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Abstract

The latch region of the wild-type α-hemolysin (α-HL) protein channel can be used to distinguish 

single base modifications in double-stranded DNA (dsDNA) via ion channel measurements upon 

electrophoretic capture of dsDNA in the vestibule of α-HL. Herein, we investigated the use of the 

latch region to detect a nick in the phosphodiester DNA backbone. The presence of a nick in the 

phosphodiester backbone of one strand of the duplex results in a significant increase in both the 

blockade current and noise level relative to the intact duplex. Differentiation between the nicked 

and intact duplexes based on blockade current or noise, with near baseline resolution, allows real-

time monitoring of the rate of T3-DNA ligase-catalyzed phosphodiester bond formation. Under 

low ionic strength conditions containing divalent cations and a molecular crowding agent (75 mg 

ml−1 PEG), the rate of enzyme-catalyzed reaction in the bulk solution was continuously monitored 

by electrophoretically capturing reaction substrate or product dsDNA in the α-HL protein channel 

vestibule. Enzyme kinetic results obtained from the nanopore experiments match those from gel 

electrophoresis under the same reaction conditions, indicating the α-HL nanopore measurement 

provides a viable approach for monitoring enzymatic DNA repair activity.
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INTRODUCTION

We report the use of the α-hemolysin (α-HL) latch zone, a 2.6 nm vestibule constriction 

zone (Figure 1a), to measure the rate of phosphodiester bond formation catalyzed by T3-

DNA ligase. Phosphodiester backbone breaks are produced directly by damaging agents 

(ionizing radiation or ultraviolet light),1–2 or as intermediates during DNA replication and 

recombination, as well as during DNA repair, such as base excision, nucleotide excision, and 

mismatch repair).2–5 In the cell, DNA strand breaks can be repaired by a multi-protein 

pathway that involves a DNA ligase in the last step to create a phosphodiester bond.2–5 

However, unrepaired DNA strand breaks from abortive DNA ligation events are lethal, 

especially in neuronal cells.6–8 There is a fundamental gap in understanding the kinetic steps 

of ligation, in part, due to the lack of a fast in vitro method for monitoring nick repair.7–8 

Herein, we demonstrate that a single nick in an individual dsDNA molecule can be identified 

from an intact duplex in ion channel recordings using α-HL, allowing kinetic analysis of the 

ligation reaction. These studies add to the growing body of literature using biological 

nanopore as a tool to investigate enzyme activity.9

Analysis of duplex DNA is achieved by electrophoretically driving dsDNA with a single-

stranded tail into the vestibule of the α-HL protein channel as depicted in Figure 1a.10–13 A 

single duplex is captured in the vestibule by threading the single-stranded tail through the 

narrow β-barrel.11–13 The duplex occupies the vestibule of α-HL because its diameter (2.0 

nm) is larger than the 1.4 nm central constriction of α-HL (Figure 1a), preventing entry of 

the duplex into the β-barrel.10–15 Ion current flowing through the nanopore is blocked by the 

trapped DNA resulting in a reduction in current prior to unzipping of the duplex into its 

single-strand components.15–17 Correlations between the blockade current and unzipping 

time with the DNA duplex structure have been made; for example, unzipping time generally 

increases with the thermal stability of the duplex, while sequence context influences the 

blocking current level.12–13, 18–19 We previously utilized the difference in current level 

associated with a single base modification in dsDNA to measure uracil-DNA glycosylase 

(UDG) activity, by monitoring the rate of conversion of a uracil to an abasic site.20 Further 

investigation of the latch constriction of α-HL has demonstrated that one G:C base pair can 

be distinguished from an A:T pair, as well as single-base mismatches (e.g., C:C or C:A), 

based on current blockade levels.21–22 Recently, we also observed that mismatched base 

pairs induce characteristic ion current modulations in the α-HL channel.22–23

In this article, we demonstrate that the latch region can be used to differentiate duplexes with 

and without a break in the phosphate backbone, not only by the difference in blockade 

currents but also by the difference in the current noise level. The formation of a 

phosphodiester bond by a ligase was continuously monitored in real-time without 

radioactive or fluorescent labels allowing determination of the enzyme-catalyzed rate 

constant. Our results extend the application of the α-HL protein channel as a general in vitro 
tool to investigate the kinetics of enzymes operating on DNA.
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RESULTS AND DISCUSSION

A 41-mer target strand comprising a 24-mer poly-dT tail at the 5’ end and a 17-mer 

heterosequence, 5’-(T)24-TGGAGCTGGTGGCGTAG, was used throughout this study. This 

sequence encompasses codon 12 of the KRAS gene for which frequent mutations have been 

observed resulting from DNA base damage in cancer samples.24–25 Incomplete repair of the 

DNA base damage would lead to a nick in this sequence context. In this study, we compare 

the I-t characteristics of a duplex containing a nick, synthesized by hybridizing the 41-mer 

target to a complementary 9-mer (5’-CTACGCCAC) and a modified 8 mer with a 5’-

phosphate (5’-pCAGCTCCA), to that of a 41-mer target bound to a complementary 17-mer 

probe, the latter representing a standard for the intact DNA duplex (Figure 1). In previous 

work, we demonstrated that the blunt end of the duplex is not captured in the α-HL vestibule 

at low salt concentration (< 150 mM).20 In contrast, when the poly(T)24 tail is treaded into 

the β-barrel, the nick is located in proximity of the latch region as shown in Figure 1a.20, 26 

The current-time trace (I-t) of each captured event provides a unique electrical signature 

allowing identification of either the nicked or repaired duplex.

DNA ligases are magnesium-dependent DNA repair enzymes that utilize either ATP or 

NAD+ to catalyze the formation of the phosphodiester bond between adjacent 5’-phosphate 

and 3’-hydroxyl termini of nick-containing dsDNA.27–28 The ATP-dependent ligases 

possess a common core structure that is observed in the T series ligases found in 

bacteriophages.29–31 In this report, we aim to demonstrate that the α-HL nanopore is a 

general enzymology tool to obtain kinetic information for ligases. Low salt (~180 mM 

electrolyte) conditions were employed: 100 mM KCl, 66 mM Tris·HCl, 5 mM MgCl2, 1 mM 

ATP, 7.5% (w/v) polyethylene glycol 6000 (PEG 6000), pH 7.6 at 20.0 °C.

In general, monovalent cations disturb the electrostatic interactions between ligases and 

DNA strands, and therefore most DNA ligases work favorably under low salt conditions 

with less than 100 mM monovalent cations.32–36 However, the α-HL nanopore analysis is 

based on ion channel electrical measurements and requires significant electrolyte 

concentration to detect changes in the electrical current.32, 37 In order to minimize the 

influence of monovalent cations, which perturb the activity of DNA ligase, polyethylene 

glycol (PEG) was added to the electrolyte to enhance the hydrophobic interactions between 

the ligase and DNA strands.38–39 PEG 6000 was added to the electrolyte at 75 mg/mL, 

acting as a volume excluder to increase the local concentration of the DNA and to enhance 

the activity of the enzyme.38–41 However, PEG and potassium ions form a positively charged 

complex (PEG-K+), which by itself is reported to interact with α-HL.42 While PEG 6000 is 

too large to be completely accommodated in the channel, it can potentially partially enter 

and then withdraw from the vestibule, generating an interfering blockade current.42–46 Thus, 

in order to prevent PEG-K+ complex capture, PEG was added only in the cis side of the 

channel, where it is electrically driven away from the α-HL nanopore and, thus, it does not 

contribute to the current signature under the applied negative bias (cis vs. trans). Control 

experiments indicated that none of the buffer components (7.5% PEG (w/v) as volume 

excluder, 1 mM ATP and 5 mM MgCl2) interact with α-HL to produce measureable 

electrical signals (Figure S1).
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We performed experiments to determent if the latch region of α-HL could be used to 

identify the presence of a single-strand break in the DNA backbone, as schematically 

depicted in Figure 1. In a typical experiment, duplex DNA at a concentration of 14 µM, was 

added to the 350-µL cis reservoir, and a bias of −120 mV (cis vs. trans) was applied to 

electrophoretically capture individual duplexes. For each duplex, a 5-fold excess of the short 

probe strands (8-, 9- or 17-mer) versus target strands (41-mer) was added to the solution; the 

two resulting types of events, corresponding to either excess ssDNA translocation or dsDNA 

unzipping, are readily differentiated by the order of magnitude difference in the event 

duration time, t, as will be discussed below.

The nicked duplex corresponds to the 41-mer target bound simultaneously to both the 8- and 

9-mer complementary probes. However, when these three ssDNA strands (41-, 8-, and 9-

mer) are in the same solution, there are three distinct duplexes due to the duplex-ssDNA 

equilibria. In addition to the nicked dsDNA, there are two possible duplexes where only one 

probe is bound to the 41-mer target, either 41:8 dsDNA or 41:9 dsDNA. Thus, an excess 

amount of 8-mer or 9-mer is needed to favor nicked duplex formation.

We first studied the 41-mer strand bound separately to each of the 8- or 9-mer probes 

(Figure 2a–b and S2). At −120 mV (cis vs. trans), the addition of 41:8 or 41:9 duplex with 5-

fold excess of 8- or 9-mer probes in the cis reservoir generated frequent and characteristic 

current blockades. The excess 8- or 9-mer probes generated fast current blockade events (< 

0.5 ms) with broad current distributions (Figure 2c), which are caused by either ssDNA 

translocation or short transient collisions between DNA strands and the protein channel, as 

previously reported.47 Because excess ssDNA probe strands (8 or 9-mer) do not fully 

occupy the β-barrel during translocation, the ssDNA probe events do not generate full 

blockades that can be readily distinguished from the collision events. Conversely, the 

translocation events for the 41-mer (circled in white) are clearly separated from the collision 

events, and the event population density is centered at −2.9 pA blocking current with 0.45 

ms dwell time (Figure 2c and S3).

Interestingly, the unzipping event signatures of the two 41:8 and 41:9 duplexes are very 

different. Blockade events in a solution containing the 41:9 duplex clearly fall into two 

populations, comprising short current spikes for excess 9-mer ssDNA translocation, and 

relatively long current blockade events (1–100 ms) corresponding to 41:9 duplex unzipping. 

On the other hand, 41-mer ssDNA translocation events were observed in solution containing 

the 41:8 duplex, in addition to the expected excess 8-mer ssDNA translocation and 41:8 

duplex unzipping event, as shown in the scatter plot (circled in white, Figures 2c and S2). 

This observation indicates that the fraction of 41-mer hybridized with 8-mer (~50%) was 

significantly smaller compared to 41-mer with 9-mer probe (~95%), consistent with the 

stability of the 41:9 duplex being greater than that of the 41:8 duplex (Figure S4).

The longer blockade events (1–100 ms) of the 41:8 or 41:9 duplex reflect the time for the 

duplex to unzip into two ssDNA strands. There is a single unzipping population in the 

blockade current histogram for 41:9 duplex (the peak at −4.1 pA, Figure 3a–b), however, the 

blockade current distribution of 41:8 duplex unzipping events displays a primary peak at – 

4.1 pA and a minor peak at −3.4 pA (Figure 3a–b). These distributions of the blockade 
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currents for the 41:8 duplex (Figure 3b) correspond to either 5’ or 3’ tail entry into the 

protein channel. As has been reported, 3’ entry of ssDNA generates a deeper blockade than 

5’ entry;13, 48–51 therefore, the primary peak at −4.1 pA is assigned as 5’-homo(dT)24 entry 

and the minor peak at −3.4 pA corresponds to the 3’-hetero(dN)9 entry. Even though 3’ entry 

is generally reported as being favored,13, 51 the length of the overhang dominates the duplex 

capture rate,52 resulting in a favorable entry direction of 5’-homo(dT)24 overhang in 

comparison to the 3’-hetero(dN)9 tail.

The unzipping duration time corresponds to the duplex stability, which was also examined 

for the 41:8 and 41:9 duplexes. The temporal dispersion of the unzipping events for each 

duplex is approximated by an exponential decay with a time decay constant, τ, equal to 1.8 

± 0.1 ms and 11.0 ± 0.6 ms, for the 41:8 and 41:9 duplexes, respectively (Figure 3c). This 6-

fold difference in τ might be due to the difference in stability as mentioned above, or due to 

the greater latch zone restriction on the 41:9 duplex compared with 41:8 duplex, as will be 

discussed below. Overall, the 41:8 duplex is considerably less stable relative to the 41:9 

duplex. In order to promote the annealing of the 8-mer probe to the 41-mer target, and also 

increase the proportion of nicked DNA in the solution compared to the 41:8 and 41:9 

duplexes, a 5-fold excess of the 8-mer probe strand was employed to study the nicked DNA 

(1:5:1 amount ratio of 41 mer: 8 mer: 9 mer).

The ability of α-HL to discriminate between nicked dsDNA with a single backbone break 

and the repaired duplex was examined by performing nanopore unzipping experiments. With 

either nicked or repaired duplexes at a concentration of 14 µM, we observed that the two 

duplexes generated unique current signatures while residing in the protein channel prior to 

unzipping, with the nicked duplex blockade current magnitude being ~0.5 pA higher than 

the repaired one (Figure 4). The blockade current histograms for individual nicked (−3.5 pA) 

and repaired duplexes (−3.0 pA) display very narrow distributions with 0.1 pA FWHM (full 

width at half maximum), Figure 4a–b. Experiments in which both duplexes were present in 

solution demonstrate nearly baseline resolved blockade current histograms, again with 0.1 

pA FWHM for each peak (Figure 4d). Equal capture rates are observed for the two duplexes, 

as indicated by the similar areas of the two histograms. Unlike previous α-HL analyses of 

single base modification to duplexes,20–22, 26, 51, 53 the only difference between the nicked 

duplex and repaired duplex is the presence of a single P-O bond, as shown in Figure 1b and 

c. The observed ~0.5 pA current difference between the nicked and repaired duplexes is 

likely due to one additional negative charge, the PO4
2− on the 5’ end of the 8-mer probe, 

which we speculate may increase the local counter-ion concentration at the latch zone in 

addition to modulating the ion flux blockade via duplex structure modification, as previously 

reported for single base recognition.13, 21, 51

It is known that the unzipping time duration of a DNA duplex is correlated with the duplex 

thermal stability, as well as the G•C content adjacent to the overhang.19, 51 A 25 °C increase 

in the melting temperature between the nicked and repaired duplexes with the same 

sequence but differing by a single phosphodiester bond break is observed (Figure S4). 

However, the two duplexes were not themselves distinguishable by their unzipping duration 

times. As shown in Figure 5, the histograms of duration time for the nicked and repaired 

DNA displayed first-order exponential kinetics with time constants of 840 ± 60 ms and 950 
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± 40 ms, respectively. The stability of each duplex was measured by melting temperature 

measurements in the bulk solution, where both the 5’ and 3’ termini of either 8- or 9-mer 

could detach from the 41-mer target. Tm = 46 ± 1 °C for the nicked duplex while Tm = 71 

± 1 °C for intact duplex (Figure S4). These Tm values would suggest much faster unzipping 

for the nicked duplex, in contrast to the experimental observation. However, when the nicked 

duplex was captured by the protein channel, the 2.6 nm latch zone restricts the mobility of 

the adjacent 5’-phosphate and 3’-hydroxyl termini. This confinement appears to increase the 

stability of the nicked duplex, resulting in a longer exponential decay time constant than 

would be predicted from the Tm value.51

Evidence for the interaction between the nicked duplex and the latch zone is also inferred 

from the noise of each individual blockade current event. As shown in Figure 6, the nicked 

and repaired duplexes can be distinguished by either noise or blockade current. The noise for 

the nicked duplex unzipping events displayed a distribution centered at 0.45 pA, while that 

for the intact DNA is centered at a 0.35 pA. As over 99.5% of the nicked DNA unzipping 

events exhibit noise greater than 0.40 pA (Figure 6a), the events with noise less than 0.40 pA 

can be assigned to repaired duplexes. Figure 6d shows the population density plot for 

blockade noise as a function of blockade current for a solution containing both nicked and 

repaired duplexes, demonstrating that the two duplexes can be clearly distinguished based on 

their I-t signatures.

In a previously reported study, the unzipping event noise level normalized to the open-

channel noise (the median of the event noise divided by the median of the open-channel 

noise) was correlated to the duplex stability.26 In general, a duplex with a 5 °C increase in 

Tm value results in ~ 0.3 decrease in normalized noise.26 However, in this study the 

normalized noise for nicked (0.61) and repaired (0.48) DNA were only 0.13 different despite 

a 25 °C difference in the Tm value (Tm = 46 ± 1 °C for nicked DNA and Tm = 71 ± 1 °C for 

repaired DNA), suggesting the nicked DNA is stabilized by the latch zone of the protein 

channel relative to the bulk solution, as mentioned earlier. On the other hand, the near-

baseline resolved separation of the two duplexes, and a broader distribution of the current 

noise of the nicked duplex compared to the repaired one, indicates that the interactions 

between the latch zone and the two types of duplex are very different. The higher noise 

associated with the nicked DNA is probably due to the dynamics of the 3’-OH and 5’-PO4 

termini in the latch zone.

The ability to identify nicked and intact duplexes based on either blockade current or noise 

suggests that the conversion of the nicked DNA to the repaired (intact) duplex in bulk 

solution by a DNA ligase can be monitored by counting single-molecule unzipping events in 

the α-HL protein channel (Figure 7). Nicked dsDNA (14 µM) was added to the 350-µL cis 
reservoir, containing 100 mM KCl, 66 mM Tris-HCl, 7.5% PEG (w/v), 1 mM ATP and 5 

mM MgCl2. Events displaying a single blockade current were observed (Figure 7b top left 

histogram), corresponding to the nicked duplex. After addition of T3-DNA ligase (540 nM), 

events with a smaller blockade current corresponding to the repaired duplex appeared in the 

I-t trace, indicating enzyme-catalyzed phosphodiester bond formation. The identity of the 

repaired duplex was confirmed from the current amplitude and current noise of the 

unzipping events, with −3.45 ± 0.03 pA (noise ≥ 0.40 pA) being attributed to the starting 

Tan et al. Page 6

ACS Nano. Author manuscript; available in PMC 2017 December 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



material and −3.04 ± 0.03 pA (noise < 0.40 pA) to the product, consistent with the results of 

the control experiments shown in Figures 4 and 6. The ligase-catalyzed phosphodiester bond 

formation was monitored through the time-dependent histograms of blockade currents 

(Figure 7b) and noise histograms (Figure S8), in which the relative peak areas (counts) for 

the two species were used to monitor the enzyme kinetics, as shown in Figure 8.

The percentage of the repaired duplex as a function of reaction time obtained from nanopore 

experiments is plotted in Figure 8 and compared with values obtained from gel 

electrophoresis under identical reaction conditions. The reaction time plotted in Figure 8 

corresponds to the midpoint of the time window used to obtain each histogram. The reaction 

rate of T3-DNA ligase in the nanopore experiment obtained from the linear slope (Figure 8 

blue circle at 2.5 min time point) is 0.8 ± 0.2 nmol/min, which is in a good agreement with 

the value from gel electrophoresis (Figure 8 green triangle at the 5 min time point), 0.7 ± 0.1 

nmol/min. In separate experiments, the same concentration of nicked DNA substrate (14 

µM) was catalyzed by 360 and 450 nM T3-DNA ligase, and product formation was 

measured by blockade currents as shown in Figure 8. We find that the reaction rates (the 

linear slopes in Figure 8) are proportional to the ligase concentration and independent of 

substrate concentration. Therefore, these enzyme kinetic curves demonstrate that the ligase-

catalyzed phosphodiester bond formation reaction is zero order initially and then slows as 

the reaction reaches completion. However, with 360 nM T3-DNA ligase the percentage 

product conversion is 53% conversion after 5 hours (Figure S10), which is probably due to 

the deactivation of the enzyme over a period of time.

As discussed earlier, high cation concentrations inhibit ligase activity; for instance, virtually 

no ligated product was generated with more than 200 mM KCl for the T4 DNA ligase,33 and 

100 mM NaCl completely inhibited Methanocaldococcus jannaschii DNA ligase.35 

Interestingly, T3 DNA ligase activity is T3 DNA ligase activity is reported to increase up to 

300 mM and remains relatively constant up to 1 M.31 We investigated T3 DNA ligase 

activity is solutions containing 100, 300, and 1000 mM KCl in the presence of 66 mM Tris-

HCl and 5 mM MgCl2. We observe that the repaired duplex is not detected by either the 

nanopore system or by gel electrophoresis at 1M KCl, as shown in Figure S12, and that 

maximum enzymatic activity is achieved at 100 mM KCl (Figure S9, S12). Nanopore 

measurements at lower KCl concentrations are prohibited by the electrical noise limit.

CONCLUSIONS

The work presented here demonstrates that the latch zone of α-HL can be utilized to monitor 

the kinetics of ligase-catalyzed phosphodiester bond formation under complex electrolyte 

conditions. These results and our previous report of monitoring the UDG-catalyzed 

conversion of a uracil to an abasic site indicate the general utility of the α-HL protein 

nanopore as a DNA enzymology tool. We have now demonstrated that DNA backbone 

lesions can be identified by current noise analysis in addition to the normal blockade current 

differentiation, suggesting the potential development of new methods to differentiate various 

DNA lesions. Use of the α-HL protein to investigate complex multistep enzyme kinetics, 

such as in the base-excision repair pathway, is now a possible goal.
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EXPERIMENTAL SECTION

DNA Preparation and Purification

All ssDNA strands were synthesized from commercially available phosphoramidites (Glen 

Research, Sterling, VA) and prepared by the DNA/peptide core facility at the University of 

Utah. The DNA purification process was achieved by HPLC using an anion-exchange 

column running a linear gradient of B from 1% to 100% over 30 min (A = 10% 

CH3CN/90% ddH2O, B = 20 mM NaPi, 1 M NaCl, pH 7, in 10% CH3CN/90% ddH2O, flow 

rate = 3 mL/min) while monitoring the DNA strand elution by the UV absorbance at 260 

nm. The purification salts were removed by dialysis against ddH2O for 36 h at 4 °C. The 

dialyzed samples were dried by lyophilization and then resuspended in ddH2O. The 

concentrations of the DNA solutions were obtained by measuring the absorbance at 260 nm 

and using the primary sequence to estimate the extinction coefficient.

Glass Nanopore Membrane (GNM) and Bilayer Formation for Ion Channel Recording

A conical shaped nanopore was fabricated in a sealed capillary using a bench-top method.54 

Nanopores with a 500 to 1000 nm radius were used for the experiments. The GNM surface 

was silanized by 2% (3-cyanopropyl)dimethylchlorosilane in acetonitrile to make the glass 

surface hydrophobic allowing the formation of a lipid bilayer across the orifice.

Chemicals and Materials for Nanopore Measurement

The lipid bilayer was formed by 1,2-diphytanoyl-sn-glycero-3-phospho-choline (DPhPC) 

dissolved in decane at 10 mg/mL. The wild-type α-HL monomer was purchased from List 

Biological Laboratories as a lyophilized powder and dissolved in water at 0.2 mg/mL. Buffer 

A (100 mM KCl, 66 mM Tris·HCl, 7.5% PEG, 5 mM MgCl2, 1 mM ATP, at pH 7.6) was 

placed outside the capillary, which was the cis site of α-HL. Buffer B (100 mM KCl 66 mM 

Tris-HCl at pH 7.6) was used to fill the capillary to avoid the PEG molecule blocking the 

outlet of the DNA molecules. T3-DNA ligase at 3 × 106 units/mL and its cofactor ATP were 

purchased from New England Biolabs, Ipswich, MA. The volume excluder polyethylene 

glycol 6000 (PEG 6000) was purchase from Sigma.

Gel electrophoresis analysis

The same reaction conditions with buffer B were used to conduct the T3-DNA ligase activity 

measurements. 5 nmol (14 µM) of 41-mer template strand was hybridized with the same 

amount of 9-mer probe, and a 5-fold molar excess of 8 mer probe (1:5:1 amount ratio of 41 

mer: 8 mer: 9 mer). The reaction was treated with 200 µmol (540 nM) of T3-DNA ligase in 

the 350-µL solution reservoir at 20.0 °C in the 100 mM KCl, 66 mM Tris·HCl, 7.5% PEG, 5 

mM MgCl2 and 1 mM ATP solution.

The analysis was conducted with a 9-mer strand that contained a FAM fluorophore at the 5´-

end. Upon commencement of the reaction with the addition of T3-DNA ligase, 5-µL aliquots 

were removed at 5, 10, 15, 20, 30, 40, 60, 90 min time points. The reaction in each aliquot 

was quenched by adding 2 µL of 0.5% SDS and 50 mM EDTA and heating at 90 °C for 5 

min. The ligated strands (product) were separated from the short strands (reactant) on a 20% 
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polyacrylamide gel that was run at 45 W for 1.5 h. Reactions were visualized and quantified 

by fluorescence of the FAM fluorophore on a phosphorimager.

Current−Time Recordings

Current−time (I−t) recordings were performed at 20.0 ± 0.5 °C using a custom-built high-

impedance and low-noise system (Electronic BioSciences Inc., San Diego, CA). The I−t 
traces for duplex unzipping and ssDNA translocation events were filtered at 10 kHz 

(sampled at 50 kHz) and 100 kHz (sampled at 500 kHz), respectively. The voltage was 

applied between two Ag/AgCl electrodes, which were placed inside and outside the 

capillary. A pressure of 40 to 80 mmHg was applied to the inside of the GNM capillary 

using a gas-tight syringe to facilitate the insertion of a protein ion channel in the lipid 

bilayer. For α-HL insertion, 1 µL of monomer solution in water at 0.2 mg/mL was carefully 

added into the solution outside of the GNM. A voltage of 120 mV (trans vs. cis) was applied 

across the GNM to drive electrophoretically the ssDNA and dsDNA into the vestibule of the 

α-HL.

Data Collection

Based on a previous report, I-t blockades that lasted longer than 10 ms were identified as 

DNA unzipping events for 17-mer duplexes and shorter events were attributed to 

translocation of excess ssDNA.13 The current amplitude and associated noise of each 

blockade was used to identify the duplex (nicked and repaired DNA), as described in the 

Results and Discussion. Events were extracted and post filtered at 5 kHz for data analysis 

using QuB (version 2.0.0.33). Density plots of unzipping durations were plotted using data 

analysis programs provided by Electronic Biosciences Inc., San Diego, CA. Histograms of 

current, noise, and unzipping duration were generated and plotted using Origin Pro (version 

9.0). The percentage of repaired DNA (the product of the DNA ligase reaction) was obtained 

by counting the number of events in the product peak of the current blockade histogram and 

dividing it to the total number of events for both the product and the reactant in the current 

blockade histogram. Details of error treatment are given in the Supporting Material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Outline of the α-HL channel with dsDNA captured in the vestibule. The red box shows 

the position of the nick within the dsDNA relative to the latch constriction. (b & c) 

Expanded view showing the difference in structure between duplexes with a nick at the latch 

region and the intact/repaired dsDNA.
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Figure 2. 
Comparison between the unzipping events of 41:8 and 41:9 duplexes. (a–b) Sample current-

time (I-t) traces generated by the 41:8 duplex (a) or the 41:9 duplex (b) in individual 

experiments. Events < 0.5 ms in duration are generated from ssDNA translocation and/or 

collision of DNA with the protein channel. The traces were post-filtered at 5 kHz for 

presentation. (c) Plots of event population density for I as a function of time (t) for 14 µM of 

9-mer ssDNA, 41-mer ssDNA, 41:9 dsDNA and 41:8 dsDNA, respectively. Event 

distribution of dwelling times for 41-mer ssDNA translocation events are circled in white. 
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Experiments were carried out at 20.0 °C in a 100 mM KCl (7.5% PEG, 5 mM MgCl2, 1 mM 

ATP) solution buffered to pH 7.6 with 66 mM Tris-HCl.
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Figure 3. 
Comparison between the unzipping events of 41:9 and 41:8 duplexes. (a) Plots of event 

population density for I as a function of time (t) and unzipping time durations for 14 µM 

solution of the 41:9 and 41:8 duplexes, respectively. (b–c) Current histograms and unzipping 

duration histograms showing the measured blockade currents for the 41:9 and 41:8 duplexes, 

respectively. Experiments were carried out at 20.0 °C in a 100 mM KCl (7.5% PEG, 5 mM 

MgCl2, 1 mM ATP) solution buffered to pH 7.6 with 66 mM Tris-HCl. Counts indicate the 

number of individual dsDNA unzipping events.
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Figure 4. 
Detecting backbone damage in a DNA duplex. (a–b) Current histograms showing the 

measured blockade currents for 14 µM solutions of the (a) nicked and (b) repaired duplexes, 

respectively. (c) Current histogram of a mixture of the same amount (7 µM) of nicked and 

repaired duplexes. (d) Sample current-time traces generated during dsDNA residence events, 

showing the difference in blockade currents, IN and IR, for nicked DNA and repaired DNA, 

respectively. The trace was post-filtered at 1 kHz for presentation. An expanded view of the 

same I-t trace is also shown in (d) to present the difference in blockade current of the two 

types of events. The expanded I-t trace was post-filtered at 0.1 kHz for presentation. 

Experiments were carried out at 20.0 °C in a 100 mM KCl (7.5% PEG, 5 mM MgCl2, 1 mM 

ATP) solution buffered to pH 7.6 by 66 mM Tris-HCl. Counts indicate the number of 

individual dsDNA unzipping events.
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Figure 5. 
Event population density plots and histograms of duration for 14 µM solutions of (a) nicked 

and (b) repaired duplexes. Experiments were carried out at 20.0 °C in a 100 mM KCl (7.5% 

PEG, 5 mM MgCl2, 1 mM ATP) solution buffered to pH 7.6 by 66 mM Tris-HCl. Counts 

indicate the number of individual dsDNA unzipping events.
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Figure 6. 
Detecting backbone damage in a DNA duplex by current noise. (a–b) Histograms of current 

noise for duplex mixture unzipping events, containing nicked duplex alone N = 612 (a) and a 

mixture of nicked and repaired duplexes N = 353 (b). (c) Histogram of blockade current for 

the repaired duplexes in a mixture of nicked and repaired duplexes, by filtering out any 

current with an associated noise higher than 0.4 pA (N = 171). (d) Plots of event population 

density for noise as a function of blockade current for a mixture of nicked and repaired 

duplexes, 7 µM solution of each. Counts indicate the number of dsDNA unzipping events.
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Figure 7. 
Monitoring the ligase-catalyzed phosphodiester bond formation using the α-HL nanopore. 

In the 350-µL reaction chamber 14 µM nicked duplex was treated with 540 nM T3-DNA 

ligase. (a) A representative I-t trace during 30 s time window collected ~ 10 min after ligase 

addition to the cis reservoir. The two blockade current levels correspond to the substrate 

(nicked DNA, red dashed line) and product (repaired DNA, blue dashed line), respectively. 

Sample I-t trace was post-filtered at 0.1 kHz for presentation. (b) Time-dependent 

histograms (100–170 events) of blockade currents correspond to the progression of the 

enzymatic reaction. Ligase was added to the solution at t = 0.
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Figure 8. 
Enzyme kinetic curves obtained from nanopore experiments using 14 µM nicked duplex 

treated with 360 (black triangle), 450 (red square), and 540 (blue circles) nM T3-DNA 

ligase, and the product identity is based on the blockade current separation. The x-axis error 

bars represent the 5-min time window used to generate each histogram. The y-axis errors 

were obtained from triplicate experiments (see SI Figure 8). Gel electrophoresis was 

conducted under the same reaction conditions with 540 nM T3-DNA ligase, and the results 

were plotted as green triangles. Colored straight lines correspond to a linear fit during the 

burst phase.
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