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Abstract

The carcinogenic precursor benzo[a]pyrene (BP), a polycyclic aromatic hydrocarbon, is released 

into the environment through the incomplete combustion of hydrocarbons. Metabolism of BP in 

the human body yields a potent alkylating agent (benzo[a]pyrene diol epoxide, BPDE) that reacts 

with guanine (G) in DNA to form an adduct implicated in cancer initiation. We report that the α-

hemolysin (αHL) nanopore platform can be used to detect a BPDE adduct to G in synthetic 

oligodeoxynucleotides. Translocation of a 41-mer poly-2′-deoxycytidine strand with a centrally 

located BPDE adduct to G through αHL in 1 M KCl produces a unique multi-level current 

signature allowing the adduct to be detected. This readily distinguishable current modulation was 

observed when the BPDE-adducted DNA strand translocated from either the 5′ or 3′ directions. 

This study suggests that BPDE adducts and other large aromatic biomarkers can be detected with 

αHL, presenting opportunities for the monitoring, quantification, and sequencing of mutagenic 

compounds from cellular DNA samples.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) emitted into the environment by the incomplete 

combustion of coal, crude oil, and gasoline were reported to have carcinogenic properties in 

humans as early as 1876 [1,2]; in 1930, the PAH benzo[a]pyrene (BP) was identified as the 

carcinogen in these substances. Workers in tar distilleries, fossil fuel processing, and road 

paving are exposed to high levels of BP, as are smokers and consumers of grilled meats [3–

6]. Exposure to BP has been shown to increase susceptibility to lung and colon cancers [7].

Cellular studies have demonstrated that one of the principal pathways through which BP is 

removed from the body is via cytochrome p450s (CYP450), yielding the final product 

benzo[a]pyrene diol epoxide (BPDE, figure 1). BPDE exists in four isomeric forms with the 

(+)-anti-7α,8β-dihydroxy-9α,10α-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE) isomer 
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being the predominant one observed from enzymatic studies [8,9]. BPDE is electrophilic 

and susceptible to nucleophilic attack from DNA, where the base guanine (G) is a chief site 

for adduction of BPDE, yielding a stable adduct at the N2 position (G-BPDE, figure 1). 

Because the epoxide ring-opening can occur by either SN1 or SN2 mechanisms, two 

diastereomers of G-BPDE are formed (figure 1), leading to different structural perturbations 

of the DNA double helix. Moreover, mutations at specific G residues in the TP53 gene are 

responsible for the mutagenic properties of BPDE that lead to lung cancer [10–12]. 

Therefore, identification of these adducts and their locations in the genome are critical to 

addressing an individual’s susceptibility to cancers caused by BPDE.

Several methods have been developed for quantification of BPDE adducts in genomes [13–

15]. The most commonly used methods include [32P]-postlabeling [16], the enzyme-linked 

immunosorbent assay (ELISA) [17], liquid chromatography coupled to mass spectrometry 

(LC-MS) [18], capillary electrophoresis MS [16], or HPLC coupled with a fluorescence 

detector [19]. Analysis of BPDE adducts in DNA by these methods requires exhaustive 

nuclease digestion of the DNA sample to the nucleoside monomers. There are two major 

drawbacks with this step: (1) digestion of these adducts in DNA to the nucleoside monomers 

is often incomplete because the lesion is not a good substrate for nucleases, and (2) digestion 

of the DNA causes all sequence information to be lost [20]. Methods for quantification of G-

BPDE adducts by LC-MS have identified this lesion to exist at a concentration of <10 

adducts/108 nucleotides in the human genome [20,21], and a method that can directly 

analyze these adducts in the genome would be advantageous for quantification of BPDE 

adducts. In addition, a single-molecule method would have the added advantage of 

addressing the question of the distribution of adducts and identifying any hotspots for adduct 

formation.

A powerful strategy for analyzing DNA is achieved by electrophoretically driving single-

stranded DNA through the α-hemolysin (αHL) nanopore [22,23]. Studies with this 

nanopore have demonstrated the potential for sequencing the four DNA bases [24], 

epigenetic markers [25], damage to DNA resulting from oxidation [26–28] or deamination 

[29,30], photochemical damage [27], and base release that yields abasic sites [29,31].

Herein, we demonstrate that the nanopore ion channel method can be applied to the direct 

detection of a G-BPDE adduct. In these studies, short (4-mer) and long (41-mer) synthetic 

DNA oligomers with a centrally located BPDE adduct were electrophoretically driven 

through the αHL nanopore while monitoring the current fluctuations and event times. These 

studies demonstrate that the BPDE adduct is capable of passing through the pore while 

producing a current blockage signature characteristic of the biomarker. These observations 

represent the initial step toward applying the nanopore method for the detection and 

quantification, and ultimately for reading the sequence, in which BPDE adducts reside in the 

genome.

2. Experimental Section

Caution: All PAHs are potentially carcinogenic and should be handled in accordance with 
NIH Guidelines for the Use of Chemical Carcinogens.
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Chemicals and Materials for Preparation of BPDE-DNA adduct

All DNA strands were synthesized from commercially available phosphoramidites by the 

DNA/peptide core facility at the University of Utah. (±)-Benzo[a]pyrene-7α,8β-

dihydrodiol-9α,10α-epoxide was purchased from MRIGlobal and used as received. All 

other chemicals were used without further purification.

Preparation of BPDE-DNA adduct

DNA samples were purified by ion-exchange HPLC prior to their use via the following 

method: solvent A = 10% CH3CN, 90% ddH2O; B = 1 M NaCl in 10% CH3CN 90% 

ddH2O, 25 mM Tris pH 8; flow rate = 1 mL/min while monitoring the absorbance at 260 

nm. The method was initiated at 15% B followed by a linear increase to 100% B over 30 

min. Synthesis of the BPDE adducted DNA strands were carried out according to a literature 

protocol [32]. Briefly, the BPDE stock solution was made by dissolving BPDE in 19:1 THF 

and 1.5% aqueous triethylamine. Reactions were performed in 100-μL aliquots in Eppendorf 

tubes containing 2 mM DNA and 1 mM BPDE stock solution in 25 mM Tris, 1.5% aqueous 

triethylamine, 200 mM NaCl all at pH 9.2. The reaction was carried out overnight in the 

dark at 37°C. The reaction mixture was neutralized by adding 3 mL of 20 mM PBS buffer 

(pH 7.5) before purification. Products were purified by ion-exchange HPLC running the 

same solvent system as reported above. All isomeric products were collected together and 

analyzed by ESI-MS to give the following result: 41-mer BPDE calcd mass = 12136.9, expt 

mass = 12139.2. Reaction yields were ~5%.

Glass nanopore membrane (GNM) and bilayer formation for ion channel recording

The method for fabrication of a conical shaped nanopore in a thin glass capillary membrane 

has been reported previously [33]. The nanopores used for these studies had an orifice with a 

300 to 600 nm radius. Silanization of the glass surface was achieved with 2% (v:v) 3-

cyanopropyldimethylchlorosilane in CH3CN for 6 h at room temperature to introduce a 

hydrophobic surface to which the lipid bilayer could form. Two Ag/AgCl electrodes were 

placed in solution on the inside (trans) and outside (cis) of the capillary. The electrolyte 

solution was comprised of either 1 M KCl or 3 M NaCl in 10 mM PBS pH 7.4. Current-time 

(i-t) recordings were performed using a custom built high-impedance, and low-noise system 

(Electronic BioSciences Inc., San Diego, CA). The lipid bilayer was formed with 1,2-

diphytanoyl-sn-glycero-3-phosphochline across the silanized GNM; bilayer formation was 

indicated by a resistance increase from ~10 MΩ to ~100 GΩ. A gas-tight syringe was used to 

apply a pressure of 20–40 mmHg to the inside of the GNM capillary that facilitated protein 

insertion into the lipid bilayer [34]. Wild type αHL was reconstituted from the monomer 

peptide added to the cis side of the GNM (0.2 μL of a 1 mg/mL solution). Formation of a 

properly functioning nanopore was determined by an Io at 120 mV of 122 pA or 244 pA at 

25 °C in 1 M KCl or 3 M NaCl, respectively. Ion channel measurements were performed at 

120, 140, 160 and 180 mV (trans vs. cis), while recording the data with a 100 kHz low-pass 

filter and at a 500 kHz data acquisition rate. All experiments were performed at 25.0 

± 0.5 °C.
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Data Analysis

Events were extracted using QUB 2.0.0.29 and data were analyzed using OriginPro 9.1 and 

software donated by Electronic BioSciences Inc. (San Diego, CA). The i-t traces presented 

were re-filtered to 50 kHz for presentation purposes unless stated otherwise.

3. Results and Discussion

Ion channel measurements

Two DNA oligomers were chosen for study, a 4-mer and a 41-mer, with the sequences 5′-

CCGC-3′ and 5′-C20-G-C20-3′, respectively. These oligomers were allowed to react with 

(±)-benzo[a]pyrene-7α,8β-dihydrodiol-9α,10α-epoxide following a literature protocol to 

yield an adduct at G [32]. The presence of a single G ensured that only one adduct was 

formed per strand; hereafter, the adducted oligomers are referred to as 4-mer BPDE and 41-

mer BPDE. A single αHL ion channel was inserted into a lipid bilayer spanning a glass 

nanopore membrane [35]. The DNA analyte was added to the cis side of the channel in a 

buffered (25 mM PBS, pH 7.4) 1 M KCl or 3 M NaCl solution. A voltage was applied to 

electrophoretically drive the DNA from the cis to trans side of αHL, while monitoring the 

ion current as a function of time.

Previous studies conducted in our laboratories have monitored translocation of DNA strands 

modified by a broad range of molecular adducts through the nanopore [29,31]. In these 

studies, some adducts were found to be too large to translocate through the central 

constriction of αHL (1.4 nm in diameter) [37]. Due to the size and hydrophobic nature of 

the BPDE adduct, a short 4-mer BPDE strand was chosen for our initial experiments to 

determine if the adduct was too large to pass through the narrow constriction zone. The short 

modified strand was advantageous because of its ease of synthesis and characterization 

(figure S1), and this simplified study provided the basis for understanding how the BPDE 

adduct interacts with the αHL channel.

A comparison of ion current vs. time (i-t) recordings for the unmodified 4-mer and the 4-mer 

BPDE DNA oligomers recorded at 180 mV (trans vs. cis) in 1 M KCl solution is shown in 

figure 2. Based on previous studies, the anticipated residence time for the C-rich 4-mer 

strand in the αHL nanopore is predicted to be ~4–8 μs, and events of >50% blockage to the 

current in this time range were measured [38]. Translocation of the 4-mer BPDE oligomer 

resulted in longer (>10 μs) events and exhibited unique current patterns that were not 

observed for the unmodified 4-mer strand (figure 2B). All events initiated with a decrease in 

the open channel current (figure 2B, Io) to a mid-level current blockage (IA) that was 

centered at ~10% Io and lasted 10–200 μs. Next, the events progressed to a noisy deep-level 

current blockage (IB) that was centered at ~75% Io and lasted from 10 to 100 μs (figure 2B). 

All events returned to Io (figure 2B) without the appearance of another mid-level current 

suggesting the oligomer moved through the β-barrel and exited the trans side of the pore 

[38].

Based on the i-t traces above, we propose the following model to describe how the 4-mer 

BPDE strand translocates through the αHL pore. The initial mid-level current, IA, is 

established when the 4-mer BPDE strand enters the vestibule of αHL from the cis side 

Perera et al. Page 4

Nanotechnology. Author manuscript; available in PMC 2017 January 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(figure 2B, IA). Next, the BPDE strand enters the β-barrel and the current drops to a deep 

blockage level (figure 2B, IB), during which the 4-mer BPDE strand is driven through the 

narrow β-barrel (d ~1.4 nm) to the trans side of αHL. The sharp return to Io, and not back to 

the mid-level current IA indicates that the 4-mer BPDE exited the trans side of the channel 

and does not return through the cis opening, because exit from the cis opening would give a 

second mid-level current (IA). This promising result suggests that BPDE adducts can be 

detected in longer oligomer model systems that would occupy the full length of the channel 

while the adduct interacts with the protein walls.

In the second study, a 41-mer poly-2′-deoxycytidine (poly-C) strand with a centrally located 

G was synthesized and allowed to react with BPDE to give an adduct yield of ~5%. After 

HPLC purification, reinjection of the adduct sample established that it contained 30% 

unreacted DNA. Therefore, when analyzing the 41-mer translocation data, events shorter 

than 50 μs were attributed to unreacted starting material (tmax = 44 μs at 120 mV) and 

discarded. Analysis of the 41-mer strand with a BPDE adduct (2 μM) was conducted in 

buffered solutions (25 mM PBS, pH 7.4) containing 1 M KCl and 3 M NaCl. Typical i-t 
translocation events that are characteristic of the unique pattern observed for the DNA-

BPDE adduct in 1 M KCl electrolyte are shown in figure 3, and data collected in 3 M NaCl 

are presented in figure S3.

Translocation events for the 41-mer BPDE are initiated when the open channel current is 

reduced to a shallow shoulder level (I1) that has a %(I1/Io) = 55 ± 5% (figure 3). The entry of 

either the 3′ or 5′ end of the strand into the vestibule leads to varying lengths of the tail in 

the vestibule resulting in a shallow and broad distribution in current levels. Currents of this 

magnitude were previously described to result from partial entry of the DNA strand into the 

channel [35], similar to our results. Next, the event transitions to a deep level blockage 

current with values of I2 measured as 18 ± 2% and 21 ± 2% (figure 3B and C). Based on 

previous studies of poly-C translocation, these two current distributions represent the entry 

directionally (5′ or 3′) into the β-barrel [39,40]. Current histograms for the I2 currents can 

be deconvoluted into two pseudo-Gaussian distributions that are centered at the currents for 

5′ and 3′ entry (figure 4). In these studies, the 3′ events with lower residual current 

dominate at lower voltage, and as the voltage is increased, the higher residual current events 

corresponding to 5′ entry increased. We propose that the %(I2/Io) current represents the 

bulky BPDE adduct being captured at the central constriction of αHL (figure 3 (D)), The 

adduct strand then remains caught in this position until a conformation feasible for 

overcoming the energy barrier and entering into the β-barrel is found. After the strand 

progresses through the β-barrel the current returns to the open channel value.

Events then advance to a final current level, I3, in which nearly all of the ion flux is 

attenuated (%(I3/Io) = ~3%). After the exit of the BPDE adduct, the ion flow returns to the 

open-channel current indicating translocation because exit through the cis opening would 

mirror the entry current pattern with a mid-level current blockage. This observation, along 

with the inverse correlation of time with increased voltage (table 1), supports the hypothesis 

that the 41-mer BPDE adduct translocates through αHL.
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The observed current blocking is consistent with the adduct causing a steric restriction to the 

movement of the strand through the pore that nearly blocks the ion flux. The distribution in 

the event time can be modeled by an exponential decay time distribution (figure S4) with a 

time constant τ for steps 2 and 3. These events were consistently longer (780 μs at 120 mV 

and 555 μs at 180 mV) than those observed for the standard (44 μs at 120 mV and 18 μs at 

180 mV), suggesting that bulky BPDE adducts significantly slows translocation of the DNA 

strand through αHL (table 1).

Interestingly, 3′-entry and 5′-entry events both give the characteristic ion current, I3, for the 

BPDE adduct (figure 3B and C). In previous studies from our laboratories, an 18-crown-6 

adduct also gave a characteristic low residual current (6–7%) [29]; however, these adducts 

were only detectable upon 5′-entry of the strand. In contrast, the BPDE adduct yields the 

current signature upon both 3′ and 5′ entry, which most likely occurs because of the larger 

size and rigidity of this adduct. Detection of BPDE adducts from both 3′ and 5′ entry will 

be very advantageous for its detection by the αHL nanopore.

4. Conclusions

In the current work, we set out to determine if BPDE adducts to G in DNA could be detected 

using the wild-type αHL nanopore. We demonstrate that a 41-mer DNA strand translocates 

through αHL and yields a characteristic three-step ion-current signature. We anticipate that 

the approach we outline here will be useful in the study of other lesions created by the 

adduction of polycyclic organic compounds, such as aflatoxin [40] and ochratoxin [42]. We 

anticipate that this result will provide the groundwork for future studies that aim to detect, 

quantify, and eventually sequence this lesion from cellular DNA sources.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Benzo[a]pyrene metabolism leading to guanine adducts in DNA.
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Figure 2. 
Proposed model for translocation of a 4-mer and 4-mer BPDE adduct through the αHL 

nanopore. (A) Representative i-t trace for the 4-mer (5′-CCGC-3′) strand, (B) representative 

i-t trace for a 4-mer BPDE adducted oligomer. All data were recorded at 180 mV (trans vs. 

cis) in 1 M KCl at 25.0 ± 0.5°C with a 100 kHz low-pass filter and 500 kHz data acquisition 

rate.
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Figure 3. 
Event types detected during translocation of the 41-mer BPDE sample. (A) Representative i-
t traces for translocation of the 41-mer BPDE sample, (B) blowup of a 3′-entry event, and 

(C) blowup of a 5′-entry event. The data were recorded at 180 mV (trans vs. cis) at 25.0 

± 0.5°C. The data were refiltered to 50 kHz. Results from measurements are presented as 

percent ratio of the blockage current vs. open channel current %(I/Io). The i t traces for 

events >50 μs were analyzed. Long open channel current segments (20 - 500 ms) were 

manually removed, as indicated on the i-t trace. A relatively low capture rate (~70 events/s) 

was observed due to the low concentration (2 μM) of the 41-mer BPDE studied.(D) 

Proposed model for the translocation of a 41-mer BPDE adduct through αHL. (I) DNA 

enters from the cis side of the channel by threading either the 3′ or 5′ tail. (II) The BPDE 

adduct becomes caught at the 1.4 nm central constriction that gives rise to the deep blockage 

in the ion current recorded that marks the presence of the BPDE adduct. (III)The DNA 

translocates through the β-barrel.
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Figure 4. 
Current histograms for the step-current levels monitored for the 41-mer BPDE events. (A) 

Plots of frequency distributions for the I2 and I2′ current levels. (B) Plots of frequency 

distributions for the I3 current levels. The data were collected at 120, 160 and 180 mV (trans 
vs. cis) in 1 M KCl at 25.0 ± 0.5°C and plotted with a bin size of 0.5 pA. Population 

distributions represent 400–450 events.
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Table 1

Time constants measured for the 41-mer standard and 41-mer BPDE strand vs. voltage.

Voltage (mV)a 41-mer BPDE 5′ & 3′ Events 41-mer Standard

τ (μs)b t max (μs)c

120 mV 780 ± 15 44.1 ± 0.5

160 mV 640 ± 20 21.0 ± 0.5

180 mV 555 ± 15 18.5 ± 0.8

a
Voltage was measured trans vs. cis at 25 °C.

b
The reported time constant was determined by fitting the frequency vs. time histogram to a single-exponential decay function.

c
The reported time constant was determined by fitting the frequency vs. time histogram to a Gaussian function (figure S4).
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