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Methylation of genomic DNA allows for epigenetic control
of genomic stability, gene expression, and repression of

transposable elements.1,2 More recently, tumor-type specific
hypermethylation at promoter regions of tumor suppressor genes
has been observed and correlated with cancer subtypes.3,4 Further-
more, genome-wide hypomethylation has also been shown to occur
in tumor cells.5�7 In mammals, DNA methylation occurs almost
exclusively in CpG dinucleotides, where DNA methyltransferases
catalyze the transfer of amethyl group from S-adenosylmethionine to
cytosine.8,9 The elucidation of the mechanism for DNA demethyla-
tion, however, remains elusive.10�12 Interestingly, a 50-(hydroxy-
methyl)cytosine modification has recently been identified and is
being actively investigated.13 The recognition of genomic methyla-
tion patterns in humans ismainly orchestrated by a family of proteins
known as methyl-CpG binding domains (MBDs) along with the
Kaiso family of methylation-specific Cys2�His2 zinc finger domains
(ZBTBs, or zinc finger and BTB domain-containing proteins) and
the SET- and RING-associated (SRA) domains of the E3 ubiquitin-
protein ligase UHRF1 (ubiquitin-like PHD and RING finger
domain-containing protein 1).14�17 These mCpG-binding proteins
are reported to bind hypermethylated sites in gene promoters, act as
transcriptional repressors, and recruit DNA methyltransferases.18

The importance of identifyingmethylation sites at both the sequence-
specific and global levels has led to numerous approaches, including
bisulfite sequencing9 and immunoprecipitation-based techniques.8

Bisulfite sequencing is often limited by DNA degradation as well
as incomplete conversion of 50-methylcytosine to uracil,19 while
immunoprecipitation-based techniques for global DNA methylation
can be time intensive. Therefore, the development of more direct

methods for the detection of methylated DNA at both the sequence-
specific and global levels has generated significant interest.9,20�25

We have previously reported several split-protein reassembly
or complementation-based sequence-specific methylation sensors.
These sensors comprise genetically fragmented split-signaling pro-
teins, including the green fluorescent protein (GFP),26 β-lacta-
mase,27 and firefly luciferase,28 whereMBD2 is attached to one frag-
ment as a methylation-specific recognition domain and a sequence-
specific zinc finger (ZF) is attached to the complementary fragment
for targeting a defined sequence (Figure 1a). The formation of a
ternary complex drives reassembly of the fragmented protein to
afford a detectable output. With this in mind, we explored the use of
a sensitive, methylation-specific domain for the development of a
new sensor that could directly report on global levels of DNA
methylation in a genomic context. We envisioned that a sensor
comprising one copy of the chosen domain attached to each half of
the split-luciferase enzyme could potentially read out global levels of
methylation (Figure 1b). Thus, we turned to a systematic explora-
tion of the human MBD, ZBTB, and UHRF families in the context
of our most sensitive reporter, the split-firefly luciferase system.

The human members of the MBD family, namely, MeCP2,
MBD1, MBD2, MBD3, and MBD4, are defined by a significant
degree of sequence and structural similarity.29�31 Numerous
studies have focused on characterizing the ability of MBD family
proteins to bind mCpG sites by utilizing common biochemical
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ABSTRACT: Epigenetic modifications play an essential role in the
regulation of gene expression and ultimately cell fate. Methylation of
cytosine at CpG dinucleotides (mCpG) is an important epigenetic mark
that has been correlated with cancer when present at promoter sites of
tumor suppressor genes. To develop a rapid methodology for the direct
assessment of global levels of DNA methylation, we first interrogated the
methyl-CpG binding domains (MBDs), the Kaiso family of Cys2�His2
zinc fingers, and an SET- and RING-associated domain using a split-
luciferase reassembly methodology. We identified MBD1 as the most
selective domain for the discrimination between mCpG and CpG sites with over 90-fold selectivity. Utilizing a bipartite strategy, we
constructed a purely methylation-dependent bipartite sensor for the direct detection of global levels of DNA methylation by
attaching MBD1 domains to each of the split-luciferase halves. This new sensor was validated for the direct determination of
genomic DNA methylation levels in in vitro studies without any intervening chemical or enzymatic processing of DNA. Finally, we
demonstrated that this bipartite sensor can be utilized for monitoring dose-dependent changes in global levels of methylation in
DNA from HeLa cells challenged with 5-aza-20-deoxycytidine, a DNA methyltransferase inhibitor.
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techniques, including electrophoretic mobility shift assays
(EMSAs),32,33 DNase footprinting assays and chromatin immuno-
precipitation (ChIP),34 and in vivo immunostaining.35 However,
to our knowledge there are no reports of a direct evaluation of the
methylation-specific binding of this set of MBDs. Additionally,
characterization of the methyl-binding abilities of the ZBTB and
UHRF proteins has yielded novel domains that preferentially bind
to methyl-CpG over its unmethylated counterpart.36,37 We antici-
pated that the information gained by directly comparing all methyl-
CpG binding domains would allow us to select an appropriate
domain for developing more sensitive split-protein sensors for
detecting global levels of DNA methylation. Herein, we report
our systematic investigation of themCpG binding capabilities of the
human MBD, ZBTB, and UHRF families in the context of a split-
luciferase sensor. Building on these results, we also describe the
development of a general di-MBD sensor for the direct detection of
global levels of DNA methylation, which can potentially be utilized
for assessing the effect of 5-aza-20-deoxycytidine, a DNA methyl-
transferase inhibitor, in HeLa cells.

’MATERIALS AND METHODS

Plasmid Construction andmRNAProduction.DNA encoding
the N-terminal (residues 2�416) and C-terminal (residues 398�
550) firefly luciferase fragments was generated by PCR with
appropriate primers, inserted into a pETDuet-1 vector (Novagen)
using standard techniques, and verified by dideoxyoligonucleotide
sequencing. These fragments are herein referred to as NFluc and
CFluc, respectively. Fragments encoding the MBDs (MeCP2,
MBD1, MBD2, MBD3, and MBD4), the ZBTBs (ZBTB4, ZBT-
B33, ZBTB38), the UHRFs (UHRF1 and UHRF2), and the ZFs
(Zif268 and E2C) were generated by PCR starting from their
respective plasmids (Supporting Information, Table S1). DNA-
binding domainswere conjugated to their respective firefly luciferase
halves through a short glycine�serine linker. The fusion proteins
were generated using standard cloning techniques and subsequently
verified using dideoxyoligonucleotide sequencing (Supporting In-
formation, Table S2). For preparation of templates for in vitro
transcription, PCR fragments corresponding to the desired fusion
proteins were generated using a forward primer containing a T7
RNA polymerase promoter and a Kozak sequence and a reverse
primer containing a 30 hairpin loop. The purified PCR pro-
ducts were subsequently used as templates for in vitro transcription
using the RiboMAX Large Scale RNA Production System—T7
(Promega) following the manufacturer’s protocol.
DNA Target Preparation. All oligonucleotide targets were

obtained HPLC purified from IDT (Supporting Information,
Table S3). All designed DNA targets were annealed in 1�
BamHI Buffer (NEB) using the following procedure: heating

to 95 �C for 7 min, cooling to 56 �C at a rate of 0.1 �C s�1,
equilibrating at 56 �C for 5 min, cooling to 25 �C at a rate of
0.1 �C s�1, and finally equilibrating at 25 �C for 10 min using a
Labnet Multi Gene II thermocycler. The pETDuet recombinant
plasmid variant, pET (7667 bp), and purified HeLa genomic DNA
were methylated using M.SssI CpG methyltransferase (NEB)
according to the manufacturer’s protocol. The extent of protection
was determined by using the methylation-sensitive endonucleases
BstUI, where the cleavage of the target sequence is blocked byCpG
methylation, andMcrBC, where the cleavage of the target sequence
requires either symmetrical methylation or hemimethylation.
Treated HeLa Genomic DNA Preparation. HeLa cells were

cultured in T-25 flasks at 1� 105 cells per flask in 90%DMEM/F12
1:1 medium (Lonza) supplemented with 10% FBS (Lonza),
penicillin�streptomycin (Mediatech), and amphotericin B (JR
Scientific). After 24 h, triplicate flasks were treated with 1 μM,
250 nM, or 100 nM 5-aza-20-deoxycytidine (Sigma) or the vehicle
DMSO. The compound was removed and the medium replaced
after 24 h of treatment, and the cells were allowed to proliferate for
3 days before collection. At harvest the cells in each flask were
detached with trypsin�EDTA, and DNA was purified using the
WizardGenomicDNAPurificationKit (Promega) according to the
manufacturer’s instructions. The effect of varying concentrations of
5-aza-20-deoxycytidine on genomic DNA methylation was deter-
mined using the methylation-sensitive endonuclease McrBC.
Split-Luciferase Reassembly Using MBD/ZBTB/UHRF Fu-

sion Proteins. Duplicate 25 μL translations were carried out in
Flexi Rabbit Reticulocyte Lysate (Promega) according to the
manufacturer’s protocol using 1 pmol of MBD/ZBTB/UHRF�
NFluc and CFluc�Zif268 mRNA, 10 μMZnCl2, 0.5 μL of RNasin
Plus (Promega), and either 10 nM C10Z(m) or 10 nM C10Z(u)
target DNA. To investigate MBD1 sensitivity for hemimethylation,
duplicate 25 μL translations were carried out in Flexi Rabbit
Reticulocyte Lysate according to the manufacturer’s protocol using
1 pmol of MBD1�NFluc and CFluc�Zif268 mRNA, 10 μM
ZnCl2, 0.5 μL of RNasin Plus (Promega), and 10 nM C2Z(m),
C2Z(tm), C2Z(bm), or C2Z(u) target DNA. To determine the
detection limit, duplicate translations were carried out in Flexi
Rabbit Reticulocyte Lysate using 1 pmol of MBD1�NFluc and
CFluc�E2C mRNA, 10 μM ZnCl2, 0.5 μL of RNasin Plus, and a
100, 75, 50, 25, 10, or 5 pM concentration of the DNA target
C2E(m). In all cases, translations were incubated at 30 �C for
90min and assayed by adding 80 μL of Steady-Glo Luciferase Assay
System (Promega) to 20 μL of translated lysate. Light emission was
monitored 1 min after Steady-Glo addition using a Turner 20/20n

luminometer with a 3 s delay and a 10 s integration time.
35S-Methionine SDS�PAGE. For verification of protein

synthesis, 25 μL translations were carried out in Flexi Rabbit
Reticulocyte Lysate (Promega) according to the manufacturer’s

Figure 1. Schematic representation of split-luciferase complementation systems. (a) AnMBD is tethered to the N-terminal fragment of firefly luciferase
(NFluc), and a Cys2�His2 ZF domain is tethered to the C-terminal fragment of firefly luciferase (CFluc). Addition of the DNA target containing a
symmetrically methylated CpG dinucleotide (green) and the appropriate ZF binding site (ZFBS; blue) will result in DNA-binding and luciferase
reassembly. (b) The firefly luciferase fragments are both tethered to identical MBDs. Addition of a DNA target containing multiple adjacent mCpG
dinucleotides results in mCpG-dependent DNA-binding and luciferase reassembly.
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protocol using 1 pmol of MBD�NFluc, 0.5 μL of RNasin Plus
(Promega), and 1 μL of 35S-methionine (1175 Ci/mmol) and
allowed to incubate for 90 min at 30 �C. The samples were applied
to an SDS�PAGE gel, and the dried gel was exposed overnight to a
Storage Phosphor Screen (MolecularDynamics) and scanned using
a Typhoon 9410 variable-mode imager (GE Healthcare).
Split-Luciferase Reassembly of the diMBD1�Fluc Sensor.

In all experiments pertaining to the diMBD1�Fluc sensor, 23.75
μL translations were carried out in Flexi Rabbit Reticulocyte
Lysate according to the manufacturer’s protocol using 1 pmol of
MBD1�NFluc andCFluc�MBD1mRNA and 0.5 μL of RNasin
Plus and allowed to incubate for 90 min at 30 �C. For the limit of
detection using synthetic oligonucleotides, 0.5 pmol of RNA was
used instead of the typical 1 pmol. Target DNA (synthetic
oligonucleotides, plasmids, or genomic DNA) was added post-
translation and incubated for 60 min at 4 �C. For the initial test
using synthetic oligonucleotides, the DNA targets C6C(m) and
C21C(m) were added to a final concentration of 10 nM. For the
limit of detection, the DNA target C6C(m) was added to a final
concentration of 20, 10, 8, 6, 4, 2, or 1 nM. For the initial test
using methylated plasmid DNA, the DNA targets pET(m) or
pET(u) were added to a final concentration of 16 pM. For the
limit of detection, the methylated plasmid DNA target pET(m)
was added to a final concentration of 5, 2.5, 1.0, 0.50, or 0.25 pM.
For the initial test using HeLa genomic DNA, 500 ng of the
native DNA target HeLa(n) was added to the in vitro translated
fusion proteins. For the 5-aza-20-deoxycytidine HeLa genomic
DNA, 350 ng of genomic DNA isolated fromHeLa cells that had
been treated with either vehicle or 100 nM, 250 nM, or 1.0 μM
5-aza-20-deoxycytidine was added to the in vitro translated fusion
proteins. In the case of the HeLa(m) and HeLa(n) DNA
titrations, 30, 25, 20, 15, or 10 ng of the DNA target HeLa(m)
or 30, 25, or 20 ng of the DNA target HeLa(n) was added to the
in vitro translated fusion proteins. All samples were assayed by
the addition of 80 μL of Steady-Glo Luciferase Assay System to
20 μL of translated lysate. Light emission was monitored 1 min
after Steady-Glo addition using a Turner 20/20n luminometer
with a 3 s delay and a 10 s integration time. All experiments were
carried out in duplicate, with the exception of HeLa genomic
DNA from cells treated with 5-aza-20-deoxycytidine, which was
carried out in triplicate.

’RESULTS AND DISCUSSION

Direct Comparison of MBD, ZBTB, and UHRF Family
Members. We initially sought to establish a split-protein reas-
sembly system that is suited for use as a platform to compare the
relative binding of all members of the MBD, ZBTB, and UHRF
families of domains to symmetrically methylated target oligonu-
cleotides. Our previously established, first-generation Fluc-based
methylation sensor had the C-terminal Fluc fragment (CFluc)
attached to the three-finger ZF Zif268, which binds its target 50-
GCG-TGG-GCG-30 with a reported Kd of 6 nM38 and the
N-terminal Fluc fragment (NFluc) attached to the methyl-CpG
binding domain of MBD2.28 As such, we investigated the MBD,
ZBTB, and UHRF families using an identical platform, where
NFluc (residues 2�416) was conjugated to the domain to be
interrogated, creating MBD/ZBTB/UHRF�NFluc, while CFluc
(residues 398�550) was left conjugated to Zif268, yielding
CFluc�Zif268 (Figure 1a). An oligonucleotide, C10Z(m), which
contained a symmetrically methylated CpG site followed by a 10
base pair (bp) separation and the Zif268 binding site, was designed
as a target for directing reassembly. The unmethylated counterpart
is defined as C10Z(u). Cell-free translations were initiated by the
addition of in vitro transcribed mRNA corresponding to MBD/
ZBTB/UHRF�NFluc and CFluc�Zif268 fusions in the presence
of either methylated or unmethylated DNA targets.
We found that four (MeCP2, MBD1, MBD2, and MBD4) of

the five tested MBDs produced at least 2-fold luminescent
signal over background in the presence of the mCpG-containing
target DNA (Figure 2a). Of these four MBDs, there was
considerable variation in overall intensity, ranging over an order
of magnitude from MeCP2 to MBD1. The most sensitive MBD
was, by far, MBD1, which showed a 93-fold preference for the
mCpG dinucleotide over the unmethylated counterpart. This
sensitivity decreased in the following order: MBD2 (35-fold),
MBD4 (11-fold), and MeCP2 (8-fold). Despite this widespread
mCpG-binding selectivity, the tested MBD�NFluc fusions
showed comparable levels of protein expression, suggesting
that the results reflected the true mCpG-binding preferences
(Supporting Information, Figure S1). Although the ZBTB
domains reportedly bind methylated CpG dinucleotides,
they require multiple adjacent mCpG sites or specific DNA

Figure 2. Interrogation of MBD, ZBTB, and UHRF binding affinities. (a) Initial test of MBD, ZBTB, and UHRF family members’ preferences for the
symmetrically methylated C10Z(m) DNA over the unmethylated counterpart C10Z(u) using the split-luciferase sensor system incorporating the three-
finger ZF Zif268 as a DNA anchor. The inset shows an enlarged subset of the same data for clarity. Error bars represent +1 standard deviation. (b) Fold
preference of MBD1 binding to DNA using the split-luciferase sensor system incorporating Zif268 with symmetrically methylated C2Z(m) and
hemimethylated (on sense strand C2Z(tm) or antisense strand C2Z(bm)) DNA as compared to the unmethylated counterpart C2Z(u).
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sequences for high-affinity binding.36 It is therefore not surpris-
ing that the ZBTB domains showed very little preference for a
single mCpG dinucleotide in the context of a sequence un-
related to the preferred binding site. However, both ZBTB33
(Kaiso) and ZBTB38 showed at least a 2-fold preference for a
single mCpG over the unmethylated counterpart. Lastly, the
UHRF domains showed very little preference for symmetrically
methylated DNA, as they reportedly bind hemimethylated DNA
with a slightly higher affinity.37 However, the binding affinities
of these domains for either hemimethylated or symmetrically
methylated CpG dinucleotides are significantly higher than the
protein concentrations used in this experiment, potentially
affecting the results. Regardless, the previously studied UHRF1
showed virtually no preference for symmetrically methylated
CpG, while the homologous UHRF2 showed about 3-fold
preference.
With the large preference for symmetrically methylated CpG

dinucleotides achieved using the MBD1-based sensor, we
thought it would also show a moderate discrimination between
hemimethylated and unmethylated dinucleotides. It has been sug-
gested that hemimethylated CpG dinucleotides are intermediates in
the processes responsible for the variable degrees of hypomethylation
and hypermethylation that appear during carcinogenesis.39 Here,
similar oligonucleotides with CpGmethylated on either both strands
[C2Z(m)] or the sense [C2Z(tm)] and antisense [C2Z(bm)]
strands only with a 2 bp spacer followed by the Zif268 binding site
were used. This spacing was chosen given our previously demon-
strated preference of MBD domains for this distance between the
mCpG and the ZF binding site.26,27 Once again, the MBD1-based
sensor showed a large preference (110-fold) for the methylated
target (Figure 2b). Additionally, MBD1 discriminates between the
fully methylated and hemimethylated targets by about 20-fold, while
retaining a moderate 5-fold preference for the hemimethylated CpG
dinucleotides. Lastly, high-affinity binding of theMBD1-based sensor
was confirmed using the six-finger ZF E2C, which binds to its target
sequence 50-GGG-GCC-GGA-GCC-GCA-GTG-30 with a reported
Kd of 500 pM.40 This MBD1-based sensor was found to have a
detection limit of 500 amol or 10 pg of target DNA C2E(m), which

was detectable over the average background signal plus 3 stan-
dard deviations (99% confidence levels) (Supporting Information,
Figure S1). These results confirm that the MBD1-based sensor can
be potentially utilized for reporting primarily upon symmetrically
methylated targets.
Determination of Global Methylation in Plasmid DNA.We

next turned our attention to designing sensors that can directly
report on global changes in genomic methylation, which have
been observed in both disease progression and aging.41,42 A
global methylation sensor also has the potential for providing a
convenient means for the interrogation of the activity of DNA
methyltransferases as well as putative demethylating enzymes.
Moreover, global methylation sensors may allow for a new
method for determining the activity of small molecules that
perturb methylation levels, for example, by inhibition of methyl-
transferases. Having identified MBD1 as an appropriate mCpG
recognition domain that provides high fidelity in discriminating
between methylated versus unmethylated targets, we chose to
utilize MBD1 as the detection domain for evaluation of global
DNAmethylation. Toward this end, MBD1 was tethered to each
half of the fragmented firefly luciferase, creating MBD1�NFluc
and CFluc�MBD1, which we collectively refer to as diMBD1�
Fluc (Figure 1b). In contrast to our previous sequence-specific
methylation sensors that localize to specific sites in the genome,
this new sensor should potentially report upon the average
methylation density of the DNA being analyzed.
As an initial test, we translated the split-sensor in either the

presence or absence of designed targets containing symmetrically
methylated CpGs separated by a 6 bp [C6C(m)] or 21 bp [C21-
C(m)] spacer (Figure 3a). The 6 bp separation was expected to
provide adjacent binding sites for theMBDs, allowing for reassembly
of the diMBD1�Fluc system based on previous studies,26,27 while
the 21 bp separation was engineered to test the limit for feasible
reassembly between the luciferase halves, where the linkers (33
amino acids can potentially span∼93Å) should theoretically be long
enough to span two turns of DNA (∼70 Å linearly).43 TheC6C(m)
target generated considerable signal over background, while the 21
bp spacer also yielded a modest signal increase over background,

Figure 3. Detection of CpG methylation with a diMBD1�Fluc methylation sensor. (a) Initial experiment utilizing the diMBD1�Fluc bipartite sensor
for the detection of multiple methylated CpGs using the doubly methylated targets CpG-6-CpG(m) and CpG-21-CpG(m) or in the absence of DNA.
(b) Relative luminescence in the presence of decreasing concentrations of CpG-6-CpG(m), showing a linear trend across the tested concentrations. (c)
Detection of global methylation of a fully methylated pETDuet plasmid, pET(m), generated by treatment with M.SssI CpG methyltransfrerase
compared to unmethylated pET, pET(u), or noDNA target. The inset shows the nearest neighbor distance separation between all 530 predictedmCpGs
in pET(m), with 81% of predicted mCpG sites within 20 bp and 90% of predicted mCpG sites within 30 bp. (d) Relative luminescence of the
diMBD1�Fluc sensor in the presence of decreasing concentrations of pET(m), which shows a linear trend across the tested concentrations. Error bars
represent +1 standard deviation for all bar graphs and (1 standard deviation for all scatter plots.
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demonstrating the feasibility of split-luciferase reassembly despite the
large separation between adjacent mCpG sites. The previously
reported split-GFP and split-lactamase sensors are significantly more
sensitive to DNA length as compared to split-luciferase, which may
be a consequence of the inherent flexibility at theN- andC-termini of
firefly luciferase, where a large degree of disorder has been observed
at both termini in the crystal structure.44 Finally, the diMBD1�Fluc
split-sensor was reassembled in the presence of decreasing amounts
of the C6C(m) target, revealing a limit of detection of 200 fmol or
2.6 ng, which was detectable over the average background signal plus
3 standard deviations (Figure 3b).
To address global methylation in the context of a larger DNA

target, a derivative of the recombinant bacterial plasmid pETDuet-1,
pET, was chosen for initial evaluation (Figure 3c). Since our strategy
requires that two MBD1 domains bind to adjacent mCpG sites, we
calculated the proximity of nearest-neighbor sites in the plasmid using
ourGCContentAnalyzer code (Supporting Information, Supplemen-
tary Protocol). The spacing between any two directly adjacent CpGs
is 20 bp or less for 81% of the sites in the pETDNA target and 30 bp
or less for 90% of the sites (Figure 3c, inset). The plasmid was fully
methylated using M. SssI CpG methyltransferase to create pET(m).
Methylation was judged to be complete as verified by digestion
using the methylation-sensitive endonucleases BstUI and McrBC
(Supporting Information, Figure S3).We then determined the ability
of our MBD1-based split-sensor to generate a differential signal in
the presence of the methylated, pET(m), as compared to the un-
methylated, pET(u), plasmid. We observed that the diMBD1�Fluc
sensor accurately distinguishes between the plasmids as a function of
methylation status, with a limit of detection of 25 amol or 125 pg of
plasmid DNA being detectable above the average background signal
plus 3 standard deviations (99%confidence level) (Figure 3d). These
results establish that the diMBD1�Fluc sensor can clearly distinguish
methylated oligonucleotides as well as differentiate between methy-
lated and unmethylated plasmid DNA.
Evaluation of Global Methylation of HeLa Genomic DNA.

Having established that the diMBD1�Fluc sensor can report on
global methylation, we turned to investigate whether our sensor
would be suitable for the semiquantitative evaluation of the global

methylation levels of HeLa genomic DNA. HeLa DNA has been
reported to be methylated at ∼50�60% of all CpG sites in the
genome.45,46 As a first test, we purified genomic DNA from unsyn-
chronized HeLa cells and exposed it to our MBD1 split-sensors,
resulting in a 26-fold signal over background in the presence of
500 ng of HeLa genomic DNA, HeLa(n) (Figure 4a).
We next sought to establish a semiquantitative approach for

determining the percentage of methylated CpG sites in genomic
DNA. To accomplish this for natively methylated HeLa genomic
DNA, HeLa(n), we first generated a standard curve using known
concentrations of fully methylated HeLa DNA, HeLa(m), pre-
pared by treatment with the M.SssI CpG methyltransferase. The
following analysis makes the assumption that the total number of
sensor-accessible methylated CpGs is equal in both samples. By
interpolating the signal from native HeLa DNA in comparison to
the standard curve generated from the fully methylated HeLa
genomic DNA (Figure 4b), we determined that the methylation
frequency of native HeLa DNA is∼50% of all possible CpG sites in
the genome. The value of∼50% determined by this approach is on
the lower spectrum of previously determined global methylation
levels of HeLa DNA.45,46 It is possible that CpG islands in genomic
DNA from cancer cells are overmethylated in comparison to other
CpG sites and that these sites are sterically less accessible to our
sensor, leading to an underestimation.45 This semiquantitative
approach based on internal methylated standards may be applied
when utilizing the diMBD1�Fluc sensor as a simple semiquantita-
tive approach to address changes in global methylation in different
cell types.
Finally, we sought to utilize the diMBD1�Fluc methylation

sensor for determining changes in the global levels of genomic
methylation in HeLa cells. Thus, low-confluency HeLa cells were
treated with varying concentrations of the DNA methyltransferase 1
(DNMT1) inhibitor 5-aza-20-deoxycytidine. Following three days of
replication, total genomic DNA was isolated from cells exposed to
each drug concentration. The changes in methylation levels of both
the vehicle- and 5-aza-20-deoxycytidine-treated HeLa DNA were
further supported by digestion using the methylation-sensitive endo-
nuclease McrBC, which selectively cleaves symmetrically methylated

Figure 4. Investigation of the global methylation frequency of HeLa genomic DNA. (a) Detection of global methylation of HeLa genomic DNA,
HeLa(n), as compared to no DNA target with the diMBD1�Fluc sensor. (b) Relative luminescence from the diMBD1�Fluc sensor in the presence of
decreasing concentrations of the HeLa(n) and fully methylated HeLa(m) generated by treatment withM.SssI CpGmethyltransferase. A standard curve
generated with HeLa(m) upon which HeLa(n) values at knownDNA concentrations of 200, 250, and 300 pg/mL have been interpolated on the basis of
the luminescence of diMBD1�Fluc. The analysis of these data shows that the overall genomic HeLa(n) DNA methylation frequency is∼50% by this
method. (c) Dose-dependent effect of 5-aza-20-deoxycytidine, a DNAmethyltransferase inhibitor, on genomic DNAmethylation in HeLa cells detected
by the diMBD1�Fluc sensor. Error bars represent +1 standard deviation for all bar graphs and (1 standard deviation for all scatter plots.
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or hemimethylated DNA over nonmethylated DNA (Supporting
Information, Figure S4). The degree of degradation of genomicDNA
from vehicle-treated cells was visibly greater than that of 5-aza-20-
deoxycytidine-treated cells. The diMBD1�Fluc sensor was subse-
quently used to assess the clinically relevant dose-dependent decrease
in methylation upon addition of 5-aza-20-deoxycytidine, where we
observed a significant decrease in luminescent signal as a function of
increasing inhibitor concentration, which agrees with reported litera-
ture data (Figure 4c).47 The ability to utilize the diMBD1�Fluc
sensor formeasuring a dose-dependent decrease inmethylation levels
mediated by 5-aza-20-deoxycytidine treatment demonstrates that our
new approach can be utilized for investigating reagents or environ-
mental conditions that induce hypomethylation or hypermethylation.

’CONCLUSION

The elucidation of binding specificities of both naturally occurring
and designed zinc finger domains has paved the way for site-specific
localization of nucleases,48 methylases,49 and integrases50 to targeted
DNA sequences. The utility of DNA-targeting domains that recog-
nize DNA modifications, such as DNA methylation or hydroxyme-
thylation,13 may provide methodologies complementary to those
realized with ZFs. Herein, we have systematically compared the
methylation specificity for a large number of known human domains
in the context of a split-luciferase biosensor. We identified MeCP2,
MBD1,MBD2, andMBD4asdomains that provide selective binding
to DNA containing mCpG sites, while MBD3, ZBTB4, ZBTB33,
ZBTB38, UHRF1, and UHRF2 did not demonstrate significant
mCpG binding. Within the context of this assay platform, we found
that MBD1 has a greater than 100-fold preference for mCpG sites
over CpG sites as well as a 20-fold preference over identical sites that
are hemimethylated. Having established the specificity of these
domains, we designed a new split-luciferase sensor for interrogating
global levels of DNAmethylation based onMBD1, where each frag-
ment of split-Fluc is attached toMBD1. This biosensor was shown to
provide a simple and rapid method for determining the global
methylation frequency in native HeLa genomic DNA preparations.
Moreover, the new sensor was shown to be useful for monitoring
changes in HeLa DNA methylation levels in response to treatment
with a DNAmethyltransferase inhibitor. Thus, we anticipate that the
rapid, sensitive, and homogeneous assay systems described herein
may ultimately allow for the detection ofmethylation changes in both
specific sequences and global levels of DNA methylation.
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