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ABSTRACT: Detection of epigenetic markers, including $-
methylcytosine, is crucial due to their role in gene
expression regulation and due to the mounting evidence
of aberrant DNA methylation patterns in cancer biogenesis.
Single-molecule methods to date have primarily been
focused on hypermethylation detection; however, many
oncogenes are hypomethylated during cancer development,
presenting an important unmet biosensing challenge. To
this end, we have developed a labeling and single-molecule
quantification method for multiple unmethylated cytosine—
guanine dinucleotides (CpGs). Our method involves a
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single-step covalent coupling of DNA with synthetic cofactor analogues using DNA methyltransferases (MTases) followed
by molecule-by-molecule electro-optical nanopore detection and quantification with single or multiple colors. This sensing
method yields a calibrated scale to directly quantify the number of unmethylated CpGs in the target sequences of each
DNA molecule. Importantly, our method can be used to analyze ~10 kbp long double-stranded DNA while circumventing
PCR amplification or bisulfite conversion. Expanding this technique to use two colors, as demonstrated here, would enable
sensing of multiple DNA MTases through orthogonal labeling/sensing of unmethylated CpGs (or other epigenetic
modifications) associated with specific recognition sites. Our proof-of-principle study may permit sequence-specific, direct
targeting of clinically relevant hypomethylated sites in the genome.
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guanine dinucleotides (CpGs) are methylated. Methylation

state plays extremely important roles in regulation of gene
expression.”” Specifically, aberrant DNA methylation levels
have been associated with various types of cancers, where
tumor suppressor genes, such as p53, are hypermethylated,
leading to gene silencing, while many oncogenes are
hypomethylated to promote their overexpression. Moreover,
large cell-to-cell variations in methylation patterns indicate that
intratumoral heterogeneity plays a critical role in tumor
progression, while highly complicating bulk analysis of
methylation patterns.”* Despite the growing evidence support-
ing the need for quantification of DNA methylation patterns,
the availability of quantitative methods for sensing these
genomic modifications, particularly at the single-molecule level,
has remained to date limited.’ Unlike the DNA primary
sequence, chemical DNA modifications are not preserved in

In the human genome about 60—80% of all cytosine—
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DNA amplification, complicating sensing of epigenetic markers.
Furthermore, bulk sensing methods often require averaging
across thousands of DNA fragments, a process that limits the
ability to detect heterogeneity within tumors. To overcome
these limitations and enable simple and eflicient single-cell
epigenetic profiling, single-molecule sensing technologies have
been recently developed, such as SMRT sequencing, although
this method involves large and expensive instrumentation.®”
Nanopores (NPs) represent an emerging single-molecule
analysis technique capable of probing the structure of complex
biological molecules and their interactions with other
biomolecules." " In the nanopore system an electrical field is
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Figure 1. One-step enzymatic method coupled to electro-optical nanopore sensing for quantification of DNA methylation at the single-
molecule level. (a) Schematic illustration of our method. Double-stranded DNA is reacted with DNA MTase and custom-made AdoMet
analogues equipped with a fluorescent moiety. The labeled DNA molecules are then analyzed one by one using a nanopore device. (b) The
DNA readout process involves threading of the linearized DNA through a solid-state nanopore roughly 4 nm in diameter, as shown in the
TEM micrograph (inset). The nanopore ion current and the fluorescence emissions are interrogated simultaneously. Entries of labeled 10 kbp
DNA molecules are recorded as a simultaneous downward spike in the ion current and upward photon bursts, as shown in the lower panel.
Photon spikes not associated with DNA translocations are readily observed and rejected (marked with a green asterisk). (c) M.Tagl catalyzes
the transfer of the extended side chain from the synthetic cofactor analogue AdoYnTAMRA to the amino group of adenine with the double-
stranded $’-TCGA-3’ DNA sequence, leading to fluorescently labeled DNA and the cofactor product S-adenosyl-L-homocystein.

used to mobilize an electrically charged biopolymer toward and
through a nanoscale aperture. When the biopolymer is threaded
through the pore, it blocks a fraction of the ionic current that
flows through it, resulting in an ion current blockade event.
Since the molecules are threaded in a single-file manner, this
method enables direct scanning of useful molecular features
along long biopolymers. For example, engineered protein
nanopores, such as the MspA channel, have been developed for
direct DNA sequencing of long DNA strands.'' ™" Further-
more, solid-state NP (ssNPs) have been fabricated with
subnanometer precision to match the size (the cross-section)
of many target analytes,'”'® enabling additional biosensing
applications such as DNA barcoding of pathogens,'® mapping
binding of transcription factors to their DNA targets,'” and
label-free identification of single nucleotides,'® to name a few.
To detect epigenetic biomarkers including S-methylcytosine (S
mC) or S-hydroxymethylcytosine (S hmC), bulky groups, such
as methyl-CpG-binding domain (MBD) proteins or streptavi-
din, were conjugated to the DNA in order to produce an
observable ion current blockade on top of the blockade level of
the bare DNA.'”*° This method is appealing in its simplicity,
but may not be used to probe densely methylated regions in the
genome, due to the bulkiness of the conjugated proteins.
Furthermore, to date, direct NP quantification of unmethylated
S-methylcytosine sites has not been reported.

To enable hypomethylation quantification, we have
developed an electro-optical ssNP sensing method to probe
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unmethylated CpG sites in kbp long double-stranded DNA
(dsDNA) molecules. Single-molecule fluorescence sensing can
substantially expand the range of NP sensing applications while
offering a hi§hly parallel platform with broad signal
bandwidth.”' 7*° Recently, single-molecule fluorescence sensing
has been employed for the detection of short, self-quenched
molecular beacons threaded through a ssNP.”” In the current
study, we have employed electro-optical sensing in ssNPs to
directly detect sequence-specific methylation in long DNA
molecules. Moreover, we show that the emitted photons’
intensity just before and after the passage of each DNA
molecule through the ssNP quantitatively correlates with the
number of unmethylated CpGs in the DNA target, regardless of
the NP size or the actual dwell time of each molecule in the NP
device.

Our method involves a one-step enzymatic reaction, using
DNA methyltransferases (MTases) with small molecular weight
synthetic cofactors to directly conjugate fluorescent probes to
unmethylated CpG sites. An ultrasensitive electro-optical
nanopore sensing tool, which permits single-fluorophore,
multicolor quantification, is then applied to produce highly
quantitative single-molecule fluorescence measurements. In our
system two independent, time-resolved measurements take
place simultaneously during the threading and passage of each
DNA molecule through a ssNP: (i) an electrical ion current
measurement, acting as a gate signal that reports the dwell time
of each DNA molecule in the pore, regardless of whether it is
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Figure 2. Bulk and single-molecule validation of M.Tagql labeling using custom AdoYnTAMRA. (a) Schematic representation of the
biochemical assay: DNA samples containing known numbers of M.Taql recognition sites (5'-TCGA-3') are split into two: one-half (left
branch) is treated with M.SssI DNA MTase in the presence of native AdoMet, and the second half (right branch) is kept in its original
unmethylated state. After purification of the methylated sample, both samples are then incubated with M.Tagl and AdoYnTAMRA under
equal conditions. The DNA samples are then challenged with the REase R.Tagl, which cleaves unmethylated and CpG-methylated 5’-TCGA-
3’ sequences but leaves A-modified 5'-TCGA-3’ sequences intact. (b) Analysis of 2.5, 5, and 10 kbp DNA, either pretreated with M.SssI/
AdoMet or not prior to the incubation with M.Taql/AdoYnTAMRA, by R.Taql. Syber Gold staining of the DNA (right panel) shows that only
the CpG-methylated fragments were digested. TAMRA excitation (left panel) shows single bands for the unmethylated —M.SssI samples.
Together these gels validate the activity of the M.Taql/AdoYnTAMRA as expected. (c) Representative electro-optical traces of the six DNA

samples as in panel b. Optical signals are observed only for the unmethylated —M.SssI samples.

labeled or not, and (ii) a high-sensitivity single-molecule
fluorescence readout for single or multiple colors, which is used
to quantify the unmethylated CpG sites in specific DNA
recognition sequences. Notably, our method is generalizable to
many DNA MTases targeting multiple specific sequences, each
coupled to its own color-encoded probe.

RESULTS AND DISCUSSION

Electro-optical Sensing of Methyltransferase-Coupled
Fluorophores. DNA MTases catalyze the transfer of the
activated methyl group from the natural cofactor S-adenosyl-L-
methionine (AdoMet) to the CS or N4 position of cytosine or
the N6 position of adenine, within specific double-stranded
DNA sequences ranging from two to eight base pairs.”® The
catalytic repertoire of DNA MTases has been extended with
synthetic AdoMet analogues used for functionalization and
labeling of DNA.”” Here, we synthesized and used double-
activated AdoMet analogues, which contain extended unsatu-
rated side chains instead of a methyl group at the sulfonium
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center. The extended side chain, which replaces the methyl
group in AdoMet, reduces the reaction rate of the transfer by
the MTase due to unfavorable steric effects within the
transition state. In order to accelerate the reaction rate, a triple
bond was placed within the transferred chain, next to the
reactive carbon, which led to stabilization of the transition state
and hence to a faster reaction rate.”” ' The extended side
chains in the AdoMet analogues were equipped with either the
orange fluorophore TAMRA (ex. 555 nm, em. S80 nm) or the
red fluorophore CF640R (ex. 642 nm, em. 662 nm). These
fluorophores were selected due to their high brightness and
single-molecule compatibility. To incorporate the reporter
molecules, we used the DNA MTase from Thermus aquaticus
(M.Tagql), which recognizes the double-stranded DNA
sequence 5'-TCGA-3’ and modifies the associated adenine
residue. M.Taql is CpG methylation sensitive and modifies
DNA only if the CpG within the recognition site is
unmethylated.””

Our approach is illustrated schematically in Figure 1a: DNA
molecules are labeled using M.Tagl in the presence of the
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Figure 3. Detailed analysis of the electro-optical nanopore signals and DNA controls. (a) Zoom-in view of a typical DNA translocation event.
The optical signals rise before the DNA enters the pore and decay after it leaves the pore. Threshold values are used to define the electrical
and optical dwell times (¢ and ¢, respectively). (b) Distributions of ¢, and t, measured for the three DNA lengths. The number of events is
indicated in each case. The data were approximated by exponential tail-fits to the histograms. (c) Representative electro-optical events of
DNA (methylated and unmethylated) containing either 6, 7, or 21 M.Tagql sites (2.5, S, and 10 kbp, respectively) as indicated either for
unmethylated (—M.Sssl, top) or methylated (+M.SssI, bottom). (d) Semilog histogram of the normalized photon count during the electrical
dwell time for the three DNA lengths. In each case both the methylated (+M.SssI) and unmethylated (—M.SssI) samples are compared,
showing at least a 5X contrast. The photon background histograms prior to DNA introduction are also shown in gray. Data are fitted by single

Gaussian functions.

synthetic AdoMet analogue AdoYnTAMRA (or
AdoYnCF640R).> After removal of residual cofactor mole-
cules, a small DNA quantity (roughly 1 femtomole) is
introduced to the cis chamber of our nanopore apparatus,
where ion current flow and photon emission from the pore area
are measured synchronously. Figure 1b depicts the nanopore
sensing process (top) and shows typical time traces of electrical
(blue line) and optical (green line) signals obtained using a 4
nm diameter pore before and after introducing the DNA at t =
100 s. A few seconds after the addition of the DNA, we observe
discrete downward spikes (or “blockades”) in the ion current
(Ig), each corresponding to the translocation of an individual
DNA molecule from the cis to trans chamber. The vast majority
of electrical translocation events are accompanied by
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synchronous bursts of photons (Iy). Notably, some lower
amplitude photon bursts appear even when there is no
electrical blockade (an example is marked with a green
asterisk). These photon bursts correspond to molecules that
pass through the optical detection volume near the pore, but do
not translocate through. Occasionally, we can also identify rare
electrical translocation events that are not associated with
photon bursts (an example is marked with a blue asterisk).
These events represent either incomplete labeling by the DNA
MTase or bleached fluorophores. In this study, we
synchronously detect the ionic current and photon emission
during DNA transport through the pore in order to circumvent
inaccurate identification of DNA methylation.
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Validation of the Methylation Detection Scheme. In
order to validate and calibrate the DNA labeling and sensing
assays, we develoEed a variant of the biochemical protection/
restriction assay”’ for bulk and single-molecule character-
izations. Our assay is depicted schematically in Figure 2a.
Uniform length unmethylated DNA samples containing known
numbers of M.Tagl recognition sites (5’-TCGA-3’) were either
treated with the DNA MTase M.SssI in the presence of its
native cofactor AdoMet to methylate all CpG dinucleotides,
including those within the 5’-TCGA-3' recognition site for
M.Tagql (left branch), or kept in the original unmethylated state
(right branch). Both samples were then incubated with M.Tagl
and AdoYnTAMRA under identical conditions. To verify our
sample preparation, we took advantage of the fact that the
cognate restriction endonuclease (REase) R.Tagl cleaves CpG-
methylated as well as unmethylated 5'-TCGA-3’ sequences, but
does not restrict the DNA if the adenine within the 5'-TCGA-
3’ sequences is modified. Therefore, agarose gel electrophoresis
could be used to directly verify that M.Tagl labeled sites were
not restricted by R.Taql, while unlabeled samples were
digested, as shown in Figure 2b.

Three different DNA molecules, roughly 2.5, S, and 10 kbp
long having 6, 7, or 21 recognition sites, respectively
(Supporting Information), were chosen in order to quantify
different methylation levels. Each DNA sample was treated as
explained in Figure 2a and was subject to gel electrophoresis
analysis. We first imaged the gel in the TAMRA channel (532
nm laser excitation and a $80 nm bandpass filter) as shown in
Figure 2b, left. Then the gel was stained with SYBR Gold in
order to highlight the unlabeled DNA bands (Figure 2b, right).
We note that fragmentation bands appear only for the M.SssI-
treated samples for all three DNA molecules, whereas the non
M.Sssl-treated samples remain uncut. Each of the uncut bands
aligns well with a single band that appears for TAMRA
emission (left panel), but the M.SssI methylated samples do
not show any TAMRA labeling. These results confirm that
CpG methylation blocks labeling of DNA by M.Tagl, providing
a fluorescent reporter for the DNA methylation state. A
negative control experiment showing that no labeling occurs in
the absence of M.Taql is presented in the Supporting
Information.

Having validated the enzymatic labeling reaction with
M.Tagql and AdoYnTAMRA, we analyzed these six DNA
samples using our electro-optical nanopore device. Figure 2¢
shows representative electrical and optical nanopore trans-
location events (concatenated to preserve space) for each of the
three DNA model molecules. Each DNA sample was either
methylated by pretreatment with M.Sssl (left column) or left
unmethylated (right column) as described above. For these
experiments we used nanopores in the range of 3—5 nm
diameter and laser excitation at 532 nm (120 uW). The
alignment of the setup was confirmed by always starting the
experiments with labeled DNA, used to fine-tune the nanopore
location to yield maximal optical signals, and then washing the
cis chamber with a clear buffer before adding the unlabeled
DNAs. Our results clearly indicate that DNA methylation by
M.Sssl does not affect the electrical translocation pattern
(Supporting Information), but completely abolishes any
photon bursts. In contrast, labeling of the native (unmethy-
lated) DNA results in synchronized electrical blockades and
photon spikes, as shown in the right column. A closer
inspection of I for the methylated samples shows that while
the optical signals are nearly flat, they are slightly above zero
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(average value). We attribute this small background intensity
primarily to photoluminescence contribution of the thin SiN,
membrane.”” The background emission facilitates alignment of
the membrane to the confocal illumination spot, as explained in
the Methods section.

The Photon Emission Rate Is Linearly Dependent on
M.Tagl Labeling. To further quantify the electro-optical
signals in our nanopore apparatus, we collected about 150
translocation events for each of the six DNA samples and
performed detailed analysis of the data using a custom
LabVIEW code. The ion current amplitude and the photon
rate were extracted by applying two separate thresholds to the
data, each one with 3 standard deviations either below the open
pore current or above the optical background, respectively.
These thresholds were used to automatically define the
electrical dwell time of the DNA in the pore (f,) and the
optical event length (t,) as shown in Figure 3a (see Methods
and Supporting Information for further details). Since the
illumination volume (defined by the confocal spot) extends
beyond the nanopore membrane, we expect that always to > fp,.
This expectation is borne out by our data: in Figure 3b we show
the corresponding histograms of #, (top, methylated DNA) and
to (bottom, unmethylated DNA). Electrical event diagrams of
all six samples are shown in the Supporting Information. The
translocation dynamics were approximated by exponential tail-
fits to the histograms, yielding the following values: 158 + 11,
240 + 32, and 540 + 76 us for the methylated 2.5, 5, and 10
kbp DNA, respectively. In contrast the total optical dwell time,
which includes both the diffusion-drift time of the molecules in
the vicinity of the pore and their translocation time, was more
than an order of magnitude longer: 10.1 + 1.3, 13.9 + 1.6, and
174 + 1.8 ms for the labeled 2.5, 5, and 10 kbp DNA,
respectively. We note that the development of a detailed
physical model to describe the combined diffusion-drift DNA
dynamics as it approaches the nanopore is outside the scope of
the current study and will be the subject of further publications.
We nevertheless can take advantage of the longer optical time
scales. Specifically, this offers two important benefits: (i) since
the diffusion-drift dynamics of the DNA near the pore has
much weaker dependency on the pore diameter than the
translocation dwell time,”* we expect that ty is less influenced
by the pore diameter or its shape, as compared with t;,, which is
strongly affected by pore properties.” (ii) The longer optical
dwell time effectively increases signal integration and therefore
can be used to improve the signal-to-noise ratio (SNR) of the
optical sensing.

A comparison of representative electro-optical events of
DNA containing either 6, 7, or 21 M.Tagl sites (2.5, S, and 10
kbp, respectively) is shown in Figure 3c. We observe two salient
features: (1) The amplitude and dwell time of the optical
signals clearly increase with increasing number of M.Tagl sites
and length of the DNA. (2) The fully methylated (“+M.SssI”)
DNA did not produce an optical signal, as expected. To
quantitatively compare the fluorescence signals between the
methylated and unmethylated molecules, we extracted from
each event the total number of photons that were detected
during its transient through the nanopore (). Additionally,
our program evaluates the optical background level for each
event, before its arrival to the pore, to obtain the net
fluorescence counts. In order to avoid biasing of the results
by the slow translocation events (essentially the tail of the t;
distributions shown in Figure 3b top panels), we normalize
each of the events’ photon sum by its residence time in the
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pore. In this way each event contributes evenly to the photon
sum histogram. Our results are presented in Figure 3d as
semilog plots for the three different DNAs, along with the
distribution of the background emission obtained in the
beginning of the experiment, prior to the addition of the
DNA sample. The data were fitted with a single Gaussian
function for each case, allowing us to quantify the peak values
of our statistical data sets (see Supporting Information for fit
results). From this analysis we can define the optical signal gain
as the ratio between the peak of the unmethylated sample and
the methylated one. The values that we obtain for the three
DNA lengths are X5.1, X8.0, and X9.0 for the 2.5, S, and 10
kbp DNA, respectively. Notably, the distributions of the
background signals (gray bars and lines) nearly overlap with the
corresponding one of the methylated DNA (except for the 10
kbp methylated sample, which produced slightly higher
background, probably due to residual free dyes remaining
after the nanopore alignment).

To establish a direct, quantitative correlation between the
optical signal in each event and the number of M.Taql sites, we
corrected each DNA translocation event with its own optical
background, measured just prior to the arrival of the DNA to
the detection volume. This allowed us to measure the net
photon sum of each event and calculate the net photon flux of
each event by normalizing it by its optical dwell time #y. This
normalization was proven to be better than normalizing by the
electrical dwell time #, (as was done in Figure 3d) due to the
longer integration time. Furthermore, it produced results that
are practically insensitive to the exact nanopore size or
membrane thickness. This insensitivity is significant since it is
well known that nanopore size and thickness affect substantially
the electrical dwell time and blocked current. Therefore, the
optical signals permitted a more robust and quantitative
comparison among the various DNA samples measured using
slightly different nanopores. Our results are presented in Figure
4 and Table 1, showing the net photon flux histograms for the
three —M.SssI samples. The histograms were fitted using
Gaussian functions, from which we extract the peak values
(Ime) and standard deviations. The inset of Figure 4 shows the
values of I, for the three DNA samples. Notably, as can be
seen in Table 1, the contribution of each M.Tagl site to the
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_§ 501 6) 0
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L 04r
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Figure 4. Comparison of the normalized TAMRA photon emission
of the three DNA samples, as indicated. Semilog intensity
histograms of the data yield well-defined peaks for the intensities
approximated by Gaussian functions (solid lines). The inset shows
the peaks (I,) of the intensity for the three DNA lengths, also
indicating the number of M.TagI sites for each DNA. Notably, I,,
scales precisely with the number of M.Tagql sites, not with DNA
length (see also Table 1).
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Table 1. Electro-optical Measurements of the Fluorescence
Peak Intensities for Each of the TAMRA-Labeled DNAs and
the Intensity per CpG within the M.Tagl Recognition Sites

DNA # CpG L L/# CpG
2.5 kbp 6 27.5 + 1.6 458 + 027
5 kbp 7 316 + 1.6 451 + 023
10 kbp 21 1014 + 2.4 4.82 + 0.12

overall signal is independent of the DNA sample used, yielding
a constant value within the experimental variations of 4.60 +
0.25 photons/ms and targeted CpG site.

The results presented in Figure 4 and in Table 1 suggest that
optical detection of MTase-labeled DNA molecules using
synthetic AdoMet analogues can be used to quantitatively
measure the number of target CpG sites in random DNA
samples. A comparison between the obtained photon count for
the 2.5 and 5 kbp DNA having almost the same number of
TCGA sites suggests that under the conditions used nonspecific
labeling remains negligible, as the 2-fold longer 5 kbp DNA
yields identical photon count per TCGA site to the 2.5 kbp
DNA, within the experimental error. At the same time the fact
that we received constant photon flux values per targeted CpG
for all samples supports that the DNA samples are, by large,
fully labeled. This is also supported by the protection of the
DNA samples against fragmentation by R.Taql (Figure 2b).
Furthermore, despite the fact that the three molecules displayed
much different diffusion and translocation dynamics (see
Supporting Information), the photon normalization of each
event individually removed these unavoidable thermal
variations, allowing us to establish electro-optical nanopore
sensing as a robust way for single-molecule quantification of
unmethylated CpGs.

Multicolor Electro-optical Sensing for Orthogonal
Site Labeling Quantification. Having established a proof
of principle for labeling and single-molecule quantification of
unmethylated sites, we seek to further expand the ability of the
method for multiple colors. The ability to detect and quantify
multiple colors simultaneously may open up the possibility to
specifically target multiple, different recognition sequences,
each one with its own specific DNA MTase and custom
AdoMet analogue. In addition it may permit the coquantifica-
tion of DNA methylation with other DNA modifications such
as 5-hydroxymethylcytosine® or DNA damage lesions,’
permitting a fully orthogonal labeling method for epigenetic
biomarkers. For the sake of proof of principle demonstration
we synthesized an additional AdoMet analogue coupled to the
red fluorophore CF640R (AdoYnCF640R). The two AdoMet
analogues were allowed to react simultaneously with the 10 kbp
DNA (harboring 21 unmethylated M.Tagl sites) in the
presence of M.Taq], resulting in random but complete labeling
of the DNA with the TAMRA and CF640R dyes. The DNA
sample was analyzed using our nanopore system, excited
simultaneously by two lasers (532 nm, 120 #W and 640 nm, 94
UW), and emission was acquired by two avalanche photodiodes
(APDs) separated by a high-pass dichroic mirror (cutoff
wavelength 650 nm), as detailed in the Methods section. In
Figure Sa we present a representative set of events obtained in
this experiment: each electrical DNA translocation event (blue
curve) is accompanied by bursts of photons in both the “green”
(TAMRA) and “red” (CF640R) detectors, indicating that our
samples are labeled with both fluorophores. Bulk gel analysis of
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Figure 5. Two-color sensing of M.Tagl-labeled 10 kbp DNA. (a) Typical electrical (blue) and optical (green, TAMRA channel and red,
CF640R channel) events. The time between events was removed for display purposes. (b) Intensity calibration of the green and red channels
is performed by acquiring TAMRA-only or CF640R-only labeled 5 kbp DNA events. The two histograms corresponding to the two colors are
shown (the number of events is indicated in each case). The ratio of the peak values is used to calibrate the brightness and detection efficiency
ratio between the two channels. (c) Left: Normalized counts scatter plot of 115 individual events. Middle: Three representative dual-color
intensity traces (indicated by numbers) for different TAMRA/CF640R ratios. Right: Using the intensity calibration we can evaluate the
number of TAMRA versus CF640R labels on each DNA molecule. The two-dimensional histogram of the data displays the occurrences of

DNA molecules with specific TAMRA and CF640R labels.

the sample (shown in the Supporting Information) confirmed
the dual labeling.

From examination of the dual-color translocation events it is
apparent that the CF640R photons’ burst intensities are
substantially stronger than those associated with TAMRA.
There could be two possible reasons for this: first, this could be
due to a strong bias in the labeling with AdoYnCF640R over
AdoYnTAMRA. However, this option is unlikely since in
preliminary studies we observed that M.Tagl has a roughly 4-
fold lower activity with AdoYnCF640R compared to
AdoYnTAMRA, and thus we used an excess of the red over
the green cofactor (3:1) in the two-color labeling reaction to
adjust the two reactivities. Second, which was later confirmed, is
that the molecular brightness of the CF640R (multiplication of
its specific absorption and quantum yield) and the detection
efficiency of its emission path in our electro-optical apparatus
are substantially higher as compared with the one associated
with the TAMRA channel. To calibrate the ratio of fluorophore
brightnesses and detection efliciencies between the two
channels, we used M.Tagl and AdoYnCF640R to label the S
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kbp DNA fragment as used in Figure 3 and translocated the
sample using a 4 nm pore and excitation laser of 640 nm with
an intensity of 94 yW (representative events are shown in the
Supporting Information). We utilized the normalization
method discussed in Figure 4 to obtain net photon flux
intensity using CF640R in the red emission channel. First we
corrected the leakage of the TAMRA fluorescence to the red
channel by calculating the ratio between the green and red APD
signals obtained for the translocation of the 10 kbp DNA
fragment used in Figure 3. Next we compared the TAMRA
(green) and CF640R (red) labeling of the S kbp DNA (results
are shown in Figure Sb). From fitting the histogram with
Gaussian functions we obtained peaks at 31.6 and 169.4 kHz
for TAMRA and CF640R, respectively. These results allow us
to normalize the TAMRA/CF640R counts in the system such
that their relative levels for each translocation event are
unbiased by the detection efficiencies or fluorophore bright-
ness, and hence the relative intensities ratio represents the
labeling ratio with the two AdoMet analogues.
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In Figure Sc we display a scatter plot of the brightness/
detection efficiency corrected distribution of the randomly
labeled 10 kbp DNA. We first note that most of the events fall
around the diagonal line, showing that, on average, the DNA
molecules are equally labeled with AdoYnTAMRA and
AdoYnCF640R. Three representative two-color optical events
from different areas are shown illustrating either heavier
CF640R labeling, almost equal labeling, and heavier TAMRA
labeling (indicated by “1”, “2”, and “3”, respectively). Notably,
with the corrected intensities of the two colors we can calculate
the number of AdoYnTAMRA and AdoYnCF640R in each
translocation event. These data are shown as a two-dimensional
histogram (Figure Sc right panel) where the color indicates the
number of DNA molecules in our data with the specific
numbers of the AdoYnTAMRA and AdoYnCF640R labels.

CONCLUSIONS

We present a proof of principle study of a labeling and single-
molecule quantification method for multiple S-methylcytosines.
Our method involves a single-step covalent coupling of DNA
with synthetic AdoMet analogues using DNA MTases followed
by molecule-by-molecule nanopore quantification with a single
or multiple colors. Two distinct features of the DNA MTase
labeling method set it aside from other single-molecule
epigenetic sensing methods, offering potential advantages for
broader use of the method using clinical samples: First, the
availability of different CpG-methylation-sensitive DNA
MTases permits targeting of either frequent or rare sequence
motifs in the genome, with the development of the appropriate
AdoMet analogues.38 For example, some DNA MTases (i.c.,
M.Sssl) target each unmethylated CpG site, located in any
sequence context, while other DNA MTases mainly recognize
sequences of 4 or 6 specific nucleotides. Therefore, our method
offers the possibility to serially perform multiple, orthogonal,
labeling reactions each targeting its own specific sequence and
color, followed by the single-molecule quantification of each
DNA MTase activity. Second, unlike MBDs, the DNA MTase
labeling reaction occurs only if the cytosine in the target CpG
site is not methylated. This permits targeting hypomethylated
sites in the genome, such as promoter regions in many of the
oncogenes, which are currently considered to be an extremely
important biomedical target.

In this study we show that an electro-optical nanopore
sensing of DNA MTase labeled DNA can yield highly
quantitative results, allowing us to detect fully methylated
DNA molecules (electrical signal but no optical signal),
partially methylated DNA (electrical and optical signals), and
achieve a calibrated scale to count the number of unmethylated
CpGs in the target sequences in each DNA molecule. Two-
color sensing demonstrated in Figure S opens up the possibility
to include multiple DNA MTases and achieve orthogonal
labeling/sensing of S-methylcytosines, as well as other
epigenetic biomarkers, present in highly specific DNA
recognition motifs.

METHODS

Nanochip Fabrication and Assembly for Electro-optical
Sensing. The nanochip fabrication process and further details of
the electro-optical cell are provided in the Supporting Information.
Briefly, reactive ion etching (RIE) is used to locally thin 3 ym diameter
wells in the 50 nm thick low-stress SiN, deposited on a silicon wafer
substrate to roughly 15 nm. Back-side alignment and RIE are then
used to create a hard mask square pattern on the back side of the
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wafer, such that the front-side well pattern is centered with the hard
mask pattern. Free-standing SiN, membranes of size ranging from 10
to 25 um square were created by anisotropic KOH wet etch. A
schematic illustration of the chip and a white light optical micrograph
of the membrane/well area of a typical device are shown in Figure 6a
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Figure 6. Schematic illustration of the nanopore device optical
image of the membrane- and nanopore-positioning steps. (a) Chip
configuration containing free SiN, membrane with a thinner region
in the middle. (b) White light optical image of the SiN, membrane,
showing the ~3 pm thinned region. The laser spot can be seen on
the membrane (white spot). Red and green circles represent the z-
scan position, and the yellow line represents the y-scan path. (c)
Results from the three scans, to obtain optimal nanochip alignment
at the confocal spot.

and b, respectively. Nanopores are drilled in the thin circular region of
each of the SiN, films by focusing an electron beam using a high-
resolution transmission electron microscope (Titan FEI TEM).

The drilled pores are hydrated, mounted onto a custom-made
Teflon holder, immersed in buffer, and placed in a homemade cell
equipped with a quartz cover-slide bottom. The nanochip cell is
mounted on a 3D nanopositioner stage capable of performing
nanometer movements and is electrically shielded by a properly
grounded homemade copper box. The entire setup is mounted on a
vibration-isolating optical table.

For the optical sensing a custom-made confocal microscope was
constructed. Briefly, two collimated laser lines are focused to a
diffraction-limited spot at the nanopore position. The emitted light is
collected by the same objective, focused onto a spatial pinhole to reject
out-of-focus light, and directed onto two spectrally separated APDs for
two-color imaging. The ion current flowing through the pore is
measured using the two Ag/AgCl electrodes connected to a high-
bandwidth amplifier (Axon 200B) and filtered at 10 kHz. For data
acquisition we used two data acquisition boards: NI-6211 DAQ_for
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analog signal acquisition and for applying the voltage bias sampled at
125 kHz, and NI-6602 for photon counting sampled at 500 kHz. The
two cards were triggered simultaneously via a hardware connection
and were fully controlled by a custom LabVIEW program.

Experimental Flow, Nanopore Alignment, and Data Anal-
ysis. The locally thinned, TEM-drilled, chips allow us to substantially
reduce the optical background emanated by the membrane, hence
increasing the SNR of the optical measurements. In addition, this chip
configuration highly facilitates the accurate positioning of the
nanopore at the confocal laser spot, taking advantage of the fact that
the photoluminescence (PL) emanated by the SiN, is strongly
suppressed at thinned membrane areas, as well as in those areas that
are exposed to strong e-beam intensities during pore drilling.”” An
alignment procedure was carefully performed prior to each experi-
ment, including the following steps: First, white light illumination was
used to coarsely align the 3 ym well and the laser spot in the z
direction (Figure 6 b). Then, three scans were performed using the
nanopositioner to determine the optimal alignment in 3D. In each case
the PL was recorded during the scans (Figure 6¢). In step 1, a z-scan
was performed outside the thin region (marked with a red circle in
Figure 6b) to obtain the rough membrane position in the z-direction,
indicated by a clear peak in the scan (red curve). In step 2, the z-
position was fixed to the value where the highest PL was detected in
step 1, and the membrane was scanned in the x—y dimensions, looking
for the point with the minimal PL value. Figure 6¢c,2 presents a y-scan
of the thin region (scan path is presented by a yellow line in Figure
6b) in which a clear minimum in the PL is detected with nanometric
precision. A scan in the x-axis was performed similarly to the y-axis
(not shown). In step 3, the x—y position was fixed to the point with
the lowest PL (green circle in Figure 6b), and a second z-scan was
performed using finer resolution, looking again for the maximum PL
representing the membrane position in the z-dimension (Figure 6¢,3).
As can be seen in the inset of Figure 3¢ (bottom panel), the membrane
location is determined with roughly +10 nm resolution in z, marked
by a dashed rectangle.

In a typical experiment ~10 pM of DNA molecules was introduced
into the cis chamber. Theoretically in this concentration range <1
molecule resides on average in the confocal volume. This yielded a low
optical background that enables single-fluorophore sensing with high
SNR. Each experiment starts by recording both the open-pore current
of the nanopore and the optical background before adding the DNA.
Then the unmethylated, labeled, DNA sample is added to the cis
chamber, and the electrical and optical signals of the translocation
events are recorded. Next the chamber was thoroughly washed and the
same pore was used to translocate the methylated, unlabeled, sample.
As a labeled DNA molecule reached the confocal volume, an abrupt
increase in the optical signal was observed (see Figure 1 and Figure 5).
Synchronization of the electrical and optical signals allowed us to
reject events where DNA molecules approach the nanopore, but did
not translocate through (“unsuccessful translocation”) or a small
fraction of electrical-only events. Throughout the experiments our
program detected electrical translocation events according to threshold
parameters set by the user. The electrical events, padded from both
sides, were saved simultaneously, with the optical signal detected at the
same time.

For data analysis an offline program reads each event at the time
from the electrical signal and analyzes it to extract its dwell time (),
the amplitude drop (Iy = ipjod/iopen)s Start time (f,), and end time
(tena)- Next, the optical signal extracted from the exact same temporal
section is analyzed in the following manner: first the optical data
between t,, and t,,q is extracted and integrated to obtain the average
number of photons emitted during the electrical event. Then a second
analysis is performed according to optical threshold parameters set by
the user to obtain the start time and end times of the optical signals as
well as the optical dwell time, t, (see Figure 3a and Supporting
Information).

Sample Preparation and Validation. For the validation
experiment S g of DNA (No Limit, Thermo Scientific) at 0.5 ug/
uL was divided into two equal samples. The first sample was
methylated using M.SssI (Thermo Scientific) by treating it with 80 uM
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S-adenosyl-L-methionine (New England Biolabs) in M.SssI reaction
buffer (10 mM Tris-HCl, pH 7.5, 10 mM MgCl,, 0.1 mg/mL BSA) at
a total volume of 30 yL, for 1 h at 37 °C. The reaction was stopped by
heating to 65 °C for 30 min. To remove the residual cofactor, we
performed ethanol precipitation using standard protocols. The pellets
were vacuum-dried and resuspended in 5 yL of double-distilled water.

The methylated and unmethylated DNA samples were then treated
with M.Tagql and AdoYnTAMRA (or AdoYnCF40R). Labeling
reactions were carried out as follows: roughly 2.5 ug of DNA was
dissolved in a buffer containing 50 mM KOAc, 20 mM Tris-HOAc, pH
7.9, 10 mM MgOAc,, 1 mM DTT, 0.01% by volume Triton X-100,
100 pug/mL BSA, and AdoYnTAMRA (40 uM final concentration,
prepared in house) as well as 10 equiv of M.Taql per TCGA site.
Reactions were performed at a total volume of 25 L for 2.5 h at 65
°C. Reactions were stopped by adding 40 ug of proteinase K (20 ug/
uL) (Thermo Scientific) and incubation for 1 h at 45 °C. To remove
the residual cofactor, we performed ethanol precipitation using
standard protocols. After washing the pellet five times with 70%
ethanol it was vacuum-dried and resuspended in 20 uL of DDW for
UV—vis absorption quantification. Two-color labeling was performed
similarly to the one-color labeling,; however since we find that M.Tagl
has a slight preference for AdoYnTAMRA over AdoYnCF640R, we
used a 10 uM final concentration of AdoYnTAMRA and 30 uM
AdoYnCF640R.

Validation of the prepared DNA samples was performed as follows:
300 ng of TAMRA-labeled DNA or 300 ng of M.SssI-methylated DNA
was treated with 1 L of 10 U/uL R.Tagql restriction enzyme (Thermo
Scientific) in 10 uL of R.Taql buffer. The samples were incubated for 3
h at 65 °C. The reactions were stopped by adding 0.5 M EDTA, pH
8.0, to a final concentration of 20 mM. Then 2 uL of 6X
electrophoresis loading buffer (S0 mM Tris, 60 mM EDTA, 60%
glycerol) was added, and the samples were loaded on a 0.8% agarose
gel. Samples were allowed to run for 90 min at 100 V and then imaged
using a 532 nm laser gel scanner (GE Healthcare, Typhoon) followed
by SYBR Gold staining (30 min) and reimaging,
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