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n resistive pulse sensing, modulations

of ionic current flowing through an

electrolyte-filled channel are used to
identify and characterize objects passing
through the channel. Detection of polynu-
cleotides translocating through a nanopore
channel' inspired further research into
nanopore-based DNA analysis, with the
goal of developing a rapid and inexpensive
DNA sequencing technology.?# Initial work
measuring free translocation of single-
stranded DNA (ssDNA) and RNA measured
reductions in current of which the magni-
tude and duration were sensitive to base
composition, but the speed of translocation
(1—20 ps/base)' 3¢ precluded resolution
of individual bases as a result of the high
measurement bandwidth and noise.

These bandwidths were significantly de-
creased by immobilizing the ssDNA within
the pore through engineering of a “stop-
per” which cannot pass through the pore,
such as a terminal hairpin,®~'" short comple-
mentary hybridized oligomer,'?'3 or bind-
ing of a larger molecule (e.g.,
streptavidin'?~'® or DNA polymerase'?). Us-
ing streptavidin-terminated ssDNA, we pre-
viously measured distinct blockade current
signals from polyhomonucleotides of ad-
enine (A), cytosine (C), and thymine (T) and
showed that each of these was distinguish-
able in both the 3’ leading or 5’ leading ori-
entations.'®

Here we describe an extension of this
technique to measurements of blockade
currents arising from immobilized poly-
thymine (polyT) in which single bases of A,
C, and G were substituted at 12 consecutive
positions. The results of our measurements
are complementary to a recently published
study in which blockade currents of immo-
bilized polyC strands containing single ad-
enine substitutions were measured.'® As our
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ABSTRACT Nanopores have been explored as highly sensitive sensors for detection and rapid sequencing of
single molecules of DNA. To sequence DNA with a nanopore requires that adenine (A), cytosine (C), thymine (T), and
guanine (G) produce distinct current signals as they traverse the pore. Recently, we demonstrated that
homopolymers of adenine, cytosine, and thymine immobilized in the nanopore protein oc-hemolysin (HL)
produced distinct current blockades dependent on their chemical orientation. To probe the detection limit of
aHL, we examined immobilized single strands of T4y DNA (polyT) with single base substitutions of A, C, and G at
12 positions on the strand occupying the stem region of tHL. We find blockade currents sensitive to base identity
over most of these positions with the most sensitive region near the pore constriction. Adenine substitutions
increase the measured blockade current to values intermediate to the polyT and polyA currents at a number of
positions, while C substitutions increase the current to a level intermediate to polyT and polyC values in some
positions, but decrease it below polyT in others. These changes in blockade current were also observed for G
substitutions. These results indicate that total blockade currents measured in L arise from nucleotides at
multiple locations and thus are not uniquely attributable to an individual base in a specific position, a finding
consistent with a recently published study. The measurements of C and G substitutions also suggest that blockade
current may be modulated through interactions between nucleotides and the pore interior at multiple sites in
oHL.
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analysis here focuses exclusively on single-
stranded homopolymers of polyT with
single nucleotide substitutions of A, C, and
G with biotin on the 3’ end, we will refer to
substituted strands by the identity of the
substituted nucleotide and its position from
the 3’ end. For example, S3'-ToA;T3¢-5', S3'-
ToCqT30-5', and S3'-ToGT3p-5" (S = streptavi-
din) are called polyTa 1o, polyTc 10, and poly-
Te, 10, respectively. We chose to position the
biotin group on the 3" end and to use polyT
for the “background” because the 5’ leading
orientation produced the largest separation
between polyA, polyC, and polyT blockade
currents in our previous study.'® Figure 1
shows a schematic of an immobilized ssDNA
strand with a single base substituted (red
bead) in a polyT strand (gray beads). We ex-
amined nucleotides substituted at positions 6
through 17. Assuming a biotin linker length
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Figure 1. Schematic diagram of singly substituted polyT ss-
DNA immobilized in an aHL pore (roughly to scale). The
streptavidin and biotin linker are idealized as a large silver
sphere and a straight line attached to the ssDNA. The T bases
are shown as small silver beads with the substituted base
at position 7, colored red.

of 2 nm (IDTDNA, personal communication) and an inter-
phosphate distance of ~0.4 nm/base,"” positions 6—17
cover a 44 nm long section of the pore that includes the
constriction and a significant portion of the stem.'®
Applying the same voltage protocol described previ-
ously, we electrophoretically drove the ssDNA into the
pore, measured the ionic current blockade (i), and
ejected the strand, repeating the cycle thousands of
times to obtain hundreds of immobilization events for
each strand.’® Although previous work has demon-
strated nonspecific binding of streptavidin to
phosphatidyl-choline-containing lipid membranes,®
the repeatability of the blockade currents for single
base substituted immobilized ssDNA (described be-
low) indicates that the strand is fully drawn into the
pore. Figure 2a shows a plot of i, measured over the
course of an experiment in which polyT, polyTa 1o, and
polyTao were sequentially added. As can be seen, when
polyTa 10 was added to the solution, two sets of block-
ade current values are measured, with their frequency
approximately corresponding to their stoichiometry.
This suggests that the DNA is drawn into the pore from
a random sample of DNA strands from the solution,
rather than repeated sampling of the same strand. The
histogram of these data (Figure 2b) was fit to a three-
term Gaussian distribution with mean and standard de-
viation of 18.34 *+ 0.06, 19.32 = 0.17, and 19.76 * 0.05
pA for polyT, polyTa 1o, and polyTa g, respectively. To
quantify the sensitivity to single base substitutions in
polyT, we subtracted the polyT i, from the iy, for all sub-
stituted strands, producing a current deviation, Ai,.
From the distributions in Figure 2b, we obtained Aijy, of
0.97 = 0.18 pA for polyTa 10 and 1.42 = 0.08 pA for poly-
Tao. We repeated this experiment at least two times
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Figure 2. (a) Measurement of blockade currents from se-
quential addition of polyT and strands with single adenine
bases substituted at positions 10 and 9, respectively, re-
corded at 120 mV. Additional strands were added without
exchanging solutions to allow for direct comparison of
blockade currents for substituted strands with polyT in iden-
tical solution conditions. Dotted lines depict the point at
which a new strand was added to solution. (b) Histogram of
data in (a) shows three distinct distributions of blockade cur-
rent. Subtraction of the i, of polyT from each distribution’s
peak iy, yielded a Ai, value that was plotted in Figure 3, and
the width of the distribution is reflected in its error bar there.

for each strand, adding 3—6 strands at a time for poly-
Tas through polyTa 7, finding Aiy, for each strand.

If the addition of a new strand did not result in a
measurably different current, then another experiment
was performed in which the substituted strand was
added after polyT to determine if i, from that strand
matched polyT or the i, from another strand. Strands
added after polyT that did not produce a measurably
distinct blockade current were assigned Aiy, values of
zero. The Aj, was seen to remain constant across experi-
ments in which the i, of polyT itself varied by up to
1—2 pA. Infrequently measured slight linear drifts in
the current signal =1 pA were corrected by fitting the
polyT signal to a line and subtracting that trend from
the data. These drifts are most likely due to evapora-
tion of the solution, which would increase the electro-
lyte concentration during the 4—6 h duration of the ex-
periment. The effect of this drift on Ai, was negligible
(see Supporting Information). Immobilization events
that could not be cleared with negative voltage or in-
cluded abrupt shifts (0—1 pA) in current were rare and
not included in the analysis.

RESULTS AND DISCUSSION
The measured iy, for substitutions over positions
6—17 are compared to polyT in Figure 3 (left). The iy, of
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polyTae was found to be the same as i, for the polyT ref-
erence (black line at Ai, = 0) and is represented as a
point on the polyT line. Substitution of A at positions
7—12 produced Aj, values greater than 0 but less than
the Aiy, for polyA (green line in Figure 3, from ref 14).
The two points at position 8 represent an iy, distribu-
tion with two peaks, while the larger error bars at posi-
tion 10 are indicative of broader distributions that were
repeatable in several experiments (e.g., polyTa o in Fig-
ure 2b). For A substitutions, Ai, reaches a maximum at
position 9 and falls to 0 after position 12. Measurements
were repeated at least twice for all substitution sites
and all bases. The Aj, values from individual experi-
ments, along with i, and i,, and temperature and con-
ductivity of the electrolyte are included in the Support-
ing Information.

We repeated this analysis for strands with C and G
substitutions at positions 6—17. Figure 3 (center) shows
a graph of Aiy, for C substitutions, with a blue line for
the Aip, of polyC for comparison.’® C substitutions pro-
duced i, identical to polyT at positions 6 and 7 and
above polyT at positions 8—10, with a peak at position
9, similar to A. PolyTc; strands produced signals pre-
dominantly below polyT (negative Aip), while signals
above polyT were rare (data not shown). For substitu-
tions at positions 12 through 17, Ai, progressively in-
creased to 0 pA at positions 15 and 16 and to 0.28 pA
at position 17.

Blockade currents measured from G-substituted
polyT strands were somewhat similar to those mea-
sured with C-substituted strands, as seen in Figure 3
(right). A polyG reference line could not be measured
because long polyG strands cannot be readily synthe-
sized (IDTDNA, communication) due to formation of
secondary structure.?’ As with C, Aj, values started at 0
for positions 6 and 7 and increased for polyTgg and
polyTge. However, after position 9, there were some dif-
ferences observed for G-substituted strands: polyTg 10
produced an i, distribution with two peaks below the
polyT iy, and polyTg 11 produced a two-peaked distribu-
tion with values very close to polyT (also see Supporting
Information). PolyTg 1, produced a positive Ai,, while
substitution at positions 13 and 14 was the same as the
polyT baseline. Interestingly, G substitutions at posi-
tions 15 and 16 produced large positive Aiy, values,
while position 17 yielded a negative Ai,. Average Aiy,
values and data from individual experiments for G sub-
stitutions are included in the Supporting Information.

Previously, we found that polyA, polyC, and polyT
produced unique blockade currents when immobilized
in aHL with both 3’ and 5’ ends inserted into the pore.'
PolyT in the 5’ leading orientation serves as a good ref-
erence strand, as it produces a smaller blockade cur-
rent than polyC and polyA. If we view the total current
measured when ssDNA is immobilized in the pore from
a resistive pulse sensing perspective, we may expect
that it is determined by the total resistance, which is the
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Figure 3. Graph of Ai, for A, C, and G substitutions in a polyT strand at posi-
tions 6—17. The Ai, values were obtained by subtracting the average iy, of
polyT from the average iy, for each single base substituted strand. The aver-
ages of the Ajj, from several experiments for each base and substitution site
are displayed in the graph with typical Ai, values for polyA (green line) and
polyC (blue line). The black dotted line represents the defined Ai, = 0 for
polyT. For several substitution sites, the histogram of i, contained two peaks
or one broad single peak. For two-peaked distributions (e.g., X = 8, for A, C,
and G), two distinct points represent the two peak i, values in the histogram.
Broader distributions (e.g., X = 10 for A (left panel) and C (center panel)) are
represented by points with larger error bars, which represent the combined
standard deviations in Ai, for all experiments. These characteristic distribu-

tions were repeatable in all experiments.

sum of the resistances of each section of the pore and
the nucleotide contained within it. As a result, since the
blockade current for polyA and polyC is greater than
that for polyT, one may expect that substitution of a
single A or C would either increase the measured block-
ade current or produce no change at all. Further, if
aHL has a single sense region, this change would oc-
cur only for strands with substitutions in that one posi-
tion or near it.

Blockade currents for polyT strands with A substitu-
tions suggest a single recognition region in aHL. Non-
zero Aiy, values were observed for X = 7—12, with a
peak at X = 9, while nucleotide substitutions outside
this location (X = 6 and X > 12, along with S3'-CsT35-5’
(data not shown)) yielded Aiy, of 0. Using the polyT
strand as a 0.4 nm/base ruler'” and accounting for the
~2 nm biotin—ssDNA linker length (IDTDNA, communi-
cation), we estimate positions 7—12 are approximately
4.8—6.8 nm from the streptavidin, corresponding with
the constriction of the pore, where the diameter
reaches a minimum of 1.4 nm.?' From this, we con-
clude the constriction of the pore forms a recognition
site. Stoddart et al. found a qualitatively similar trend in
blockade currents measured in wild type aHL for A sub-
stitutions in polyC at X = 7—12, with maximal differ-
ences of the normalized blockade current at X = 8 and
9. Quantitative agreement with that work was not ob-
tained, possibly due to the different applied voltages
(160 mV in their work vs 120 mV here) and the back-
ground polyhomonucleotide polyC, which produces a
residual current signal ~1% larger than polyT.'® Al-
though we measured Ai, = 0 for all X > 12, Stoddart
et al. reported two additional recognition regions for
polyC strands with A substitutions at X > 12, with maxi-
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mum sensitivities at X = 14 (where Aj, > 0) and X =
18 (where Aj, < 0).”°

Evidently, the “background” homopolymer plays a
major role in the observed differences in the measured
currents for A substitutions for X > 12, demonstrating
that nucleotides at multiple sites in an immobilized
strand are important determinants of blockade cur-
rent. One possible source of the differences is the con-
trasting secondary structures of polyC and polyT. PolyC
forms a tight helix as a result of base stacking and hy-
drogen bonding between adjacent pyrimidines.??>?* In
contrast, studies on thymidylate dimers predict an un-
stacked structure for polyT that more closely resembles
a freely jointed chain, where nucleotides are not ca-
pable of base stacking.?? Since the scanning of adenine
through a polynucleotide strand effectively introduces
a defect into the strand, the substitution of a single base
could have a different affect on the unique secondary
structures of polyT and polyC. Another hypothesis re-
lated to this is that, since the bases in polyC’s helix hy-
drogen bond with each other, the presence of adenine
may disrupt these hydrogen bonds, leaving the cy-
tosines on either side of the adenine able to hydrogen
bond with amino acid side chains in the pore. Thus, not
only adenine but also the “edges” of the cytosine helix
are being scanned. In this way, if we attribute the recog-
nition sites we observe at X > 12 for C and G to interac-
tions between C and G and the pore wall, the cytosine
edges could also participate in these interactions. Gly-
cine has shown a higher affinity to form single hydro-
gen bonds with cytosine and guanine versus thymine
and adenine;* the center of the aHL pore interior is
glycine-rich.?!

This point is further supported by a similar examina-
tion of the sequential substitution of G and C within
polyT. Figure 3 (center and right) shows at least three
recognition sites in the pore for G and C substitutions
in polyT, represented by several local extrema in Aij.
The first recognition site for G and C substitutions, lo-
cated around X = 9, appears to be the same as that
measured for A substitutions, suggesting that a struc-
tural aspect of the pore (the constriction) provides sen-
sitivity to nucleotide identity. Further down the pore,
Ai, of C substitutions decreased from their peak value
at position 9 to ultimately produce negative Ai, values
at X = 11—14, a particularly interesting result, given
that the blockade current of polyC is greater than that
of polyT. In this same spanned length, G substitutions
were slightly negative at X = 10 but slightly positive at
X = 11 (or negative, see Supporting Information) and X
= 12. G substitution at position 15 gave its largest Ay,
although the Aj, measured for C and A at the same po-
sition was 0. The difference seen in these measure-
ments, together with the Aj, = 0 of A substitutions
over the same region, suggests a base-specific interac-
tion with the pore as a determinant of the measured
blockade current in these regions, in contrast to the re-
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gion at X = 9. We can also understand the measured
negative Aj, for scanned C by noting that the positive
Ai, of polyC cannot be directly compared to the Aiy, of
a scanned single base because the base-stacked polyC
interacts minimally with the pore, whereas the single C
is much freer to interact and produce different blockade
currents.

Although Stoddart et al. did not report scans of T
and G through the polyC strand, they did report mea-
surements of blockade currents for all four bases at X =
9, 14, and 18. At X = 9, blockade currents in decreas-
ing order were A, C, and finally T and G being indistin-
guishable. In contrast, we find the Ai, for all four bases
to be distinguishable at this position with A, C, G, and T
in decreasing order. Stoddart also found that at X = 14
all four bases are distinguishable, with the decreasing
order of current G, A, T, and C. We find at that position
A, T, and G give the same Aiy, (Ai, = 0) and that of C is
slightly negative. Although Stoddart’s larger voltage
would give rise to a larger electric field, possibly stretch-
ing the DNA more than in our experiment, we mea-
sure the same values of Aj, at X = 13. Together with
our measurement of Ai, = 0 for A substitutions for
X > 12, these results suggest that there is a qualitative
difference in our systems, as seen from blockade cur-
rents for X > 12, arising from the applied voltage or the
different polynucleotide used.

In this study, distributions of measured blockade
currents, characterized by one or two peaks and the dis-
tribution width, are highly sensitive to the identity and
position of the substituted nucleotide. In previous ho-
mopolymer studies, multiple peaks in the i, histogram
were attributed to chemically different molecules or dif-
ferent orientations of identical molecules.'®'¢ Similarly,
one might attribute the appearance of two peaks for all
three nucleotides at X = 8 to a reduction in pore diam-
eter, as nucleotides at or near that position could be
constrained to two discrete orientations, while a broad
distribution (e.g., polyTc 10 and polyTa 10) could represent
a range of available positions. Examining the blockade
current distributions at other positions, we find poly-
Ta10, POlYTg11, PolyTc12, and polyTeg 16 also produce dis-
tributions different from the other substituted nucle-
otides and substitution positions (see Figure 3). The
difference in pore geometry at these locations (X = 10,
constriction; X = 16, stem) and the fact that these
trends were observed for both purines and pyrim-
idines at different sites (e.g., A and C, but not G at posi-
tion 10) suggest that distribution shapes may be influ-
enced by nucleotide-specific interactions with the pore.

Full separation of the contribution of the scanned
base and the background polynucleotide to the mea-
sured current may be obtainable if the bases in the
background polynucleotide were replaced with abasic
nucleotides. Our hypothesis of the dangling edges of
the polyC helix interacting with the pore wall could also
be explored by scanning A through an abasic strand
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and comparing that to scans of AC, CA, and CAC
through an abasic strand. The sensitivity of the mea-
sured current to nucleotide identity and interactions at
a number of locations in the pore implies that, for ss-
DNA moving through the pore, the measured current
would be a convolution of the DNA sequence at each
position with the pore sensitivity as a function of posi-
tion. Deconvolving these data could be made much

METHODS

Nanopore Methods: Lipid bilayer membranes containing aHL
nanopores were created using methods previously described.
Briefly, a 3% w/v solution of DPhPc (Avanti Polar Lipids) in
n-decane (Sigma) was spread across a 100 wm orifice in a Tef-
lon partition. Self-assembly of the aHL nanopore into the mem-
brane produced an instantaneous increase in conductance to ~1
nS. To capture, measure, and eject individual ssDNA strands for
analysis, we applied alternating cycles of +120 and —100 mV for
4 and 1 s, respectively, using a custom voltage protocol (Pclamp,
Molecular Devices, Sunnyvale, CA). The resultant current was am-
plified using a bilayer amplifier and headstage (BC-535, Warner
Instruments, Hamden, CT) and acquired at 5 kHz.

DNA Samples: Single-stranded DNA (Integrated DNA Technolo-
gies, Coralville, IA) samples were dissolved in TE buffer (10 mM
Tris, 1 MM EDTA, pH 7.5) at a concentration of 100 wM and mixed
in a 1:5 volume ratio with a KCl buffer solution (1 M KCl, 10 mM
Tris HCI/T mM EDTA) containing 16.7 uM streptavidin (Sigma).
After incorporation of a single channel and exchange of the
buffer solution, the solution of streptavidin-linked ssDNA was
added to the cis side of the chamber. To maintain the same flu-
idic volume, an identical amount of mixed fluid was then
removed.
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