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ABSTRACT DNA methylation is an epigenetic modification of DNA in
which methyl groups are added at the 5-carbon position of cytosine.
Aberrant DNA methylation, which has been associated with carcinogen-
esis, can be assessed in various biological fluids and potentially can be
used as markers for detection of cancer. Analytically sensitive and specific
assays for methylation targeting low-abundance and fragmented DNA
are needed for optimal dlinical diagnosis and prognosis. We present a
nanopore-based direct methylation detection assay that circumvents
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bisulfite conversion and polymerase chain reaction amplification. Build-

ing on our prior work, we used methyl-binding proteins (MBPs), which selectively label the methylated DNA. The nanopore-based assay selectively detects

methylated DNA/MBP complexes through a 19 nm nanopore with significantly deeper and prolonged nanopore ionic current blocking, while unmethylated
DNA molecules were not detectable due to their smaller diameter. Discrimination of hypermethylated and unmethylated DNA on 90, 60, and 30 bp DNA

fragments was demonstrated using sub-10 nm nanopores. Hypermethylated DNA fragments fully bound with MBPs are differentiated from unmethylated

DNA at 2.1- to 6.5-fold current blockades and 4.5- to 23.3-fold transport durations. Furthermore, these nanopore assays can detect the (pG dyad in DNA

fragments and could someday profile the position of methylated (pG sites on DNA fragments.
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methylation, which include addition

and/or removal of a methyl group at
the 5-position of cytosine, are early and
frequently observed events in carcino-
genesis.' > Aberrant methylation occurs in
the promoter sequences of various genes
linked to many tumors.*~® Hypermethyla-
tion is reported to be associated with can-
cers of the prostate, colon, lung, liver, breast,
head and neck and further correlated with
metastatic potential in many other tumor
types.*®~"° Also, high-throughput methyla-
tion analysis has uncovered aberrant
DNA methylation in both premalignant
and malignant neoplasia.''~'* Hypomethyl-
ation is reported to be associated with
cancers of the kidney, stomach, liver, colon,
pancreas, uterus, cervix, and lung.'?'>22
Thus, methylation analysis in DNA can play
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a critical role in the diagnosis of cancer,
especially at an early, precancerous stage.
Previous studies have demonstrated
the feasibility of detecting cancer by asses-
sing methylation patterns from genomic
extracts of body fluids such as plasma,
serum, urine, and stool.***7%* However,
the level of methylated DNA in these fluids
is extremely low,?® and the size of the DNA
fragments is quite small.?” As a result, most
conventional methylation assays require
large sample volumes. In addition to the
DNA fragmentation that occurs in vivo,
bisulfite conversion can lead to further
DNA degradation,®®?° which additionally
compromises the detection sensitivity of
conventional methylation detection assays.
Finally, most current assays employ poly-
merase chain reaction (PCR) amplification,
which can introduce false-positive results.*
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Thus, a simple, rapid, and reliable method to detect
epigenetic modification of DNA, which uses small
samples and eliminates bisulfite treatment and PCR
amplification, has potential to revolutionize cancer
diagnostics.

Here, we demonstrate a novel strategy to detect
varying levels of methylation levels on double-
stranded (ds) DNA using a solid-state nanopore-based
sensor. The nanopore has been adapted to explore
many biophysical questions through single-molecule
investigation®3°~38 and in applications toward next
generation DNA sequencing.3?® A single-molecule
detection technology using a nanopore sensor
could be well-suited for gene-based methylation
analysis,>**" and here we demonstrate the capacity
of nanopore sensors to detect methylation in 30, 60,
and 90 bp double-stranded oligos. This approach could
be compatible with small amounts of genomic extracts
and direct methylation detection without fluorescence
labeling and bisulfite conversion. When integrated
with sample preparation, the use of nanopore-based
discrimination of various methylation patterns could
provide a simple and affordable approach to early
cancer detection.

RESULTS AND DISCUSSION

Discrimination of a Variety of Methylation Levels in DNA
Fragments. Nanopore-based sensors can detect single
molecules as they traverse through a nanopore and
alter the background ionic current. Using the principle
of electrical current spectroscopy to interrogate bio-
molecules at the single-molecule level, the sensors
can discern subtle structural motifs through sensitive
detection of electrical current signatures. The cross-
sectional view of a solid-state nanopore is illustrated in
Figure 1a. A focused electron beam is used to drill a
nanopore within a thin dielectric membrane such as
SiN, Al,O;, or Hf0,33%** Two reservoir chambers
clamp the nanopore membrane from both sides to
create a giga-Ohm seal between the two chambers,
making the nanopore the only single path of ionic
current. The two reservoir chambers contain an elec-
trolyte solution, and the charged single molecules
are transported through the nanopore when a bias
voltage is applied across the two chambers. Discrimi-
nation of the methylation state of 90 bp dsDNA oligos
was first demonstrated at the single-molecule level
using solid-state nanopores. Figure 1b,c shows repre-
sentative single-molecule transport events. Two dis-
tinct nanopore current signatures were observed; the
shallow events correspond to transport of naked DNA
(left events in Figure 1b,c), and the deeper events
correspond to the transport of bound protein (right
events in Figure 1b,c). The target dsDNA utilized com-
prised unmethylated dsDNA (unMethDNA, Figure 1d),
hypermethylated dsDNA (hyMethDNA) with 10 methyl-
ated CpGs uniformly distributed through the DNA
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Figure 1. (a) Cross-sectional view of solid-state nanopore
and biomolecule transport direction across the nanopore
along the bias voltage. (b) Representative nanopore electri-
cal current signatures of 90 bp unmethylated dsDNA (left)
and hypermethylated dsDNA fully bound with methyl-CpG-
binding protein (right). (c) Comparison of nanopore trans-
port events between 90 bp unmethylated dsDNA (left) and
locally methylated dsDNA bound with a single methyl-bind-
ing protein (right). Schematics of 90 bp dsDNA fragments
showing (d) unmethylation, (e) hypermethylation, and (f)
local methylation. Crystal structures of (g) bare B-form
dsDNA (PDB ID: 1BNA), (h) methyl-CpG-Binding domain
protein bound to a symmetric CpG dinucleotide on dsDNA
(PDB ID: 11G4), and (i) Kaiso zinc finger protein bound to two
symmetric adjacent CpGs on dsDNA (PDB ID: 4F6N).

sequence (Figure 1e), or locally methylated dsDNA
(loMethDNA) with two repetitive methylated CpGs at
the center of the sequence (Figure 1f). The DNA
sequence of the unMethDNA was identical to that
of the hyMethDNA and loMethDNA sequences but
contained no methylated sites. Each of the DNA se-
quences used in this report is shown in Supporting
Information Table S1. Methylation sites in DNA frag-
ments were labeled with methyl-binding proteins
(MBPs). Two types of MBPs were used for labeling:
MBD1x and KZF. Electrophoretic mobility shift assays
for methylated DNA and MBP interactions are shown in
Supporting Information Figure S1. These MBPs recog-
nize and bind specifically to methylated CpGs; MBD1x
is the key methyl-CpG-binding domain of methyl-CpG-
binding domain protein (MBD),** and KZF is the key
methylation binding domain of Kaiso zinc finger (KZF)
protein.** Kaiso is a Cys2—His2 zinc finger protein that
binds to methylated CpG and a sequence-specific DNA
target. The sequence of KZF contains all three fingers
(aa472—573).% The sequence excludes the extra
C-terminal domain to prevent nonspecific binding on
DNA because some C2H2 KZF utilizes extra domains for
nonspecific binding on DNA.*® In a similar fashion,
Kaiso contains an arginine/lysine-rich region on its
C-terminal end, which forms structured loops upon
DNA binding that stabilize the contact but also increase
nonspecific target binding. The small dimensions of
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these MBPs contribute to making nanopore-based
detection feasible for naked DNA. MBD1x spans 5—6
bps on DNA upon binding and has a molecular weight
of 16.3 kDa,** and KZF wraps around 5—6 bps of DNA
and has a molecular weight of 13.02 kDa.*® The crystal
structure of typical B-form DNA*’ is shown in Figure 1g,
and the two MBPs on methylated DNA are shown in
Figure 1h for MBD1x*® and Figure 1i for KZF.** The
MBPs were incubated with methylated DNA at room
temperature for 15 min to form the methylated DNA/
MBP complex prior to the nanopore-based methyla-
tion assay. The passage of the MBP-bound methylated
DNA through the nanopore resulted in a significantly
different current signature compared to the passage
of naked DNA. Because the pore current blockade
depends on the cross-sectional diameter of the trans-
locating molecule, a deeper current blockade should
be observed when the protein-bound DNA traverses
the nanopore (shown in Figure 1b,c). Nanopore-based
single-molecule detection through sub-10 nm nano-
pores identified different methylation profiles (shown
in Figure 1d—f for unmethylated, hypermethylated,
and locally methylated, respectively) on the dsDNA
fragment with significantly different electrical current
signatures. The hyMethDNA/MBD1x complex could be
distinguished from unMethDNA by the prolonged
translocation time (Af) and increased current blocking
(Figure 1b). The loMethDNA/KZF complex transport
also produced prolonged At and stepwise current
blocking (Figure 1c). The extended transport duration
of the DNA/complexes was attributed to the net
positive charge of MBD1x and KZF in the pH 7.6 nano-
pore assay buffer solution, which helped to reduce the
velocity of complex transport through the negatively
charged SiN nanopore.

This methylated DNA detection method does not
require bisulfite conversion and PCR amplification as is
required for conventional methylation detection®® or
fluorescent tags that are required for optical analysis.*®
Rather, this nanopore-based detection method relies
on direct, single-molecule electrical detection. Conse-
quently, nanopore-based methylated DNA detection
could be significantly useful in rapid screening for
epigenetic biomarkers.

Selective Detection of Hypermethylation. A nanopore
relatively larger than the dimension of a methylated
DNA fragment fully bound with MBD1x was utilized for
the selective detection of hyMethDNA/MBD1x. The
transmission electron microscopy (TEM) image of a
19 nm nanopore fabricated in a 10 nm thick SiN
membrane (Norcada, Alberta, Canada) is shown in
Figure 2a. A 10 nM concentration of 90 bp unMethDNA
was introduced in the nanopore for investigation of
single-molecule translocation through a 19 nm nano-
pore. In this large nanopore, the ionic signature of DNA-
only transport was not observed, unlike typical dsDNA
transport through a smaller diameter nanopore, as
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Figure 2. (a) TEM image of a 19 nm nanopore. (b) Nanopore
current trace of 90 bp unMethDNA transports at 200 mV
driving force. No noticeable events are observed. (c) Nano-
pore current traces show transports of 90 bp hyMethDNA/
MBD1x complexes. Data traces from left to right are recorded
in a range of 150 and 350 mV with increments of 50 mV.
Contour plots show transports of hyMethDNA/MBD1x
at (d) 250 mV and (e) 300 mV. (f) Representative single-
molecule transport events of hyMethDNA/MBD1x complex
at various voltages. The number of events used for the
analysis is 235 at 150 mV, 252 at 200 mV, 255 at 250 mV, 326
at 300 mV, and 341 at 350 mV. (g) Current blockade of
complex transports. Each value is obtained by fitting the
Gaussian function to a current blocking histogram. The
obtained values of current blockades are 2.43 + 0.05,
3.55 + 0.06, 5.2 + 0.04, 7.69 + 0.08, and 9.51 £+ 0.07 nA
from 150 to 350 mV. The trend line in short dashes is
obtained by fitting first-order polynomial values, indicating
an increase of current blocking at higher bias voltages.
(h) Transport duration of the complex. Each value is ob-
tained by fitting the exponential decay to a transport time
histogram. The obtained values of transport duration are
7.96, 4.72, 2.83, 1.43, and 1.06 ms from 150 to 350 mV, and
the values are fitted well with exponential decay function as
shown in the short dashed trend line, indicating voltage
dependency of transport duration.

shown in Supporting Information Figure S2. The nano-
pore ionic current signature of unnoticeable unMethDNA
transports recorded at 200 mV is shown in Figure 2b.
In contrast, a series of significant nanopore current
blockades are observed after adding a mixture containing
100 pM of hyMethDNA/MBD1x complex and 10 nM
unMethDNA to the nanopore. The selective detection
of hyMethDNA/MBD1x complex over unMethDNA
through a 19 nm nanopore can be explained by rapid
translocation velocity and a largely unoccupied nanopore
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with unMethDNA. Smeets et al. demonstrated translo-
cation of 5k and 48.5k dsDNAs through a 24.2 nm
nanopore, and the translocation velocity of those
molecules was obtained at 0.173 and 0.039 us/bp,
respectively.*® The calculated translocation duration
of 90 bp according to the velocity from these previous
studies is ~9.54 us/molecule, which is undetectable
from our recording sampling rate at 10 us (see Materials
and Methods). Also, the current blockade of dsDNA
of 2.2 nm diameter in a 19 nm nanopore is calculated to
only be 1.2%, using the equation Al = (a/d)?, where a
and d are diameters of the molecule and the nanopore,
respectively. With ~20 nA open pore current with
~500 pA peak-to-peak baseline noise (Supporting
Information Figure S3), the calculated current blockade
of dsDNA at ~240 pA is clearly undetectable.
Meanwhile, the relatively larger diameter of the
hyMethDNA/MBD1x complexes induces significant
current blockade with larger blocked current during
a prolonged translocation. Similar findings were re-
ported with a RecA protein-coated dsDNA filament
versus dsDNA alone® Due to an undetectable
quick and shallow nanopore ionic current blockade
of unMethDNA, the nanopore exclusively detected
hyMethDNA bound to MBD1x in the mixture with
unmethylated DNA. Also, our previous study proved
that unbound MBD1x is positively charged at pH 7.6 of
nanopore buffer solution, thus transport of unbound
MBD1x is not observed at positive driving voltage
across the nanopore.>® Consequently, a 19 nm nano-
pore can selectively detect translocation of the com-
plexes and can screen the presence of methylated DNA
in mixed sample solution. Representative long-term
recordings of current blockades induced by transport
of hyMethDNA/MBD1x complexes from 150 to 350 mV
are shown in Figure 2c from left to right. Contour
plots of complex transport events at 250 and 300 mV
are shown in Figure 2d,e, respectively. The wide spread
of the current blockade in contour plots may be
explained by unsuccessful DNA threading attempt,””’
and by differing levels of methylation in single dsDNA
molecules, as shown in a gel shift assay (Supporting
Information Figure S1 and previous study>?). However,
the majority of current blockades fall into one group,
indicating that most events involve complex transport
and most complexes contain a fairly equal number of
MBD1x. The representative transport events of single-
molecule hyMethDNA/MBD1x are shown in Figure 2f.
The analyses of hyMethDNA/MBD1x complex trans-
port through a 19 nm nanopore are presented in
Figure 2g,h for transport current blockade and trans-
port duration. Values of current blockades were ob-
tained by fitting the histogram of all blocked currents
induced at each applied voltage to a Gaussian function,
and the values of translocation duration were obtained
by fitting the histogram of all blocked currents'
duration to an exponential decay function. The short
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dashed trend line of current blockade values is fitted
with a first-order polynomial function, indicating that
conductance blockades increase at higher applied
voltages. The short dashed trend line of transport
duration values is fitted with an exponential decay
function, indicating that the transport velocity is
voltage-dependent. In summary, hypermethylated
90 bp DNA was specifically labeled with MBD1x,
and the presence of hyMethDNA in a mixture with
unMethDNA was selectively detected at the single-
molecule level using a 19 nm diameter solid-state
nanopore. This method could find initial applications
in screening for the presence of hypermethylated DNA
in a mixture.

Differentiation of Hypermethylation from Unmethylated
DNA. The methylation patterns of human genomic
DNA has recently been detected by collecting DNA
on MBD chromatography columns after digesting
methylated DNA into fragments with the restriction
enzyme Msel>? Herein, we further demonstrate the
detection of hypermethylation using 30, 60, and 90 bp
dsDNA. The hyMethDNA fragments contained 10%
methylated CpGs uniformly distributed along the en-
tire sequence, while unMethDNA fragments possessed
no methylation. Nanopores with diameters ranging
from 7.1 to 9.5 nm are utilized to detect methylated
dsDNA. We demonstrated the discrimination of hyper-
methylated and nonmethylated DNA fragments.
First, 90 bp dsDNA fragments in a mixture (100 pM
for both hyMethDNA and unMethDNA) were analyzed
through a 7.7 nm diameter nanopore. The nanopore
ionic current in Figure 3a shows mixed transport
events of 90 bp hyMethDNA (fully bound with MBD1x)
and unMethDNA recorded at 300 mV. The nanopore
with diameter comparable with the dimension of
hyMethDNA/MBD1x complex clearly detected trans-
port events of the unMethDNA and hyMethDNA/
MBD1x. The cross-sectional diameter of hyMethDNA/
MBD1x was ~5 nm when a single protein bound
to DNA and ~7.6 nm with multiple bound proteins,
as also shown in a previous study.>® The scatter plot
of all mixed single-molecule transport events is shown
in Figure 3b and presents prolonged-deeper current
blockade of hyMethDNA/MBD1x transports (Figure 3c)
along with fast-shallow current blockage from trans-
port of unMethDNA (Figure 3d). A contour plot of
Figure 3b is provided to show two major distinct event
populations for naked DNA and the DNA complex
transports (Supporting Information Figure S4). In com-
parison with the scatter plots of mixed events through
the 19 nm nanopore shown in Figure 2d,e, unMethDNA
and hyMethDNA/MBD1x are clearly discriminated
using the 7.7 nm nanopore: the shallow current
blocking events from unMethDNA and deep current
blocking events from hyMethDNA/MBD1x. To confirm
that the fast-shallow events in the mixture are the
single-molecule transport of unMethDNA, a separate
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Figure 3. (a) Nanopore current trace shows mixture transports of 90 bp long unMethDNA and hyMethDNA/MBD1x complex,
recorded at 300 mV in 1 M KCI containing 10 mM Tris and 1 mM ethylenediaminetetraacetic acid at pH 7.6. (b) Scatter plot in
gray color shows mixture events of 90 bp long unMethDNA and hyMethDNA/MBD1x complex and in orange color shows 90 bp
long unMethDNA-only events obtained from separate experiment. Separate unMethDNA-only events match well with
fast-shallow current blocking events found in the mixture, indicating that the fast-shallow events of the mixture represent
transport of 90 bp unMethDNA. (c) Representative sample transports of unMethDNA marked with inverted blue triangles in
(a). (d) Representative sample transport events of hyMethDNA/MBD1x complex marked with red triangles in (a). (e) Current
blocking histograms of unMethDNA transports recorded at 250 mV (top) and 300 mV (bottom). (f) Transport duration
histograms recorded at 250 mV (top) and at 300 mV (bottom). Events obtained from the mixture are in blue, and separate
unMethDNA-only are in orange for both (e) and (f). (g) Current blocking histogram of hyMethDNA/MBD1x complex
transports. (h) Transport duration histogram of hyMethDNA/MBD1x complex transports. The histograms are built with
prolonged-deep current blocking events in mixture transports, as shown in (d), recorded at 250 mV (pink) and at 300 mV (red)
for (g) and (h). (i) Transport duration values of unMethDNA and hyMethDNA/MBD1x complexes. Each point is obtained by
fitting the transport duration histogram to an exponential decay. Transport durations of unmethylated dsDNA are in a range
between 100 and 125 us, while complex transports are in a prolonged duration of 5.59 and 2.86 ms at 250 and 300 mV.
(j) Current blockade values obtained by fitting the Gaussian function to the current blockings. Current blockade of
unMethDNA transports are ~0.45 nA at 250 mV and ~0.56 nA at 300 mV, while hyMethDNA/MBD1x complexes block
current of ~2.5 nA at 250 mV and ~3.5 nA at 300 mV. The number of events used for these analyses was 2135 for the mixture

and 841 for separate unMethDNA at 250 mV and 1860 for the mixture and 613 for unMethDNA at 300 mV.

investigation of unMethDNA single-molecule trans-
port through the same nanopore was performed and
a scatter plot of pure unMethDNA transport events is
superimposed on the scatter plot of mixed events. The
analysis of separate unMethDNA transport and fast-
shallow events in mixed molecule transport showed
good agreement in current blockades and transport
durations. Histograms of transport durations and
current blockades were obtained from mixtures and
separate unMethDNA current traces recorded at
250 and 300 mV, as shown in Figure 3e,f. The values
of transport duration of unmethylated DNA were
obtained by fitting the transport duration histogram
to an exponential function. Both transport durations of
unMethDNA and fast-shallow events in mixed solution
ranged between 100 and 125 us at 250 and 300 mV.
Current blockades were obtained by fitting the current
blocking of events to a Gaussian function. Single-
molecule transport of unMethDNA blocked a current
of 0.433 nA at 250 mV and 0.561 nA at 300 mV, and fast-
shallow events blocked a current of 0.429 nA at 250 mV
and 0.537 nA at 300 mV. Consequently, the fast-shallow
events in mixed solution represent single-molecule
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transport of unMethDNA through the nanopore rather
than collisions of the complex at the entrance of
the solid-state nanopore. Representative nanopore
electrical signatures of single-molecule unMethDNA
transport and single-molecule hyMethDNA/MBD1x
complex transport in mixed events are shown in
Figure 3c,d. The analysis of hyMethDNA/MBD1x
single-molecule transport events showed ~2.5 and
~3.5 nA current blocking, obtained by fitting the
histogram in Figure 3g to a Gaussian function. The
analysis also showed 5.59 and 2.86 ms transport dura-
tion at 250 and 300 mV, obtained by fitting the
histogram in Figure 3h to an exponential decay func-
tion. The comparison between hyMethDNA/MBD1X
and unMethDNA is shown in Figure 3i for transport
times and Figure 3j for current blockades. A hyper-
methylated DNA bound with MBD1x is clearly distin-
guishable from the signatures of the unMethDNA
events.

Various length DNA fragments were also used to
discriminate 10 pM of hyMethDNA fully bound with
MBD1x in 1 nM of unMethDNA through nanopore
ionic signatures of current blockage and duration.
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Figure 4. (a) Representative nanopore ionic current traces of unMethDNA (concentration at 1 nM) transports. (b)
Representative sample single-molecule transport events from raw traces of hyMethDNA/MBD1x complex (concentration
at 10pM) transports. (c) 90 bp long hyMethDNA/MBD1x complex and unMethDNA transports (unMethDNA events, n = 1225 at
150 mV, 1866 at 200 mV, 1136 at 250 mV, 741 at 300 mV, and 436 at 350 mV; hyMethDNA/MBD1x events, n = 963 at 250 mV,
943 at 300 mV, 605 at 400 mV, and 848 at 500 mV). (d) 60 bp long hyMethDNA/MBD1x complex and unMethDNA (unMethDNA
events,n=2135at 150 mV, 1613 at 200 mV, 1088 at 250 mV, and 787 at 300 mV; hyMethDNA/MBD1x events, n = 336 at 200 mV,
503 at 250 mV, 549 at 300 mV, and 505 at 400 mV). (e) 30 bp long hyMethDNA/MBD1x complex and unMethDNA
(unMethDNA events, n = 1167 at 150 mV, 578 at 200 mV, 788 at 250 mV, 681 at 300 mV, and 781 at 350 mV; hyMethDNA/
MBD1x events, n =160 at 200 mV, 132 at 250 mV, 198 at 300 mV, and 126 at 400 mV). HyMethDNA/MBD1x complex transports
are in brown, and unMethDNA transports are in purple. The values of the current blockade are shown in the left panel, and the
values of transport duration are shown in the right panel for (c—e). The short dashed trend lines for current blockade are
obtained by fitting the first-order polynomial, indicating an increased current blockade at higher driving force. The short
dashed trend lines for transport duration are obtained by fitting to the exponential decay, indicating voltage-dependent
translocation velocity.

TABLE 1. Comparison of Experimental Results of unMethDNA and hyMethDNA/MBD1x at Various Lengths®

DNA no. of  nanopore diameter DNA current blockage complex current blockage complex/ DNA port durati pl port duration complex/
length m(pG (nm) (nA) (nA) DNA (ms) (ms) DNA
90 bp 10 7.70 0.54 3.50 6.52 0.12 2.86 2333
60 bp 6 9.50 0.31 1.73 5.54 0.06 0.29 4.45
30 bp 3 7.10 0.71 1.51 2.14 0.14 0.74 5.14

“Values are extracted from transport events recorded at 300 mV.

Representative current traces of unMethDNA and
sample events of hyMethDNA/MBD1x are shown in
Figure 4a,b. Analyses of single-molecule transport of
unMethDNA and hyMethDNA/MBD1x are compared in
Figure 4c—e for 90, 60, and 30 bp DNA fragments. In
each panel, the left graph shows the current blockade
difference and the right graph shows the transport
duration difference between unMethDNA (in purple)
and hyMethDNA/MBD1x complex (in brown). The
trend line of current blockades is fitted by a first-order
polynomial function, and the trend line of transport
times is fitted with an exponential decay function.
These trends are shown as short dashed lines in
Figure 4c—e and are consistent with previous findings
where conductance blockades of DNA translocation
increase in depth at increased applied voltages*>3
and reduce in duration in a voltage-dependent manner
as applied voltage increases.>' Specifically at 300 mV,
90 bp hyMethDNA/MBD1x was discriminated from
90 bp unMethDNA by a 6.5-fold difference in current

blocking and a 23-fold difference in transport duration;
60 bp hyMethDNA/MBD1x demonstrated 5.5-fold
current blocking and 4.5-fold transport duration over
60 bp unMethDNA, and 30 bp hyMethDNA/MBD1x
demonstrated 2.1-fold current blocking and 5.1-fold
transport duration as compared to 30 bp unMethDNA.
The comparison of single-molecule transport events
between complex and unMethDNA recorded at
300 mV is shown in Table 1. Interestingly, the 90 bp
hyMethDNA with 10 MBD1x shows significantly
prolonged transport times compared to 30 bp hy-
MethDNA with 3 MBD1x through nanopores of similar
diameters (see Table1). Interaction between MBD1x
(on the DNA) and the surface of a nanopore with the
opposite charge was reported to slow the translocation
of hyMethDNA/MBD1x complexes through a nano-
pore.3® Consequently, more MBD1x-associated DNA
has longer transport time. To confirm this interaction,
single-molecule transport events of 90 bp hyMethDNA
fully bound with MBD1x through 19 and 7.7 nm
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nanopores are also compared (Supporting Information
Figure S5). Transport durations of hyMethDNA/MBD1x
through 7.7 nm are 5.59 and 2.86 ms and through the
19 nm pore are 2.83 and 1.43 ms at 250 and 300 mV,
respectively. Stronger interactions between the
protein and the surface of the narrow nanopore
(7.7 nm) slow the translocation durations of complexes
by 2-fold compared to the larger nanopore (19 nm) at
250 and 300 mV.

Detection of a (pG Dyad in Short dsDNA. The patterns of
DNA epigenetic alterations in cancer vary from the
individual CpG dyad at the local level to methylations
in 1 million base pairs, or DNA demethylation during
carcinogenesis which results in loss of methylation
on both strands via possible intermediates of hemi-
methylated dyads.>* Although reduced methylation
in DNA (hypomethylation) compared to a normal level
is another major epigenetic modification in cancer
cells, diagnosis of DNA hypomethylation using con-
ventional techniques such as methylation-specific
PCR is technically limited and challenging.>® Herein, a
nanopore-based methylation assay demonstrates
detection of reduced methylation at the local level
single CpG dyad in the DNA fragment. We utilize KZF to
detect local methylation in DNA fragments with its
relevance to cancer and high binding affinity to methy-
lated CpGs. KZF demonstrates high binding affinity of
Kg =210 +£ 50 pM, forming 1:1 complexes with single
consecutive methylated CpGs,** and is reported to
bind and silence aberrantly methylated DNA repair
genes and tumor suppression in cancer cells.>® We
chose two repetitive methylated CpGs to mimic the
methylation pattern of hypomethylation occurring in
normally methylated CpG islands in somatic tissues.>’
The target 90 bp loMethDNA fragments have 30
potential CpG methylation sites, but only two repetitive
CpG sites at the center are methylated. The target
fragments are also designed to have repeated se-
quences to mimic the hypomethylation occurring in
repeated sequences of genomic DNA.>* The crystal
structure of engineered KZF bound on DNA methy-
lated sites is shown Figure 5a (side view) and Figure 5b
(top-down view).*® This loMethDNA bound with KZF is
discriminated from unMethDNA with different nano-
pore ionic current events. We utilized a nanopore
for which the diameter tightly fits with the width of
loMethDNA/KZF complex. The width of the complex is
4.9 nm, and the diameter of the nanopore used was
5.5 nm, as shown in Figure 5b,c. The nanopore current
trace of loMethDNA/KZF at 10 pM mixed unMethDNA
at 1 nM and is shown in Figure 5d, showing signifi-
cantly distinct current blockades. A representative
nanopore electrical signature of single-molecule un-
MethDNA transport and an all-point histogram of
transport events are shown in Figure 5e, and current
events of loMethDNA/KZF transport are shown in
Figure 5f, with the all-point histogram in the right
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Figure 5. (a) Side view of crystal structure that describes
loMethDNA bound with a single KZF (PDB ID: 4F6N). (b) Top-
down view of loMethDNA/KZF complex. Dimension of the
complex is measured at 4.9 nm from end to end of KZF bound
on loMethDNA. (c) TEM image of a 5.5 nm diameter nano-
pore. (d) Nanopore ionic current trace of mixture transports
between 1 nM of 90 bp long unMethDNA and 10 pM of 90 bp
long loMethDNA/KZF complex. (e) Representative sample
single-molecule transports of unMethDNA and all-point his-
togram (right, n = 50), demonstrating open pore current and
current blockade of unMethDNA transports. (f) Representa-
tive transport events of loMethDNA/KZF complex and all-
point histogram (right, n = 20). Current blockades in two
obvious levels are observed; shallow blockade is attributed
to the dsDNA region and the deeper blockade to the
protein—DNA region in complex. (g) Transport duration
histograms of unMethDNA (in purple) and loMethDNA/KZF
complex (in brown). (h) Deeper current blockade position
profile of complex transport events. The number of events
used for this analysis was 7497 for unMethDNA and 379 for
loMethDNA/KZF complexes.

panel. Current blockade histograms with all events
are presented in Supporting Information (Figure S7).
Current blockade of the loMethDNA/KZF complex
showed two distinct levels; the shallow current block-
ade of ~2 nAis attributed to transport of the DNA-only
region of the complex, and the deeper blockage of
~4 nA is attributed to the region of DNA bound with
KZF in complex. The peak of the shallow current
blockade in the all-point histogram in Figure 5f
is well matched with the peak current blockade of
unMethDNA transport in Figure 5e. Hence, the shallow
blocking in loMethDNA/KZF can be attributed to the
translocation of a protein-free DNA region in the
complex through the nanopore. Our nanopore-based
methylation assay discriminates loMethDNA bound
with KZF at 2-fold current blockade and 5-fold
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transport duration from unMethDNA. Current block-
ade of unMethDNA was obtained at 1.87 £ 0.02 nA,
and loMethDNA/KZF was at 3.77 + 0.03 nA. The
histograms of transport duration of both unMethDNA
and loMethDNA-MBD1x are shown in Figure 5g, and
the fitted values of transport times from an exponential
decay function are obtained at 0.19 + 0.006 and 3.98 +
0.32 ms, respectively. In addition, Figure 5f shows a
stepwise current blockade with two current blocking
levels. Level_2 current blockade was clearly distin-
guished from level_1, and solely obtained level_2
duration was at 0.33 £ 0.014 ms (Supporting Informa-
tion Figure S8). The occurrence of level_2 current
blockade was mainly observed at the center of the
whole complex transport, as shown in Figure 5h. The
x-axis represents the length of entire complex trans-
port, normalized and recalculated as 100%. The peak
occurrence of deeper current blockade was obtained
by fitting a Gaussian function to the occurrence histo-
gram, and the fitting value was 52.1%, indicating that
a deeper current blockade mainly occurs at the middle
of the entire complex translocation. These results pro-
vide very preliminary evidence that the position of
methylated CpGs in loMethDNA could be profiled some
day by analyzing the location of level_2 current blocking
from the entire stepwise DNA complex translocation.

In summary, we utilized KZF to detect loMethDNA
and to roughly determine the methylation location
where the nanopore electrical current signature
of loMethDNA/MBP demonstrated stepwise deeper
current blocking, as shown in Figure 5f. This was
significantly different from the prolonged single level
deeper current blocking of hyMethDNA/MBP in
Figure 2f and Figure 3c. Interestingly, KZF also has high
binding affinity for symmetric single methylated CpG
dinucleotides and hemimethylation of two adjacent
CpGs in dsDNA with slightly reduced binding affinity.**
With the versatile binding affinity of KZF to various
methylation patterns, various patterns can be screened
using our nanopore-based methylation assay.

CONCLUSION

We present a direct electrical analysis technique to
detect various methylation levels on DNA fragments at
the single-molecule level using solid-state nanopores.

MATERIALS AND METHODS

Solid-State Nanopore, Chemicals, and Materials. The free-standing
low-stress SiN membranes with 10 nm thickness and 50 x
50 um? area, supported on a silicon substrate, were purchased
from Norcada (Alberta, Canada). Single nanopores with various
diameters were drilled with condensed electron beam using a
JEOL 2010F field emission transmission electron microscope.
All custom DNA fragments including methylation patterns for
nanopore experiments were synthesized and purchased from
Integrated DNA Technologies (Coralville, 1A). The nanopore
measurements were performed in 1 M KCl at pH 7.6 containing
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Hypermethylated DNA, a molecular-level epigenetic
biomarker for cancer, can be selectively labeled using
MBD1x as a methylation-specific label and can be
detected without the need for any further processes,
such as bisulfite conversion, tagging with fluorescent
agent, or sequencing. The large nanopore successfully
exhibited exclusive detection of methylated DNA
bound to MBD1x in a mixture with unmethylated
DNA. This method could find an initial application for
screening the presence of hypermethylated DNA. Dif-
ferentiation between hypermethylated and unmethy-
lated dsDNA oligos was demonstrated using sub-
10 nm nanopores, thus nanopore-based methylation
assays also have the potential to identify abnormally
methylated DNA in clinical tests aimed at diagnosis of
diseases such as cancer. Hypomethylation in locally
methylated CpG dyads is another epigenetic biomark-
er for cancer, and the methylated CpG dyads were
labeled with KZF and discriminated from unmethyl-
ated DNA—hypomethylated DNA in this case. Further-
more, we could coarsely profile the methylation posi-
tion in DNA. However, a nanopore-based methylation
assay should improve the efficiency for low sample
volume obtained from body fluids. Our next steps
include integrating a nanopore-based assay in a micro-
fluidic system to collect genomic DNA samples adja-
cent to the nanopore and detect methylation in situ.
Bodily fluids, such as stool or blood, represent rich
sources of genomic DNA that can be obtained non-
invasively. DNA sequences can be hybrid-captured
from such samples and concentrated near a nanopore
integrated with a microfluidic system. Wanunu et al.
showed successful nanopore detection of 1000
events in 15 min with a sample amount of 1000 000
molecules/10 uL.>® The relative percentage of aber-
rantly methylated DNA in stool samples from patients
with colorectal cancer averages about 5% but can be
much lower in some instances.>® Using the approaches
presented in this paper, the nanopore-based methyla-
tion detection method should be feasible for develop-
ing a new methylation assay from small volume
samples. The next generation of methylation assay
using an integrated nanopore in a microfluidic device
could herald a revolution in rapid, accurate, and
amplification-free methylation detection.

10 mM Tris and 1 mM ethylenediaminetetraacetic acid (EDTA) for
hypermethylated DNA fragments bound with MBD1x and in
0.2 M NadCl at pH 7.6 containing 10 mM Tris and 1 mM EDTA for
locally methylated DNA fragments bound with KZF. The methyl-
ated DNA/MBP complexes were prepared and incubated for
15 min at room temperature (25 £ 2 °C) immediately before
the nanopore experiment. Hypermethylated DNA was mixed with
MBD1xin 80 mM KCl at pH 7.6 containing 10 mM Tris, T mM EDTA,
and 0.4 mM DTT. The high ratio of MBD1x to methylated DNA
was used to fully bind MBD1x to methylated DNA: ratio of 6:1
for 30 bp, 12:1 for 60 bp, and 20:1 for 90 bp methylated DNA.
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Locally methylated DNA and KZF were mixed in equal ratio in
200 mM NadCl at pH 7.6 containing 10 mM Tris, 1 mM ZnCl, and
1 mM TCEP.

Nanopore Electrical Measurements. Nanopore chips were piranha-
cleaned (two-thirds of 95% H,SO, and one-third of 30%
H,0,) for 10 min and thoroughly rinsed five times with large
amount of deionized H,0, and then the nanopore chip was
clamped and sealed between two custom acrylic chambers to
form the nanopore, the only electrical path of ions between the
two reservoirs. Ag/AgCl electrodes were immersed in reservoirs
for ionic current recordings. Axopatch 200B was used for
applying potentials and measuring currents, and data were
recorded using a Digidata 1440A data acquisition system.
Nanopore current traces were recorded using a 10 kHz built-
in low-pass Bessel filter and 10 us sampling rates. Instrumental
control and data analysis were performed using Clampex 10.2
and Clampfit 10.2. All data points of current blockage were
obtained using Gaussian fit, and transport duration was deter-
mined using an exponential decay function in Clampfit 10.2
software. Also, all error bars were given with standard error
obtained during the fitting. All nanopore experiments were
performed in a dark double Faraday cage on an antivibration
table at room temperature (25 + 2 °C).

MBD1x Protein Purification. MBD1x purification was introduced
in a previous report.>®

Plasmid Construction. The Kaizo zinc finger DNA sequence was
codon-optimized, PCR-amplified, and cloned into pUC19
(Fisher). The pUC19 plasmid was digested with Xmal and
subcloned into pQE8OL (Quiagen) expression vector that was
modified to contain mCherry and a thrombin cleavage site®
and digested with Xmal (New England Biolabs) and calf intest-
inal alkaline phosphatase (New England Biolabs). The expres-
sion vector was transformed into DH5-alpha Escherichia coli,
and positive colonies were checked by sequencing performed
at the UIUC core sequencing facility.

KZF Protein Expression. The pQE8OL expression vector contain-
ing mCherry—KZF was transformed into E. coli BL21(DE3)pLysS.
An overnight culture of a single colony was grown in Luria-
Bertani medium with ampicillin (100 u«g/L). The culture was
expanded into 1 L of Luria-Bertani broth with ampicillin, and at
ODgqo of 0.3, isopropyl-p-thiogalactopyranoside (1.0 mM) was
added to the culture. Cell pellets were harvested by centrifuga-
tion at 6000g for 15 min at 4 °C and snap frozen.

KZF Protein Purification. Lysis buffer (20 mM Tris at pH 7.9,
0.1 mM ZnCl,, 8 M urea, 10% v/v glycerol, 500 mM NaCl, 10 mM
imidazole) was added to the cell pellet and incubated with
lysozyme (1 mg/mL) at4 °Cfor 1 h. The lysate was sonicated and
then centrifuged at 10000g at 4 °C for 1 h. The bacterial
supernatant was added to a column packed with Ni-NTA resin
for 1 h at 4 °C. The column was extensively washed with wash
buffer (20 mM Tris at pH 7.9, 0.1 mM ZnCl,, 10% v/v glycerol,
500 mM NaCl, 20 mM imidazole), and mCherry was cleaved by
incubation with biotinlyated thrombin overnight at 4 °C. Excess
biotinylated thrombin was removed by streptavidin-coated
beads and centrifugation. Protein was diluted in TDZ buffer
(20 mM Tris at pH 7.9, 0.1 mM ZnCly, 20% v/v glycerol) and
injected into heparin column in an AKTA FPLC (GE HealthCare).
The column was washed with 5—10 volumes of TDZ buffer with
200 mM Nacl, and the protein was eluted with TDZ buffer with
gl M NaCl; 70% glycerol was added, and the purified KZF
protein was stored at —20 °C.
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