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ABSTRACT

We present a simple, non-radioactive assay for DNA
methyltransferase activity and DNA binding. As
most proteins are studied as GFP fusions in living
cells, we used a GFP binding nanobody coupled to
agarose beads (GFP nanotrap) for rapid one-step
purification. Immobilized GFP fusion proteins were
subsequently incubated with different fluorescently
labeled DNA substrates. The absolute amounts and
molar ratios of GFP fusion proteins and bound DNA
substrates were determined by fluorescence spec-
troscopy. In addition to specific DNA binding of GFP
fusion proteins, the enzymatic activity of DNA
methyltransferases can also be determined by
using suicide DNA substrates. These substrates
contain the mechanism-based inhibitor 5-aza-dC
and lead to irreversible covalent complex formation.
We obtained covalent complexes with mammalian
DNA methyltransferase 1 (Dnmt1), which were resis-
tant to competition with non-labeled canonical DNA
substrates, allowing differentiation between methyl-
transferase activity and DNA binding. By compari-
son, the Dnmt1¢'22°W catalytic site mutant showed
DNA-binding activity, but no irreversible covalent
complex formation. With this assay, we could also
confirm the preference of Dnmt1 for hemimethyl-
ated CpG sequences. The rapid optical read-out in
a multi-well format and the possibility to test several
different substrates in direct competition allow rapid
characterization of sequence-specific binding and
enzymatic activity.

INTRODUCTION

The modification of DNA by DNA methyltransferases is
widespread and has a variety of biological functions (1). In
bacteria, DNA methylation is involved in host defense

mechanisms and strand discrimination during mismatch
repair. In eukaryotic cells, DNA methylation is part of a
highly complex epigenetic network regulating genome
structure and activity (2,3). In contrast to the bacterial
enzymes, eukaryotic DNA methyltransferases contain
large regulatory domains that are involved in numerous
intermolecular interactions and control enzyme activity
through a largely unknown mechanism (4). The biochem-
ical and cell biological characterization of DNA methyl-
transferases is pivotal for the understanding of epigenetic
network regulation.

The basic biochemistry of the 5-methyl cytosine (5mC)
methylation reaction is by now well understood. In a post-
replicative reaction, DNA methyltransferases catalyze the
transfer of a methyl group from S-adenosyl-L-methionine
(AdoMet) to the C5 position of the nucleobase. During
this multi-step reaction, the target cytosine is flipped out
of the double helix (base flipping) and the recipient C5
position is activated by a transient, covalent complex for-
mation with the enzyme at the C6 position (5,6). After
methyl group transfer, the enzyme is released by B-elim-
ination together with the proton at the C5 position. This
last and crucial step of the enzymatic reaction can be
exploited for a specific and mechanism-based inhibition
with DNA substrates containing nucleotide analogs like
5-aza-dC or zebularine that are missing the essential
proton at the C5 position (7-9). Although the catalytic
mechanism of the 5SmC DNA methyltransferases is
known, the crucial question how eukaryotic enzymes rec-
ognize and discriminate target sites for methylation
remains elusive.

Over the past decades, a variety of biochemical assays
has been developed to determine the activity of DNA
methyltransferases. The most commonly used methyl-
transferase activity assays measure the transfer of radio-
actively labeled methyl groups from the cofactor AdoMet
to DNA substrates (10—-14). Alternatively, DNA methyla-
tion by active methyltransferases can be monitored as pro-
tection against nucleolytic cleavage by restriction enzymes.
The amount of methylated DNA can be measured as
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release or retention of terminal affinity probes of DNA
substrates (15,16). Another indirect approach uses bisul-
fite treatment followed by incorporation and detection of
hapten-labeled dCTPs at non-converted sites (17). Also
direct detection of methylated cytosine residues by
MALDI-TOF mass spectrometry (18) or monitoring of
conversion of AdoMet to S-adenosyl-homocysteine
(AdoHcy) by liquid chromatography and mass spectros-
copy has been used (19). All these methods depend on
either radioisotopes, expensive and demanding equipment,
and/or multiple-step protocols.

Here, we present a simple, non-radioactive and versatile
method to measure DNA methyltransferase activity. The
assay measures methyltransferase activity as irreversible
covalent complex formation with fluorescently labeled
DNA substrates containing the mechanism-based inhibi-
tor 5-aza-dC. The variation of DNA sequence and fluo-
rescent label allows detection of DNA sequence specificity
and discrimination of methyltransferase activity from
DNA binding. We tested this assay using mammalian
DNA methyltransferase 1 and mutants thereof.

MATERIALS AND METHODS
Expression vectors

The ecukaryotic expression vectors for enhanced GFP
(pEGFP-C1, Clontech, USA) and fusions with mouse
Dnmtl and its catalytically inactive mutant
Dnmt1<"?*Y were previously described (7). For GFP
expression in bacteria, the pRSET-EGFP vector was gen-
erated. The GFP-coding sequence was amplified from
pEGFP-C1 by PCR to add flanking Xbal/EcoRI restric-
tion sites and a C-terminal Hisg-tag. The PCR fragment
was digested with Xbal and EcoRI and subsequently
ligated into the bacterial expression vector pRSET
(Clontech, USA).

Cell culture and transfection

Human embryonic kidney (HEK) 293T cells were cultured
in DMEM supplemented with 10% fetal calf serum and
50 pg/ml gentamycine (PAA, Germany). HEK 293T cells
were transiently transfected with expression plasmids for
GFP, GFP-Dnmtl and GFP-Dnmt1¢'***V using poly-
ethylenimine as transfection reagent (Sigma, Germany)
(20). After 48 h, about 80-90% of the cells were expressing
GFP as determined by fluorescence microscopy. Cells
were harvested, washed twice with PBS and stored at
—80°C.
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GFP purification

A 21 culture of BL21 (DE3) Escherichia coli transformed
with pRSET-EGFP was grown to OD 0.6 and induced
with 1 mM IPTG for 20 h at RT. Bacteria were harvested
and resuspended in 20ml of binding buffer (500 mM
NaCl, 20mM imidazole, ] mM PMSF in PBS). Lysis of
E. coli was performed by sonification in the presence of
1 pg/ml lysozyme and 25 pg/ml DNase I. After centrifuga-
tion, 10 ml of soluble E. coli protein extract was loaded
onto a His-Trap HP column containing 1 ml of Ni-NTA
resin (GE Healthcare, Germany) using an AKTA purifier
(GE Healthcare, Germany). After extensive washing of
the bound material, the protein was eluted with elution
buffer (500mM NaCl, 250 mM imidazole in PBS) and
1 ml fractions were collected. Aliquots of elution fractions
were subjected to SDS-PAGE and coomassie brilliant
blue staining. Pure fractions of GFP were pooled and
dialyzed three times against 11 of PBS. The GFP concen-
tration was determined by an analytical SDS-PAGE and
coomassie brilliant blue staining with carbonic anhydrase
as concentration standard.

Preparation of DNA substrates

DNA oligonucleotides were purchased from Metabion
(Germany) or from IBA (Germany) and the sequences
are listed in Table 1. Double-stranded DNA substrates
were synthesized by primer extension using the large
(Klenow) fragment of E. coli DNA polymerase I
(Figure 1, Supplementary Figure 1A).

To prepare the DNA substrates, one upper (CG-up or
MG-up) and one lower strand (Fill-In, Fill-In-550 or Fill-
In-647N) oligonucleotide were denatured in NEB2 buffer
(50mM NaCl, 10mM Tris—HCl, 10mM MgCl,, 1 mM
dithiothreitol) for 2min at 95°C and annealed by slowly
cooling down to 37°C. Upon addition of 0.05 u/ul Klenow
fragment (NEB, Germany), dTTP, dGTP, dATP
(PeqLab, Germany) at 1 mM final concentration, and
either CTP at 1 mM, 5-aza-dCTP or 5-methyl-dCTP at
50uM (Jena Bioscience, Germany), the Fill-In oligonu-
cleotide was extended to produce either unmethylated,
hemimethylated or fully methylated canonical DNA
substrates or un- or hemimethylated suicide DNA sub-
strates containing 5-aza-dC at the CpG site. 5-aza-dC
containing suicide DNA substrates are referred to as ‘trap-
ping substrates’ and DNA substrates not containing
5-aza-dC as ‘binding substrates’. The design of the oligo-
nucleotides allows the preparation of 15 different unla-
beled, ATTOS550 or ATTO647N labeled substrates with
only five different oligonucleotides (Supplementary
Figure 1B). Hemimethylated ATTOS550 labeled and

Table 1. Sequences of DNA oligonucleotides used for preparation of double-stranded DNA substrates

(M, 5-methylcytosine)

CG-up
MG-up
Fill-In-550
Fill-In-647N
Fill-In

5'-CTCAACAACTAACTACCATCCGGACCAGAAGAGTCATCATGG-3’
5'-CTCAACAACTAACTACCATCMGGACCAGAAGAGTCATCATGG-3’
5'-ATTO550-CCATGATGACTCTTCTGGTC-3'
5'-ATTO647TN-CCATGATGACTCTTCTGGTC-3’
5'-CCATGATGACTCTTCTGGTC-3'
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unmethylated ATTO647N labeled binding and trapping
substrates were therefore prepared as described earlier,
using MG-up and Fill-In-550 or CG-up and Fill-In-
647N oligos. Unlabeled hemimethylated competitor
DNA substrate was prepared using MG-up and Fill-In
oligos.

Calibration measurements for GFP, ATTO550 and
ATTO647N

Calibration curves for the fluorescent DNA substrates and
proteins were determined by measuring the fluorescence
signal of known concentrations of the DNA-coupled
fluorophores and purified GFP and calculated by linear

regression. For this, we used the PolarStarOptima
fluorimeter (BMG, Germany) and the following
A
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Figure 1. Outline of the binding and activity assay. The covalent com-
plex formation is the first and crucial step of the methylation reaction.
The incorporation of the mechanism-based inhibitor 5-aza-dC (depicted
as a star) in DNA substrates leads to an irreversible complex formation
with catalytically active DNA methyltransferase (trapping). Capture
and detection of this reaction intermediate thus serves as a measure
of enzyme activity. (A) Un-, hemi- or fully methylated canonical or
S-aza-dC containing double-stranded DNA substrates (binding and
trapping substrates, respectively) are 42 base pairs long including one
central CpG site and can be unlabeled, labeled with ATTOS50 or
labeled with ATTO647N. The asterisk marks 5-aza-dC. (B) The GFP
fusion protein of interest, e.g. a DNA methyltransferase (MTase), is
purified from cell lysates using a GFP nanotrap and incubated with
binding or trapping DNA substrates. After pull-down of protein-DNA
complexes, unbound DNA substrate is removed by two washing steps.
Protein and DNA substrate amounts are calculated from fluorescence
measurements of GFP, ATTOS550 and ATTO647N, respectively.
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excitation/emission band path filter sets: 485+ 8nm/
520+ 17nm for GFP, 5454+5nm/5754+5nm for
ATTOS50 and 645+ 5nm/675+5nm for ATTO647N.
The beads do not cause fluorescence background, and
within the measurement error, no change of fluorescence
intensity of the ATTO dyes was observed upon addition of
beads. Interestingly, the GFP fluorescence signal is
enhanced by binding to the GFP-binding protein (GBP),
which is the active part of the GFP nanotrap. With the
indicated filter set for GFP detection, the fluorescence
signal is about 1.7 times enhanced (Supplementary
Figure 3). This effect was taken into account for later con-
version of the fluorescent signal into fluorophore concen-
tration and calculation of binding and trapping rates as
the ratio of ATTO and GFP signal.

Pull-down of GFP or GFP fusion proteins

Extracts from ~1 x 107 cells were prepared by resuspen-
sion and incubation of the cell pellet in 200 pl lysis buffer
(20mM Tris—HCI pH 7.5, 150 mM NaCl, 0.5mM EDTA,
2mM PMSF, 0.5% NP40, 1x mammalian protease
inhibitor mix) for 30min on ice. After centrifugation,
supernatants were diluted to 500 or 1000 pl with immuno-
precipitation buffer 20mM Tris—=HCI pH 7.5, 150 mM
NaCl, 0.5mM EDTA). Extracts were incubated with
1 pg of a GBP coupled to agarose beads (GFP nanotrap;
Chromotek, Germany) (21) for 1-2h at 4°C with constant
mixing. GFP or GFP fusion proteins were pulled down by
centrifugation at 540g. The beads were washed twice with
I ml of wash buffer 20mM Tris—=HCI pH 7.5, 300 mM
NaCl, 0.5mM EDTA). The amount of protein on the
beads was determined with the PolarStarOptima fluori-
meter after resuspension in 100 ul wash buffer or by west-
ern blot. In the latter case, beads were resuspended in 2x
Laemmli buffer (22) and 25% was loaded onto a 6%
SDS-PAGE. After blotting to a nitrocellulose membrane,
GFP-Dnmtl was detected with a specific antibody against
Dnmtl (kindly provided by Nowak, D. and Cardoso,
M.C.) and an HRP-labeled secondary antibody.

Binding and trapping assay

The pull-down of GFP or GFP fusion protein was per-
formed as described earlier. After the second washing step,
beads were equilibrated with assay buffer (100 mM KClI,
10mM Tris—HCI pH 7.6, I mM EDTA, | mM DTT). For
determination of binding and trapping rates, the beads
were resuspended in 500 or 1,000 pul of assay buffer sup-
plemented with 160 ng/ul BSA and 100 uM S-adenosyl-L-
methionine (AdoMet), and 0.1 uM binding or trapping
DNA substrate, unless indicated otherwise. For qualita-
tive determination of DNA methyltransferase activity,
binding (with canonical-binding substrates) and trapping
(with suicide trapping substrates) were performed at 37°C
for 90 min, unless indicated otherwise. After washing twice
with assay buffer to remove unbound substrate, beads
were resuspended in 100 ul assay buffer and transferred
into a 96-well microplate. The amounts of protein and
DNA were determined by fluorescence measurements
and comparison to a calibration curve.
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Binding competition assay

Trapping and binding assays were performed as described
earlier, except that for binding competition, referred to as
binding or trapping with competitor, a further incubation
step with 1 uM hemimethylated unlabeled binding DNA
was performed for 45min at 37°C to compete for binding
of labeled non-covalently bound substrate in the binding
and trapping sample. Before fluorescence measurement,
two final washing steps with assay buffer were performed.

RESULTS AND DISCUSSION
Assay design

We previously generated a set of fluorescent Dnmtl
fusions and mutants thereof and characterized their cell-
cycle dependent dynamics in living cells (23,24). To com-
plement these data and to gain further insights into the
structure, function and regulation of DNA methyltrans-
ferases, it is crucial to determine their sequence specific
DNA binding and methyltransferase activity. For fast bio-
chemical characterization of these GFP fusion proteins,
we developed a simple, non-radioactive assay.

The assay is based on immunoprecipitation of fusion
proteins with a GBP coupled to agarose beads [GFP
nanotrap (21)]. Bound GFP fusion proteins were incu-
bated with fluorescently labeled double-stranded DNA
substrates. After removal of unbound substrate, the con-
centrations of fluorescent protein and bound DNA sub-
strate were measured with a filter-based fluorescence
spectrometer in a multi-well format (Figure 1).

The design of DNA oligonucleotides combined with a
primer extension method allows preparation of a variety
of substrates (Figure 1A, Supplementary Figure 1).
Canonical DNA substrates (binding substrates) were
used for binding studies and suicide DNA substrates con-
taining 5-aza-dC at the CpG site (trapping substrates) for
monitoring irreversible covalent enzyme-DNA complex
formation as the first and crucial step of the DNA methy-
lation reaction. The capture of these reaction intermedi-
ates serves as a measure of enzyme activity, although the
final step of the methylation reaction, the methyl group
transfer, is not detected. As DNA substrates can be
labeled with different fluorophores, several different
sequences, containing, e.g. un-, hemi- or fully methylated
CpG sites, can be tested in direct competition. The fluo-
rescence of protein and substrate allows direct determina-
tion of concentrations, molar ratios and specific activity.

Linear GFP-Dnmt1 pull-down with the GFP nanotrap

The GFP nanotrap allows fast and efficient one-step puri-
fication of GFP or GFP fusion proteins. For demonstra-
tion of linearity, we incubated a constant amount of the
GFP nanotrap with different lysate volumes of GFP-
Dnmtl overexpressing HEK 293T cells and determined
the concentration of GFP fusion protein bound by the
beads. The amount of bound GFP-Dnmtl did indeed
increase linearly with the amount of lysate added, as quan-
tified by fluorescence detection and western blot.
Importantly, quantification with a fluorescence plate
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Figure 2. Linear GFP-Dnmtl pull-down. Different amounts of cell
lysate (0, 10, 20, 25, 50, 100, 150 and 200 pl) from GFP-Dnmtl over-
expressing HEK 293T cells were incubated with constant aliquots of
the GFP nanotrap. (A) The concentration of precipitated GFP-Dnmtl
was calculated from the measured intensity of the GFP fluorescence
signal. (B) Aliquots of the same samples were analyzed by western
blot with an anti-Dnmtl antibody. Shown are two different exposure
times (2min and 15s). The band intensities were quantified with the
Image J software using the higher exposure time for data points 0, 10,
25 and the lower exposure time for data points 50, 100, 150 and 200.

reader was very sensitive and showed a larger linear
range than the corresponding western blot (Figure 2).
This demonstrates the strength of the fluorescence-based
readout of this assay. The exact quantification of the pro-
tein input allows the comparison of different samples and
takes into account possible differences in pull-down
efficiency.

Characterization and optimization of assay conditions

To optimize assay conditions, we first determined the time
course of DNA binding and irreversible covalent complex
formation (trapping) of GFP-Dnmtl with hemimethy-
lated DNA substrates. The time course of GFP-Dnmtl
binding to hemimethylated substrate followed the classi-
cal-binding kinetics with an observed rate constant of
k=0.034+0.002min~" (Supplementary Figure 2A).
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Figure 3. Optimization of trapping assay conditions. (A) Time course
of binding and trapping reaction. GFP-Dnmtl (25nM) was incubated
with 100nM hemimethylated ATTOS50 labeled binding (open square)
or trapping substrate (filled square). The reactions were stopped by
washing after 15, 30, 45, 60, 120 and 240min, respectively. (B)
Dependence of binding and trapping rate on the initial DNA substrate
concentration. GFP-Dnmtl (20nM) was incubated with increasing
amounts of hemimethylated ATTOS550 labeled binding (open square)
or trapping substrate (filled square). Binding and trapping rates are
shown for initial substrate concentrations of 0.5, 1, 2.5, 5, 10, 25, 50
and 100 nM.

The trapping rate (ratio of bound suicide DNA substrate
per protein) increased linearly within the first S0 min of
reaction and reached a plateau at about 90min
(Figure 3A). For substrate specificity and qualitative
methyltransferase activity assays, we chose 90-min incu-
bation time to obtain maximal signals. For determination
of initial reaction velocities, shorter incubation times were
used to stay within the linear range of this assay.

To test the dependence of binding and trapping rate
on the initial DNA substrate concentration, we incubated
a constant amount of GFP-Dnmtl with hemimethylated
trapping substrate at different concentrations (Figure 3B).
The fitting of binding data is shown in Supplementary
Figure 2B. For substrate concentrations below the concen-
tration of methyltransferase molecules, the trapping rate
increased linearly with the substrate concentration until a
plateau was reached at excess concentration of DNA sub-
strate. Likewise, in the presence of an excess of DNA
substrate, the concentration of bound fluorescent DNA
increased with the amount of precipitated methyltransfer-
ase (Supplementary Figure 4), indicating that the trapping
rate is constant in this range.

Nucleic Acids Research, 2009, Vol. 37, No.3 e22

To test for unspecific DNA binding, we incubated a
constant amount of the GFP nanotrap with increasing
volumes of cell lysate from GFP overexpressing
HEK 293T cells followed by incubation with trapping
substrate. The concentration of precipitated GFP
increased linearly with the amount of lysate added. In
contrast, the minor unspecific binding of substrate was
shown to be independent of the amount of precipitated
protein (Supplementary Figure 5). The unspecific binding
to the agarose beads was below the detection limit for
DNA coupled ATTO647N (Supplementary Figure 5B
and D) and negligible for DNA coupled ATTOS550
(Supplementary Figure 5A and C), when compared with
the values obtained for binding to GFP-Dnmtl and its
mutant GFP-Dnmt1"?*V. Thus, the minor unspecific
binding is attributable to the agarose beads rather
than to the protein indicating that different amounts of
precipitated GFP fusions can be compared reliably.
The trapping rates were slightly dependent on the
lysate preparation likely reflecting the percentage of
active enzyme, but highly reproducible results were
obtained with independent samples from the same exper-
imental setup.

Discrimination of enzymatic activity-dependent trapping
from DNA binding

To evaluate the possibility to distinguish between DNA
binding and covalent complex formation, the crucial first
step of the methyl transfer reaction, we incubated GFP-
Dnmtl and the catalytic site mutant GFP-Dnmt1<"?*V
with DNA binding and trapping substrates and measured
the fluorescence after precipitation (Figure 4A).
Interestingly, wild-type and mutant protein showed simi-
lar specific DNA-binding activity. However, GFP-Dnmtl
showed a hicgher trapping than binding rate, whereas
GFP-Dnmt1<"?*Y did not. The difference between bind-
ing and trapping rate is due to the accumulation of cova-
lent protein-DNA complexes over time, and thus confirms
previously published results on Dnmtl and its catalytic
site mutant (7).

The trapping rate obtained for the active methyltrans-
ferase GFP-Dnmtl after 90 min at excess initial substrate
concentration reflects almost exclusively covalently bound
DNA substrate. This was demonstrated by an additional
competition step with unlabeled binding substrate to com-
pete with non-covalently bound labeled substrate
(Figure 4B). The maximal trapping rate after this binding
competition step did not change, whereas the maximal
binding rate decreased proportionally. These results
show that the combination of DNA binding and trapping
substrates with non-fluorescent competitors allows the dis-
tinction between DNA binding and enzyme activity
dependent covalent complex formation of DNA
methyltransferases.

Cofactor dependence of covalent complex formation

Covalent complex formation of cytosine methyltrans-
ferases with DNA has been shown to be independent
from the cofactor AdoMet. In the absence of AdoMet,
the activated cytosine undergoes hydrogen exchange
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with or without unlabeled competitor DNA. The assay buffer was
supplemented with 10pM AdoMet or AdoHcy as indicated. GFP
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instead of methylation at position 5. AdoMet as well as its
analog and competitor S-Adenosyl-L-homocysteine
(AdoHcy) significantly bind to the enzyme only after the
DNA substrate is bound (25-27). We tested GFP-Dnmt1
binding and trapping with hemimethylated DNA sub-
strate and compared maximal rates at different conditions
(Figure 5). An additional competition step with unlabeled
competitor DNA to compete for non-covalently bound
labeled DNA was included to monitor irreversible cova-
lent complex formation. In accordance with the prior bio-
chemical studies (25-27), we found that GFP-Dnmtl
forms a covalent complex with DNA in the presence
and absence of AdoMet and AdoHcy, albeit at different
efficiencies. Similarly, this assay could be used for inhibi-
tor studies and to screen for small molecules that prevent
covalent enzyme-DNA complex formation.

Competition assay to directly determine substrate preference

A unique feature of this method is the possibility to com-
pare different DNA substrates in direct competition. The
trapping rates of GFP-Dnmtl with either un- or hemi-
methylated DNA trapping substrate or with both sub-
strates in direct competition clearly showed a preference
for hemimethylated DNA (Figure 6A). This result demon-
strates that substrate preference can be detected in a single
measurement by direct competition. Interestingly, the
preference for hemimethylated DNA was only pro-
nounced in the rate of covalent complex formation (trap-
ping assay) and not in the DNA-binding assay. The direct
competition of un- and hemimethylated DNA-binding
substrates revealed even a slight preference of GFP-
Dnmtl for unmethylated substrate (Figure 6B). The
substrate preference of GFP-DNMT1 was tested in four
independent experiments and revealed on average about
15-fold higher activity on hemimethylated than on
unmethylated DNA substrate (Figure 6C). These results
are consistent with data obtained with previous biochem-
ical activity assays measuring the transfer of radioactively
labeled methyl groups by purified Dnmtl or GFP-Dnmtl
and catalytic site mutants (28-31).

In summary, we present a novel, non-radioactive assay
for fast characterization of DNA methyltransferase activ-
ity and DNA binding. We show that the DNA binding,
substrate specificity and activity of DNA methyltrans-
ferases fused with GFP can reliably be measured with
this method. The simplicity and versatility of this assay
allows fast and inexpensive screening of enzymes, com-
plexes and mutants. By careful selection of fluorophores
with distinct excitation and emission spectra, multiple flu-
orescent substrates can be analyzed simultaneously in
direct competition. We applied the assay to the mamma-
lian Dnmtl and confirmed its preference for DNA
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substrates containing hemimethylated CpG sites. In addi- FUNDING

tion, we could. show that the active site mutation This work was supported by grants from the Deutsche
(C1229W) a.b ol}shes covalent complex formaﬂon, l?ut Forschungsgemeinschaft (DFGQG), the Nanosystem
not DNA binding. The usage of GFP fusion proteins Initiative Munich (NIM) and the Center for

allows a direct link of biochemical data to cell biological NanoScience (CeNS) to H.L. C.F. acknowledges support
data on subcellular localization and mobility of the very from the International Max Planck Research School for
same molecule obtained by fluorescence microscopy and Molecular and Cellular Life Sciences (IMPRS-LS) and by
photobleaching experiments. However, endogenous DNA the International Doctorate Program
methyltransferases could analogously be assayed by incu- ‘NanoBioTechnology’ of the Elite Network of Bavaria.
bation with fluorescent binding and/or trapping substrates Funding for open access charge: the Deutsche
and subsequent precipitation with specific antibodies. Forschungsgemeinschaft (DFG).

Alternatively, samples incubated with fluorescent trapping

substrates could also be separated by SDS-PAGE and Conflict of interest statement. H.L. is a co-founder of
catalytically active methyltransferases could be detected Chromotek.

in gel and identified by western blot or mass spectrometry.

This assay can easily be adapted for general DNA- and

RNA-binding studies providing a time-saving alternative REFERENCES

to electrophoretlc gel shift assays (32)' 1. Goll,M.G. and Bestor,T.H. (2005) Eukaryotic cytosine methyl-

transferases. Annu. Rev. Biochem., 74, 481-514.
2. Hermann,A., Gowher,H. and Jeltsch,A. (2004) Biochemistry and
biology of mammalian DNA methyltransferases. Cell Mol. Life Sci.,
SUPPLEMENTARY DATA o1 oS a5ey Y ell Mol. Life Sei
3. Robertson,K.D. (2005) DNA methylation and human disease. Nat.
Rev. Genet., 6, 597-610.
4. Spada,F., Rothbauer,U., Zolghadr,K., Schermelleh,L. and
Leonhardt,H. (2006) Regulation of DNA methyltransferase 1. Ady.

Supplementary Data are available at NAR Online.

Enzyme Regul., 46, 224-234.
ACKNOWLEDGEMENTS 5. Klimasauskas,S., Kumar,S., Roberts,R.J. and Cheng,X. (1994)
The authors thank Ulrich Rothbauer for preparation Hhal methyltransferase flips its target base out of the DNA helix.
. p , Cell, 76, 357-369.
of the GFP .n.antrz.lp dn.d members of the .LGOnhdrdt 6. Cheng,X., Kumar,S., Posfai,J., Pflugrath,J.W. and Roberts,R.J.
group for critical discussions and proofreading of the (1993) Crystal structure of the Hhal DNA methyltransferase com-

manuscript. plexed with S-adenosyl-L-methionine. Cell, 74, 299-307.



e22 Nucleic Acids Research, 2009, Vol. 37, No. 3

7.

oo

1

—

12.

13.

14.

15.

16.

17.

18.

19.

Schermelleh,L., Spada.F., Easwaran,H.P., Zolghadr,K.,
Margot,J.B., Cardoso,M.C. and Leonhardt,H. (2005) Trapped in
action: direct visualization of DNA methyltransferase activity in
living cells. Nat. Methods, 2, 751-756.

. Kuch,D., Schermelleh,L., Manetto,S., Leonhardt,H. and Carell,T.

(2008) Synthesis of DNA dumbbell based inhibitors for the human
DNA methyltransferase Dnmtl. Angew Chem. Int. Ed. Engl., 47,
1515-1518.

. Y00,C.B. and Jones,P.A. (2006) Epigenetic therapy of cancer: past,

present and future. Nat. Rev. Drug Discov., 5, 37-50.

. Roth,M. and Jeltsch,A. (2000) Biotin-avidin microplate assay for

the quantitative analysis of enzymatic methylation of DNA by
DNA methyltransferases. Biol. Chem., 381, 269-272.

. Yokochi, T. and Robertson,K.D. (2004) DMB (DNMT-magnetic

beads) assay: measuring DNA methyltransferase activity in vitro.
Methods Mol. Biol., 287, 285-296.

Kim,B.Y., Kwon,O.S., Joo,S.A., Park,J.A., Heo,K.Y., Kim,M.S.
and Ahn,J.S. (2004) A column method for determination of DNA
cytosine-C5-methyltransferase activity. Anal. Biochem., 326, 21-24.
Hubscher,U., Pedrali-Noy,G., Knust-Kron,B., Doerfler, W. and
Spadari,S. (1985) DNA methyltransferases: activity minigel analysis
and determination with DNA covalently bound to a solid matrix.
Anal. Biochem., 150, 442-448.

Margot,J.B., Aguirre-Arteta,A.M., Di Giacco,B.V., Pradhan,S.,
Roberts,R.J., Cardoso,M.C. and Leonhardt,H. (2000) Structure and
function of the mouse DNA methyltransferase gene: Dnmtl shows
a tripartite structure. J. Mol. Biol., 297, 293-300.

Woo,Y.H., Rajagopalan,P.T. and Benkovic,S.J. (2005) A non-
radioactive DNA methyltransferase assay adaptable to high-
throughput screening. Anal. Biochem., 340, 336-340.

Tamura,T., Kataoka,A., Shu,L.Y., Ashida,A., Tanaka,H. and
Inagaki,K. (2002) An in vitro screening method for DNA cytosine-
C5-methylase inhibitor. Nat. Prod. Lett., 16, 25-27.
Yamamoto,T., Nagasaka,T., Notohara,K., Sasamoto,H.,
Murakami,J., Tanaka,N. and Matsubara,N. (2004) Methylation
assay by nucleotide incorporation: a quantitative assay for regional
CpG methylation density. Biotechniques, 36, 846-850, 852, 854.
Humeny,A., Beck,C., Becker,C.M. and Jeltsch,A. (2003) Detection
and analysis of enzymatic DNA methylation of oligonucleotide
substrates by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry. Anal. Biochem., 313, 160-166.
Salyan,M.E., Pedicord,D.L., Bergeron,L., Mintier,G.A.,
Hunihan,L., Kuit,K., Balanda,L.A., Robertson,B.J., Feder,J.N.,
Westphal,R. et al. (2006) A general liquid chromatography/mass
spectroscopy-based assay for detection and quantitation of
methyltransferase activity. Anal. Biochem., 349, 112-117.

20.

2

—_

22.

23.

24.

25.

26.

27.

28.

29.

30.

w2
—

PAGE 8 OF 8

Boussif,O., Lezoualc’h,F., Zanta, M.A., Mergny,M.D.,
Scherman,D., Demeneix,B. and Behr,J.P. (1995) A versatile vector
for gene and oligonucleotide transfer into cells in culture and

in vivo: polyethylenimine. Proc. Natl Acad. Sci. USA, 92,
7297-7301.

. Rothbauer,U., Zolghadr,K., Muyldermans,S., Schepers,A.,

Cardoso,M.C. and Leonhardt,H. (2007) A versatile nanotrap for
biochemical and functional studies with fluorescent fusion proteins.
Mol. Cell Proteomics., 7, 282-289.

Laemmli,U.K., Beguin,F. and Gujer-Kellenberger,G. (1970) A
factor preventing the major head protein of bacteriophage T4 from
random aggregation. J. Mol. Biol., 47, 69-85.

Easwaran,H.P., Schermelleh,L., Leonhardt,H. and Cardoso,M.C.
(2004) Replication-independent chromatin loading of Dnmtl during
G2 and M phases. EMBO Rep., 5, 1181-1186.

Schermelleh,L., Haemmer,A., Spada,F., Rosing,N., Meilinger,D.,
Rothbauer,U., Cardoso,M.C. and Leonhardt,H. (2007) Dynamics
of Dnmtl interaction with the replication machinery and its role in
postreplicative maintenance of DNA methylation. Nucleic Acids
Res., 35, 4301-4312.

Svedruzic,Z.M. and Reich,N.O. (2004) The mechanism of target
base attack in DNA cytosine carbon 5 methylation. Biochemistry,
43, 11460-11473.

Svedruzic,Z.M. and Reich,N.O. (2005) DNA cytosine C5 methyl-
transferase Dnmtl: catalysis-dependent release of allosteric inhibi-
tion. Biochemistry, 44, 9472-9485.

Wu,J.C. and Santi,D.V. (1987) Kinetic and catalytic mechanism of
Hhal methyltransferase. J. Biol. Chem., 262, 4778-4786.

Jeltsch,A. (2006) On the enzymatic properties of Dnmtl: specificity,
processivity, mechanism of linear diffusion and allosteric regulation
of the enzyme. Epigenetics, 1, 63—66.

Pradhan,M., Esteve,P.O., Chin,H.G., Samaranayke,M., Kim,G.D.
and Pradhan,S. (2008) CXXC domain of human DNMTTI is
essential for enzymatic activity. Biochemistry, 47, 10000—-10009.
Pradhan,S., Bacolla,A., Wells,R.D. and Roberts,R.J. (1999)
Recombinant human DNA (cytosine-5) methyltransferase. I.
Expression, purification, and comparison of de novo and mainte-
nance methylation. J. Biol. Chem., 274, 33002-33010.

. Hermann,A., Goyal,R. and Jeltsch,A. (2004) The Dnmtl DNA-

(cytosine-C5)-methyltransferase methylates DNA processively with
high preference for hemimethylated target sites. J. Biol. Chem., 279,
48350-48359.

. Man,T.K. and Stormo,G.D. (2001) Non-independence of Mnt

repressor-operator interaction determined by a new quantitative
multiple fluorescence relative affinity (QuMFRA) assay. Nucleic
Acids Res., 29, 2471-2478.



