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ABSTRACT: Nonribosomal peptides (NRPs) are a type of secondary metabolites mostly originated from microorganisms 

such as bacteria and fungi. Their proteolytic stability, highly selective bioactivity, and microorganism-specificity have made 

them an attractive source of drugs for the pharmaceutical industry. Herein, with microcystins (MCs) as a NRP model, we, 

for the first time, proposed a sensitive method to study the interactions between NRPs and the protein nanopore. Due to the 

large molecular size (~3 nm diameter) of MCs and their net negative charges, MCs failed to translocate through the α-

hemolysin (α-HL) protein channel. Our results demonstrated that the biomolecular interaction of MC-α-HL protein was 

significantly affected by the applied potential bias. The constant blockage amplitude in the voltage-dependent studies 

indicated that the current modulation events were dominantly contributed to the bumping interaction between MCs and the 

α-HL protein under the electrophoretic force. The mean residence time of the bumping events exhibited a two-stage decrease 

(from 1.90 ms to 1.02 ms, and from 1.02 ms to 0.69 ms) at the threshold voltages of -70 mV and -100 mV, respectively. 

Using our strategy (i.e., based on their electrophoretic driven interaction with the α-HL protein pore), discrimination of 

different MC molecules (MC-LR, MC-RR, MC-YR and linear analog) with varied branched residues could be 

accomplished. This work should provide an insight in developing a rapid and effective method for the identification of 

cyclic NRPs as valuable biomarkers for fungal infections. 
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1. Introduction 

 

Biological nanopores, inspired from transmembrane ion 

channels, are proteins and peptides which can regulate the 

passage of cargos such as ions and other charged or polar 

molecules. The regulation is in principle controllable via 

the selective states (i.e., close or open) of a nanopore in 

response to a specific stimuli such as a ligand-binding 

event, a transmembrane potential, or a mechanical force.1, 

2 As a result, the regulation usually causes a transient 

conformational change in the protein nanopore that can 

lead to a measurable change in ion permeability across the 

channel.3 Due to its nanoscale sized dimension, the protein 

nanopore allows the passage of analytes at the single 

molecule level and accordingly, the changes in ionic 

currents are commonly representing intermolecular 

interactions caused by capture or rejection of cargos or 

transport of molecules.4 Hence, protein nanopores can 

serve as an impressive analytical tool for fundamental and 

applied science, particularly in fields of biophysics,5, 6 and 

biochemistry.7 

  

The alpha-hemolysin (α-HL) protein pore is the most 

widely used sensing element in the nanopore field due to 

its various merits such as ultra-sensitivity, selectivity, and 

stability in severe chemical and physical conditions.8-10 In 

the past two decades, this protein nanopore has been 



largely utilized to investigate a wide range of biology 

topics,11- 15 concentrating on the single molecule study on 

the basis of favorable and unfavorable intermolecular 

interactions between biomolecules and the α-HL pore. For 

instance, our group has carried out a series of studies with 

both the wild-type α-HL protein and its mutants. Our 

research effort includes study of ssDNA translocation and 

dsDNA unzipping,16, 17 monitoring proteolysis cleavage,18, 

19 and probing various chemical reactions such as host-

guest, hybridization, chelation, and noncovalent bonding 

interactions.20- 23 

  

Since peptide transport is essential to life, peptide-protein 

pore interactions have attracted substantial interest in the 

recent years, where the mechanisms of biomolecular 

interactions were well revealed accordingly.24- 29 However, 

in those studies, the majority of the peptide analytes were 

linear molecules. One concern remains to be resolved: 

would the transport of cyclic peptides such as 

nonribosomal peptides (NRPs) in the protein pores use the 

same molecular interaction mechanism as that involved in 

the linear peptide transport? NRPs are a group of diverse 

natural peptides synthesized by nonribosomal peptide 

synthetases (NRPSs) in microorganisms such as bacteria 

and fungi.30 In contrast to ribosomal peptides, their 

structures are totally different. Briefly, there are two 

significant traits which make them distinguishable from 

ribosomally synthesized peptides. First is the small cyclic 

(totally or partially) rather than the traditional linear 

structure.31, 32 Second and foremost, NRPs contain not only 

the common 21 proteinogenic amino acids but also have 

diverse building blocks including modified amino acids 

(e.g. methylated, hydroxylated, and D-forms) and other 

unusual amino acid residues, for example, aminoisobutyric 

acid (Aib), hydroxyphenylglycine (Hpg), amino-9-

methoxy-2,6,8-trimethyl-10-phenyl-4,6-decadienoic acid 

(Adda), N-methyldehydroalanine (MDha), and so on. 

Hence, compared to normal peptides that rarely exceed 20 

components in length, NRPs have much more complicated 

chemical and structural properties.33 In addition, since 

NRPs can interact with a variety of biomolecular targets in 

complicated biological processes, their biological effects 

are numerous as well.34, 35 For example, additional NRPs 

diversification occurs during chain assembly on the NRPs 

multi-enzyme complex. This diversification usually 

happens at chain termination step during NRP biosynthesis 

or at post-assembly-line tailoring reactions (analogous to 

post-translational modifications, PTMs of ribosomally 

synthesized peptides).36, 37 As a result, these pathways 

produce a large number of medically relevant 

compounds,38 which are of great use for antibacterial, 

immunosuppressant, or anticancer activity, making cyclic 

NPRs as a unique and extremely selective candidate for 

biomarker and pharmaceutical screening. Although 

biochemical and structural studies have uncovered the 

synthesis mechanism of cyclic NRPs, the mechanism of 

the intermolecular interaction during the transport of NRPs 

in the transmembrane protein ion channel remains unclear, 

which hinders our understanding of NRPs’ toxicity to cells. 

  

The present study aims to investigate the biomolecular 

interaction between NRPs and the protein pore at the single 

molecule level. Specifically, we use cyclic heptapeptides 

microcystins (MCs) (Scheme 1), which are derived from 

cyanobacterial toxins, as model NRPs, to study their 

transport in the wild-type α-HL protein nanopore. It was 

previously demonstrated that MCs have tumor promotion 

effects39 as well as potent inhibition of eukaryotic protein 

serine/threonine phosphatases in cellular processes.40 It 

was also proposed that the inhibition of protein 

phosphatases was induced by non-covalent interaction by 

MCs hydrophobic Adda side-chain and the glutamyl 

carboxyl after their uptake into hepatocytes via a transport 

system.41, 42 Our results demonstrated that the 

intermolecular interaction of MC-α-HL protein was 

affected by the applied transmembrane potential. The 

voltage-dependent studies suggested that the biomolecular 

bumping interaction between MCs and the α-HL protein 

pore was dominantly contributed by the electrophoretic 

driven force. Additionally, our results demonstrated that 

the affinity order of intermolecular interactions between 

MCs and the α-HL protein pore was MC-YR> MC-LR> 



MC-RR, indicating that the net charge and volume of the 

biomolecule played a significant role in the interaction 

strength. Our findings should provide an insight in 

developing a rapid and effective method for the 

identification of cyclic NRPs as valuable biomarkers for 

antifungal infections in the pharmaceutical industry. 

 

 

 

Scheme 1. Detection of cyclic heptapeptides microcystins 

in a nanopore platform. 

 

2. Material and Methods 

 

2.1. Materials and reagents 

  

Microcystins were purchased from Puhuashi Technology 

Development Co., Ltd. (Beijing, China). MC-LR linear 

analog (D-ɤ-Glu-L-Ala-D-Ala-L-Leu-D-Asp-L-Arg-L-

Tyr) was synthesized and purified by ChinaPeptides Co., 

Ltd. (Shanghai, China). The wild-type alpha-hemolysin 

and other chemicals including NaCl and Trizma base were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). The 

electrolyte solution was composed of 3.0 / 1.0 / 0.5 M NaCl 

and 10 mM Tris, with the solution pH adjusted to 7.5. The 

stock solutions of MC-LR, MC-RR and MC-YR were 

prepared at 200 µg/mL, 1 µg/mL, and 0.25 µg/mL, 

respectively, and kept at -20℃ before and after use. All of 

the solutions were prepared with ultrapure water from a 

water purification system (Molecular 1850D). 

 

2.2. Single-molecule Study  

The nanopore electrical recording was conducted based on 

our previous report.18 Briefly, according to the Montal-

Mueller method,43 a planar lipid bilayer using 1, 2-

diphytanoylphosphatidylcholine (Avanti Polar Lipids, 

Alabaster, AL) was formed on a 150 µm  aperture of a 

Teflon film which separated the experimental chamber into 

two compartments (cis and trans). Unless otherwise noted, 

all the experiments were carried out at 20  1 C under 

symmetrical buffer solutions with both the compartments 

filled with a 1.5 mL electrolyte solution comprising 1 M 

NaCl and 10 mM Tris ∙HCl (pH 7.5), where the NRPs 

peptide analytes were added to the trans chamber 

compartment, while the wild-type α-HL protein pore was 

added to the cis compartment. 

 

Simulated MC-LR contaminating water samples were 

prepared by spiking MC-LR (with concentrations of 15 

mg/L) into 20-µL of tap water, bottle water and Yangtze 

River water). Then, these water samples (with final 

concentrations of 200 µg/L each) were introduced to the 

trans chamber compartment of the nanopore sensing 

device for MC-LR testing. 

 

2.3. Data Acquisition and Analysis  

 

The current traces were recorded on a patch-clamp 

amplifier (Axopatch 200B, Molecular Devices, USA). The 

signal was sampled at 20 kHz and low-pass filtered at 5 

kHz through the Clampex 10.6 software. All the 

experimental data were analyzed by using Clampfit 10.4 

and Origin 8.6.0. 

 

3. Results and discussions 

 

3.1. Determination of the Intermolecular Interaction 

between Cyclic NRPs and the α-HL protein pore 

 

With microcystins as model NRPs, we, for the first time, 

determined the interaction between cyclic NRPs and the 

wild-type α-HL protein nanopore. As illustrated in Figure 

1A, structurally, microcystins are monocyclic 

heptapeptides with approximately ~3 nm in diameter. 

These cyclic NRPs are composed of three unusual amino 

acids (MeAsp, Adda and MDha), one D-alanine, one g-



linked D-glutamic acid and two variable L-amino acids.40 

In this work, MC-LR, the most common structural variant 

of over 50 different microcystins was used as the model 

cyclic NRPs, where the two variable L-amino acids are 

leucine (L) and arginine (R), respectively. As to the protein 

nanopore, it is well known that wild-type alpha-hemolysin 

can form a mushroom-shaped heptameric transmembrane 

channel by seven self-assembling identical subunits that 

are embedded into the planar lipid bilayer.8 This protein 

nanopore is around 10 nm in length. The openings of its cis 

and trans ends are ~2.9 nm and ~2.0 nm, respectively, 

while its constriction area is only about 1.4 nm in diameter 

(Figure 1B). Hence, due to its larger size, the MC-LR 

molecule (Figure 1b) is hardly able to traverse through the 

wild-type α-HL protein channel. However, it is likely that 

the intermolecular interaction between the MC-LR 

molecule and the α-HL pore at its cis / trans entrance might 

induce current modulation events under an applied electric 

field. 

 

 

 

Figure 1. Detection of microcystins in the -hemolysin 

pore. (A) The chemical structure of  microcystins, in 

which the amino acid residues at position 2 (X) and 4 (Y) 

are Leu (L) and Arg (R) for MC-LR, Arg (R) and Arg (R) 

for MC-RR, Tyr (Y) and Arg (R) for MC-YR, respectively; 

(B) the schematic illustration of the -hemolysin protein 

supported by a planar lipid bilayer; and (C) typical single-

channel recording trace segments and their corresponding 

amplitude histograms of MC-LR at various concentrations. 

Dashed lines represent the levels of zero current. The 

experiments were performed at -80 mV with the wild-type 

-hemolysin pore in a solution comprising 1 M NaCl and 

10 mM TrisHCl (pH7.5). Traces were filtered at 2 kHz for 

display purpose.  

 

As a proof-of-concept purpose, the intermolecular 

interaction was initially investigated under a combination 

of various experimental conditions. These included the 

effects of the polarity (positive vs. negative) and value 

(ranging from 60 to 100 mV) of the applied potential bias 

across the nanopore as well as the effect of cis-trans 

analyte addition. As shown in Figure S1, when MC-LR 

was added to the cis side of the α-HL channel, current 

modulation events were seldom observed no matter 

whether a positive voltage or a negative potential was 

applied, indicating the weak or no biomolecular interaction 

between MC-LR and the α-HL protein pore. Note that, at 

pH 7.5, the MC-LR molecule has two COO- groups and 

one NH2
+ group in the electrolyte solution (Table S1), and 

hence it has a net negative charge, thus favoring its weak 

interaction with the α-HL protein when negative voltages 

were applied. Although, at an applied positive voltage, the 

interaction between the α-HL protein pore and negatively 

charged MC-LR would produce more frequent current 

modulation events due to the electrophoretic driven force, 

the strong electric field would lead to the instability of the 

planar lipid bilayer. On the other hand, when MC-LR was 

added to the trans reservoir, much more frequent current 

modulation events were observed at negatively applied 

voltages compared to positively applied potentials. This is 

not unreasonable considering that the negatively charged 

MC-LR molecule would be subjected to the 

electrophoretic driven force and hence interacted with the 

protein pore, subsequently leading to the generation of 

current modulation events. To confirm that these events 

were attributed to the intermolecular interaction between 



MC-LR and the α-HL pore, the effect of MC-LR 

concentration on the event frequency was further 

investigated. Our results (Figure 1C and Figure S2) 

showed that, with an increase in the added MC-LR 

concentration, more frequent current modulation events 

were observed. The linear dose-response curve for MC-LR 

in the α-HL pore supported the interpretation that these 

events were indeed due to the intermolecular interaction 

between MC-LR and the α-HL protein. 

 

3.2. Voltage-dependent and Salt Gradient Studies on the 

Interaction between NRPs and the α-HL channel 

 

To find an optimum experimental condition for the 

investigation of the intermolecular interaction between 

MC-LR and the α-HL pore, the voltage-dependent study 

was then conducted in detail. As shown in Figure 2A, with 

an increase in the applied voltage bias, the blockage 

amplitude of the current modulations showed no 

significant difference, indicating that the observed events 

were dominantly contributed to the bumping interaction 

between MC-LR and the α-HL protein via the 

electrophoretic force. Furthermore, we found that the mean 

residence time of the bumping events exhibited a two-stage 

decrease (from 1.90 ms to 1.02 ms, and from 1.02 ms to 

0.69 ms) at the threshold voltages of -70 mV and -100 mV, 

respectively (Figure 2B). One likely interpretation lies in 

the two energy barriers at the trans entrance of the nano-

channel that the MC-LR molecules had to overcome in 

order for them to interact with the α-HL protein (i.e., MC-

LR passed from the free aqueous electrolyte solution in the 

trans compartment to the binding site within the α-HL 

channel, and returned from the binding site of the α-HL 

nanopore to the trans solution). Our finding is in good 

agreement with the previous study on the hydrogen bond 

interaction between a single oligonucleotide molecule and 

the aerolysin nanopore.44 Taken together, our results 

demonstrated that the intermolecular interaction of MC-α-

HL protein was affected by the applied potential bias. A 

voltage of -80 mV was chosen as the optimum applied 

potential and used in the remaining experiments since a 

good nanopore resolution/performance was achieved at 

this voltage bias. 

 

In addition to the voltage effect, an asymmetric salt 

gradient is often used in the nanopore field to enhance the 

electro-osmotic flow and to increase the biomolecule 

capture rate, thus increasing the nanopore sensor 

sensitivity.45,46 For this purpose, a salt gradient of 3 M 

NaCl (trans) / 0.5 M NaCl (cis) was utilized to investigate 

the intermolecular interaction between MC-LR and the α-

HL protein pore. Unlike the significantly (~100 to 1000 

folds) increased ssDNA capture rate reported in the 

previous studies on DNA translocation in the nanopore,47 

our experiment (Figure 2C) showed that the event 

frequency for MC-LR in the α-HL protein pore obtained 

under the asymmetric electrolyte condition was only 

slightly (1.55 fold) larger than that with the symmetric 

electrolyte solution. The results gave further evidence that 

the events induced by the interaction between MC-LR and 

the α-HL protein was likely due to collision instead of 

translocation. 

 

 

Figure 2. The effect of experimental conditions on the 

resolution and performance of the wild-type -hemolysin 

pore. Plots of (A) event blockage amplitude and (B) mean 

residence time of MC-LR vs. applied potential bias; and (C) 

salt gradient effect on MC-LR event frequency. Ir/Io in 

Figure 2A 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 described in Figure 2A, Figure 2B, and 

Figure 2C (symmetric) were performed in a solution 

comprising 1 M NaCl and 10 mM TrisHCl (pH7.5), while 

the asymmetric electrolyte experiment shown in Figure 2C 

was carried out in a salt gradient of 3 M NaCl (trans) / 0.5 
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M NaCl (cis). The concentration of MC-LR used in 

Figures 2A and 2B was 250 µg/L, while that of Figure 2C 

was 100 µg/L.  The applied voltage in Figure 2C was -80 

mV.  

 

3.3. Discrimination of NRPs Variants via Intermolecular 

Interaction 

 

Thus far, there are more than 50 variants in the family of 

microcystins.48 Although they share the same basic cyclic 

peptide structure, different types of microcystins have 

different toxicities. Therefore, it is of great importance to 

have analytical capacity to differentiate them. To this end, 

we investigated the feasibility of utilizing the biomolecular 

interaction of MC-α-HL protein pore to discriminate MCs 

variants. For proof-of-concept demonstration, 3 types of 

microcystins, including MC-RR, MC-LR and MC-YR, 

were examined. All the three MCs belong to the cyclic 

NRPs with similar cyclic structures but having a different 

polarity L- amino acid. The variable L-amino acid in the 

other two MCs are positively charged arginine (R) and 

aromatic Tyrosine (Y) residues, respectively. Note that, 

since the pKa values of arginine, leucine and tyrosine are 

10.76, 6.01 and 5.64, respectively, they should possess 

different net charges in the electrolyte solution at pH 7.5. 

Among them, MC-RR has a zero net charge, while both 

MC-LR and MC-YR are carrying one negative charge. 

Therefore, their interaction affinity with the α-HL protein 

pore should be different. The experimental results (scatter 

plot of event residence time vs. blockage amplitude, 

amplitude histogram, and the mean event residence time 

and amplitude) were summarized in Figure 3 and 

Supporting Information, Figure S3 and Table S2, 

respectively. It was apparent that both MC-LR and MC-

YR showed much larger residence time than MC-RR 

(1.020.08 ms and 2.080.13 ms vs. 0.370.04 ms), 

indicating their stronger molecular interactions. As to the 

event amplitude, MC-YR produced the smallest residual 

current (-5.780.04 pA) and hence the largest blockage 

among the three variants. The result is in agreement with 

the fact that tyrosine has the largest volume among the 

three amino-acids (VY, VR, and VL are 193.6 Å3, 173.4 Å3, 

and 166.7 Å3, respectively).49 Interestingly, we also 

noticed that, although lecine has a smaller volume than 

arginine, MC-LR showed a larger blockage amplitude than 

MC-RR (residual currents: -8.660.02 pA vs. -13.110.10 

pA ). The result suggested that, in addition to the molecular 

size, the structure and the charge of the analyte molecule 

also played a role in the event blockage amplitude. Since 

MC-LR, MC-YR, and MC-RR produced events with 

significantly different residence time and blockage 

amplitude values, these three microcystins could be readily 

differentiated from each other and even simultaneously 

detected (Figure 3). Taken together, our experimental 

results showed that, under the electrophoretic driven force, 

the affinity order of intermolecular interactions between 

MCs and the α-HL protein pore was MC-YR> MC-LR> 

MC-RR. 

 

 

Figure 3. Scatter plots of event residence time vs. residual 

current for MC-RR, MC-LR and MC-YR in the wild-type 

-hemolysin pore, showing the discrimination of three 

types of microcystins via MC/-HL interaction under an 

electrophoretic driven force. The experiments were 

performed at -80 mV in a solution comprising 1 M NaCl 

and 10 mM TrisHCl (pH7.5). The concentrations of MC-
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RR, MC-LR and MC-YR were 200 µg/L each.  

 

3.4. Discrimination of Cyclic NRPs and their Linear 

Analog via Tryptic-digestion 

 

Besides discrimination of cyclic NRPs structural variants, 

differentiation of cyclic NRPs from their linear analog is 

also desirable. For this purpose, another experiment was 

carried out, where the interactions between MC-LR / its 

linear analog (with their chemical structures shown in the 

Supporting Information, Figure S4) and the α-HL protein 

pore were investigated in the presence of trypsin, a serine 

protease, which is able to cleave the peptide bonds 

containing lysine (K) and arginine (R) residue. Note that, 

one of the reasons of utilizing cyclic NRPs as fungal 

biomarkers is due to their great biochemical stability. Most 

cyclic NRPs are not amenable to proteolytic cleavage. The 

experimental results were summarized in Figure 4. We 

could see that no new types of events appeared in the 

current trace after addition of trypsin to the MC-LR 

containing solution, supporting our prediction that MC-LR 

could not be cleaved by trypsin.  In contrast, the 

interaction between the MC-LR linear analog and the -

hemolysin pore rarely produced characteristic current 

modulations in the absence of trypsin, but generated 

frequent short-lived blockage events (due to the short 

peptide cleavage fragments) in the presence of trypsin. In 

addition to discriminating between MC-LR and its linear 

analogue based on their quite different responses toward 

tryptic digestion, these two species could also be readily 

differentiated from their different event signatures. 

Specifically, in the presence of trypsin, MC-LR produced 

much larger residence time and blockage amplitude events 

in the α-HL protein pore than its linear analog (Figure 4A 

and 4B).  

 

 

 

Figure 4. Differentiation of (A) cyclic MC-LR and (B) its 

linear analog via tryptic-digestion. (Left) Typical single-

channel recording trace segments. Dashed lines represent 

the levels of zero current. Insets show enlarged images of 

arrow-marked events; and (Right) the corresponding 

scatter plots of event residence time vs. residual current. 

The experiments were performed at -80 mV with the wild-

type -hemolysin pore in a solution comprising 1 M NaCl 

and 10 mM TrisHCl (pH7.5). The concentrations of MC-

LR and its linear analog were 3.98 mg/L and 3.35 mg/L, 

respectively, while the concentration of trypsin was 150 

ng/mL.  

 

Finally, to show its real-world applications, three simulated 

water samples were analyzed based on our developed MC-

α-HL interaction strategy. These samples were prepared by 

spiking tap water, bottle water, and Yangzte River water 

with 200 µg/L of MC-LR. Our results (Supporting 

Information, Figure S5) demonstrated that the various 

matrix components in the water samples would not 

interfere with MC-LR detection significantly. 

 

4. Conclusions  

 

In summary, by monitoring the current modulations 

induced by the movement of MCs in the α-HL pore, we 

studied the intermolecular interaction between MCs and 
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the biological protein. As far as we are aware, this is the 

first time to investigate the intermolecular interaction 

between a protein ion channel and cyclic nonribosomal 

peptides at the single molecule level. Our experimental 

results showed that the current modulation events were 

dominantly caused by the bumping interactions between 

the cyclic NRPs and the α-HL protein pore. Furthermore, 

the biomolecular interaction of MC-α-HL protein was 

affected by the applied potential bias. Using the MC-α-HL 

protein interaction strategy, discrimination of MC variants 

(MC-LR, MC-RR, MC-YR and their linear analogs) with 

varied branched residues and structures could be readily 

accomplished. Our results also demonstrated that the 

affinity order of intermolecular interactions between MCs 

and the α-HL protein pore was MC-YR> MC-LR> MC-

RR, indicating that both the net charge and the volume of 

the biomolecule played a significant role in the interaction 

strength. In addition, MCs were successfully detected in 

various simulated water samples. This work should 

provide an insight in developing rapid and effective 

methods for the identification of cyclic NRPs as valuable 

biomarkers for fungal infections. 
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Scheme 1. Detection of cyclic heptapeptides microcystins in a nanopore platform. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 1. Detection of microcystins in the -hemolysin pore. (A) The chemical structure of  

microcystins, in which the amino acid residues at position 2 (X) and 4 (Y) are Leu (L) and Arg (R) for 

MC-LR, Arg (R) and Arg (R) for MC-RR, Tyr (Y) and Arg (R) for MC-YR, respectively; (B) the 

schematic illustration of the -hemolysin protein supported by a planar lipid bilayer; and (C) typical 

single-channel recording trace segments and their corresponding amplitude histograms of MC-LR at 

various concentrations. Dashed lines represent the levels of zero current. The experiments were 

performed at -80 mV with the wild-type -hemolysin pore in a solution comprising 1 M NaCl and 10 

mM TrisHCl (pH7.5). Traces were filtered at 2 kHz for display purpose.  

 

 



 

 

 

 

 

 

 

 

Figure 2. The effect of experimental conditions on the resolution and performance of the wild-type -

hemolysin pore. Plots of (A) event blockage amplitude and (B) mean residence time of MC-LR vs. 

applied potential bias; and (C) salt gradient effect on MC-LR event frequency.  The experiments 

described in Figure 2a, Figure 2b, and Figure 2c (symmetric) were performed in a solution comprising 

1 M NaCl and 10 mM TrisHCl (pH7.5), while the asymmetric electrolyte experiment shown in Figure 

2c was carried out in a salt gradient of 3 M NaCl (trans) / 0.5 M NaCl (cis). The concentration of MC-

LR used in Figures 2a and 2b was 250 µg/L, while that of Figure 2c was 100 µg/L.  The applied 

voltage in Figure 2c was -80 mV.  
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Figure 3. Scatter plots of event residence time vs. residual current for MC-RR, MC-LR and MC-YR 

in the wild-type -hemolysin pore, showing the discrimination of three types of microcystins via 

MC/-HL interaction under an electrophoretic driven force. The experiments were performed at -80 

mV in a solution comprising 1 M NaCl and 10 mM TrisHCl (pH7.5). The concentrations of MC-RR, 

MC-LR and MC-YR were 200 µg/L each.  
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Figure 4. Differentiation of (A) cyclic MC-LR and (B) its linear analog via tryptic-digestion. (Left) 

Typical single-channel recording trace segments. Dashed lines represent the levels of zero current. 

Insets show enlarged images of arrow-marked events; and (Right) the corresponding scatter plots of 

event residence time vs. residual current. The experiments were performed at -80 mV with the wild-

type -hemolysin pore in a solution comprising 1 M NaCl and 10 mM TrisHCl (pH7.5). The 

concentrations of MC-LR and its linear analog were 3.98 mg/L and 3.35 mg/L, respectively, while the 

concentration of trypsin was 150 ng/mL.  
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