Szyf, 1996), viral integration (Toth et al., 1990), and in a variety of human tumors and tumor-derived cell lines
fragile X syndrome (Knight et al., 1993) are all characterized (Gonzales-Zulueta et al., 1995). In all cases, methylation
by aberrant methylation patterns. CpG islands are particu- correlates with loss of expression of the associated genes.
larly sensitive to the effects of de novo methylation. These  The mechanism(s) capable of maintaining CpG islands free
1-2 kb-long DNA sequences (Bird, 1986), found mainly at of methylation have only been partially elucidated in the last
the 8 end of housekeeping genes, are found in the un- years. These CpG-rich sequences have been shown to be
methylated form in somatic cells, except for those localized intrinsically poor in vitro substrates (Carotti et al., 1989;
on the inactive X chromosome or those associated with Alu Bestor et al., 1992) of the DNA (cytosine-5)-methyltrans-
sequences or L1 genes. In contrast, a widespread methylaferase (DNA MTasé)that catalyzes the methyl transfer from
tion may occur on CpG islands associated with nonessentialS-adenosyk--methionine to the '5 position of cytosines
genes in cultured cell lines (Antequera et al., 1990) or upon included in CpG dinucleotides (Smith, 1994); most of them
contain Spl elements whose removal or alteration appears
T This work was supported by grants from Ministero per 'Univérsita to induce methylation of the associated island in embryonic

e la Ricerca Scientifica e Tecnologica and from lIstituto Pasteur- -g||s. as shown for thaprt gene (Brandeis et al., 1994;
Fondazione Cenci Bolognetti. M I, detal 1994 ’ ’
* Author to whom correspondence should be addressed at Diparti- acleod et al., ).

mento di Scienze Biochimiche ‘A. Rossi Fanelli, Piazzale A. Moro 5, What has received little attention, so far, is the opposite
00185 Roma, Italy. Telephone:+-39-6-49910969. Fax:+39-6- question: how do these sequences get methylated in par-

4440062. E-mail: dcarotti@axcasp.caspur.it. b . . . g .
# Department of Biochemical Sciences ‘A. Rossi Fanelli, University ticular circumstances if their methylation-free status is so

of Rome ‘La Sapienza’. strictly controlled? In other words, how can DNA MTase
§ Department of Cellular Biotechnology and Hematology, University be forced, under certain conditions, to catalyze methylation
of Rome ‘La Sapienza’.
' Research Institute ‘S. Pietro’ HospitaFatebenefratelli.
U CNR Center of Molecular Biology. 1 Abbreviations: DNA MTase, DNA (cytosine-5)-methyltransferase.

S0006-2960(97)01031-3 CCC: $15.00 © 1998 American Chemical Society
Published on Web 01/13/1998




1102 Biochemistry, Vol. 37, No. 4, 1998 Carotti et al.

of CpG island DNA as efficiently as any other DNA? fresh 16uM S-adenosyl-[methyt*H]methionine (15.Ci/

It has been noticed by several authors that a high level of mL, 2000 dpm/pmol). The plasmid methylation pattern was
in vitro methylation of specific DNA sequences by the instead determined after overnight incubation under the same
eukaryotic DNA MTase is favored by a pre-methylation step conditions. DNA was thereafter purified and digested with
performed by a prokaryotic methylase, such asS$s, suitable restriction enzymes, and fragments were separated
M.Hpall, or M.Hhal (Rachal et al., 1989). Moreover, studies by agarose gel electrophoresis. Gel lanes were then cut in
with synthetic polymers have shown that the presence of a2 mm-wide slices and radioactivity was measured for each
5-methylcytosine (even if not inserted in a CpG dinucleotide) gel slice after redissolution in 2 mL of water for 10 min at
stimulates in vitro methylation of a neighboring CpG pair 100°C, as previously described (Carotti et al., 1989).
by the eukaryotic enzyme, in both single-stranded (Carotti RESULTS
et al., 1986; Christman et al., 1995; Lindsay & Adams, 1996)
and double-stranded forms (Tollefsbol & Hutchinson, 1995).  Effect of Pre-methylation on in Vitro Methylation of CpG

We took advantage of these observations to investigate!slands. M.Ss$is a bacterial enzyme with the sameCpG-
whether the presence of methyl groups could specifically 3 recognition sequence as eukaryotic DNA MTase. Since
stimulate the activity of a human placenta DNA MTase when its purification, this enzyme has been widely used to
methylating a plasmid containing the CpG island associated artificially methylate DNA to study the effect of CpG
to the mousdtf9-A/RanBP1andHtf9-C genes (Bressan et Methylation on gene expression, and it has been preferred
al., 1991). With this construct, we have previously dem- to other cytosine methylases such asHill or M.Hhal,
onstrated the reduced methyl-accepting ability of CpG-rich Whose recognition sequences (CCGG and GCGC, respec-

sequences (Carotti et al., 1989). tively) are only a subset of all CpGs present in genomic
DNA. We used this enzyme to introduce, in a quantitatively
MATERIALS AND METHODS controlled manner, a small amount of randomly distributed

) methyl groups in the mouddtf9 CpG island contained in
Materials  Poly(dG-dCjpoly(dG-dC), poly(dl-dCpoly- — the plasmid pL9.2 (54% &C, 349 CpGs= 5.4% CpG, on
(dI-dC), and poly(dG-rdC) poly(dG-ntdC) were purchased 4 single-strand basis). The plasmid was methylated in vitro

from Pharmacia Biotech, anBscherichia coliDNA was  at ahout 26% of its possible sites, and the distribution of
from Serva. Micrococcus luteuDNA was isolated from  ragioactive methyl groups was analyzed by restriction
lyophylized bacteria (Sigma). 8s$, M.Alu, M.Hadll, and digestion and agarose gel electrophoresis, as previously

M.Hhal were from New England Biolabs. Eukaryotic DNA  gescribed (Carotti et al., 1989). The extent of methylation
MTases (EC 2.1.1.37) were partially purified from human catalyzed by MSs$ was found to be strictly dependent on
placenta and murine liver nuclei, and enzymatic assays Wereine number of CpGs present in each restriction fragment, as
performed as previously described_(Cgrotti et al., ;986, expected (data not shown), therefore meaning tha8s¥.
1989). S-Adenosylt-[methyi*H]methionine (55-85 Ci/ does not show any preference for particular CpG sites, and
mmo!) was from New E_ngland Nuclear, agehdenosyl:- that every CpG has the same probability of being methylated.
methionine was from Sigma. When the partially methylated plasmid was used as
Plasmids. pL9.2, a kind gift from Dr. P. Lavia, isa pUC  substrate of human placenta DNA MTase, the overall
subclone of the mouse CpG-rich sequehttéd (Lavia et methylation level catalyzed by the enzyme was approxi-
al., 1987) (accession number X50830). The 3.8 kb-long mately 30% higher than that of the unmethylated plasmid.
EcaRI fragment includes CpG-depleted (genomic) regions We next analyzed how the incorporated radioactive methyl
on either side of the island. pEB9, a kind gift from Dr. D. groups were distributed along the DNA molecule. We
Toniolo, is a 5.9 kb-long genomigcaoRI-BanH| fragment,  previously showed (Carotti et al., 1989) that the enzyme is
derived from the human X chromosome and cloned in not able to methylate the actual CpG island sequence (1.6
pPBR322, which contains two CpG islands, respectively, kb-long Dral-Puull fragment) as efficiently as other DNA
associated to th&dX andP3 genes (Toniolo et al., 1988).  fragments derived from the same plasmid. Results in Figure
pHOBLS is a 3.4 kb-longpst fragment containing the human 1 show that, while fhethy}3H] incorporation is only about
f3 globin locus cloned in pBR322 [sequence in Collins and 60% of the expected value on the basis of the number of
Weissman (1984)]. CpGs present in the CpG island (Figure 1A, fragment with
In Vitro Methylation DNAs (60 ug/mL) were pre- 149 CpGs), this difference was abolished when about 17%
methylated at 37C for various times in 50 mM Tris-HCI,  of CpG sites pL9.2 were pre-methylated with34s. As
pH 7.8, with MSs$ (25—50 U/mL) [or when required, with ~ shown in Figure 1B, the methylation level of the region
M.Hhal(160—530 U/mL, or with placenta DNA MTase], in  corresponding to the island in the pre-methylated plasmid
the presence of 1&M S-adenosylk-methionine, 5 mM increased to the same value (per CpG) seen for the remaining
EDTA, 0.5 mM DTT, and 10% (v/v) glycerol. Methylases regions of the plasmid, whose relative position was not
were thereafter inactivated by heating at®&5for 15 min. modified by the MSs$ treatment. Therefore, a partially
Mock pre-methylation was carried out in the same conditions methylated island becomes a good substrate for the eukary-
in the absence of enzyme. Parallel tests were run in theotic enzyme that methylates it as efficiently as any other
presence o&-adenosyl-[methyt*H]methionine (2Q.Ci/mL, DNA fragment, behaving in the same way asSgl$. This
2700 dpm/pmol) to measure the amount of methylation can be regarded as a general phenomenon because very
reached. In order to determine their susceptibility to further similar results were obtained when other CpG islands were
methylation, pre-methylated (or mock pre-methylated) DNAs used. Plasmid pEB9 (58%-3C, 634 CpGs= 6.2% CpG)
were diluted to 2Qvg/mL and incubated 102 h at 37°C in contains two CpG islands associated to two ge@eisand
the presence of placenta DNA MTase-{B0 units/mL) and P3, present on the human X chromosome. Both islands are
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60 be present in the reaction mixture, including completely
A B methylated DNA molecules (which will not be susceptible
to further methylation by eukaryotic methylase and will
therefore be undetectable in our radioactive assay), partially
methylated molecules, and completely unmethylated mol-
ecules. Methyl groups added by $&$ or DNA MTase on
unmethylated DNA molecules would not be distinguished
S — 1 from those added by DNA MTase on partially methylated
0 40 80 120 0 40 80 120 160 . . L

CoG CoG molecgles, by elther. sequencing or restriction enzyme

analysis of the plasmid.

Since the placenta enzyme used in these experiments was
only partially purified, the possibility could exist that some
D other protein be responsible for the observed effect. How-
ever, gel retardation analyses indicate that our enzyme
preparation was free fronttf9-specific or Spl binding
activities [data not shown; also see Carotti et al. (1989,
1996)].

R S R In order to verify whether the stimulating effect due to
0 100 200 0 100 200 300 5-methylcytosine residues was dependent on their inclusion
CpG CpG within CpG dinucleotides, we used, in the pre-methylation
FIGURE 1: In vitro methylation pattern of unmethylated (A) and Step with pL9.2, MAlul instead of MSs$. M.Alul recog-
pre-methylated (B) pL9.2 plasmid and unmethylated (C) and pre- nizes the AGCT sequence, and the resulting 5-methylcytosine
methylated (D) pEB9 plasmid. Plasmids were methylated with is therefore not included in a CpG doublet. Subsequent
M.Ss$ at 17% and 4% of all CpG sites, respectively, and then - athyiation by the placenta enzyme and methylation pattern

subjected to methylation by human placenta DNA MTase. Each | f din th diti b
point represents a restriction fragment or the sum of co-migrating 2NalySe€s were periormed in thé same conditions as above.

fragments. Methylation is expressed, for each fragment, as the The only difference was at restrictiorPoull was omitted
percentage of the total counts recovered from the gel. Open symbolsbecause thBuull recognition sequence contains thki site,

indicate CpG island-derived fragments. CpGs are recorded on agnd Pyull cleavage is inhibited when the cytosine is
single-strand basis. methylated. The methylation pattern obtained with pre-
poorly methylated by placenta DNA MTase [Figure 1C; also methylated pL9.2 in these experiments was indistinguishable
see Carotti et al. (1989)]. When Bls$-pre-methylated ~ from that obtained with unmethylated plL9.2 (data not
pEBY (4% of the CpG sites) was used, the overall methyl- Shown), indicating that, at least as far as CpG island in vitro
ation level of the entire plasmid increased by approximately Methylation is concerned, the occurrence of 5-methylcytosine
40%, and the methylation pattern specifically changed only N @ CpG doublet is strictly required to exert a stimulatory
for the two restriction fragments derived from the CpG-rich €ffect on eukaryotic DNA MTase.
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DNA regions (Figure 1D). Effect of Pre-methylation on in Vitro Methylation of DNAs
The actual positions of the pre-methylated cytosines are with Varying Base CompositionThe pre-methylation stimu-
difficult to assess due to the processivity of3ds. After lating effect was further investigated on various DNAs with

the pre-methylation step, heterogeneous DNA molecules will widely different base composition (listed in Table 1) ranging

Table 1: Effect of Pre-methylation on the Activity of Placenta DNA MTase with Various DNAs

pre-methylating unmethylated pre-methylated

enzyme DNA pre-methylatién DNA®P DNAcC -fold induction

M.Ss$ poly(dG-dC) 25.0(1.7) 1.01 3.93 3.9

43.2(2.9) 1.20 8.65 7.2

poly(dI-dC) 39.2 (2.6) 2.55 1.65 0.6

67.7 (4.5) 2.70 1.33 0.5

E. coli 25.9 (12.8) 0.37 1.67 4.5

55.1(27.1) 0.58 2.27 3.9

M. luteus 30.9 (7.3) 0.92 1.56 1.7

50.8 (12.0) 0.35 0.68 1.9

pHBB1S 15.8 (13.4) 0.10 0.37 37

placenta poly(dG-dC) 3.4(0.2) 1.24 2.75 2.2

poly(dIl-dC) 2.6 (0.2) 3.95 4.56 1.2

M.Hadll pHbS1S 1.8(16.1) 0.31 0.38 12

3.5(32.2) 0.52 0.70 1.3

pL9.2 4.8 (20.8) 0.39 0.42 11

8.8(38.3) 0.49 0.61 1.3

M.Hhal poly(dG-dC) 15.1 (1.0) 0.67 2.82 4.2

poly(dI-dC) 33.9(2.2) 1.28 0.88 0.7

2 pmol of [methyl®H] incorporatedgig of DNA during pre-methylation by the indicated enzyme; numbers in parentheses indicate the corresponding
percentages of methylation of all possible sitegmol of [methyl3H] incorporatedig of DNA using the placenta DNA MTasépmol of [methyl-

3H] incorporategig of DNA using the placenta DNA MTase, after pre-methylation as indicated in footnote a. Activities were measured as described

in Materials and Methods, and values are the average of three determinations.
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from poly(dG-dCjpoly(dG-dC) (G+C only) to the A+T-

rich plasmid pHPB1S (46% G-C, 3.9% CpG) which contains
the 5 kb-long humag globin gene cloned in pBR322. The
results of these experiments are shown in Table 1. In the
first set of experiments, DNAs were pre-methylated by
M.Ss$ and then subjected to the action of placenta DNA
MTase. The amount of methyl groups incorporated in the
pre-methylation step depends on the number of CpGs presen
in the various DNAs, on the amount of Bk$, and on the
length of the incubation time. Poly(dG-d@ply(dG-dC)
was found to be most sensitive to the effect of pre-
methylation, showing a 7-fold increase in its methyl-
accepting ability following pre-methylation of about 2.8%
of the CpG sites. Surprisingly, no pre-methylation-induced
stimulation of poly(dl-dCypoly(dl-dC) methylation was
detected; on the contrary, we found a 50% inhibition when
about 4% of the Cpl sites were pre-methylated. Methylation
of E. coli (50% C+G, 6.7% CpG) and oM. luteus(74%
G+C, 14% CpG) DNAs showed intermediate levels of
stimulation. Similar effects were also seen when placenta
DNA MTase was used in both pre-methylation and meth-
ylation steps. Methylation of poly(dG-dply(dG-dC) was
stimulated while that of poly(dl-dGpoly(dI-dC) was only
slightly affected; however, both effects were much less
evident than those obtained with §&$, probably because

of the lower amount of methyl group incorporation achiev-
able with placenta DNA MTase (Table 1). §k$ proces-
sively methylates DNA on each strand separately (Renbaum
& Razin, 1992), probably yielding transiently hemimethyl-

ated sites. The presence of such hemimethylated sites, which

would be very efficiently methylated by the eukaryotic DNA
MTase, might in principle account for the stimulating effect
of pre-incubation with MSs$. However the results with
poly(dI-dCYpoly(dI-dC) ruled out this possibility since pre-
methylation had an inhibitory, rather than a stimulatory,
effect. In addition, we used Mhal in the pre-methylation
step. This enzyme adds a methyl group to the internal
cytosines in the GCGC or ICIC sequences, on both DNA
strands. Poly(dG-d&oly(dG-dC) and poly(di-dCpoly-
(dI-dC) were chosen as model substrates in order to avoid
misleading effects due to a preferential distribution of the
methylation sites. The experiment confirmed the results
obtained with MSs$ (Table 1); namely that the presence of
5-methylcytosines stimulates the activity of eukaryotic DNA
MTase only on poly(dG-dCpoly(dG-dC) and exerts an
opposite effect on poly(di-d@oly(dI-dC). Thus, poly(dl-
dC)-poly(dI-dC), in the unmethylated form, is a far better
substrate for eukaryotic DNA MTase than poly(dG-d¢)y-
(dG-dC) (Pedrali-Noy & Weissbach, 1986), while the situ-
ation is reversed after pre-methylation.

Then, we finally tested the effect of Madll, another
cytosine methylase whose recognition sequence, GGCC,
contains no CpG site. The pL9.2 and pHIS plasmids
contain 49 and 3Madll sites, respectively. In either case,
pre-methylation with MHaelll had very little, if any, effect
on the activity of eukaryotic DNA MTase (Table 1), as
previously seen with Mlul, indicating that the extra
5-methylcytosines must be present in a CpG dinucleotide in
order to affect the activity of the eukaryotic enzyme.

Effect of the Leels of Pre-methylationWe investigated
the effect of the pre-methylation level on the subsequent
activity of eukaryotic DNA MTase with three different
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Ficure 2: Effect of the pre-methylation levels on the activity of
human placenta DNA MTase with poly(dG-d@dly(dG-dC) (A),
with plasmid pHIB1S (B), and with poly(dl-dGpoly(dI-dC) (C);
open circles refer to Mes¢-pre-methylated polymers, and closed
circles refer to MHhal-pre-methylated ones. Each curve derives
from the combination of more than one experiment, and each point
is the mean of three determinations. In Figure 2C the effect of
various levels of MSs$ pre-methylation on the activity of Nbs$

on poly(dG-dCypoly(dG-dC) (open triangles) and on poly(dI-dC)
poly(dI-dC) (open squares) is also shown. Pre-methylation is
expressed as pmol ofrfethyl?H] incorporatedig of DNA.

substrates, chosen because of their different behavior: poly-
(dG-dC}poly(dG-dC), plasmid pHBLS, and poly(dl-dG)
poly(dI-dC). Upon pre-methylation with NBs$, the stimu-
lating effect seen with poly(dG-d€oly(dG-dC) became
apparent only above a threshold level of 30 ppmplbf DNA

of pre-methylation (Figure 2A), with a nonlinear correlation
to the percentage of CpG methylation reached in the pre-
methylation step, possibly suggesting some cooperative
effect. When the same experiment was performed with
plasmid pHIB1S, there was an initial stimulation, followed
by a severe inhibition of the activity of DNA MTase, which
dropped to 5% of the values obtained for control DNA, when
37% of the CpGs were methylated (Figure 2B). Methylation
of poly(dI-dC}poly(dIl-dC) showed a still different behav-
ior: the inhibition observed with this polymer was directly,
though not linearly, related to the extent of pre-methylation
and never dropped below 50% of the value obtained with
the unmethylated sequence (Figure 2C). In the experiments
with synthetic polymers, we controlled whether the mild heat
treatment used to destroy Bk$ activity could induce per

se a stimulating effect, for example by favoring unusual DNA
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Ficure 3: Effect of the pre-methylation levels on the activity of
murine liver DNA MTase with poly(dG-dCpoly(dG-dC) @) and
with poly(dI-dC}poly(dl-dC) @). Both polymers were pre-meth-
ylated with MHhal. Each point is the mean of two determinations.
Pre-methylation is expressed as pmolmgthyl3H] incorporated/
ug of DNA.

structures that are known to be preferred sites of methylation

by DNA MTase (Smith et al., 1992). We have found no
difference in the methylation when the mild heat treatment
was omitted (data not shown).

When using MHhal in the pre-methylation step, the results
were significantly different from those seen with$4$, with
poly(dG-dC)poly(dG-dC), and no cooperative effect could
be shown (Figure 2A, closed symbols).

The inhibitory effect exerted on poly(dI-d@ply(dl-dC)
by pre-methylation with Mdhal was instead indistinguish-
able from that obtained with NBs$. When MSs$was used
in both steps, the activities of the enzyme were inhibited to
a similar extent (Figure 2C) on poly(dG-d@bly(dG-dC)
and on poly(di-dCpoly(dl-dC). MSs$ methylates hemi-

methylated and unmethylated substrates with the same

efficiency, and no effect should therefore be seen on pre-
methylated DNA if it was present in a hemimethylated

configuration. The lower activity seen on premethylated

poly(dG-dC) is likely to reflect the lower affinity of Mes$

for double-stranded methylated DNA (O’Gara et al., 1996)
and can be seen as a further control for the absence o
hemimethylated sites.

The differences between the effects of poly(dG-gGly-
(dG-dC) pre-methylation by Nihal and MSs$ can be
tentatively ascribed to their different processivityigher for
M.Sss$and lower or absent for Mihal (Renbaum & Razin,
1992). At the low pre-methylation levels used in our
experimental conditions, Ms$ can be expected to yield both
fully methylated (or patch-methylated) and unmethylated
DNA molecules; when Mdhal is used, only randomly
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Ficure 4: Effect of poly(dG-mdC)-poly(dG-nPdC) on the activity
of human placenta DNA MTas®}, of murine liver DNA MTase
(O), of M.Hhal (O), and of MSs$ () with 20 ug/mL poly(dG-

dC)-poly(dG-dC) as substrate. Each point is the mean of two
determinations.

60

lated, while that of MHhal-premethylated poly(dl-dC)
poly(dl-dC) was unaffected, suggesting that such an opposite
behavior with the two oligodeoxyribonucleotides is a general
feature of eukaryotic enzymes.

Poly(dG-mdC)-Poly(dG-ntdC) Inhibits in Vitro Methyl-
ation. Given the different affinities shown by prokaryotic
and eukaryotic methylases toward methylated DNA, the two
classes of enzymes can be expected to be differentially
sensitive to the presence of fully methylated polymers.
Eukaryotic methylases were indeed shown to be highly
inhibited by poly(dG-rfdC)-poly(dG-n?dC) (Carotti et al.,
1986; Bolden et al., 1986), while no data are available so
far on prokaryotic methylases. We therefore tested the effect
of poly(dG-n?dC)-poly(dG-nPdC) on the activity of MHhal
and of MSs$, compared to that of placenta and murine DNA
MTases, using poly(dG-d&oly(dG-dC) as the substrate.
As shown in Figure 4, the activities of placenta and murine
DNA MTases were reduced to 15 and 5% of control,
respectively, in the presence ofu@/mL poly(dG-n¥dC)-
poly(dG-nPdC), as expected; that of Bs$ was much less

ffected, being 80% of the control at the same polymer
concentration, while MHhal activity was not affected at all.

DISCUSSION

In the present work we have shown that the activity of
eukaryotic DNA MTase can be modified following partial
pre-methylation of the DNA substrate. The observed effects
depend indeed on the DNA base composition. Poly(dl-dC)
poly(dl-dC) becomes, in the partially methylated form, a poor
substrate for eukaryotic DNA MTase, while the activity of

methylated molecules should be present. As shown in Figurethe enzyme on a (&C)-rich DNA, such as the synthetic

2A, subsequent methylation by eukaryotic DNA MTase
appears to be favored by a random distribution of 5-meth-

poly(dG-dC}poly(dG-dC) polymer oM. luteusDNA, is
positively influenced by partial pre-methylation. If pre-

ylcytosines compared to processive methylation of adjacentmethylated, CpG islands loose their reluctance to be good
residues. These experiments were in part repeated using theubstrates for the eukaryotic enzyme, and thereby methylation

DNA MTase extracted from murine liver nuclei (Figure 3).
Quite similar results were obtained: methylation oHWal-
premethylated poly(dG-d&)oly(dG-dC) was highly stimu-

of these sequences undergoes a greater stimulation than that
seen with neighboring sequences. On the contrary,-af-A
rich DNA such as the plasmid pi&S, which contains a
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3.5 kb-long insert of genomic DNA of approximately 60% of “regulatory” 5-methylcytosines, even in double-stranded
(A+T) content, becomes a very poor substrate for the DNA.
enzyme when about one-third of the CpGs are pre-methyl- The ability of such paired methylated CpGs to stimulate
ated. All these effects appear to be specific to the eukaryotic DNA MTase suggests that the so-called methylation spread-
enzyme, MSs$ having a consistently lower level of activity  ing (i.e., the appearance of de novo methylated cytosine
toward pre-methylated substrates. moieties in genomic regions which already contain methyl-
Quantitatively, the extent of stimulation due to partial pre- ated cytosines), which has been observed to ottuivo
methylation of double-stranded DNA is lower than that seen upon viral integration in genomic DNA (Toth et al., 1990)
in presence of a hemimethylated site. This is not surprising, or in repetitive sequence regions such as the CCG repeat
since maintenance methylation is the main activity of DNA present in the fragile X syndrome (Obedeal., 1991), does
MTase, while de novo methylation occurs mainly during not necessarily require the existence of single-stranded DNA
early embryogenesis. Recent evidence indeed suggests theegions capable of activating methylation at distant sites. It
existence of a distinct de novo activity during gametogenesisis possible that methylation centers, from which de novo
(Tucker et al., 1996). We have studied instead the de novomethylation is thought to spread at a fixed distance (Hasse
activity of the enzyme species present in adult tissues, whose& Schulz, 1994; Mummaneni et al., 1995), adopt in vivo
incorrect control might give origin to the altered methylation unusual structures that have been shown to be preferentially
patterns found in neoplastic cells. In recent experiments methylated by the DNA MTase (Smith et al., 1992), and
using partially methylated synthetic oligodeoxyribonucle- thus they acquire the ability to stimulate the subsequent
otides, Tollefsbol and Hutchinson (1995, 1997) have shown methylation of adjacent sequences.
a stimulating effect of the same order of magnitude as those We would like to suggest a possible mechanism leading
reported here, or smaller. to CpG island methylation upon prolonged cell culture or
Stimulation of in vitro de novo methylase activity by pre- tumor transformation. DNA MTase levels tend to be high
existing methyl groups has previously been reported with in actively replicating (Szyf et al., 1985) and neoplastic
single-stranded oligodeoxyribonucleotides (Carotti et al., (Kautiainen & Jones, 1986; Issa et al., 1993; Belinsky et
1986; Christman et al., 1995; Lindsay & Adams, 1996). The al., 1996; Lee et al., 1996) cells. In these conditions of
present data show that stimulation by pre-existing methyl abnormally high enzyme activity, sporadic de novo meth-
groups also takes place on double-stranded DNA, particularlyylation might occur on DNA sequences otherwise not
of high CpG content. In retrospect, the present findings subjected to methylation (i.e., on CpG islands). CpG island
might provide a molecular basis for the observation that the DNA has in fact been shown to be susceptible to methylation,
activity of human placenta DNA MTase using a plasmid though with a somewhat decreased efficiency compared to
containing theHa-ras-1 gene promoter, which is a CpG conventional DNA sequences (Carotti et al., 1989). Partially
island, was stimulated after previous methylation bypall methylated sequences would become a very suitable substrate
and MHhal (Rachal et al., 1989). for the enzyme which will thereafter methylate them as
The studies with single-stranded DNA previously sug- efficiently as any other sequence (Figure 1). In this
gested that the enzyme recognizes not only the cytosine toframework, it is interesting that recent data have shown that
be methylated but also another site that contains anothercertain CpG islands become methylated in cells overexpress-
cytosine or 5-methylcytosine moiety. The two sites need ing DNA MTase; a non-random pattern of methylation has
not be on the same DNA segment (Lindsay & Adams, 1996). been observed in both human fibroblasts (Vertino et al.,
A second putative DNA-binding site has been identified 1996) and in human fibroblask fibrosarcoma hybrids
recently in the N-terminal domain of cloned human DNA (Kuerbitz & Baylin, 1996) that express high levels of DNA
MTase (Chuang et al., 1996), and has been suggested to b&Tase. In both cases, locus-specific features and/or clonal
involved in sensing the appropriate length of newly synthe- variations were suggested to account for the apparent
sized DNA, before methylation. Since some single-stranded specificity of methylation, beside the high levels of DNA
oligodeoxyribonucleotides, used in the previous studies, MTase. The present experiments support the relevance of
contained short stretches of complementary sequences; théhe sequence context in which the extra methyl groups need
differences observed upon introduction of 5-methylcytosine to be included in order to exert their stimulating effect. In a
moieties have been related to the possibility of formation of CpG island, CpGs are separated by approximately 11
mispaired 5-methylcytosines in a stem-loop structure (Christ- nucleotides, on a statistical basis, a number roughly corre-
man et al., 1995). We believe that in our experiments that sponding to the helix pitch. The activity of eukaryotic DNA
possibility can be ruled out, given that very similar results MTase could be impaired (as shown by the reduced methyl-
were obtained with both supercoiled CpG-rich plasmids and accepting capability of CpG islands) when the enzyme, in
with linear synthetic poly(dG-d&oly(dG-dC), i.e., a poly- its processive scanning of the DNA double helix, meets, with
mer in which the formation of such structures is highly its two hypothetical DNA binding sites, two unmethylated
unlikely, in our experimental conditions. Moreover, similar CpGs located at a suitable distance on the same side of the
structures, if forming at all, should be present in poly(dl- double helix. If, instead, one of the two sites is occupied
dC)-poly(dI-dC), where instead pre-methylation has an by a methylated CpG, the methylation of the other one is
inhibitory rather than a stimulatory effect. favored. The results obtained with the pHIS plasmid
The present data do not pinpoint the molecular mecha- suggest that when the two CpG sites are very far apart the
nisms by which the eukaryotic DNA MTase responds to the stimulatory effect is no more effective, and the resulting
presence of pre-existing 5-methylcytosines. However, it is methylated DNA is less efficiently methylated because of
tempting to speculate that a second DNA binding site with its lower affinity for the enzyme. In support of this
regulatory functions may exist which may sense the presencehypothesis, in vitro proteolytic cleavage of the N-terminal
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regulatory domain of murine DNA MTase stimulates the de hydrogen bonds between paired bases, by the absence of the
novo activity of the C-terminal domain, but interestingly such guanine NH group, that lies on the bottom of the minor
stimulation is not seen with poly(dl-dgoly(dIl-dC) (Bestor, groove, and by a somewhat narrower minor groove. Poly-
1992). MSs#, that lacks the N-terminal domain (Renbaum (dI-dC)-poly(dI-dC) has therefore some structural similarity
et al., 1990), is capable of methylating CpG island DNA as to poly(dA-dT)poly(dA-dT). Might these features account
efficiently as any other DNA. Accordingly, the inhibitory  for the preference shown by the eukaryotic DNA MTase?
effect of poly(dG-mMdC)-poly(dG-nfdC) is much more  Some motifs present in the N-terminal domain of the
evident on eukaryotic than on prokaryotic methylases. Thereeukaryotic enzyme (Bestor et al.,, 1992) are thought to
is also an apparent inverse correlation between the extent ofpreferentially bind the minor groove of -HAT-rich DNAs
stimulation by pre-methylation and extent of inhibition by (Churchill & Suzuki, 1989). In addition, we have shown
poly(dG-n?dC)-poly(dG-nPdC), as shown by the comparison (Carotti et al., 1996) that only the eukaryotic enzyme is
of the similar sets of data obtained with human and murine inhibited by histone H1, which also contains similar peptide
DNA MTase (Figures 3 and 4). Prokaryotic enzymes sequences. At variance with poly(dA-dpdly(dA-dT),
perform both de novo and maintenance methylation with the however, poly(dl-dC)poly(dI-dC) is susceptible of being
same efficiency and do not show any stimulation by pre- methylated. It will be worth investigating which structural
existing methylation, thus rather exhibit a lower affinity for changes are brought about by the introduction of methyl
methylated DNA, which becomes a worse substrate than itsgroups on cytosine moieties and why they make it a bad
unmethylated counterpart. substrate for eukaryotic DNA MTase.
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