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Abstract

A label-free method for the measurement of the activity of HIV-1 protease is developed by real-

time monitoring of the cleavage of a peptide substrate by HIV-1 protease in a nanopore. The 

method is rapid and sensitive: picomolar concentrations of HIV-1 protease could be detected in 

~10 minutes. Simulated clinical samples are analyzed, and the activity of HIV-1 protease could be 

accurately detected. Our developed nanopore sensor design strategy should find useful application 

in the development of stochastic sensors for other proteases of medical, pharmaceutical, and 

biological importance.
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1. Introduction

In spite of the significant advances in new diagnostic tools and therapeutic drugs, and better 

ways to prevent diseases, humans remain vulnerable to health threats posed by infectious 

diseases. One of such examples is the present pandemic of human immunodeficiency virus 

(HIV/AIDS), which originated in west-central Africa during the early twentieth century, and 

has caused nearly 30 million deaths since the first case of AIDS was reported on June 5, 

1981 (De Cock et al., 2011). At present, the majority of the developed methods for HIV 

detection are based on the detection of the presence of antibodies that the patient’s body 

makes against HIV (Bhimji et al., 2013; Laird et al., 2013), direct molecular recognition of 

HIV and its components such as specific nucleic acid sequences or antigens (Zhang et al., 

2013; Palmer et al., 2003; Yan et al., 2011), or measurement of the activity of HIV-1 

protease (HIV-1 PR) (Esseghaier et al., 2013; Biswas et al., 2011; Davis et al., 2009), many 

of which are often laborious and time-consuming, and/or require the use of labels or 

sophisticated instruments.
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Herein, we report a real-time nanopore sensing method for the sensitive detection of HIV-1 

PR. Nanopore technology is an emerging label-free and amplification-free technique for 

measuring single molecules (Wang et al. 2013). By monitoring the ionic current 

modulations produced by the passage of the target analyte through a single nanopore at a 

fixed applied potential, the concentration of the analyte can be obtained by the frequency of 

occurrence (1/τon) of the blockage events, while its identity can be determined from the 

mean residence time (τoff) of the analyte coupled with the extent of current blockage 

(amplitude). Under experimental conditions of constant electrolyte pH, temperature, and 

applied potential bias, the event blockage amplitude is related to the size, structure, and/or 

conformation of the analyte molecule, while the event residence time depends on the length 

of the analyte and the strength of the interaction between the analyte and the nanopore. In 

addition to biosensing (Kang et al.. 2006; Liu et al., 2011; Siwy et al., 2005; Stefureac et al., 

2010; Ying et al., 2012; Vercoutere et al., 2001; Schibel et al., 2010), nanopore analysis has 

been explored for a variety of other applications, including studying covalent and non-

covalent bonding interactions (Zhao et al., 2008; Luchian et al., 2003), investigating 

biomolecular conformational changes (Talaga and Li, 2009; Ying et al., 2011), probing 

enzyme kinetics (Macrae et al., 2009; Majd et al., 2009; Zhao et al., 2009), DNA 

characterization and sequencing (Astier et al., 2006; Garaj et al., 2013; Squires et al., 2013; 

Stoloff et al., 2013), and so on.

2. Experimental

2.1. Materials and reagents

The HIV-1 protease substrate peptide with a sequence of FFSQNYPIVQ (> 98% pure) was 

purchased from Biomatik corporation (Wilmington, DE), while the HIV-1 protease was 

ordered from BioVendor Lab (Brno, Czech Republic). All the other chemicals were 

obtained from Sigma-Aldrich (St. Louis, MO). All of the peptide, protease, and chemicals 

were dissolved in HPLC-grade water (ChromAR, Mallinckrodt Baker). The stock solutions 

of the peptide and the protease were prepared at 10 mM, and 300 µg/mL, respectively, and 

were kept at −80 °C before and after use. The electrolyte used in this work contained 1.0 M 

NaCl buffered with 1 mM EDTA and 1 mM NaH2PO4, with the pH adjusted to 4.7 using 

H3PO4 solution. Lipid 1, 2-diphytanoylphosphatidylcholine was obtained from Avanti Polar 

Lipids (Alabaster, AL). Teflon film (25 µm thick) was purchased from Goodfellow 

(Malvern, PA).

2.2. Preparation and formation of protein pores

The mutant α-hemolysin (αHL) M113F gene was constructed by site-directed mutagenesis 

(Mutagenex, Piscataway, NJ) with a wild-type αHL gene in a T7 vector (pT7–αHL) (Song 

et al., 1996). The 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 1~2 h. The 

heptamers were then purified by SDS-polyacrylamide gel electrophoresis and stored in 

aliquots at −80°C (Zhao et al., 2009).
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2.3. Electrical recording

A bilayer of 1, 2-diphytanoylphosphatidylcholine was formed on an aperture (150 µm) in a 

Teflon septum that divided a planar bilayer chamber into cis and trans compartments. The 

formation of bilayer was achieved using Montal-Mueller method (Montal and Mueller, 

1972). Unless otherwise noted, all the experiments were performed under a series of 

symmetrical buffer conditions with a 2.0 mL solution comprising 1 M NaCl, 1 mM EDTA, 

and 10 mM NaH2PO4 (pH 4.7) at 26 ± 1 °C. The αHL protein was added to the cis 

compartment, which was connected to “ground”, while the peptide substrate and HIV-1 

protease were added to the trans compartment. The final concentration of the αHL proteins 

used for the single channel insertion 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 5 KHz and sampled at 50 

KHz by a computer equipped with a Digidata 1322A/D converter (Molecular Devices).

2.4. Data analysis

Data were analyzed with the following software: pClamp 10.3 (Molecular Devices), Origin 

8.0 (Microcal, Northampton, MA), and SigmaPlot 12.0 (Systat Software Inc., San Jose, CA). 

Conductance values were obtained from the amplitude histograms after the peaks were fit to 

Gaussian functions. Values of τon and τoff 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 (Wang 

et al., 2013). The event frequency (f) was calculated by using the equation f = 1/τon.

3. Results and discussion

3.1. Principle for nanopore detection of HIV-1 PR

The activity of HIV-1 PR is measured by real-time monitoring of the ionic current 

modulations arising from the substrate-protease interactions. As shown in Figure 1, in the 

absence of HIV-1 PR, the peptide substrate produces only one major type of current 

modulation events during its translocation through the nanopore. However, in contrast, in 

the presence of the protease, the substrate is cleaved into two fragments. Since the substrate 

breakdown products have shorter lengths than the substrate, new blockage events having 

smaller residence times (τoff) and/or amplitudes from those of the substrate may be 

observed. Furthermore, with a constant substrate concentration and a fixed amount of 

recording (i.e., reaction) time, the concentration and hence the event frequency of the 

produced substrate cleavage products or the remaining substrate depends on the activity of 

the HIV-1 PR.

3.2. Measurement of the activity of HIV-1 protease

To demonstrate this concept, our initial experiment was carried out at an applied potential 

bias of −40 mV in an electrolyte solution comprising 1 M NaCl, 1 mM EDTA and 1 mM 

NaH2PO4 (pH 4.7). This voltage has been demonstrated appropriate for nanopore peptide 

analysis (Zhao et al., 2009), while pH 4.7 is the optimum solution pH for the detection of 

HIV-1 PR (Esseghaier et al., 2013). The nanopore sensing element used was a mutant αHL 
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protein, (M113F)7, while a peptide having a sequence of FFSQNYPIVQ was employed as 

the substrate. It has been shown that the HL (M113F)7 protein could provide an enhanced 

resolution (e.g., prolonged residence time) for (bio-)molecule recognition compared with 

that observed with the wild-type αHL pore (Wang et al., 2014). Note that in our substrate 

design, two additional Phe amino acids were added to the sequence of a well-known HIV-1 

PR substrate (Perez et al., 2010), SQNYPIVQ, for the purpose of creating two cleavage 

segments (i.e., FFSQNY and PIVQ) with different lengths. Unlike various conventional 

enzyme assays which detect the enzyme activity predominantly based on the signal decrease 

in the substrate, our nanopore sensor measures the HIV-1 PR activity based on the signal 

increase in the substrate degradation products. One significant advantage of such a sensor 

design strategy is that other interfering proteases (i.e., false positives) could be differentiated 

from the target HIV-1 PR if they cleave the peptide substrate at different positions, thus 

improving the sensor accuracy and selectivity. Since the molecular size (with dimensions of 

45 × 23 × 25 Å) (Frutos et al., 2007) of the HIV-1 PR (a 99 amino acid aspartyl protease that 

functions as a homodimer with only one active site) is larger than that of the protein pore 

transmembrane domain (20 Å diameter) (Wang et al., 2013), it cannot enter the nanopore 

and hence cannot produce current blockage events that might interfere with the 

identification of the target peptide(s) (Supporting Information, Figure S1). Our experimental 

results showed that, in the absence of the HIV-1 PR, the buffer solution containing the 

substrate peptide produced only one major type of current blockage with a mean residual 

current around −3.5 pA (Figure 2a). However, upon addition of HIV-1 PR to the solution, 

two new types of blockage events having mean residual currents of −9.5 pA, and −18.0 pA 

were observed (they were labeled as “type 2” and “type 3” events in Figure 2b and 2c). Note 

that in addition to their amplitude difference, these two new types of events also showed 

significantly different residence times. Furthermore, with an increase in the concentration of 

the added protease, the event frequency of the new events increased, while that of the 

substrate decreased, clearly suggesting that the new events are attributed to the proteolytic 

cleavage process, specifically from the produced two fragments FFSQNY and PIVQ. It 

should be noted that since the smaller amplitude blockage events of the substrate 

degradation products partially overlapped with the background current spikes (~ one event 

per ten seconds) of the (M113F)7 pore, only the larger amplitude new type of (i.e., type 2) 

events were included in the data analysis of the event frequency. The detection limit 

(defined as the concentration corresponding to three times the standard deviation of a blank 

signal) for HIV-1 PR in a 1-h enzymatic reaction was 0.47 ng/mL (equivalent to 47 pM).

3.3. Effect of proteolytic reaction time on the nanopore HIV-1 sensor

To examine whether sensitive detection of HIV-1 PR can be achieved rapidly, the effect of 

the monitoring time (i.e., the reaction time) on the detection limit for protease detection was 

systematically studied. It should be noted that, in a proteolytic reaction, the instantaneous 

concentrations and hence the event frequencies of the substrate and the degradation products 

vary with the reaction time until all the substrate is degraded (Supporting Information, 

Figure S2). Hence, unlike the conventional nanopore sensing, where the event frequency is 

used as a parameter in the dose-response curve, the number of events (i.e., event counts) is 

used instead in our reaction time effect study. One advantage of replacing the event 

frequency with the number of events in the data analysis is that this approach can remedy 
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the small event frequency issue, which is due to the low concentration of the degradation 

products at the early stage of an enzymatic reaction (especially for a reaction with a low 

concentration of protease), so that a long recording time is needed to collect enough events 

for statistical analysis. Our experimental results (Figure 3) showed that, although decreasing 

the recording time resulted in a worse sensor sensitivity, sensitive detection of HIV-1 PR 

was still able to be accomplished even in a 10 minute recording with a detection limit as low 

as 1.93 ng/mL (equivalent to 193 pM).

3.4. Simulated clinical sample analysis

To demonstrate the application of our nanopore sensor in the analysis of samples resembling 

those relevant for clinical analysis, three samples were examined. One sample contained 

only HIV-1 PR, while the other two contained a mixture of human serum albumin (HSA, a 

dominant protein in human blood) and HIV-1 PR, and a mixture of human serum and HIV-1 

PR, respectively. Our experimental results (Figure 3c) showed that the event frequencies of 

the HIV-1 PR and the HIV-1 PR/HSA mixture samples were not significantly different, 

suggesting HSA would not affect HIV-1 PR detection. However, in the case of the HIV-1 

PR spiked serum sample, we found that serum disturbed lipid bilayer, making long-time 

real-time monitoring of the protease-substrate interaction extremely difficult. In order to 

evaluate the effect of human serum on HIV-1 PR detection, the HIV-1 PR spiked serum 

sample and the substrate were incubated for 20 minutes before addition to the nanopore 

sensing chamber for single channel recording. As a control, a HIV-1 PR standard solution 

was analysed similarly. Our results showed that these two samples produced similar 

frequencies for the target peptide events (Supporting Information, Fig. S4), suggesting our 

developed nanopore sensor can effectively detect HIV-1 PR in the presence of human 

serum.

4. Conclusions

In summary, by direct monitoring of the events produced by the translocation of the 

substrate degradation products through a nanopore, a real-time, label-free method for the 

measurement of the activity of HIV-1 PR is developed. Compared with various protease 

detection techniques developed thus far, our nanopore sensor has several advantages. For 

example, the traditional antibody-based protease assay such as ELISA is laborious and time-

consuming, while the standard methods to measure protease activity require the use of 

fluorescence- or radio-labelled substrates. Given the high sensitivity of the method and its 

potential to discriminate the target protease from false positives, our nanopore sensor design 

strategy should find useful application in the development of stochastic sensors for other 

proteases, especially those have potential clinical values for disease diagnosis or prognosis, 

and have become priority targets for new pharmaceuticals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

We developed a label-free method for measuring the activity of HIV-1 protease.

The method could detect picomolar concentrations of HIV-1 protease in ~10▒minutes.

The method has the potential to discriminate target proteases from false positives.

Simulated clinical samples were successfully analyzed.
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Figure 1. 
Schematic representation of the principle for nanopore detection of the activity of HIV-1 

PR. Without HIV-1 PR, the peptide substrate produces only one major type of current 

modulation events in the nanopore. With the protease, the substrate is cleaved into two 

fragments, which produce two new types of blockage events having smaller residence times 

and/or amplitudes than those of the substrate. By monitoring the frequency or counts of the 

produced new events, the activity of HIV-1 PR could be quantified.
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Figure 2. 
Measurement of the activity of HIV-1 PR in a nano-cavity. (a) 0 ng/mL HIV-1 PR; (b) 60 

ng/mL HIV-1 PR; and (c) 300 ng/mL HIV-1 PR. (Left) Typical single-channel current 

recording trace segments after 55 min proteolytic reactions. Dashed lines represent the levels 

of zero current; (Right) the corresponding 3D plots of event count vs. residence time vs. 

blockage amplitude. Labels 1, 2, and 3 in Figs. 2a–c represent events attributed to the 

substrate, and the two degradation products, respectively. d) Plot of event frequency versus 

the concentration of HIV-1 PR. Labels 1 and 2 represent the substrate and the cleavage 
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product, respectively. The experiments were performed by real-time monitoring of the 

substrate-protease interaction continuously for 1 h at −40 mV in 1 M NaCl solution buffered 

with 1 mM EDTA and 1 mM NaH2PO4 (pH 4.7). The concentration of the substrate peptide 

was 5 µM. Event counts and event frequency in Figs. 2a–d were calculated based on the last 

5 min trace segment of a 60 min single channel recording.
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Figure 3. 
Characteristics of the HIV-1 PR nanopore sensor. (a) Dose-response curve for HIV-1 PR 

detection at various reaction times; (b) The effect of proteolytic reaction time on the 

detection limit; and (c) Interference study for the HIV-1 PR nanopore detection system. The 

experiments were performed at −40 mV in 1 M NaCl solution buffered with 1 mM EDTA 

and 1 mM NaH2PO4 (pH 4.7) in the presence of 5 µM peptide FFSQNYPIVQ. The event 

counts in Fig. 3a were obtained after deducting the background signals. The concentrations 

of HIV-1 PR and HSA used in Fig. 3c were 30 ng/mL, and 20 µM, respectively. The event 

frequency in Fig. 3c was calculated based on the total number of peptide events having 

mean residual currents of −9.5 pA collected in a 10 min single-channel recording.
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