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Abstract

Protein mutations can result in dysfunctional cell signaling pathways; therefore it is of significance 

to develop a robust platform for the detection of protein mutations. Here, we report that the 

channel of bacterial virus T7 DNA packaging motor is able to discriminate peptides containing a 

mixture of acidic (negatively charged) and basic (positively charged) amino acids. Peptides were 

differentiated based on their current signatures created by their unique charge compositions. In 

combination with protease digestion, peptides with the locational differences of single amino acid 

were also identified. The results suggest that the T7 motor channel has the potential for peptide 

differentiation, mutation verification, and analysis of protein sequence.
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1. Introduction

The sequence and structure of proteins play critical roles in living systems. Sequence 

modification or mutation can lead to dysregulation of cell signaling, alternation of protein 

function and the development of diseases, including mental health problems, cancer, 

neurodegenerative, and autoimmune diseases [1–6]. Therefore, it is necessary to develop an 
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easy and reliable method to study or detect protein mutations. Nanopore sensing, an 

emerging technology, provides an approach to detect or identify macromolecules at a single 

molecule level [7–10]. There are two major classes of nanopores, solid-state and biological 

nanopores. Compared with solid-state nanopores, biological nanopores are more 

homogenous and amendable owing to the intrinsic properties of proteins [11–15]. The 

principle of sensing using biological nanopores is that macromolecules pass through a 

channel inserted into an artificial membrane, resulting in the generation of electric signatures 

reflecting the shape, size and charge of analytes [8,11,12,16].

The feasibility of peptide and protein sensing using nanopore technology has been 

extensively investigated in many studies [17–28]. Solid-state nanopores, which are relatively 

easy to fabricate pores with large diameters, have been developed as a great platform for the 

study of protein detection [19,23,27,29], translocation dynamics of native proteins [25], 

protein-DNA interactions [29–31], as well as the structure calculations of proteins [20,32]. 

However, the pore size of almost all currently reported biological nanopores investigated for 

sensing purposes is smaller than 4 nm [11], making it difficult to investigate native protein 

structuring. Only several studies have been reported of the detection of small native protein, 

including Frac [17] and ClyA [18]. Due to smaller pore size of biological nanopores, 

biological nanopores are more viable candidates for the sensing of peptides and denatured 

proteins. For example, the translocation and differentiation of various peptides [22,33,34], 

detection of peptide oligomerization [24,35], discrimination of different types of amino 

acids [36,37], and others [38–40] have been previously investigated.

The DNA translocation channels from bacterial virus DNA packaging motors, such as 

phi29, SPP1, T3, T4, and T7, play an important role in the process of biogenesis or host 

infection [41–46]. These viral motor channels can be inserted into lipid membranes and 

utilized as a nanopore biosensor (Fig. 1) [47]. The application of viral motor channels now 

has been expanded to the sensing of RNA [48], chemicals [49], peptides [22,23] and proteins 

[50]. Recently, there was a great breakthrough for nanopore-based peptide sensing using T7 

viral motor channel [36]. Poly-arginine peptides with different lengths were discriminated 

by the channel of bacterial virus T7 DNA packaging motor based on current blockage and 

dwell time. The T7 viral motor channel is assembled by multiple subunits (each subunit size: 

59 K Da), and expected to have a similar pore size as phi29 channel. The narrow restriction 

is 3.9 nm based on the results of cryo-electron microscopy with a resolution of 12 Å(PDB:

3J4A; Fig. 1a and b) [51,52]. In comparison with previously reported aerolysin nanopore, 

requiring a peptide concentration of several hundred or thousand nanomolar [37]; the T7 

nanopore was able to distinguish peptides with different lengths at a few dozen nanomolar 

[36]. This allows for the detection of lower concentration peptides that may be seen in 

clinical applications and provide a more positive identification of peptide to electrical signal 

due to less blockage events. Herein, we applied T7 viral motor channel to distinguish the 

same-length peptides with the mixture of positively and negatively charged amino acids. In 

combination with a protease digestion assay, peptides with the locational difference of a 

single amino acid were able to be discriminated.
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2. Materials and methods

Materials.

All peptides in this study were synthesized and purified by Genescript. 1, 2-diphytanoyl-sn-

glycero-3-phosphocholine (DPhPC) was obtained from Avanti Polar Lipids. Endoprotease 

Lys-C was purchased from New England Biolabs (NEB). All other chemicals were from 

Fisher Scientific, if not specified. A list of peptides below was used in this study (Table 1.):

1. R12: RRR RRR RRR RRR;

2. RD3: RRD RRR RRR RRR;

3. RE3: RRE RRR RRR RRR;

4. RMM: RRR RRR RKE RDR;

5. RK2: RKR RRR RRR RRR;

6. RK3: RRK RRR RRR RRR;

7. RK4: RRR KRR RRR RRR.

Nanopore experiments.

The protein purification and liposome preparation of the channel of bacterial virus T7 DNA 

packaging motor were described previously (see Ref. [36]). A free-standing lipid bilayer was 

formed on the Teflon membrane, which separated the whole compartment to two sub-

compartments, cis- and trans-chamber. A pair of Ag/AgCl were placed at the cis- and trans-

chamber for the connection with patch clamp instruments. Both chambers were filled with 

conductance buffer (0.15 M KCl, 5 mM HEPES, pH 7.4). Bilayer Clamp Amplifier BC-535 

(Warner Instruments) was connected to Axon Digi-Data 1440 A analog-digital converter 

(Molecular Devices). Data was recorded at bandwidth 1 KHz and sampling frequency 20 

KHz by Clampex 10 (Molecular Devices). The Clampfit 10 (Molecular Devices), MOSAIC 

[53] and Origin 8 (Origin Lab Corporation) were used to read and analyze data. The 

blockage was normalized by the equation (Io − Ib) ÷ Io × 100% and Io represents the current 

without peptide translocation and Ib represents the current after blocking for peptide 

translocation. The blockage peak was fit by single or multiple Gaussian distributions. Cis-

chamber buffer volume: 600 μl; trans-chamber buffer volume: 1800 μl.

Peptide digestion assay.

The digestion assay followed the protocol supplied with Lys-C. Several components were 

mixed on ice with a total volume 10 μl for digestion reaction in a PCR tube: peptide (1 μl 1 

mg/ml), Lys-C enzyme (3 μl 100 ng/μl) and 6 μl dd H2O. Then the digestion reaction was 

incubated at 37 °C for 1 h and then it was heated at 95 °C for 10 min to inactivate enzyme 

using thermal cycler. Finally, the digestion reaction was cooled down to 4 °C before running 

nanopore experiments. The amount of added digested materials for nanopore experiments 

was 0.1 μl digestion reaction per 100 μl conductance buffer (0.15 M KCl, 5 mM HEPES, pH 

7.4).
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Lys-C control experiment.

The digestion assay followed the protocol supplied with Lys-C. Several components were 

mixed on ice with a total volume 10 μl for the reaction in a PCR tube: Lys-C enzyme (3 μl 

100 ng/μl) and 7 μl ddH2O. Then the control reaction was incubated at 37 °C for 1 h and 

heated at 95 °C for 10 min to inactivate enzyme using thermal cycler. Finally, the control 

reaction was slowly cooled down to 4 °C. After single T7 channel was inserted into a lipid 

bilayer membrane, the control reaction with different volume was added and mixed in cis-

chamber. The data was recorded under ± 50 mV. It was repeated for three times. Buffer: 0.15 

M KCl, 5 mM HEPES, pH 7.4. Buffer volume in cis-chamber: 600 μl; Buffer volume in 

trans-chamber: 1800 μl.

Peptide translocation experiments.

Peptide was mixed with conductance buffer (0.15 M KCl, 5 mM HEPES, pH 7.4), or peptide 

was added and mixed after single T7 channel insertion. The electrical signals were recorded 

under −50 mV. All nanopore experiments for peptide translocation have been repeated for 

several times. The final concentration of tested peptides in this study was from 40 to 65 nM.

3. Results and discussion

3.1. The discrimination of peptides with the mixture of positively and negatively charged 
amino acids

Our previous study shows that the channel of T7 DNA packaging motor can discriminate 

poly-arginine peptides with a single arginine difference based on different blockage peaks of 

each individual peptide under the buffer (0.15 M KCl, 5 mM HEPES, pH 7.4) [36]. Longer 

length peptides generate larger blockage peaks and longer dwell time; however, it was 

previously unknown whether T7 channel could discriminate peptides composed of a mixture 

of positively and negatively charged amino acids while retaining the same length. To answer 

this question, the translocation experiments for a variety of peptide mutations were tested 

using the T7 channel as a nanopore. In this study, we used the same buffer conditions as the 

previous study [36] containing 0.15 M KCl in which T7 channel was stable and quiescent 

under ± 50 mV over long periods of time and has relatively high insertion efficacy. Fig. 1 c 

shows an electrical current trace of a single T7 channel within the buffer containing 0.15 M 

KCl under ± 50 mV and Fig. 1 d shows the current trace for the T7 channel under different 

voltages. Varying peptides were mixed in conductance buffer or added after the insertion of 

single T7 channel. The method of measuring current blockage is presented in Fig. 1 e. In our 

study, the blockage (%) is defined as (Io ‒ Ib) ÷ Io × 100%. Ib represents the current after 

blocking during peptide translocation and Io represents the open channel current. The 

blockage peaks of R12 (RRR RRR RRR RRR; Fig. 2 a–c), RE3 (RRE RRR RRR RRR; Fig. 

2 d–f), RD3 (RRD RRR RRR RRR; Fig. 2 g–i), and RMM (RRRRRRRKERDR; Fig. 2 j–l) 

were59.9% ± 0.4%, 55.2% ± 0.6%, 55.9% ± 0.8%, 49.7% ± 1.0%, respectively. The T7 

channel itself did not cause these blockage peaks (Fig. 2 m). Fig. 2 m shows the full current 

traces of two examples, RD3 and RMM. After the insertion of single T7 channel under 50 

mV, the voltage was switched to −50 mV. To avoid further insertions, cis-chamber buffer 

was mixed and disturbed. Then RD3 peptides were added and mixed in cis-chamber under 

the holding potential −50 mV; and a burst of signals representing RD3 were observed under 
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−50 mV. The peptide RMM was added and mixed in cis-chamber under the holding 

potential −50 mV before the RMM signals were observed. These results show that a single 

mutation of either glutamic acid or aspartic acid within the arginine (RD3 and RE3) reduced 

the blockage peak from ~60% to ~55%. As more arginine amino acids within a peptide were 

changed to glutamic acid or aspartic acid (RMM), the blockage peaks were reduced further 

and further.

The physical/chemical properties of tested analytes can affect current blockages. When 

analytes with different size pass through the nanopore channel, they partially block the ionic 

flow through the nanopore, and result in different blocked currents. It is expected that the 

length of the charged peptides, sequence and structures of the peptides, which occupied a 

part of the narrowest portion of the channel, could affect the current signals. By analyzing 

the generated data, it was found that isoelectric point of analytes also played a role in current 

blockages. Each of the short peptides used in this study showed similar secondary structure, 

predicted by PEP-FOLD [54,55], while RE3 and RK3 (RK3: RRK RRR RRR RRR; Fig. 3c) 

showed significantly different current blockage events (55.2% ± 0.6% and 59.4% ± 0.5%, 

respectively). It seemed the difference in isoelectric points (pI) of RE3 and RK3 (12.75 and 

13.1, respectively) was the main difference between the peptides as the molecular weights of 

RE3 and RK3 are very similar (1865 g/mol and 1864 g/mol, respectively). Additionally, R12 

and RE3 displayed roughly a 5% difference of current blockage although these two peptides 

have molecular weights with 27 Da difference and pI with 0.39 difference. R12 and RK3 

showed similar current blockages ~60%, although those two peptides show similar pIs 

(13.14 and 13.1) and 28 Da difference of molecular weight. These results indicate that 

peptide pI may play an important role in determining current blockages.

3.2. The discrimination of peptides with the locational difference of single amino acid

We investigated whether the channel of bacterial virus T7 DNA packaging motor can 

discriminate or identify peptides with the same amino acid, but at different locations within 

the peptide. Three peptides (RK2: RKR RRR RRR RRR; RK3: RRK RRR RRR RRR; RK4: 

RRR KRR RRR RRR) were tested for proof-of-concept study, and each individual peptide 

was driven through T7 channel by electric force (Fig. 3). Each peptide is of the same 

molecular weight, isoelectric point and net charge. It was found that T7 channel could not 

discriminate RK2 (Fig. 3a), RK3 (Fig. 3c) and RK4 (Fig. 3e) based on the similar blockage 

peaks of those three peptides, 61.2% ± 0.4%, 59.4% ± 0.5%, and 60.7% ± 0.4%, 

respectively. Thus, an alternative approach using protease digestion was taken for the 

discrimination of peptides with the locational difference of single amino acid detection.

Lys-C protease is an enzyme that specifically digests the carboxyl of lysine and utilized for 

peptide or protein digestion for the purpose of sequencing [56,57]. To discriminate RK2, 

RK3 and RK4, Lys-C digestion was performed for all three peptides and then the shorter, 

digested peptides were translocated through the T7 channel. Prior to the translocation 

experiments, individual peptides were incubated with Lys-C protease at 37 °C for 1 h and 

then the protease was inactive at 95 °C for 10 min and cooled down to 4 °C. As shown in 

Fig. 3, we observed differences in each of the newly-appeared blockage peaks of digested 

RK2 (Fig. 3b), digested RK3 (Fig. 3d) and digested RK4 (Fig. 3f):54.7% ± 0.5%, 50.1% 
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± 1.0%, and 45.3% ± 1.1%, respectively. The data for the digested peptides with different 

lengths are in agreement with the previous studies (see Ref. [36]). Peptides of less than eight 

amino acid could not be detected by T7 channel [36]. That being said, the signals of cleaved 

peptides of RK, RRK and RRRK could not be observed or detected. It was noted that there 

were two blockage peaks fitted by two Gaussian distributions for the digested RK2, 54.7% 

± 0.5% and 59.5% ± 0.5%, indicating that RK2 was not fully digested. The 59.5% ± 0.5% 

blockage peak had the same profile of undigested RK2. Lys-C only as a control experiment 

was also tested and it was found that Lys-C protease did not produce any blockage signals 

than 40% (Fig. 3 g). The reaction containing Lys-C only was performed by using the same 

activation and inactivation procedure before nanopore experiments. Even when the total 

amount of Lys-C protease in the chamber was increased by five times (0.5 μl digestion 

reaction per 100 μl conductance buffer; Fig. 3 g, Right), it still did not affect the sensing 

results. Owing to high specificity of Lys-C protease, the lysine at different positions within 

peptides can be distinguished based on the changes of the blockage peaks before and after 

digestion assays.

Understanding the process of protein assembly into three dimensional structures is of high 

significance for a better understanding of protein function within cell signaling pathways. 

Point mutations of proteins at defined locations can result in failure of protein folding, 

assembly, and even functional activity. Proteins are generally composed of around twenty 

different amino acids; however, detection of individual amino acids is difficult due to 

different physical/chemical properties for each amino acid, including molecular weight, net 

charge, isoelectric point, solubility, hydrophilicity and hydrophobicity. Nanopore technology 

mainly relies on the translocation of analytes driven by electric force, and direct detection or 

sequencing of the proteins composed of twenty unique amino acids by nanopore platform 

remains highly challenging. Therefore, it is necessary to combine other technologies with 

the nanopore platform for peptide or protein sensing, such as host-guest interactions, 

chemical modification of proteins, enzymatic digestion assays, channel modifications. 

Further alternative approaches are required to be tested in the future.

4. Conclusions

The reengineered channel from bacterial virus T7 DNA bacteriophage motor was used for 

the discrimination of peptides composed of a mixture of acidic (negatively charged) and 

basic (positively charged) amino acids. Further, peptides with the locational difference of a 

single lysine amino acid can be detected and discriminated by measuring the changes of the 

current blockage peaks for each peptide before and after the addition of specific protease. 

These findings suggest that T7 channel can play an important role in the detection of protein 

mutation. Our results promote the insights into the studies of proteomics using nanopore 

technology.
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Fig. 1. 
Illustration and characterization of the channel of T7 bacterial virus DNA packaging motor. 

(a–b) Top (a) and side (b) view of T7 channel and its three dimensional size with 12 Å 

resolution (PDB:3J4A). (c) A single inserted T7 channel into a lipid bilayer membrane 

(Buffer: 0.15 M KCl, 5 mM HEPES, pH 7.4. Voltage: ± 50 mV). (d) Current trace of single 

T7 channel under different voltages (± 20 mV, ± 30 mV, ± 40 mV, ± 50 mV, ± 60 mV, ± 70 

mV, ± 80 mV). The arrows (red color) indicate the applied potentials. (e) Illustration of the 

measurement of current blockage in this study. The blockage (%) is defined as (Io − Ib) ÷ Io 
×100%. Ib represents the current after blocking with peptide translocation and Io represents 

the open channel current without analyte translocation. The recording time for the plotted 

data of blockage histogram and scatter plot in this study was 5 min.
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Fig. 2. 
Discrimination of peptides containing a mixture of positively and negatively charged amino 

acids. (a–l) The profiles of current trace, blockage histogram, scatter plot of R12 (RRR RRR 

RRR RRR; a-c), RE3 (RRE RRR RRR RRR; d-f), RD3 (RRD RRR RRR RRR; g-i) and 

RMM (RRR RRR RKE RDR; j-l). (m) Full current trace before and after the addition of 

RD3 (Left) and RMM (Right). The blockage histogram is fitted by single Gaussian 

distribution. Buffer: 0.15 M KCl, 5 mM HEPES, pH7.4. Voltage: −50 mV.
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Fig. 3. 
Identification and discrimination of three peptides (RK2 (RKR RRR RRR RRR), RK3 

(RRK RRR RRR RRR) and RK4 (RRR KRR RRR RRR)) with a single amino acid mutation 

via protease Lys-C cleavage. A profile of ionic signatures (current trace, blockage histogram, 

scatter plot) of RK2 (a), RK3 (c) and RK4 (e) before Lys-C digestion were shown. A profile 

of ionic signatures (current trace, blockage histogram, scatter plot) of digested RK2 (b), 

RK3 (d) and RK4 (f) via Lys-C cleavage were shown. (g) Current traces of Lys-C control 

experiment. Left: Current trace before the addition of Lys-C control reaction. Middle: 

Sample current trace during 10 min post addition of the Lys-C control reaction (0.05 μl 

reaction per 100 μl conductance buffer). Right: Sample current trace during 19 min post 

addition of excess Lys-C control reaction (0.5 μl reaction per 100 μl conductance buffer). 

The line (red color) indicates the blocked current with 40% blockage. The amount of 

digested peptides in the chamber was 0.1 μl digestion reaction per 100 μl conductance 
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buffer. The blockage histogram is fitted by single or two Gaussian distributions. Buffer:0.15 

M KCl, 5 mM HEPES, pH 7.4. Voltage: −50 mV.
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Table 1

Peptides used in this study. Isoelectric point was calculated from the website (https://pepcalc.com/).

Name Sequence Molecular weight (g/mol) Isoelectric point (pI) Net charge at pH 7

R12 RRRRRRRRRRRR 1892.25 13.14 12

RD3 RRDRRRRRRRRR 1851.15 12.75 10

RE3 RRERRRRRRRRR 1865.18 12.75 10

RMM RRRRRRRKERDR 1796.06 12.4 8

RK2 RKRRRRRRRRRR 1864.23 13.1 12

RK3 RRKRRRRRRRRR 1864.23 13.1 12

RK4 RRRKRRRRRRRR 1864.23 13.1 12
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