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Abstract

Nanoscale pores have potential to be used as biosensors and are an established tool for analysing the
structure and composition of single DNA or RNA moleculesl=3. Recently, nanopores have been
used to measure the binding of enzymes to their DNA substrates®. In this technique, a
polynucleotide bound to an enzyme is drawn into the nanopore by an applied voltage. The force
exerted on the charged backbone of the polynucleotide by the electric field is used to examine the
enzyme—polynucleotide interactions. Here we show that a nanopore sensor can accurately identify
DNA templates bound in the catalytic site of individual DNA polymerase molecules. Discrimination
among unbound DNA, binary DNA/polymerase complexes, and ternary DNA/polymerase/
deoxynucleotide triphosphate complexes was achieved in real time using finite state machine logic.
This technique is applicable to numerous enzymes that bind or modify DNA or RNA including
exonucleases, kinases and other polymerases.

We describe a nanopore device that monitors ionic current through a single protein pore inserted
in a lipid bilayer (Fig. 1a). The limiting aperture of the pore is just sufficient to accommodate
single-stranded DNA (ssDNA)6'7, and the adjacent pore vestibule can accommodate double-
stranded (duplex) DNA (dsDNA)7‘9. In the absence of DNA, the open channel current (l5)
through the a-haemolysin pore is 60 pA at 180 mV applied potential in 0.3 M KCI. DNA
capture in the nanopore results in a decrease in the current (I). The DNA resides in the pore
foratime (tp) until it leaves, moving to the trans compartment (Fig. 1b). These two parameters,
I and tp, together with current noise, are typically used to report results from nanopore
experiments®: 0-

We used a nanopore instrument to probe the interaction of the Klenow fragment (KF) of
Escherichia coli DNA polymerase | with its DNA substrate. This substrate is a duplex DNA
formed by base-pairing of a short sSDNA primer with a longer template DNA. The KF catalyses
DNA replication by the sequential addition of nucleotides to the primer strand, dictated by
Watson—Crick complementarity to the template strand20. In contrast with earlier studies
examining Exonuclease I/DNA complexes4 and EcoRI/DNA complexes5, our nanopore
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analysis of the KF binary (DNA/polymerase) and ternary (DNA/polymerase/dNTP) complexes
was performed in the presence of Mg2*. This cofactor is essential for KF catalytic function. It
is present in extensive biochemical and kinetic studies characterizing the KF reaction
cycle20121, and in X-ray crystal structures for binary complexes (DNA/KF)22v23, and ternary
complexes2 1£5

Capture and translocation of a model DNA template (14 bp hairpin with a 36-nucleotide 5’
overhang and 2'-3’ dideoxycytidine terminus) resulted in a cluster of events with a median
duration of 1 ms and an average blockade amplitude | = 20 pA (Fig. 2a). When the KF (2 uM)
was subsequently added to the cis compartment under conditions where catalytic activity had
been demonstrated in separate experiments (see Supplementary Information, Fig. S1), asecond
population of events emerged with a 3-ms median dwell time and a higher blockade current
(I =23 pA, Fig. 2b). This class of events is enzyme-concentration-dependent (see
Supplementary Information, Fig. S2 and Table S1), consistent with nanopore capture of a DNA/
KF binary complex.

Addition of a deoxynucleotide triphosphate (INTP) substrate complementary to the template
base in the KF catalytic site results in the formation of a higher stability ternary complex with
primer/template substrates bearing a 2'-3’ dideoxy terminus2>. Thus, correct addition of ANTP
would be predicted to cause an increase in the median event dwell time relative to the putative
binary complex. The modified primer terminus prevents enzymatic extension, exploiting the
classic strategy of Sanger sequencingze. We found that the addition of deoxyguanosine
triphosphate (dGTP)— the complement to deoxycytidine (dC), which is the first unpaired base
of the template strand (defined as n = 0)— resulted in a large increase in the dwell time of the
DNA capture events (median dwell time = 133 ms, Fig. 2¢). The emergence of a population
of events with a 133-ms median dwell time and the concomitant decrease in the population of
events characterized by the 3-ms median dwell time both depended upon dNTP concentration
(see Supplementary Information, Fig. S2 and Table S1).

For template-directed polymerases including KF, dNTP substrate discrimination is dictated by
detection and amplification of the Watson—Crick complementarity between the template and

the incoming dNTP (ref. 21). We therefore predicted that only the addition of complementary
dNTP, and not the three non-complementary dNTPs, would yield the cluster of longer dwell

time events at ~24 pA amplitude (Fig. 2c).

To test this prediction, we examined a series of DNA duplexes comprised of 100 nt templates
annealed to 21 nt primers with 2'-3’ dideoxycytidine termini (Fig. 3, column I). The four DNA
constructs were identical except for the template nucleotide at the sSSDNA-dsDNA junction
(that is, dG, dC, dA, dT at n = 0 in the KF catalytic site). In all four cases, addition of non-
complementary dNTPs to the cis compartment containing primer/template, Mg?* and KF
resulted in a cluster of events with an average blockade current I = 20 pA and a median dwell
time of ~4 ms (Fig. 3, column II; Table 1). When the correct ANTP was subsequently added
to each appropriate mixture, a subpopulation of events emerged that had an average amplitude
of | =23-24 pA, with median dwell times of 242, 159, 51 and 111 ms for dCTP, dATP, dTTP
and dGTP respectively (Fig. 3, column I1I; Table 1). These event clusters were, in fact, very
similar to those measured for the ternary complex assembled with dGTP using the 14 bphp (14
bp hairpin) template (Fig. 2c). In the absence of Mg2*, the longer dwell time cluster was not
observed despite the presence of all four dNTPs (median dwell time = 2.6 ms). This is consistent
with the critical role of two Mg2* ions in the formation of the high-affinity KF catalytic
domain20,23,27 \We conclude that the nanopore assay allows the identification of a ternary
complex between the KF, the primer/template and the dNTP substrate in a sequence-dependent
manner.
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A possible mechanistic explanation for the higher blockade currents associated with KF
complexes emerged from close inspection of the raw traces. For example, a representative trace
for a ternary complex (Fig. 4a) was characterized by a long segment (~90 ms) at 24 pA,
followed by a shorter terminal segment (~5 ms) at 20 pA amplitude. This two-step process
was observed in more than 97% of the ternary complex events in Fig. 3. We reasoned that the
first portion of this current pattern represents the initial capture of the ternary complex, with
the duplex DNA segment perched outside the pore vestibule in association with the polymerase
(Fig. 4a, i). Upon dissociation of the ternary complex, the duplex segment slips down into the
vestibule and causes a current decrease (Fig. 4a, ii). This series of events must occur prior to
translocation of the template and primer as single-stranded molecules (Fig. 4a, iii).

This model makes three testable predictions. (1) The dwell time and amplitude of the terminal
step extracted from ternary complex events in Fig. 3 must correspond to values for capture of
the unbound primer/template duplex. (2) The two-step mechanism should be observed for the
binary complex as well as the ternary complex. (3) The duration of the terminal step (Fig. 4a,
ii) must scale with the length of the duplex region of the captured DNA molecules.

To test the first prediction, we measured the duration of the terminal step in the current traces
for the ternary complex events summarized in Fig. 3a (column I11). The median duration for
these terminal steps was 4 ms, compared with 4 ms for the 21-bp primer/template events
summarized in Fig. 3a (column I1). Average blockade currents | were 20 pA in both cases. To
test the second prediction, we re-examined the binary complex data from Fig. 2b. The current
traces in the presence of KF and DNA revealed that more than 90% of events were characterized
by two sequential current states (Fig. 4b, ii), the first centred at 23 pA, followed by a brief 20
pA step. In the presence of DNA alone, less than 1% of events fit this pattern. To test the third
prediction, we compared blockade events for a 20-bp DNA hairpin to events for a 14-bp DNA
hairpin. The median dwell times for DNA alone, captured in the pore at 180 mV, decreased
from 4 ms (20 bphp) to 1 ms (14 bphp) (Fig. 4c,e), as did the median duration for terminal
steps of their respective ternary complexes (Fig. 4d,f). The blockade current amplitudes
averaged ~20 pA in each case.

It remained a formal possibility that the terminal current step was not due to KF dissociation
just before DNA translocation across the nanopore, as modeled in Fig. 4a, but instead was due
to the exit of the complex from the nanopore into the cis compartment. To discriminate between
these two possibilities, we repeated the 14-bp hairpin experiments shown in Fig. 4e,f, but at a
reduced voltage (165 mV in Fig. 4g,h). At 165 mV, the force acting on the DNA in the nanopore
is reduced relative to the force at 180 mV. The model shown in Fig. 4a predicts that the terminal
step duration would increase when the force pulling DNA to the trans compartment is reduced.
In contrast, the terminal step duration should decrease as force is reduced if complex release
into the cis compartment accounts for the terminal current step. When voltage was reduced
from 180 mV to 165 mV, the median dwell time for the terminal step increased from 1 ms (Fig.
4f) to 3.8 ms (Fig. 4 h). Similarly, the median dwell time for the 14-bp hairpin DNA alone
increased, from 1 ms at 180 mV (Fig. 4e) to 3.2 ms at 165 mV (Fig. 4 g). This increase in the
duration of the terminal step as voltage is reduced is consistent with the model in Fig. 4a, and
is inconsistent with release of the complex into the cis compartment.

Our demonstration that three different molecular states (unbound DNA, DNA/KF binary
complex, DNA/KF/ANTP ternary complex) can be distinguished by current amplitude and
dwell time depended upon post-experiment analysis. To extend our ability to probe mechanistic
features of molecular complexes, and to exert the rapid, precise manipulation likely to be
required for applications such as DNA seguencing, we sought to acquire real-time control of
single molecules in the nanopore device?®.
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To accomplish this, we built on earlier nanopore computational work8:29 to develop a finite-
state machine (FSM), which is a logic construct composed of a finite number of discrete states,
transitions between those states, and commands executed in response to those states and
transitions30. Measurements determine which state the system is in, and therefore which
command is executed. We implemented FSM logic on a field-programmable gate array
(FPGA), digital hardware that is reprogrammable and offers fast reaction times>-.

In an initial test of FSM/FPGA control (Fig. 5), our objective was to detect ternary complex
events, one at a time, and reduce the dwell time of each event from 100—150 ms to 20—23 ms.
For this experiment we added 14-bphp DNA, KF and dGTP to the nanopore cis compartment.
We programmed FSM logic to detect the 24 pA current blockade characteristic of KF bound
DNA, and then to continuously monitor the current level for 20 ms. This 20-ms period is longer
than the binary complex events, and thus identifies ternary complex capture. After 20 ms, the
FSM executed a programmed voltage reversal, ejecting the complex from the nanopore before
translocation could occur. Dwell time probability histograms of events within the 22—-25 pA
amplitude range from this experiment (Fig. 5b) reveal that FSM/FPGA control condensed the
ternary complex events from a median of 123 ms (235 ms interquartile range, IQR) to a median
of 23 ms (0.3 ms IQR).

We have demonstrated the ability to distinguish among current signatures for unbound DNA,
DNAV/KEF binary complexes and DNA/KF/ANTP ternary complexes using a hanopore device.
The identity of DNA template bases in single KF ternary complexes was faithfully reported.
Real-time discrimination and control of single molecules, achieved by integrating the nanopore
device with FSM logic, can be used for probing mechanistic features of other enzymes that
bind or modify DNA or RNA, including polymerases, exonucleases and kinases.

NANOPORE EXPERIMENTS

The Klenow fragment (exo-) was obtained from New England Biolabs (100,000 U mI™1;
specific activity 20,000 U mg™1). DNA oligonucleotides were synthesized by Operon
Biotechnologies or Integrated DNA Technologies, and were purified by denaturing PAGE.
The DNA oligonucleotides are listed in the following. In all cases, the base at the 2’3" terminus
of the primer was dideoxycytidine (ddC).

14 bphp: 5-ACT ATC ATT ATC TAC ATC CAT TAC ATC ACT ACT CCG CAT GCA
GGT AGCCTT TTG GCT ACC TGC ATG ddC-3'

20 bphp: 5’-CTC ACC TATCCTTCCACT CATTTTCCT TAACCATCG CATTCT CAT
GCAGGT AGCCTT TTG GCT ACC TGC ATG AGA ATG ddC-3'

21mer primer: 5-GGT ATG GTA GCG TGA GGA GTddC-3’

100mer templates: 5-CTC ACC TAT CCT TCC ACT CATTTT CCT TAACCATTT CAT
TCACCCATCTCACTATCATTATCT ACATCCATT ACATCANGACTCCTCACG
CTACCATACC-%

Four versions of the 100mer template were used. These DNA templates were identical except
for the base immediately following the primer—template junction (designated N in the sequence
above), which was dC, dA, dG, or dT.

Nanopore experiments were conducted at 23 °C in 10 mM HEPES/KOH, pH 8.0 = 0.05, 0.3
M KCI and 5 mM MgCl,, except for controls without Mg2*, where MgCl, was replaced by
0.5 mM ethylenediamine tetraacetic acid (EDTA). We chose 0.3 M KClI in this study because
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it supports KF catalytic function (see Supplementary Information, Fig. S1). Unlike solid-state
pores where DNA capture increases current at less than 0.4 M KCI (ref. 32), DNA capture
impedes ionic current at 0.3 M KCI for the a-haemolysin pore. DNA, KF and dNTPs were
added to the cis chamber as indicated in the figures and tables. Note that dNTP refers to any
of four possible deoxynucleotide triphosphates where N =G, A, T or C. Except where otherwise
indicated, DNA was used at a final concentration of 1 uM, KF at 2 uM and dNTPs at 200 uM.
Primer/template hybrids were annealed by heating to 95 °C for 2 min and cooling slowly to
25 °C before use. Hairpin-containing DNA oligomers were annealed by heating to 95 °C for
2 min then cooling rapidly on ice to prevent interstrand hybridization.

The nanopore chamber design and methods to insert single a-haemolysin channels have been
described in detail elsewhere8:10. lonic current flux through the a-haemolysin channel was
measured using an Axopatch 200B integrating patch-clamp amplifier (Molecular Devices) in
voltage-clamp mode. Data were acquired with a Digidata 1440A analog-to-digital converter
(Molecular Devices) at 20-ms intervals in the whole cell configuration, and filtered at 10 kHz
using a low-pass Bessel filter unless otherwise noted. Current blockades were examined at 180
mV (trans-positive) for the constant-voltage experiments.

FPGA EXPERIMENTS

In the FPGA control experiments, events corresponding to the current signatures of molecular
complexes in the nanopore chamber were diagnosed and responded to using the National
Instruments PCI-7831R FPGA board, which was programmed using LabVIEW 8 software.
Current amplitude values for state-detection logic were determined from the current signatures
for DNA alone or in complexes with KF, measured at 180 mV constant voltage. The mean and
standard deviation current amplitude values were calculated to quantify the most likely
amplitude level, and the spread around that level.

DATA ANALYSIS

Two-dimensional event plots display blockade amplitudes in picoamperes on the vertical axis
and dwell times in milliseconds on the logarithmic horizontal axis. Each point represents
capture and translocation of one DNA molecule. For duplex DNA, the plotted dwell time range
of 0.8—4,000 ms contains all relevant DNA and DNA-KF events. For DNA hairpins, shearing
occurs in approximately 1 ms, therefore the plotted range is expanded to 0.2—4,000 ms. Events
longer than 4 s indicate that DNA is stuck inside the nanopore. The plotted amplitude range is
typically 050 pA. For histograms generated by aggregating data from multiple experiments,
blockade events were reported relative to a 0 pA open channel reference current. In those cases,
the histograms were based on data between —50 and —20 pA.

Histograms were generated by binning the base-10 logarithm of event dwell times using 36
bins. The dwell time probability histogram was generated by plotting each bin normalized by
the total number of events, revealing the fraction of events in each bin. By normalizing, the
area under the probability histogram sums to one. To examine the contribution of a subset of
events that fall within a restricted current amplitude range, a subset histogram for only those
events was generated and overlaid on the probability histogram. To preserve the fraction-of-
events scale, each bin in the subset histogram was normalized by the total number of events in
the probability histogram. To maintain alignment of the bins, 36 bins kept at the original bin
centre locations were used for the subset histogram. Visually, the resulting subset histograms
overlaid on the original probability histograms reveal the fraction of events that fall within the
restricted current amplitude range and contribute to each respective bin.

We used median and IQR values to calculate the most likely dwell time and the spread for each
data set. The IQR is the range between the 75th percentile and the 25th percentile. Thus, the
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IQR includes about 50% of the data and is a measure of statistical dispersion that minimizes
the effect of outliers.
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Figure 1. Detection of DNA translocation events with the nanopore device

a, Schematic of the nanopore device. VVoltage is applied across a single a-haemolysin channel
inserted ina ~25-um-diameter lipid bilayer (trans-side positive). Current through the nanopore
is carried by K* and CI~ ions (0.3 M bulk phase concentration). b, Current trace for the primer/
template DNA being captured, and then translocated through the nanopore under an applied
voltage (bottom). An illustration of the events that yield the three sections of the current trace
is shown over the trace. |, is the open channel current, | is the average current level for the
blockade event, and tp is the translocation dwell time.
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Figure 2. Distinguishing DNA, DNA/KF complexes or DNA/KF/ANTP complexes in the nanopore
device

a, Translocation, through the nanopore, of DNA alone (14-bp hairpin with a 36-nucleotide 5’
overhang and 2'-3' dideoxycytidine terminus; template base at n = 0 is C). b,c, Translocation
of the 14-bphp from complexes with KF (b) or from complexes with KF and dGTP (c). For
each of rows a—c are presented a diagram of the nanopore with the associated complex (column
1), acurrenttrace (column Il) and a dwell time event plot (column I11). In column IV, probability
histograms of the base-10 logarithm of dwell time data are shown in blue. Close examination
of the event plot in ¢, column |11, reveals that most long dwell time events are within 22 to 24
pA. A yellow subset histogram for the events within 22—-24 pA is overlaid on probability
histogram c, revealing that the chosen range is dominated by long dwell time events. The
number of events, mean and IQR values for probability histograms a and b, and subset
histogram c, are reported in Table 1.
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Figure 3. Detection of correct dNTP binding to the KF/primer-template complex

Column I depicts four primer/template hybrids, which differ only in the template base (position
n =0). The primer has a 3' ddC terminus, and the correct incoming dNTP, complementary to
n =0, is indicated. a—d, Translocation event dwell time histograms whenn=0is G (a), T
(b), A (c) and C (d), respectively. Column Il shows probability histograms of event dwell times
for primer/template pairs in the presence of KF and all three incorrect dNTPs (in red). Column
111 shows probability histograms after the fourth complementary dNTP was added (in blue).
Most long dwell time events are within the range of —35 to —32 pA (a,b,d) and —41 to —37 pA
(c). Subset histograms for the events within these ranges (in yellow) are overlaid on the
probability histograms. The number of events, mean and IQR values for probability histograms
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(1) and subset histograms (I11) are reported in Table 1. Because the histograms in this figure
are based on data from multiple experiments, blockade events are reported relative to a 0 pA
open channel current. Consequently, the reported blockade amplitudes fall within the =50 to
—20 pA range.
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Figure 4. Proposed mechanism for voltage-facilitated dissociation of DNA from KF/DNA or KF/
DNA/ANTP complexes

a, Representative trace at 180 mV showing the current levels associated with nanopore capture
of the ternary complex, and illustration of the molecular events proposed to occur at each step.
i, The long 24 pA blockade arises from the initial capture of the ternary complex, with the
duplex DNA held on top the pore vestibule because of association with the KF. ii, The shorter
20 pA terminal step occurs upon KF dissociation, when duplex DNA is pulled into the nanopore
vestibule. iii, Finally, primer and template strands are dissociated, translocating through the
nanopore as single-stranded molecules and resulting in a return to the open channel current.
b, Current trace from an experiment with DNA and KF in the nanopore chamber, showing two
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translocation events. i, Trace shows the 20 pA signature characteristic of events in the presence
of DNA only. ii, Trace is characteristic of events that only occur in the presence of both KF
and DNA (without the correct dNTP). c-h, Two-dimensional plots show event clusters for 20-
bp DNA hairpin translocation at 180 mV (c); 20-bp DNA hairpin/KF/dGTP complex terminal
step at 180 mV (d); 14-bp DNA hairpin translocation at 180 mV (e); 14-bp DNA hairpin/KF/
dGTP complex terminal step at 180 mV (f); 14-bp DNA hairpin translocation at 165 mV (g);
14-bp DNA hairpin/KF/dGTP complex terminal step at 165 mV (h).
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Figure 5. Recognition and control of DNA complexes in real time using FPGA

a, A representative ternary complex event under FPGA control. The FPGA samples the ionic
current every 5.3 us and computes a windowed mean amplitude (solid dark line) based on the
previous 1.5 ms of signal. Every 0.4 ms, it tests whether or not the mean is within 24 + 2.8 pA.
i, If the mean remains within this range for four consecutive tests, the FSM logic diagnoses the
blockade as a KF binding event. The total delay for diagnosis of a KF binding event is 2.7 ms
(1.5 ms for the windowed mean to enter the 24 + 2.8 pA range, plus 1.2 ms for three consecutive
subsequent tests). ii, Upon diagnosis of a KF binding event, the FPGA continues to monitor
the windowed mean. If the mean remains in the 24 £ 2.8 pA range for 20 ms, the FSM logic
diagnoses the blockade as resulting from a ternary complex. The 20 ms cutoff was used because
60% of events are longer than 20 ms in the presence of the correct dNTP, but only 2% of events
are longer than 20 ms in the 24 * 2.8 pA range in the absence of the correct dNTP. iii, Upon
diagnosis that a ternary complex is in the pore, the FPGA reverses the voltage to —50 mV for
5 ms, ejecting the complex from the pore. The 180 mV capture voltage is then restored. For
each event in which KF binding is not diagnosed, or in which KF binding is diagnosed but the
mean leaves the 24 + 2.8 pA range before 20 ms, the voltage is kept at 180 mV. b, Dwell time
probability histograms for 24 + 2.8 pA events with FPGA control (527 total events, in red) and
without FPGA control (155 total events, in blue).
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