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ABSTRACT
DNA methylation is a major epigenetic modification and plays a crucial role in the regulation of gene expression. Within the family of DNA

methyltransferases (Dnmts), Dnmt3a and 3b establish methylation marks during early development, while Dnmt1 maintains methylation

patterns after DNA replication. The maintenance function of Dnmt1 is regulated by its large regulatory N-terminal domain that interacts with

other chromatin factors and is essential for the recognition of hemi-methylated DNA. Gelfiltration analysis showed that purified Dnmt1 elutes

at an apparent molecular weight corresponding to the size of a dimer. With protein interaction assays we could show that Dnmt1 interacts with

itself through its N-terminal regulatory domain. By deletion analysis and co-immunoprecipitations we mapped the dimerization domain to

the targeting sequence TS that is located in the center of the N-terminal domain (amino acids 310–629) and was previously shown to mediate

replication independent association with heterochromatin at chromocenters. Further mutational analyses suggested that the dimeric complex

has a bipartite interaction interface and is formed in a head-to-head orientation. Dnmt1 dimer formation could facilitate the discrimination of

hemi-methylated target sites as has been found for other palindromic DNA sequence recognizing enzymes. These results assign an additional

function to the TS domain and raise the interesting question how these functions are spatially and temporarily co-ordinated. J. Cell. Biochem.

106: 521–528, 2009. � 2009 Wiley-Liss, Inc.
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D NA methylation at cytosine residues of CpG dinucleotides is

a crucial epigenetic modification that regulates gene

expression and chromatin structure and is required for X

chromosome inactivation and imprinting [Leonhardt and Cardoso,

2000; Bird, 2002]. In early development new methylation patterns

are established by de novo methyltransferases Dnmt3a and 3b and

are subsequently maintained by DNA methyltransferase1 (Dnmt1)

[Hermann et al., 2004; Goll and Bestor, 2005]. Dnmt1 is the only

methyltransferase with a preference for hemi-methylated DNA

[Bestor and Ingram, 1983; Pradhan et al., 1999] generated by DNA

replication and repair. Targeted disruption of the dnmt1 gene leads

to genome-wide loss of DNA methylation and embryonic lethality

[Li et al., 1992]. Artificial reduction of cellular Dnmt1 levels severely

affects development and genome stability [Gaudet et al., 2003,

2004]. The crucial role of Dnmt1 was recently also shown in human

cells [Easwaran et al., 2004; Egger et al., 2006; Spada et al., 2007].

During S-phase Dnmt1 associates with the replication machinery by
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interacting with PCNA [Leonhardt et al., 1992; Chuang et al., 1997].

PCNA also targets Dnmt1 to DNA repair sites to restore the

epigenetic information [Mortusewicz et al., 2005]. The interaction of

Dnmt1 with the replication machinery enhances methylation

efficiency by twofold, but is not strictly required for postreplicative

maintenance of DNA methylation [Schermelleh et al., 2007; Spada

et al., 2007]. The targeting sequence (TS domain) recruits Dnmt1 to

pericentric heterochromatin independent of DNA replication, H3K9

trimethylation and the interacting proteins SUV39H1 and HP1

[Easwaran et al., 2004]. Both, the PCNA binding domain PBD and the

heterochromatin binding TS domain, reside in the large N-terminal

part of Dnmt1, a region of the protein that contains several

regulatory functions and is unique among the family of DNA

methyltransferases. The intramolecular interaction between the

regulatory N-terminus and the catalytic C-terminus is essential for

the catalytic activity of Dnmt1. Despite the presence of all typical,

conserved methyltransferase motifs, the catalytic domain per se
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lacks methyltransferase activity [Zimmermann et al., 1997; Margot

et al., 2000, 2003; Fatemi et al., 2001]. Also, interaction of Dnmt1

with the chromatin factors Np95, LSH, EZH2 and G9a was shown to

be essential for maintenance of DNA methylation [Esteve et al.,

2006; Vire et al., 2006; Bostick et al., 2007; Sharif et al., 2007; Myant

and Stancheva, 2008]. The molecular mechanism of these multiple

interactions controlling the activity of Dnmt1 and the recognition of

hemi-methylated target sites remains largely unknown.

Our biochemical characterization shows that Dnmt1 forms a

stable dimer. With gelfiltration, co-immunoprecipitation and in

vivo assays we demonstrate that Dnmt1 dimerization is mediated by

the N-terminal TS domain. These results show that the TS domain

is not only crucial for recruitment of Dnmt1 to heterochromatin

as reported previously, but also for the assembly of stable dimeric

Dnmt1 complexes.

MATERIALS AND METHODS

EXPRESSION CONSTRUCTS

The expression construct for GFP-Dnmt1 was described previously

[Easwaran et al., 2004]. GFP-Dnmt1 fusion constructs were

generated by PCR cloning using eGFP-Dnmt1 as template to clone

into pEGFP-N1 (Clontech) employing either the restriction sites

XhoI and XmaI or BsrGI and HindIII. GFP was subsequently replaced

with mCherry [kindly provided by R.Y. Tsien, Shaner et al., 2004].

Throughout this study we used the enhanced GFP and monomeric

Cherry. PCR primers are listed in Supplementary Table I. All

constructs were sequenced and tested by transient expression in

human embryonic kidney (HEK) 293T cells followed by immunoblot

analysis. hTS was cloned into pMAL-2cX (NEB) after replacement of

factor Xa cleavage site through a TEV cleavage site.

CELL CULTURE AND TRANSFECTION AND MICROSCOPY

HEK 293T HeLa and BHK cells were cultured in DMEM supplemented

with 10% fetal calf serum and 50 mg/ml gentamycine. BHK cells

carrying a lac operator array were maintained in the presence of

150 mg/ml hygromycin B (PAA Laboratories) [Tsukamoto et al.,

2000]. HEK 293T cells were transfected with polyethyleneimine

(Sigma). For microscopy, BHK cells were grown to 50–70% con-

fluence on glass coverslips and co-transfected with TS-LacI-RFP and

GFP-Dnmt1 constructs using Transfectin (Bio-Rad) according to

manufacturer’s instructions. Cells were fixed 24 h after transfection

with 3.7% formaldehyde in PBS for 10 min at room temperature.

After permeabilization with 0.2% Triton X-100 in PBS for 3 min

cells were counterstaind with DAPI and mounted in Vectashield

(Vector Laboratories). Microscopy was performed as described

[Zolghadr et al., 2008].

CO-IMMUNOPRECIPITATION AND IMMUNOBLOTTING AND

QUANTIFICATION

HEK 293T cells were transiently transfected with expression

plasmids as described above. After 24 h, 60–90% of the cells

expressed the constructs as determined by fluorescence microscopy.

About�1� 107 cells were harvested in 200ml of lysis buffer (20 mM

Tris/HCl pH 7.5, 150 mM or 1 M NaCl, 0.5 mM EDTA, 2 mM PMSF,

0.5% NP40). After clearing by centrifugation (10 min, 20,000g, 48C)
522 Dnmt1 FORMS A STABLE DIMER
supernatants were adjusted to a volume of 500 ml with dilution

buffer (lysis buffer without NP40). 50 ml aliquots were prepared in

SDS-containing sample buffer (referred to as input (I)). Extracts were

incubated with GFP Nanotrap [Rothbauer et al., 2008] (Chromotek)

for 2 h at 48C with constant mixing. Immunocomplexes were

harvested by centrifugation (2 min, 5,000g, 48C) and beads were

washed twice with 1 ml of dilution buffer containing 300 mM NaCl

and resuspended in SDS–PAGE sample buffer (referred to a bound

(B)). Proteins were eluted by boiling at 958C. For immunoblot

analysis 1% of the input and 20% of the bound fractions were

separated by SDS–PAGE and blotted onto a PVDF-membrane

(Millipore). Antigens were detected with a mouse monoclonal anti-

GFP antibody (Roche), a rat monoclonal anti-mCherry antibody

[Rottach et al., 2008] or a rat monoclonal anti-DNMT1 antibody

[Spada et al., 2007]. For quantification mean grey values of band

intensities of co-precipitated proteins obtained from Western blots

were calculated with the ImageJ software (Version 1.38, http://

rsb.info.nih.gov/ij/). The ratios of bound and input signals were

determined and the mean value and standard error from three

independent experiments were calculated.

GELFILTRATION

Reference gelfiltration was carried out with a Superose 6 column

and separation properties were determined in a first run with mass

standard proteins (thyroglobulin (669 kDa), apoferritin (443 kDa),

BSA (66 kDa)). For analysis of endogenous Dnmt1, HeLa cells were

lysed in 200 ml of buffer (20 mM Tris/HCl pH 7.5, 50 mM NaCl,

0.5 mM EDTA, 2 mM PMSF, 0.5 mM NP40, 1 mg/ml DNase I, 5 mM

MgCl2), incubated on ice for 30 min and centrifuged (15 min,

20,000g, 48C). The supernatant was adjusted to 500 ml with PBS and

applied to a Superose 6 gelfiltration column (GE Healthcare) (Fig. 1).

Recombinant human Dnmt1 and TS proteins were analyzed by a

Superdex 200 column (GE Healthcare) (Fig. 3) in buffer containing

20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT.

Chromatography was performed with a flow rate of 0.5 ml/min and

fractions were analyzed by SDS–PAGE and immunoblotting with an

antibody against human DNMT1.

PROTEIN PURIFICATION

DNMT1 containing an N-terminal His tag was purified from

baculovirus infected Sf21 insect cells and purified by Ni-NTA

chromatography as described previously [Yokochi and Robertson,

2002]. The DNMT1 virus was kindly provided by K.D. Robertson.

DNMT1 was further purified on a Resource Q column (GE Health-

care) with a linear gradient from 100–600 mM NaCl in 20 mM Hepes,

pH 7.9; 1 mM EDTA; 1.5 mM MgCl2; 10% Glycerol; 1 mM DTT, 1 mM

PMSF. The peak fractions were combined and stored at �808C.

The DNMT1 TS domain (pMAL-TS) was expressed in E. coli K12 TB1

cells (NEB) according to the manufacturer’s instructions. Protein

expression was induced at an OD600 of 0.7 with 0.3 mM IPTG for 2 h,

cells were harvested and washed once with TBS. The cell pellet of 1 L

culture was resuspended in 30 ml of buffer CV (20 mM Tris pH 7.5,

200 mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 mM DTT) and cells were

lysed (Branson Sonifier). The lysate was cleared (20,000g, 48C,

20 min) and incubated with 10 ml amylose resin (NEB). The resin was

washed 3� with 50 ml buffer CV and applied to a glass column. The
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 1. DNMT1 was analyzed by gelfiltration and co-immunoprecipitation.

A: Elution profile of recombinant human DNMT1 showing a peak at �400 kDa,

the x-axis indicates the protein fractions collected in 1 ml steps and the y-axis

presents the absorption units (AU) at the wavelength of 280 nm. The arrows

denote the molecular size of marker proteins applied in a separate run

(thyroglobulin: 669 kDa, apoferritin 443 kDa, BSA 66 kDa). Immunoblot

of elution fractions confirms the elution profile of recombinant DNMT1

(upper row). Endogenous DNMT1 of a HeLa cell extract is present in a higher

molecular weight complex (lower row). B: Immunoblots after co-immunopre-

cipitations illustrate the interaction between GFP-Dnmt1 and endogenous

DNMT1, whereas GFP alone was used as negative control. One percent of input

and 30% of bound fractions were subjected to immunoblot analysis. The

molecular size of the proteins (kDa) and the antibodies used are indicated.

C Mapping the Dnmt1 dimerization to the TS domain of Dnmt1: Immunoblot

after co-immunoprecipitation showing that the N-terminal TS domain of

Dnmt1 can co-precipitate endogenous DNMT1.
MBP-TS fusion protein was eluted with 30 ml elution buffer (buffer

CVþ 10 mM Maltose). The peak fractions were combined and the TS

domain was cleaved off the MBP moiety by incubation with TEV

protease (Invitrogen) at 168C over night. TEV protease and MBP

were removed by a Q FF 5 ml column (GE Healthcare) and the TS

domain was eluted with a step gradient.

RESULTS

Dnmt1 FORMS STABLE DIMERS

For biochemical characterization we purified (full-length) DNMT1

using a baculovirus expression system. Purified DNMT1 was loaded

on a gelfiltration column and the elution profile was recorded

(Fig. 1A). Immunoblot analysis of collected fractions showed that

DNMT1 was eluted in a fraction corresponding to a molecular mass

of about 400 kDa. This is approximately twofold the molecular mass

of DNMT1 (183 kDa) indicating the presence of a dimeric DNMT1

complex. To analyze DNMT1 complex formation in vivo, we

analyzed extracts from HeLa cells by gelfiltration and also did not

observe a DNMT1 monomer fraction. Instead, the endogenous

DNMT1 eluted as part of a higher molecular weight complex of 400–

700 kDa which is likely caused by additional protein interactions
JOURNAL OF CELLULAR BIOCHEMISTRY
occurring in living cells. The dimeric complex was stable under high

salt buffer conditions up to 1 M NaCl. Dimer formation was further

tested by co-immunoprecipitation experiments. GFP-Dnmt1 was

expressed in transiently transfected HEK 293T cells and immuno-

precipitated using the GFP-Nanotrap [Rothbauer et al., 2008].

Immunoblot analysis of input and bound fractions showed that the

endogenous DNMT1 counterpart was efficiently co-precipitated

(Fig. 1B).

THE N-TERMINAL TS DOMAIN MEDIATES Dnmt1 DIMERIZATION

The gelfiltration and co-immunoprecipitation experiments both

indicated that DNMT1 forms a stable dimeric complex. To test

whether this dimerization is related to the previously reported

interaction between the N- and C-terminal domain [Fatemi et al.,

2001; Margot et al., 2003] and to map the domains involved in this

dimerization, we fused various parts of Dnmt1 with GFP and Cherry

(Fig. 2A) and performed co-immunoprecipitation studies. We found

that the TS domain was sufficient to precipitate the endogenous

DNMT1 (Fig. 1C). To identify the part of Dnmt1 the TS domain binds

to we co-expressed different GFP-Dnmt1 subdomains with Cherry-

TS (C310–629) in HEK 293T cells and performed co-immunopreci-

pitation. Input and bound fractions were analyzed by immunoblots

against GFP and Cherry (Fig. 2A). GFP-N-terminus (G1–1111) but

not GFP-C-terminus (G1124–1620) efficiently precipitated the TS

domain C310–629 pointing to a dimerization through the N-termini of

two Dnmt1 molecules rather than an intermolecular interaction

between the N- and C-terminal domain (Fig. 2B). Further fine-

mapping showed that the TS domain C310–629 efficiently co-

precipitated with GFP-TS G310–629 but not with G1–309 or G630–1111

(Fig. 2b). These results show that Dnmt1 dimerization is mediated

through a homotypic interaction of the N-terminal TS domain.

To independently verify these biochemical data in vivo, we

performed a fluorescent two-hybrid assay (F2H), that allows direct

visualization of protein interactions in single living cells [Zolghadr

et al., 2008]. The F2H assay visualizes the interaction of a red

fluorescent bait with a green fluorescent prey protein as co-

localization at a defined nuclear spot. To anchor the fluorescent

bait, we used a transgenic cell-line that contains a chromosomally

integrated lac operator array and provides a defined binding

platform for Lac repressor fusion proteins. We engineered a triple

fusion protein comprising the TS domain as bait, the Lac repressor

and the red fluorescent protein (RFP). Binding of the fusion protein

(TS-LacI-RFP) to the lac operator array can directly be visualized as

defined nuclear spot in living cells by fluorescence microscopy

(Fig. 2C). Interaction of green fluorescent prey proteins with the TS

domain leads to a co-localization at the anchor point (Fig. 2C,

right panel) that is visible in the overlay as orange/yellow spot.

With this assay we tested different Dnmt1 domains for interaction

with the TS domain containing bait construct. We observed a

clear co-localization of the N-terminal domain (G1–1111) with the

TS-LacI-RFP bait protein while the C-terminal domain (G1124–1620)

did not co-localize (Fig. 2C). To fine-map the interaction with the TS

domain three parts of the N-terminal domain were tested and

only G310–629 showed co-localization with TS-LacI-RFP while the

first and the last part (G1–309 or G630–1111) did not interact and

showed a diffuse distribution. These results show that the red labeled
Dnmt1 FORMS A STABLE DIMER 523



Fig. 2. N-terminal TS domain is the Dnmt1 dimerization domain. A: Schematic overview of Dnmt1 constructs used for co-immunoprecipitations. Subdomains are indicated:

PBD, PCNA binding domain; TS, targeting sequence; ZnF, zinc finger; BAH1þ 2, bromo adjacent homology domains 1þ 2. B: Immunoblots after co-immunoprecipitations of

GFP-Dnmt1 domains and Cherry-TS (C310–629) with the GFP-Nanotrap. G indicates GFP and C Cherry, numerics in subscript denote the first and last amino acids of Dnmt1

present in these constructs. One percent of input (I) and 20% of bound (B) fractions were subjected to SDS–PAGE, blotted on PVDF membrane (Millipore) and decorated with

antibodies against Cherry and GFP. These results are representative of three independent experiments and show that GFP-N-terminus (G1–1111) and GFP-TS (G310–629) interact

with Cherry-TS (C310–629). C: Fluorescent two-hybrid (F2H) assay confirms biochemical interaction data. TS-LacI-RFP (bait, depicted on top) was co-expressed with GFP-Dnmt1

domains (prey) in transgenic BHK cells [Tsukamoto et al., 2000] containing a lac operator array. Binding of the TS-LacI-RFP fusion protein is visible as distinct nuclear spot and

interaction of a GFP fusion protein leads to co-localizing fluorescence signals. DAPI, RFP, and GFP were imaged and an overlay image of GFP and RFP fluorescence is presented.

The Dnmt1 Nterminus (G1–1111) co-localizes with TS-LacI-RFP but the C-terminus (G1124–1620) does not. From the three parts of the N-terminal domain only the TS domain

(G310–629) co-localized with TS-LacIRFP indicating a specific TS–TS interaction in vivo. The scale bar represents 5 mm.
TS domain interacts with green labeled TS domain in vivo. In

summary, biochemical and cellular assays indicate that Dnmt1

dimerization is mediated by a direct intermolecular TS–TS domain

interaction.

Dnmt1 DIMERIZATION IS FORMED BY A RATHER HYDROPHOBIC

TS–TS INTERACTION

To test the complex formation properties we purified the TS domain

that has a calculated molecular weight of about 30 kDa and analyzed

it by gelfiltration. Immunoblot analysis of elution fractions showed

a distinct peak at about 66 kDa corresponding to a TS dimer and high

molecular weight complexes in the size range above 500 kDa

indicating multimerization of the TS domain (Fig. 3A, lane 2). This

supports the conclusion that the TS domain by itself can form a

stable dimer and thus drive dimerization of DNMT1.

To analyze the nature and strength of this interaction, we

performed co-immunoprecipitions of GFP-TS and Cherry-TS in

the presence of increasing salt concentrations. We found that the

interaction was stable despite the high ionic strength of the buffer

containing 1 M NaCl (Fig. 3B) arguing for a more hydrophobic

interaction. Indeed, the hydrophilicity plot [Hopp and Woods, 1981]

of Dnmt1 shows that the TS domain is among the most hydrophobic

parts of the regulatory domain of Dnmt1 (Fig. 3C). Taken together,
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these results indicate that the dimerization of Dnmt1 is mediated by

a stable and rather hydrophobic interaction of the N-terminal TS

domain.

Dnmt1 DIMERIZATION IS MEDIATED BY A BIPARTITE INTERFACE

To fine-map the dimerization interface we generated a series of

GFP-TS deletion constructs including N- and C-terminal deletions in

steps of about 50 amino acids. HEK 293T cells were co-transfected

with GFP-TS deletion constructs and Cherry-TS (C310–629) and co-

precipitation experiments were performed. Surprisingly, all tested

GFP-TS deletion proteins interacted with the Cherry-TS full-length

domain (Supplementary Fig. 1) indicating a more complex and

potentially multipartite interaction interface.

To further investigate the interacting regions of the domain, we

generated additional GFP- and Cherry fusion proteins and tested

interactions by co-immunoprecipitations (Fig. 4A). Pairs of TS

subdomain constructs tested are depicted on the left side and their

relative co-immunoprecipitation efficiency is shown in the bar

graph on the right side. One representative immunoblot is displayed

in Figure 4B. We observed no interaction between the N- and

C-terminal parts of the TS domain (lane 3) arguing against a head-

to-tail interaction. Interestingly, N- and C-terminal parts of the TS

domain overlapping by 27 amino acids showed a strong interaction
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Dnmt1 dimerization is formed by a rather hydrophobic TS–TS interaction. A: DNMT1 and the TS domain were studied by gelfiltration and the respective protein

fractions are analyzed by immunoblots. The proteins and the migration of the size standards are indicated (in kDa) as well as the protein fractions loaded in ml and the input

fraction (I). B: Hydrophilic or hydrophobic nature of the dimerization interaction was tested by co-immunoprecipitation of GFP-TS (G310–629) and Cherry-TS (G310–629) in buffer

containing 1 M NaCl with subsequent immunoblot analysis. One percent of input (I) and 20% of bound (B) fractions were loaded and immunoblots probed with antibodies

against GFP and Cherry. C (Top): Schematic outline of Dnmt1 full-length protein including subdomains: PBD (PCNA binding domain), NLS (nuclear localization signal).

TS (targeting sequence), ZnF (zinc finger), BAH 1þ 2 (bromo adjacent homology domains 1þ 2). Bottom: Hydrophilicity plot [Hopp and Woods, 1981] of the Dnmt1 protein

sequence generated with the ProtScale tool of the ExPASy proteomics server (http://www.expasy.ch/tools/protscale.html) with the linear weight variation model and a 15 amino

acid window. Hydrophobic regions are represented as minima in the plot; a rectangle marks the TS domain which is rather hydrophobic in comparison with the rest of the

N-terminus.

Fig. 4. Fine-Mapping of the TS–TS interactions by co-immunoprecipitation analyses. A (Left panel): Scheme of GFP (open ellipse) and Cherry (filled ellipse) tagged TS deletion

constructs used for immunoprecipitation assays: Numbers above the construct refer to respective amino acid positions within Dnmt1. Right panel: Bar graph shows relative

co-immunoprecipitation rates. Western blot signals from input and bound fractions were quantified with ImageJ and mean ratios of three independent experiments� standard

error (SE) determined. B: Immunoblot from one representative co-immunoprecipitation experiment out of three independent experiments. Quantification of all three

experiments is shown above in (A). G indicates GFP, C indicates Cherry. One percent of input (I) and 20% of bound (B) fractions were subjected to SDS–PAGE and

immunoblotting and probed with antibodies against Cherry. Precipitation efficiency of GFP-proteins was checked by immunoblot analysis with antibodies against GFP

(not shown). Molecular marker sizes are indicated on the left.
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(lane 4) indicating that this middle part plays an important role in

the TS–TS interaction. In addition, we found that the N-terminal part

but not the C-terminal part of the TS domain can dimerize. These

results indicate that dimerization is mediated by a bipartite interface

containing the N-terminal (aa 310–409) and the central part (aa

476–502) of the TS domain. It should be noted that the hydrophobic

nature of the TS domain makes the fine-mapping of the dimerization

interface difficult and may lead to false-positive results. Further

alanine scanning mutagenesis [Fellinger et al., 2008] of the TS

domain did not yield specific dimerization mutants (data not shown)

which is probably due to the large bipartite interaction surface

spanning almost 200 amino acids.

Larger deletions within the TS domain were previously shown to

abolish catalytic activity of Dnmt1 [Fig. 5A, Margot et al., 2000;

Zimmermann et al., 1997] emphasizing the importance of the TS

domain. However, it is unclear to what extent this is due to

disruption of dimerization, since the TS domain also mediates

association with heterochromatin [Easwaran et al., 2004] and may
Fig. 5. TS domain is crucial for Dnmt1 activity and contains a highly conserved core reg

targeting sequence; ZnF, zinc finger; BAH1þ 2, bromo adjacent homology domains1þ
were taken from Margot et al. [2000]. Below, a magnified overview of the TS domain

C-terminal part (green). Black lines represent amino acids that are identical in Dnmt1 h

from selected Dnmt1 homologs is shown. Identical amino acids are marked by dark gray

dimerization. Accession numbers: M. musculus, P13864; R. norwegicus, Q9Z330; B. t

Q6GQH0; M. domestica, Q8MJ28; G. gallus, Q92072; P. lividus, Q27746; B. mori, Q5W

B: Crystal structure of human TS domain (aa 351-600; Protein Data Bank 3epz). The imag

colored in blue and coordinates a zinc-ion, the highly conserved central region in orange

conserved b-sheet structure (orange/red) of the TS domain as part of a potential bind
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also contribute to the allosteric activation of the catalytic domain

[Margot et al., 2000; Fatemi et al., 2001].

Interestingly, sequence alignments of Dnmt1 homologs showed

that the core region of the TS domain that is involved in

dimerization is highly conserved from human to plants (Fig. 5A).

The crystal structure shows that the conserved core region consists

of three b-sheets forming part of a potential binding pocket in the TS

domain (Fig. 5B). The high conservation and distinct structure of this

TS core region suggests an essential role in Dnmt1 regulation.

DISCUSSION

Recent work has shown that DNA methylation is linked with several

other nuclear processes and involves numerous protein interactions.

Analyzing recombinant and endogenous Dnmt1 protein fractions

we found that Dnmt1 forms a stable dimer. We mapped the

dimerization domain to the N-terminal TS domain of Dnmt1 using
ion. A: Schematic overview of Dnmt1 and subdomains (PBD, PCNA binding domain; TS,

2). Below, Dnmt1 deletion mutants and their in vitro activity (left) are shown, results

is depicted with an N-terminal part (blue), the highly conserved core (red) and the

omologs from human to plants. Below, a ClustalW alignment of the central TS region

shading. Red rectangle highlights the 27 amino acids which are important for TS–TS

aurus, Q24K09; O. aries, Q865V5; H. sapiens, P26358; D. rerio, Q8QGB8; X. laevis,

7N6; A. thaliana, Q9SEG3; D. carota, O48867; Z. mays, Q8LPU6; O. sativa, A2XMY1.

e was generated using PyMOL [DeLano 2002]. The N-terminal part of the TS domain is

and red and the C-terminal region in green. The view from two angles shows the highly

ing pocket.
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gelfiltration, co-immunoprecipitation and in vivo fluorescent two-

hybrid assay. Fine-mapping identified a homotypic TS–TS inter-

action containing a bipartite dimerization interface spanning about

200 amino acids of the TS domain.

Interestingly, dimerization has also been shown for other C5 DNA

methyltransferases including the bacteria HhaI and the vertebrate

Dnmt3a and Dnmt3L [Dong et al., 2004; Jia et al., 2007]. The crystal

structure revealed that the central Dnmt3a dimer is flanked by

Dnmt3L forming a 3L-3a-3a-3L tetramer. Disruption of the Dnmt3a

dimer by specific point mutations resulted in loss of catalytic

activity [Jia et al., 2007]. In contrast to these DNA methyltrans-

ferases that dimerize via the catalytic domain, Dnmt1 dimerization

is mediated by its unique regulatory, N-terminal domain. Consistent

with this difference, the key residues for Dnmt3a dimerization (R881

and D872) are not conserved in Dnmt1. In addition to dimerization,

the TS domain of Dnmt1 also seems to contribute to allosteric

activation of the catalytic domain [Zimmermann et al., 1997;

Margot et al., 2000; Fatemi et al., 2001] and mediates association

with heterochromatin [Easwaran et al., 2004]. Further studies are

necessary to elucidate the temporal and spatial coordination of these

multiple functions of the TS domain.
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