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ABSTRACT: Translocation measurements of intact DNA strands
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with the ion channel a-hemolysin (a-HL) are limited to single- ) :NIO‘H N o e \N-
stranded DNA (ssDNA) experiments as the dimensions of the H"N}‘S-—N N H"" A
channel prevent double-stranded DNA (dsDNA) translocation; i
however, if a short oligodeoxynucleotide is used to interrogate a Target Strand

e ; . q Strand
longer ssDNA strand, it is possible to unzip the duplex region when / /
it is captured in the a-HL vestibule, allowing the longer strand to =57.8°C WOPORE UNz|ppmG TIME T,=52.79
translocate through the a-HL channel. This unzipping process has a LONG ¢ SHORT 1

characteristic duration based on the stability of the duplex. Here, ion

channel recordings are used to detect the presence and relative location of the oxidized damage site 8-0x0-7,8-dihydroguanine (OG)
in a sequence-specific manner. OG engages in base pairing to C or A with unique stabilities relative to native base Watson—Crick
pairings, and this phenomenon is used here to engineer probe sequences (10—1Smers) that, when base-paired with a 6Smer
sequence of interest, containing either G or OG at a single site, produce characteristic unzipping times that correspond well with the
duplex melting temperature (T},,). Unzipping times also depend on the direction from which the duplex enters the vestibule if the
stabilities of leading base pairs at the ends of the duplex are significantly different. It is shown here that the presence of a single DNA
lesion can be distinguished from an undamaged sequence and that the relative location of the damage site can be determined based

on the duration of duplex unzipping.

B INTRODUCTION

Detection of chemical damage to genomic and mitochondrial
DNA remains an important and challenging task." In an ideal
case, one would determine the precise chemistries and locations
of all modifications occurring on individual DNA strands in
healthy versus diseased cells and be able to monitor such changes
as a function of oxidative, alkylative, or micronutrient stress. %3 In
the case of the key base oxidation product 8-oxo-7,8-dihydro-
guanine (OG), the most sensitive and accurate methods of
quantification involve either the comet assay to produce strand
breaks at each lesion or digestion followed by LC-MS analysis.*
Shortcomings of these procedures include the loss of sequence
information surrounding the lesion and the difficulty in distin-
guishing between multiple lesions on one strand relative to the
average of a set of strands. We therefore sought a single-molecule
method that would overcome these limitations.’

As a step toward these goals, we report the ability of short
oligodeoxynucleotides to interrogate a target strand of DNA in a
sequence specific manner for the presence of OG versus G. Our
strategy is based on measuring the characteristic time 7 for
unzipping the duplex formed by the target and a short oligodeox-
ynucleotide probe in an a-hemolysin (¢-HL) ion channel. Other
laboratories have shown that the time required for electrophor-
etically driven translocation of single-stranded DNA (ssDNA)
oligomers through the a-HL nanopore is greatly increased when a

v ACS Publications ©2011 American chemical Society

terminal hairpin is present which must unfold before threading
through the narrow constriction zone of a-HL. 611 Alternatively,
addition of a small complementary DNA probe sequence also
increases T by providing a quasi-stable duplex which must unzip
before translocation of the strand can be completed."> ¢ We
chose the latter approach in designing a detection method for OG
versus G in a specific target sequence (Figure 1). We demonstrate
that, by monitoring the unzipping time constant 7, a specific target
sequence containing G at a position of interest can be differen-
tiated from a duplex containing OG at the same position. This
capability results from the difference in duplex stability imparted
by the presence of either G or OG and is reflected in 7. In concept,
this method could be used to detect multiple DNA lesions within a
given DNA target strand, as each lesion will uniquely influence the
duplex stability and thus 7. In the studies presented here, single
OG lesions were examined to demonstrate the ability to detect
single nucleotide damage and to determine the relative location of
the lesion based on 3’ or §’ unzipping.

A unique feature of OG is its ability to base pair to either C or
A with nearly equal stability, compared to the parent base G,
which forms a highly stable base pair only with C. NMR and
X-ray crystallographic studies provide the base pair structures
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Figure 1. Unzipping of hybridized DNA as it translocates through an
a-HL ion channel. A target sequence is duplexed to a short probe
sequence; the short probe dissociates upon translocation of the target
sequence through the ion channel.
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Figure 2. Base pairing scheme of G versus OG opposite C or A. The
sugar—phosphate backbone distance (arrows) of a G(anti):A(anti)
mismatch (red arrow) is wider than that of an OG(syn):A(anti) pair or
a Watson—Crick G:C pair, accounting for its lower stability in the duplex.

shown in Figure 2."”~>* The Watson—Crick OG:C base pair, in
which both bases are in the normal anti conformation about the
glycosidic bond, is slightly destabilized compared to the G:C base
pair because of steric interactions between the C8 oxo group and
the C4’ oxygen of the same nucleotide; typical duplex melting
temperatures are ~2 °C lower for the OG:C pair.”® The adverse
steric interaction may be relieved by rotating OG to a syn
conformation which presents the Hoogsteen face of OG for
pairing with A via two complementary H bonds rather than three.
The OG:A base pair usually has a T;,, lowered by another 1 -2 °C
compared to OG:C. In contrast, the presence of a G:A mismatch
is significantly more destabilizing to a short duplex (AT, =
6—8 °C) because two purines in anti conformations require a
wider backbone spacing (Figure 2, red arrow).”* Alternative
structures for the G:A mismatch may be stabilized in tandem
mismatches that provide greater s stacking or in other con-
formations that require low pH;****~*” however, these condi-
tions are not present in the single X:Y base (mis)pairs of the
current study.

B RESULTS AND DISCUSSION

In the present work, we took advantage of the difference
in stability of G versus OG opposite C or A to design short

Table 1. Melting Temperatures (T,,) for 10mer and 15Smer
Complementary Probes Annealed to a Target 65mer
Oligodeoxynucleotide

§/-(T),5s-TTGAGCCXTCAGATG(T),s
10mer: 3-CTCGGYAGTC

sequence T, (°C) AT, (°C)
X=GY=C 519+ 0.6
X=GY=A 44.1+£06 —7.8 +£0.8
X=0GY=C 49.0£1.6 —29+17
X=0GY=A 473+£13 —4.6+14
5'-(T),s- TTGAGCCXTCAGATG-(T),s
15mer: 3'-AACTCGGYAGTCTAC
sequence Ty (°C) AT, (°C)
X=GY=C 582+1.0
X=GY=A 527+ 0.6 —55+12
X=0GY=C 578+ 0.5 —04=+1.1
X=0G Y=A 53.5+ 12 —47+1.6
[ G:10C 0G:10C
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Figure 3. Plot of log;o(events) versus event duration for unzipping of
duplexes formed with a 6Smer containing G or OG at position 33 and
either C or A centered opposite in the 10mer. The slope of the straight
line is used to compute the unzipping time constant, 7, at 80 mV, trans
versus cis.

complementary probes that would slow the translocation of
ssDNA through the o-HL ijon channel. Experiments were
conducted initially with a set of 10mer (10C or 10A) and
1Smer (1SC and 1SA) probes complementary to the central
region of a 65mer (denoted as G or OG), resulting in the
following eight duplexes: G:10C or A, OG:10C or A, G:15C or A,
and OG:15C or A, as shown in Table 1. (Sequences were selected
to minimize secondary structure.) T,, studies conducted in the
same buffer solution (10 mM PBS, pH 7.4, 1 M KCl, 1 mM
EDTA) as used for electrical measurements of the nanopore
showed the general trends expected for stability of a single X:Y
mispair compared to a native G:C pair. The order of stability was
found to be G:C > OG:C > OG:A > G:A for both 10mer and
1Smer probes annealed to the 65mer target strand. The 10mer
probes were more sensitive to the presence of a single-base
mismatch; the T, for a G:A mismatch was 8 °C lower than the
parent G:C in the 10mer but only 5.5 °C lower in the 15Smer duplex.

Electrical measurements were employed to determine the
duplex stability as a function of the unzipping time constant 7.
To perform these measurements, a voltage was applied across an
a-HL ion channel reconstituted into a lipid bilayer suspended
across the orifice of a glass nanopore membrane (GNM).>2833
The annealed duplex DNA was then electrophoretically driven
into the a-HL channel where it unzipped for translocation
(Figure 1). The analysis of duplex unzipping kinetics was
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Figure 4. Plot of log;o[7(ms)] as a function of the duplex melting
temperature for G or OG opposite C or A, where 10 and 15 refer to the
length of the probe. Sequences are given in Table 1. Data are shown for
applied biases of 80, 100, and 120 mV, trans versus cis.

performed by plotting histograms of log;o(events) versus event
duration time. From the slope of these histograms, the transloca-
tion time constant T was determined for each duplex by assuming
that unzipping follows a first-order kinetics law. Figure 3 shows
an example of fitting for G:10C (or A) and OG:10C (or A) for
+80 mV applied voltage (trans vs cis), and the resulting values of
7. Histograms used for the determination of 7 for the other DNA
duplexes, and at different applied voltages, can be found in the
Supporting Information. Probes of 25 nucleotides in length (5'-
AAAAAAACATCTGA(C or A)GGCTCAAAAA) were also
examined, but due to the very stable nature of the resulting
duplex an adequate sample of events could not be collected for
voltages <140 mV; thus, 25Smer probes were not studied further.
Measurements of the translocation of 65mers G and OG in the
presence of C- or A-containing complementary probes indicated
a correlation between the values of 7 and T,,. Figure 4 shows the
time constant for unzipping as a function of the melting
temperature for 10mer and 15mer duplex sequences. As seen
from this data, the unzipping time decreases in the order G:C >
OG:C > OG:A > G:A, and correlates well with duplex melting
temperatures, for both 10 and 1Smer probes. The duplexes
generated with the 10mer probes exhibited unzipping times that
were distinct from one another at +80 mV, but at higher voltages
(+100 and +120 mV) unzipping proceeded at similar rates,
decreasing the measurement sensitivity, probably due to the
inherent instability of 10mer duplexes. For the 15Smer duplexes,
use of a lower voltage (+80 mV) resulted in event durations that
were very long (>10 s for G:15C), making it difficult to collect an
adequate population of events to distinguish between the
different duplexes, and at higher voltages again the unzipping
times show less sensitivity to the duplex stability. From this initial
study, it was determined that the probe design must balance the
sensitivity, stability, and the longer 7 values of the 15Smer that
limit event frequency. This process of probe refinement is de-
scribed below.

Although the 10mer probes displayed T, values that were
more sensitive to the presence of a single X:Y mispair, the 7 values
for the 15mer probes were generally in a better event duration
range for discriminating between G and OG. Duplexes with T,
values > 50 °C provided sufficiently long translocation times that
could be readily discerned from translocations of the unduplexed

Table 2. T,, Studies of 12mer Complementary Probes with
Various Positions of X:Y

A. Position 3*
5'(T)s-TTTTGAGCCXTCAGATGTT-(T)as
3"-AAAACTCGIYAG"®

Sequence Tm (°C) ATw (°C)
X=G, Y=C 542 +04 -

X=G, Y=A 48.1 £13 -62 +14
X=0G, Y=C 52.8 0.3 -14 £0.5
X=0G, Y=A 50.5 £0.3 -3.7 £0.5
B. Position 6

5'-(T)m- TT TTGAGCCXTCAGATGTT (T)2s
3'-ACT CG IYAGTCT

Sequence Twm (°C) ATw (°C)
X=G, Y=C 55.0 £0.1 -

X=G, Y=A 50.2 £0.3 -4.8 0.3
X=0G, Y=C 53.0 =13 20 £1.3
X=0G, Y=A 51.0 £0.1 -4.0 £0.1
C. Position 10

5'«(T)x- TT TTGAGCCXTCAGATGTT ~(T)ss
3'-GIVAGTCTACAA

Sequence Ty (°C) AT (°C)
X=G,Y=C 51.8 £0.3 -

X=G, Y=A 435 +0.7 -83 +0.8
X=0G, Y=C 48.8 +04 -3.0 £0.5
X=0G, Y=A 472 £03 46 £04

“ The probe strand is shifted S’ (A), centered (B), or shifted 3’ (C) with
respect to the interrogated base X. The position of Y is denoted as
position 3, 6, or 10, accordingly. ¥1 = inosine.

6Smer (~280 us, see the Supporting Information). In order to
refine the probe design, we sought methods to enlarge the
difference in event duration between OG:A and G:A mispairs.
Previous studies have shown that locating the mismatch further
away from the center of the probe led to a greater distinction in
T, values between correctly paired and mismatched duplexes.**
Thus, three new sets of 12mer probes were tested in which the X:
Y base pair of interest was located in the middle or near either the
3’ or &' end of the probe, and care was taken to maintain the same
number of G:C and A:T base pairs in each of the two sets so that a
meaningful comparison could be made. As a further refinement,
the G:C base pair immediately 5 to the G/OG site was converted
to a C:I base pair for all 12mer probes (Table 2). Inosine (I) is the
nucleoside form of the hypoxanthine base which lacks the
2-amino group of G and forms a weaker base pair with C. We
predicted this substitution might destabilize the adjacent G:A
mispair to a greater extent than the OG:A pair; G:A mispairs are
known to be sensitive to the surrounding sequence, particularly
on the §' side of the G site. The T,,, data for the resulting 12mer
probes annealed to 65mer target strands are shown in Table 2, in
which the probe is shifted in either the S’ or 3’ direction or
centered on the X:Y pair of interest.

The data in Table 2 confirm that the displacement of the probe
sequences with respect to the potential mismatched base pair can
influence the thermal stability of the duplexes. Importantly,
shifting the probe sequence toward the 3’ direction relative to
the target strand (Y in position 10) led to a greater difference
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Figure 5. Plot of 7 as a function of position for the X:Y site of interest. Y

position is denoted relative to the 5" end of the 12-mer probe sequence.
Sequences are shown in Table 2.

between the relatively stable OG:A pairing (AT, = —4.6 °C with
respect to G:C, Table 2C) and the unstable pairing of G:A (AT, =
—8.3 °C) compared to other probe arrangements. When the
probe was shifted in the opposite direction (position 3), the AT,,,
values were smaller (Table 2A).

Electrical measurement of the 12mers annealed to G or OG-
containing 6Smers unzipping and translocating through the
a-HL ion channel were conducted at 80 mV to maximize the
apparent differences in unzipping times due to the duplex
stability. The unzipping time, T, was determined in the same
manner as described above for the 10mer and 15mer duplexes;
the unzipping events were plotted as histograms of log;(events)
versus event duration (individual duplex fittings and example i—t
traces are available in the Supporting Information). A plot of 7 as
a function of the shift in probe position is presented in Figure 5
for each of the 12mer duplexes shown in Table 2.

‘We again found that the unzipping times corresponded well to
the melting temperatures; for each position (3, 6, and 10), the T
value reflected the expected duplex stability as shown in the
melting temperatures (Table 2): G:C > OG:C > OG:A > G:A.
Additionally, the largest difference in 7 between the duplexes
occurs for position 10 as predicted by the AT,, discussed above,
demonstrating that the unzipping time 7 is a sufficient measure of
duplex DNA stability to allow the presence of a single DNA
damage site to be detected.

However, these positional studies highlighted another feature
of DNA translocation studies in the ion channel. DNA can enter
the a-HL vestibule to unzip the duplex from either the §' or 3’
orientation. For the generation of the asymmetrical 12mer
probes (position 3 and position 10), the duplex unzipping times
are expected to depend on whether the strand enters from the
terminus closer to or farther away from the mismatched base pair,
as suggested in recent studies of the kinetics of hairpin
unzipping.”> The melting temperature, a thermodynamic phe-
nomenon, will not necessarily reflect the kinetics of S’ or 3’
initiated duplex dissociation.

To examine 3’ versus 5’ entrance into the a-HL channel,
multidimensional plots were generated to examine the current
blockage level as a function of event duration and event popula-
tion density. Figure 6 illustrates how the unzipping events are
dispersed based on the current blockage level and translocation
time. Generally, the duplexes formed with an asymmetrical probe
sequence (positions 3 and 10) displayed two well-resolved
populations of events separated by both the current blockage

level and the event duration, whereas the symmetrical sequences
(position 6 probes) did not show any separate event populations
based on the event duration. Symmetrical sequences did show
some separation of populations based on the current blockage
level, however. We interpret the multiple populations as being
due to 3’ versus §' entrance into the a-HL channel. It has been
shown that for immobilized homopolymer sequences that 3’ and
5’ entrances into the a-HL channel have different current block-
age levels, and these may change si§niﬁcantly based on the
nucleotide identity within the channel.”® Additionally, as shown
above and by previous reports, duplex sequences of different
stabilities have different unzipping event durations, with the less
stable duplex exhibiting the faster time constant.'>'"'>%”
Because the 65mer sequence is a heterosequence embedded
within a poly dT background sequence at each end, and
based on the orientation of the molecule upon entry into the
a-HL channel and the probe sequence, a variable amount of the
heterosequence will be within the a-HL channel. Thus, assign-
ment of entry via the 3’ or 5’ end was not made based on the
current blockage level, but rather on the event duration. We
assign 3’ versus 5’ entrance of the 65mer into the a-HL based on
the expected stability of the duplex by looking at the first few
terminal base pairs. (Note: all 3'/S’ designations are made
referring to the orientation of the 65mer sequence because it
enters first.) For example, the position 3 G:C duplex is expected
to be more stable for 3’ entrance relative to 5’ entrance, as there
are two G:C base pairs and one A:T base pair on the 3’ end of the
duplex, but three A:T base pairs on the 5" end (Table 2). Thus,
the 3’ entrance is expected to produce a longer unzipping time
due to the higher G:C base pair content. Examining the position
3 G:C duplex density plot in Figure 6, the deeper blocking events
have longer event durations than those of more shallow blocking,
indicating that the deeper block corresponds to 3’ entrance
whereas the more shallow blocking level with shorter event
durations indicates 5" entrance. The opposite is expected to be
true for the position 10 G:C duplex, where the higher terminal G:C
base pair content is located at the S’ end of the duplex, which is
expected to produce longer event durations relative to the 3'.
From the density plot in Figure 6, the deeper blockage assigned
as 3 entrance possesses shorter event durations relative to the
shallower 5’ blockage, consistent with the expected duplex
stability of the position 10 G:C duplex. This convention of the
deeper blockage corresponding to the 3’ entrance and shallower
blockages being the S’ entrance was applied to all the duplexes
that could easily be separated into two distinct populations. The
data for each duplex were separated into two populations, and
each population was fit with a single exponential decay to
determine the unzipping time constants, 73 and s, for 3’
entrance or S’ entrance, respectively. Histograms and data
analysis are presented in the Supporting Information. The
position 6 OG:C and OG:A duplexes could not be resolved into
two populations, and the time constant was assigned to be 7.
Figure 7 compares the time constants for 3’ versus 5’ entrance
as assigned by the expected event duration from the orientation
specific duplex stability. This 75’ and 75’ assignment agrees
remarkably well with the predicted unzipping times for 3’ and
S entry. For the symmetrical probe sequence where the data can
be resolved into two populations (G:C and G:A, position 6),
there is little difference between 75’ and 4. This is expected as
both duplexes possess the same amount of terminal G:C base
pair content. It is not understood why two populations are not
resolvable for OG:C and OG:A in position 6. Further, for
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Figure 6. Plots showing the event population density for the current blockage level of 12mer probes annealed to 65Smer target strands as a function of

event duration for an applied voltage of 80 mV (cis vs trans).

position 3 duplexes, as discussed above, the S entrance is
expected to reflect a more stable duplex relative to 3’ entrance.
This is observed for position 3 duplexes G:C, OG:C, and OG:A,
with 73’ > 74/, but also for G:A, which is not well understood as
the G:A mismatch should destabilize the duplex for 3" entrance.
Finally, for position 10 duplexes, the S’ entrance is expected to be
more stable than the 3’ entrance (75" < 75), except for the G:A
duplex where the mismatch destabilizes the S’ end of the duplex
relative to the 3'. This prediction is reflected in 73’ > 7.

It has been previously demonstrated that the entry of ssDNA
into the a-HL pore produced two event populations as a result of
either 3’ entry or §' entry of the DNA strand, separated in
current blockage level and event duration.®® Additionally, it has
been reported that ' entry is less favorable relative to 3’ entry
due to the tilt of the DNA bases toward the 5’ terminus, making
S’ entry, and subseguent translocation, occur at a lower rate
relative to 3’ entry.'”*®*” Based on this, it was not anticipated
that distinct populations would appear as shown in Figure 6,
separated by both the event duration and current blockage level,
with an applied bias of 80 mV, as an 80 mV voltage bias is near the
minimum electrophoretic force required to initiate DNA inter-
action with the a-HL channel.** Other duplex unzipping experi-
ments have noted multiple event populations distinguishable b
the event duration for a single duplex DNA sample,'"'*'>37#!
requiring a more complicated analysis than presented above.
Unlike the previous duplex unzipping experiments in which the
current blockage level was not emphasized in the analysis, and
only the temporal separation was directly applied, the analysis
presented here uses the current blockage to distinguish popula-
tions prior to analyzing the temporal separation. This allowed a
simplified mechanism to be applied via single-exponential fits
that generally correspond well to the relative 3’ versus S’ duplex
stability. It is unknown if the duplex region influences the DNA
entry into the a-HL channel in a manner different from ssDNA,
allowing equal 3’ and S’ entry rates.

Overall, the data presented in Figure 7 reveal that the relative
position of a DNA damage site can be determined by how it
influences the stability in an orientation-specific manner. Devia-
tions present in the data from the expected duplex stability are
attributed to possible interactions other than hydrogen bond
strength between the base pairs and are not fully understood.
However, further refinement of the probe design may lead to
improved sensitivity to DNA damage, for example, by chemical
modification within the probe to further stabilize or destabilize
the resultant duplex. This approach should be applicable to most
sequence contexts surrounding OG; a summary of T}, data for

Position3  5' (T) ;- TTTTGAGCCHTCAGATGTT- (T) o5
3’ ARAACTCGIYAG

Position6 5’ (T) ,3;~TTTTGAGCCHTCAGATGTT- (T) .5
3' ACTCGIYAGTCT

Position 10 5’ (T) ,;~TTTTGAGCCKTCAGATGTT- (T) .,
3’/ GIYAGTCTACAA

Position 3 Position 6 Position 10
2.5 =T, T, . Ty,
Lk -, -,
2
E' 1.5
=
=,
g 1
-
0.5
1]

LoL

FFFTTEFT T EFFT S

Figure 7. Plot of 73/ (light bars) and 7' (dark bars) as a function of
position for the X:Y pair. The assignment of 75’ and 75’ is based on the
expected event duration times for duplex unzipping; see text for further
interpretation of the data. Position 6 OG:C and OG:A duplexes could
not be resolved into two distinct populations and were only assigned a
single 7 (striped bars).

four additional sequences containing these base pairs shows the
same order of stabilities, often with higher AT, values (see the
Supporting Information).

B CONCLUSIONS

These studies demonstrate that a single oxidized damage site
can be detected in a sequence specific location by annealing a
probe to the sequence surrounding the damage site and obser-
ving the rate of duplex unzipping required for translocation
through the a-HL ion channel. The presence of a single OG
lesion will influence the duplex stability in a specific manner
depending on whether OG base pairs with C or A, both of which
produce event duration times distinct from the native G:C and
G:A base pairs. Additionally, if the probe is designed so that the
DNA damage site occurs on the 3’ or &' end of the probe, as
opposed to the middle, the duplex stability will vary based on 5’
or 3’ entry into the ¢-HL channel and will be reflected in the
current blockage level as a function of the event duration,
producing two distinct populations of events. This ability to
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discern the relative location of the DNA damage site is a first step
toward location-specific DNA damage detection. Further tailor-
ing of the probe sequence with additional chemical modifications
might be used to enhance the selectivity for the DNA damage
site, providing a powerful tool in DNA damage detection and
characterization.

B EXPERIMENTAL SECTION

DNA Preparation and Purification Procedures. The oligo-
deoxynucleotides were synthesized from commercially available phos-
phoramidites (Glen Research, Sterling, VA) by the DNA-Peptide Core
Facility at the University of Utah. After synthesis, each oligodeoxynu-
cleotide was cleaved from the synthetic column and deprotected
according to the manufacturer’s protocols, followed by purification
using a semipreparation ion-exchange HPLC column with a linear
gradient of 25% to 100% B over 30 min while monitoring absorbance
at 260 nm (A = 20 mM Tris, I M NaCl pH 7 in 10% CH3;CN/90%
ddH,0; B = 10% CH5CN/90% ddH,O; flow rate = 3 mL/min). The
purities of the oligodeoxynucleotides 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. The identities for
the oligodeoxynucleotides containing the modified bases OG and I were
confirmed by ESI-MS.

T Analysis on dsDNA Samples. The dsDNA samples were
formed by placing each strand in buffer (10 mM PBS, pH 7.4, 1 M KCl)
at a 1 #M concentration, followed by heating the sample at 90 °C for S
min and then allowing the samples to cool slowly to room temperature
over 3 h. Next, the samples were loaded into T, analysis cuvettes
following the manufacturer’s protocol (Beckman DU 650) and placed
into a UV/vis spectrophotometer equipped with a temperature-regulated
heat block. Samples were thermally equilibrated at 25 °C for 20 min
followed by heating to 70 °C at a rate of 0.5 °C/min. As the samples
were heated, absorbance readings at 260 nm were taken every 0.5 min.
The background corrected data were plotted, and the T, values were
determined using two-point average analysis. Since refinement to
determine the best possible probes occurred after conducting the
translocation experiments, the T, studies for the 10mer, 12mer, and
1Smers were not collected under the same experimental conditions as
the probes containing the modified base I; thus, the data do not appear
to be self-consistent, and this inconsistency in T, analysis has been
previously described.*” Because of this experimental error, only data
collected under identical conditions were directly compared to generate
AT,, values.

Chemicals and Materials for Nanopore Analysis. All aqu-
eous solutions were prepared with ultrapure water obtained from a
Barnstead E-pure water purifier, with resistance > 18 MQ. KCI,
K,HPO,, KH,PO,, EDTA, and HCI were used as received. A 1 M
KCl, 10 mM PBS, and 1 mM EDTA (pH 7.4) buffered electrolyte
solution was prepared and filtered using a sterile 0.22 um Millipore
vacuum filter before use and was used for all unzipping experiments.
Wild-type a-hemolysin (referred to as a-HL above) was obtained as a
monomer as a lyophilized powder from Sigma-Aldrich. The a-HL was
frozen in ultrapure water at a concentration of 1 mg/mL for long-term
storage in a —80 °C freezer, and upon use was diluted with buffered
electrolyte and added to the experimental cell. The phospholipid 1,2-
diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) was purchased as a
powder from Avanti Polar Lipids and stored in a —20 °C freezer. Before
use, the DPhPC powder was dispersed in decane for a concentration of
10 mg DPhPC/mL decane. Glass nanopore membranes (GNMs) were
fabricated as previously described* and were used as a solid support fora
suspended bilayer for ion channel reconstitution. Before use, GNMs
were chemically modified via silanization with 2% (v/v) 3-cyanopro-
pyldimethylchlorosilane in acetonitrile.”® Upon use, GNMs were rinsed

inside and out with acetonitrile, ethanol, and water, before being filled
with buffered electrolyte. Ag/AgCl electrodes were prepared from 0.25
mm diameter silver wire being soaked in bleach. All DNA oligomers
were obtained as described above and were annealed by mixing the
65mer and probe at a 1:1 ratio, placing the DNA mixture in a 90 °C water
bath, and allowing the sample to cool slowly to room temperature. When
not in use, the annealed DNA was stored at 4 °C.

lon Channel Recordings. Current—time (i—t) measurements
were performed for the unzipping experiments with 10mer and 15mer
probes using a Dagan Corporation CHEM-CLAMP (Voltammeter and
Amperometer Voltage Clamp Amplifier) instrument and a Pine Instru-
ment Company RDE4 Analog bipotentiostat, interfaced with a PC. An
in-house written LabVIEW 802 (National Instruments) program was
used to record the i—t traces. Data for the 12mer duplexes were collected
using a custom built high-impedance, low-noise amplifier and data
acquisition system (Electronic Bio Sciences, San Diego, CA).

The GNM was rinsed with ethanol and ultrapure water prior to use
and then filled with buffered electrolyte. An Ag/AgCl electrode was
positioned inside the GNM and the back of the GNM was sealed using a
Dagan Corporation pipet holder, which was attached to a pressure gauge
and 10 mL gastight syringe (Hamilton). A second Ag/AgCl electrode
was positioned within the experimental cell; the same buffered electro-
lyte within the GNM was used to fill the cell and submerge the GNM
orifice, and a-HL was then added to the cell (external to the GNM). A
voltage was applied across the GNM orifice, and the resultant current
was measured as a function of time.

A suspended bilayer was generated by depositing a 10 mg DPhPC/
mL decane lipid solution across the GNM orifice, which produced a
drop in conductance as a voltage was applied across the GNM orifice; an
open GNM orifice has a resistance of ~10 M€, and the presence of a
bilayer increases the resistance to ~100 G€2. Pressure was then applied
to the back of the GNM to thin the lipid solution into a functional bilayer
for protein channel reconstitution to occur.”® After protein channel
insertion, the annealed DNA was added to the experimental cell to a final
concentration of 5 M, and a voltage was applied to drive the DNA
through the channel (cis vs trans, which is equivalent to external vs
internal solution). A minimum of SO0 translocation events were
collected for each sample, except the 1Smer samples due the stability
of the duplex as discussed above. Data were collected with a 20 kHz filter
and sampled at 100 kHz.

Data Analysis. Only events that were >1 ms in duration and
produced =75% blocking to the open channel current were analyzed.
Histograms of event duration were plotted and fit as a single exponential
decay for either each population as a whole to determine 7, or as two
populations to determine 73 and 75'. When the data were fit as whole
populations to determine 7, the fit excluded the first bin to avoid
weighing the fit toward faster event durations due to unduplexed DNA.
Events where extracted using QuB (version 1.5.0.31) and fit using
OriginPro (version 8). Density plots were generated using data analysis
programs provided by Electronic Bio Sciences, San Diego, CA.

B ASSOCIATED CONTENT

© Supporting Information. Sample T, traces, example i—t
traces for duplex unzipping, and event duration histograms and
fittings. This material is available free of charge via the Internet at
http://pubs.acs.org.
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