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The modifications 5-methylcytosine (5mC) and 5-hydroxymethyl-
cytosine (5hmC) are the two major DNA epigenetic modifications in
mammalian genomes and play crucial roles in development and
pathogenesis. Little is known about the colocalization or potential
correlation of these two modifications. Here we present an ultrasen-
sitive single-molecule imaging technology capable of detecting and
quantifying 5hmC and 5mC from trace amounts of DNA. We used this
approach to perform single-molecule fluorescence resonance energy
transfer (smFRET) experiments which measure the proximity between
5mC and 5hmC in the same DNA molecule. Our results reveal high
levels of adjacent and opposing methylated and hydroxymethy-
lated CpG sites (5hmC/5mCpGs) in mouse genomic DNA across
multiple tissues. This identifies the previously undetectable and
unappreciated 5ShmC/5mCpGs as one of the major states for 5hmCin
the mammalian genome and suggest that they could function in
promoting gene expression.
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pigenetic modifications of DNA contribute critical regulatory
functions to the underlining genetic sequence. The two major
DNA modifications in the mammalian genome are 5-methylcytosine
(5mC) and 5-hydroxymethylcytosine (ShmC), which are often re-
ferred to as the “fifth base” and “sixth base,” respectively; SmC is
generated by DNA methyltransferase (DNMTs) mainly at CpG di-
nucleotides and generally results in gene silencing (1, 2), and ShmC is
oxidized from 5SmC by ten-eleven translocation (TET) family dioxy-
genases and mostly enriched in brain (3, 4). The modification ShmC
is generally believed to be a gene activation mark for two reasons.
First, it is enriched in active genes in brain and other tissues (5-9).
Second, ShmC is the key intermediate in the mammalian active DNA
demethylation pathway in which ShmC is further oxidized by TET to
S-formylcytosine (5fC) and S-carboxylcytosine (5caC) followed by
removal of 5fC and 5caC through base excision repair (10-12).
Intensive research on 5hmC in recent years indicated the
TET-mediated oxidation process plays important roles in diverse
biological processes ranging from embryonic development to
carcinogenesis; however, how ShmC exerts its biological role is
largely unclear (13-15). One important piece of information that
has been missing is the interplay between ShmC and its precursor
5SmC. Despite many techniques that have been developed to
detect and sequence SmC and ShmC, including recent advances
in base-resolution mapping of ShmC (16), no method to date can
simultaneously reveal 5SmC and 5hmC sites in the same DNA
molecule. Here we present an ultrasensitive single-molecule im-
aging technology capable of detecting and quantifying SmC and
5hmC from trace samples, which we used to study the distance
relationship between 5SmC and ShmC with single-molecule fluo-
rescence resonance energy transfer (smFRET).

Results and Discussion

Our imaging approach uses a selective chemical labeling strategy
(17) to label DNA base modifications with specific fluorophores,

4338-4343 | PNAS | April 19,2016 | vol. 113 | no. 16

followed by single-molecule imaging fluorescent assays (18) (Fig. 14
and Fig. S1). This method is highly modular and can be used to
image just one modification or multiple modifications simulta-
neously. To image ShmC, the DNA fragments are first end-labeled
with biotin and Cy3 by using Terminal Transferase (TdT) and
modified dCTP. The biotin is used to immobilize DNA molecules
to the microscope slide, and the Cy3 serves as a counter for total
amount of DNA. Next, p-glucosytransferase (BGT) is used to label
5hmC with Cy5 via an azide-modified glucose. The dye-labeled
biotinylated DNA is then captured by surface-tethered neutravidin
on a passivated microscope slide and imaged with single-molecule
total internal reflection fluorescence (TIRF) microscopy (Fig. 14
and Fig. S1). The number of ShmC containing molecules and total
amount of DNA can be determined by counting the fluorophores in
the red channel (Cy5) and green channel (Cy3), respectively. Using
synthetic DNA constructs we confirmed that the stepwise labeling is
highly efficient and shows minimum background (Fig. S1). We then
applied the method to postnatal day 60 (P60) and postnatal day 14
(P14) mouse cerebellum genomic DNA (Fig. 1B). In addition to
counting the fluorophores by direct emission, we also used photo-
bleaching to detect multiple fluorophores in individual DNA mol-
ecules (Fig. 1C and Fig. S2). The ShmC level can then be calculated
based on the fluorophore counts, multiple fluorophore correction,
and the average length of the DNA fragments (Fig. 1D). Our results
for ShmC are comparable to what has been found in bulk samples
by previous HPLC-MS techniques (19) and also reveal the age-
dependent increase of ShmC in mouse cerebellum from P14 to P60
as previously reported (17).

Significance

DNA epigenetic modifications in the forms of 5-methylcytosine
(5mC) and 5-hydroxylmethylcytosine (5hmC) play crucial regula-
tory functions in the mammalian genome. Here we developed an
ultrasensitive single-molecule epigenetic imaging technology for
detecting and quantifying 5hmC and 5mC. By conducting single-
molecule fluorescence resonance energy transfer experiments, we
discovered high levels of adjacent and opposing methylated and
hydroxymethylated CpG sites in the mouse genome, a previously
unappreciated structure which may play an important role in
gene regulation.
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Single-molecule imaging of 5hmC. (A) General procedure for single-molecule imaging of 5hmC. DNA fragments are end-labeled with biotin and Cy3,

and 5hmC is labeled with Cy5. The labeled DNA is immobilized to the microscope slide and imaged with single-molecule TIRF microscopy. (B) Fluorophore
counts of labeled P60 and P14 mouse cerebellum genomic DNA with example images shown on the right. (C) Distribution of multiple fluorophores on DNA
fragment of mouse cerebellum when detecting 5hmC. (D) The 5hmC level of mouse cerebellum DNA. Error bars, mean + SD (n = 15 counting regions).

To image SmC and 5hmC simultaneously, we developed a
dual-labeling strategy (Fig. 24 and Fig. S3). We first end-labeled
DNA fragments with biotin and labeled ShmC with Cy5 as de-
scribed above. Then we used BGT and Tetl in a one-pot procedure
to label SmC with Cy3 (20) (Fig. 24 and Fig. S3). The number of
5hmC and 5mC modifications can be determined by counting the
fluorophores in the red channel (Cy5) and green channel (Cy3),
respectively. The SmC labeling was highly efficient as indicated by
experiments with synthetic DNA (Fig. S3). The labeling efficiencies
of both ShmC and 5mC are about 60% as estimated by the ab-
sorption spectrum of the dual-labeled DNA (Fig. S4). The dual-

labeling strategy was also validated on mouse cerebellum genomic
DNA. By counting Cy3 on 5SmC and Cy5 on ShmC we obtained the
ratio between SmC and ShmC occurrence (Fig. 2B). As expected, in
addition to higher counts of SmC than that of ShmC, we observed
more multiple fluorophores events on SmC than on ShmC (Fig. 2C),
which was factored into the final SmC to ShmC ratio (Fig. 2D). We
calculated the absolute SmC level from the previous ShmC mea-
surement (Fig. 2E). Unlike ShmC, the 5SmC level did not change
significantly between P14 and P60.

Thanks to the ultrahigh sensitivity of single-molecule imaging, this
method only requires 50 pg of DNA or less for each measurement,
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Fig. 2. Dual-labeling of 5mC and 5hmC for simultaneous imaging. (A) General procedure for dual-labeling and simultaneous imaging of 5mC and 5hmC.
DNA fragments are end-labeled with biotin, 5ShmC is labeled with Cy5, and 5mC is labeled with Cy3. The labeled DNA is immobilized to the microscope slide
and imaged with single-molecule TIRF microscopy. (B) Fluorophore counts of dual-labeled P60 and P14 mouse cerebellum genomic DNA with example images shown
on the right. (C) Distribution of multiple fluorophores on DNA fragment of mouse cerebellum when detecting 5mC. (D) The 5mC to 5hmC ratio in mouse cerebellum
genomic DNA after adjusting multiple fluorophores. (E) The 5mC level of mouse cerebellum DNA. Error bars, mean + SD (n = 15 counting regions).
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representing orders of magnitude less DNA than is required by  fluorescence-based methods (19, 21-23). Besides being a general
previous quantification methods such as the HPLC-MS or other  detection and quantification method, single-molecule imaging
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Fig. 3. smFRET analysis between dual-labeled 5mC and 5hmC. (A) General procedure for smFRET analysis between 5mC and 5hmC. DNA fragments are end-labeled with
biotin, 5ShmC is labeled with Cy3, and 5mC is labeled with Cy5. The labeled DNA is immobilized to the microscope slide and imaged with single-molecule TIRF microscopy
for smFRET analysis. (B) SmFRET distributions of dual-labeled synthetic DNA with 5mC and 5hmC separated with different lengths in the same DNA strand. (C) smFRET
distributions of dual-labeled synthetic DNA with 5hmC/5mCpG or 5hmC/5hmCpG sites. (D) smFRET distributions of dual-labeled mouse genomic DNA from various tissues
and mESC. In B-D, solid lines indicate the Gaussian kernel density estimation. Arrows indicate FRET peaks. The zero FRET peak is mainly from DNAs with donor only.

4340 | www.pnas.org/cgi/doi/10.1073/pnas.1600223113 Song et al.


www.pnas.org/cgi/doi/10.1073/pnas.1600223113

L T

/

1\

=y

A Concentration of MBD2 (um)
0 05 1 2 0 05 1 2

e —d

Bound

-..W-..UWW

TTTOTTTT TTTYTTTT
EEREFYEEN NESEFNEEN
5mC/5mCpGs 5hmC/5mCpGs

MBDs
—> Transcriptional Repression
5hmC
MBDs O 5mC
| — Transcriptional Activity

Fig. 4. Reduced binding to MBD proteins is shown in 5ShmC/5mCpGs compared with 5mC/5mCpGs. (4) Binding of 5mC/5mCpGs and 5hmC/5mCpGs containing
DNA to varying concentrations of the methyl-CpG binding domain of human MBD2 protein assayed via EMSA. (B) Model for potential function of 5ShmC/

5mCpGs in promoting gene expression.

provides a unique opportunity to study the colocalization states
of 5SmC and 5hmC, which has been unknown because no pre-
vious method could perform an integrated analysis of SmC and
5hmC in the same DNA molecule. With the dual-labeling scheme
described above, we were able for the first time to measure the
proximity between SmC and 5hmC in the same DNA molecule.

Because 5SmC is much more abundant than 5ShmC, we switched
the fluorescence labels on the modification for the smFRET ex-
periment so that there are more acceptors (SmC-Cy5) than donors
(5hmC-Cy3) (Fig. 34). We first used synthetic DNA with ShmC and
5mC separated by defined distances for smFRET measurement. We
observed low FRET (~0.1), middle-FRET (~0.6), and high-FRET
(~0.82) states when ShmC and 5SmC are 22, 9, and 1 bp apart,
respectively (Fig. 3B). We also constructed a synthetic DNA with
adjacent and opposing hemihydroxymethylated/hemimethylated
CpG sites (ShmC/5SmCpGs) and observed a high-FRET (~0.78)
state (Fig. 3C). Surprisingly, when performing the smFRET mea-
surement on mouse cerebellum DNA, we observed a distinct high-
FRET peak (~0.78) with no middle-FRET peaks in between in both
P60 and P14 samples (Fig. 3D). To determine whether this high-
FRET state was from ShmC and S5SmC on the same strand or from
ShmC and 5mC on the CpG site, we denatured the DNA before
smFRET experiment. We verified that synthetic DNA with ShmC
and 5mC on the same strand retained the FRET signal, whereas
synthetic DNA with 5ShmC/SmCpGs lost the FRET signal after
denaturing (Fig. S5 4 and B). Both P60 and P14 mouse cerebel-
lum DNA lost the FRET signal after denaturing, showing that the
high FRET state was from adjacent and opposing CpG sites
(Fig. S5 C and D).

We also constructed synthetic DNAs with fully hydroxymethy-
lated (ShmC/ShmCpGs) or fully methylated CpG sites (SmC/
SmCpGs) and verified the smFRET signals were not from these
CpG sites (Fig. 3C and Fig. S6). Additionally, we used mouse
cerebellum genomic DNA to confirm that the high-FRET events
can only be observed in SmC and ShmC dual-labeled samples but
not in donor-only or acceptor-only single-labeled samples (Fig. S7).
Moreover, we observed anticorrelated intensity changes of the do-
nor and acceptor due to accepter bleaching in mouse cerebellum
genomic DNA, a validation of the sSmFRET events (Fig. S8). These
results confirm the existence of high levels of ShmC/5SmCpGs in the
mouse cerebellum. We further conducted smFRET measurements
in genomic DNA from different mouse tissues with different ShmC
levels and cell proliferation rates (10, 24) and from mouse embry-
onic stem cell (mESC) as well. We observed consistently high levels
of ShmC/5mCpGs in all of the tissues and the cell line, indicating
that such hybrid CpG sites are a universal phenomenon across the
mammalian genome independent of cell proliferation and ShmC
level (Fig. 3D). After accounting for the efficiency of the labeling
and detection on synthetic DNA, we estimated that ShmC/5SmCpGs
roughly account for 60% of ShmC. Our results revise the current
understanding that ShmC mainly exists as fully hydroxymethylated
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form (5ShmC/ShmCpGs) (15, 25) and point to the previously in-
discernible ShmC/5SmCpGs as a major state for ShmC in vivo.

The widespread and highly abundant ShmC/SmCpGs could
potentially serve important functions such as gene activation and
protein binding. One general mechanism of DNA methylation
mediated gene repression is through the recruitment of methyl-
CpG binding domain (MBD)-containing proteins to fully meth-
ylated CpG sites (1). Being the first intermediate state of TET
oxidation of 5SmC/5mCpGs, one immediate consequence of ShmC/
SmCpGs could be to inhibit such interactions. Others have in-
vestigated MBD binding to asymmetrically methylated sites in the
context of oxidative DNA damage (26) and genome replication
(25) and found reduced binding affinity. We tested the protein
MBD?2 using an electrophoretic mobility shift assay (EMSA) on
synthetic DNA and found that 5hmC/5mCpGs significantly
inhibited its binding compared with SmC/5mCpGs (Fig. 44). This
result is consistent with previous investigation using other methods
(25), and it implies the potential function of ShmC/SmCpGs may be
to induce transcriptional activation through the inhibition of MBD
protein binding (Fig. 4B). Future studies are needed to elucidate
the functional significance of ShmC/SmCpGs.

Here we described a versatile single-molecule technology to
image 5SmC and 5hmC from trace amounts of DNA. The ul-
tralow input requirement enables this approach to be applied to
limited and sensitive samples, such as cell-free circulating DNA
(27). It is also the first measurement technology to our knowl-
edge that can be used to study the colocalization status between
SmC and 5ShmC with smFRET. The modification SmC occurs
almost exclusively in the form of SmC/5SmCpGs and is main-
tained by maintenance methyltransferase DNMT1 following
DNA replication (1, 2). Recent base-resolution sequencing
suggested ShmC to be less symmetric in CpG than SmC (28).
Our results show that a large proportion of ShmC exists in the
form of 5hmC/5mCpGs, a previously undetectable and un-
appreciated state. TET proteins can convert 5SmC in all contexts
to ShmC efficiently in vitro (20, 28). The widespread occurrence
of 5ShmC/5SmCpGs in the mammalian genome suggests TET
proteins may be regulated by yet unidentified mechanisms to
preferentially oxidize only one strand of SmC/5mCpGs in vivo.
Alternatively, ShmC/SmCpGs can be generated by the de novo
methyltransferase DNMT3 following DNA replication (25).
Also, 5ShmC/5mCpGs may play important functions such as gene
activation (Fig. 4B) and protein binding, which warrant further
investigation. Currently, to our knowledge, our method is the
only way to detect such hybrid CpG sites. It highlights the im-
portance of developing new methods that can detect multiple
DNA modifications in the same DNA context. Future devel-
opment and application of this and other single-molecule
technologies such as the direct detection of DNA modifications
by single-molecule, real-time sequencing (29) would enable the
study of a large set of epigenetic modifications.
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Materials and Methods

Preparation of Genomic DNA. All animal procedures were performed in ac-
cordance with approved Institutional Animal Care and Use Committee protocols
by Stanford University. Mouse tissue genomic DNA was extracted using Wizard
Genomic DNA Purification Kit (Promega) following the manufacturer’s
recommendation. Genomic DNA was digested with dsDNA Fragmentase
(NEB) to 50-200 bp following the manufacturer's recommendation and ana-
lyzed by agarose gel electrophoresis to determine the average fragment length.

Preparation of Synthetic DNA. Oligonucleotides containing 5mC, 5hmC, bi-
otin, Cy3, Cy5, and FAM were ordered from Integrated DNA Technologies.
Equal molar of two complementary strands are slowly annealed to form
duplex DNA. Sequences of synthetic DNA are as follows:

5hmC_5mC_22bp, X = 5mC, Y = 5hmC:

5 CCCGAXGCATGATCTGTACTTGATCGACYGTGCAAC 3’

3’ GGGCTGCGTACTAGACATGAACTAGCTGGCACGTTG-biotin 5
5hmC_5mC_9bp, X = 5mC, Y = 5hmC:

5 CCCGACGCATGATCTGTAXTTGATCGACYGTGCAAC 3’

3’ GGGCTGCGTACTAGACATGAACTAGCTGGCACGTTG-biotin 5
5hmC_5mC_1bp, X = 5mC, Y = 5hmC:

5 CCCGAXGYATGATCTGTACTTGATCGACCGTGCAAC 3’

3’ GGGCTGCGTACTAGACATGAACTAGCTGGCACGTTG-biotin 5
5hmC/5mC_CpG, X, Y= 5mC or 5hmC:

5 TCGATGTAGTGCGTCACYGGATGATAGCTGTACTCA 3’

3’ AGCTACATCACGCAGTGGXCTACTATCGACATGAGT-biotin 5’
5hmC/5mC_CpG_FAM, X = 5mC, Y = 5mC or 5hmC:

5 TCGATGTAGTGCGTCACYGGATGATAGCTGTACTCA 3’

3’ AGCTACATCACGCAGTGGXCTACTATCGACATGAGT-FAM 5’

End-Labeling of Genomic DNA Fragments with Biotin and Cy3. To end-label
genomic DNA fragment with biotin and Cy3, 50 ng genomic DNA fragment
was incubated in a 10-uL solution containing 1X Terminal Transferase Re-
action Buffer (NEB), 0.25 mM CoCl,, 50 uM biotin-16-Aminoallyl-2'-dCTP (Tri-
link), 50 pM Cy3-dCTP (GE Healthcare), and 10 U Terminal Transferase (NEB) for
0.5 h at 37 °C. To end-label genomic DNA fragment with biotin only, 50 ng
genomic DNA fragment was incubated with Terminal Transferase as described
in the presence of 250 pM biotin-16-Aminoallyl-2-dCTP. The end-labeled DNA
was purified by DNA Clean & Concentrator-5 (Zymo) following the manufac-
turer's recommendation and eluted in 8 pL H,0.

Single-Labeling of 5hmC with Cy5. Biotin and Cy3 end-labeled DNA was in-
cubated in a 10-uL solution containing 50 mM Hepes buffer (pH 8), 25 mM
MqgCl,, 75 uM UDP-6-N3-Glc (Active Motif), and 1 U BGT (5-hmC glucosyl-
transferase; Zymo) for 1 h at 37 °C. Then 2.5 uL Cy5 DBCO (10 mM stock in
DMSO; Click Chemistry Tools) was directly added to the reaction mixture and
incubated overnight at 37 °C. The 5hmC-labeled DNA was purified by DNA
Clean & Concentrator-5 (Zymo) following the manufacturer’s recommen-
dation and eluted in EB buffer (Qiagen). DNA concentration was determined
by Qubit Fluorometer (Life Technologies).

Dual-Labeling of 5hmC and 5mC with Cy5 and Cy3. Biotin end-labeling of DNA
and 5hmC labeling were performed as described above, and the 5hmC-
labeled DNA was purified into 8 uL H,O. Next, Tet1 oxidation was carried out
by incubating the 5hmC-labeled DNA in a 10-pL solution containing 50 mM
Hepes buffer (pH 8), 10 mM MgCl,, 75 mM ammonium iron (ll) sulfate, 2 mM
ascorbic acid, 1 mM o-ketoglutarate, 90 pM UDP-6-N3-Glc, 1 mM DTT, 2 U
BGT, and 2 uM Tet1 (Wisegene) for 1 h at 37 °C. The DNA was purified and
incubated with 2 mM Cy3 DBCO (Click Chemistry Tools) overnight at 37 °C in
presence of 50 mM Hepes buffer (pH 8) and 10 mM MgCl,. The dual-labeled

1. Klose RJ, Bird AP (2006) Genomic DNA methylation: The mark and its mediators.
Trends Biochem Sci 31(2):89-97.

2. Goll MG, Bestor TH (2005) Eukaryotic cytosine methyltransferases. Annu Rev
Biochem 74:481-514.

3. Tahiliani M, et al. (2009) Conversion of 5-methylcytosine to 5-hydroxymethyl-
cytosine in mammalian DNA by MLL partner TET1. Science 324(5929):930-935.
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DNA was purified by DNA Clean & Concentrator-5 into EB buffer. DNA
concentration was determined by Qubit Fluorometer.

Dual-Labeling of 5hmC and 5mC with Cy3 and Cy5 for smFRET. The biotin end-
labeled DNA was incubated in a 10-pL solution containing 50 mM Hepes
buffer (pH 8), 25 mM MgCl,, 150 pM UDP-6-Ns-Glc (Active Motif), and 1 U
BGT for 1 h at 37 °C. Then 1 U fresh BGT and 200 uM unmodified UDP-Glc
(NEB) was added to the reaction and incubated for 1 h at 37 °C. The DNA was
purified and incubated with 2 mM Cy3 DBCO (Click Chemistry Tools) over-
night at 37 °C in presence of 50 mM Hepes buffer (pH 8) and 10 mM MgCl,.
The 5hmC-labeled DNA was purified and oxidized with Tet1 and labeled
with Cy5 DBCO as described above. The dual-labeled DNA was purified by
DNA Clean & Concentrator-5 into EB buffer. DNA concentration was de-
termined by Qubit Fluorometer.

Denaturing Dual-Labeled Sample for smFRET. Dual-labeled synthetic DNA was
first end-labeled with biotin as described above. Fifty microliters of 50 pM
dual-labeled synthetic DNA or genomic DNA samples in EB buffer were
heated for 10 min at 100 °C and immediately put on ice for 10 min before
smFRET experiments.

Single-Molecule Imaging Through Total Internal Reflection Fluorescence
Microscope. A quartz slide was first coated with polyethylene glycol (PEG)
molecules [99:1 (mol/mol) mPEG-SVA:biotin-PEG-SVA (Laysan Bio)] to elimi-
nate nonspecific binding of DNA (30). The slide was then assembled into a flow
chamber and coated with neutravidin by injecting 0.2 mg/mL neutravidin solution.
Through the specific interaction between biotin and neutravidin, the dye-labeled
DNAs conjugated with biotin were immobilized on the PEG-coated surface by an
incubation at a concentration of 30~100 pM for 15 min. After washing out the
free DNAs, the FRET measurements by a TIRF microscope were performed with an
oxygen scavenger system (0.1 mg/mL glucose oxidase and 0.02 mg/mL catalase)
and Trolox to eliminate single-molecule blinking events (31). Details of the wide-
field TIRF microscope have been reported (30). Briefly, the excitation beam
was focused into a pellin broca prism (CVI Laser), which was placed on top
of a quartz slide with a thin layer of immersion oil in between to match the
index of refraction. Cy3 (donor) and Cy5 (acceptor) dyes were excited
through the dual-laser excitation system (532 and 633 nm) via TIRF. The
fluorescence signals from Cy3 and Cy5 that were collected by a water
immersion objective lens (60x, 1.2 N.A. Nikon) and then passed through a notch
filter to block out excitation beams. The emission signals of Cy5 dyes were
separated by a 630-nm dichroic mirror (630DCXR; Chroma Technology) and
detected by the electron-multiplying charge-coupled device camera (iXon 897;
Andor Technology) with a time resolution of 100 ms. The fluorescence signal,
recorded in real time by using software written in Visual C++ (Microsoft), was
amplified before camera readout, which produced an arbitrary unit for the
recorded fluorescence intensity. The single-molecule data analysis was carried
out by programs written in Visual C++. The FRET efficiency, E, was approxi-
mately calculated as the intensity of the acceptor channel divided by the
total intensity, which is the sum of donor and acceptor channel intensities.
Leakages from the donor channel to the acceptor channel and vice versa
were corrected.

Electrophoretic Mobility Shift Assay. The MBD domain of MBD2 (from
MethylMiner Methylated DNA Enrichment Kit, Life Technologies) at varying
concentrations was incubated with 10 nM 36_5hmC/5mC_CpG_FAM duplex DNA,
50 ng/uL of poly(dA-dT)/poly(dA-dT) (Sigma) in 20 mM Hepes (pH 8), 1 mM EDTA,
0.05% Triton X-100, and 30 mM KCl for 15 min at room temperature in a 10 pL
reaction volume, before the addition of 2.5 uL Hi-Density TBE Sample Buffer (Life
Technologies). The binding reactions were then loaded onto 6% DNA re-
tardation gel (Life Technologies) and visualized with a Typhoon 9410 imager by
using standard Blue FAM filter set (Aex = 488 NnmM, Aem, = 520 NM).
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