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ABSTRACT 

 

SLOWING DNA TRANSLOCATION IN A BIOLOGICAL PROTEIN α-HEMOLYSIN 

ION CHANNEL 

RANULU SAMANTHI S.DE ZOYSA, PhD 

The University of Texas at Arlington, 2011 

Supervising Professor: Richard X. Guan 

During the past decade, nanopore DNA sequencing has emerged as a revolutionary 

prospect towards a “$1000 genome” goal set by U.S. National Institute of Health. In 

the nanopore approach, electrophoretic movement of polynucleotide molecules 

through a nanopore would provide transient current blockades that are unique to 

each molecule. Since kilobase length DNA can be read directly without amplification 

or use of costly reagents such as enzymes and fluorescent tags, the nanopore 

approach can significantly reduce the sequencing cost. However, due to the rapid 

DNA translocation velocity through the nanopore, accurate detection of single 

nucleotide bases via the electrophoretically driven approach has not yet been 

achieved with the currently available recording technique. This dissertation work 

comprises of research that aim to reduce DNA translocation rate by 1) using organic
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 salts and 2) via pH effect. In addition, nanopore detection of nerve agent hydrolytes 

and monitoring peptide cleavage are also included in this dissertation.  
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CHAPTER 1  

INTRODUCTION  

1.1  Stochastic nanopore sensing  

Stochastic nanopore sensors detect analytes at the single molecule level.1, 2  This 

technique utilizes protein ion channels or synthetic nano scale pores to detect 

molecules that pass through them under an application of external voltage bias.1  

Over 30 years ago, the very first nanopore experiment was conducted in which  an 

ion-conducting channel was formed by placing gramicidin in a planar lipid bilayer.3  

Krasilnikov et al. reported the formation of α-Staphylotoxin ion channels in lipid 

bilayers approximately 20 years ago.4  In the mid 1990s α-Hemolysin (α-HL) was 

employed to characterize bio and neutral polymers.5, 6  Since then, this technique has 

emerged as a rapid, highly sensitive multifunctional analytical tool.1  During the last 

decade, progress has been made in the identification of a wide varity of analytes 

including anions,7 cations,8 reactive molecules,9 explosives,10 enantiomers,11 

proteins,12, 13 bio polymers,14,15, 16 and organic molecules17 by using the nanopore 

technique. Although both biological and artificial nanopores have been used as the 

sensory element, α-HL protein pore is the most widely used stochastic sensory 

element at the present time.12 Structural details of the α-HL protein pore will be 

discussed in a separate section. 

Stochastic nanopore sensors are formed by assembling a protein pore through a lipid 

bilayer (Figure 1.1a).  Detailed experimental protocol for the channel formation is
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 described in the experimental section. When the nanopore is immersed in an 

electrolytic buffer solution, applying a voltage bias across the nanopore will cause an 

ionic current to flow through the nanopore channel. In the absence of analytes, the 

channel is always open (Figure 1.1b).  As the analyte molecules of interest are added 

to the buffer solution, they start traversing through the pore lumen, creating current 

modulations (Figure 1.1c and 1.1d).  Characterization of the analyte can be achieved 

from the event signatures, namely dwell time (τoff) and current amplitude (I) values 

(Figure 1.1d), which are unique to each analyte molecule. Concentration of the 

analyte is obtained from 1/τon values of current blockades.  Calculation of the mean 

values of these event signatures are described in the experimental section.   

 

 

 

 

 

 

 

Figure 1.1: Stochastic sensing of single molecules through α-HL nanopore 
(a)nanopore channel formed through lipid bilayer (b)open channel electrolytic current 
through nanopore (c)single molecule blockade site within nanopore and (d)resulting 
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1.2 α- Hemolysin nanopore 

α-Hemolysin (α-HL) are secreted by the human pathogen Staphylococcus 

Aureus.18,19  α-HL monomers are water soluble and each monomer has a mass of 

33.2-kD.18 Staphyloccal α-HL is a naturally occurring trans-membrane protein 

channel.  In the presence of a membrane, seven α-HL protein monomers self 

assemble to form a highly stable, mushroom shaped heptameric channel (232.4 kD) 

across the membrane (Figure 1.2)20.  The heptameric protein pore is amphiphlic in 

nature.  Low pH values and high cation concentrations cause reversible channel 

closures.  Although several other biological and synthetic nanopores have been 

examined, at the present time, α-HL protein is the most widely used sensor element 

in stochastic nanopore sensing. The α-HL pore is quiet without transient background 

events, and provides for a very stable sensory element that can withstand harsh 

conditions. It can easily be genetically engineered with various surface functions, 

thus permitting convenient detection and characterization of a wide variety of 

substances.19,21,22 Three dimensional structure of α-HL has been determined at a 

1.9Å resolution via a crystallization strategy.19 Structure of α-HL and the interactions 

that occur between various analyte molecules and the pore interiors are being widely 

experimented.  Strongest binding interactions between the analyte molecules and 

pore occur as the analyte molecules pass through the constriction position having a 

1.4nm diameter.  Constriction site consists of side chains of Glu 111, Met 113 and 

Lys 147.  Therefore, mutations are performed to change the amino acid residues of 

the above positions.  For instance, the mutant M113F α-HL is obtained by replacing 

Methionine at position 113 by Phenylalanine. M113F α-HL can be used to detect 

aromatic compounds based on the aromatic-aromatic interactions between the 
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analyte molecules and the constriction site of the pore lumen. As α-HL is a 

heptameric pore, one such change leads to seven changes of the protein pore.19  

However, biological nanopore systems face durability and portability issues due to 

the fragile lipid bilayer used.2  Therefore, synthetic nanopores are under investigation 

to replace their biological counterparts.  

 

 

Figure 1.2: Structure and dimensions of α-Hemolysin channel 

 

1.3 Experimental details 

1.3.1 Preparation of α-Hemolysin protein pore 

Preparation and formation of wild-type and other mutant protein pores have been 

described elsewhere.22  Briefly, the mutant α-HL M113F gene is constructed by site-

directed mutagenesis.  Wild-type and other mutant α-HL monomers are first 
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synthesized by in vitro transcription and translation (IVTT) using the E. Coli T7 S30 

Extract System for Circular DNA from Promega (Madison, WI).  Subsequently, they 

are assembled into homo-heptamers by adding rabbit red cell membranes and 

incubating for 1 hour.  The heptamers are purified by SDS-polyacrylamide gel 

electrophoresis and stored in aliquots at -80°C. 

 

 

 

 

 

 

Figure 1.3: Representative experimental chamber 

 

1.3.2 Planar bilayer experiments 

Single channel recordings are performed in a teflon chamber. Teflon films are used 

to divide the chamber into two compartments, cis and trans (Figure 1.3).   Formation 

of bilayer and single channel recordings have been described elsewhere.23 Briefly, a 

lipid bilayer of 1,2-diphytanoyl-sn-Glycero-3-phosphacholine is formed on the 

aperture in the teflon film by using the Montal-Mueller method23.  The experiments 
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trans side
cis side

Holes for electrodes

trans side
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are carried out under symmetrical buffer conditions.  Each side of the chamber is 

composed of a 2.0 mL electrolyte solution.  For the research work described in this 

dissertation, 1 M NaCl, 1 M KCl,  or 1 M butylmethylimidazolium chloride (BMIM-Cl) 

are used as the electrolyte solution and buffered with 10 mM Tris·HCl at 22 ± 1 °C 

unless otherwise stated.  All experiments are performed at ambient temperature, 22 

± 1 °C.  α-HL protein (with a final concentration of 0.2–2.0 ng·mL-1)  is added to the 

cis chamber compartment, which is connected to “ground”. α-HL self assembles 

through the lipid bilayer in a way that the trans membrane β barrel of the pore directs 

towards trans compartment of the chamber while the vestibule of the pore directs 

towards the cis compartment. Applying an external voltage bias across the chamber 

allows electrolyte to flow through the nanopore. Monitoring the current across the two 

compartments indicate the formation of a nanopore channel.  After the formation of a 

single channel, analyte molecules of interest are added to cis or trans compartment 

depending upon the analyte of interest.  The interactions of the ananlyte molecules 

with the pore create current blockades, which are unique to each different analyte 

(Figure 1.1c&d).  Currents are recorded with a patch clamp amplifier (Axopatch 

200B, Axon instruments, Foster city, CA, USA).  They are low-pass filtered either 

with an external four-pole Bessel filter at 30 kHz and sampled at 125 kHz or with a 

built-in four-pole Bessel filter at 10 kHz and sampled at 20 kHz by a computer 

equipped with a Digidata 1440 A/D converter (Molecular Devices).  At least three 

separate experiments are carried out for each analyte.  Detailed protocol for single 

channel formation and recording has been described elsewhere.22 
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1.4 Data analysis 

pClamp software is used to obtain mean residence times (τoff and τon values) and 

amplitude values.  Mean values of τoff and τon values are obtained by fitting the 

amplitude and dwell time histograms to single exponential functions by the 

Levenberg-Marquardt procedure.24  Conductance values are obtained by fitting 

amplitude histograms to Gaussian functions.  The mean values of τoff and τon can be 

used further to obtain the kinetic and thermodynamic information of the interaction 

between the protein pore and the analyte using the following equations:  

     α- HL    α- HL- Analyte 

    

 

 

    

 

Where,  

kon   = rate constant of association of α-HL and analyte complex formation  

koff  = rate constant of dissociation  of α-HL and analyte complex formation  

τon = mean residence time of the analyte molecule at open channel stage 

τoff = mean residence time of the analyte molecule at blockade level  

k  
kon =

1
τ on[ A]

offoffk
τ

1=

off

on

k
k

fK =

fKRTGf ln−=∆
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[A] = analyte concentration 

Kf = formation constant of protein-analyte complex 

∆Gf = change in Gibb’s free energy formation 

R = universal gas constant 

T = absolute temperature  

 

1.5 Current status of stochastic nanopore sensing 

Stochastic sensing provides a convenient and rapid analytical tool to detect analytes 

at very low concentrations in solution phase.  Technological advancements in protein 

synthesis, bioengineering, electronics and all the other related fields have brought 

stochastic sensors closer to reality.  However, the fragile lipid bilayer used by the 

biological nanopore experiment only permits laboratory research. In such 

experiments, free standing lipid bilayers are typically formed over tiny orifices having 

100-120 µm diameters, and lasts usually for several hours.1, 2  Formation of lipid 

membranes over smaller orifices having lesser surface areas would provide low 

noise and small capacitance values and lesser probability of breakage.  However, 

smaller lipid bilayers reduce the probability of protein channel insertion. Further, 

protein nanopores self assembled in lipid bilayers impose special handling 

requirements such as shock absorbing lab tables and metal cages.  Therefore, it is 

desirable to develop a portable and durable sensing system.  Synthetic nanopores 

are under investigation to replace their biological counterparts.2   
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Several techniques are being employed to create synthetic nanopores. Nanometer 

sized holes have been etched in a thinned Si3N4 membrane by feedback loop-

controlled ion mill.25, 26  It has been reported that the electron beam of a TEM 

(transmission electron microscope) can be used to form Si-chip devices.27  Also, soft 

lithography, LASER, and carbon nanotubes28 and hybrid systems29,30 have been 

used to fabricate solid state nanopores.  Even though the solid state nanopores 

provide the mechanical robustness and the size tunability, it is extremely difficult to 

obtain reproducible pore diameters.2 On the other hand, biological nanopores 

consistently provide identical pore sizes.1,2 Moreover, in aqueous solutions the 

surfaces of synthetic pores can be charged, imposing difficulties with transfer of 

polynucleotide and charged molecules.  In addition, hybrid nanopores have also 

been proposed by housing a protein pore in an artificial membrane. 2 

Stochastic sensors are highly sensitive to the size and the structure of the given 

molecules.  Given the fact that the molecules of interest create distinguishable event 

signatures, i.e dwell time and amplitude values, simultaneous detection of several 

compounds can be readily achieved.  The resolution of the nanopore sensor can be 

further improved by using a nanopore sensor array technique in which each 

nanopore of the array is engineered with different surface functions. A variety of 

analytes, including molecules with very similar structures and sizes, can be 

differentiated in this way32. 
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1.6 Nanopore DNA sequencing 

1.6.1 Concept 

In the mid 1990s, Kasianowicz et al. demonstrated that polynucleotides can be 

threaded through an α-HL nanopore under an external voltage bias.5  As 

polynucleotide (PN) molecules translocate through α-HL nanopores that have 

diameters barely larger than the diameter of single stranded PN, they create transient 

current blockades.  Theoretically, nucleotide bases A, C, T, G and U cause 

blockades having differentiable dwell times and/or amplitude values, thus permitting 

the base sequence of PNs to be read.  It has been confirmed by PCR reactions that 

polynucleotides could indeed translocate through the α-HL from cis side to the trans 

side.  Also, it has been shown that the transition between two segments of nucleotide 

bases (30 Adenines followed by 70 Cytosines) can be detected.32   

1.6.2 Potentials and challenges of nanopore DNA sequencing 

Currently available DNA sequencing methods are based on modified and improved 

versions of the conventional Sanger technique.34  All of these methods require 

sample preparation which involves expensive and time consuming cloning steps and 

electrophoretic processes that restrict the read length of DNA strands.  Two decades 

of countless efforts have brought down the sequencing costs significantly.  However, 

with current techniques, it still costs about $10 million to sequence a human genome.  

Nanopore DNA sequencing has two major advantages over the conventional DNA 

sequencing methods. Firstly, a nanoscale probe that reads nucleotide sequence 

does not impose a restriction on read limits of PNs.  Secondly, nanopore DNA 

sequencing obviates time consuming and expensive cloning steps.34,35  In the recent 
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review regarding nanopore DNA sequencing, Branton et.al. reported that the 

estimated cost of sequencing a complete human genome would be $40 after the 

initial instrument expenses.34 This indeed is a vast reduction in the sequencing cost.  

An ideal optimized nanopore DNA sequencing device can be described as a portable 

chip consisting of a very stable sensor element which reads a nucleotide sequence of 

PNs having kilobase lengths in microsecond time intervals.35  In spite of the above 

potential advantages (high speed and low cost), the currently available nanopore 

DNA sequencing technique is still at the early stage and has not reached a point of  

commercial viability.16,33,34 

α-HL nanopores show tremendous sensitivity towards polynucleotide molecules.  A 

wide varitey of successful work has been done to characterize biopolymers with 

biological and solid state nanopores.  Several groups have reported nucleic acid 

analysis both theoretically and experimentally.  For example Keller and colleagues 

reported that it might be possible to sequence a single stranded DNA by reacting 

polynucleotide molecules with an exonuclease.36  Bayley’s group used α-HL attached 

with an aminocyclodextrin adaptor to capture the exact deoxynucleoside 

monophosphates (dNMPs) released by exonuclease reaction.37,38 However, a major  

issue related to this strategy is that the sequencing order may be lost as the reaction 

continues.  Another impressive approach is to attach fluorescent probes to each 

nucleotide and to obtain the base sequence with the optical readout with massive 

and parallel nanopore arrays.  However in order to realize this scheme, 

nanofabrication techniques must be further improved to create nanopores with 1.7 to 

2 nm diameters.39 
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Another promising approach is to employ tunneling currents through nucleobases 

that are driven through nanoprobes.40,41 Thus far, this technique cannot discriminate 

successive nucleotide bases.  Furthermore, it requires all the bases to traverse with 

an identical orientation.34  Another novel DNA sequencing approach is based on a 

metaloxide – silicon capacitor42,43,44  in which a nanopore is fabricated inside a SiO2 

having a approximately 5nm thickness via a beam of TEM. This technique has 

insufficient temporal resolution in the identification of individual nucleotides.  

Sequencing by hybridization incorporates hybridization probes of a known DNA 

strand to read the base sequence of unknown DNA strand.  This approach also faces 

a problem of identifying the exact location of hybridized pore.45 

 As discussed earlier, α-HL pore consists of a constriction site having a diameter of 

1.4-1.5 nm.  To achieve single nucleotide resolution, PNs should pass through this 

constriction site one base at a time.46  Further, individual nucleotide bases should 

create distinguishable current modulations that are unique to each nucleotide base. 

Very small differences between the ionic current blockades caused by successive 

nucleotide bases are measured in picoamperes.  Therefore, to reach the resolution 

permitted by currently available patch clamp amplifying techniques, individual 

nucleotides must stay at the constriction site for a longer time, at least longer than 

1ms.34  Currently, the reported translocation speeds of PNs through α-HL are  

approximately 1 base per 1 µs. To read and detect dwell time measurements having 

this long, detectors with MHz bandwidths are needed.47,48,49,50,51  Moreover, there is 

no way of controlling the capture and the subsequent translocation of a particular 

DNA molecule which is present in the aqueous solution.  Additionally, to precisely 

read the base sequence, the current fluctuations which occur due to the translocation 



 

13 

 

dynamics should be minimized. Variability in the orientation of entering molecules (3’ 

or 5’ end), translocation and capture rates, and the secondary structures adopted by 

PNs having different lengths impose practical difficulties in the data analysis and 

interpretation of the results. 

One of the major hurdles of utilizing nanopores to sequence DNA molecules is the 

rapid DNA translocation velocity. Accurate detection of simple bases is extremely 

difficult to be achieved with the currently available single channel recording 

technique. Thus far several strategies have been employed to slow down DNA 

translocation. These include the decrease of experimental temperature,14,51 change of 

applied potential,51 sequence – specific detection of individual DNA strands,15 use of 

DNA-Hemolysin rotaxane formation, and immobilization of DNA strands with 

streptavidin.  In this dissertation, we report two different strategies to slow down DNA 

translocation significantly.   

1.7 Organization of dissertation 

The work described in this dissertation is mainly focused on two approaches to 

slowing down DNA translocation through α-HL protein pores. Chapter 2 describes 

slowing DNA translocation using an organic salt solution. Chapter 3 describes 

slowing DNA translocation using an acidic solution.  Chapter 4 describes the 

detection of nerve agent hydrolytes in the α-HL nanopore, and chapter 5 describes 

real time monitoring of peptide cleavage with a nanopore.  

 



 

14 

 

CHAPTER 2  

SLOWING DNA TRANSLOCATION THROUGH NANOPORES USING A SOLUTION 

CONTAINING ORGANIC SALTS 

2.1 Introduction 

Development of a high-throughput and cost-effective DNA sequencing method 

provides invaluable information on the biological and biomedical fields, and also 

makes vital contributions to many areas of high priority research such as forensics, 

archeology, and anthropology.51,52  Although significant reductions in DNA 

sequencing costs have been achieved in the past 25 years, fundamentally different 

approaches will be required to drastically reduce the cost and increase the speed of 

routine complete genome sequencing.52  

Among the various DNA sequencing methods under development, the nanopore 

approach has emerged as one of the most promising technologies to achieve the 

“$1000 genome” goal set by the U.S. National Institutes of Health.54,35,  In the 

nanopore method, single-stranded DNA (ssDNA) molecules are electrophoretically 

driven through a nano-channel, and the discrimination of polynucleotides might be 

achieved based on their different current signatures, represented by residence times 

and/or current blockage amplitudes in the pore.5  However, one of the major hurdles 

of utilizing nanopores to sequence ssDNA molecules is that DNA polymers 
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translocate through the nanopore very rapidly.33  For instance, the translocation rate 

of polydeoxycytosine was ~1 µs/base, whereas that of polydeoxyadenine was 

~3µs/base.14  This rate requires a high temporal resolution for the accurate detection 

of single bases, which can not be provided by the currently available single-channel 

recording technique.34  To increase the nanopore resolution for nucleotide 

differentiation, many attempts have been made to slow down DNA translocation.  It 

has been shown that a decrease in the experimental temperature allowed ssDNA 

molecules to be electrophoretically driven through the pore more slowly.14,53  Further, 

DNA translocation could be manipulated by changing the applied potential.50  Other 

approaches include sequence-specific detection of individual DNA strands,15 

formation of DNA-hemolysin rotaxane,54 differentiation of nucleotide bases in a host 

β-cyclodextrin compound,36 and immobilization of DNA polynucleotides with 

streptavidin.55  In addition, it was reported that the detection of DNA sequences could 

be achieved by using an alternating electric field in a nanopore capacitor.43     

In this study, we investigate the feasibility of utilizing aqueous solutions of ionic 

liquids to slow ssDNA translocation in the α-hemolysin pore.  The study of ionic 

liquids is currently an active research area.  They have been used in various 

applications, including organic synthesis,56 extraction,57 separation,58 catalysis,59 and 

electrochemical studies.60  In previous work, a solution containing ionic liquid 

butylmethylimidazolium chloride (BMIM-Cl) was used as a supporting electrolyte in 

the nanopore stochastic detection of liquid explosives and mono-valent cations.10  

The results suggested that the use of BMIM-Cl solution instead of the commonly 

used NaCl/KCl solutions could improve nanopore resolution. 
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2.2 Experimental methods 

2.2.1 Materials and reagents 

ssDNA samples, including (dA)20, (dC)20, (dT)20, (dCdT)10, and (dC)10(dT)10, were 

purchased from Integrated DNA Technologies, Inc. (Coralville, IA).  Lipid 1,2-

diphytanoylphosphatidylcholine was obtained from Avanti Polar Lipids (Alabaster, 

AL).  Teflon film was purchased from Goodfellow (Malvern, PA).  All of the other 

reagents including butylmethylimidazolium chloride (BMIM-Cl) and 

tetramethylammonium chloride (TMA-Cl) were purchased from Sigma Aldrich.  All the 

ssDNA polymers were dissolved in HPLC-grade water (ChromAR, Mallinckrodt 

Baker).  The concentrations of the stock solutions were 4 mM for each of the DNA 

samples.  All the three electrolyte solutions used in this work, i.e., 1 M BMIM-Cl, 1 M 

TMA-Cl, and 1 M NaCl, were prepared in HPLC-grade water and buffered with 10 

mM Tris (pH = 6.0).  Preparation and formation of wild-type and mutant protein pores 

has been described elsewhere.  Briefly, the mutant αHL M113F gene was 

constructed by site-directed mutagenesis.  Then, the wild-type and mutant M113F 

αHL monomer were first synthesized by coupled in vitro transcription and translation 

(IVTT) using the E. Coli T7 S30 Extract System for Circular DNA from Promega 

(Madison, WI).  Subsequently, they were assembled into homoheptamers by adding 

rabbit red cell membranes and incubating for 1 h.  The heptamers were purified by 

SDS-polyacrylamide gel electrophoresis and stored in aliquots at -80°C. 
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2.2.2 Planar bilayer experiments 

The single-channel recording procedure has been described elsewhere. 32, 62  Briefly, 

a Teflon septum was used to divide the planar bilayer chamber into two 

compartments, cis and trans.  A lipid bilayer of 1,2-diphytanoyl-sn-Glycero-3-

phosphacholine was formed on the aperture in the teflon film by using the Montal-

Mueller method.23  The experiments were carried out under symmetrical buffer 

conditions with a 2.0 mL solution comprising 1 M butylmethylimidazolium chloride 

(BMIM-Cl), and 10 mM Tris·HCl (pH 6.0) at 22 ± 1 °C  unless otherwise stated.  Both 

the αHL protein (with the final concentration of 0.2–2.0 ng·mL-1) and the ssDNA 

sample were added to the cis chamber compartment, which was connected to 

“ground”.  The applied potential was +120 mV.  Currents were recorded with a patch 

clamp amplifier (Axopatch 200B, Axon instruments, Foster city, CA, USA).  They 

were low-pass filtered either with an external four-pole Bessel filter at 30 kHz and 

sampled at 125 kHz or with a built-in four-pole Bessel filter at 10 kHz and sampled at 

20 kHz by a computer equipped with a Digidata 1440 A/D converter (Molecular 

Devices).  The final concentrations of ssDNA samples were 10 µM each for the 

experiments performed at the 30 kHz filter, while those were 4 µM each for the 

experiments carried out at the 10 kHz filter.  At least three separate experiments 

were carried out for each DNA sample. 
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2.2.3 Data analysis 

Only the events with at least 70% of full blockage were included in the analysis.  It is 

believed that the events with the blockage amplitudes less than 70% of the open 

channel current are not associated with the translocation of ssDNA polymers through 

the αHL pore, but instead may be caused by collision with the pore opening or 

residence only in the channel vestibule.62  Two significantly different types of events 

were observed for DNA’s transit in the αHL pore in the BMIM-Cl solution: short-lived 

events with mean residence times of ~ 50 to 100 µs; and long-lived events with mean 

residence times of milliseconds or larger.  Data were analyzed with the following 

software: pClamp 10.0 (Molecular Devices) and Origin 6.0 (Microcal, Northampton, 

MA).  Conductance values were obtained from the amplitude histograms after the 

peaks were fit to Gaussian functions.  Mean residence time (τoff) values of the short-

lived events were obtained from the dwell time histograms by fitting the distributions 

to Gaussian functions,14  while those of the long-lived events were obtained by fitting 

the dwell time distributions to single exponential functions by the Levenberg-

Marquardt procedure.24  It should be noted that the dwell time histograms of the 

short-lived events could also be fitted to single exponential functions by using larger 

bin widths, and we found that the mean τoff values obtained using these two different 

approaches were not significantly different.  To obtain the mean residence times of 

the long-lived events for (dA)20, (dT)20, (dCdT)10, and (dC)10(dT)10, the events with 

duration less than 1 ms were not included, while in the analysis of (dC)20, events with 

duration less than 0.5 ms were ignored to minimize the potential interference from 

the short event signals.  Between 1,330 and 20,000 events were recorded in each of 

the single channel recording experiments performed at the 30 kHz filter, while 
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between 280 and 10,000 events were collected in each of the single channel 

recording experiments carried out at the 10 kHz filter.  All the results were reported 

as mean values ± standard deviation. 

To obtain the streaming potentials63 of protein pores, single-channel current 

recording experiments were performed under asymmetric conditions: the cis chamber 

compartment contained a 2.0 mL solution comprising either 1 M NaCl or 1 M BMIM-

Cl, 10 mM Tris⋅HCl (pH 6.0), while the trans compartment contained 2.0 mL of the 

same buffer solution plus 1 M urea.  Streaming potential ∆φ for the protein pore was 

obtained by linearly fitting the I-V curves, which were recorded from ± 5 mV to ± 50 

mV. 
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Figure 2.1: Translocation of (dA)20 in the mutant (M113F)7 α-HL pore in 1M NaCl 
solution. (a) Representative single channel current recording trace; (b) scatter plot of 
event amplitude vs. residence time; and (c) event residence time histogram.  Ib/Io in 
Figure 1b is normalized blockage residual current, which was obtained by dividing 
the average blockage residual current of an event by the average open channel 

current. 

 

 

 

 

 

Figure 2.2: Effect of DNA length on the mean residence time of (a) long-lived events; 
and (b) short-lived events, suggesting that the long duration events are caused by 
DNA’s threading through the α-HL pore.  Experiments were performed at +120 mV 

with the mutant αHL (M113F)7 pore in 1 M BMIM-Cl solution.  The currents were low-
pass filtered with a four-pole Bessel filter at 30 kHz and sampled at 125 kHz. 
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Figure 2.3: Translocation of (dA)20 in the mutant (M113F)7 α-HL pore in 1M BMIM-Cl solution. (a) Representative single channel current 
recording trace; (b) scatter plot of event amplitude vs. residence time; (c) residence time histogram of short-lived events; and (d) 

residence time histogram of long duration events.  Ib/Io in Figure 2b is normalized blockage residual current, which was obtained by 
dividing the average blockage residual current of an event by the average open channel current. 
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2.3 Results and discussion  

To investigate the effect of the ionic liquid solution on DNA translocation, the initial 

experiment was performed at +120 mV with (dA)20 in the mutant α-hemolysin (αHL) 

(M113F)7 pore and using a 1 M BMIM-Cl solution as the supporting electrolyte.  The 

current was low-pass filtered with a four-pole Bessel filter at 30 kHz and sampled at 

125 kHz.  As a control, the experiment was repeated under the same conditions with 

the exception that NaCl was substituted for BMIM-Cl as the background electrolyte.  

The (M113F)7 protein was constructed by replacing the Met residues at position 113 

of the wild-type (WT) αHL with Phe amino acids, and has been shown to provide an 

enhanced resolution for peptide detection compared with that observed with the WT 

αHL pore.61  The experimental results showed that, in 1 M NaCl solution, (dA)20 

produced only a major type of rapid translocation events, although these events 

could be separated into two subgroups (Figure. 2.1).  The mean residence times for 

the two subgroup events were 190 ± 20 µs, and 40 ± 5 µs, respectively (Figure 2.1).  

These events might be attributed to the translocation of (dA)20 in two different 

orientations, 5’-first and 3’-first.  Note that the observation of two subgroup 

translocation events with different residence times has been previously reported by 

Kasianowicz and co-workers in the experiment with the translocation of 210-nt-long 

poly[U] through the WT αHL channel.5  Hence, the translocation velocity of (dA)20 in 

the mutant (M113F)7 αHL pore are not significantly different from those well-

documented values obtained for the translocation of polydeoxyadenine through the 

WT αHL pore.14,53  Similar to the observation made for the translocation of 

polynucleotides through the WT αHL channel,5 events with much longer residence 

times at milliseconds or larger were also occasionally observed for (dA)20 in the 
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(M113F)7 αHL pore (Figure 2.1).  These events are believed to be caused by the 

tangling of polynucleotides to the αHL channel.5 

 

 

 

 

 

 

 

Figure 2.4: Effect of BMIM-Cl solution on the streaming potentials of αHL pores. 

In contrast, in 1 M BMIM-Cl solution, two major types of current blockage events 

were observed for (dA)20 (Figure 2.3).  One type of events shows a small mean 
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to almost full channel blockage), while the other type of events presents a narrow 

range of current blockage amplitudes and a large mean duration value (τoff-long) but 

with a broad distribution of residence times.  The mean τoff-short and τoff-long values were 

78 ± 5 µs, and 3.93 ± 0.12 ms, respectively.  Since the rise time (= ~0.33/fc) is ~11 µs 
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been detected under the experimental conditions employed in this work.  It should be 

mentioned that these long-lived current modulations occurred very frequently (at ~ 5 

events per second), although they only accounted for a small portion (~2.5%) of the 

total current blockages.  In part, this was attributed to a ~ 2 fold increase in the 

frequency of the (dA)20 events when the electrolyte BMIM-Cl was substituted for 

NaCl.  In addition, we noticed that, with the change of the electrolyte from 1 M NaCl 

to 1 M BMIM-Cl, the current value of the open state of a single αHL (M113F)7 

channel decreased from  90 ± 4 pA to 62 ± 5 pA at +120 mV.  The extent of decrease 

(i.e., 31%) in our experimental open channel conductance was in agreement with that 

(i.e., 39%) in the measured conductivities of the bulk solutions (note that the 

conductivities of 1 M NaCl and 1 M BMIM-Cl solutions were 81.6 mS/cm and 49.9 

mS/cm, respectively).10 
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Table 2.1: The residence times and current blockage amplitudes of five ssDNA 
samples in the (M113F)7 protein pore.  Each experimental value represents the mean 
of three replicate analyses ± one standard deviation.  The experiments were 
performed at +120 mV in 1 M BMIM-Cl solution. 

ssDNA sample Residence Time 
 (ms) 

Residual Current  
(pA) 

Current Blockage 
(%) 

   (dA)20 4.02 ± 0.17 2.9 ± 0.2 95.3 ± 0.4 

   (dC)20 1.96 ± 0.22 7.0 ± 0.4 88.7 ± 0.6 

   (dT)20 3.00 ± 0.25 2.8 ± 0.2 95.4 ± 0.3 

   (dCdT)10 5.13 ± 0.91 4.0 ± 0.3 93.6 ± 0.5 

   (dC)10(dT)10 6.40 ± 0.19 4.9 ± 0.2 92.2 ± 0.4 

  

Table 2.2: The residence times and current blockage amplitudes of five ssDNA 
samples in the wild-type αHL protein channel.  Each experimental value represents 
the mean of three replicate analyses ± one standard deviation.  The experiments 
were performed at +120 mV in 1 M BMIM-Cl solution. 

ssDNA sample Residence Time 
 (ms) 

Residual Current  
(pA) 

Current Blockage 
(%) 

   (dA)20 2.37 ± 0.20 2.8 ± 0.2 95.6 ± 0.3  

   (dC)20 1.65 ± 0.23 4.1 ± 0.3 93.5 ± 0.4 

   (dT)20 2.17 ± 0.10 0.8 ± 0.1 98.6 ± 0.1  

   (dCdT)10 3.00 ± 0.20 1.3 ± 0.1 98.0 ± 0.2  

   (dC)10(dT)10 4.79 ± 0.71 3.3 ± 0.3 94.8 ± 0.5 
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To investigate whether these long-live events are caused by (dA)20’s threading 

through the αHL pore or rather they are attributed to the sticking of these DNA 

polymers to the channel, a series of polydeoxyadenine polymers with different 

lengths were examined with the mutant αHL (M113F)7 protein channel in 1 M BMIM-

Cl solution.  Our experimental results show that, with an increase in the DNA length, 

the mean residence time of the long-lived events increased linearly (Figure 2.2.a).  

This clearly suggests that these long-lived events were not due to the tangling of the 

(dA)20 molecule to the channel or binding of one or more bases of the polymer to the 

protein pore for long periods of time with intermittent short periods of rapid 

translocation, but rather caused by the slower translocation of the DNA molecule as a 

whole.  And hence, the long duration events are suitable for the analysis of the length 

and structure of a polynucleotide molecule.  In terms of the short-lived events, we 

noticed that (dA)5 (with a mean τoff-short value of 22.5 ± 3.1 µs) was still in the linear 

range of the plot of the event residence time vs. DNA length (Fig. 3b).  In contrast, a 

linear relationship between the event residence time and polymer length was 

observed only when DNA polymers longer than ~ 12 bases were electrophoretically 

driven through the WT αHL pore in the KCl solution.50, 53  Therefore, this suggests 

that the use of ionic liquid solutions coupled with the engineered protein pores 

provides a potential means to improve the resolution of the nanopore to the 

nucleotide differentiation, especially in the analysis of short DNA polymers.  
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Figure 2.5: Event dwell time histograms of (a) (dA)20; (b) (dT)20; c) (dC)20;  (d) 
(dC)10(dT)10; and (e) (dCdT)10.  Experiments were performed at +120 mV with the 
mutant αHL (M113F)7 pore in 1 M BMIM-Cl solution.  The currents were low-pass 

filtered with a four-pole Bessel filter at 10 kHz and sampled at 20 kHz.  Events with 
residence times longer than 100 ms (or 50 ms for (dC)20) were also observed but not 

displayed in the histogram 
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Figure 2.6:  Event dwell time histograms of (a) (dA)20; (b) (dT)20; c) (dC)20; (d) 
(dC)10(dT)10; and (e) (dCdT)10.  Experiments were performed at +120 mV with the 

wild-type αHL pore in 1 M BMIM-Cl solution.  The currents were low-pass filtered with 
a four-pole Bessel filter at 10 kHz and sampled at 20 kHz.  Events with residence 
times longer than 50 ms were also observed but not displayed in the histograms. 
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It should be noted that such long duration translocation events of polydeoxyadenine 

have not been previously reported,14 although (dT)50 produced events with duration 

at ~3.7 ms in the WT αHL pore in 1 M KCl solution.62  In this work, we focus on the 

pertinent long residence time events and investigate whether they can be employed 

to differentiate between various nucleotides.  The large duration events have a 

significant advantage over the short-lived events since high measurement 

bandwidths are not necessary and hence significantly reduced measurement noise 

could be achieved.  For this purpose, five ssDNA samples, including (dA)20, (dC)20, 

(dT)20, (dCdT)10, and (dC)10(dT)10, were examined with the same mutant (M113F)7 

pore in the BMIM-Cl solution at a filter frequency of 10 kHz and sampled at 20 kHz.  

As was found for (dA)20, all of the four additional DNA molecules produced large 

residence time events (Figure. 2.5).  The mean residence times and amplitudes of 

these long-lived events for the five different DNA samples are summarized in Table 

1.  The translocation rates for various DNA polymers (201 µs/base for (dA)20, 98 

µs/base for (dC)20, 150 µs/base for (dT)20, 256 µs/base for (dCdT)10, and 320 µs/base 

for (dC)10(dT)10) obtained were ~2 orders of magnitude larger than the well-

documented rates of ~1 to 3 µs/base with the translocation of 100-mer DNA 

polymers through the WT αHL channel in the KCl solution at room temperature.14, 53 

This clearly shows that the use of BMIM-Cl solution instead of NaCl/KCl solutions 

significantly slows DNA translocation and provides a much enhanced 

resolution/sensitivity.  This increased nanopore resolution coupled with the different 

event blockage amplitudes produced by different nucleotides (Table 2.1) permits the 

convenient differentiation between the five DNA molecules examined. 
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To further document the utilization of ionic liquid solutions as an effective means to 

slow the translocation of DNA polymers in nanopores, the WT αHL pore was used 

instead of the mutant (M113F)7 protein to examine the same series of DNA samples 

in 1M BMIM-Cl solution.  Similar to the observation made for the DNA translocation 

through the (M113F)7 pore in the BMIM-Cl solution, all the five tested DNA samples 

produced long duration events (Figure 2.6).  The mean residence times and 

amplitudes of these long-lived events for the five different DNA samples are 

summarized in Table 2.  Although the residence time values were smaller than those 

obtained in the (M113F)7 protein pore, the translocation rates of various 

polynucleotides at 82.5 µs/base – 240 µs/base were still ~102 fold larger than those 

in KCl or NaCl solutions.  The difference in the residence times for the DNA 

translocation through two different protein pores may be attributed to the change in 

the van der Waals volumes of amino acids at position 113 of the αHL channels (VM 

(124 Å3) < VF (135 Å3)).65  All together, these results suggest that the BMIM-Cl 

solution is essential to obtaining the long duration DNA events in the αHL pore, while 

mutant protein pore plays a smaller role. 
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Figure 2.7: Determination of the streaming potentials of αHL channels in NaCl 
solution.  I-V curves for the (a) wild-type and (b) mutant (M113F)7 αHL protein pores 
based on recordings made with cis: 1 M NaCl, 10 mM Tris⋅HCl (pH 6.0); trans: the 
same buffer solution as cis plus 1 M urea.  Streaming potentials obtained were -3.0 
mV, and -4.2 mV for the wild-type and mutant (M113F)7 αHL pores, respectively. 
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Figure 2.8:  Determination of the streaming potentials of αHL channels in BMIM-Cl 
solution. I-V curves for the (a) wild-type and (b) mutant (M113F)7 αHL pores based 

on recordings made with cis: 1 M BMIM-Cl, 10 mM Tris⋅HCl (pH 6.0); trans: the same 
buffer solution as cis plus 1 M urea.  The streaming potentials obtained for both the 

wild-type and mutant (M113F)7 αHL pores were -1.4 mV. 

 

The significant increase in the residence time of DNA translocation in the ionic liquid 

BMIM-Cl solution over the NaCl/KCl solution might be attributed to several possible 

reasons, e.g., the changes in the viscosity of the medium and in the charge selectivity 

of the pore.  Under a specific applied voltage bias, e.g., +120 mV in this work, the 

DNA translocation process is mainly determined by the interaction of the 

polynucleotides and the αHL pore, and the migration rate of the nucleotide 

molecules.  The latter is primarily dependent on the diffusion of the polymer and the 
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BMIM-Cl solution was only 71% greater than that of the NaCl solution.10  Hence, such 

a small change in the viscosity of the medium could not explain the observed large 

DNA residence times66 (note that the diffusion coefficient of an ion is inversely related 

to the viscosity of the medium).  On the other hand, the actual charge selectivity of 

the pore could not be obtained due to the lack of data for the activity coefficient of 

BMIM-Cl solution.  However, our experiments showed that, when BMIM-Cl solution 

was used instead of NaCl, the values for the streaming potentials in both the WT and 

mutant (M113F)7 αHL pores reduced significantly (Figure 2.4).  For example, in 1 M 

NaCl solution, the streaming potentials in the wild-type and mutant (M113F)7 αHL 

pores were -3.0 ± 0.1 mV and -4.2 ± 0.35 mV, respectively (Figure 2.7).  In contrast, 

in 1 M BMIM-Cl, those values were -1.41 ± 0.22 mV, and -1.43 ± 0.24 mV, 

respectively (Figure 2.8).  It should be noted that a smaller streaming potential of the 

pore indicates a more even transport of solvent by cations and anions, leading to a 

drop in the preferential charge selectivity to either cation or anion.22   Thus, our 

results suggest that the weakly anion selective WT or mutant (M113F)7 αHL pore in 

the NaCl/KCl solution is becoming more neutral in the BMIM-Cl solution.  However, 

previous work suggests that although the frequency of DNA translocation events 

could be significantly affected by the charge selectivity of a protein pore, the 

translocation time is not greatly altered.67  In addition, the constant impact of the 

charge selectivity of the protein pore on molecular transport (e.g., the event 

residence time)22,68could not explain our observation that the long-lived events only 

accounted for a small portion of the total events. 
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Figure 2.9: Translocation of (dA)20 in the mutant (M113F)7 αHL pore in 1 M 
tetramethylammonium chloride solution. (a) Representative single channel current 
recording trace, and (b) dwell time histogram of long duration events. Experiments 
were performed at +120 mV. The currents were low-pass filtered with a four-pole 

Bessel filter at 10 kHz and sampled at 20 kHz.  Events with residence times longer 
than 100 ms were also observed but not displayed in the histogram. 

 

Contrary to the observation that poly(dA) translocates through the αHL pore more 

slowly than poly(dCdT) in the KCl solution,53 the residence time of (dCdT)10 events 

were larger than that of (dA)20 with the BMIM-Cl solution.  This suggests that the 

interaction between nucleotides and the protein pore could be significantly influenced 

by the presence of the imidazolium cation.  It is known that the diameter of the 

constriction region of the αHL pore is only slightly larger than the diameter of a 

ssDNA polymer.69  Thus, in order for a ssDNA molecule to translocate through the 
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αHL pore, the counter-ions need to be squeezed in the narrow water-filled space 

surrounding the DNA.70  Compared with the naked K+ (radius: 1.33 Å) or Na+ (radius: 

0.97 Å),71 the bulky BMIM+ (length: 11.0 Å; width: 5.8 Å)72 is much larger.  

Furthermore, recent studies have suggested that the interaction between BMIM+ and 

DNA is very strong, so much so that DNA could be extracted by ionic liquid BMIM-

PF6 solution.73  The strong interaction between BMIM+ and DNA might be attributed 

to the interaction of the bulky organic BMIM+ and P-O bonds of phosphate groups in 

the DNA molecule,73 and/or the electrostatic interaction between BMIM+ and DNA.74  

Therefore, it is not unreasonable that it would be much more difficult to squeeze DNA 

molecules through the narrow αHL pore in BMIM-Cl than in KCl or NaCl solution.  

Considering that the long-lived (dA)20 events only accounted for 2.5% of the total 

events and the significant difference in the residence times of two types of events, it 

is likely that the large duration events were attributed to the threading of the DNA-

BMIM+ complex through the pore.  In contrast, the short-lived events were due to the 

translocation of uncomplexed DNA molecules or the rapid entrance/exit of the DNA-

BMIM+ complex at the cis opening of the channel (e.g., the DNA-BMIM+ complex 

enters the vestibule, moves toward the β-barrel but does not traverse through the 

limiting aperture, but instead retracts backward to the cis side and exits).  We are 

leaning toward the latter interpretation of the short-lived events.  Further experiments 

are required to resolve the origin of these events. 
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2.4 Conclusions 

In summary, we have demonstrated that by using electrolyte solutions which contain 

organic salts instead of NaCl/KCl, a ~ 2 order of magnitude reduction in the velocity 

of DNA translocation through protein pores can be achieved.  Compared with other 

physical conditions, such as temperature, ionic strength, viscosity, etc.75 the effect of 

organic salts on DNA translocation was far more significant.  It is likely that the 

strategy used in this work could be employed together with other experimental 

conditions by synthetic nanopores76,77,78 to substantially decrease the rapid DNA 

translocation velocity.  Further experimental, theoretical, and computational research 

is necessary to understand and clarify how the organic salt solutions slow down the 

DNA translocation in the nanopores. 
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CHAPTER 3  

TRANSLOCATION OF SINGLE STRANDED DNA THROUGH THE α-HEMOLYSIN 

PROTEIN NANOPORES IN ACIDIC SOLUTIONS  

3.1 Introduction 

Nanopore stochastic sensing is currently an active research area, characterized by 

highly-sensitive, rapid, and multi-functional detection capabilities.1  In nanopore 

sensing, the passage of analytes of interest through a nano-channel (or pore) at an 

fixed applied potential cause current modulations.  The mean residence time and 

amplitude of the recorded events allows to determine the identity of the analyte, while 

the frequency of occurrence of the current modulations could be used to find its 

concentration.61  In addition to the development of ultrasensitive sensors for a wide 

range of substances,7, 8, 10-12, 17, 79-83 these nanometer-sized channels offer exciting 

new possibilities for studying covalent and non-covalent bonding interactions,9, 22, 84 

investigating biomolecular folding and unfolding,85, 86 probing enzyme kinetics,87 as 

well as analyzing and even sequencing DNA molecules.5, 14, 15, 25,62, 88-91  The 

hypothesis for DNA sequencing in a nanopore is that when a single-stranded DNA 

(ssDNA) sample is electrophoretically driven through the pore, it is possible to read 

its base sequence if each nucleotide of the polymer produces a characteristic current 

modulation.  Since kilobase length DNA can be read directly without amplification or 

use of costly reagents such as enzymes and fluorescent tags, the nanopore 

approach can significantly reduce the sequencing cost, and has emerged as one of 
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the most promising technologies to achieve the “$1000 genome” goal set by the U.S. 

National Institutes of Health.52  However, due to the rapid DNA translocation velocity 

through the nanopore, accurate detection of single nucleotide bases via the 

electrophoretically driven nanopore approach has not yet been achieved with the 

currently available single-channel recording technique.33   

To increase the nanopore resolution for nucleotide differentiation, three major 

approaches have been used in the past decade to slow DNA translocation.  These 

include modification of the structures of both nanopores and DNA molecules, and 

manipulation of experimental physical conditions.  Note that the molecular transport 

and binding kinetics inside a channel are strongly dependent on the nature of the 

pore, the species passing through the channel, as well as the experimental 

conditions.  It has been reported that enhanced translocation of ssDNA molecules 

through α-hemolysin protein channels could be achieved by manipulation of the 

internal charge within the pore.67  By attaching chemical tags to DNA bases92 or 

immobilization of DNA polynucleotides with streptavidin,55 prolonged DNA residence 

time in the pore could be obtained.  Furthermore, experimental physical conditions 

such as temperature, voltage bias, viscosity, electrolyte, and application of an 

alternating electric field were also found useful to control the DNA translocation 

rate.10, 43, 50, 53, 66  Other approaches include use of a host compound,36 and a 

polymerase.93   

It should be noted that nanopore experiments are usually carried out at or near 

physiological pH.  Although the detection of single-stranded and double-stranded 

DNA in the nanopore at alkaline pH has been attempted,94 thus far, to the best of our 
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knowledge, there have been no systematic studies of the effect of pH on DNA 

translocation through the nanopore, especially at acidic solutions.  Here, we report 

that acidic electrolyte solutions could be used as an effective means to significantly 

reduce the velocity of DNA translocation through the α-hemolysin pore. 

3.2 Experimental methods 

3.2.1 Materials and reagents 

The wild type α-hemolysin protein was synthesized by coupled in vitro transcription 

and translation as described previously.  ssDNA samples were purchased from 

Integrated DNA Technologies, Inc. (Coralville, IA) and Sigma Aldrich.  Lipid 1,2-

diphytanoylphosphatidylcholine was obtained from Avanti Polar Lipids (Alabaster, 

AL).  Teflon films were purchased from Goodfellow (Malvern, PA).  All of the other 

reagents were purchased from Sigma Aldrich.  All the ssDNA polymers were 

dissolved in HPLC-grade water (ChromAR, Mallinckrodt Baker).  The concentrations 

of the stock solutions were 4 mM for each of the DNA samples.  All the electrolyte 

solutions used in this work were prepared in HPLC-grade water, which contained 1 M 

NaCl and 10 mM NaH2PO4, with the pH of the solutions adjusted to 3.0 - 7.5. 
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3.2.2 Planar bilayer experiments 

The single-channel recording procedure has been described elsewhere.10  Briefly, a 

planar bilayer chamber was divided into two compartments, cis and trans, by a Teflon 

septum.  A lipid bilayer of 1,2-diphytanoyl-sn-Glycero-3-phosphacholine was formed 

on a ~120 µm-diameter aperture in the teflon film by using the Montal-Mueller 

method.  The experiments were performed under a series of symmetrical conditions 

with a 2.0 mL solution comprising 1 M NaCl and 10 mM NaH2PO4, with the pH of the 

solutions adjusted to 3.0 - 7.5 at 22 ± 1 °C unless otherwise stated.  Both the αHL 

protein (with the final concentration of 0.2–2.0 ng·mL-1) and the ssDNA sample were 

added to the cis chamber compartment, which was connected to “ground”.  The 

applied potential was +120 mV.  Currents were recorded with a patch clamp amplifier 

(Axopatch 200B, Axon instruments, Foster city, CA, USA).  They were low-pass 

filtered with an external four-pole Bessel filter at 30 kHz and sampled at 125 kHz by a 

computer equipped with a Digidata 1440 A/D converter (Molecular Devices).  The 

final concentrations of ssDNA samples were 10 µM each.  At least three separate 

experiments were carried out for each DNA sample. 

3.2.3 Data analysis 

Data were analyzed with pClamp 10.1 (Molecular devices), QuB 

(www.qub.buffalo.edu), and Origin 6.0 (Microcal, Northampton, MA) software.  

Current modulation events that caused at least 70% blockade of the open channel 

were taken into consideration to calculate the corresponding mean residence values 

and amplitude values.  It has been well established that the events with less than 

70% blockades are attributed to residence only in the channel vestibule or the 
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collisions of the ssDNA molecules by the pore mouth.62  Mean conductance and 

residence time values were obtained from the amplitude histograms and the dwell 

time histograms, respectively by fitting the distributions to Gaussian and/or single 

exponential functions.  It has been reported that the mean residence time values 

obtained using either Gaussian fitting or single exponential fitting were not 

significantly different.10  Between 3,000 and 25,000 events were recorded in each of 

the single channel recording experiments.  All the results were reported as mean 

values ± standard deviation.  Note that when DNA interacted with the αHL pore in 

solutions with pH values ranging from 3.0 to 5.0, two significantly different types of 

events with different blockage amplitudes and residence times (i.e., deep blockades 

and shallow blockades) were observed (Figure 3.5).  To minimize the potential 

interference from the shallow blockades, only the events with duration larger than 0.5 

ms and having more than 97% channel block were included to analyze the mean 

residence times of the deep blockades.  Such events accounted for more than 95% 

of the current modulations that led to at least 97% blockade of the open channel.  To 

calculate the percentage of the deep blockage events in the total events in such 

experiments, the frequency of the deep blockage events (fdeep) and the overall 

frequency of all the DNA events (f) are calculated.  Then, the percentage was 

obtained by dividing fdeep by f. 

3.3 Results and discussion 

The initial experiment was carried out at +120 mV with (dA)20 in the wild type α-

hemolysin pore in 1 M NaCl solutions having various pH ranging from 3.0 to 6.0.  The 
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Figure 3.1:Translocation of (dA)20 in the wild-type αHL pore in 1M NaCl solutions 
having various pH values: (a) pH 7.5; (b) pH 6.0; (c) pH 5.0; (d) pH 4.0; and (e) pH 
3.0. (Left) Representative single channel current recording traces; (Middle) Typical 

shallow blockades shown at expanded time scales; and (Right) Typical deep 
blockades shown at expanded time scales.  The experiments were performed at 

+120 mV 

control experiment was performed in a solution containing 1 M NaCl with a pH of 7.5.  

As shown in Figures 4.1 and 4.2, at pH 6.0 and pH 7.5, only one major type of short-

lived translocation events was observed with mean residence times of 83 ± 11, and 
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70 ± 10 µs, respectively.  In sharp contrast, in all of the other three examined acidic 

electrolyte solutions, two significantly different types of events with different blockage 

amplitudes (i.e., deep blockades and shallow blockades) were observed.  The deep 

blockades show a narrow range of amplitudes (~98% channel block) and a large 

mean duration value but with a broad distribution of residence times, while shallow 

blockades present a small mean residence time and a wide range of current 

blockage amplitudes (from ~70% to almost full channel block).  Table 4.1 illustrates 

the results of the statistical translocation properties of (dA)20 in five different pH 

solutions, including the mean residence times and residual currents of the deep 

blockades and shallow blockades, as well as the percentage of deep blockades in 

the total events.  It is apparent from this table that with a decrease in the pH value of 

the electrolyte solution, the percentage of deep blockades increases.  At pH 3.0, 19.5 

± 1.0 % of the total events belonged to the deep blockades with a mean residence 

time of 1210 ± 156 µs.  Furthermore, as pH decreases, the mean residence time of 

the shallow blockades is almost unchanged, while that of the deep blockades 

increases significantly until pH 4.0, after which the event mean duration does not 

vary much.  As an importance aside, we noticed that, when the pH of the solution 

decreased from 7.5 to 3.0, the overall frequency of (dA)20 events first increased and 

then decreased.  It should be noted that although current modulations with residence 

times at milliseconds or larger were occasionally (~1-2 events / min) observed in the 

absence of DNA samples (Figure. 3.6), the frequent (> 300 events / min) long-lived 

deep blockades obtained after addition of DNA to the electrolyte solution with a pH of 

3.0 or 4.0 ruled out the possibility that such events were due to the channel gating. 
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As mentioned in the introduction, to utilize the nanopore technique for 

analyzing/sequencing DNA, it is imperative to slow down DNA translocation since in 

this case, high measurement bandwidths are not necessary for the detection of 

current modulations induced by the DNA translocation through the nanopore.  The 

major advantages of lower bandwidth measurements include smaller data storages 

and significantly reduced measurement noise, which allow more convenient data 

analysis and an enhanced resolution to the discrimination of various polynucleotides.  

The mean residence time of the deep blockage events of (dA)20 at pH 3.0 or pH 4.0 

was ~ 17 - 18 folds larger than that of (dA)20 events at pH 7.5.  Therefore, in an 

electrolyte solution having a lower pH, the nanopore resolution to DNA analysis 

should be improved if these deep blockage events are attributed to translocation.  

Moreover, as the pH of the electrolyte solution decreased from 7.5 to 3.0, the open 

channel current increased by 14.7% (from 97.7 ± 1.4 pA to 112.1 ± 2.4 pA).  The pH 

dependence of the open channel current has been observed by Kasianowicz and 

Bezrukov, which was proposed to be attributed to the reversible binding of protons to 

ionizable residues inside the channel.6  The increase in the open channel current 

offers the potential to increase the S/N ratio, thus providing a further improvement in 

the capability of the nanopore to differentiate polynucleotides. 
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Figure 3.2: Blockage characteristics of (dA)20 in the wild-type αHL pore at pH 7.5 and pH 3.0. (a) Scatter plot of event amplitude vs. 
residence time; (b) event amplitude histogram; and (c) event residence time histogram for the translocation of (dA)20 in the αHL pore at 
pH 7.5.  (d) Scatter plot of event amplitude vs. residence time; (e) event amplitude histograms, showing two types of blockades (deep 

and shallow); and (f) and (g) event residence time histograms of the shallow blockades and deep blockades, respectively, for the 
interaction of (dA)20 with the αHL pore at pH 3.0.  Ir/Io in Figures. 2a, 2b, 2d, and 2e is normalized blockage residual current, which was 
obtained by dividing the average blockage residual current of an event by the average open channel current.  The experiments were 

performed at +120 mV. 
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Figure 3.3: Effect of DNA length on the mean residence time of deep blockades, 
suggesting that these events are caused by DNA’s threading through the αHL pore.  
Experiments were performed at +120 mV with the wild-type αHL pore in a 1 M NaCl 

solution at pH 3.0. 
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Figure 3.4: Single channel recordings of a 3-mer ssDNA at (a) pH 7.5; and (b) pH 
3.0, showing the viability of utilizing acidic electrolyte solutions for the detection of 
short DNA samples.  Experiments were performed at +120 mV with a DNA sample 

(sequence: TTT) in the wild-type αHL pore in 1 M NaCl. 
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pore for long periods of time with intermittent short periods of rapid translocation, two 

additional polydeoxyadenine samples with different lengths were examined with the 
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3.3, with an increase in the DNA length, the mean residence time of the deep 

blockades increased, thus clearly suggesting that these deep blockades were not 

due to the tangling of the (dA)20 molecule to the channel, but rather caused by the 

slower threading of the DNA molecule through the pore. Note that it has been well 

established that the current blockage events having the residence time not 

dependent on the polymer length are due to the polynucleotides’ collision with or 

binding to the pore, while those with the dwell time sensitive to the sample length 

depict actual DNA translocations.50, 53  Moreover, the mean residence time of the 

deep blockades decreased with an increase in the applied potential (data not shown), 

thus providing further evidence that these events were attributed to translocation. 

To investigate whether an acidic electrolyte solution could be used as an effective 

approach to increase the nanopore resolution for DNA analysis instead of the 

commonly used buffer solution at/near physiological pH, three additional 20-mer 

ssDNA samples, including (dT)20, (dCdT)10, and (dAdG)10, were examined with the 

wild-type αHL pore in 1 M NaCl at pH 3.0.  As was found for (dA)20, all of the three 

additional DNA molecules produced both deep blockades and shallow blockades.  

The mean residence times and amplitudes of the deep blockades and shallow 

blockades as well as the percentage of deep blockage events for these three 20-mer 

DNA samples are summarized in Table 2.  From the table, we can see that, in terms 

of the deep blockades, the translocation rates of ~65 to 287 µs/base for various 

polynucleotides were typically at least ~ 20 folds larger than the well-documented 

rates of ~1 to 3 µs/base with the translocation of 100-mer DNA polymers through the 

WT αHL channel in the 1 M KCl solution with/near physiological pH at room 

temperature.14  Therefore, at a lower pH, various DNA polymers indeed translocate 
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through the wild-type αHL pore at a slower velocity.  The different event means 

residence time and amplitudes as well as different percentages of deep blockades 

produced by different nucleotides (Tables 4.1 and 4.2) may permit the convenient 

discrimination among the four DNA molecules examined. 

 

 

 

 

 

 

 

 

 

Figure 3.5: Event density plot, showing two types of blockades (deep and shallow).  
Experiments were performed at +120 mV with the wild-type αHL pore in a 1 M NaCl 

solution at pH 3.0 in the presence of 10 µM (dA)20. 
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Due to the enhanced resolution, the feasibility of utilizing nanopores to analyze very 

short polynucleotides in acidic solutions was then investigated.  A 3-mer ssDNA 

sample with a sequence of TTT was examined in the wild-type αHL pore in a 1 M 

NaCl solution with a pH of 3.0.  The control experiment was carried out in 1 M NaCl 

at pH 7.5.  Note that such a short DNA sample has not yet been able to be detected 

by using the electrophoretically-driven nanopore approach before.  As shown in 

Figure 3.4, the 3-mer DNA sample indeed produced current modulations at pH 3.0, 

while no DNA events could be identified at pH 7.5.  The ability to detect short DNA 

molecules offers the potential to use nanopore technique as a rapid effective 

approach to detect, characterize, and even sequence DNA samples.  The study of 

other short (e.g., 2-mer, 4-mer, etc.) DNA molecules in the αHL pore at pH 3.0 is 

currently in progress. 

 

 

 

 

Figure 3.6:  Representative single channel current recording of the wild-type αHL 
pore in a 1 M NaCl solution at pH 3.0 in the absence of ssDNA samples.  The 

experiments were performed at +120 mV.  The trace was low-pass filtered at 10 kHz. 
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It is worthwhile to probe the underlying reasons why DNA samples produce two 

significantly different types of events (i.e., deep blockades and shallow blockades) in 

acidic solutions, and why DNA polymers translocate through the αHL pore at a 

slower velocity but with a larger frequency at acidic pH than at physiological pH.  One 

possible cause is that the pH of the electrolyte solution affects the net charge of 

nucleic acids.  It is well-known that at physiological pH, DNA has a net negative 

charge since the phosphate components of the DNA backbone are deprotonated, 

whereas the purine or pyrimidine bases are in a neutral form.  It has been estimated 

that the effective charge per nucleotide is substantially less than 1 electron charge in 

nanopore experiments.95,96  With a decrease in the pH of the solution, the phosphate 

groups can accept the protons in the electrolyte and hence the phosphate ionization 

equilibrium will shift, leading to a reduction in the effective negative charge of the 

DNA molecule.  At pH values below 4.0, even the purine and pyrimidine bases will be 

protonated, which further reduces the net negative charge of the DNA.  And thus a 

slower DNA migration in the nanopore could be expected at a fixed applied potential, 

e.g., +120 mV in this work.  Furthermore, the change in the pH value of the solution 

affects the charge selectivity of the protein pore.  Bayley and co-workers’ research 

showed that when the pH of the electrolyte solution decreased from 11.0 to 7.5 and 

then to 5.0, the charge selectivity of the wild-type αHL pore changed from cation-

selective to weakly anion selective, and then to anion selective.68  Therefore, a 

decrease in the pH can enhance DNA translocation due to the enhanced 

electroosmotic flow, which was supported by our experimental result that a ~8 fold 

increase in the event frequency was observed when the pH of the solution decreased 

from 7.5 to 4.0.  This is similar to the observation made for the translocation of a 92-

nt single-stranded DNA through the (M113R)7 pore vs. the wild-type pore, in which a 
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~10 fold  increase in the event frequency was found.67  Note that, in this case, the 

(M113R)7 pore was anion selective, while the wild-type αHL pore was weakly anion 

selective.  

 

 

 

 

 

 

 

 

 

 

Figure 3.7: Representative single channel recordings of the mutant αHL 
(M113K)3(M113Y-D8)4 pore in the presence of 40 µM β-cyclodextrin at (a) pH 6.5; (b) 

pH 5.0; and (c) pH 3.0, showing a stronger interaction between β-cyclodextrin and 
the protein pore obtained at a lower pH.  Experiments were performed at -120 mV in 

1 M NaCl and 10 mM NaH2PO4. 
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However, the constant impact of both the net charge of the DNA molecule and the 

charge selectivity of the protein pore on molecular transport (e.g., the event 

residence time)22, 68 could not explain our observation that two quite different types of 

events were produced when DNA translocated through the αHL pore in acidic 

solutions.  In our earlier study, we found that the translocation of DNA through the 

αHL pore in a solution containing organic salts (e.g., BMIM-Cl) also produced two 

different types of events, in which the deep blockades were proposed to be attributed 

to the threading of the DNA-BMIM+ complex through the pore, whereas the shallow 

blockades were due to the translocation of uncomplexed DNA molecules or the rapid 

entrance/exit of the DNA-BMIM+ complex at the cis opening of the channel.10  

Similarly, we are leaning toward the interpretation that the occurrence of two types of 

events in acid solutions is due to the pH effect on DNA secondary structure.  It has 

been well established that a solution with a lower pH can promote the formation of 

DNA secondary structure.  In order to translocate such a DNA molecule through the 

pore, the helical structure of the DNA must be disrupted, and thus a longer residence 

time could be expected.  In contrast, the shallow blockades may be attributed to the 

translocation of coiled DNA molecules or the rapid entrance/exit of the helical DNA at 

the cis opening of the channel.  In this case, after the helical DNA molecule enters 

the vestibule and moves toward the β-barrel, it fails to translocate through the limiting 

aperture but instead escapes backwards and exits from the cis entrance of the pore.  

Further experiments and/or computational modeling are required to resolve the origin 

of these events. 
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Table 3.1: Effect of pH on the translocation of (dA)20 through the wild-type αHL pore.  Each experimental value represents the mean of 
three replicate analyses ± one standard deviation.  Experiments were performed at +120 mV in 1M NaCl solutions with various pH 

values. 

 

Mean residence time (µs) Mean current blockage (%) 
  
  pH 

Shallow block Deep block Shallow block Deep block 

Percentage of  
deep block 

Event  
frequency (s-1) 

Open channel 
current (pA) 

7.5        70 ± 10          n.o.a     87.7 ± 1.5           n.o.a             n.o.a     17.0 ±   3.9     97.7 ± 1.4 

  6.0        83 ± 11          n.o.a      77.5 ± 1.9         n.o.a             n.o.a      27.9 ±   5.7     94.2 ± 2.4 

  5.0        86 ± 11    350 ±   52     84.3 ± 2.0  97.2 ± 0.5       1.2 ± 0.3     66.1 ± 10.1     92.1 ± 3.9 

4.0      116 ± 28  1250 ± 111     85.6 ± 1.5  98.4 ± 0.3     18.5 ± 4.4   133.2 ± 35.2   108.3 ± 1.4 

3.0        80 ± 10  1210 ± 156     83.0 ± 3.2  98.8  ± 0.2     19.5 ± 1.0     26.8 ±   9.3   112.1 ± 2. 4  
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Table 3.2: Summary of statistical translocation properties of three ssDNA samples in the wild-type αHL pore at pH 3.0.  Each 
experimental value represents the mean of three replicate analyses ± one standard deviation.  Experiments were performed at +120mV. 

 

Mean residence time  (µs) Mean current blockage (%) ssDNA 
sample Shallow block Deep block Shallow block Deep block 

Percentage of 
deep block 

(dT)20      190 ± 23 1295 ± 215     92.1 ± 0.3   98.1 ± 0 .5      41.9 ±   3.9 

(dAdG)10      195 ± 20 5740 ± 254     80.7 ± 2.0  94.6 ± 0. 1     49.8 ±   1.9 

(dCdT)10      166 ± 15 2746 ± 266     87.8 ± 1.2  98.6 ± 0. 4     48.2 ± 16.1 
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3.4 Conclusions  

The work presented here demonstrates that the translocation of single-stranded DNA 

through the α-hemolysin pore is strongly affected by the pH of the electrolyte 

solution.  Besides the rapid translocation events (~ 4 to 10 µs per base), another type 

of events with significantly reduced translocation rates (~ 60 to 287 µs per base) are 

observed at low pH.  Furthermore, the open channel current increases with a 

decrease in the pH of the electrolyte solution, offering the potential to increase the 

S/N ratio and hence providing a further improvement in the capability of the nanopore 

to differentiate polynucleotides.  In addition to be used as an effective approach to 

slow DNA translocation in the nanopore, manipulation of the pH of the electrolyte 

solution may provide a potential means to greatly enhance the sensitivity of the 

nanopore for the detection of various compounds (Figure 3.7), which may find useful 

application in stochastic sensing. 
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CHAPTER 4  

DETECTION OF NERVE AGENT HYDROLYTES IN AN ENGINEERED 

NANOPORE 

4.1 Introduction 

Organophosphorus chemical agents (i.e. nerve gases) are the most toxic group in 

chemical warfare agents.97  They can irreversibly bind to acetylcholine esterase, an 

enzyme which affects the accumulation of the neurotransmitter acetylcholine, thus 

disrupting the nervous system.97  As these chemical agents are degraded into less 

toxic hydrolytes, the detection of nerve agent degradation products can verify the 

presence or disposal of the lethal organophosphorus warfare agents.98  Thus far, 

numerous techniques have been developed for the detection of these nerve agents, 

as well as their degradation products and stimulants.  These include gas 

chromatography,99 liquid chromatography,100 ion chromatography,101 capillary 

electrophoresis,102 gas chromatography-mass spectrometry,103,104 liquid 

chromatography-mass spectrometry,105 quartz-crystal microbalance,106 surface 

acoustic wave107,108 metal oxide semiconductor,109,110 functionalized liquid crystal,111 

microcantilever,112 interferometry,113 enzymatic assays,114,115,116molecularly imprinted 

polymers,117 colorimetric method,118 fluorescent detection,119,120 electrochemical 

analysis,121,116sensor array,122,123 and lab-on-chip technique.124  However, the 

technology currently available is certainly not compatible with our needs in terms of 
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sensitivity, selectivity, portability, low cost, ease of use, and rapid response.117,125  

Hence, improved analytical capability for the detection of nerve gases and their 

degradation products remains a high priority need in our continuing defense against 

future terrorist attacks.   

Here, we report a nanopore stochastic sensing method for the detection of the 

hydrolysis products of the potent nerve gases.  Stochastic sensing can detect 

analytes at the single-molecule level, in which a single transmembrane protein 

channel, most often the heptameric α-hemolysin (αHL), is embedded in a planar lipid 

bilayer.1  Nanopore detection is achieved by monitoring the ionic current flowing 

through the single pore at a fixed applied potential.  Typically a buffer solution 

containing a high salt concentration (e.g., 1 M NaCl or KCl) at or near pH 7.4 (i.e., 

physiological pH) is used to produce the open channel current which is monitored.  

Individual binding events are detected as transient blockades in the recorded current.  

This approach reveals both the identity and the concentration of an analyte: the 

former by its characteristic current signature, typically the dwell time (τoff) of the 

analyte coupled with the extent of current block (amplitude) it creates, and the latter 

from the frequency of occurrence (1/τon) of the binding events.  Engineered versions 

of αHL have been used as stochastic sensing elements for the identification and 

quantification of a wide variety of substances,1 including cations,8 anions,7 

explosives,79,10 proteins,12,13 DNA,54,15 and reactive molecules.9   The detection of 

small organic molecules was also achieved by lodging cyclodextrin (CD) adapters 

within the wild-type αHL protein pore.17  To stabilize the βCD-αHL interaction, tight-

binding mutant pores (e.g., (M113F)7) were developed, where the residence time 
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(tens of seconds) of βCD were ~10,000 fold larger than that of the wild-type αHL.68  

However, βCD produced additional frequent current modulation spikes in these 

mutant pores, and this high background would interfere with the detection of target 

analytes.  Hence, the detection limit of the method was not improved.  Previous work 

also demonstrated that significantly reduced βCD background spike events were 

observed in the mutant pore (M113F/K147N)7, although it bound βCD less strongly 

than the (M113F) 7
11, 126 pore.  Recently, it was reported that βCD could be covalently 

attached to the αHL protein nanopore, thus eliminating the pore/βCD gating entirely 

to facilitate the analyte detection.37  In this work, we report a rapid and sensitive 

stochastic nanopore sensing method for the detection of nerve agent hydrolytes 

using the (M113F/K147N)7 protein pore and βCD as a molecular adapter.  Indeed 

this is the first time nerve agent degradation products have been detected using the 

nanopore sensing technique.  Although the planar lipid bilayer formed in the 

traditional single channel recording device (e.g., Teflon cell) is fragile, recent studies 

have demonstrated the viability of utilizing nanopore technique for high-throuput and 

deployable sensing application.  For example, a bilayer with life time of at least 2 

weeks could be obtained using glass nanopore membrane.127  Furthermore, it has 

also been reported that a single αHL pore embedded in a planar phospholipid bilayer 

could be sandwiched between two agarose layers which gel in situ and make a 

robust and portable single-channel chip, that may be transported, stored, and used 

repeatedly.126 
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4.2 Experimental section 

4.2.1 Reagents 

Cyclohexyl methylphosphonic acid (CMPA or GF acid), isopropyl methylphosphonic 

acid, diisopropyl methylphosphonate, and ethyl hydrogen dimethylamidophosphate 

were purchased from Cerilliant Corporation (Round Rock, Texas).  Pinacolyl 

methylphosphonate (PMPA or GD acid), 2-(diisopropylamino)-ethanethiol, methyl 

phosphonic acid, ethyl methylphosphonate, 2-(dimethylamino)ethanethiol 

hydrochloride, 2-diethylaminoethanethiol hydrochloride, diazinon, parathion, 

malathion, and amifostine were obtained from Sigma (St. Louis, MO).  All these 

analytes were dissolved either in HPLC-grade water (ChromAR, Mallinckrodt 

chemicals), or acetonitrile from EMD Chemicals Inc. (Darmstadt, Germany).  And the 

concentrations of all the stock solutions were 10 mM.  All other reagents were 

purchased from Sigma (St. Louis, MO). 

Four contaminated water samples were prepared in the laboratory in 10-mL glass 

vials by spiking the stock solutions of nerve agent hydrolysis products in tap water.  

After spiking, the samples were fully vortex mixed and stored in a 4 °C freezer 

overnight before the experiments were performed.  Specifically, sample 1 contained 

100 µM of methyl phosphonic acid, ethyl methylphosphonic acid, and 2-

(dimethylamino) ethanethiol.  In addition to these three nerve agent degradation 

products, samples 2 – 4 contained additional PMPA at various concentrations.  The 

concentrations of PMPA for these three samples were 10, 15, and 20 µM, 

respectively.  
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4.2.2 Preparation and formation of protein pore 

Mutant αHL genes were constructed by side-directed mutagenesis (Mutagenex, 

Piscataway, NJ) with a WT αHL gene in a T7 vector (pT7–αHL), which has been 

described elsewhere.22  Briefly, mutant αHL monomers were first synthesized by 

coupled in vitro transcription and translation (IVTT) using the E. Coli T7 S30 Extract 

System for Circular DNA from Promega (Madison, WI).  Subsequently, they were 

assembled into homoheptamers by adding rabbit red cell membranes and incubating 

for 2 h.  The heptamers were purified by SDS-polyacrylamide gel electrophoresis and 

stored in aliquots at -80°C. 

4.2.3 Planar bilayer recording 

Single-channel recordings were carried out as described at 22 ± 1 °C.  The cis and 

trans compartments of the chamber were separated by a Teflon septum (25 µm 

thick; Goodfellow, Malvern, PA, USA).  An aperture (150 µm) in the septum was 

pretreated with 10% (v/v) hexadecane (Aldrich; Milwaukee, WI) in n-pentane (Burdick 

& Jackson; Muskegon, MI). A bilayer of 10 mg/mL 1,2-

diphytanoylphosphatidylcholine (Avanti Polar Lipids; Alabaster, AL, USA) in n-

pentane was formed on the aperture.  The formation of the bilayer was achieved by 

using the Montal-Mueller (i.e., monolayer folding) method,23 and monitored by using 

a function generator (BK precision 4012A; Yorba Linda, CA, USA).  Unless otherwise 

noted, the experiments were performed under symmetrical buffer conditions with 

each compartment containing a 2.0 mL solution of 1 M NaCl and 10 mM Tris⋅HCl (pH 

7.5).  The αHL protein was added to the cis compartment, which was connected to 

“ground”.  In such a way, after insertion of a single αHL channel, its mushroom cap 
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would be located in the cis compartment, while the β-barrel of the αHL would insert 

into the lipid bilayer and connect with the trans of the chamber device.  The final 

concentration of the αHL protein was 0.2–2.0 ng·mL-1.  With an exception to the 

assay of contaminated water samples, all of the other experiments were performed 

with addition of β-cyclodextrin (βCD) and PMPA (or CMPA) to the trans compartment 

immediately after the insertion of a single αHL channel.  In the experiments with the 

contaminated water samples,  1.0 mL contaminated water sample was first mixed 

with 1.0 mL buffer solution consisting of 2.0 M NaCl and 20 mM Tris⋅HCl (pH 7.5).  

Then, the 2.0-mL mixture solution was added to the trans compartment, while a 2.0 

mL solution of 1 M NaCl and 10 mM Tris⋅HCl (pH 7.5) was added to the cis 

compartment.  After insertion of a single αHL pore, 40 µM βCD was additionally 

added to the trans compartment.  The transmembrane potential, which was applied 

with Ag/AgCl electrodes with 3% agarose bridges (Sigma) containing 3 M KCl (EMD 

Chemicals Inc; Darmstadt, Germany),  was -80 mV, unless otherwise noted.  A 

negative potential indicates a lower potential in the trans chamber of the apparatus.  

Currents were recorded with a patch clamp amplifier (Axopatch 200B, Molecular 

Devices; Sunnyvale, CA, USA).  They were low-pass filtered with a built-in four-pole 

Bessel filter at 2 kHz and sampled at 10 kHz by a computer equipped with a Digidata 

1440 A/D converter (Molecular Devices).  To shield against ambient electrical noise, 

a metal box was used to serve as a Faraday cage, inside which the bilayer recording 

amplifying headstage, stirring system, chamber, and chamber holder were enclosed.  
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4.3 Data analysis  

Data were analyzed with the following software: pClamp 10.0 (Molecular Devices) 

and Origin 7.0 (Microcal, Northampton, MA).  Conductance values were obtained 

from the amplitude histograms after the peaks were fit to Gaussian functions.  τon and 

τoff values for the analytes were obtained from dwell time histograms by fitting the 

distributions to single exponential functions by the Levenberg-Marquardt procedure.  

Kinetic and thermodynamic constants were calculated by using koff = 1/τoff, kon 

=1/(Cτon), and Kf = kon/koff, where C is the concentration of the analyte. 

4.4 Molecular graphics 

The model of (M113F/K147N)7 was derived from the structure of the wild-type αHL 

pore (PDB: 7AHL) with the “mutate” function of SPOCK 6.3.  Mutations were 

performed by reading the new amino acid from the library in the $SP_AALIB 

directory, and superimposing the Cα_Cβ bond onto the wild-type residue based on 

Mackay’s quaternion method.  The model of βCD was produced with HyperChem7.5 

(Hypercube, Inc., Gainesville, FL, USA). After export as PDB files, representations of 

the mutant with bound βCD were produced with RasWin (version 2.7.3). The 

structures of PMPA and CMPA were drawn in ChemDraw Ultra (CambridgeSoft, 

version 7.0). 
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Figure 4.1: Molecular graphics representation of the staphylococcal αHL protein with 
βCD lodged in the lumen of the channel. (A) Side view of the (M113F/K147N)7 pore; 

and (B) View into the (M113F/K147N)7 pore from the cis side of the lipid bilayer, 
highlighting positions 113 (orange) and 147 (cyan), where the naturally occurring Met 
and Lys residues have been substituted with Phe and Asn, respectively, while the red 

color represents the βCD molecule. (C) Structures of PMPA and CMPA. 
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4.5 Results and discussion 

4.5.1 Nanopore sensing element and its response 

In this study, the engineered αHL (M113F/K147N)7 pore, with βCD lodged in the 

lumen of the channel (as depicted in Figures 4.1A and 1B) as a molecular adapter, 

was employed as the stochastic sensing element.  PMPA and CMPA (Figure 4.1.C), 

hydrolysis products of GD and GF, respectively, were employed as analytes.  It is 

well established that βCD can be used as a host compound to capture and hence 

sense organic molecules.128,129  When βCD is bound to the αHL pore, the channel is 

partially blocked and the open channel current drops.  When a guest molecule is 

captured by βCD, and the resultant host-guest complex is bound to the pore, the 

channel is blocked to a larger extent with a further decrease in the observed 

current.17  It should be noted that, whether the observed current arose from the 

insertion of a single αHL channel into the lipid bilayer or not could be conveniently 

judged from the planar bilayer recording experiment.  Since the bilayer lipid 

membrane typically exhibits a sealing resistance on the order of 100–200 GΩ,130 it 

can isolate the electrolyte solutions in the two chamber compartments very well.  

Under an applied potential of e.g., 40 mV, the current will be 0 pA even if the proteins 

have been added to the cis compartment, but have not yet inserted into the bilayer.  

After one αHL protein channel inserts into the bilayer, the two chamber 

compartments (cis and trans) will be connected.  Thus, a sudden current jump will be 

observed.  The single channel currents for the wild-type and various mutant αHL 

protein pores were well documented, usually about 21 – 32 pA in 1 M NaCl solution 

under an applied potential of 40 mV depending on the protein pore used.68  If two 
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αHL channels insert into the bilayer, the current will be doubled, around 42-64 pA.  

All the experimental results reported in this work were obtained with a single αHL 

channel and no double openings were seen in the recorded entire trace. 

Our experiments showed that in 1 M NaCl solution, βCD bound to the mutant 

(M113F/K147N)7 protein very tightly, with a mean dwell time of 1.2 ± 0.1 s at an 

applied -80 mV potential.  With βCD’s binding to the pore, the channel current 

dropped from 58.8 ± 3.2 pA to 9.9 ± 1.2 pA (n = 10) (Figure 2.A).  If PMPA or CMPA 

was additionally added to the mutant (M113F/K147N)7 αHL pore, the blocking event 

by the βCD⋅PMPA or βCD⋅CMPA complex further reduced the current to 0.08 ± 0.06 

pA (n=5), or 0.31 ± 0.09 pA (n=5), respectively (Figure 3.2.B and 2.C).  The 

association rate constants (kon) of βCD⋅PMPA and βCD⋅CMPA were 6.5 ± 0.7 × 106 

M-1
⋅S-1 (n=3), and 2.5 ± 0.3 × 106 M-1

⋅S-1 (n=3), respectively, while the dissociation 

rate constants (koff) were 1.2 ± 0.1 × 103 S-1 (n=3), and 1.6 ± 0.2 × 103 S-1 (n=3), 

respectively.  Thus, the overall reaction formation constants (Kf) at 23 oC for 

βCD⋅PMPA and βCD⋅CMPA were 5.4 ± 0.5 × 103 M-1 and 1.5 ± 0.3 × 103 M-1 (n=3), 

respectively.  This suggests that PMPA has a stronger binding affinity to βCD than 

CMPA does.  It should be noted that, other engineered αHL pores, including 

(M113F/G145F/K147N)7 and (M113F/T143F/G145F/K147N)7 were also examined 

with βCD and PMPA/CMPA.  These two nerve agent hydrolytes produced similar 

current blockage events to those observed in the (M113F/K147N)7 pore, although 

βCD showed much weaker bindings toward both the pores (data not shown). 
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4.5.2 Effect of voltage on sensor resolution 

The events of PMPA showed much smaller dwell times (τoff), indicating much weaker 

host-guest interactions occurred in the protein pore, at positively applied potentials 

than at negatively applied voltages.  Hence, the voltage effect on the detection of 10 

µM PMPA was investigated using the (M113F/K147N)7 pore and in the presence of 

40 µM βCD with an applied potential ranging from –40 mV to –120 mV.  With an 

increase in the applied voltage, both the dwell time and frequency of the host 

molecule βCD events decreased, while the amplitude of the analyte PMPA events 

increased.  As shown in Fig. 3.3, with the increase of the applied voltage from -40 to -

120 mV, the dwell time (τoff) of the host molecule βCD decreased from 5.03 ± 0.13 s 

to 0.78 ± 0.24 s, the βCD event frequency (1/τon) decreased from 4.38 ± 0.04 s-1 to 

0.27 ± 0.05 s-1, while the amplitude of PMPA events increased from 3.74 ± 0.30 pA to 

16.01 ± 0.27 pA.  For the sensitive detection of PMPA, a large mean amplitude of 

PMPA events as well as large event dwell time and high frequency for the host 

molecule βCD were desired.  In addition, it should be mentioned that, with the 

increase of the applied potential, the lipid bilayer used in the experiments would 

become less stable.  The combined results (Figure 4.3) suggests that -80 mV was 

the optimum applied voltage for our sensor system since all the three parameters 

(i.e., dwell time, event frequency, and amplitude) had relatively large values at this 

potential. 
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Figure 4.2: Typical single channel current recording traces, showing the detection of 
PMPA and CMPA. (A) Without PMPA/CMPA; (B) 2 µM PMPA; and (C) 2 µM CMPA.  

The experiments were performed at -80 mV in 1 M NaCl and 10 mM Tris⋅HCl (pH 
7.5), and in the presence of 40 µM βCD. 
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4.5.3 Characteristics of the nanopore stochastic sensor  

To demonstrate the nanopore sensor to be of analytical use, the effect of the 

concentration of PMPA and CMPA on the event frequency (1/τon), dwell time (τoff), 

and amplitude was investigated.  Our experiments (Figures 4.4.A and B) showed that 

the event mean dwell time and amplitude were unvaried with the increase of the 

concentration of added PMPA (ranging from 500 nM to 10 µM) and CMPA (ranging 

from 500 nM to 8 µM).  Therefore, amplitude and dwell time can be used as 

signatures for identifying different organophosphates, specifically, PMPA and CMPA.  

The experimental results (Figure 4.C) also demonstrated that the event frequency 

(1/τon) was linearly related to the concentration of PMPA and CMPA, which provides 

a basis for quantifying these analytes (Figure 4.6).  The sensitivities of the method for 

the detection of PMPA and CMPA were 4.47 µM⋅S-1 and 2.31 µM⋅S-1, respectively.  

The detection limits for PMPA and CMPA were 53 nM (i.e., 0.01 mg/L) and 102 nM 

(i.e., 0.02 mg/L), respectively.  The detection limit was defined as the concentration 

corresponding to three times the standard deviation of a blank signal.  These values 

are significantly lower than the discharge limits required by US Army (0.1% in w/v, 

i.e., 1000 mg/L).131  It should be noted that, to obtain such detection limits, 10 min 

recording time is enough to collect 300 - 500 events depending on whether the 

analyte is PMPA or CMPA, from which convincing mean values of the analyte 

signatures (e.g., τoff, τon, and amplitude) could be obtained statistically (see “Data 

analysis” section for detail). 
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4.5.4 Nanopore selectivity 

Sarin hydrolysis products (i.e., isopropyl methylphosphonic acid, and diisopropyl 

methylphosphonic acid), VX hydrolysis products (i.e., 2-(diethylamino) ethanethiol, 2-

(dimethylamino) ethanethiol, 2-(diisopropylamino)-ethanethiol, ethyl 

methylphosphonic acid, methyl phosphonic acid), tabun hydrolyte (i.e., ethyl 

hydrogen dimethylamidophosphate), and some common toxic organophosphates 

including diazinon, parathion, malathion and amifostine were also tested with the 

nanopore sensor.  However, no current blockage events were observed when the 

concentrations of these analytes were lower than 500 µM, suggesting that the 

sensing system is very selective toward PMPA and CMPA.  It should be noted that 

the structures of some nerve agent hydrolytes used in this selectivity study, such as 

isopropyl methylphosphonic acid, ethyl methylphosphonic acid, methyl phosphonic 

acid, etc., were similar to those of PMPA and CMPA.  It is likely that the interactions 

between these compounds and βCD are much weaker than those between βCD and 

PMPA/CMPA so that they could not be captured by βCD for long time enough to 

produce observable events in our single-channel recording experiments (note that 

the instrument resolution is about 100 µs).  The detection of VX and Sarin hydrolytes 

are currently under way by using other engineered αHL pores in the presence of 

αCD and βCD derivatives.  It should be mentioned that, in general, βCD-based host-

guest systems are not specific.  A number of organic molecules with proper size will 

be captured by βCD and produce current blockage events, including, e.g., ibuprofen 

and thalidomide.11  However, since different compounds produce different signatures 

(e.g., dwell time and/or amplitude) in the protein nanopore, PMPA and CMPA could 

be differentiated against common chemicals.  For example, the dwell time of 
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thalidomide was ~0.2 ms,11 while those of PMPA and CMPA were 0.83 ms, and 0.62 

ms, respectively.  Therefore, our method offers the potential for rapid screening of 

PMPA and CMPA.  To further improve the selectivity and resolution of the nanopore 

sensor, development of other engineered αHL pores and utilization of more specific 

(non-βCD) approaches to the detection of nerve agent hydrolytes are now in 

progress. 
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Figure 4.3: The effect of applied potential on (A) 1/τon and (B) τoff of the βCD events, as well as (C) amplitude of PMPA events.  The 
experiments were performed in1 M NaCl and 10 mM Tris⋅HCl (pH 7.5) and were repeated at least three times.  Each data point in the 

figure was average of these experiments.  The error bars represented the standard deviations of each data point.  Both βCD and PMPA 
were added to the trans, while the mutant aHL protein (M113K/F147N)7 was added to the cis compartment.  The concentration of βCD 

was 40 µM, and that of PMPA was 10 µM. 
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Figure 4.4:  Effect of analyte concentration on current blocking events. (�) PMPA; and () CMPA.  (A) Plot of τoff as a function of 
PMPA/CMPA concentration, showing the mean dwell time of events was unchanged with the increasing concentration of added 

organophosphate, (B) Plot of amplitude as a function of PMPA/CMPA concentration, indicating the mean amplitude was unvaried with 
the changing concentration, where the amplitude was defined as the extent of current blockage, and (C) Plot of 1/τon as a function of 
PMPA/CMPA concentration, demonstrating that the event frequency was linearly related to the concentration of added PMPA/CMPA.  
The experiments were performed at –80 mV in 1 M NaCl and 10 mM Tris⋅HCl (pH 7.5) and were repeated at least three times. Each 

data point in the figure was average of these experiments.  The error bars represented the standard deviations of each data point.  Both 
βCD and PMPA or CMPA were added to the trans, while the mutant αHL protein (M113K/F147N)7 was added to the cis compartment.  

The concentration of βCD was 40 µM. 
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4.5.5 Salt effect on the sensitivity of the stochastic sensor  

To investigate whether the salt effect22 can be used as an effective approach to 

significantly increase the resolution and sensitivity for the stochastic detection of 

PMPA and CPMA, PMPA detection was performed in a series of NaCl solutions at 

different concentrations, including 0.1 M, 0.5 M, 1 M, 3 M, and 5 M.  As shown in 

Figure 4.7 with the increase of NaCl concentration, both the dwell time and amplitude 

of the PMPA events increased, and hence a higher sensor resolution was obtained.  

For example, in 0.5 M NaCl solution, the event mean dwell time of PMPA was 0.54 ± 

0.04 ms, while the amplitude was 4.37 ± 0.38 pA at -80 mV.  In sharp contrast, in 5 M 

NaCl solution, the dwell time of PMPA was increased to 6.85 ± 0.17 ms, while the 

amplitude was 42.27 ± 0.25 pA.  Therefore, an increase of the salt concentration 

from 0.5 M to 5 M resulted in a 12.7 fold increase in event dwell time, indicating that 

the binding between PMPA and βCD indeed becomes much stronger with the 

increase in the electrolyte concentration.  Note that the larger the event dwell time, 

the smaller the dissociation rate constant koff.  It should be noted that, when the salt 

concentration reduced to 0.1 M, the open channel was 5.85 pA.  After β-CD’s binding 

to the pore, the residual current was very small (only 1.42 pA), suggesting that salt 

concentrations less than 0.1 M were not suitable for analyte detection.  Furthermore, 

no PMPA events were identified in 0.1 M NaCl solution.  
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Table 4.1: Recovery of PMPA from liquid samplesa by use of the nanopore stochastic 
sensing method.  Each experimental value represents the mean of three replicate 
analyses ± one standard deviation.  The experiments were performed at -80 mV with 
mutant aHL (M113K/F147N)7 pore in the presence of 40 µM βCD. 

Sample number Theoretical value (µM) Experimental value ± SD (µM) 

1 0 ndb 

2 10.0 10.6 ± 0.4 

3 15.0 14.2 ± 0.9 

4 20.0 18.8 ± 1.7 

 

aAll of the four liquid samples contained additional 100 µM of methyl phosphonic 
acid, ethyl methylphosphonic acid, and 2-(dimethylamino) ethanethiol. bnd: not 
detected. 

 

 

4.5.6 Assay of contaminated water samples 

To demonstrate the utility of the developed nanopore method for the analysis of 

PMPA or CMPA in the environmental monitoring applications, two experiments were 

performed.  In the first experiment, two contaminated tap water samples were 

examined by using the nanopore sensor.  Sample 1 contained 100 µM of methyl 

phosphonic acid, ethyl methylphosphonic acid, and 2-(dimethylamino) ethanethiol, 

while in addition to the three nerve agent degradation products, sample 2 contained 

an additional 10 µM PMPA.  The preparation of contaminated water samples was 

described in the Experimental Section.  Our experiments showed that no current 

blockage events were observed for sample 1, whereas sample 2 caused current 

modulations with a mean dwell time τoff of 0.82 ± 0.10 ms (note that the dwell time for 
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a single PMPA standard solution was 0.83 ± 0.04 ms).  This suggest that the 

developed nanopore sensing method can indeed differentiate the target compound 

from false positives, and even allow the accurate identification of PMPA in the 

presence of a mixture of structure-similar compounds.  To investigate whether the 

nanopore method can be employed to quantify PMPA for field application, another 

experiment was carried out, in which two additional contaminated water samples 

were tested.  Similar to sample 2, in addition to 100 µM of methyl phosphonic acid, 

ethyl methylphosphonic acid, and 2-(dimethylamino) ethanethiol, samples 3 and 4 

also contained additional PMPA, but with different concentrations at 15 µM, and 20 

µM, respectively.  Once again, current blockage events were observed for these two 

samples.  The results for all the four tested liquid samples are summarized in Table 

1.  The concentration values obtained for samples 2 – 4 were 10.6 ± 0.4 µM, 14.2 ± 

0.9 µM, and 18.8 ± 1.7 µM, respectively.  These values are in agreement with their 

corresponding theoretical values, thus clearly demonstrating the viability of utilizing 

the nanopore sensor for quantification of PMPA in liquid samples.  
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Figure 4.5 Salt effect on PMPA detection. (A) Plot of τoff as a function of NaCl 
concentration, and (B) Plot of amplitude vs. NaCl concentration, showing both the 
mean dwell time and amplitude of the PMPA events increased with the increasing 

NaCl concentration.  Each data point in the figure was average of three experiments.  
The error bars represented the standard deviations of each data point. 
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Figure 4.6 Single channel current recording traces, showing the detection of PMPA 
and CMPA. (Left) PMPA. (Right) CMPA.  (A) - (E) The concentrations of the analytes 
added were 500 nM, 1 µM, 2 µM, 5 µM, and 10 µM, respectively for PMPA, while 500 

nM, 1 µM, 2 µM, 4 µM, and 8 µM, respectively for CMPA. All the experiments were 
performed at an applied potential of -80mV (cis at ground) in a buffer solution 

containing 1M NaCl and 10 mM Tris·HCl (pH 7.5), and in the presence of 40 µM 
βCD.  Both βCD and PMPA or CMPA were added into the trans compartment, while 

the (M113K/F147N)7 protein pore was added into the cis side of the chamber. 
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Figure 4.7 Single channel current recording traces, showing the salt effect on PMPA 
detection. (A) 0.1M NaCl; (B) 0.5M NaCl; (C) 1M NaCl; (D) 3M NaCl; and (E) 5M 
NaCl; these experiments were performed at -80mV with concentrations of NaCl 

ranging from 1M to 5M and 10mM Tris·HCl (pH 7.5). Both βCD and PMPA or CMPA 
were added into the trans compartment, while the (M113K/F147N)7 protein pore was 

added into the cis side of the chamber. 

 

4.6 Conclusions 

A single-molecule nanopore stochastic sensing approach for the detection of 

organophosphorus nerve agent hydrolytes PMPA and CMPA was successfully 

developed.  Given its sensitivity, and rapid response, coupled with the recent 

development of new approaches for building stable and/or portable lipid bilayer 

platforms126, 127, 132 and constructing nanopore sensor array,31  our nanopore sensing 

method reported in this work is envisioned for further development as a deployable 

technique for real-time, on-site analysis of nerve agents in environmental monitoring 

applications. 
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CHAPTER 5  

REAL TIME MONITORING OF PEPTIDE CLEAVAGE USING A NANOPORE 

PROBE 

5.1  Introduction  

Interactions among biomolecules (such as proteins, peptides and proteases) are 

involved in a wide variety of physiological activities within living cells.133  Evaluating 

the functional roles of these biologically active molecules and elucidating their 

interactions will benefit biomedical research.134  For example, of paramount 

importance in clinical assessment of neurodegenerative problems including 

Alzheimer’s and Parkinson’s diseases is early detection and monitoring of the 

conformational change of amyloid-β peptide (A-β), as attributed to the proteolytic 

cleavage of the amyloid-based precursors by β- and γ-secretases.135,136  Many 

approaches currently available in the proteomics research rely on peptide cleavage 

for the identification of proteins and other biomarkers.  At present, the majority of 

studies performed in this area are dependent on expensive and time-consuming 

techniques that frequently require sample labeling.137138, 139  Although several label-

free approaches have been utilized in the detection of biomarkers and the study of 

protease-substrate interactions,133 a definite need remains for a more rapid, lower 

cost, and easier to use methodology to study protein/peptide cleavage, and for use in 

enzymatic activity assays.   
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Figure 5.1: Probing peptide-protease interaction in an ion channel. (a) Without the enzyme, the current modulations are caused only by 
the substrate. (b) With the enzyme, new blockage events having different residence times and/or amplitudes from those of the substrate 

could be observed due to the breakdown products of the substrate.
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Figure 5.2: Monitoring of A-β (10-20) cleavage by trypsin. (a) Representative 
segments of a single channel recording trace at various times. Dashed lines 

represent the levels of zero current; (b) The corresponding time-dependent event 
amplitude histograms.  Dashed lines 1, 2, and 3 represent the mean residual current 

levels for peptides YEVHHQKLVFF, YEVHHQK, and LVFF, respectively.  The 
experiment was performed at -40 mV with 10 µM A-β (10-20) and 0.025 µM trypsin 
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Herein we demonstrate that use of a protein channel provides a viable new approach 

to probe peptide cleavage.  It has long been established that ion channels play a 

pivotal role in the regulation of mass and energy transfer for many biological 

processes.  More recently, it has been clearly established that these nanometer-

sized channels offer exciting new possibilities for development of ultrasensitive 

biosensors, study of biomolecular folding and unfolding, and investigation of covalent 

and non-covalent bonding interactions.140,141-145  In the present report, peptide 

cleavage is monitored by recording peptide translocation through an ion channel in 

the absence and presence of an enzyme with single-channel recording technique 

(Figure 5.4).  As documented below, our method permits study of protease kinetics 

based on real-time monitoring of the ionic current modulations arising from the 

enzyme-peptide interactions.  As shown in Figure 5.1, in the absence of the enzyme, 

the current modulations are caused only by the substrate (Figure 5.1.a).  However, 

after addition of the enzyme to the buffer solution, the substrate will be cleaved into 

two fragments.  Thus, new blockage events having different residence times (τoff) 

and/or amplitudes from those of the substrate can be observed (Figure 5.1.b). 

To demonstrate this concept, an engineered version of alpha-hemolysin (αHL) 

channel, (M113F)7, was used to study the trypsin cleavage of peptide A-β (10-20).  

The (M113F)7 protein has been shown to provide a significantly enhanced resolution 

for biomolecule recognition versus the wild-type αHL pore.61  Trypsin is commonly 

used as serine protease to cleave peptide bonds after Arg (R) or Lys (K) amino acid 

residue.146  Since the spherical molecular diameter (38Å)147 of trypsin is larger than 

that (20 Å) of the αHL transmembrane domain,19 trypsin can not enter the pore, and 

hence will not produce current blockage events which might interfere with the 
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identification of the target peptide(s).  Our experimental results (Figure 5.2, t = 0 min) 

show that, in the absence of trypsin, the buffer solution containing peptide A-β (10-

20) produced only a single type of current blockage, one having a large mean 

residence time of 0.63 ± 0.06 s (Figure 5.2.a and 5.1, Figure 5.5) and a small mean 

residual current of -1.8 ± 0.3 pA (Figure 5.2.b).  In sharp contrast, after addition of 

trypsin, two new types of current modulation events are clearly observed, both having 

significantly shorter residence times at 0.85 ± 0.08 ms and 0.75 ± 0.05 ms, and larger 

mean blockage residual currents at -4.4 ± 0.3 pA, and -12.2 ± 0.6 pA, respectively 

(Figure 5.2, t =10, 20, and 60 min).  These shorter duration blockages are attributed 

to YEVHHQK (YK-7) and LVFF fragments, the breakdown products of A-β (10-20). 

Their identities were confirmed by direct measurement of current blockages using 

both single standards of YK-7 and LVFF peptides as well as 1:1 solution mixtures of 

these two compounds.  As shown in Figure 5.4, and Figure 5.6, blockage events with 

the two peptides produced similar mean residence times (0.9 ± 0.1 ms and 0.77 ± 

0.07 ms, respectively) and residual currents (-4.5 ± 1.0 pA and -14 ± 2 pA, 

respectively) to those of the A-β (10-20) /trypsin digestion products. Note that the 

mean residence time (τoff) and/or amplitude of the events can be used as signatures 

for identifying a peptide, while the event frequency f (f = 1/τon) could be used to 

quantify the substrate remaining or the fragments produced (Figure 5.2 , Figure 5.4, 

and Figure 5.5).  The time-dependent event frequency provided further evidence that 

the enzymatic cleavage process is responsible for the appearance of these new 

blockage events.  With increasing reaction time, the frequency of A-β (10-20) events 

decrease, while those of fragment events increase, a clear indication that the 

substrate was being digested by trypsin.  In fact, the large duration and small residual 

current events disappear after approximately one hour digestion, suggesting that all 
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of the A-β (10-20) substrate is cleaved at that point in time.  As an added control, 

translocation of peptide YYYYYY, which is not a substrate for trypsin, in the (M113F)7 

pore was examined.  No new types of events and no change in the event τoff or 

amplitude were observed after addition of trypsin (Figure 5.4, and Figure 5.7), 

consistent with this analysis. 

To determine the enzyme kinetics, quantitative analysis of the above single-channel 

current recording (Figure 5.2) of the peptide A-β (10-20) digestion by trypsin was 

performed (see Figure 5.4).  From the time curve of the substrate digestion (Figure 

5.3.a), we observe that the rate for the A-β (10-20) cleavage decreases rapidly with 

reaction time.  For example, 93.5 ± 3.8 percent of the substrate is cleaved in the first 

20 min, whereas only an additional 6.1 ± 0.7 percent of the substrate is digested in 

the second 20 min. Our observation is reasonable considering that the concentration 

of the substrate is relatively large in the early stage of the trypsin/A-β (10-20) 

interaction.  A Lineweaver-Burk plot (Figure 5.3.b) using the frequency of the 

cleavage product LVFF events reveals that the Michaelis constant Km of the reaction 

is 59.2 µM, whereas kcat (kcat=Vmax/[trypsin]) is 4.43 s-1.  These values agree with 

those of other studies involving cleavage of A-β peptide, carried out under similar 

experimental conditions to those involved in the present investigation.148  Note that 

the enzymatic activity is influenced by substrate, pH, temperature, and salt 

concentration.149 
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Figure 5.3:  Kinetic profiles for the A-β (10-20)/trypsin interaction. (a) Time curve of the digestion with [substrate]0 = 10.0 µM and 
[trypsin] = 0.025 µM. (b) Lineweaver-Burk plot for the determination of Km and kcat. The inset of Figure 2b shows an enlarged x- and y- 

intercept region. The experiments were performed with 0.025 µM trypsin and various concentrations of A-β (10-20). 
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It should be noted that, at the early stage of the enzymatic reaction, the product 

concentration is very low (nanomolar range).  This requires a relatively long period of 

time (e.g., 1 min in this work) taken to collect hundreds of individual single molecule 

events, which are necessary for the statistical analysis of the event frequency.  This 

limitation could be remedied by replacing the event mean frequency with the number 

of event occurrences in the analysis of enzyme kinetics.  Using this approach, the 

product concentration could be determined in seconds, and a substrate digestion 

curve similar to Figure 5.3a was obtained (Figure 5.4 and Figure 5.9).  Furthermore, 

in principle, the method developed in this work should be compatible with the 

analysis of enzymatic reactions involving long peptides / proteins, and complex 

mixtures.  The former could be achieved by using synthetic nanopores with large 

pore diameters or engineered protein pores which could enhance biomolecular 

translocation as the sensing element, 91,150 while the latter by only considering the 

cleavage products and focusing on the frequency increase in their events.  
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5.2 Experimental section 

5.2.1 Materials and reagents 

Mutant αHL M113F gene was constructed by site-directed mutagenesis with a WT 

αHL gene in a T7 vector (pT7–αHL), which has been described elsewhere.22  The 

mutant M113F αHL protein monomer was first synthesized by coupled in vitro 

transcription and translation (IVTT) using the E. coli T7 S30 Extract System for 

Circular DNA from Promega (Madison, WI).  Subsequently, it was assembled into 

homoheptamer by adding rabbit red cell membranes and incubating for 1~2 h.  The 

heptamer protein pore was purified by SDS-polyacrylamide gel electrophoresis and 

stored in aliquots at -80°C. 151 

 

The substrate amyloid-β peptide (10-20) with a sequence of YEVHHQKLVFF (A-β 

(10-20)) was purchased from American Peptide Company, Inc. (Sunnyvale, CA). 

Other peptides, including YEVHHQK (YK-7), LVFF, YYYYYYRYPWF (Y6R-YPWF), 

YYYYYYR (Y6R), and YPWF were obtained from Biomatik Corporation (Wilmington, 

DE).  All these peptides did not contain any protecting groups at the N- or C-terminus 

and were supplied in lyophilized form.  The purity of these peptides was greater than 

95% as verified by high-performance liquid chromatography and mass spectrometry. 

Lipid 1,2-diphytanoylphosphatidylcholine was purchased from Avanti Polar Lipids 

(Alabaster, AL).  All the other reagents, including trypsin from bovine pancreas, were 

obtained from Sigma (St. Louis, MO).  All the peptides and trypsin were dissolved in 

HPLC-grade water.  All the stock solutions of the peptides were prepared at 0.5 mM 

each.  The concentration of trypsin was 5 µM.  All the peptide and trypsin solutions 

were kept at -80 °C before and after use.  
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5.2.2 Bilayer experiment and data analysis 

A bilayer of 1,2-diphytanoylphosphatidylcholine was formed on an aperture (150 µm) 

in a Teflon septum (25 µm thick; Goodfellow, Malvern, PA, USA) that divided a planar 

bilayer chamber into two compartments, cis and trans (Figure 5.4).  The formation of 

the bilayer was achieved by using the Montal-Mueller method,23 and monitored by 

using a function generator (BK precision 4012A; Yorba Linda, CA, USA).  In most 

cases, the lifetime of the bilayer is at least three hours even after insertion of an αHL 

pore.  The experiments were performed under a series of symmetrical buffer 

conditions with a 2.0 mL solution comprising 1 M NaCl, and 10 mM Tris⋅HCl (pH 7.5) 

at 22 ± 1 °C.  Unless otherwise noted, the mutant αHL (M113F)7 protein was added 

to the cis compartment, which was connected to “ground”, while the peptide and/or 

trypsin was added to the trans compartment.  In such a way, after insertion of a 

single αHL protein channel, the mushroom cap of the αHL channel would be located 

in the cis compartment, while the β-barrel of the αHL protein would insert into the lipid 

bilayer and connect with the trans of the chamber device.  The final concentration of 

the αHL proteins was 0.2–2.0 ng·mL-1.  Currents were recorded with a patch clamp 

amplifier (Axopatch 200B, Molecular Devices; Sunnyvale, CA, USA).  They were low-

pass filtered with a built-in four-pole Bessel filter at 10 kHz and sampled at 50 kHz by 

a computer equipped with a Digidata 1322 A/D converter (Molecular Devices).  

All the peptide digestion experiments in this work were carried out by first recording 

the peptide translocation in the (M113F)7 pore for at least 10 min in the absence of 

trypsin, and then recording for at least another 80 min in the presence of trypsin.  The 

control experiments with single peptide standards and 1:1 solution mixtures of two 
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peptides were recorded for at least 10 min without trypsin.  Each experiment was 

repeated at least 3 times.  The mean conductance, inter-event interval (on), and 

residence time (τoff) were obtained by using clampfit software.  Specifically, 

conductance values were obtained from the amplitude histograms after the peaks 

were fit to Gaussian functions.  Values of on and off for the peptide events were 

obtained from the open state (1) and close state (0) dwell time histograms, 

respectively by fitting the distributions to single exponential functions by the 

Levenberg-Marquardt procedure.10 

In terms of all the peptide digestion experiments, the time of t = 0 min represents the 

period in which the substrate digestion by trypsin has not yet begun.  Note that, a ~ 

30-s period of addition of trypsin to the solution and stirring was also included in the 

time of t = 0 min, but this period was not included in the analysis of the peptide 

events (see Figure 5.4).  All the amplitude histograms were created based on the 

events collected in a 10-min period of recording.  For example, as shown in Figure 

5.2b, the amplitude histogram at t = 0 min was generated from a 10-min recording of 

the peptide A-β (10-20) translocation in the (M113F)7 pore without trypsin, while that 

of t = 10 min was obtained from a 10-min recording of digestion of A-β (10-20) by 

trypsin in the period from t = 0 min to t =10 min (note that, here, t = 0 min starts after 

addition of trypsin and stirring).   Similarly, the amplitude histogram at t = 20 min was 

created based on the events collected in the period of t = 10 min to t = 20 min from 

the single-channel trace, while that of t = 60 min was obtained from the events 

recorded in the period of from t = 50 min to t = 60 min. 
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5.3 Time curve of the substrate digestion 

It should be noted that, in a certain amount of trypsin (e.g., 0.025 µM in this work), 

the concentration of the substrate peptide A-β (10-20) consumed in a given period of 

time t should be equal to that of the peptide fragment LVFF (or YK-7) produced.  

From the supporting information Figure 5.5.a, it is clear that the frequency f (f = 1/τon) 

of the events of a certain peptide is directly proportional to its concentration.  

Therefore, the digestion percentage of the substrate at a specific time t could be 

calculated by using the following equation: 

Cleavage (%) = ft / f0 × 100%      

where the value of f0 is the event frequency of peptide LVFF (or YK-7) produced after 

all of the substrate peptide A-β (10-20) has been digested by trypsin in the protein 

pore, whereas the value of ft represents the event frequency of the product LVFF (or 

YK-7) after the substrate-trypsin enzymatic reaction occurred for a period of time t.   

To obtain the plot of substrate digestion percentage with reaction time, all the events 

collected in a 1-min segment (from 60 min to 61 min) of the single channel current 

recording trace was used to calculate f0, while the values of ft at various digestion 

times were obtained based on all the events recorded from a period of 1 min around 

that time t.  For example, ft=2 min were calculated from all the events collected from t = 

1 min to t = 2 min; and ft=10 min were obtained based on all the events collected from t 

= 9 min to t = 10 min.  A typical illustration at digestion time t = 5 min is shown in 

Figure 5.2.  Note that our experimental results (Figure 5.1) show that all of the 

substrate peptide A-β (10-20) has been cleaved by trypsin into two peptide fragments 
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(i.e., LVFF and YK-7) in one hour.  Therefore, the concentration of the product LVFF 

after one hour enzymatic reaction would be equal to the initial concentration of the 

substrate. 

To facilitate the analysis of LVFF events, the overall inter-event interval τon and 

frequency ftotal (ftotal = 1/τon) of all of the three different types of events (including A-β 

(10-20), LVFF, and YK-7) were first obtained.  Then, the frequency of LVFF events 

was calculated based on the equation: f = pftotal, where p is the percentage of the 

LVFF events in all of the three types of events. 152 

 

5.3.1 Determination of enzyme kinetics 

To determine the Michaelis-Menten kinetic constants Km and Vmax, a series of single-

channel current recording experiments with translocation of the substrate peptide A-β 

(10-20) in the (M113F)7 pore with trypsin was carried out, where we kept the 

concentration of the trypsin constant at 0.025 µM, but varied the substrate 

concentration, ranging from 2.0 µM to 10.0 µM.  The frequency of the cleavage 

product LVFF events at a digestion time of 5 min (i.e., ft=5min) was calculated by using 

the same approach as described in the previous section “Time curve of the substrate 

digestion”.  Since the solution contained only the substrate at t = 0 min, the 

concentration of the peptide fragment LVFF produced in the 5 min digestion period, 

i.e., the rate ν of the reaction, would be proportional to the change in the frequency, 

∆f (∆f = ft=5min), of the LVFF events.  Plotting of the reciprocals of the substrate 

concentrations vs. the values of 1/ f∆ yields the "double-reciprocal" or Lineweaver-
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Burk curve, as shown in Figure 5.3b.  The Km was calculated from the x-intercept, 

while Vmax was obtained from the y-intercept of the linear fit.  The value of kcat could 

be calculated by using the equation kcat = Vmax / [enzyme], where [enzyme] is the 

concentration of the enzyme.  It should be mentioned that the value of Vmax obtained 

from this Lineweaver-Burk curve is the frequency of the LVFF events.  The value of 

Vmax in µM·s-1 could be calculated from the relationship between the frequency of 

LVFF events and its concentration.  The substrate digestion experimental results 

(Figure 5.3.a and Table 5.1) show that the relationship between the frequency of 

LVFF events and its concentration conforms to the equation: Y = 3.548X, where Y is 

the event frequency f (in s-1), while X is the LVFF concentration (in µM).  Note that for 

the accurate determination of Km and Vmax, the use of the initial rate of the enzymatic 

reaction at various substrate concentrations is desired.  Figure 5.3.a shows that the 

substrate digestion percentage increases linearly approximately from t = 0 min to t = 

5 min, thus suggesting that the reaction velocities at digestion times from 0 to 5 min 

are close to initial rate of the enzymatic reaction.  Furthermore, given a certain period 

of time frame (e.g., 1 min), since more events could be collected at t = 5 min than 

those recorded at a digestion time less than 5 min, thus facilitating data analysis, the 

frequency of the LVFF events at t = 5 min was employed in this work to construct the 

Lineweaver-Burk plot. 
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5.3.2 Trypsin cleavage of peptide YYYYYYRYPWF 

To further document the utility of nanopore technology as an effective label-free 

approach to monitoring peptide cleavage and to determining enzyme kinetics, trypsin 

cleavage of the peptide YYYYYYRYPWF was also examined, again using the mutant 

(M113F)7 pore.  As in the case of the A-β (10-20) substrate, trypsin cleaves peptide 

bonds after Arg or Lys amino acid residue.  Therefore, addition of trypsin to the buffer 

solution containing YYYYYYRYPWF would be expected to produce two fragments, 

i.e., YYYYYYR and YPWF.  As shown in Figure 5.2a, at an applied potential of -40 

mV and t = 0 min (i.e., in the absence of trypsin), we observe a single type of events 

having a large mean dwell time (1.6 ± 0.2 s) and residual current of -1.6 ± 0.1 pA.  

These events were produced by the substrate YYYYYYRYPWF.  In contrast, with 

addition of trypsin to the solution, two new types of blockage events are clearly 

observed.  One type of events exhibited a slightly larger mean residual current (-3.8 ± 

0.5 pA) but a significantly smaller event mean dwell time (62 ± 5 ms) to those of the 

substrate.  As revealed by calibration runs with single standards (Figure 5.2a), these 

events are attributed to the presence of YYYYYYR product molecules.  The second 

new blockage events, having mean residual currents at -14.5 pA and at -9.8 pA, are 

attributed to YPWF, the second cleavage product (Figure 5.2a).  Furthermore, with 

increasing digestion time, the frequency of the YYYYYYRYPWF substrate events 

decrease and no events attributable to this compound are observed after 3 hours of 

reaction.  In contrast, event frequencies of the two product peptide fragments 

increase with the reaction time.  Similar phenomenon was also observed at +40 mV, 

where two new types of blockage events in the current trace are identified, again 

demonstrating that the YYYYYYRYPWF substrate is cleaved into two new peptide 



 

95 

fragments (Figures 6.0 and 6.2).  Taken together, the combined results suggest that 

the translocation of peptide YYYYYYRYPWF in the mutant (M113F)7 pore is mainly 

attributed to diffusion but not electrophoretic driving. 

5.4 Conclusions 

In summary, we report a rapid new label-free method to monitor peptide cleavage 

and to obtain quantitative chemical kinetic information on enzymatic processes. 

Given the need for such information, such as in disease diagnostics and drug 

discovery, further development of this technique into miniature nanopore sensing 

systems, including systems having more automated controls, is currently underway.  

In addition, given the fact that properly engineered protein pores can differentiate the 

sequences of short peptides,61 we believe this peptide/protein cleavage approach 

offers the potential for further development as a novel rapid label free protein 

sequencing technique.   
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Figure 5.4: Calculation of ft from a ~ 20 min single channel recording trace, where the translocation of peptide A-β (10-20) in the αHL 
(M113F)7 pore in the absence and presence of trypsin was recorded for 10 min, respectively.  Note that, after addition of trypsin, the 

buffer solution was stirred for ~ 30 seconds (from ~ 11min40s to ~ 12 min10s in this example current recording trace).  Typical 
magnified 1-min segment of the trace without trypsin was shown in the left lower panel, while that with trypsin and used for the 

calculation of ft=5min (i.e., the event frequency after the substrate-trypsin enzymatic reaction occurred for 5 min) was presented in the 
right lower panel.  The experiment was performed at -40 mV (cis at ground) with a 2.0 mL solution comprising 1 M NaCl and 10 mM 

Tris⋅HCl (pH 7.5).  The initial concentration of the substrate was 10 µM and that of trypsin was 0.025 µM. 
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Figure 5.5: The effect of the substrate concentration on current blockage events.  (a) Plot of event frequency (1/τon) as a function of 
peptide A-β (10-20) concentration, showing that the event frequency is proportional to the peptide concentration, and hence can be 

used to quantify the substrate remaining or the peptide fragments produced; and (b) Plot of 1/τoff as a function of A-β (10-20) 
concentration, demonstrating that the mean residence time of events for a given molecule does not change with concentration or in the 
presence of other matrix components, and hence can be used to identify a compound.  The experiment was performed at -40 mV (cis at 
ground) under a series of symmetrical buffer conditions with a 2.0 mL solution comprising 1 M NaCl and 10 mM Tris⋅HCl (pH 7.5).  The 
concentration of trypsin was 0.025 µM.  Note that the mean residence time (τoff) before cleavage in Figure S2b was calculated based on 

the peptide A-β (10-20) events collected in a period of 10 min in the absence of trypsin, while the residence time after cleavage in 
Figure S2b was obtained based on the A-β (10-20) events recorded for 10 min after addition of trypsin to the buffer solution.
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Figure 5.6: Control experiments with peptides YK-7 and LVFF, confirming the 
identities of the cleavage products of A-β (10-20) in the presence of trypsin.  Typical 
single-channel recording traces and their corresponding all-points histograms for (a) 
YK-7; (b) LVFF; and (c) a mixture of YK-7 and LVFF (1:1 ratio). The experiment was 
performed at -40 mV under a series of symmetrical buffer conditions with a 2.0 mL 

solution comprising 1 M NaCl and 10 mM Tris⋅HCl (pH 7.5). 
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Figure 5.7: Translocation of peptide YYYYYY in the mutant αHL (M113F)7 pore in the 
absence and presence of trypsin. (a) Representative segments of a single channel 
recording trace, and (b) the corresponding event amplitude histograms at various 

times.  The experiment was performed at -40 mV with 5 µM YYYYYY and 0.025 µM 
trypsin.  Dashed lines represent the levels of zero current.  Note that the segment at 

t= 0 min was taken from the single channel trace before addition of trypsin, while 
other segments were taken after addition of trypsin to the solution and stirring.  The 

event amplitude histograms in Figure 5.8b were obtained based on the events 
collected from a period of 1 min around the time shown in Figure 5.8a. 
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Figure 5.8: Representative inter-event interval (τon) histograms at various digestion 
times.  The experiment was performed at -40 mV with the translocation of 10 µM 

peptide A-β (10-20) through the mutant αHL (M113F)7 pore in the presence of  0.025 
µM trypsin.  The red solid lines in the inter-event interval histograms are fits of the 

event distributions.  Note that all of the three different types of events (including A-β 
(10-20), LVFF, and YK-7) were included in the analysis. 
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Table 5.1 Effect of digestion time on the event frequency of the cleavage product 
LVFF[a]   

Digestion 

Time (min) 

τon
[b]  

(ms) 

1/τon  

(s-1) 

Percentage of 

LVFF events (%) 

LVFF Event 

frequency ft (s
-1) 

1 132 ± 16 7.7 ± 1.0 62.8 ± 3.5 4.8 ± 0.6 

2 94.6 ± 10.0 10.7 ± 1.1 76.9 ± 1.3 8.3 ± 0.8 

5 50.7 ± 4.5 19.9 ± 1.8 85.0 ± 2.4 16.9 ± 1.7 

7.5 37.9 ± 4.5 26.7 ± 3.2 89.4 ± 1.5 22.9 ± 2.4 

10 34.0 ± 2.4 29.6 ± 2.1 88.9 ± 1.2 26.3 ± 2.0 

15 29.0 ± 1.4 34.6 ± 1.8 90.3 ± 0.8 31.2 ± 1.6 

20 27.5 ± 1.4 36.5 ± 1.8 91.0 ± 0.9 33.2 ± 1.3 

30 26.1 ± 0.2 38.4 ± 0.3 90.5 ± 0.4 35.2 ± 0.7 

40 25.7 ± 0.6 38.9 ± 1.0 91.1 ± 1.8 35.3 ± 0.3 

61 25.7 ± 0.4 38.9 ± 0.5 91.1 ± 1.4 35.5 ± 0.2 

 
[a] The experiment was performed at -40 mV with the translocation of 10 µM peptide 
A-β (10-20) through the mutant αHL (M113F)7 pore in the presence of  0.025 µM 
trypsin. 

[b] τon was calculated based on all of the three different types of events (including A-β 
(10-20), LVFF, and YK-7) collected in a period of 1 min around a specific digestion 
time t. 
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Table 5.2 Effect of the substrate A-β (10-20) concentration on the event frequency 
ft=5min

[a] of the cleavage product LVFF [b] 

Substrate 
concentration  

(µM) 

τon
[c]  

(ms) 

1/τon  

(s-1) 

Percentage of 

LVFF events (%) 

LVFF event 
frequency ft=5min 

(s-1) 

2 226 ± 16 4.6 ± 0.4 88.1 ± 0.7 4.0 ± 0.3 

4 117 ± 10 8.7 ± 0.7 85.1 ± 0.6 7.4 ± 0.6 

6 89.8 ± 9.8 11.4 ± 1.2 89.4 ± 0.8 10.2 ± 1.1 

8 58.3 ± 6.5 17.3 ± 1.9 86.2 ± 2.4 14.9 ± 1.2 

10 50.7 ± 4.5 19.9 ± 1.8 85.0 ± 2.4 16.9 ± 1.7 

 
[a] ft=5 min is the event frequency of the cleavage product LVFF at a digestion time of 5 
min. 

[b] The experiments were performed at -40 mV with the translocation of peptide A-β 
(10-20) at various concentrations through the mutant αHL (M113F)7 pore in the 
presence of  0.025 µM trypsin.  

[c] τon was calculated based on all of the three different types of events (including A-β 
(10-20), LVFF, and YK-7) collected in a period of 1 min from t = 4 min to t = 5 min. 



 

103 

 

 

 

 

 

 

 

 

 

Figure 5.9: Time curve of the substrate digestion.  Plots of (a) number of occurrences 
of the cleavage product LVFF events and (b) substrate digestion percentage vs. 

digestion time.  The experiment was performed at -40 mV with the translocation of 10 
µM peptide A-β (10-20) through the mutant αHL (M113F)7 pore in the presence of 

0.025 µM trypsin.  The number of counts was obtained based on all the LVFF events 
collected from a period of 6 seconds around a specific digestion time t.  For example, 
the number of counts at t = 2 min was calculated from all the LVFF events recorded 
from t = 1.9 min to t = 2.0 min; and that at t = 10 min was obtained based on all the 
LVFF events collected from t = 9.9 min to t = 10 min.  Note that the number of event 
occurrences reported in Figure 5.9a were corrected values, which  were obtained by 
dividing the actual number of counts by the percentage of the open channel state.  
This correction eliminates the variation in the long duration blockage events of the 

substrate peptide A-β (10-20) between different digestion times. 
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Figure 5.10: Cleavage of peptide YYYYYYRYPWF by trypsin.  Representative 
segments of the single-channel current recording of the substrate-trypsin reaction at 
various times of (a) t = 0 min, (b) t = 10 min, (c) t = 60 min, and (d) t =180 min.  The 
experiments were performed at both -40 mV(left) and +40 mV (right) with a 2.0 mL 
solution comprising 1 M NaCl and 10 mM Tris⋅HCl (pH 7.5).  The concentration of 

substrate was 1.0 µM and that of trypsin was 0.15 µM.

-40mV +40mV 
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Figure 5.11: Control experiments with peptides Y6R and YPWF, confirming the 
identities of the cleavage products of YYYYYYRYPWF in the presence of trypsin.  

Typical single-channel recording traces and the corresponding all-points 
histograms for (a) YPWF, (b) Y6R, and (c) a  mixture of YPWF and Y6R (1:1 

ratio).  The experiment was performed at -40 mV (cis at ground) under a series of 
symmetrical buffer conditions with a 2.0 mL solution comprising 1 M NaCl and 10 

mM Tris⋅HCl (pH 7.5).  Note that two different amplitude level events were 
observed for YPWF.  These events may be attributed to the two different 

directions in which YPWF entered the (M113F)7 pore.  This phenomenon was 
also found in some DNA and RNA molecules 
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Figure 5.12: Control experiments with peptides Y6R and YPWF, confirming the 
identities of the cleavage products of YYYYYYRYPWF in the presence of trypsin. 

Typical single-channel recording traces and the corresponding all-points histograms 
for (a) YPWF, (b) Y6R, and (c) a mixture of YPWF and Y6R (1:1 ratio).  The 

experiment was performed at +40 mV (cis at ground) under a series of symmetrical 
buffer conditions with a 2.0 mL solution comprising 1 M NaCl and 10 mM Tris⋅HCl 

(pH 7.5). 
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CHAPTER 6  

SUMMARY 

Nanopore DNA sequencing has emerged as the one of the most promising DNA 

sequencing schemes among other DNA sequencing methods. The α-Hemolysin 

protein nanopore has advantages over other nanopores and is widely used for 

nanopore sensing applications. The basis behind nanopore sensing is that single 

analyte molecules traversing through the nanopore cause characteristic event 

signatures that are unique to each analyte. Stochastic analysis of these event 

signatures allow the identification of the analyte. A limiting factor with nanopore DNA 

sequencing is the high translocation rates of DNA polynucleotide molecules through 

the nanopore, thus reducing the resolution of event signatures. The work described 

in this dissertation is mainly focused on slowing the DNA translocation through the α-

Hemolysin nanpore.   

In Chapter 2, we have shown that electrolyte solutions containing organic cations can 

significantly decrease the translocation rate. Compared to commonly used NaCl/KCl 

solutions, ionic liquid solutions resulted in a reduction of approximately 2 orders of 

magnitude. We interpret this decrease in DNA translocation rate as being due to the 

complex formation of Butyl-methyl-imidazolium cation with the negatively charged 

DNA strand. Five different DNA samples were discriminated with enhanced 

resolution. 
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Chapter 3 describes another approach to reducing the translocation rate by using 

acidic electrolyte solutions. Acidic electrolyte solutions resulted in rapid translocation 

events (~ 4 to 10 µs per base) as well as reduced translocation rates (~ 60 to 287 µs 

per base). Moreover, an increase of open channel conductance in the presence of 

acidic electrolyte solutions was also observed, helping to enhance the resolution of 

event signatures.  

According to our knowledge, this is the first instance of using ionic liquid solutions for 

decreasing the DNA translocation rate. Slowing the passage of DNA through the 

nanopore by changing the electrolyte solution provides for a more convenient and 

effective strategy compared with other strategies that have been employed so far. 

We believe our strategies would provide new avenues for nanopore DNA 

sequencing, especially with synthetic nanopores. However, further theoretical, 

computational and experimental studies will be needed to better interpret these 

results.  

Chapter 4 describes detection of organophosphorus nerve agent hydrolytes PMPA 

and CMPA with stochastic nanopore sensors. The mutant (M113F/K147N)7 protein 

pore with βCD as a molecular adapter have been employed to screen the nerve 

agent hydrolytes. This is the first reported instance of detecting organophosphorus 

nerve agent hydrolytes with stochastic nanopore sensors.   

A novel label free method to study the peptide cleavage and the corresponding 

enzymatic kinetics is described in chapter five. Peptide cleavage is studied with the 

mutant (M113F)7 nanopore. Cleavage of the substrate A-β (10-20) by the enzyme 
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trypsin was carried out in the presence of (M113F)7 protein nanopore. Translocation 

of the resulting peptides were recorded.  (M113F)7 has shown an enhanced 

resolution in the identification and discrimination of peptides compared to (WT)7. 

Therefore, it has been shown that engineered protein nanopores can be employed in 

studying peptide cleavage and the corresponding enzyme kinetics.
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APPENDIX A 

STRUCTURE OF  BUTYL-METHYL-IMIDAZOLIUM CHLORIDE
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Chapter 2: Reproduced with permission from Journal of Physical Chemistry 

B (2009), 113(40), 13332-13336; “Slowing DNA translocation through nanopores 

using a solution containing organic salts” by Ranulu Samanthi de Zoysa, Dilani A. 

Jayawardhana, Qitao Zhao, Deqiang Wang, Daniel W. Armstrong, Xiyun Guan. 

Copyright © 2009 American Chemical Society .  

 

Chapter 4: Reproduced with permission from from Journal of Sensors and Actuators, 

B: Chemical (2009), B139(2), 440-446; ” Detection of nerve agent hydrolytes in an 

engineered nanopore” by Deqiang Wang, Qitao Zhao, Ranulu Samanthi de Zoysa, 

Xiyun Guan. Copyright © 2009 Elsevier. 

 

Chapter 5: Reproduced with permission from from Journal of American Chemical 

Society, B: (2009), 131(18), 6324-6325; ” Real-Time Monitoring of Peptide cleavage 

Using a Nanopore Probe” by, Qitao Zhao, Ranulu Samanthi de Zoysa, Deqiang 

Wang, Dilani A. Jayawardhana, Xiyun Guan. Copyright © 2009 American Chemical 

Society.
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