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1. Abstract 

Biological nanopores show great potential for the single-molecule detection, 

recognition and enzymatic characterization of native proteins. The size of the 

known biological nanopores, however, is too small to study large folded 

proteins or protein complexes. Further, little is known on the nanofluidic 

properties of biological nanopores with large diameters and how to promote 

the capture and residence of proteins inside nanopores. Here we engineered 

the two-component pleurotolysin nanopore (PlyAB) from MACPF-CDC 

superfamily to insert into artificial lipid bilayer and to form low-noise nanopores 

with a 5.5 nm diameter constriction. Unexpectedly, the engineered nanopores 

could not capture the large proteins with a net negative charges (bovine serum 

albumin, 66.5 kDa). Supported by directed evolution, we precisely engineered 

the constriction of the nanopore to generate an electroosmotic flow that 

permitted the efficient capture and analysis of folded human plasma proteins 

up to 80 kDa in size. Once inside the nanopore, proteins were distinguished by 

a specific ionic current signal. Therefore, this work describes how to engineer 

nanopores to promote the capture of folded proteins and introduces a sensitive 

new diagnostic tool for plasma protein detection.  
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2. Introduction 

Proteins are the main actors in all cellular processes, and the ability of 

measuring, analysis and study of proteins at the single-molecule level is 

important in both basic and applied science. Ionic currents through nanopores 

allow the identification and sequencing of unlabeled analytes at the single-

molecule level, in real-time and under physiological aqueous conditions, hence 

holding great potentials for enzymology and proteomic studies1–4. Much of 

initial efforts with nanopores focused on the detection of DNA, small analytes 

and unfolded proteins or peptides, mainly because the protein nanopores used 

were too small to allow the entry of folded proteins into the pore lumen. Solid-

state nanopores5, which could be fabricated into different sizes with diameters 

normally between a few and hundreds nanometers by using synthetic materials 

such as silicon and glass, have been intensively employed for protein 

detection6–19. The Meller group fabricated 3 nm silicon nanopores and fulfilled 

the detection of ubiquitin (8.5 kDa) and different ubiquitin dimers20. Wanunu 

and coworkers employed solid-state nanopores with diameter around 6 nm to 

identify and analyze enzyme and small proteins with different structure 

flexibility, and the conformation change upon binding of substrates12,13.    

However, the study of folded proteins using solid-state nanopores is 

challenging.  It has been reported that proteins might clog the pore21, most 

likely because of unspecific absorption to the inorganic nanopore surface15,22–

24. In addition, proteins might stall at different positions inside the pore25, which 

in turn hampered the detection and complicated the signal. Furthermore, it has 

been shown that protein diffusion across the nanopore was often faster than 

the sampling rate of conventional nanopore devices26, which led to extremely 

short events or most translocation events being missed. One solution was to 

use nanopores a few nanometer thin and with a diameter similar to the 

diameter of the protein. However, also with these nanopores the residence 

time of proteins inside the nanopore, typically a few microseconds, cannot be 

easily controlled. Another issue with solid-state nanopores is that they cannot 

be easily engineered. In particular, the exact three-dimensional shape of the 

nanopore, which can be approximated to a hourglass, cannot be sculpted with 

atomic resolution. This limits, for example, the design of a nanoscale chamber 

that allows the trapping of proteins for extensive time. Chemical modification 

to the nanopore inner surface have been used to change the nanofluidic 

properties of the nanopore27–29 or to introduce binding elements for 

proteins11,21,30. However, such modifications cannot be introduced at a precise 
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location within the pore, nor the exact number of modifications controlled. 

Hence, individual binding sites for analytes cannot be introduced inside a solid-

state nanopore.  

Nanopores might also be made using biological materials. In particular, 

biological nanopores describe the proteinaceous nanopores on biological 

membranes. Contrary to solid-state nanopores, such biological nanopores most 

often assemble with remarkable reproducibility. Further, when their crystal 

structure is known, their geometry and amino acid distribution is known with 

high precision, allowing the rational engineering of charges with atomic level 

precision using site-directed mutagenesis. In addition, since nanopores are 

proteins, they are also expected to have less unspecific interaction with protein 

analytes21. Unfortunately, the crystal structure of just a few nanopores is known 

to date. And, since the folding of proteins cannot be predicted nor designed, 

today biological nanopores can only be made with a handful of size and shapes. 

Because of the constrains of the lipid bilayer, the transmembrane region of 

biological nanopores nanopore can only fold into a β-barrel, or be made by α-

helices. β-barrel nanopores are advantageous in protein analysis because they 

can form almost perfect cylinders and the water facing residues can be easily 

engineered. Many β-barrel nanopores have been used in biopolymer analysis, 

including α-hemolysin (αHL)31,32, aerolysin (AeL)33,34 and CsgG35, or outer 

membrane porin G (OmpG)36,37 and ferric hydroxamate uptake A (FhuA)38. 

Nevertheless, currently used β-barrel nanopores have typically a narrow size of 

diameter around 1~2 nm39, and at present, proteins have been identified only 

by attaching a sensing element outside the pore40–43. α-helix nanopores allows 

forming nanopores with different geometries. For example, the Wza 

polysaccharide transporter forms a 8-helix barrel44, while the cytolysin A 

(ClyA)45,46, fragaceatoxin C (FraC)47 form nanopores with a truncated cylindrical 

shape. In particular, ClyA has a relatively wide cis entrance (5.5 nm in diameter), 

a deep (10 nm) roughly cylindrical vestibule region that terminates into a 

relatively narrow trans entrance (3.3 nm)46. The shape of ClyA allows trapping 

small folded proteins (up to 35 kDa) inside the nanopore for seconds or even 

minutes46,49. In turn, this allows the real-time observation of protein 

conformation change and function dynamics such as enzyme catalysis49 and 

binding with small metabolite molecules50,51. By contrast FraC nanopore, which 

has a similar cis entrance (6 nm) but much narrower trans constriction (1.6 

nm)47 can be used to detect sub-10 kDa protein and peptides52,53. But the 

trapping of folded protein cannot not be easily achieved, which is most likely 



 155 

due to the relatively short (~7 nm) and conical shape of FraC vestibule. The 

approach of attaching sensing element outside the pore was also used with 

Phi29 despite its size could allow detecting folded proteins54 

β-barrel nanopores larger than ClyA nanopores also exist. Membrane-attack 

complex/perforin (MACPF) and cholesterol dependent cytolysin (CDC) 

superfamily (MACPF-CDC) represent the largest portion of β-barrel pore-

forming toxins (β-PFTs)55. Unlike most proteins in this family, pleurotolysin 

(PlyAB) consists of two components, named pleurotolysin A and pleurotolysin 

B (Figure 1a,b)56. Pleurotolysin A (PlyA) is a small protein (16 kDa, Figure 1b) 

with high association affinity to lipid membrane rich in sphingomyelin and 

cholesterol. Due to the lack of a transmembrane region, PlyA cannot form pores 

by itself but works as scaffold to recruit the other component, pleurotolysin B 

(PlyB, 54 kDa). Upon binding to two PlyA protomers, PlyB (Figure 1b) goes 

through a large conformational change, which induce the release two helical 

bundles (transmembrane haprins, TMHs) to span the lipid bilayer. Electron 

microscopy revealed that the mature complex is made by 13 PlyB subunits and 

26 PlyA subunits with molecular weight up to 1.14 MD, describing a nanopore 

with a cis entry of ~10.5 nm, a trans entry of ~7.2 nm and a constriction with a 

diameter of ~5.5 nm. PlyAB is about twice the size of the ClyA (Figure 1). 

In this study, we reconstituted PlyAB oligomers into DPhPC (1,2-diphytanoyl-sn-

glycero-3-phosphocholine) artificial lipid bilayer, thus forming the largest 

biological nanopore with known crystal structure. The fabrication of PlyAB 

nanopores could only be possible after using directly evolution to enhance the 

solubility of PlyB monomers and improving the bilayer stability of the 

nanopores by site-directed mutagenesis engineering. Directed evolution also 

allowed introducing charges in the constriction site of PlyAB nanopores to 

revert the ion selectivity of the nanopore, which enabled the capture of large 

folded porteins that otherwise would not enter the nanopore. Finally, we show 

that human plasma proteins (human transferrin, ~80 kDa) induce homogenous 

and distinctive long blockades in PlyAB pores that could be easily distinguished. 

3. Results  

3.1. Structure and expression of pleurotolysin nanopores. 

Previously, pleurotolysin B was obtained either by extraction from edible 

mushroom57 or refolded from inclusion body after recombinant expressed in E. 

coli cells58. Here, we used directed evolution in order to improve the soluble 
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expression of PlyB (Figure S1). PlyB mutant libraries were constructed by PCR 

amplification of the whole gene using a relatively low-fidelity DNA polymerase 

(REDTaq enzyme, Sigma-Aldrich), and the hemolytic activity of PlyB variants (≥ 

190 per round) were assessed using sheep blood cells pre-incubated with PlyA 

monomers. The latter, which binds to membrane but cannot induce cell lysis, 

could be obtained from expression in E. coli cells (Figure S2a). The most 

hemolytic variants were then isolated and a subsequent round of directed 

evolution performed. After three rounds, PlyB-1 showed high soluble 

expression (Figure 2a, Table S1). The mutant displayed three amino acid 

substitutions in the soluble part (N26D, A328T, A464V). Oligomers were 

resistant to 2% SDS (Figure S2b). 

3.2.  Engineering the nanofluidic properties of PlyAB nanopores. 

PlyA and PlyB-1 were oligomerized using sphingomyelin-cholesterol (1:1 mass 

ratio) liposomes57. After reconstitution into artificial lipid bilayer, the majority 

of nanopores showed spontaneous opening and closing (gating) current events 

(Figure 2b), which limited their use in nanopore experiments. Two extra rounds 

of directed evolution allowed selecting pores with improved properties (G218R, 

A328T, PlyB-2, Table S1), but still gating events were often observed (Figure S3). 

Simultaneously, we replaced the cysteine residues in both PlyA (C62S and C94S, 

PlyA-S, Figure 2c) and PlyB (C441) proteins. Interestingly, cysteine-free PlyA 

(PyA-S) oligomerized with cysteine-free PlyB-2 (PlyB-E, with the letter E 

indicating the several glutamic acids at the nanopore constriction) produced 

nanopores that routinely remained open at -150 mV for tens of seconds (Figure 

2b). Furthermore, oligomers formed with PlyA and PlyB-E   were not stable in 

planar lipid bilayers (Figure S4a), while oligomers formed from PlyA-S and PlyA-

E barely show gating events (Figure S4b), indicating that the stability was 

inferred by removing the cysteine residues in PlyA, which are located at the 

interface with lipid membrane. Moreover, the cysteine residues in PlyA are 

conserved in aegerolysin family and involved in the lipid binding59,60. 

In planar lipid bilayers the PlyAB-E nanopore showed an average conductance 

of 15.4±0.3 nS in 1 M NaCl (-50 mV, Figure 3b, Table S2), and slightly 

asymmetric IV curves (Figure 3c, Table S3), with higher currents recorded under 

a negatively applied bias. The reversal potential revealed that pleurotolysin was 

slightly cation selective (PlyAB-E: PNa
+/PCl

-=1.07±0.02, Figure 3d; PlyAB-1: 

PNa
+/PCl

-=1.08±0.02, Figure S5, Table S4), most likely reflecting the negatively 

charged constriction of the nanopore (Figure 3). In nanopores, the ion 

selectivity dictates the nanofluidic properties of the nanopores. Hence, we also 
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aimed at fabricating an anion selective nanopore. Inspired by previous work 

with aHL, MspA, FraC47,52 and ClyA61, while exploring the stability of plyAB-1 

nanopores, we also exchanged the negative charges at the constriction of PlyB-

1 with positively charged residues by site-directed mutagenesis (E260R, E261R, 

and E270R). Unfortunately, the new PlyB constructs were not soluble. 

Therefore, we performed three extra rounds of directed evolution. One of such 

mutants showed reasonable solubility and was selected for electrical 

characterization. The PlyB variant (named PlyB-R, Figure 2d, Table S1) displayed 

the desired positively charged constriction (E260R, E261R, E270R), an 

additional compensating mutation (K255E), the original PlyB-1 mutations 

(N26D, A328T, A464V) and the cysteine was removed (C441A). Nanopores 

formed by PlyA-S and PlyB-R (PlyAB-R) were stable, and displayed a slightly 

asymmetric conductance, with higher  

 

Figure 1. Structure of two component pleurotolysin nanopores (PlyAB). a) Side view of cartoon 

representations of PlyAB (PDB ID: 4V2T), cytolysin A (ClyA, PDB ID: 2WCD) and α-hemolysin (αHL, 

PDB ID: 7AHL) nanopores. The PlyA subunits in PlyAB oligomer are highlighted in orange. b) 

Cartoon representations of pleurotolysin A monomer (PlyA, PDB ID: 4OEB) and pleurotolysin B 
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monomer (PlyB, PDB ID: 4OEJ) in the folded condition. And the top view of PlyAB, ClyA, αHL 

nanopores with estimated pore diameters. The diameter of PlyAB nanopores in constriction site 

(5.5 nm) and cis entrance (10.5 nm) are both shown. The PlyAB nanopore structure was built with 

homology modelling using the PlyAB Cryo-EM map+structure and soluble PlyA / PlyB structures, 

followed by a 5 ns minimization using symmetry constrained molecular dynamics flexible fitting 

(MDFF) to the CryoEM map. 

currents at positive applied bias. The current asymmetry was more accentuated 

at lower ionic strengths (Figure S6). Rewardingly, the pore was anion selective 

(PlyAB-R, PNa
+/PCl

- = 0.94±0.04, Figure 3d). PlyAB-R and PlyAB-E showed a similar 

single channel distribution (Figure 3b) and power spectra (Figure S7).  

Figure 2. Engineering of PlyAB nanopores. a) 12% sodium dodecyl sulfate–polyacrylamide gel 

electrophoresis (SDS-PAGE) of wild type PlyB and PlyB-1 monomers. PlyB-1 was obtained after 3 

rounds directed evolution. b) Left: typical gating events for PlyAB-1 nanopores under -50 mV 

applied bias. Right: half minute open pore traces of PlyAB-E nanopores under -50 mV and -150 

mV. Electrical recording was carried out in 1 M NaCl salt at pH 7.5. c,d) Cut through of a cartoon 

representation of PlyAB-E nanopore (c) and PlyA-R (d) with the mutations shown in spheres 

comparing with wild type.  

3.3. Protein capture with PlyAB nanopores. 

The ability of PlyAB nanopores to capture and analyse proteins was tested using 

analytes with two different sizes: β-casein (24 kDa, pI = 5.1, net charge -5.8 at 

pH 7.5) and bovine serum albumin (BSA, 66.5 kDa, pI = 4.7, net charge -18.5 at 
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pH 7.5). Protein capture was tested in solutions with 1 M NaCl and pH 7.5. 

Proteins entered either PlyAB-E or PyAB-R nanopores following the direction of 

the electroosmotic flow (EOF) irrespectively of the sign of electric field (Figure 

4). Therefore, despite PlyAB nanopores are relatively large and the ionic 

strength is high, the electroosmotic flow (EOF) is dominant over the 

electrophoretic force (EPF) to induce protein capture14. Interestingly, β-casein 

blockades to PlyAB-E were observed only when the protein was added to the 

trans compartment, while blockades to PlyAB-R were observed from both sides. 

When captured from the trans side, β-casein blockades to PlyAB-E showed a 

longer dwell time (25.0±6.3 ms, +50 mV, Table S6) compared to PlyAB-R 

blockades (dwell time: 1.6±0.1 ms, -50 mV), most likely reflecting the 

electrostatic barrier given by the negatively charged PlyAB-E constriction and 

the opposing electrophoretic force during β-casein transport across PlyAB-E 

nanopores. Surprisingly, however, despite being captured against an 

electrophoretic force, during trans capture PlyAB-E nanopores showed a higher 

capture frequency (174.5±120.9 s-1µM-1, +50 mV) compared to PyAB-R 

nanopores (50.6±2.6 s-1µM-1, -50 mV). Most likely, this is due to the extra 

arginine residue at the trans 

 

Figure 3. Electrophysiology characterization of PlyAB nanopores. a) Cross-sections of PlyAB-E 

(left) and PlyAB-R (right) nanopores showing their surface charge distribution. b) Single channel 

distributions of PlyAB-E and PlyAB-R in 1 M NaCl at pH 7.5. c) I-V curves of PlyAB-E and PlyAB-R 

collected in 1 M NaCl at pH 7.5. d) Reversal potential (Vr) measured for the PlyAB-E and PlyAB-R 
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at pH 7.5. The ionic concentration was 500 mM NaCl in trans and 2 M NaCl in cis, and the pH 

7.5. Error bars represent the standard deviations calculated from minimum three repeats.  

entry of PyAB-E, which facilitate the capture of the negatively charged β-casein. 

PlyAB-R blockades from the cis side, showed a similar dwell time and residual 

current (dwell time: 2.8±1.7 ms, +50 mV) compared to the PlyAB-R blockades 

blockades from trans. The capture frequency, however, was enhanced by about 

two-fold (135.1±95.9 s-1µM-1, +50 mV), most likely reflecting the larger capture 

radius of the cis side. The lack of blockades when β-casein was added to the cis 

side of PlyAB-E nanopores suggests that β-casein might translocate to quickly 

across the nanopore to be observed. 

When the larger BSA was tested, protein blockades were only observed using 

PlyAB-R, and only when a relatively high potential was used (e.g. > +100 mV, 

Figure 4c). Although this finding is surprising, it is likely that since the size of 

BSA is comparable to the inner diameter of PlyAB and its net charge is the same 

as the charge of PlyAB-E constriction, the constriction induces an electrostatic 

energy barrier that prevents capture of large and negatively charged proteins. 

However, the strength of the EOF might also play an important role. We found 

that the dwell time was longer when BSA was captured from the cis side 

(177.1±138.6 ms, +120 mV) than from the narrower trans side (22.0±13.6 ms, -

120 mV), while the Ires% was similar (38.4±0.1% and 40.9±1.4%, respectively). 

As observed for β-casein, higher capture frequencies were observed for cis 

capture (527.7±296.1 S-1µM-1, +120 mV) than trans capture 365.6±58.9 S-1µM-1, 

-120 mV).  

3.4. Analysis of human plasma proteins with PlyAB-R nanopores. 

The relatively large pore dimension of PlyAB nanopores should allow the 

detection of folded proteins. Hence, we assessed PlyA nanopores to identify 

two plasma proteins: human albumin (HSA, 66.5 kDa, pI = 4.7), which accounts 

for 55% of blood protein and behaves as an important transporter for many 

substrates like lipids, steroid hormones and drugs; and human transferrin (HTr, 

76-81 kDa, pI = 5.8), which is a glycoprotein that controls the level of iron in 

biological fluids. HSA is heart- shaped with a diameter of about 10 nm, while 

HTr has a more cylindrical shape with a height of about 10 nm and a diameter 

of about 8 nm (Figure 5a).   
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Figure 4. Protein capture with PlyAB nanopores in 1 M NaCl at pH 7.5.  a) β-casein (24 kDa, pI 

4.7) and bovine serum albumin (BSA, 66.5 kDa, pI 4.7) were measured with PlyAB-E nanopores. 

PlyAB-E constriction is negatively charged and indicated with red in the cartoon. β-casein (blue) 

and BSA (red) were added to the trans and cis side separately and tested by applying both positive 

and negative potentials to the trans side. The direction of electrophoretic force (EPF) and 

electroosmotic flow (EOF) were shown with blue and yellow arrows, respectively. b) β-casein and 

BSA were measured with PlyAB-R nanopores from both sides. Recordings were collected with a 

50 kHz sampling rate and a 10 kHz low-pass Bessel filter. 

 

From the reconstructed three-dimensional structure of PlyAB nanopores, it is 

possible to notice that PyAB has two separate recognition volumes or chambers. 

The cis chamber resembles a truncated cone with a height of 4 nm with a 10.5 

nm opening on the cis side. The trans chamber resembles a cylinder with a 12 

nm height and a 7.2 nm trans opening. Both compartments communicate 

through a constriction ~5.5 nm in diameter (Figure 5a). Therefore, although 
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Figure 5. Detection of big human plasma proteins with PlyAB-R nanopores in 300 mM NaCl. a) 

Cross-section of PlyAB nanopore and surface representations of human transferrin (HTr, cyan), 

human albumin (HSA, purple). PlyA and PlyB components are shown in orange and grey 

separately, and imbedded in lipid bilayer (yellow). Structures are shown to the same scale. b) 

Human transferrin (HTr, 76-81 kDa, pI 5.8) measured from cis of PlyAB-R nanopores. The traces 

represented the blockades provoked by HTr under indicated applied voltage, with the plotting of 

dwell time over Ires% next to the traces. Ires% was defined as the percentage of blockade 
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current(IB) divided by open pore current(Io), (IB/Io*100%). c) HTr measured from trans of PlyAB-R 

nanopores. HTr could only be captured with high potential when added into the trans side. d) 

Voltage dependence of Ires% and dwell time of HTr when measured from the cis side of PlyAB-R. 

The red line represented a linear fitting or second order polynomial fitting. e) HSA measured form 

the cis of PlyAB-R. Upper: typical traces recorded under different applied potentials. Middle: the 

zoom-in representative blockades to show each level of the signal and change pattern when 

measured under +100 mV. Lower: the cartoon scheme was to explain the four different stages of 

HSA interaction with PlyAB-R nanopores. f) Same as (e) but referred to the HSA measurement 

from the trans of PlyAB-R. All recordings were performed in 300 mM NaCl at pH 7.5. The data 

were collected by using a 50 kHz sampling rate and a 10 kHz low-pass Bessel filter. 

the cis chamber is large enough to accommodate both proteins entry into the 

trans chamber would require a change in the shape of both proteins (Figure 5a). 

Since the capture of proteins is mainly affected by the EOF, we used solutions 

with 300 mM NaCl, as we expect a higher EOF at the lower ionic strengths. 

Blockades were characterized by measuring the Ires%, which is defined as the 

ionic current associated with a protein-blocked pore IB divided by the open pore 

current Io percent.  

The addition of HTr to both cis or trans side of the nanopore provoked 

homogeneous and well defined single current blockades (Figure 5b,c, Figure S8, 

Table S7). However, higher applied potentials were required to observe 

blockades when HTr was added to the trans side. This effect is likely to be 

related to a higher entropic barrier for trans entry compared to the cis entry 

reflecting the different dimensions of the cis and trans nanopore chambers 

(Figure 5a). The proteins remained inside the nanopore for tens of milliseconds, 

depending on the applied potential (Figure 5b,c). As the applied potential was 

increased, the resident time decreased (Figure 5d), indicating that the protein 

translocated across the nanopore45,52. The Ires% measured during cis entry 

increased from +50 to +200 mV (Figure 5d), suggesting that the EPF or EOF 

might induce the stretching of the protein. 

The addition of HSA to either cis or trans side of the pore induced a more 

complex signal. HSA capture from the trans side required higher potentials 

(V>~-150 mV) than from the cis (V>~+50 mV, Figure 5e,f). This effect is likely to 

be due to the different diameters on both openings. At low applied potential, 

cis induced blockades were relatively uniform (main Ires%, 45.7±0.9%, +50 mV, 

Table S8). However, as the applied potential was increased, up to four 

additional and inter-changing current levels were observed (Figure 5e). Four 

separate current levels were also observed when HSA was captured from the 

trans side (-200 mV, Figure 5f). Such levels showed a well-defined residual 

current, suggesting they represent well defined conformations within the 
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nanopore. The Ires% and dwell time of four current level remained unchanged 

upon the increase of applied voltages, when measured from the cis of PlyAB-R 

(Figure S9, Table S8). A possible explanation is that they reflect the interaction 

of the different domains of HSA with the constriction of the nanopore.   

3.5.  Discrimination between protein blockades 

Despite the complex current signal, PlyAB-R nanopores allowed identifying HTr 

and HSA mixture (Figure 6). At low applied potentials (e.g. +50 mV), proteins 

added to the cis side showed a different Ires% (HSA: 45.7±0.9%; HTr: 33.5±1.1%, 

+50 mV), which allowed discrimination based on Individual blockades (Figure 

6a). At higher potentials (e.g. +200 mV), despite the average Ires% values of 

HSA and HRr blockades was similar (HSA: 47.7±0.4%; HTr: 40.8±0.2%, +200 mV), 

 

Figure 6. Separation of human albumin and transferrin in a mixture with PlyAB-R nanopores. a) 

Separation of HSA and HTr from the cis of PlyAB-R. Upper: the heat map of plotting the amplitude 

standard deviation against the Ires%. Lower: typical traces for only HSA and after addition of HTr. 

The traces of HTr are in red. b) The distinct traces of HSA and HTr under high potential (+200 mV). 

Recordings were conducted in 300 mM NaCl at pH 7.5, with a 50 kHz sampling and a 10 kHz Bessel 

filter.  
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discrimination between the two proteins was enhanced by analyzing the 

multiple transitions within individual HSA blockades (Figure 6b) and the 

difference in dwell time among the two proteins (130.8 ± 20.6 ms and 1.8±0.1 

ms for HSA and HTr, +200 mV).  

4. Conclusion 

Biological nanopores can be used as sensor for the identification of molecules 

and for sequencing biopolymers at the single-molecule level. More recently, 

nanopores have been employed to identify peptides and folded proteins. In one 

manifestation, named nanopore enzymology, proteins are lodged inside a 

nanopore and conformational changes or ligand-induced blockades are 

monitored by following changes in the ionic currents. This approach is 

advantageous because it does not require labelling the protein allowing 

monitoring conformational changes for extensive periods. One of the main 

challenges in nanopore analysis is to obtain biological nanopores with a wide 

range of size and shapes in order to accommodate different proteins. In this 

work, we introduced the biological nanopore PlyAB for single-molecule analysis. 

This β-barrel nanopore comprises two communicating reaction chambers: a 

cylindrical trans chamber (7.2 nm diameter and 12 nm height) nm and a 

truncated cone cis chamber (10.5 large diameter, 5.5 nm small diameter and 4 

nm height). The 5.5 nm small diameter of the cis chamber is also the 

constriction of the nanopore (Figure 5). PlyAB is the nanopore with the largest 

diameter used to date.  

In order to enter a nanopore, proteins need to overcome an entropic and 

often electrostatic energy barrier. Contrary to DNA, however, proteins are 

only weakly charged, and the external bias is most often not strong enough to 

induce the confinement of proteins. We found, however, that the precise 

engineering of the surface charge of the nanopore might allow overcoming 

this limitation. Despite the inner constriction of PlyAB is 5.5 nm in diameter, it 

is possible to induce the entry of large proteins into the nanopore. 

5. Methods and Materials   

Chemicals were purchased from Sigma-Aldrich and Ruth with high purity grade 

unless otherwise specified. Synthetic genes and primers were ordered from IDT 

and used without further purification. All enzymes were purchased from 

Thermo scientific except the RED Polymerase from Sigma-Aldrich. Lipids were 
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obtained from Avanti Polar Lipids. Plasma proteins and bovine serum protein 

(BSA) were ordered from Sigma-Aldrich.  

Pleurotolysin A, B monomer expression and purification 

Synthetic genes of pleurotolysin A and B (PlyA, PlyB) were digested by enzyme 

recognizing the NcoI and HindIII restriction sites at the 5’ and 3’ ends, and 

ligated to an expression pT7-SC1 plasmid pre-digested with same enzymes. A 

tag of 6 histidine residues was fused to the C terminus of both PlyA and PlyB 

protein for affinity purification. Complete plasmid was first transferred to 

BL21(DE3) E.cloni® competent cell by electroporation. Cells grew on an agar LB 

plate containing 100 µg/mL ampicillin for overnight at 37 °C. Clones were 

harvested from plate and inoculated into 200 mL fresh sterile 2YT media, 

supplemented with 100 µg/mL ampicillin. Cell culture grew at 37 °C with 220 

rpm shaking until the absorbance at 600 nm reached 0.6. Then, 0.5 mM (final 

in media) IPTG were added to induce the protein expression and culture was 

transferred to a 25 °C incubator with 220 rpm shaking for overnight. Cells were 

harvested by centrifuge down (2000 X g, 30 minutes) at 4 °C and pellet was 

stored at -80 °C after discarding the supernatant. Pellet of 100 mL culture media 

was used for protein purification by first resuspension with 30 mL lysis buffer 

(150 mM NaCl, 15 mM Tris, 1 mM MgCl2, 0.2 mg/ml lysozyme, one cOmplete™ 

Protease Inhibitor Cocktail tablet and 0.05 units/ml DNase, pH 7.5) and vigorous 

mixture for 1 hour. Cell lysate was sonicated for 2 minutes (duty cycle 10%, 

output control 3 using a Branson Sonifier 450) and centrifuged down at 4°C 

(5400 x g for 30 minutes). 100 µL (solution volume) of Ni-NTA beads (Qiagen) 

were washed with 1 mL buffer (150 mM NaCl, 15 mM Tris, 10 mM imidazole, 

pH 7.5) for 3 times and then the beads were added to the lysate suspension for 

incubation with gentle mixture at room temperature for 1 hour. Resins were 

then spun down with low speed (2000 x g) for 5 minutes at 4C. The supernatant 

was trashed and beads were loaded to a Micro Bio-Spin column (Bio-Rad). The 

Ni-NTA beads were washed with 10 mL wash buffer (150 mM NaCl, 15 mM Tris, 

10 mM imidazole, pH 7.5) and protein was eluded with 150 µL elution buffer 

(150 mM NaCl, 15 mM Tris, 300 mM imidazole, pH 7.5). Protein monomers were 

kept at 4 °C. For the purification of PlyA and PlyB monomers which contained 

cysteine, all buffers mentioned above were supplemented with 0.1% 2-

mercaptoethanol. 
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Liposome preparation  

Cholesterol-sphingomyelin liposome was used for assisting the oligomerization 

of two component pleurotolysin nanopores (PlyAB). 25 mg cholesterol and 25 

mg sphingomyelin were dissolved in 5 mL pentane with 0.5% v/v ethanol to 

help the dissolving. Lipid solvent was transferred to a round flask and dispersed 

around the internal wall by slow rotation and heated up around a hair-dryer. 

Round flask was kept open at room temperature for 30 minutes to let the 

pentane evaporate completely. Then, 5 mL SDEX buffer (150 mM NaCl, 15 mM 

Tris, pH 7.5) was added to resuspend the lipid by sonication with a bath 

sonicator for 5 minutes. Liposomes were 10 mg/mL in concentration and stored 

at -20 °C.  

Oligomerization of PlyAB nanopores 

PlyAB oligomerization required the first association of PlyA monomer to the 

lipid bilayer. PlyA monomer was mixed with cholesterol-sphingomyelin 

liposomes in a 1:10 mass ratio and kept at ambient temperature for 10 minutes. 

Then, PlyB monomer with same amount as PlyA was added into the lipoprotein 

mixture and kept for 2 hours at room temperature (liposome: PlyA : PlyB = 10 : 

1 : 1, mass ratio). PlyAB lipoprotein were stored at 4 °C and 0.5 µL of the 

lipoprotein were directly added to solution in chamber for getting pores in 

electrophysiology measurement. 

Hemolytic activity assay assistant directed revolution of PlyB   

PlyAB toxin is able to induce hemolysis of sheep red blood cells, thus provides 

a method to screen the mutants with higher soluble expression or toxicity 

which might offer different properties in electrophysiology sensing. PlyB is the 

part that cannot be expressed in a soluble way and constitutes the internal 

lumen of nanopore complex. Therefore, directed evolution was carried out for 

PlyB. Wild type PlyA was added to help to form the complete toxin during the 

screen process. PlyB mutant library was constructed by two steps of PCR 

amplification. In the first step, ~200 ng wild type PlyB plasmid was used as 

template in a 50 µL PCR reaction system (2 µM T7 promoter primer, 2 µM 

terminator primer, 25 µL REDTaq ReadyMix) for the amplification of PlyB genes 

and creation of a mutation library. The PCR protocol started with a pre-

denaturing step at 95 °C for 150 seconds, followed by 30 cycles of denaturing 

at 95 °C for 15 seconds, annealing at 55 °C for 15 seconds and extension at 72 °C 

for 180 seconds. After the cycles, a final extension step at 72 °C for 300 seconds 

was to ensure the complete whole gene amplification. REDTaq is a polymerase 
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with relatively low fidelity (2.28 x 10-5) and 68.4% of the final molecules contain 

around one base mutation after 30 cycles amplification of a 1 kb DNA template. 

PlyB gene contains 1461 base pairs, hence around 1~2 mutations per gene 

could be induced after amplification with REDTaq enzyme without adding extra 

error-prone enhancement chemicals such as MnCl2. The first step PCR product 

(MEGA primer) was purified with QIAquick PCR purification kit and used as 

primer for second step PCR to amplify the whole plasmid. Therefore, second 

PCR was performed with high fidelity polymerase Phire hot start II (Finnzymes). 

50 µL PCR mix contained 1 µL Phire II, 10 µL 5 x Phire buffer, 0.2 mM dNTPs, 1 

µL product from first PCR (200 ng/µL), 1 µL wild type PlyB plasmid and 33 µL 

PCR water. PCR was conducted with protocol: pre-incubation at 98 °C for 30 

seconds, 25 cycles of denaturing and extension (denature: 98 °C for 5 seconds, 

extension: 72 °C for 240 seconds). The original template plasmid was eliminated 

by addition of DpnI (1 FDU) and incubation at 37 °C for 1 hour. 1 µL of the 

treated product was transferred to 50 µL of E. colni® 10G competent cells 

(Lucigen) by electroporation. Cells were grown overnight at 37 °C on agar plate 

containing 100 µg/mL ampicillin. In next day, all clones were harvest from the 

plate and used for plasmid preparation. For further activity screen, the plasmid 

mixture was transferred to E. cloni® EXPRESS BL21 (DE3) cell. At least 190 single 

clones were picked and inoculated to 96-deep-well plate filled with 400 µL of 

2YT media containing 100 µg/mL ampicillin (seed plate). Wild type PlyB was also 

expressed as control. Clones were grown in plate shaker overnight at 37 °C with 

gentle shaking. 50 µL of overnight starter of each clone were inoculated into 

another well in a new plate containing 600 µL of fresh 2YT media with 100 

µg/mL ampicillin. Seed plates were stored at 4 °C. New culture grew at 37 °C 

with shaking until the optical density of 600 nm was around 0.6 (2~3 hours) and 

0.5 mM final concentration of IPTG was added to each well to induce overnight 

expression at 25 °C. Cell culture was spun down in the second day with 2000 x 

g for 30 minutes and stored at -80 °C overnight after discarding the supernatant. 

After overnight freezing, 300 µL lysis buffer (150 mM NaCl, 15 mM Tris pH 7.5, 

1 mM MgCl2, 0.2 mg/ml lysozyme, one cOmplete™ Protease Inhibitor Cocktail 

tablet per 30 mL, 0.05 unit/ml DNase and 0.1% 2-Mercaptoethanol) were added 

to each well to resuspend the pellet. Plates were kept shaking for 3 hours at 

room temperature for the cell lysis. Then, suspension was centrifuged down 

with 2000 x g for 30 minutes and the soluble expressed PlyB monomer protein 

of each clone should be in supernatant. In order to test the expression level and 

toxicity, the lysis ability of each clone supernatant to sheep erythrocytes was 

tested. Sheep blood cell suspension was pre-washed with SDEX buffer until 

supernatant was clear and diluted with SDEX buffer to a concentration with 
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absorbance at 650 nm around 0.8. Washed sheep erythrocyte cells were first 

supplemented with 0.01 mg/mL wild type PlyA monomer (final concentration) 

and kept at room temperature for 10 minutes. Then, 100 µL of PlyA mixed 

erythrocyte was transferred to a well on transparent 96-well plate and 5 µL 

lysate supernatant from PlyB clone was added. The haemolytic activity was 

monitored by the optical density decrease at 650 nm with 

Multiskan GO Microplate Spectrophotometer (Thermofihser). More active 

clones represented its higher soluble expression or increased toxicity. These 

highly haemolytic active clones were isolated and grown in large scale for 

sequencing and individual characterization. Desired mutants were used as the 

template for next round directed evolution screen.  

Single molecule electrophysiology measurement and data analysis 

Electrophysiology chamber was separated by a 25 µm-thick 

polytetrafluoroethylene film (Goodfellow Cambridge Limited) into two 

compartments (cis and trans). There was a small hole with 100 µm diameter in 

the centre of film where the organic oil (5% v/v hexadecane in pentane) was 

loaded. 500 µL of buffer was filled to both compartments and 10 μL of 10 mg/ml 

1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) in pentane were loaded 

to each side to form a lipid bilayer. Ag/AgCl electrodes connected the two 

compartments to a patch clamp amplifier (Axopatch 200B, Axon Instruments) 

and the electrical signal digitizer (Digidata 1440 A/D converter, Axon 

Instruments). The ground electrode was connected to the cis compartment, the 

working electrode to trans side. Clampex 10.4 software (Molecular Devices) 

was used to collect data and subsequent analysis was carried out with Clampfit 

software (Molecular Devices). The dwell time, inter-event time, blockade level 

(IB) of each event and open pore current (Io) was determined by the “single 

channel search” function of Clampfit. Ires%, defined as IB/Io x 100%, was used 

to describe the blockade amplitude for each event. Average dwell time and 

inter-event time was calculated by fitting single exponentials to histograms of 

cumulative distribution of all events.  

PlyAB nanopore ion selectivity measurement 

The ion selectivity (Na+/Cl-) of PlyAB nanopore was calculated with the 

Goldman−Hodgkin−Katz equation:  

                                        
𝑃𝑁𝑎+

𝑃𝐶𝑙−
 =  

[𝑎𝐶𝑙−]𝑡𝑟𝑎𝑛𝑠−[𝑎𝐶𝑙−]𝑐𝑖𝑠𝑒𝑉𝑟𝐹 𝑅𝑇⁄

[𝑎𝑁𝑎+]
𝑡𝑟𝑎𝑛𝑠

𝑒𝑉𝑟𝐹 𝑅𝑇⁄ −[𝑎𝑁𝑎+]
𝑐𝑖𝑠

             



 170 

where R the gas constant, T the temperature and F the Faraday’s constant. Vr 

is the reversal potential collected under asymmetric salt condition. Here we 

started with getting a single channel in symmetric salt condition (400 µL of 1 M 

NaCl, 15 mM Tris, pH 7.5 buffer in both compartments) and balance of the 

electrodes. Then, 400 µL of 3 M NaCl were added to cis chamber and same 

volume of salt free buffer added into trans to create a salt gradient (cis : trans, 

500 mM : 2 M). Solution in both sides was mixed gently and I-V curves were 

collected to obtain the reversal potentials. 

 

6. Supplementary information 

 

Figure S1. Workflow of PlyAB nanopore engineering by hemolytic assay assistant directed 

evolution screen and site-directed mutagenesis. The green line shows the directed evolution 

workflow of nanopore engineering to increase the soluble expression of PlyB monomer. The red 

arrow shows the introduction of a specific mutation by site-directed mutagenesis and the further 

refinement of expression by directed evolution.  
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Figure S2. 12% SDS-PAGE electrophoresis of PlyA monomer and PlyAB oligomers. a) Wild type 

PlyA monomer was purified with Ni-NTA affinity chromatography. Protein marker was the 

unstained ladder (Thermo, #26614). b) 12% SDS-PAGE analysis of PlyAB-WT oligomer and PlyAB-

1. Red circle indicated the PlyAB complex which was stable in 2% SDS and fell behind in stacking 

gel in electrophoresis due to the large molecular weight.  

 

Figure S3. Gating traces of plyAB-2 nanopores. Traces were recording in 1 M NaCl at pH 7.5, 

under -50 mV applied potential. 
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Figure S4. Improvement of pore stability after replacement of the cysteine residues in PlyA. a) 

Eight single channels obtained with WT-PlyA and cysteine-free PlyB-E oligomers. Seven out of 

eight pores displayed various gating conditions under -50 mV applied potential. b) Single channels 

of PlyAB-E nanopores made with cysteine-free PlyA-S (C62S, C94S) and cysteine-free PlyB-E (PlyB-

2 with C441A). Around two pores in eight showed instabilities at -50 mV. Channels were 

measured in 1 M NaCl at pH 7.5. 

 

 

Figure S5. Electrophysiology characterization of PlyAB-1 nanopores. a) Single channel 

distribution in 1 M NaCl and pH 7.5. b) I-V curves of PlyAB-1 collected in 1 M NaCl and pH 7.5. c 

Reversal potential measured in asymmetric salt condition (500 mM NaCl in trans and 2 M NaCl in 

cis) at pH 7.5. The ion selectivity was calculated as described in methods. Error bars were standard 

deviations calculated with minimum 3 experiments.  
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Figure S6. Electrophysiology characterization of PlyAB-R nanopores in low salt condition. a) 

Single channel distribution in 300 mM NaCl and pH 7.5. b) I-V curves of PlyAB-R collected in 300 

mM NaCl and pH 7.5. Error bars were standard deviations calculated with minimum 3 

experiments.  

 

Figure S7. Power spectrums of PlyAB-R and PlyAB-E nanopores. a) Power spectrums of PlyAB-R 

(blue) and PlyAB-E (red) determined in 1 M NaCl at pH 7.5, respectively. b) Power spectrum of 

PlyAB-R determined in 300 mM NaCl and pH 7.5. The spectrums were measured under 50 mV 

applied potential and signal collected with a 10 kHz sampling and a 2 kHz Bessel filter. 
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Figure S8. Traces of human transferrin (HTr) with PlyAB-R in 300 mM NaCl at pH 7.5. Recordings 

were collected by using a 50 kHz sampling rate and a 10 kHz low-pass Bessel filter 

 

 

 

Figure S9. The voltage dependence of Ires% (left) and dwell time (right) for human albumin. 

Human albumin were added into cis of PlyAB-R nanopores and measurements were done in 300 

mM NaCl at pH 7.5. The error bars referred to the standard deviation calculated from three 

repeats. 
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Table S1. Summary of selected PlyB mutants. 

Name 
Mutations in 

PlyB 
Engineering path 

Changes in pore 
lumen 

Ion selectivity 

PlyAB-1 
N26D, A328T, 

A464V 
3 rounds screen 
from WT-PlyB 

No 
Cation 

selective 

PlyAB-2 

N26D, 
N107D, 
G218R, 

A328T, A464V 

5 rounds screen 
from WT-PlyB 

 
N107D, G218R 

 

Cation 
selective 

PlyAB-E 

N26D, 
N107D, 
G218R, 
A328T, 
C441A, 
A464V 

5 rounds screen 
from WT-PlyB, with 
cysteine 
replacement 

 
N107D, G218R 

 

Cation 
selective 

PlyB-R 

N26D, K255E, 
E260R, 
E261R, 
E270R, 
A328T, 
C441A, 
A464V 

Site-directed 
mutagenesis on 
PlyB-1, and 3 
rounds directed 
evolution screen; 
also with cysteine 
replacement 

K255E, 
E260,261,270R 

(to positive 
constriction) 

Anion 
selective 

 

 

 

Table S2. Conductance of PlyAB nanopores measured at pH 7.5.  

Condition Conductance, nS S.D. n 

PlyAB-1, 1 M NaCl, -50mV 14.9 0.2 46 

PlyAB-E, 1 M NaCl, -50mV 15.4 0.3 53 

PlyAB-R, 1 M NaCl, +50mV 15.3 0.8 112 

PlyAB-R, 300 mM NaCl, +50mV 5.4 0.2 44 

S.D. represented the standard deviations. 
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Table S3. Values of the I-V curves measured with PlyAB nanopores in different salt conditions 

at pH 7.5. 

Potential, 
mV 

PlyAB-1  
in 1M NaCl 

PlyAB-E  
in 1M NaCl 

PlyAB-R  
in 1M NaCl 

PlyAB-R  
in 300mM NaCl 

pA S.D. pA S.D. pA S.D. pA S.D. 

-200.0 -2982.2 18.2 -2886.1 50.1 -2716.6 312.5 -922.3 5.3 

-190.0 -2826.3 22.9 -2748.8 50.2 -2520.8 317.7 -882.9 1.9 

-180.0 -2675.6 24.1 -2608.7 47.7 -2387.0 209.7 -840.5 4.1 

-170.0 -2525.1 22.3 -2471.9 50.7 -2329.4 180.4 -802.6 2.7 

-160.0 -2374.1 21.8 -2332.3 41.4 -2216.3 131.6 -758.9 4.8 

-150.0 -2224.7 16.2 -2189.2 37.6 -2155.4 110.2 -717.3 4.9 

-140.0 -2071.9 17.8 -2044.9 37.1 -1901.4 123.6 -674.3 0.1 

-130.0 -1921.4 18.0 -1909.5 33.0 -1862.8 44.6 -634.3 1.1 

-120.0 -1771.5 15.9 -1768.3 29.1 -1626.8 244.0 -590.1 1.1 

-110.0 -1622.3 14.7 -1624.9 26.1 -1551.1 123.3 -545.9 0.4 

-100.0 -1472.4 14.7 -1477.4 22.3 -1457.7 62.8 -500.0 0.4 

-90.0 -1325.6 7.9 -1332.7 20.4 -1331.8 19.9 -454.0 0.1 

-80.0 -1176.7 8.3 -1187.3 19.1 -1174.7 44.9 -406.9 0.6 

-70.0 -1028.5 6.1 -1040.2 17.9 -1049.9 24.9 -358.7 0.5 

-60.0 -882.3 3.9 -892.7 16.2 -899.0 17.8 -309.4 0.6 

-50.0 -733.0 5.1 -744.4 13.0 -752.4 16.9 -259.3 1.0 

-40.0 -587.2 3.5 -597.6 11.2 -603.9 13.0 -208.6 1.6 

-30.0 -439.5 4.4 -448.9 10.2 -453.7 9.7 -156.8 2.2 

-20.0 -292.8 5.4 -298.8 7.2 -303.4 6.4 -104.3 2.9 

-10.0 -147.2 5.7 -148.9 5.7 -152.1 3.9 -51.0 3.5 

0.0 -1.8 6.5 1.8 4.7 0.1 3.9 3.4 4.7 

10.0 143.4 7.5 153.2 4.5 152.9 6.1 58.4 5.7 

20.0 287.6 8.5 304.6 5.7 306.6 9.0 114.3 6.8 

30.0 431.7 9.7 456.6 7.5 460.7 11.6 170.9 8.6 

40.0 575.0 10.7 608.6 10.1 615.7 14.3 228.0 9.9 

50.0 717.6 12.7 760.8 12.4 771.5 16.2 286.4 11.2 

60.0 861.7 13.3 915.5 14.2 927.7 18.6 345.0 13.1 

70.0 1003.3 14.6 1069.3 15.7 1084.8 20.9 404.4 15.4 

80.0 1143.5 15.6 1225.9 18.7 1242.5 23.6 464.5 17.6 

90.0 1283.6 18.6 1374.5 25.1 1401.3 25.1 525.5 18.9 

100.0 1425.5 18.2 1529.4 25.7 1559.3 28.5 584.8 24.2 

110.0 1564.6 19.4 1686.5 26.5 1718.2 30.3 647.7 22.1 
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120.0 1704.6 21.6 1841.7 27.6 1878.1 32.7 712.2 25.1 

130.0 1842.2 23.0 1994.7 32.9 2039.2 34.9 774.3 30.5 

140.0 1982.6 23.6 2156.5 30.9 2200.4 36.3 835.3 33.7 

150.0 2120.7 25.8 2300.2 46.8 2362.4 36.3 901.4 34.3 

160.0 2254.4 23.0 2466.9 38.1 2526.0 38.1 967.1 36.6 

170.0 2392.8 27.4 2633.5 33.4 2687.2 42.5 1030.0 42.0 

180.0 2526.0 29.1 2779.9 43.3 2851.5 45.6 1092.1 49.0 

190.0 2661.9 26.5 2932.5 48.2 3015.2 45.8 1159.7 49.4 

200.0 2793.0 29.2 3113.3 35.4 3183.7 44.1 1231.8 45.8 

S.D. represented the standard deviations calculated from minimum three repeats. 

 

 

 

 

 

Table S4. Reversal potential of PlyAB nanopores measured in 1 M NaCl at pH 7.5 and the 

calculated ion selectivity.  

Condition 
Reversal potential, 

mV 
Ion selectivity 

PlyAB-1 1.24±0.2 1.08±0.02 

PlyAB-E 1.1±0.28 1.07±0.02 

PlyAB-R -0.9±0.57 0.94±0.04 
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Table S5. Values of the I-V curves collected under asymmetric salt conditions with PlyAB 

nanopores for reversal potential and ion selectivity determination. Measurements were 

conducted at pH 7.5 and details of the experiment and calculation were described in Methods 

part. 

Potential, 
mV 

PlyAB-1 PlyAB-E PlyAB-R 

pA S.D. pA S.D. pA S.D. 

-30.0 -515.4 29.9 -491.0 17.2 -466.2 38.3 

-29.0 -498.5 28.4 -474.9 17.0 -449.9 37.7 

-28.0 -482.1 27.5 -459.1 16.3 -434.5 36.6 

-27.0 -465.1 26.7 -442.8 16.1 -418.2 35.4 

-26.0 -447.6 24.9 -426.6 15.8 -402.1 34.3 

-25.0 -431.4 24.3 -410.7 14.8 -386.2 33.5 

-24.0 -414.5 23.6 -394.9 14.6 -370.2 32.4 

-23.0 -397.7 23.8 -378.9 14.3 -354.2 31.5 

-22.0 -381.7 22.9 -362.7 13.2 -338.1 30.7 

-21.0 -364.9 22.3 -346.9 13.5 -322.2 29.5 

-20.0 -348.0 20.9 -331.3 12.9 -305.8 28.0 

-19.0 -331.6 19.3 -315.4 12.6 -290.1 27.1 

-18.0 -315.1 18.9 -299.5 12.1 -273.9 26.1 

-17.0 -298.5 18.0 -283.6 11.9 -258.0 25.2 

-16.0 -282.1 17.6 -268.0 11.2 -242.0 24.0 

-15.0 -264.7 15.4 -252.1 11.1 -226.1 23.1 

-14.0 -248.6 15.5 -236.2 10.9 -209.9 22.0 

-13.0 -231.8 13.6 -220.4 10.5 -194.0 21.0 

-12.0 -215.4 12.5 -204.7 10.1 -178.0 19.9 

-11.0 -199.5 12.7 -189.0 9.3 -161.9 18.8 

-10.0 -183.0 12.9 -173.2 9.1 -146.0 17.8 

-9.0 -167.2 11.7 -157.6 8.6 -129.6 16.6 

-8.0 -150.7 10.9 -141.9 8.1 -113.7 15.7 

-7.0 -133.9 9.9 -126.2 7.7 -98.0 14.8 

-6.0 -117.7 9.6 -110.5 7.5 -82.0 13.9 

-5.0 -101.5 8.2 -95.0 6.9 -65.8 12.7 

-4.0 -85.2 7.7 -79.1 5.7 -50.0 11.7 

-3.0 -69.1 6.9 -63.8 6.0 -34.0 10.8 

-2.0 -52.8 6.2 -48.3 5.7 -18.0 9.9 

-1.0 -36.7 5.3 -32.7 5.2 -2.2 8.9 

0.0 -20.3 4.6 -17.1 4.9 14.1 7.8 
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1.0 -4.1 3.6 -1.5 4.3 30.1 6.9 

2.0 12.0 2.9 13.8 4.0 45.9 5.9 

3.0 28.2 2.1 29.3 3.6 61.9 4.9 

4.0 44.5 1.5 44.8 3.3 78.0 4.1 

5.0 60.7 1.4 60.3 2.8 93.8 3.2 

6.0 76.8 1.7 75.6 2.4 109.9 2.5 

7.0 92.9 2.3 91.0 1.9 125.8 2.2 

8.0 109.0 3.0 106.4 1.7 141.8 2.0 

9.0 125.2 3.8 121.8 1.3 157.9 2.5 

10.0 141.1 4.5 137.3 1.0 173.9 3.1 

11.0 157.2 5.5 152.4 0.7 189.7 4.0 

12.0 173.0 5.9 168.0 0.7 205.7 4.8 

13.0 188.5 5.7 183.1 0.9 221.9 5.7 

14.0 205.2 7.8 198.3 1.4 237.5 6.5 

15.0 221.4 8.9 213.6 1.6 253.7 7.6 

16.0 235.6 7.2 228.9 1.9 269.7 8.4 

17.0 252.9 9.9 243.8 2.4 285.4 9.4 

18.0 269.2 11.4 259.3 2.5 301.5 10.3 

19.0 283.2 9.3 274.4 3.1 317.4 11.3 

20.0 300.6 12.5 289.5 3.3 333.0 12.0 

21.0 316.8 14.0 304.9 3.6 349.2 13.2 

22.0 332.8 14.7 320.1 4.0 365.2 14.2 

23.0 347.7 14.5 335.7 5.0 381.7 15.6 

24.0 364.6 16.8 349.4 3.4 397.9 16.5 

25.0 380.2 17.5 365.0 5.4 413.3 17.3 

26.0 396.3 18.4 380.0 5.8 429.3 18.4 

27.0 412.1 19.2 395.1 6.6 445.4 19.2 

28.0 428.3 20.2 410.0 6.8 461.4 20.2 

29.0 443.6 21.2 425.1 7.0 477.4 21.3 

30.0 455.8 15.3 440.4 7.4 493.9 22.3 

       
S.D. represented the standard deviations calculated from minimum three repeats 
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Table S6. Parameters for protein measurements with PlyAB nanopores in 1 M NaCl, pH 7.5.   

Condition Ires% Dwell time, ms 
Capture frequency,  

S-1µM-1 

β-casein from trans 
of PlyAB-E, +50 mV 

84.2±0.1 25.0±6.3 174.5±120.9 

β-casein from trans 
of PlyAB-R, -50 mV 

93.8±0.5 1.6±0.1 50.6±2.6 

β-casein from cis of  
PlyAB-R, +50 mV 

93.9±1.1 2.8±1.7 135.1±95.9 

BSA from trans of  
PlyAB-R, -120 mV 

40.9±1.4% 22.0±13.6 365.6±58.9 

BSA from cis of  
PlyAB-R, +120 mV 

38.4±0.1% 177.1±138.6 527.7±296.1 

 

 

Table S7. Parameters for human transferrin (HTr) measurements with PlyAB-R nanopores in 

300 M NaCl, pH 7.5. 

Condition Ires% Dwell time, ms 
Capture 

frequency,  
S-1µM-1 

From cis 

+50 mV 33.5±1.1 30.3±5.4 11.1±6.4 

+70 mV 34.3±1.1 26.2±6.6 31.9±15.3 

+100 mV 35.6±1.1 18.1±3.2 81.9±30.8 

+120 mV 36.6±1.0 11.3±2.8 136.9±34.9 

+150 mV 38.2±0.9 4.2±1.6 232.1±53.5 

+200 mV 40.8±0.2 1.8±0.1 331.0±77.2 

From 
trans 

-200 mV 37.7±0.1 5.4±0.8 157.3±136.6 
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Table S8. Parameters for human serum albumin (HSA) measurements with PlyAB-R nanopores 

in 300 M NaCl, pH 7.5. 

Condition Ires% Dwell time, ms 

From cis 

Level 1  

+50 mV 57.7±2.7 9.6±7.8 

+100 mV 60.4±2.1 2.7±0.8 

+150 mV 58.5±2.2 5.4±2.1 

+200 mV 66.9±9.5 6.0±5.6 

Level 2 

+50 mV 46.3±0.9 118.5±43.0 

+100 mV 50.9±4.5 18.6±12.4 

+150 mV 49.3±0.7 75.3±20.0 

+200 mV 51.9±3.8 33.7±28.5 

Level 3 

+50 mV 35.9±0.1 103.2±120.7 

+100 mV 43.5±3.6 25.5±17.4 

+150 mV 37.5±4.1 8.5±4.6 

+200 mV 41.1±9.6 22.1±24.2 

Level 4 

+50 mV 25.2±3.0 33.6±12.7 

+100 mV 35.5±1.3 29.8±12.1 

+150 mV 27.2±5.7 13.4±8.4 

+200 mV 29.7±4.2 4.6±0.6 

From trans -200 mV 

Level 1 60.1±0.4 1.2±0.1 
Level 2 41.3±0.1 4.1±0.7 
Level 3 29.5±0.1 13.5±2.5 
Level 4 18.6±0.8 14.3±2.4 
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