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ABSTRACT: The human maintenance DNA (cytosine-5) methyltransferase (hDNMT1) consists of a large
N-terminal regulatory domain fused to a catalytic C-terminal domain by randomly repeated Gly-Lys
dipeptides. Several N-terminal deletion mutants of hDNMT1 were made, purified, and tested for substrate
specificity. Deletion mutants lacking 121, 501, 540, or 580 amino acids from the N-terminus still functioned
as DNA methyltransferases, methylated CG sequences, and preferred hemimethylated to unmethylated
DNA, as did the full-length hDNMT1. Methylated DNA stimulated methylation spreading on unmethylated
CpG sequences for the full-length and the 121 amino acid deletion hDNMT1 equally well but not for the
mutants lacking 501, 540, or 580 amino acids, indicating the presence of an allosteric activation determinant
between amino acids 121 and 501. Peptides from the N- and C-termini bound methylated DNA
independently. Point mutation analysis within the allosteric region revealed that amino acids 284-287
(KKHR) were involved in methylated DNA-mediated allosteric activation. Allosteric activation was reduced
in the double point mutant enzymes D25 (K284A and K285A) and D12 (H286A and R287A).
Retinoblastoma gene product (Rb), a negative regulator of DNA methylation, bound to the allosteric site
of hDNMT1 and inhibited methylation, suggesting Rb may regulate methylation spreading.

DNA methylation is an epigenetic process in the vertebrate
genome. The epigenetic mechanism depends on the presence
of 5-methylcytosine in certain CG sites and DNA (cytosine-
5) methyltransferases. The methylation reaction involves the
enzymatic modification of cytosine to 5-methylcytosine by
the transfer of a methyl group fromS-adenosyl-L-methionine
(AdoMet)1 to carbon 5 (1, 2). During this process, the
cytosine is flipped 180° out of the DNA backbone into an
active site pocket of the enzyme (3). After completion of
the methyl transfer reaction the products, methylated DNA
and S-adenosyl-L-homocysteine (AdoHcy), are released.
There are two classes of DNA (cytosine-5) methyltrans-
ferases in mammals, de novo and maintenance methyltrans-
ferases. The major maintenance methyltransferase is DNMT1
(4) and has several isoforms, including an oocyte-specific
form that lacks the first 118 amino acids (5) and a splice
variant known as DNMT1b (6). Maintenance methylation
ensures the propagation of tissue-specific methylation pat-
terns established during mammalian development. DNMT1
has a 7-21-fold preference for hemimethylated DNA (7).
The de novo methyltransferase in mammals has two iso-
forms, DNMT3a and DNMT3b (8). DNMT3a and DNMT3b
have an equal preference for hemimethylated or unmethylated
DNA (8). These enzymes are required for the wave of de
novo methylation following embryo implantation and de

novo methylation of newly integrated retroviral sequences
in mouse ES cells lacking DNMT1 (9). Thus the pattern of
mammalian methylation appears to be established and
maintained by a set of at least three different DNA meth-
yltransferases. Methylation of DNA in eukaryotes is also
implicated in various other biological and developmental
processes. The bulk of the methylation takes place during
DNA replication in the S-phase of the cell cycle (10).

Eukaryotic maintenance DNA (cytosine-5) methyltrans-
ferase,DNMT1, has been cloned from various organisms
such as mouse (4), human (11), Arabidopsis(12), and pea
(13). The full-length mammalian DNMT1 is about 1620
amino acids in length with a molecular mass of 183.5 kDa
(14). The enzyme consists of a large N-terminal regulatory
region and a smaller C-terminal catalytic region linked by a
run of Gly-Lys dipeptide repeats (4, 11-13). The large
N-terminal domain is unique to the eukaryotic DNA
(cytosine-5) methyltransferases DNMT1, DNMT3a, and
DNMT3b. The amino terminus of DNMT1 can be subdi-
vided into two domains. One domain contains the nuclear
localization signal (NLS) and binding sites for DNA meth-
yltransferase associated protein (DNMP1;15) and proliferat-
ing cell nuclear antigen (PCNA;16). The PCNA binding
region on hDNMT1 is between amino acids 162 and 174.
The second region contains binding sites for replication foci
(RF; 10), Zn, and the retinoblastoma protein (Rb;17).
Another retinoblastoma protein binding region has been
identified recently at the amino-terminal region (18). De novo
methyltransferases DNMT3a and DNMT3b also interact with
DNMT1 at its amino-terminal region (19). The smaller
C-terminal domain shows strong similarity to prokaryotic
DNA (cytosine-5) methyltransferases and contains the ele-
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ments necessary for catalysis including a target recognition
domain (TRD) (20). Thus, theDNMT1gene appears to have
evolved from the fusion of at least three genes (21). There
is significant sequence similarity at the amino acid level
between vertebrate DNMT1 enzymes, suggesting similar
biological functions. However, details of how the N-terminus
functions are poorly understood.

Despite having all of the elements necessary for catalysis,
the C-terminal region of DNMT1 alone is not biochemically
active, perhaps due to improper protein folding (22), sug-
gesting that the N-terminus and the C-terminus are both
essential for activity. Previously, we have shown that the
fusion of an intact N-terminal region of the mouse DNMT1
to any one of three prokaryotic DNA methyltransferases
resulted in an enzyme having the substrate specificity of the
parental prokaryotic protein. Steady-state kinetic analysis of
one of the enzymes, DNMT1-HhaI, revealed a catalytic
efficiency for hemimethylated DNA about 2.5-fold greater
than unmethylated DNA, although M.HhaI alone does not
exhibit such a preference, suggesting that the amino-terminal
region of DNMT1 has a crucial role in the hemimethylation
reaction (23). Because the C-terminus alone is catalytically
incompetent, the question remains as to what elements are
critical for the methyl transfer reaction in mammalian
DNMT1. In this work, deletion derivatives of hDNMT1 were
used to examine the substrate specificity and essential amino
acid sequences responsible for the enzyme’s substrate
preference for hemimethylated DNA. GST-hDNMT1 fusion
peptides were used to identify various DNA binding sites
of the enzyme. An allosteric binding region of hDNMT1
was identified using catalytically competent deletion deriva-
tive and point mutant enzymes. Methylated DNA binds to
the allosteric activation site, which is situated∼1000 amino
acids away from the catalytic center. Methylated DNA
binding to the allosteric site induces a switch from a slow
to a fast reaction velocity. The role of activated hDNMT1
in de novo methylation spreading and its regulation by trans-
acting protein factors, such as retinoblastoma gene product
binding at the allosteric site, is discussed.

EXPERIMENTAL PROCEDURES

Deletion hDNMT1 Mutant Transfer Vectors.Human
DNMT1 expression constructs were derived from pBK-
SHMT5.0 (b) (gift of Prof. S. Baylin, Johns Hopkins
University). This plasmid had the full-length hDNMT1
cDNA based on the previously published sequence (11). The
cDNA was cloned into pVIC1 to give the transfer vector
pVICHMT (7). Upon cotransfection pVICHMT expressed
hDNMT1. All of the deletion mutants (Figure 1) were
constructed using a PCR approach and cloned into pVIC1.
The double point mutants D25 (H284A and R285A) and D12
(H286A and R287A) were made using mutant oligonucle-
otides as PCR primers. The genes were cloned into pVIC1
for protein expression (7).

Insect Cell Culture, Viral Transfection, Recombinant
Protein Expression, and Purification. A pupal ovarian cell
line (Sf9) from the wormSpodoptera frugiperdawas used
for cotransfection and expression of the hDNMT1 as
described previously (7). For protein purification, infected
cells [(1-5) × 108] were resuspended in 15-30 mL of buffer
M supplemented with protease inhibitor cocktail [50 mM

Tris-HCl, pH 7.4, 1 mM Na2EDTA, protease inhibitor
cocktail containing 4-(2-aminoethyl)benzenesulfonyl fluoride,
pepstatin A, E64, bestatin, leupeptin, and aprotinin (Sigma),
0.2% (v/v) per mL of cell extract, 7µg/mL PMSF, and 500
mM NaCl]. Processing of the cells and purification of the
enzymes were done as described previously (7).

Expression and Purification of the hDNMT1 and Its
Deletion Mutants. Cotransfection of the hDNMT1 deletion
mutant transfer vectors pVICDNMT1∆121, pVICDNMT1∆501,
pVICDNMT1∆540, pVICDNMT1∆580, pVICDNMT1∆672,
pVLhisDNMT1∆1102, with linear AcNPV DNA (BaculoGold
DNA; Pharmingen) resulted in homologous recombination
and integration of the polyhedrin promoter and the cDNAs
carried by the construct. The optimal expression of the
enzymes was 48 h postinfection as was that of the full-length
DNMT1. All mutant enzymes were purified on chitin beads,
were∼95% pure, and were of the expected size on a SDS-
PAGE (4-12% Tris-glycine gradient) gel (7).

Substrate DNA and Oligonucleotides.All oligonucleotides
were synthesized at New England Biolabs Inc. Methylated,

FIGURE 1: Functional organization of hDNMT1. (A) Functionally
mapped regions of the full-length hDNMT1 are illustrated along
with the carboxy-terminal catalytic domain. DNMT1 associated
protein (DMAP1) binding (1-126), proliferative cell nuclear antigen
(PCNA) binding (162-174), nuclear localization signal (NLS)
(194-213), replication fork (RF) targeting peptide (320-567), and
Zn binding region are represented. The repressor domain shows
homology to trithorax-related proteins HRX and ALL1. Histone
deacetylase (HDAC) binding (653-812) region lies in the repressor
domain. Retinoblastoma gene product (Rb) binding (RbI, 416-
913; RbII, 1-336) is shown. De novo methyltransferases DNMT3a
and DNMT3b bind to the amino terminus of hDNMT1 (1-148
and 149-217). Phosphorylated S509 is indicated by an asterisk.
Starting amino acids in the deletion mutants are indicated at the
bottom. Methylated DNA-dependent allosteric activation domain
(MDDAAD) is identified at the amino-terminal region of the
enzyme (121-500). Amino acid numbers representing different
binding domains are in parentheses. (B) Integrity and purity of the
deletion hDNMTs. Mutants are indicated on the top of the gel.
Protein markers in kDa are shown on the left.
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unmethylated, hemimethylated FMR-1, and SNRPN exon 1
locus sequences along with 5-fluoro-2′-deoxycytidine-
containing DNA were described previously (7).

DNA (Cytosine-5) Methyltransferase Assay and Data
Analysis.A typical reaction containedS-adenosyl-L-[methyl-
3H]methionine (AdoMet) (specific activity 15 Ci/mmol;
Amersham), substrate DNA, and enzyme in assay buffer [50
mM Tris-HCl, pH 7.8, 1 mM Na2EDTA, pH 8.0, 1 mM DTT,
7 µg/mL PMSF, 5% glycerol (v/v) and 100µg/mL BSA].
For reaction rate analysis, 5µM AdoMet and 1-5 nM
enzyme were incubated with a fixed amount of DNA (5µM
CG). The substrates were FMR-1 unmethylated, methylated
upper strand, and both strand methylated DNA. At fixed time
intervals (0, 5, 10, 15, 20, 25, and 30 min), 25µL of the
reaction was transferred to an Eppendorf tube, and the
reactions were stopped by immediately transferring the tubes
to an ethanol-dry ice bath or spotted directly onto a DE81
circle (Millipore). The samples were processed as described
previously (7, 24).

For allosteric activation of the enzyme by methylated
DNA, 10-30 nM enzyme, 5µM CG (SNRPN exon 1,
unmethylated), 5µM AdoMet, and various concentrations
of methylated CG (SNRPN exon 1, methylated) were used.
The assay was started by the addition of cold DNA, enzyme,
and tritiated AdoMet first with an increasing concentra-
tion of methylated DNA. For double reciprocal plots poly-
(dI-dC)‚poly(dI-dC) and FMR-1 lower strand methylated
DNA substrates were used.

To study the effect of Rb on allosteric activation, an
increasing concentration (0, 80, 160, 240 nM) of Rb2 (MBP-
Rb fusion protein containing amino acids 701-872 of Rb)
and a fixed concentration of wild-type hDNMT1 (40 nM)
were incubated at room temperature. Methylated DNA (5
µM), unmethylated DNA (5µM), and AdoMet (7µM) were
added to the above mixture, and the reaction was continued
at 37°C for 30 min. The reaction was stopped and processed
as described above. Steady-state kinetic experiments were
done in duplicate, and mean values were calculated. The data
obtained were analyzed by regression analysis using the
GraphPad PRISM program (GraphPad Software Inc.). Ki-
netic constants represent estimated values.

5-Fluoro-2′-deoxycytidine Assay.Duplex oligonucleotides
containing 5-fluoro-2′-deoxycytidine (FdC) were32P end-
labeled using polynucleotide kinase and [γ-32P]ATP. hD-
NMT1 or deletion mutant enzymes (10-50 nM) were used
with 5 nM fluorocytosine-containing oligonucleotide duplex
in the presence or absence of 100µM cold AdoMet in 1×
buffer M at 37°C for 30 min. The reaction was stopped by
addition of 3× SDS loading dye and boiling the mixture for
5 min at 95°C. DNA-enzyme complexes were analyzed
as described previously (7).

Generating GST Fusion hDNMT1 Peptides and DNA
Binding Assay.Specific DNA fragments were cloned in-
frame with GST in pGEX5.1 (Amersham Pharmacia Biotech)
and expressed inEscherichia coli strain ER2502 (New
England Biolabs). Recombinant protein expression was
induced at 30°C by the addition of IPTG to 0.2 mM. Cells
were harvested, lysed in buffer (1× PBS with 1% Triton
X-100), clarified, and captured on GST beads. Details on
constructs are available on request.

A typical reaction for the DNMT1-DNA binding assay
consisted of 100 nM fusion protein, 3.2µM poly(dA-dT)‚

poly(dA-dT), and 5 nM radioactive CG and/or methyl CGs
in binding buffer containing 10 mM HEPES, pH 7.5, 10%
glycerol (v/v), 50 mM KCl, 0.1 mM EDTA, 1 mM DTT,
2.5 mM MgCl2, and 0.2% Triton X-100 (v/v). The mixture
was incubated at 37°C for 30 min, loaded onto a spin
column, and washed twice with 1× PBS containing 160 mM
NaCl at room temperature. The bound DNA was measured
for radioactivity. The cpm values measured for the control
GST were deducted from all of the fusion protein measure-
ments.

To demonstrate a direct interaction between the allosteric
activation domain of hDNMT1 and Rb, glutathione-
Sepharose bead bound GST fusion hDNMT1 containing
amino acids 1-510, GST-DNMT7 (pGEXD7 clone) protein
(30 nM), was incubated with Rb2 (120 nM) for 1 h. The
unbound Rb2 was washed away. To determine if binding of
methylated DNA to the allosteric site of hDNMT1 interferes
with Rb interaction methylated SNRPN exon 1 or FMR-1,
DNA was added to the GST-DNMT7 fusion first and then
120 nM Rb2 was added. The DNMT1-Rb complex was
separated on a 10-20% Tris-glycine gel, blotted on a PVDF
(Millipore) membrane, and probed with anti-MBP to detect
MBP-Rb fusion (Rb2) in the complexes. DNA binding assays
on the binary complex were performed by incubating the
complex with 50 ng of radiolabeled DNA. The unbound
DNAs were washed away, and bound radioactivity was
measured.

RESULTS

Catalytically ActiVe Deletion Mutant hDNMTs. Full-length
hDNMT1 as well as the deletion mutants hDNMT1∆121,
hDNMT1∆501, hDNMT1∆540, and hDNMT1∆580 (Figure 1)
was able to incorporate methyl groups into the poly(dI-dC)‚
poly(dI-dC) substrate, whereas hDNMT1∆672 and hDN-
MT1∆1102 were catalytically inactive. Four mutants, hDN-
MT1∆121, hDNMT1∆501, hDNMT1∆580, and hDNMT1∆672,
along with the full-length hDNMT1 were chosen for evalu-
ation of the target specificity. Hemimethylated oligonucle-
otide duplexes containing 5-fluorocytosine in place of target
cytosine were used. The complementary strand has a
methylated cytosine, ensuring that the FdC-containing strand
is the only methyl acceptor during the assay. The reaction
mechanism requires an initial covalent attachment of the
cysteine residue in motif IV of the methyltransferase to the
target cytosine through position 6 in the presence of the
cofactor AdoMet (2). Following methyl group transfer to C5,
abstraction of a proton from C5 allows the enzyme to be
released byâ-elimination. Since fluorine is a poor leaving
group, theâ-elimination is inhibited, and the enzyme remains
attached to the DNA. The enzyme-DNA complexes are
resistant to denaturing SDS gel electrophoresis and thus aid
in detection via autoradiography if DNA is radioactive. Three
different hemimethylated oligonucleotide sets containing
5-fluorocytosine (F) in either CG (FG), CCG (FCG), or
CWG (FWG) sequences were tested for covalent complex
formation either in the presence or in the absence of AdoMet.
The recombinant full-length hDNMT1 and Sf9 cell extracts
were used as positive and negative controls, respectively.
The results of this assay are shown in Figure 2A,B. Full-
length hDNMT1 as well as the deletion mutants (hD-
NMT1∆121, hDNMT1∆501, and hDNMT1∆580) formed covalent
complexes with oligonucleotides containing FG in the
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presence of AdoMet. FCG and FWG sequences did not form
strong complexes. Mutant DNMT1 lacking 672 amino acids
also did not form covalent complexes in the presence of
AdoMet with the hemimethylated FG oligonucleotide duplex
(Figure 2C). This result confirms that hDNMT1 deletion
mutants retain the CG sequence specificity comparable to
the full-length hDNMT1.

Mutant hDNMT1∆580was analyzed further for maintenance
methylation using the FdC assay. Covalent complex forma-
tion between unmethylated and hemimethylated oligonucle-
otides containing 5-fluorocytosine (FG) was compared under
similar experimental conditions. The results of this assay are
shown in Figure 2D. Both full-length hDNMT1 and hD-
NMT1∆580 but not hDNMT1∆672 formed covalent complexes
in the presence of AdoMet with the hemimethylated oligo-
nucleotide substrate and were visible within 16 h of auto-
radiography. However, very weak signals were detected after
7 days of exposure (data not shown) for unmethylated
oligonucleotide containing FdC. These results are consistent
with previous kinetic data on a similar mutant, DNMT1∆501,
which indicated that the dissociation constant for hemi-
methylated DNA was lower than unmethylated DNA (31).

N-Terminal Deletion Recombinant hDNMT1 Prefers Main-
tenance Methylation. Full-length hDNMT1 is known as the
maintenance methyltransferase. It colocalizes with the rep-
lication foci during DNA replication along with several other
protein factors (Figure 1). To understand the role of the
amino terminus in enzymatic catalysis, the methylation rates
of full-length and amino-terminal deletion mutant enzymes
were compared using unmethylated, hemimethylated, and
fully methylated FMR-1 repeat oligonucleotide duplexes as
substrates under steady-state kinetic conditions (7). As
expected, fully methylated oligonucleotide duplexes were
poor substrates (data not shown). The reaction rates for
hemimethylated and unmethylated oligonucleotides were
measured, and the ratio of the two was calculated. As
previously reported, the full-length hDNMT1 shows a 7-fold
preference for hemimethylated DNA over unmethylated
DNA (7). The preference for hemimethylated DNA by
hDNMT1, hDNMT1∆121, hDNMT1∆501, and hDNMT1∆580

was 6.7-, 6.2-, 6.2-, and 9.2-fold, respectively (Table 1). This
result further supports the conclusion that the N-terminal 580
amino acid residues of the enzyme have no influence on the
maintenance methylation reaction in the present assay system.

FIGURE 2: Catalytically active hDNMT1 and its amino-terminal deletion mutants. (A-C) Covalent cross-linking with hemimethylated
substrates. Radioactive duplex oligonucleotides were covalently cross-linked with control hDNMT1 enzyme or the mutants as indicated
above the gel. The presence or absence of AdoMet in the reaction is indicated with either a (+) or (-) sign above each lane. The target
sites are indicated on the top as FG, FCG, or FWG. F represents 5-fluorocytosine and W is either A or T. DNA-protein cross-linked bands
are indicated by arrows. Sf9 extracts indicate Sf9 cells expressing an empty pVIC1 backbone DNA. (D) Covalent cross-linking of unmethylated
vs hemimethylated substrates. Radioactive duplex oligonucleotides were covalently cross-linked with control hDNMT1 enzyme or the
mutant (hDNMT1∆580 and hDNMT1∆672) as indicated above the gel. The presence or absence of AdoMet in the reaction is indicated with
either a (+) or (-) sign above each lane. UM or HM represents unmethylated or hemimethylated oligonucleotide substrate, respectively.
All lanes contain equal amounts of radioactive oligonucleotide duplex. Unbound oligonucleotides are at the bottom of the gel.
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The N-Terminus of hDNMT1 Has a Methylated DNA-
Dependent Allosteric ActiVation Domain. Previous studies
showed stimulation of DNA methylation by fully methylated
random sequence DNA (24), suggesting the presence of an
allosteric activation domain in hDNMT1. The rate of
methylation was compared between full-length hDNMT1 and
its deletion mutants containing the conventional target
recognition domain in the presence of unmethylated SNRPN
exon 1 substrate and an increasing amount of methylated
SNRPN exon 1 as the allosteric activator. Addition of a
mixture of AdoMet and unmethylated DNA allows the
cofactor AdoMet to initiate the methylation reaction (2). An
increase in the concentration of methylated DNA increased
the methyl group incorporation up to∼2.5-fold by both
hDNMT1 and hDNMT1∆121 (Figure 3A). This stimulation
was significantly reduced with mutant enzymes hDN-
MT1∆501, hDNMT1∆540, and hDNMT1∆580. The methylation
rate curve as a function of methylated DNA is hyperbolic
for both hDNMT1 and hDNMT1∆121 (Figure 3A). Substitut-
ing methylated DNA with unmethylated SNRPN exon 1
DNA or poly(dA-dT)‚poly(dA-dT) failed to yield a hyper-
bolic curve, showing that methylated DNA is the allosteric
activator. The observation of a hyperbolic activation curve
for hDNMT1∆121 but not with hDNMT1∆501 and hD-
NMT1∆580 suggests that the first 121-501 amino acids are
essential for allosteric activation.

The N- and C-Termini of hDNMT1 Bind DNA Indepen-
dently. To identify the methylated DNA binding regions of
hDNMT1, several GST fusion proteins containing different
segments of hDNMT1, which together covered its entire
length, were used. A GST fusion containing the entire amino
terminus of hDNMT1 was insoluble inE. coli and was not
used. The fusion proteins were captured on GST beads, and
the recovered protein was over 90% pure. The beads were
incubated with32P-labeled fully methylated FMR-1/SNRPN
exon 1 DNA either in the presence or in the absence of poly-
(dA-dT)‚poly(dA-dT), a nonspecific DNA. Radioactivity
captured on the beads was measured. The DNA binding
activity of GST fusion proteins is summarized in Table 2.
The GST fusion proteins containing amino acids 1-261 and
365-510 were not able to bind methylated DNA, whereas
fusion proteins comprising amino acids 1-322, 1-336, and
1-510 did. Thus amino acids 261-365 were identified as a
DNA binding region. Moreover, fusion proteins containing
amino acids 432-836 were also able to bind DNA. These
results identify a second DNA binding site between amino
acids 510 and 789. This region includes the Zn binding motif
of hDNMT1. The catalytic domain of hDNMT1 was identi-
fied as the third DNA binding region since fusion peptides
encoding either amino acids 1102-1616 or amino acids

1374-1616 of hDNMT1 were able to bind DNA. Similar
methylated DNA binding activities were observed for
prokaryotic DNA (cytosine-5) methyltransferase, M.MspI
(25). Thus methylated DNA binding properties of the fusions

Table 1: Rate of Methylation for Double-Stranded Unmethylated
and Hemimethylated Oligonucleotides of Full-Length and
Amino-Terminal Deletion Mutant hDNMT1a

rate of methylation (cpm)

DNMTs (MGG/GCC)12 (CGG/GCC)12

methylation
preference
HM/UM

hDNMT1 60 9 6.7
hDNMT1∆121 62 10 6.2
hDNMT1∆501 50 8 6.2
hDNMT1∆581 55 6 9.2

a M ) 5 methylcytosine, HM) hemimethylated substrate [(MGG/
GCC)12], and UM ) unmethylated substrate [(CGG/GCC)12].

FIGURE 3: Allosteric activation of DNA methylation by methylated
DNA. (A) Methyltransferase reaction of hDNMT1 and its deletion
mutant as a function of increasing DNA concentration. Methylated
(SNRPN exon 1), unmethylated (SNRPN exon 1), and poly-
(dA-dT)‚poly(dA-dT) DNAs were used as potential allosteric
activators. Full-length hDNMT1 (filled circles), hDNMT1∆121 (filled
squares), and hDNMT1∆580 (open circles) are shown in the presence
of methylated DNA. Data points for hDNMT1∆501 were similar to
hDNMT1∆580 and thus were not included. Substitution of poly-
(dA-dT)‚poly(dA-dT) (open diamonds) or unmethylated DNA
(filled diamonds) instead of methylated DNA for the full-length
hDNMT1 is shown. (B) Comparison of DNA-mediated methylation
activation as a function of increasing amounts of methylated DNA
using wild-type and point mutant enzymes. Wild type (filled circles),
point mutant D12 (open diamonds), and point mutant D25 (filled
squares) are shown. Open circle data points show methylation of
wild-type hDNMT1 in the presence of unmethylated DNA as
activator. Each time point depicts the mean values of nM [3H]methyl
group incorporation from two independent experiments. (C) Me-
thylation activation by fully CG-methylated SNRPN exon 1 DNA.
Replot ofy-axis intercepts from double reciprocal plots of initial
velocities obtained with unmethylated SNRPN exon 1 DNA as the
variable substrate (0.25, 0.325, 0.42, 0.6, 1.25, 2.5µM CG) in the
presence of changing fixed concentration of methylated CG from
0 to 1µM methyl-CG. AdoMet concentration was kept constant at
7 µM in all the reactions. Data points for wt DNMT1 (filled circle),
mutant D12 (open diamond), and D25 (filled square) are shown.
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covering the catalytic domain of hDNMT1 may be an
intrinsic property of this enzyme, or alteration of DNA
binding and selectivity may be due to large deletion or
differential protein folding.

Point Mutation in the N-Terminal DNA Binding Region
of hDNMT1 PreserVes de NoVo Methylation and Reduces
AdoMet-Dependent PositiVe CooperatiVity and Methylated
DNA-Dependent Allosteric ActiVation. DNA binding analysis
showed that amino acids 261-356 were crucial for DNA-
protein association, perhaps playing a role in the allosteric
activation of hDNMT1. To identify the ligand binding site
for allosteric activation, PCR-mediated mutagenesis was
performed on clone pGEX7. Mutant clones expressing GST
fusions that did not bind methylated DNA were identified,
and methylated DNA binding activity was measured for each
fusion (Table 3). While mutation at amino acids 281 and
291 did not affect methylated DNA binding activity, a clone
containing mutation at amino acid 284 showed∼80% loss
of binding. Furthermore, mutation at amino acid 326 or 335
did not show reduced methylated DNA binding activity,
suggesting that the region containing amino acid 284 may
be involved in methylated DNA binding. Thus a series of
alanine substitutions of this region were performed to validate
the above observation. Indeed, GST fusions with alanine
substitution at positions 284 and 285 or 286 and 287 reduced
methyl DNA binding activity to background but not in the
double mutant 326 and 335. Thus these mutatations were
incorporated into the full-length hDNMT1 cDNA to generate
full-length mutant hDNMT1s. Two full-length hDNMT1

mutants, D12 (H286A and R287A) and D25 (K284A and
K285A), exhibited reduced allosteric activation in the
presence of methylated DNA and cosubstrate AdoMet
(Figure 3B). To confirm these observations, a detailed
product activation study with methylated DNA was per-
formed with wild-type (wt) and point mutant enzymes. A
concentration range of 0-1 µM methylated CGs (methylated
SNRPN exon 1) was added to SNRPN exon 1 unmethylated
substrate DNA containing 0.25-2.5 µM CGs. The AdoMet
concentration in all of the reactions was kept constant at 7
µM. If methylated DNA acts as an activator,y-axis intercepts
were expected to decrease with increasing concentration of
methylated CGs reflecting methylated DNA-mediated activa-
tion. For the wt hDNMT1 they-axis intercepts and 1/Vmax(app)

decreased as more methylated DNA was added to the
reaction, confirming enzyme activation as observed previ-
ously with randomly methylated CG-containing DNA (24).
Intercepts for D25 converged on they-axis and did not
change in the presence of increasing amounts of methylated
DNA, suggesting competitive inhibition rather than activation
(data not shown). A plot of 1/Vmax(app)vs methyl-CG in Figure
3C shows highest, moderate, and very little activation for
wt hDNMT1, point mutant D12, and point mutant D25,
respectively. Overall, these data demonstrate that fully
methylated DNA acts as an activator for wt hDNMT1 and
point mutant D12 but not for point mutant D25. The decrease
in allosteric activation by the mutations in D12 and D25
suggests that they increased dramatically the dissociation
constant for methylated DNA and/or altered the ability of
the enzyme to undergo necessary conformational changes.

The steady-state kinetic properties along with the kinetic
constants of both D12 and D25 mutant enzymes were
analyzed and compared with those of the full-length hD-
NMT1. The plot of 1/V vs 1/[S] for an allosteric enzyme is
curved and approaches a horizontal line that intersects the
1/V axis at 1/Vmax (26). A series of double reciprocal plots
were made at five different AdoMet concentrations or six
different CI (DNA) concentrations, using poly(dI-dC)‚poly-
(dI-dC) with an average length of∼7000 bp. Poly(dI-dC)‚
poly(dI-dC) concentration was maintained between 0.1 and
1 µM to avoid DNA substrate inhibition (7). The reciprocal
of the amount of [3H]CH3 transferred to the DNA in 1 min
by 1 nM DNMT1 (1/V) is plotted as a function of 1/substrate
concentration (either 1/[CI] or 1/[AdoMet]) in the presence
of fixed concentrations of the cosubstrate. For bireactant
enzymes that use two substrates and give two products such
as hDNMT1, these double reciprocal plots should yield
straight lines, and their slopes and intercepts are then
replotted to derive all of the steady-state kinetic constants.
In methylation reactions using D12 and poly(dI-dC)‚poly-
(dI-dC) as substrate, the double reciprocal plots, with 1/[CI]
as the variable substrate, were linear (Figure 4A), while those
with 1/[AdoMet] as the variable substrate were nonlinear
(Figure 4B). Velocities were unchanged, and plots were
parallel to thex-axis at AdoMet concentrations above 2.5
µM. This reflects a combination of linear and nonlinear
behavior of mutant D12, suggesting positive cooperativity
due to enzyme activation at higher AdoMet concentration
as observed before for wt hDNMT1 (7). However, under
identical reaction conditions and at the same substrate
concentrations, the 1/V vs 1/[CI] and 1/[AdoMet] plots were
linear for D25 (Figure 4C,D) compared to D12. The linearity

Table 2: DNA Binding Regions of the hDNMT1a

GST fusion clones amino acids
DNA binding
activity (cpm)

pGEXD1 1-148 ND
pGEXD2 1-217 ND
pGEXD3 1-261 ND
pGEXD4 1-322 12000( 3000
pGEXD5 1-336 9300( 1100
pGEXD6 1-446 9200( 800
pGEXD7 1-510 8500( 500
pGEXD8 356-510 200( 50
pGEXD9 432-836 3400( 500
pGEXD10 789-1109 ND
pGEXD11 1102-1616 1700( 700
pGEXD12 1374-1616 800( 200

a The background DNA binding value for GST protein alone was
∼1100 cpm. The values in the table have this background already
subtracted out. DNA binding values below 150 cpm were discarded
(ND, not detected).

Table 3: Mutational Analysis of the DNA Binding Region between
Amino Acids 261 and 356 of hDNMT1a

mutation DNA binding activity (cpm)

wild type 11500( 2700
281(K-A) 10500( 1500
284(K-A) 2500( 500
291(K-A) 11800( 3000
326(K-E) 10800( 2200
335(K-N) 17000( 3000
284(K-A), 285(K-A) ND
286(H-A), 287 (R-A) ND
326(K-E), 335(K-N) 15500( 2700

a Wild-type fusion protein is from clone pGEXD7. The values in
the table have background already subtracted out. DNA binding values
below 150 cpm were discarded (ND, not detected).
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reflects reduction of AdoMet-dependent positive cooperat-
ivity for mutant D25. Thus, mutation at the amino-terminal
regulatory region, which is situated∼1000 amino acids away
from the AdoMet binding motif of DNMT1, may effect
cosubstrate AdoMet binding, suggesting functional coopera-
tion between both domains. Comparative parameters, such
as Km

AdoMet, Km
CI, kcat, andkcat/Km

CI, are listed in Table 4.
The values ofkcat for the recombinant human enzyme mutants
D12 and D25 were 108 and 48 h-1, respectively, at least
2-4-fold lower than the value for wt hDNMT1 (210 h-1).
The Km values of CI and AdoMet differed by 2-3-fold
between enzymes.

To confirm the above observation on a representative
human DNA sequence, mutant enzymes were examined with
FMR-1 repeat substrates for de novo and maintenance
methylation. FMR-1 contains highly polymorphic CGG
repeats. In fragile X patients these repeats are methylated
and the gene is silenced. For unmethylated FMR-1, linear
velocity responses were observed for both D12 and D25,
similar to those for wt hDNMT1 (7), where 1/V was plotted
as a function of 1/[substrate] (data not shown). Remarkably,
Km

CG, kcat, and kcat/Km
CG values were similar (Table 5),

suggesting that de novo methylation properties were not
affected despite mutation in the allosteric activation pocket.
Km

AdoMet was 2-fold higher for the D25 mutant.

When FMR-1 lower strand methylated substrate was used
to determine maintenance methylation rates, D12 showed
linear velocity responses, as DNA was the variable substrate
(Figure 5A). However, in the presence of variable AdoMet
concentrations, the plots were not linear (Figure 5B). Velocity
remained unchanged, and the plots were parallel to thex-axis
as AdoMet concentration rose above∼2 µM. These plots
were similar to those for the wt hDNMT1 (24), suggesting
that mutation on D12 cannot significantly reduce AdoMet-
mediated cooperativity. However, mutant enzyme D25
exhibited linear velocity responses for both variable DNA
(Figure 5C) and for variable AdoMet concentrations (Figure
5D), showing reduced cooperativity. For D25,kcat and
preference for hemimethylation was 3-fold lower (Tables 5
and 6), despite a similar catalytic efficiency,kcat/Km

CG. The
curved velocity responses at fixed AdoMet concentrations
were dependent on DNA concentration, since 1/Vmax(app)

(y-axis intercepts) decreased with increasing CI or CG
concentration. Thus, the kinetic behavior of the human
DNMT1 and its mutant depends on the substrate DNA, its
methylation status, and AdoMet-dependent cooperativity.
This suggests that mutations in the allosteric pocket have
direct consequences on the performance of hDNMT1. Mixed
linear and nonlinear responses confirm a steady-state mech-
anism, where DNA can act as a substrate and an activator
for methylation reaction as in the D12 mutant. Similar
responses were observed for wt hDNMT1 (24). Linear

FIGURE 4: Double reciprocal plots for poly(dI-dC)‚poly(dI-dC) for D12 and D25 mutants under identical conditions. (A, C) The AdoMet
concentration was fixed at 1µM (open diamonds) 1.7µM (filled diamonds), 2.6µM (open squares), 5µM (open circles), and 10µM (filled
circles). 1/V is plotted against 1/[CI]. (B, D) The DNA (CI) concentration was fixed at 0.1µM (open diamonds), 0.12µM (filled diamonds),
0.17 µM (open squares), 0.25µM (filled squares), 0.5µM (open circles), and 1.0µM (filled circles). 1/V is plotted against 1/[AdoMet]
using a nonlinear regression. (A) and (B) represent D12 and (C) and (D) represent D25 data, respectively. The intercepts on they-axis and
the slopes were replotted to obtain the second set of kinetic constants. The average values of the kinetic constants are shown in Table 4.

Table 4: Comparison of Steady-State Kinetic Parameters of
Wild-Type and Mutant hDNMT1 Using Poly(dI-dC)‚Poly(dI-dC) as
Substrate

hDNMT1 kcat (h-1)
Km

AdoMet

(µM)
Km

CI

(µM)
kcat/Km

CI

(×106 M-1 h-1)

wild type 210( 26 7.20( 2.0 0.56( 0.1 375
mutant D12 108( 08 9.20( 0.53 0.50( 0.1 216
mutant D25 48( 04 3.40( 0.2 0.82( 0.02 58
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behavior of the D25 mutant with both poly(dI-dC)‚poly-
(dI-dC) and hemimethylated FMR-1(Figures 4D and 5E)
confirms that mutation at K284A and K285A indeed leads
to reduction of AdoMet-dependent cooperativity and allos-
teric activation for hDNMT1 (Figure 3B,C).

Binding of Rb at the Allosteric Site Regulates Methylation
Spreading. We have previously shown that B and C pockets
of Rb (amino acids 701-872) bind to the regulatory domain
of hDNMT1 and modulate its activity (18). Overexpressing
Rb in human cells using an adenovirus construct resulted in
a hypomethylated genome (18). Rb was also able to inhibit

maintenance methyltransferase activity in vitro. To under-
stand the mechanism of modulation and its relationship with
the allosteric DNA binding site, a direct binding assay of
Rb2 and GST-DNMT1 fusion protein containing the allos-
teric activation domain (amino acids 1-510) was performed.
Furthermore, the DNA binding activity of the binary complex
was measured with methylated FMR-1 and SNRPN exon 1
DNA. Both DNA sequences mimic genes that are methylated
during development or disease progression. FMR-1 DNA
contains high CG density as typically found in CpG islands
of tumor suppressor genes that are silenced in cancer cells
via DNA methylation.

In a GST pull-down assay, a fusion protein containing the
allosteric activation domain of hDNMT1, GST-DNMT7
(pGEXD7), was able to pull-down Rb2 (Figure 6A, lane 5).
However, GST alone with or without methylated DNA (F
) FMR-1 or S) SNRPN exon 1) was not able to pull down
Rb2 (Figure 6A, lanes 1-3). These results show a direct

Table 5: Steady-State Kinetic Parameters for de Novo and Maintenance Methylation between Wild-Type and Mutant Recombinant hDNMT1
Using FMR-1 Repeat DNA as Substratea

hDNMT1 DNA kcat (h-1)
Km

AdoMet

(µM)
Km

CG

(µM)
kcat/Km

CG

(×106 M-1 h-1)

wild type UM 1.23( 0.17 3.81( 1.24 0.33( 0.11 3.9( 0.9
mutant D12 UM 0.9( 0.1 8.20( 2.0 0.5( 0.1 1.80( 0.2
mutant D25 UM 1.1( 0.1 13.6( 4 0.5( 0.1 2.2( 0.08
wild type HM 22.3( 2 4.7( 0.5 0.5( 0.1 44.7( 1.2
mutant D12 HM 23( 4 1.96( 0.3 2.5( 0.5 9.2( 1.6
mutant D25 HM 7( 0.5 0.9( 0.7 0.6( 0.4 20( 12

a HM ) hemimethylated substrate [(CGG/GMC)12], UM ) unmethylated substrate [(CGG/GCC)12], and M ) 5-methylcytosine.

FIGURE 5: Double reciprocal plots for the hemimethylated FMR-1 for D12 and D25 mutants under identical conditions. (A, C) Fixed
AdoMet plots. The AdoMet concentration was 1µM (open diamonds), 1.2µM (filled diamonds), 1.4µM (open squares), 1.7µM (filled
squares), and 2.6µM (filled circles). (B, D) Fixed DNA plots. The CG concentration 0.12µM (filled diamonds), 0.17µM (open squares),
0.25µM (filled squares), 0.5µM (open circles), and 1µM (filled circles). 1/V is plotted against 1/[AdoMet] using a nonlinear regression.
(A) and (B) represent D12 and (C) and (D) represent D25 data, respectively. The intercepts on they-axis and the slopes were replotted to
obtain the second set of kinetic constants. The average values of the kinetic constants are shown in Table 5.

Table 6: Preference for Hemimethylated DNA by Wild-Type and
Mutant Recombinant hDNMT1

hDNMT1
relativekcat

(HM/UM)
relativekcat/Km

CG

(HM/UM)

wild type 18.5( 1.0 12.0( 2.0
mutant D12 25.4( 1.6 5( 0.15
mutant D25 6.4( 0.15 8.8( 0.5

5328 Biochemistry, Vol. 42, No. 18, 2003 Pradhan and Este`ve



interaction between hDNMT1 (amino acids 1-510) and Rb2.
Preincubation of GST-DNMT1 with methylated DNA before
addition of Rb2 in a similar pull-down assay resulted in
reduction of DNMT1 and Rb interaction (Figure 6A, lane 3
vs lane 4 or 5), suggesting that methylated DNA binding to
the allosteric activation domain will reduce Rb binding. To
examine whether the hDNMT1-Rb binary complex could
bind methylated DNA in the allosteric subdomain, a direct
DNA binding assay was performed. As expected, both
FMR-1 and SNRPN exon 1 methylated DNA bound to the
allosteric activation domain in comparison to control GST
protein plus BSA or Rb2 (Figure 6B, column 3 vs column
1 or 2). Addition of equal or a 4 molar excess amount of
methylated DNA to preformed DNMT1-Rb binary com-
plexes resulted in reduced DNA binding (Figure 6B, column
4 or 5 vs column 3), suggesting that binding of Rb to the
allosteric activation domain of hDNMT1 interferes with the
access of methylated DNA.

To investigate the regulatory role of Rb on methylation
spreading, methyltransferase assays were performed with
unmethylated FMR-1 and SNRPN exon 1 oligonucleotide
duplexes as substrates in the presence of Rb2. When

hDNMT1 was incubated with unmethylated and methylated
DNA, methyl group incorporation was∼2.5 and 3 times
higher, respectively, as compared with unmethylated sub-
strate DNA alone (Figure 6C,D, bar 1 vs bar 2). This
observed de novo methylation stimulation was reduced when
hDNMT1 was preincubated with Rb2 followed by methy-
lated and unmethylated DNA substrate addition. A 2× molar
concentration of Rb was able to bring down the methylation
stimulation to the original de novo methylation level for
FMR-1 DNA (Figure 6C,D, bar 3 vs bar 1), whereas a much
higher concentration of Rb2 (6×) was required for the same
effect with SNRPN exon 1 substrate (Figure 6C, bar 5 vs
bar 1). This result suggests that Rb is more effective in
suppressing methylation spreading in CpG islands than in
regions where CG dinucleotides are dispersed. In the
presence of methylated DNA, a 6× molar excess of Rb2
had little or no effect on de novo methylation activity (Figure
6C,D, bar 1 vs bar 5) although allosteric activation was
abolished (Figure 6C,D, bar 2 vs bar 5). In the absence of
methylated DNA, a 4× molar concentration of Rb in the
reaction mixture inhibited the de novo methylation for both
of the substrates (Figure 6C,D, bar 1 vs bar 6) suggesting

FIGURE 6: Rb negatively modulates de novo methylation spreading. (A) Western blot analysis of binding between Rb2 and the allosteric
activation subdomain of human DNMT1 and the effect of methylated DNA on protein-protein interaction. The reaction components are
indicated above in the order added: GST, glutathioneS-transferase bound to glutathione-Sepharose beads; GST-DNMT7, GST fusion
protein containing amino acids 1-510 (pGEXD7) of hDNMT1 bound to glutathione-Sepharose beads; Rb2, MBP fusion Rb gene product
containing amino acids 701-872; me DNA, methylated FMR-1 (F) or SNRPN exon 1 (S). Lane 4 shows one-fifth of input Rb2. Lane 9
is the biotinylated marker. (B) Regulation of methylated DNA binding at the allosteric activation subdomain of hDNMT1. The reaction
components are indicated. Gray and black bars represent the radioactive FMR-1 and SNRPN exon 1 DNA fragment bound to various
protein complexes. Rb2 was added to GST-DNMT1 for binary complex formation followed by addition of me DNA in bars 4 and 5. The
relative concentrations of Rb2 for construction of the binary complexes were 2× (bar 4) and 4× (bar 5) molar concentrated as compared
to GST-DNMT fusion protein. Unmethylated DNA controls are in bar 6. (C) Methyltransferase assay with FMR-1 substrate and (D) with
SNRPN exon 1 DNA. The reaction components are indicated below in the order added. A fixed concentration of hDNMT1 (40 nM, the
first reactant) and an increasing concentration of Rb2 (0, 80, 160, and 240 nM, bars 2-5) were added and incubated for 10 min at room
temperature followed by addition of DNA. Methyl group transfer shown in bars 6 and 4 represents with or without allosteric activator
methylated DNA in the reaction. Radioactivity measured without the presence of hDNMT1 in the reaction mix was considered background
value, and the final methylation values presented in the figures are after subtraction of the background value. De novo methylation was
calculated as 100%. Each bar represents an average of at least two independent assays.
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that Rb also could modulate de novo methyltransferase
reaction effectively. The same molar concentration of Rb2
had little or no effect on de novo methylation in the presence
of the allosteric activator, methylated DNA (Figure 6C,D,
bar 1 vs bar 4).

DISCUSSION

Mammalian DNMT1 has multiple functional domains.
While a region of the N-terminus binds to PCNA and
facilitates maintenance methylation in vivo, another region
functions as a transcriptional repressor domain (27). In this
study, deletions of large parts of the N-terminus resulted in
catalytically competent mutant enzymes such as that of full-
length wt hDNMT1. These enzymes have maintenance
methylation properties and target CG specificity identical to
that of full-length hDNMT1. Lack of DMAP1, PCNA, DB1,
Zn binding, serine phosphorylation at SK (28), and the entire
replication foci directing peptide region had no effect on the
enzyme’s ability to recognize and methylate hemimethylated
DNA in vitro. Both target recognition and methylation occur
in an identical fashion for hDNMT1∆580 and hDNMT1.

Using biochemical approaches for DNMT1, small regions
of the large N-terminus have been identified as sites
responsible for nuclear localization or for directing the
enzyme to replication foci (10). Several other protein binding
sites have been mapped for DNMT1 (Figure 1). Still the
function of much of the N-terminus of hDNMT1 is poorly
understood. Expression of either the N-terminal or the
catalytic domain alone gives a catalytically inactive protein,
even though all of the predicted conserved motifs for
catalysis are present in the catalytic domain. Thus the
interplay between the domains is crucial for catalysis, perhaps
through domain-domain interactions or because essential
catalytic residues reside in the N-terminal region of the
protein. Results presented here suggest that the TRD lies
between amino acids 580 and 1616 in hDNMT1 and is not
localized between amino acids 121-417 as proposed earlier
by Araujo et al. (29). Furthermore, the central region of the
enzyme (amino acids 580-1110) is essential for enzyme
activity. In most other DNA (cytosine-5) methyltransferases
the TRD lies squarely in the middle of the enzyme between
conserved motifs VIII and IX. The only exception is the
phage-encoded multispecific methyltransferase M. (ø)BssHII
(30). Isoform I has a second TRD at a noncanonical position
at the N-terminus along with a conventional TRD. The
presence of a noncanonical TRD providesHaeII methylation
specificity to isoform I.

Hyperbolic velocity curves for full-length hDNMT1 or
hDNMT1∆121 but not for hDNMT1∆501 and hDNMT1∆580 led
us to identify the first 121-500 amino acids of hDNMT1
as an allosteric activation domain that needs binding of a
methylated DNA for catalytic activation. Amino acid se-
quence comparison of the allosteric activation domain region
shows a lower degree of sequence similarity between
vertebrate DNMTs, suggesting different evolutionary func-
tions. For the murine enzyme, zinc ion is essential for
catalytic activation in the presence of methylated DNA (31)
but not for hDNMT1, suggesting a fundamental difference
between the murine and human enzymes. We had previously
shown that the complex pattern of methylation for hDNMT1
in vitro is the result of additional DNA binding sites at the

amino-terminal region (24, 32). Thus, we hypothesized that
two DNA molecules may bind hDNMT1 simultaneously, a
methylated substrate at the regulatory region and an un-
methylated or hemimethylated DNA at the catalytic center.
Binding at the regulatory site exposes the catalytic center at
the C-terminal region and perhaps facilitates access to
AdoMet and DNA. In vivo this is possible since PCNA binds
to hDNMT1 (amino acids 163-174) and brings the allosteric
DNA binding site of the enzyme close to the replication foci.
Indeed, physical interaction between PCNA and DNMT1
facilitates methylation of hemimethylated (newly replicated)
DNA (33). Steady-state kinetic analysis with hDNMT1 and
mutants confirms the presence of an allosteric activation
pocket. Mutation in this pocket affected hemimethylation,
although the catalytic efficiency remains unchanged (Table
5). However, misfolding or conformational changes of point
mutants cannot be ruled out. Thus, interactions between the
allosteric activator pocket and the catalytic domain appear
to be crucial for DNA methylation.

Methylation spreading in mammalian genomes is common,
although the mechanisms are poorly understood. For murine
DNMT1, 5-methyl-2′-deoxycytidine in single-stranded DNA
can act in cis to signal de novo DNA methylation (34). In
this work, double-stranded methylated DNA bound at the
amino-terminal allosteric activation pocket was shown to
activate de novo methylation of CG sites at the catalytic
center of hDNMT1. This phenomenon explains the most
common transcriptional gene silencing mechanism of para-
sitic DNA sequences, such as IAP endogenous retroviruses,
in the genome. A specific methylated sequence can activate
methylation of identical repeat sequences. This is physi-
ologically significant since host methylation appears to be
involved in host defense against the activation of retroposon
promoters (35), thus controlling their spreading. The other
type of methylation spreading may involve cis activation,
which in turn could lead to localize preferred methylation
and, hence, spreading. This kind of cis activation requires
that the previously methylated DNA be able to loop back
and interact with the enzyme. In fact, unusual DNA
substrates, such as hairpins of CCG repeats in cruciform
structures, were better substrates than control Watson-Crick-
paired duplexes by human DNMT1 (36). The above mech-
anisms may be possible due to the modular structure of
DNMT1 where both regulatory and catalytic domains
cooperate with each other. Indeed, the domains of DNMT1
could be separated by V8 protease digestion (37).

A typical human nuclear genome is 3.2× 109 base pairs
packed into 23 chromosomes (38), out of which methylated
cytosine accounts for∼1% and therefore affects about 70-
80% of total CpGs (39). It takes about 24 h for cell division,
out of which S phase is about 8-10 h. During this time the
nuclear genome is replicated, and maintenance methylation
is ensured by hDNMT1. Thus, in normal cells the biological
importance of the allosteric activation domain, which nor-
mally binds to the replication fork with the help of PCNA,
may be to sense methylated DNA during DNA replication
and to activate catalysis by a fast velocity state of the enzyme.
During these processes chromatin modeling proteins are
excluded and transcription factors are allowed to interact with
the promoters. Insulator proteins ensure the unmethylated
status of CpG islands. Possible involvement of regulator
protein(s), such as Rb, for controlled maintenance methy-
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lation cannot be ruled out. During somatic cell division,
hDNMT1, an enzyme with low turnover numbers, allosteric
activation would be beneficial for rapid DNA methylation.

The challenge of establishing and maintaining the methy-
lation pattern is further complicated during early embryonic
development in mammals, where the cell division time and
S phase are very short, and several dynamic demethylation
and remethylation events take place in the genome. In early
development, during preimplantation, the genome becomes
substantially demethylated (40). At the blastocyst stage, DNA
methylation is restored (41). During the postimplantation
stage DNMT1, DNMT3a, and DNMT3b are expressed. The
de novo methylation activity of DNMT3 and its expression
in early development are believed to be responsible for
reestablishing the methylation pattern (42). However, in vitro
analysis of DNMT3 shows that de novo activity is about
6-fold less than that of mammalian DNMT1 (43). This
suggests a possible cooperation between de novo and
maintenance enzymes for an initial establishment of methy-
lation pattern. One such example may be DMR2 of Igf2,
where all three methyltransferases participate in maintenance
of methylation (44). Recently, several published reports show
functional as well as physical cooperation between de novo
and maintenance DNA (cytosine-5) methyltransferases in
human cells (19, 45). Thus, it would be safe to assume that
de novo activity of DNMT3s marks the genome with a
limited number of methylcytosines, which in turn act as a
ligand for hDNMT1 activation via binding to the allosteric
domain.

Overexpression of DNMT1 (46, 47) or recruitment of
oncogenic transcriptional factors such as PML-PAR (48)
leads to hypermethylation of normally unmethylated CpG
islands. In cancer cells a number of CpG islands are
methylated (49), suggesting that allosteric activation may be
responsible for methylation spreading in a way similar to
FMR-1 substrate in the absence of insulator and modulator
proteins. This in turn attracts methyl-CpG binding proteins
(MECP) and other chromatin modeling factors such as
histone deacetylase (HDAC) and CAF1. As a result, tran-
scription factors are excluded and the gene is silenced. In
many cancer cell lines inactivation of the genes coding for
tumor suppressor proteins, such as Rb, via mutation deletion
or methylation is observed. Rb is also capable of methyl-
transferase inhibition via binding to the allosteric activation
domain of hDNMT1. Thus, disruption of methylated DNA
binding and allosteric communication between the N- and
C-terminal domains by protein factors, such as tumor
suppressor p21 or Rb, might be a regulatory mechanism in
a normal cell.
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