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Abstract

The alpha-hemolysin (a-HL) nanopore can detect DNA strands under an electrophoretic force via
many regions of the channel. Our laboratories previously demonstrated that trapping duplex DNA
in the vestibule of wild-type a-HL under force could distinguish the presence of an abasic site
compared to a G:C base pair positioned in the latch zone at the top of the vestibule. Herein, a
series of duplexes were probed in the latch zone to establish if this region can detect more subtle
features of base pairs beyond the complete absence of a base. The results of these studies
demonstrate the most sensitive region of the latch can readily discriminate duplexes in which one
G:C base pair is replaced by an A:T. Additional experiments determined that while neither 8-
oxo-7,8-dihydroguanine nor 7-deazaguanine opposite C could be differentiated from a G:C base
pair, in contrast, the epigenetic marker 5-methylcytosine, when present in both strands of the
duplex, yielded new blocking currents when compared to strands with unmodified cytosine. The
results are discussed with respect to experimental design for utilization of the latch zone of a-HL
to probe specific regions of genomic samples.
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The alpha-hemolysin (a-HL) protein nanopore has been applied for detection and
quantification of solutes.1=3 To achieve this ability, a single, well-defined protein channel is
embedded into a lipid bilayer suspended across a solid support, such as a glass nanopore
membrane (GNM).# This allows placement of electrodes on the cisand trans side of the
protein, in which an applied current electrophoretically drives charged molecules toward the
nanopore (Figure 1). When the molecules enter the channel, the changes in current are
characteristic of the molecular interactions between the protein and the analyte; further, the
duration of these events can also be diagnostic of the interactions.® Of particular interest are
studies that analyze DNA with a-HL.% DNA can interact with wild-type or engineered a-HL
in four general regions: (1) the p-barrel has been utilized for discrimination of nucleotides in
single-stranded DNA (ssDNA) with enormous potential for DNA sequencing
applications;37-13 (2) the central constriction zone of wild-type a-HL can detect large
adducts appended to ssDNA as it translocates through the nanopore, and this region in
engineered a-HL can also discriminate nucleotide identity;14-18 (3) the size-limiting
properties of the vestibule of wild-type and engineered a-HL can be harnessed to interrogate
folded DNA structures such as hairpins,1%20 G-quadruplexes,?1:22 j-motifs,23 and folded
RNA structures;2425 and, (4) recently, the latch zone at the top of the vestibule of wild-type
a-HL was shown to identify single abasic site lesions in double-stranded DNA (dsDNA,
Figure 1) in single-molecule events.26-28 Of these sensing zones, the most recently
identified is the latch region, and its full potential for monitoring dsDNA is yet to be
determined.

Work in our laboratories identified the latch zone as a sensitive region providing baseline-
resolved blocking currents for discriminating a G:C base pair from a G opposite an abasic
site (AP).26-28 |n practice, this was achieved by temporarily capturing dsDNA in the
vestibule using an appended single-stranded tail on one of the strands to pull the duplex into
the vestibule (Figure 1). The single-stranded tail (d = 1.0 nm) can penetrate the central
constriction (d = 1.4 nm) and thread into the narrow B-barrel, while the wider dsDNA (d =
2.0 nm) is temporarily trapped in the vestibule.22:30 The trapping of dsDNA allows ample
time to monitor the blocking current prior to voltage-induced unzipping of the duplex, in
which the strand with a tail is driven to the #rans side of the channel.31-34 Mapping studies
identified the latch sensing zone to be a seven base pair detection window that spanned from
the sixth to the thirteenth base pair of the duplex above the central constriction.26:28 The
most sensitive site was found at the tenth base pair above the central constriction. Our
subsequent studies aimed to optimize the conditions for differentiating a G:C vs. G:AP base
pair that found the ideal temperature, salt concentration, and electrolyte cation for
detection.27:28 Probe-based strategies for identification of sequences or modifications to
sequences (e.g., 5-methylcytosine or base-pair mismatches) utilizing nanopores have been
approached by other laboratories.33:35-37 Herein, further interrogation of the latch zone to
uniquely identify other sequence variations to dsSDNA apart from a G:C vs. G:AP were
explored. These new studies demonstrate a sequence dependency in the location of the latch
sensing zone relative to our previous work,2%:28 and the ability to call a single G:C vs. A:T
base pair in a precise location. A partial list of base modifications was also explored to
identify others that could be detected in the latch zone. The most interesting of these was
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discovery that the latch zone can distinguish a cytosine from a 5-methylcytosine when
present in both strands of dsDNA.

Results and Discussion

In these studies, a set of fishhook terminal hairpin duplexes with a 30-mer poly-2’-
deoxycytidine tail on the 3’ end were used as models for dsSDNA. The hairpins comprised a
12-mer duplex stem with a 5’-GTTA-3’ tetraloop. In accord with the optimized temperature
and electrolyte concentrations found in our previous work to achieve maximal separation
while maintaining a workable event frequency,28 the experiments were conducted at 22

+ 1 °C with 1.00 M KCI or other electrolytes.

The first hairpin duplex studied, which was also used as an internal standard for other
experiments, had six base pairs of G:C on the tail side and six base pairs of A:T on the
tetraloop side (Figure 2A, hp-1). The use of an internal standard allowed analysis of
sequence variations between different protein channels that inherently have natural variation
of 5% in the open channel current;? further, the use of an internal standard also provided the
best possible way to determine if the deep blocking currents changed for each sequence
studied (Figure 2B). The hp-1 standard was mixed in a 1:2 ratio with a strand that introduced
three G:C base pairs at positions 7, 8, and 9 (Figure 2A, hp-2) and blocking currents were
recorded. For all studies reported, blocking current histograms were comprised of >200
events. The blocking currents (/) were normalized by the open channel current (/,) yielding
plots of /1, (Figure 2C). These plots allow comparisons between samples measured with
different protein pores. Initial plots revealed two populations of events with a difference in
blocking current of 1.0 + 0.2 pA, corresponding to A///,= 0.010 + 0.002 (Figure 2D; the
current values are reported in the text instead of the normalized values for clarity). Because
the two samples were always mixed with twofold more analyte strand than standard, the
histogram peak areas could readily be used to identify the hp-1 signals. In the next study, the
hp-1 standard was compared to hp-3 (Figure 2A) that placed G:C base pairs at positions 10,
11, and 12 relative to the standard. The histogram of the normalized blocking currents
displays two populations that differed in current by 0.5 £ 0.1 pA (Figure 2D). The last
sequence comparison was conducted with the hp-1 standard and a sequence that had all G:C
base pairs (hp-4, Figure 2A). Histograms of the blocking currents for this study were found
to be separated by 1.4 + 0.3 pA (Figure 2D). These studies identified that a change of A:T
vs. G:C blocks between positions 7 and 12 in the duplex significantly affects the blocking
current level.

Interestingly, when the six base-pair A:T track from positions 7 - 12 was replaced with
blocks of three G:C base pairs, the recorded current was always greater (/.€., G:C was less
blocking to the current). Specifically, a current increase of ~0.5 pA (positions 7 - 9) or ~1.0
pA (positions 10 - 12) was observed for the replacement of three A:T base pairs with G:C
base pairs, while replacing all six A:T base pairs with G:C led to a ~1.4 pA increase (Figure
2D). Structurally, A:T tracks in DNA adopt a conformation with a narrower minor groove
and wider major groove compared to classical B-form duplexes leading to a slightly wider
duplex.39 The wider duplex at A:T tracks is expected to block the current more than the
duplex section observed when G:C tracks are present in the latch zone. This observation
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adds further support for the latch zone of the a-HL nanopore as a detector of sequence
variations in dsDNA. This led us to question if single base pair variations in this region
could be detected.

Our previous studies for analyzing damaged dsDNA in the latch,26:28 and the results with
native dsDNA above, pointed us to positions 8 through 10 as likely sites that would be most
sensitive for detecting alterations in the duplex sequence. A series of duplexes in which A:T
base pairs were switched for G:C base pairs at positions 8 (hp-5), 9 (hp-6), or 10 (hp-7,
Figure 3A) were studied in comparison to the standard hp-1. The results of these studies
found positions 8 and 9 to show the greatest difference in blocking current with a value of
0.5 = 0.1 pA between the individual A:T and G:C base pairs (Figures 3B and C). The
present results demonstrate the latch zone can differentiate a single G:C vs. A:T base pair.
When damaged duplexes were studied in the latch zone, a G:C vs. G:AP was most
discriminated at position 10.26:28 Further, these prior studies were conducted in a different
sequence context that was comprised of G:C and A:T base pairs between the central
constriction and the latch zone unlike the present studies that only had G:C base pairs in this
region. We rationalize this difference in the base pair position that was detected by the latch
zone in the following way. Tracks of poly (G:C) adopt secondary structures different from
the classical B-form helix that can induce a slight elongation of the strand, %0 thereby
elongating the duplex in the vestibule. This subtle difference in structure is reflected in the
most sensitive site being at a different position than in our previous work.

Next, to demonstrate that the ability to detect native base pairs in dsDNA in the latch zone of
a-HL is a general phenomenon for all dsSDNAs and not those derived from hairpins,
additional studies were pursued; accordingly, a control system was studied that maintained
the same sequence context as the hairpin while studying it as a template-probe
complementary pair without a connecting tetraloop. This study found a nearly identical
current separation between the G:C vs. A:T base pairs at position 9 (0.5 + 0.1 pA) to that
observed with the fishhook hairpins (0.5 + 0.1 pA, Figure S3); curve shapes indicate that the
resolution was in fact slightly better with the two-strand duplex compared to the hairpin.
This verifies that the ability to resolve the blocking currents for G:C and A:T base pairs in
DNA duplexes is not limited to fishhook hairpin duplexes.

Next, studies were conducted to determine if G:C vs. C:G base pairs gave different current
signals. These studies were conducted in two-stranded duplexes and yielded identical current
levels (Figure S12). Thus, the latch zone of a-HL nanopore cannot differentiate different
base pair orientations (i.e., G:C vs. C:G), as might be expected based on the 7-fold
symmetry of interior of the latch. As further tests of the latch zone sensing capabilities,
studies were then conducted with duplexes bearing single-stranded tails comprised of 5’-
(CAT)10-3’ which yielded the same current difference between A:T and G:C-containing
duplexes, as previously observed (Figure S13), showing that the composition of the single-
stranded tail has little or no effect on the current level discrimination. The tails were moved
from the 3’ end to the 5’ end of the hairpin duplexes, and the base pair discrimination
abilities were similar (5’ entry = 0.3 + 0.1 pA difference and 3’ entry = 0.5 + 0.1 pA
difference, Figure S14). Lastly, further changes in the sequence context around position 9
led to the same 0.5 + 0.1 pA current difference originally noted (Figure S15). These studies
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conclude that the latch zone is a robust platform for detection of these base pairs in many
different contexts.

Inspired by the ability to differentiate a G:C vs. A:T base pair in a duplex, a number of other
base modifications were placed at position 9 to determine if the latch zone of a-HL could
distinguish between them. Position 9 was chosen because it gave the best discrimination
between G:C vs. A:T base pairs. Our interest in the oxidation of the guanine heterocycle*!
led us to first place 8-oxo-7,8-dihydroguanine (OG) at position 9 (hp-8, Figure 4A). When
the OG:C duplex (hp-8) was compared to the standard with a G:C at the same position
(hp-6), histograms of the normalized blocking current showed a single peak. This result
demonstrates that the latch zone is not capable of differentiating an OG:C vs. G:C base pair
in this duplex system (Figure 4A). Next, we placed 7-deazaguanine (7) in the duplex system
base paired with C (hp-9, Figure 4A). When a 1:2 mixture of hp-6 and hp-9 was studied by
the nanopore a single peak was again observed in the current histogram (Figure 4A). Again,
this result determined the latch zone was incapable of discriminating these two very similar
base pairs. These initial results, in which modifications to the G base did not lead to an
observable current difference, suggest that the 1-2 atom structural differences that OG and
7-deazaguanine cause to the major groove of duplex DNA are not great enough to impact the
blocking currents in the latch zone of the wild-type a-HL nanopore.

Methylation of the cytosine heterocycle at C5 to yield 5-methylcytosine (mC) yields an
epigenetic marker utilized in biology to regulate gene transcription.*2-44 These methyl
groups are installed at 5’-CpG-3’ sequences in the genome; therefore, we designed a duplex
placing a 5’-CpG-3’ sequence at the most sensitive positions 8 and 9. In this study, the
internal standard was the strand without the methylation modification (hp-10, Figure 4B),
and the first test had a single mC at position 8 (hp-11, Figure 4B) representing a
hemimethylated strand, a rare occurrence in the genome. Analysis of a mixture of hp-10 and
hp-11 gave only one peak in the current histogram profile (Figure 4B). Next, mC was placed
at the C sites at positions 8 and 9 (hp-12, Figure 4B). Interestingly, analysis of a mixture of
hp-10 and hp-12 led to observation of two peaks in the current histogram that were separated
by 0.2 + 0.1 pA, and they were not baseline resolved to a point that would allow calling a
sequence with >95% confidence (Figure 4B). This final result determined that the latch zone
can discriminate bismethylated strands from the parent duplex. Protein nanopores have been
utilized for detecting or sequencing epigenetic marks on DNA,3%45-49 and the present
results demonstrate an additional nanopore method to achieve detection of mC in specific
sequences using wild-type a-HL. Studies with more than one OG or 7-deazaguanine were
not pursued as for the study with mC because there is insufficient evidence that these
modifications would occur in tandem like mC.

The base modifications probed in the latch zone all induced changes to the major groove of
the duplex. When one modification was present, such as OG, 7, or mC, the current level
remained the same as the parent duplex without the modification (Figures 4A and B). On the
other hand, when two mC modifications were placed in the duplex, current differentiation
with the C-containing parent duplex was observed. The observation with mC suggests an
additive affect for the modifications to impact the blocking current level. When comparisons
between duplex structures with C or mC were studied, a significant difference in base pair
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geometry or helical parameters between them was not observed;®C in contrast, mC induces a
change in the ordered waters found in the major groove.>1 Whether the difference in
observed current results from the methyl groups altering the duplex hydration, or if the
difference results from a steric effect altering the current, cannot be determined from these
initial results.

Herein, the latch zone of wild-type a-HL was utilized for sensing base pairs in dsDNA while
they were tethered in the channel by a single-stranded tail prior to unzipping of the duplex.
The results exhibit the ability to differentiate a G:C vs. A:T base pair, as well as to detect the
presence of the mC epigenetic marker in a DNA duplex. When the G:C vs. A:T base pairs
were placed at position 9 in the duplex, a 0.5 + 0.1 pA separation in the histograms of
blocking currents was observed (Figure 3). Protein engineering of the a-HL monomers in
the B-barrel region has allowed great progress to be made for sequencing the individual DNA
nucleotides in ssDNA.”22 Progress toward mutations in the latch zone has not been reported,
and doing so is anticipated to allow greater resolution of G:C vs. A:T base pairs in dSDNA
when positioned correctly in this region. Utilizing this as an actual DNA sequencing
technology is hard to envision because the present method only examines one site in the
duplex; however, probing methods to determine specific DNA sequences are still actively
being pursued to overcome one limitation of full genome sequencing.5354

Next-generation DNA sequencing is generally applied to genome samples taken from a
population of cells that in the case of cancerous tissue is likely to be heterogeneous at the
sites of critical single nucleotide polymorphisms (SNPs).5® High sequence coverage (up to
1000x) is required to identify low levels of SNPs by current sequencing methods.>8 In
contrast, probing methods can target specific sequences to interrogate them for low level
mutations. Typical probes for SNP analysis are labeled with reporter groups (e.g.,
fluorophores)®’ that monitor fluorescence changes for only one of the possible alleles in the
sample. In contrast, the nanopore can analyze samples label free and interrogates all alleles
in solution via counting of the current levels. When looking at a population of duplexes that
differ in a single base pair in the middle, the entry rate of each sequence will be dependent
on the tail identity that will be identical for each sequence variant. Therefore, counting the
populations of G:C vs. A:T will report on the presence and quantity of these types of SNPs
in solution. The nanopore experiment presently described could be applied for the
determination and quantification of these mutations via a PCR-based method to amplify
specific regions of the genome followed by nanopore analysis (see outline in Figure S16)
Once protein engineering has provided protein nanopores that can baseline resolve an A: T
vs. G:C in dsDNA, single-molecule profiling can be achieved allowing the call of a low-level
mutation via a single event (i.e., single DNA strand). Additionally, progress toward
multiplexing nanopores is being carried out, as exemplified by the progress being made at
Oxford Nanopores,” and once this capability is perfected, latch zone analysis of many
mutation sites in the genome could be monitored concurrently. Lastly, the present results
demonstrate that the latch zone of the a-HL nanopore can differentiate methylated vs.
unmethylated CpGs in dsDNA (Figure 4B). Therefore, the ability to measure mC levels
could provide a boon for future biomedical studies that address the heterogeneous changes
in genomic methylation levels as a function of cancer initiation, progression, and response to
treatment.58
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Conclusion

Protein nanopores, such as a-HL, detect DNA solutes through multiple recognition zones
that are specific for different aspects of DNA, such as sequence and secondary structure. The
present work demonstrated that the latch zone of a-HL nanopore can differentiate the
canonical DNA base pairs G:C and A:T (Figure 2). Additional studies found the latch zone
to identify the presence of the epigenetic marker mC (Figure 4). These results illustrate the
ability of this region to detect sequence variations and modifications to DNA. These
sequence variations and modifications are characteristic changes that occur to the genome in
many diseases, are part of the developmental process, and regulate many cellular functions.
Our future studies will apply this methodology for detecting and quantifying modifications
of critical interest.

Experimental Section

Materials and oligodeoxynucleotide (ODN) preparation

KCI, RbCl, ethanol (200 proof), wild-type a-HL monomer, the phospholipid 1,2-
diphytanoyl-sm-glycero-3-phosphocholine (DPhPC), EDTA, and Na,HPO,4 were purchased
from commercial suppliers and used without further purification. All of the nanopore
experiments were performed in 1.00 M KCI, 10 mM KPj at pH 7.4 and 22 = 1 °C unless
otherwise noted.

The ODNs were synthesized from commercially available phosphoramidites (Glen
Research, Sterling, VA) by the DNA-Peptide Core Facility at the University of Utah,
followed by purification using a semi-preparative ion-exchange HPLC column with a linear
gradient of 20% to 100% B over 30 min while monitoring absorbance at 260 nm (A = 10%
CH3CN/90% ddH,0; B = 20 mM Tris, 1 M NaCl, pH = 8 in 10% CH3CN/90% ddH,O0;
flow rate = 3 mL/min). The purities of the ODNs were determined by analytical ion-
exchange HPLC, running the previously mentioned buffers and method, with the exception
that the flow rate was 1 mL/min.

After purification, all ODNs were annealed by incubating them at 90 °C in analysis buffer
electrolyte solution for 5 min and then rapidly cooling on ice. The duplex DNA was
annealed by incubating at 90 °C in analysis buffer electrolyte solution for 5 min and then
cooling slowly in the water bath to room temperature. The prepared samples were stored in a
-20 °C freezer before they were used in other experiments.

lon current recordings

The glass nanopore membrane (GNM) (radius 800 nm) was constructed as previously
established.*>9 Diphytanoylphosphatidylcholine (DPhPC) bilayers spanning across the
orifice of the GNM were prepared as previously described.* A proper bilayer was
determined by a resistance of ~200 G, a value consistent with literature sources.* The
protein a-HL was diluted to 1 mg/mL in ultra-pure water and the DPhPC was dissolved in
decane to a concentration of 10 mg/mL, both of which were stored at 80 °C. A pipette holder
with a pressure gauge and a 10-mL gas-tight syringe were used to attach the GNM to the
direct current (DC) system. Two Ag/AgCl electrodes were positioned inside and outside of
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the GNM to apply a voltage. A plastic pipette tip was used to paint the DPhPC solution (1
uL, 10 mg/mL) on the GNM surface. After the addition of monomer a-HL (0.2 uL, 1 mg/
mL), pressure was applied to form a suspended bilayer, followed by reconstitution of a
single a-HL ion channel in the bilayer.5% All experiments were performed at 22 + 1 °C and
100 mV (transvs. cifs). Next, the internal control was added to the ¢/s side of the chamber
with a final concentration of 5 pM. After collecting > 200 events, another sample was added
to the same protein channel at a concentration of 10 uM to allow the comparison of the
current levels between two ODNs. For each experiment, data were collected from three
individual proteins channels and > 200 events were collected for each protein channel with a
10 kHz low pass filter and a 50 kHz data acquisition rate.

Data processing and analysis

Current levels and blockage durations for events in the /-¢traces were extracted using QUB
1.5.0.31 and plotted using Origin 9.1. Only events with deep blockage current (/) that were
less than 20% of the open channel current (/,) were considered to be unzipping events,
similar to our previous work with fishhook hairpin unzipping in the a-HL nanopore.2® The
error bars associated with the difference in blocking currents between the analyte and
internal standard strand were determined from three individual protein channels. For the
current histograms, either 100 or 150 bins of 0.1 or0.05 pA widths were used in each plot.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The DNA-specific sensing regions of the a-HL protein nanopore. The protein space filling

model is derived from pdb 7AHL.2°
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Figure2.

Mapping the latch sensing zone of the a-HL nanopore with blocks of G:C base pairs in a
background of A:T base pairs. (A) The hairpin duplex sequences studied. (B) Representative
structure for a-HL and the hairpin duplex based on pdb 7AHL,2% 1JVE,38 4HW1.39 (C)
Current blocking histograms for mixtures of analyte and standard duplexes. The hp-1
sequence was used as an internal standard, and it was always mixed with the analyte strand
in a ratio of 1:2, respectively; therefore, the smaller peak area always represents hp-1. (D)
Table of peak-to-peak A///,and current differences measured between the internal standard
(hp-1) and the analyte strand. The error in each value represents the standard deviation of
peak-to-peak widths from three individual protein channels. The data were recorded with 10
mM KP; (pH 7.4), 1.00 M KCl, at 22 £ 1 °C, and a 100 mV (#ransvs. c¢fs) bias. The
histograms represent > 200 recorded events.
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Current resolution studies of a G:C vs. A:T base pair at positions 8, 9, and 10 in the latch
zone of the a-HL protein nanopore. (A) Sequences for the hairpin duplexes studied. (B)
Current blocking histograms for mixtures of the hairpin duplexes. The hp-1 sequence was
used as an internal standard and it was always mixed with the analyte strand in a ratio of 1:2,
respectively; therefore, the smaller peak area always represents hp-1. (C) Table of peak-to-
peak A/l/,and current differences measured between the standard (hp-1) and the analyte.
The error in each value represents the standard deviation of peak-to-peak widths from three
individual protein channels. The data were recorded with 10 mM KP; (pH 7.4), 1.00 M KClI,
at22 +1 °C, and a 100 mV (#ransvs. cis) bias. The histograms represent > 200 recorded

events.
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Figure 4.

Additional base pair alterations monitored in the latch zone of a-HL. (A) Comparison of
G:C vs. OG:C or G:C vs. 7-deazaguanine (7):C when placed at position 9. The blocking
current histograms for both studies identified a single population. These results suggest the
latch zone of wild-type a-HL cannot resolve these base pairs. (B) Comparison of the
epigenetic markers mC with C-containing duplexes. These blocking current histograms
identify that one mC cannot be distinguished from one C, though; two mCs can be
differentiated from the parent strand. The data were recorded with 10 mM KP; (pH 7.4),
1.00 M KCl, at 22 £ 1 °C, and a 100 mV (#rans vs. cis) bias. The histograms represent > 200
recorded events. *Blocking current histograms for hp-6 vs. hp-8 and hp-6 vs. hp-9 were
nearly identical; therefore, in the figure data for hp-6 vs. hp-8 is provided and the data for
hp-6 vs. hp-9 can be found in Figure S2.
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