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Abstract

Nanopores have recently emerged as powerful tools in single-molecule investigations. Biological 

nanopores however have drawbacks, including a fixed size and limited stability in lipid bilayers. 

Inspired by the great success of directed evolution approaches in tailoring enzymes properties, in 

this work we evolved Cytolysin A from Salmonella typhi (ClyA) to a high level of soluble 

expression and desired electrical properties in lipid bilayers. Evolved ClyA nanopores remained 

open up to −150 mV applied potential, which allowed the detailed characterization of folded 

proteins by ionic current recordings. Remarkably, we also found that ClyA forms several nanopore 

species; among which we could isolate and characterize three nanopore types most likely 

corresponding to the 12mer, 13mer and 14mer oligomeric forms of ClyA. The ability to employ 

nanopores with identical amino acid composition but different size is a new feature in the 

biological nanopore field. Our experiments show that sub-nanometer variations in the diameter of 

nanopores greatly affect the recognition of analyte proteins.
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INTRODUCTION

The transport of ions or molecules across a biological membrane is a fundamental process in 

cellular life and is tightly regulated by ion channels, transporters and pores. Recently, 

researchers have adopted biological,1-3 solid-state,4,5 DNA origami6-9 and hybrid6,7,10 

nanopores in single-molecule analysis.11 Biological nanopores have advantages compared to 

their synthetic counterparts, mostly because they can be reproducibly fabricated and 

modified with an atomic level precision that cannot yet be matched by artificial nanopores. 

Biological nanopores, however, also have drawbacks. The mechanical stability of biological 

nanopores depends on individual cases. Alpha hemolysin from Staphylococcus aureus 
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(αHL) and porin A from Mycobacterium smegmatis (MspA) nanopores remain open in lipid 

bilayers at high-applied potentials and can cope surprisingly well with extreme conditions of 

temperature,12,13 pH13-16 and denaturant concentrations.13,17,18 However, most of other 

porins and channels are much less robust. Arguably, still, the biggest disadvantage of 

biological nanopores is their fixed size.

A significant number of studies sampled the translocation of proteins through artificial 

nanopores.19-24 Nonetheless, the investigation of proteins with solid-state nanopores is 

difficult because proteins have a non-uniform charge distribution, they often adsorb to the 

nanopores surface and they translocate too quickly to be properly sampled.21 Furthermore, 

because proteins have a compact folded structure, the diameter of the nanopore should be 

similar to that of the protein.20 Biological nanopores have also been used to characterize 

proteins. However, the small internal diameter (~1 nm) of the most common nanopores such 

as αHL, MspA or aerolysin, although allowed the analysis of small peptides or un-folded 

proteins,25-34 precludes the direct investigations of folded proteins. Among the larger 

biological nanopores, the connector protein in the bacteriophage phi29 DNA-packaging 

motor has been modified to insert into artificial bilayers to form nanopores of ~3.5 nm 

diameter (phi29 nanopores).35 Despite their suitable size, however, phi29 nanopores have 

not yet been used to investigate proteins. More recently, bacterial ferric hydroxamate uptake 

component A (FhuA) has been engineered to produce a stable nanopore, which open pore 

ionic current can be transiently blocked by folded protein analytes.7

Recently, we have introduced Cytolysin A from Salmonella typhi (ClyA) as the first 

biological nanopore that allows the direct investigation of natively folded proteins.14 The 

ClyA structure is ideal for this task because proteins such as thrombin (37 kDa) or malate 

dehydrogenase (35 kDa, monomer)14 can be electrophoretically trapped between the wide 

cis entrance and the narrower trans exit, and can therefore be sampled for several minutes. 

Ionic currents through ClyA are so sensitive to the vestibule environment that blockades of 

human and bovine thrombin can be easily distinguished.14 Our work was based on a ClyA 

construct where the two native cysteine residues of ClyA wild type (ClyA-WT) were 

replaced by serine (ClyA-SS) so that an additional cysteine residue could be incorporated 

and chemically modified at the nanopore surface.14 ClyA nanopores, however, showed 

several drawbacks. ClyA-WT displayed a very heterogeneous unitary conductance 

distribution and ClyA-WT and ClyA-SS monomers mostly expressed in inclusion bodies 

(see below). Further, ClyA-SS monomers showed low water solubility and low hemolytic 

activity (Figure S1, Supplementary Information). Finally in planar lipid bilayers ClyA-SS 

spontaneously opened and closed (gated) at applied potentials higher than +60 mV or lower 

than −90 mV.14 Therefore we aimed to obtain a ClyA variant amenable to site–specific 

chemical modifications (not including cysteine residues) with desired properties of 

solubility, activity and stability in planar lipid bilayers.

RESULTS AND DISCUSSION

Tuning the properties of ClyA by directed evolution

Inspired by the great success of directed evolution approaches in tailoring enzymes with 

desired properties, we used directed evolution to improve the activity of ClyA-SS, reasoning 
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that mutations compensating for the deleterious effects of C87S and C285S substitutions 

would also increase the soluble expression and stability of ClyA. Random libraries were 

generated on the background of ClyA-SS by error prone PCR (approximately 1-4 mutations 

per gene per round) and screened for hemolytic activity (Figure S1, Supplementary 

Information). The most active variants were then purified by Ni-NTA affinity 

chromatography and tested for oligomer formation by blue native polyacrylamide gel 

electrophoresis (BN-PAGE, Figure S2, Supplementary Information). Selected nanopore 

variants were finally screened in planar lipid bilayers for the desired behavior (uniformity of 

formed channels, low electrical noise and ability to remain open at high applied potentials), 

which served as final and critical criteria for selection. After just four rounds of screening, 

we isolated ClyA-CS variant (Figure 1 and Table 1) that showed low electrical noise and 

remained open in planar lipid bilayers from +90 mV to −150 mV (Figure S3 Supplementary 

Information). ClyA-CS displayed five mutations relative to the ClyA-SS sequence: S87C, 

L99Q, E103G, F166Y and K294R (Figure 1). All of the accumulated mutations correspond 

to positions that are located outside the lumen of the nanopore according to the E. coli ClyA 

crystal structure36 (Figure 1) and do not have an obvious role in the stability or hemolytic 

activity of the nanopore; with the only possible exception of phenylalanine 166, which is 

located next to the cluster of hydrophobic residues implicated in the pre-pore to pore 

transition of ClyA.36 Remarkably, the serine at position 87 converted back to cysteine, the 

original residue in the wild-type gene (Figure 1). Since we desired to obtain a cysteine-less 

ClyA variant amenable to site-specific chemical modification, we subjected ClyA-CS to an 

additional round of directed evolution (Supplementary Information), from which we selected 

ClyA-AS with desired electrical properties. In ClyA-AS cysteine 87 was converted to 

alanine and isoleucine 203 to valine (Figure 1), the latter being the same residue as in E.coli 

ClyA-WT. Contrary to ClyA-SS and ClyA-WT, evolved ClyA variants expressed in E.coli 

cells in the soluble fraction (Figure S1, Supplementary Information) and could be purified 

without the use of detergents, allowing a ~10-fold increase in the purification yield (~0.6 mg 

pure ClyA-CS per 10 ml culture).

Isolation of ClyA nanopores with different conductance

ClyA-WT, ClyA-SS and evolved ClyA oligomers, formed by incubation of purified ClyA 

monomers with 0.5% w/v β-dodecyl maltoside (DDM), migrated as multiple, closely spaced 

bands on a blue-native gradient PAGE (Figure 2a). Because on such gels the electrophoretic 

mobility is related to the size of the protein, the observed gel migration pattern strongly 

suggests that purified ClyA monomers assemble into several oligomeric forms with different 

size. Furthermore, in lipid bilayers pre-assembled ClyA-WT nanopores showed a wide 

distribution of open nanopore conductance (GO), spanning approximately 2 nS (Figure 2b, 

top), suggesting that in lipid bilayers ClyA-WT might assemble into nanopores of different 

size and/or geometry. The major peak in the distribution of unitary conductance 

corresponded to nanopores with an average conductance of 1.81±0.04 nS that we named 

Type I (GO range from 1.7 to 1.9 nS, at −35 mV, 15 mM Tris.HCl pH 7.5 and 150mM NaCl, 

Table 1 and Figure 2b, top). Interestingly, evolved ClyA nanopores showed an altered 

pattern of conductance distributions. Pre-assembled ClyA-CS showed two major peaks: the 

first corresponded to Type I (1.79±0.05 nS) and the second to a novel nanopore type with an 

average conductance of 2.23±0.08 nS that we named Type II (GO range from 2.1 to 2.4 nS, 
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−35 mV, Table 1 and Figure 2b, middle). By contrast, ClyA-AS showed a relatively uniform 

distribution of mainly Type I nanopores (GO= 1.80±0.05, Figure 2b, bottom).

To establish whether the ClyA species with different electrophoretic mobility on BN-PAGE 

form nanopores with different conductance, we gel-extracted ClyA-CS from the three lowest 

oligomeric bands and measured the unitary conductance of 62 nanopores derived from each 

band within two days from gel extraction. Remarkably, the majority of ClyA-CS oligomers 

from the lowest band (band 1) formed Type I ClyA-CS nanopores (1.79±0.04 nS, Figure 3, 

top), while most of nanopores extracted from the second lowest band (band 2) reconstituted 

as Type II ClyA-CS nanopores (GO = 2.21 ± 0.08 nS, Figure 3, middle). Interestingly, a 

large fraction of the nanopores extracted from the third lowest band (band 3) reconstituted in 

lipid bilayers as a third nanopore type showing an average conductance of 2.64 ± 0.08 nS 

that we named Type III (GO range from 2.5 to 3.0 nS, at −35 mV, Table 1 and Figure 3, 

bottom). In order to check whether the oligomers remain intact after gel purification, 

extracted ClyA oligomers were re-loaded on a BN-PAGE. Despite the presence of faint 

additional bands probably originating from contamination during gel extraction or reversible 

oligomer to monomer transitions, gel purified ClyA-CS oligomers migrated mainly as single 

bands, indicating that the nanopores remained largely intact after gel purification (Figure 

S2c-d, Supplementary Information).

These findings show that the three major ClyA bands observed on the BN-PAGE correspond 

to three distinct nanopore types. Although alternative folded ClyA structures cannot be 

excluded, the observation that ClyA oligomers with a slower electrophoretic migration form 

nanopores with higher conductance in lipid bilayers suggests that the three ClyA types might 

correspond to oligomers with different subunit stoichiometry. This is not necessarily 

surprising given that high order symmetrical oligomeric structures are often permissive with 

respect to subunit stoichiometry,37,38 and the exact stoichiometry of E. coli ClyA (~90% 

sequence identity to Salmonella typhi ClyA) oligomerisation is controversial: the crystal 

structure (PDB_ID: 2WCD) revealed a dodecamer36, while earlier cryo-EM studies revealed 

nanopores with 839 or 1340 subunits. We hypothesize that the major band on the BN-PAGE 

corresponding to Type I ClyA most likely represents the 12mer of the crystal structure, 

while the band corresponding to Type II ClyA might be the 13mer observed in earlier cryo-

EM studies. By analogy, Type III ClyA-CS nanopores may correspond to a 14mer version 

of ClyA not observed before. Both Type I and Type II ClyA-CS nanopores remained open at 

high-applied potentials (Figure 4a and b) and showed low electrical noise (Figure 4c). Type 

III ClyA-CS, however, was not very stable in lipid bilayers as shown by frequent gating 

events especially at applied potentials lower than −40 mV and higher than +50 mV. In 

addition, Type III ClyA-CS, showed relatively high low-frequency noise (Figure 4c) and 

often gated irreversibly, (Figure S3b, Supplementary Information) precluding a routine use 

in planar lipid bilayers.

Molecular models of the three type ClyA nanopores

We prepared molecular models of the 13mer and 14mer ClyA nanopores by adding, 

respectively, one and two subunits to the 12mer of the crystal structure (Figure 4d) as 

described in Supplementary Information. The resistance R of a cylindrical nanopore with no 
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surface charge (or where it plays no role) is often estimated from its length (l) and cross-

section area (A) using the following expression:41

(1)

where σ is the bulk conductivity (1.59 S m−1 at 25 °C for 150 mM NaCl42). The lumen of 

ClyA nanopores can be simplified by two communicating cylinders: one that opens to the 

cis side (cis vestibule) and the other that opens to the trans side (trans vestibule or 

transmembrane region, Figure 4d). Therefore, as for resistors in series, the theoretical 

conductance of the three ClyA nanopore types can be calculated from the inverse of the 

resistance by:

(2)

where ltrans is the length (3.0 nm) of the transmembrane region and dtrans its diameter (3.3 

nm, 3.7 nm and 4.2 nm for the 12mer, 13mer and 14mer ClyA oligomers, respectively); and 

lcis is the length (10.0 nm) and dcis the diameter (5.5 nm, 5.9 nm and 6.5 nm for the 12 mer, 

13 mer and 14 mer ClyA, respectively) of the cis vestibule (Figure 4d and Table 1). From 

eq. 2 the 12mer, 13mer and 14mer ClyA pores have a theoretical open pore conductance 

(GClyA =1/RClyA) of 2.06 nS, 2.47 nS and 3.07 nS, respectively, which compared well to the 

GO values measured at +35mV for Type I, II and III pores (2.03±0.20 nS, 2.42±0.16 nS and 

2.88±0.08 nS, respectively, in 15 mM Tris.HCl pH 7.5 and 150mM NaCl); and they were 

14%, 11% and 14% higher, respectively, than the GO values at −35 mV (Table 1, Figure 

4d). Therefore, although the calculated conductance values are only simple estimates, these 

results are compatible with our view that the three types of ClyA nanopores correspond to 

three pores with different oligomer composition.

Thrombin as molecular caliper to test ClyA nanopores of different size

The ability to employ biological nanopores with identical amino acid composition but 

different size is a new feature in the biological nanopore field and is important because the 

size of a nanopore defines its ability to capture and study a particular molecule.20,43 We 

have previously shown that at −35 mV HT (human thrombin, 37kDa) inflicted well-defined 

current blockades to Type I ClyA nanopores that lasted for several minutes due to the entry 

of HT into the lumen of the pore (Figure 5a, Table 1, Figure S3, Supplementary 

Information).14 The current blockades switched rapidly between two blocked current levels. 

Level 1 [percentage of the open nanopore current (IRES%) = 56 ± 1%] and level 2 (IRES% = 

23 ± 1%, Table 1, and Figure 5a). The current blockades were interpreted as two residence 

sites (R1 and R2) for HT within the lumen of the ClyA nanopore; where level 2 is most 

likely associated to HT residence at a deep more sterically constrained site R2, and level 1 is 

associated to the residence of HT at a site R1 located closer to the cis entrance of the 

nanopore (Figure 5a).14 Because thrombin provoked such well-defined pattern of current 

blockades we chose HT as a molecular caliper to compare the geometries of the different 

types of ClyA nanopores.
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At −35 mV HT current blockades to Type I ClyA-CS nanopores were almost identical to 

that of Type I ClyA-SS nanopores (Table 1, Figure 5a, Figure S3c Supplementary 

Information), confirming that mutations accumulated in our variants most likely did not 

change the size and geometry of the ClyA nanopore. HT current blockades to Type II ClyA 

also lasted for minutes (Figure S3, Supplementary Information) and switched between the 

two current levels (Table 1, Figure 5a). In Type I ClyA-CS, however, HT mostly lodged at 

the more superficial R1 site (70% occupancy), while in Type II ClyA-CS HT preferred the 

deeper site R2 (96% occupancy, Table 1, Figure 5a). HT occupancy of R2 in Type II ClyA 

at −35 mV was the same as HT occupancy of R2 in Type I ClyA at −60mV,14 indicating 

that HT requires a higher driving force to populate the sterically constrained R2 site in Type 

I ClyA-CS. Interestingly, HT blockades to Type III ClyA-CS were fast (55±48 ms) and 

showed only a level 2 current block (IRES% = 32±9%, Table 1, Figure 5a), suggesting an 

unhindered access to the R2 site. These results further support our hypothesis that the three 

ClyA types correspond to oligomers with a different stochiometry that offer different steric 

hindrance to HT.

Protein interaction with different types ClyA nanopores

The structure of the ClyA nanopores and the characteristics of HT induced current blockades 

suggest a physical model for the interaction of HT to Type I and Type II ClyA at −35mV in 

which single folded protein molecules enter the pore from the cis side and are trapped for 

several minutes in the cis vestibule of ClyA (Figure 5a and Figure S3c, Supporting 

Information). The translocation to the trans side of the Type I and Type II ClyA-CS pores 

might be prevented by the small diameter of the transmembrane region of Type I and Type 

II ClyA-CS (3.3 nm and 3.7 nm, respectively), which is smaller than the diameter of HT 

(~4.2 nm, Supporting Information). To our surprise, in the voltage range from −90 mV to 

−150 mV the duration of HT blockades to Type I and Type II ClyA-CS exponentially 

decreased with the applied potential (Figure 5b). The decrease of the duration of current 

blockades with increasing potential is often given as strong evidence to prove the 

translocation of an analyte molecule through a nanopore,19,24,44-49 and suggests here that 

HT might translocate through Type I and Type II ClyA in this voltage regime. Previous 

studies showed that proteins can be unfolded and translocated through small 

nanopores.25,34,50 The voltage dependent translocation of those proteins occurred in a few 

seconds and was initiated by charged peptides or nucleic acids as leader sequences.25,34,50 

Therefore, the HT current blockades at high applied potentials might reflect folded HT 

lodging within the cis vestibule (additional discussion in Supplementary Information), 

before the unfolding of C- or N-termini of HT under high-applied potential promotes the fast 

and undetected translocation of the protein through the pore. However, a complete unfolding 

of HT is unlikely because the HT structure is stabilised by four disulphide bridges and the 

trans diameter of the pore (3.3 nm in the 12mer ClyA nanopore) most likely does not require 

the complete unfolding of the protein to allow translocation. Therefore, it is possible that the 

applied potential and/or electroosmotic flow induce the deformation or partial unfolding of 

HT or the ClyA transmembrane domain (additional discussion in Supporting Information), 

thereby allowing HT to pass through the pore. Along these lines, a larger Type II ClyA-CS 

pore should provide a lower barrier to HT translocation than Type I ClyA-CS, as manifested 

by ~200 fold faster current blockades at fixed applied potentials (Figure 5b, Table 1).
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CONCLUSION

In this work we used a directed evolution approach to obtain biological nanopores with 

desired properties. Evolved ClyA monomers showed high levels of soluble expression that 

allowed simple purification. In lipid bilayers evolved ClyA nanopores showed uniform open 

pore conductance values and remained open in a wide range of applied potentials (+90 mV 

to −150 mV). Remarkably, we could isolate three different nanopore types, which most 

likely corresponded to the 12mer observed in the crystal structure,36 the 13mer described in 

cryo-EM studies40 and a 14mer version of ClyA not observed before. Several evidence 

support our interpretation: i) The three nanopore types showed different electrophoretic 

mobilities in blue-native PAGE and, after gel extraction, reconstituted in planar lipid 

bilayers as nanopores with distinct conductance. ii) The nanopore conductance of the three 

ClyA types compared well to the theoretical values calculated from the length and cross-

section area of the 12mer, 13mer and 14mer molecular models. iii) The ionic current 

blockades of the HT model protein to the three ClyA pore types showed distinguishable 

current blockades and dwell times suggesting that larger pores imposed less steric hindrance 

to thrombin. The three ClyA nanopore types provide therefore a unique opportunity to 

sample proteins with nanopores of different diameter but identical chemical composition, 

and revealed that ~10% variations in the diameter of nanopores are likely to greatly affect 

the recognition of a target protein analyte with the nanopore.

METHODS

Screening of ClyA nanopores

As documented in the Supplementary Information, ClyA was expressed in E. cloni® 

EXPRESS BL21 (DE3) cells (Lucigen) by using a pT7 plasmid. Transformants were 

prescreened on Brucella Agar with 5% Horse Blood (BBL™, Becton, Dickinson and 

Company). Individual colonies were then grown and overexpressed in 96-deep-wells plates. 

Monomers from cell lysates were first screened for hemolytic activity on horse erythrocytes 

(bioMérieux) and then purified by using Ni-NTA affinity chromatography. Purified 

monomers were oligomerized in the presence of 0.5% β-dodecyl maltoside (GLYCON 

Biochemicals GmbH)40 and loaded on 4-20% blue native gel electrophoresis gels to check 

for oligomerisation. The electrical properties of ClyA oligomers were then screened in 

planar lipid bilayers.

Purification of evolved ClyA nanopores

ClyA was expressed in E. cloni® EXPRESS BL21 (DE3) cells by using a pT7 plasmid. 

Monomers were purified by using Ni-NTA affinity chromatography and oligomerized in the 

presence of 0.5% β-dodecyl maltoside (GLYCON Biochemicals GmbH).

Electrical recordings

Ionic currents were measured by recording from planar bilayers formed from diphytanoyl-

sn-glycero-3-phosphocholine (Avanti Polar Lipids, Alabaster, AL). Currents were measured 

with Ag/AgCl electrodes by using a patch-clamp amplifier (Axopatch 200B, Axon 

Instruments, Foster City, CA) as described previously.51
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Ribbon representation of a S. typhi ClyA nanopore constructed by homology modeling 

from the E. coli ClyA structure (PDB: 2WCD, 90% sequence identity).36 One protomer is 

highlighted, with the secondary structure elements coloured from blue to red from N to C 

termini; other protomers are shown alternating in pale blue and grey. The amino acids side 

chains changed by the directed evolution experiments are displayed as spheres. The two 

native cysteine residues are colored in yellow, while Phenylalanine 166 is colored in cyan. 

K294 and H307 are not displayed because they are not shown in the ClyA crystal structure. 

(b) Sequence changes in ClyA-SS, ClyA-CS and ClyA-AS relative to ClyA-WT.
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Figure 2. 
Oligomerization pattern and nanopore conductance of pre-oligomerised ClyA nanopores. (a) 

Oligomerisation of ClyA nanopores examined by a 4-20% BN-PAGE. Proteins (1 mg/ml) 

were pre-incubated with 0.5% DDM for 30 min at 37 °C before loading into the gel (40 μg/

lane). Lane 1: Protein ladder, lane 2: ClyA-WT, lane 3: ClyA-SS, lane 4: ClyA-AS and lane 

5: ClyA-CS(b) Unitary nanopore conductance distribution obtained from 100 nanopores 

reconstituted in planar lipid bilayers for ClyA-WT (top), ClyA-CS (middle) and ClyA-AS 

(bottom) nanopores after pre-oligomerization in 0.5% DDM. Top: Type I ClyA-WT (GO = 

1.81±0.04 nS) and Type II ClyA-WT (GO=2.21±0.07 nS) represented 24% and 19% of the 

inserted nanopores, respectively. Middle: ClyA-CS open pore conductance showed two 

clearly visible peaks. Type I ClyA-CS (GO=1.79±0.05 nS) included 35% and Type II ClyA-

CS (2.23±0.08 nS) 23% of the reconstituted nanopores. Bottom: ClyA-AS nanopore 

conductance was relatively uniform with 52% of the reconstituted nanopores corresponding 

to Type I ClyA-AS (GO=1.80±0.05 nS) and 16% to Type II ClyA-AS (GO=2.24 ±0.09 

nS).Recordings were carried out at −35 mV in 15 mM Tris.HCl, pH 7.5, 150mM NaCl and 

the temperature was 28°C.
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Figure 3. 
Isolation of ClyA Types. Unitary conductance of 62 ClyA-CS nanopores extracted from the 

lowest (top), second lowest (middle) and third lowest (bottom) oligomeric band of ClyA-CS 

separated on 4-20% acrylamide BN-PAGE. The bands that were excised are boxed and 

marked with an arrow on the insets. Recordings were carried out at −35 mV, 28° C in 15 

mM Tris.HCl pH 7.5 containing 150 mM NaCl. ClyA oligomers were extracted in 15 mM 

Tris.HCl pH 7.5, 150 mM NaCl containing 1 mM EDTA and 0.2% DDM.
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Figure 4. 
The three ClyA-CS nanopores. (a) Current-voltage (I-V) curves for Type I (red), Type II 

(blue) and Type III (green) ClyA-CS pores. The I-V curve of Type III ClyA-CS shows ionic 

currents sampled at potentials lower than ±100mV due to the instability of the pore at higher 

applied potentials. (b) Current recordings of Type I (top) and Type II (middle) ClyA-CS at 

−150 mV and Type III ClyA-CS (bottom) at −35 mV. (c) Current power spectral densities of 

the Type I (red), Type II (blue) and Type III (green) ClyA-CS nanopores at −35 mV 

obtained from 0.5 s traces showing the low frequency noise in ClyA-CS nanopores. The 

current power spectral density at 0 mV is shown in black. Each line corresponds to the 

average of power spectra calculated from 3 recordings carried out on different single 

channels. (d) Section through the molecular models corresponding to the 12mer, 13mer and 

14mer ClyA nanopores. The proteins are shown as surface representations and colored 

according to their “in vacuum” electrostatics (red for negative regions, and blue for positive 

regions, Pymol). The blue and yellow boxes (left) describe the theoretical cylinders 

corresponding to the cis vestibule and transmembrane region (trans vestibule), respectively, 

that are used to model the conductance of ClyA in equation 2. Recordings were carried out 

at −35 mV, 28° C in 15 mM Tris.HCl pH 7.5 containing 150 mM NaCl. The I-V current 

traces were recorded with an automated voltage protocol that applied the desired potential 

for 0.4 seconds. Electrical recordings were carried out at 28° C in 15 mM Tris.HCl pH 7.5 

containing 150 mM NaCl.
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Figure 5. 
Current blockades provoked by HT to the different ClyA-CS nanopores types. (a) Cartoon 

representation (top) of the physical interpretation of the HT blockades (below) to Type I 

(left), Type II (middle) or Type III (right) ClyA-CS nanopores at −35 mV. HT current 

blockades to Type I and Type II ClyA-CS switched between L1 (IRES% =56±1 and 68±1, 

respectively) and L2 (IRES% =23±3 and 31±1, respectively) current levels, most likely 

corresponding to R1 and R2 residence sites within the ClyA structure. The blockades lasted 

for several minutes, therefore only the first second of the current traces is shown. In Type I 

ClyA-CS, L1 was the most represented current blockade (70%), while in Type II ClyA-CS 

L2 was mostly populated (96%). HT current blockades to Type III ClyA-CS nanopores only 

showed L2 current levels (IRES=32±9). (b) voltage dependency of HT blockade duration 

determined for Type I (hollow circles) and Type II (filled squares) ClyA-CS nanopores. The 

lines indicate single exponential fits to the experimental points. (c) HT current blockades to 

Type I (top) and Type II (bottom) ClyA-CS nanopores at −150 mV. The blockades showed 

only L2 current levels for both nanopores (IRES% =23±1 and 29±2, for Type I and Type II 

ClyA-CS respectively). The traces in (a) were collected applying a Bessel low-pass filter 

with 2000 Hz cutoff and sampled at 10 kHz. The traces in (c) were collected applying a 

Bessel low-pass filter with10 kHz cutoff and sampled at 50 kHz in presence of 20 nM HT. 

All electrical recordings were carried out in 150 mM NaCl, 15 mM Tris.HCl pH 7.5 at 28°C. 

Errors are given as standard deviations.
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Table 1
Parameters for ClyA-SS and ClyA-CS nanopores

The diameters of Type I ClyA-SS and ClyA-CS were taken from the crystal structure of E. coli ClyA (PDB: 

2WCD). The diameters of Type II and Type III ClyA-CS were measured from the models shown in Figure 4d. 

The diameters were determined including the Van der Waals radii of the atoms. The values of GO are from the 

gel purified ClyA nanopores (Figure 3). Errors are given as standard deviations.

Type I ClyA-SS* Type I ClyA-CS Type II ClyA-CS Type III ClyA-CS

Trans diameter, nm 3.3 3.3 3.7 4.2

Cis diameter, nm 5.5 5.5 5.9 6.5

GO at −35 mV, nS 1.8 ± 0.1 1.79 ± 0.04 2.21 ± 0.08 2.64 ± 0.08

GO at +35 mV, nS 2.0±0.1 2.03 ± 0.20 2.42 ± 0.16 2.88 ± 0.08

GO from equation 2 2.06 2.06 2.47 3.07

HT Occupancy of L2 at −35 mV, % 22 ± 5 30 ± 10 96 ± 2 100

HT Level 1 at −35 mV, IRES% 56 ± 1 56 ± 1 68 ± 1 NA

HT Level 2 at −35 mV, IRES% 23±1 23 ± 3 31 ± 1 32±9

HT Occupancy of L2 at −150 mV, % NA 100 100 NA

HT Level 2 (−150 mV), IRES, % NA 23 ± 1 29 ± 2 NA

HT Dwell time at −150 mV, ms NA 0.8 ± 0.4 172 ± 108 NA

*
Data taken from reference 14

J Am Chem Soc. Author manuscript; available in PMC 2015 April 27.


