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Abstract
Mismatch repair and DNA methylation are extensively-studied cellular processes that
play key roles in a number of biological pathways. Their importance to cellular homeostasis is apparent from ﬁndings linking their loss or deregulation to pathologies ranging from neurodegeneration to cancer. The interplay between these pathways in bacteria as well as in higher eukaryotes has been amply documented, but many questions
regarding its role are yet to be answered. Here, we show that the human mismatch
recognition factor MutS (heterodimer of MSH2 and MSH6) binds to hemi-methylated
DNA substrates. Given the involvement of DNA methylation in chromatin remodeling and transcriptional control, and the link between mismatch repair defects and DNA
hypermethylation, we hope that our serendipitous ﬁnding will inspire future studies
aiming to elucidate its signiﬁcance.

Introduction
DNA methylation at the 5’ position of cytosine in vertebrates plays a crucial role in
imprinting, X chromosome inactivation, and gene regulation [1] [2]. It occurs primarily
at CpG sites, 70–90% of which are symmetrically methylated in higher eukaryotes [3].
An exception represents the so-called CpG islands, stretches of DNA rich in CpG sites
that remain generally unmethylated. CpG islands have been the subject of intense study,
due to the impact their aberrant methylation has on ageing and cancer [4] [5] [6] [7].
In contrast, the importance of the methylation states of single CpG sites is still not
very well understood, partly because it is harder to detect and functionally assess than
high-density CpG sites in deﬁned promoters. To learn more about the biological roles
of single CpGs, it is crucial to examine how the methylation patterns at deﬁned loci are
altered and how they aﬀect protein binding and gene expression.
In somatic cells, methylation patterns are usually strictly maintained with the help
of DNA methylation maintenance machinery comprising DNA methyltransferase 1
(DNMT1) and Ubiquitin Like with PHD and Ring Finger Domains 1 (UHRF1), which
travel with the replication fork and ensure that the newly-synthesized DNA strand is
immediately methylated. Hemi-methylated CpG sites are therefore considered to exist
only very transiently, primarily during DNA replication, long-patch repair, or in the
course of an active DNA demethylation process. However, occasional persistent hemimethylated CpG sites have been described [8], even though their function remains enigmatic. It is also unknown how they are protected from the maintenance methylation
machinery.
In the course of our study concerned with the role of DNA methylation in the transcriptional control of the hormonally-regulated vitellogenin II gene, we carried out a series
of electrophoretic mobility shift assays (EMSAs), using deﬁned unmethylated, hemimethylated and fully-methylated DNA oligonucleotide duplexes, together with extracts
of human and chicken DT40 cells. As anticipated, the sequences were eﬃciently bound
by their cognate transcription factors present in the extracts. Surprisingly, we also detected a protein/DNA complex of lower electrophoretic mobility found this protein complex to be the well-characterized mismatch repair (MMR) factor MutS (a heterodimer of
MSH2 and MSH6). The possible signiﬁcance of this unexpected ﬁnding is discussed
below.
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We aimed to characterize a speciﬁc mobility shift on hemi-methylated DNA substrates.
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Figure Legend
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Figure 1.
(A) EMSA with 10 µg of the indicated nuclear extracts or 100 ng recombinant MutS and
oligo 1 (lower panel). Binding on unmethylated oligo (CG/GC) and hemi-methylated
oligo (mCG/GC) was tested. The two CpG sites (green) were equally modiﬁed. DT40-,
extracts of DT40 MSH2-/- cells; DT40+ wild type DT40 cell extracts. The asterisk indicates bands relevant for another study.
(B) The UV-crosslinked binding reaction using 60 µg of the indicated nuclear extracts or
recombinant MutS (same as in A) and oligo 1 containing one BrdU on each strand (see
Methods). Crosslinked complexes were resolved on denaturing polyacrylamide gels and
visualized on phosphor screens.
(C) In vitro MMR assay. The substrates (see M&M) were incubated with MMR-proﬁcient
nuclear extracts of HEK293 cells, recovered and digested with DraI and SalI, yielding a
repair-dependent restriction pattern (right panel). Mismatch recognition by MutS leads
to the activation of EXOI, which degrades several hundred nucleotides from the nick until the mispair is removed. In a subsequent step, pol-delta reﬁlls the gap, which should
restore the C/G pair, and thereby the Sall site, at position 42. The upper left panel, an
image of an agarose gel, shows that the C/G and mC/G substrates were-fully digested by
the restriction enzymes, whereas the T/G substrate was largely undigested, indicative
of incomplete repair. However, autoradiograph of the same gel shows heavy 32P incorporation into the 2823 bp band in the T/G reaction, indicative of substantial mismatchdependent exonucleolytic degradation, with a subset of the substrate molecules having
been repaired to C/G, as indicated by the presence of radiolabel in the 1516 bp band
(left lower panel). In contrast, only very small amounts of radiolabel were incorporated
into the C/G and mC/G substrates, suggesting that no appreciable repair synthesis took
place on these nicked plasmids.
(D) Left panel: Representative EMSA with increasing concentrations of recombinant
MutS (0, 10, 100, and 1000 ng) and oligo 1 with the indicated combinations of methylation. An oligo with a T/G mismatch was included as a positive control (last 4 lanes).
Right panel: Quantiﬁcation of percentage bound oligo/total oligo in three independent experiments. Data are represented as mean ± SD. Signiﬁcance was assessed by an
ANOVA test, followed by the Tukey’s multiple comparison test, comparing each concentration separately. The asterisk corresponds to the 1000 ng concentration, whereas
the other concentrations were not signiﬁcant using the described test. *p ≤0.05; **p
≤0.01.
(E) Same as D, but on oligos depicted below the gels (CpG sites in green).
(F) Supershift experiments using either BSA as a control or an antibody against MutS
(AB, Anti-MSH6 BD-610919) without or with ATP (1 mM) on oligo 1 with nuclear extracts of HEK 293 cells.
(G) Same as F, but with recombinant MutS (left panel) or nuclear extracts of HEK 293
(right panel) on oligo 2.

Results & Discussion
The fact that DNA methylation changes the topology of DNA and its interaction with
proteins is well established, but questions concerning the control and dynamic regulation, tissue- and locus-speciﬁcity of DNA methylation, as well as the molecular determinants aﬀecting protein/DNA recognition, remain to be elucidated.
We were investigating the methylation dynamics of single CpG sites in the chicken
vitellogenin II promoter and the eﬀect these modiﬁcations have on transcription factor binding and gene expression. Using electrophoretic mobility shift assays (EMSAs)
and UV crosslinking coupled with SDS polyacrylamide gel electrophoresis (PAGEs), we
detected the expected protein/DNA complexes formed by the tested DNA sequences
and their cognate proteins. However, we also observed a band of slightly lower electrophoretic mobility that was speciﬁc for the hemi-methylated substrates. Its migration
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characteristics in the EMSA assays, coupled with mass spectrometric analysis of the
shifted complex, suggested that the bound protein might be the MMR factor MutS.
To gain more support for the above ﬁnding, we repeated the EMSAs with nuclear extracts (NE) of cell lines with diﬀerent MutS expression levels as well as puriﬁed recombinant MutS, using unmethylated and hemi-methylated DNA substrates (Fig. 1A). The
low mobility band speciﬁc for the hemi-methylated substrate could be detected in NEs
of the endometrial cell line HeLa and the chicken B cell line DT40 (DT40+). The fact
that the band migrated with similar mobility to that seen with recombinant MutS and
that this band was absent in EMSAs with extracts of the colon adenocarcinoma cell line
LoVo that lacks MutS, as well as of DT40 MSH2-/- (DT40-), cells provided strong evidence that the hemi-methylated DNA-speciﬁc binding protein was indeed MutS. The
shift created by MutS ran slightly slower than the shift we were investigating as part of
another study (marked with an asterisk).
An aliquot of the same binding reactions was irradiated with UV light and resolved on
denaturing SDS PAGE (Fig. 1B). Because the oligo substrate was radiolabelled but also
contained BrdU (see Methods), the protein(s) and the bound DNA substrate were covalently crosslinked by UV to generate a protein/DNA complex that was radiolabeled and
that had a molecular mass equal to the sum of its two constituents. The hemi-methylated
DNA-speciﬁc band was signiﬁcantly stronger in HeLa and DT40 extracts and substantially so when recombinant MutS was used, while this band was not detected in NE of
DT40 cells lacking MutS (DT40-). The weak band visible with the LoVo extracts could
be explained by trace amounts of MSH6 present in the extracts despite the deletion
of MSH2 [9]. We were curious to see whether MutS binding to hemi-methylated CpG
sites would trigger nick-dependent strand degradation and DNA repair synthesis. We
performed an in vitro mismatch repair assays using MMR-proﬁcient HEK293 nuclear extracts and pre-nicked plasmids containing an unmethylated (negative control) or hemimethylated CpG site. A substrate containing a T/G mismatch was used as a control. We
detected substantial repair synthesis (visualized as the incorporation of a radioactivelylabeled nucleotide) in the T/G-containing control, but not in the hemi-methylated or the
unmethylated substrate (1C).
Next set out to investigate the binding aﬃnity of recombinant MutS to 3 diﬀerent oligo
substrates. We ﬁrst compared its binding in EMSA assays to unmethylated (CG/GC),
hemi-methylated (CG/GmC), and fully-methylated (mCG/GmC) substrate, using increasing amounts of MutS (Fig. 1D & 1E). A substrate harboring a T/G mismatch
(TG/GC), the preferred substrate for MutS, was used as a control with oligos 1 and 3.
The most signiﬁcant diﬀerences in binding were seen with oligo 1 (Fig. 1D). The diﬀerences for oligos 2 and 3 were not statistically signiﬁcant upon quantiﬁcation, but clearly
visible in all three experiments (Fig. 1E, left panel: oligo 2, right panel: oligo 3 including
T/G control).
Additional evidence for the speciﬁcity of the observed shift was gained through supershift experiments, using an antibody against human MSH6 with HEK293 NEs and oligo 1
(Fig. 1F), or recombinant MutS and HEK293 NEs on oligo 2 (Fig. 1G, left panel: recombinant MutS, right panel: HEK293 NEs). Binding of the antibody caused retardation of the
complex in the EMSA assay and the addition of 1 mM ATP completely abolished binding
of MutS to the DNA, as previously shown [10] [11] [12], further conﬁrming the speciﬁcity of the mobility shift. Since we showed clear binding of MutS to hemi-methylated
oligos but did not observe any detectable levels of repair activity upon incubation of
plasmids containing hemi-methylated sequences in repair-proﬁcient nuclear extracts,
we can only speculate about the biological signiﬁcance of the observed binding behavior of MutS. However, we cannot exclude the possibility that hemi-methylated CpGs
might provoke MutS-dependent repair in vivo.
The connection between MMR and DNMT1 has been reported before. DNMT1
deﬁciency has been connected with microsatellite instability and resistance to
6-thioguanine, assigning DNMT1 to the group of MMR proteins [13] [14] [15] [16] [17].
Other studies established a connection between MMR deﬁciency and hypermethylation
in colorectal cancer [18] [19] [20], due to the frequent hypermethylation and therefore
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inactivation of the MMR gene MLH1. It is, however, diﬃcult to establish the causeconsequence relationship of these events. Moreover, the authors provide diﬀerent explanations concerning the mechanistic interaction. A more recent report shows that the
catalytic activity of DNMT1 is not required for its MMR-enhancing eﬀect and shows an
interaction of DNMT1 and MMR that does not depend on hemi-methylated DNA [21].
Our observation brings the possibility of a direct interaction back into the spotlight and
it will be very interesting to ﬁnd out more about the meaning and consequences of this
ﬁnding.
Eﬃcient MMR depends on two main criteria: (i) mismatch recognition, and (ii) direction
of the repair reaction to the newly-synthesized DNA strand, which – by deﬁnition – carries the misincorporated nucleotide. It is interesting to note that, in Gramm-negative
bacteria, the nascent strand is transiently-undermethylated at GATC sequences and that
this time window is utilized by the MutH endonuclease to incise it and thus provide an
entry site for the exonucleolytic degradation that will remove the error [22]. However, Gramm-positive bacteria do not use adenine methylation for strand discrimination and their genomes do not encode MutH homologues. The latter protein is absent
also from all eukaryotes, as is N 6-methyl-2’-deoxyadenine. Moreover, most eukaryotes possess highly-eﬃcient MMR despite the fact that they do not methylate their
DNA and available evidence indicates that higher eukaryotes the genomes of which
do carry 5-methylcytosine do not deploy it for strand discrimination during MMR [23]
[24]. Instead, MMR in the latter organisms is tightly-coupled to replication and makes
use of strand discontinuities, such as nicks and single-stranded gaps, to distinguish between the parental and the daughter strands [25] [26]. (See [27] [28] [29] for reviews.)
However, the possibility remains that there might exist special circumstances when the
recognition of hemi-methylated CpGs, possibly followed by incision of one of the stands
might aid an as yet unidentiﬁed process of DNA metabolism. The purpose of this report
is to bring this possibility to the attention of those with access to experimental systems
that might be able to throw more light on this interesting phenomenon.

Limitations
More diﬀerent sequence contexts and varying densities of CpGs have to be examined
to gain more insights into the role and mechanism of the observed phenomenon and to
unravel which kind of promoters or other genomic elements might be aﬀected.
The relatively low sensitivity of the in vitro MMR assay makes it hard to completely
exclude the activation of MMR by the hemi-methylated site.

Alternative Explanations
Conjectures
It will be very interesting to further address this observation and decipher whether it is a
physiologically irrelevant observation or whether it serves a bigger purpose either connected to mismatch repair itself or possibly to the regulation and dynamic metabolism
of 5-methylcytosine in DNA, another highly-active research ﬁeld, especially since the
discovery of the ten-eleven translocation (TET) enzymes.

Additional Information
Methods
Preparation of nuclear extracts
The nuclear extracts were prepared according to Dignam et al. [30].
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Electrophoretic Mobility Shift Assay (EMSA)
All EMSA reactions were carried out in binding buﬀer (10 mM Tris-HCl, pH 7.6, 50 mM
NaCl, 1 mM DTT, 1 mg/ml BSA, 5% glycerol) in a volume of 5 µl using the unspeciﬁc
competitor poly(dI-dC) (Sigma-Aldrich). 20 ng of poly(dI-dC) was used for 100 ng of recombinant MutS (puriﬁed as described in [12]) and 1 µg for 10 µg of nuclear extracts. For
all EMSAs, 10 fmol of [α-32P]-dNTP labeled, or [γ-32P]-ATP phosphorylated oligos were
used. For the supershift assays, 200 ng of antibody (Anti-MSH6; BD Biosciences 610919)
and 1 mM ATP were added, together with the proteins where indicated. Proteins, and
antibodies where indicated, were incubated for 20 min on ice in binding buﬀer. Labeled
DNA was added and the mixture was left at RT for another 20 min before loading on a
5% polyacrylamide gel (Acryl/ Bis 29:1, Amresco) eluted with 1x TAE (40 mM Tris, 20
mM acetate, 1 mM EDTA). The gels were run at 200 V for 1 h in 1x TAE and dried in a
gel dryer for 1 h. The gels were exposed to phosphor screens and the autoradiographs
were developed in a Typhoon FLA 9500 (GE Healthcare Life Sciences).
Oligo 1 upper 5’ TATTCCTGGTCAGCGTGACCGGAGC 3’
and lower 5’TTCAGCTCCGGTCACGCTGACCAGGAATA 3’,
oligo 2 upper 5’GATTTTCTTTATTCGCCGTGAAGAGAATTTATG3’
and lower 5’CATAAATTCTCTTCACGGCGAATAAAGAAA3’,
oligo 3 upper 5’GCAGAAAACAGCCACGTGTTCCTGAAC3’
and lower 5’ GTTCAGGAACACGTGGCTGTTTTC3’,
T/G oligo upper 5’ CCAGACGTCTGTTGACGTTGGGAAGCTTGAG 3’
and lower 5’CTCAAGCTTCCCAACGTCGACAGACGTCTGG 3’. The bold, underlined
Ts in oligo 1 were replaced by BrdU to enable crosslinking.
SDS-PAGE of cross-linked binding reactions
EMSAs were performed as described and cross-linked for 5 min (~720 mJ) in a UV
Stratalinker 1800 (Stratagene). Samples were taken up in 2x SDS loading buﬀer and
boiled for 5 min before loading on a 7.5 % denaturing polyacrylamide gel and run for
1–2 h in 10 % SDS-running buﬀer at 130 V. Gels were dried for 1 h, exposed to phosphor
screens and developed in a Typhoon FLA 9500 (GE Healthcare).
In vitro mismatch repair assay
The substrate was a circular heteroduplex of 3196 bp, which contained either a C, a mC,
or a T opposite a G within the SalI site at position 42, as well as a single Nt.BstNBI nick
in the upper (C, mC, or T) strand at position 308. It was incubated with nuclear extracts
of HEK293 cells supplemented with dGTP, dCTP, dTTP and [a-32P]dATP in a buﬀer
containing 20 mM Tris HCl pH 7.6, 110 mM KCl, 5 mM MgCl2 , 1 mM glutathione, 1.5
mM ATP, 50 μg/ml BSA. Reactions were incubated at 30℃ for 25 min, then incubated in
a stop solution (0.5 mmol/l EDTA, 1.5% SDS, 2.5 mg/ml proteinase K) for 1 h. The DNA
was puriﬁed using Qiagen MinElute Reaction Cleanup Kit, followed by digestion with
DraI and SalI. The repair synthesis step can be visualized by the incorporation of the
radiolabeled nucleotide. In the case of 100% eﬃcient repair, all radioactivity should be
found predominantly in the 1516 bp band, with some also in the 1307 bp band.
The restriction fragments were visualized under UV and incorporation of the radioactive
nucleotide was detected on the dried gel using the Typhoon FLA 9500 PhosphorImager.
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