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A B S T R A C T   

In the past decade, significant progress has been made in the development of new protein nanopores. Despite 
these advancements, there is a pressing need for the creation of nanopores equipped with relatively large 
functional groups for the sampling of biomolecular events on their extramembranous side. Here, we designed, 
produced, and analyzed protein nanopores encompassing a robust truncation of a monomeric β-barrel membrane 
protein. An exogenous stably folded protein was anchored within the aqueous phase via a flexible peptide tether 
of varying length. We have extensively examined the pore-forming properties of these modular protein nano-
pores using protein engineering and single-molecule electrophysiology. This study revealed distinctions in the 
nanopore conductance and current fluctuations that arose from tethering the exogenous protein to either the N 
terminus or the C terminus. Remarkably, these nanopores insert into a planar lipid membrane with one specific 
conductance among a set of three substate conductance values. Moreover, we demonstrate that the occurrence 
probabilities of these insertion substates depend on the length of the peptide tether, the orientation of the 
exogenous protein with respect to the nanopore opening, and the molecular mass of tethered protein. In addition, 
the three conductance values remain unaltered by major changes in the composition of modular nanopores. The 
outcomes of this work serve as a platform for further developments in areas of protein engineering of trans-
membrane pores and biosensor technology.   

1. Introduction 

In the last two decades, nanopore sensing has emerged as a powerful 
technology for single-molecule detection, as well as for DNA and RNA 
sequencing. This method uses the ability to measure a tiny electrical 
current and its discrete fluctuations through a single biological nanopore 
or a synthetic nanopore [1,2]. Despite significant progress on utilizing 
nanopores for studying unfolded polymers, such as poly(ethylene gly-
col) (PEG), polysaccharides, DNA, RNA, unfolded proteins, and poly-
peptides, there is modest advancement on the development of nanopore 
sensors capable of sensing large globular proteins interacting with other 
proteins in solution. This is mainly because most folded proteins have a 
radius larger than the nanopore internal diameter [3–5]. For example, 
the most widely used biological nanopore (αHL) has an average internal 
diameter of ~2 nm and constriction size of ~1.4 nm [6]. Larger protein 
nanopores, such as α-helical cytolysin A (ClyA) [7,8] and two- 
component pleurotolysin AB (PlyAB) [9], have been also employed for 

investigating globular proteins and their interactions with other reactive 
partners. ClyA features an extended diameter of approximately ~5.5 
nm, whereas PlyAB has trans and cis openings of ~7 nm and ~ 10 nm, 
respectively. Yet, confining a large protein inside a nanopore to study its 
interaction with other protein analytes may decrease the accessibility of 
the binding domain and increase the low-entropy confinement, 
impairing the kinetics of the native interactions. Moreover, the protein 
must reside inside the nanopore for a satisfactorily long time to be able 
to interact with its partner. 

To overcome this barrier, the concept of sensing outside the nano-
pore has attracted increased attention. This approach usually requires a 
chemical or a genetic modification of the nanopore. Bayley and co-
workers (2000) attached a PEGylated biotin to the interior of an αHL 
vestibule using chemical modification via a reactive cysteine sulfhydryl. 
In this case, a biotin on the untethered PEG end captured a high-affinity 
streptavidin and other anti-biotin antibodies with various binding af-
finities [10]. The same research group has extended this elegant 

* Corresponding author at: Department of Physics, Syracuse University, 201 Physics Building, Syracuse, NY 13244-1130, USA. 
E-mail address: lmovilea@syr.edu (L. Movileanu).  
URL: http://movileanulab.syr.edu (L. Movileanu).  

Contents lists available at ScienceDirect 

BBA - Biomembranes 

journal homepage: www.elsevier.com/locate/bbamem 

https://doi.org/10.1016/j.bbamem.2021.183570 
Received 21 November 2020; Received in revised form 6 January 2021; Accepted 13 January 2021   

mailto:lmovilea@syr.edu
http://movileanulab.syr.edu
www.sciencedirect.com/science/journal/00052736
https://www.elsevier.com/locate/bbamem
https://doi.org/10.1016/j.bbamem.2021.183570
https://doi.org/10.1016/j.bbamem.2021.183570
https://doi.org/10.1016/j.bbamem.2021.183570
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2021.183570&domain=pdf


BBA - Biomembranes 1863 (2021) 183570

2

detection mechanism of single proteins outside the pore lumen [11] via 
attached aptamers [12] and fused reactive peptides [13,14]. As a follow- 
up work to these studies, Chen and coworkers (2015) attached the 
PEGylated biotin to the rim of an outer membrane protein G (OmpG) 
nanopore [15,16] and showed that the sensitivity and selectivity of this 
sensor for protein detection could be tuned by altering the length of the 
PEG tether [17]. This successful work was also an extension from mul-
timeric nanopores to a monomeric nanopore [18,19]. However, the 
common aspect of these nanopore designs is the relatively small size of 
the tethered ligand, such as an organic molecule [10,15,17], a DNA 
aptamer [12], or a short peptide [13,14]. Recently, Thakur and Movi-
leanu (2019) [20] showed that barnase-barstar interactions [21–27] 
could be sampled outside the nanopore via a genetically encoded 
monomeric protein nanopore sensor. In this design, a barnase protein, 
which is a small 110-residue RNase, was genetically engineered to the N 
terminus of a truncated derivative of ferric hydroximate uptake 
component A (t-FhuA) [28] via a Gly-Ser hexapeptide tether. Attach-
ment of a small polypeptide tail on the N terminus of barnase modulated 
the characteristic electrical signature of the barnase-t-FhuA nanopore. 
Binding of barstar, an 89-residue protein inhibitor, to the barnase 
domain of the barnase-t-FhuA nanopore further changed the electrical 
signature [20,29], facilitating a quantitative determination of the ki-
netics of barnase-barstar interactions at single-molecule precision. 

Yet, the design of a nanopore with an external tethered protein for 
sampling different protein-protein pairs remains a challenging task due 
to a number of physicochemical reasons of the engineered recognition 
protein domain. These include its size and charge distribution, as well as 
the location of the binding interface of both proteins with respect to the 
tethering terminus of the nanopore. In addition to these complicated 
design issues, it is not clear whether the overall construct can form a 
stable pore-forming protein, whose functional properties can be modi-
fied in a desired direction and in a tractable fashion. Therefore, it is 
imperative to better understand how the conductance properties of a 
globular protein domain-containing protein nanopore change when its 
composition is altered in a systematic manner. 

In this work, we extended these prior redesign studies [20] by 
developing a number of modular nanopores that encompassed t-FhuA 
(Fig. 1AB) [20,28]. The wild-type protein, FhuA, is a 22-stranded, 
monomeric, β-barrel outer membrane protein in E. coli [30,31]. Our 
earlier studies have revealed that FhuA derivatives insert into a planar 
lipid membrane in a single orientation [20,28,32,33]. For example, if we 
consider the cis and trans sides of the chamber and the FhuA derivative 
was added to the cis side, then the short β-turns faced the cis side, 
whereas the long extracellular loops were located on the trans side. 
Cellular rapidly accelerated fibrosarcoma-RAS binding domain (CRAF1- 
RBD), a 76-residue ubiquitin-like protein [34–36], was chosen as an 
exogenous folded protein domain owing to its high thermodynamic 
stability [34] (Fig. 1C). Hence, CRAF1-RBD is a stably folded protein 
under physiological conditions. In contrast to our previously published 
study on the single-molecule detection of protein-protein interactions 
[20], CRAF1-RBD was fused on the extramembranous side of t-FhuA via 
a flexible Gly-Ser-rich peptide linker of varying length. This protein 
served as an external movable plug of the nanopore (Fig. 1AB). Thus, we 
created a modular nanostructure encompassing a redesigned trans-
membrane β-barrel scaffold and a water-soluble exogenous folded pro-
tein. Because of the asymmetric charge distribution of CRAF1-RBD with 
respect to the longitudinal axis of the N to C terminus (Fig. 1C), we were 
able to explore the outcomes of protein fusion to either terminus of t- 
FhuA. The N and C termini of t-FhuA are both accessible to the cis side of 
the protein and they are within a distance of ~8 Å apart from each other. 

Here, we provide experimental evidence for differences in the single- 
channel electrical signature of nanopores when the fusion was con-
ducted to either the N or C terminus. We tested these modular protein 
nanopores using 3-, 6-, and 9-residue peptide tethers for fusing CRAF1- 
RBD to t-FhuA (Fig. 1, Table 1). An immediate outcome of this work is 
that the varying length of the peptide tether and the orientation of the 

movable plug with respect to the nanopore opening have a significant 
effect on the nanopore’s characteristic electrical signature. This can be 
in the form of either improving or impairing the electrical quietness of 
the open-state current of inspected nanopores. Finally, a slightly nega-
tively charged polypeptide tail was fused at the untethered terminus of 
the CRAF1-RBD-containing nanopore. In this way, we show that 
different tethered molecular mass might affect the most probable 
insertion substate of modular nanopores. 

2. Materials and methods 

2.1. Cloning, expression, and purification of t-FhuA-based nanopores 

The HRAS binding domain of CRAF1, also named CRAF1-RBD, was 
fused to t-FhuA via a Gly/Ser-rich hexapeptide tether ((GGS)2). CRAF1- 
RBD was amplified from pQE32 RAF-DHFR [37,38] (kindly provided by 
S.W. Michnik) using the following PCR primer pair: 5′-CTTTA AGAAG 
GAGAT ATACA AATGA GCAAC ACTAT CCGTG TTTTC-3′ (forward) and 
5′-GGCTG CCGCC GCTGC CGCCG AAATC TACTT GAAGT TCTTC TCC-3′

(reverse). 
The PCR product was purified on agarose gel and inserted at the N 

terminus of (GGS)2-t-FhuA in pPR-IBA1 by a Restriction Free cloning 
procedure [39]. All the sequence was verified by DNA sequencing 
(Supporting Information, Supporting Methods). R9F, F9R and F9R14 
were synthesized by Genscript (Piscataway, NJ). F6R27 and F3R24 were 
synthesized by ABclonal (Woburn, MA). The gene sequences were 
further confirmed by the DNA sequencing service of GenScript Biotech 
(Piscataway, NJ). All genes were subcloned in the pPR-IBA1 expression 
vector (IBA, Goettingen, Germany). They were transformed into E. coli 
BL21(DE3) (New England Biolabs, Ipswich, MA) for protein expression. 
Transformed cells were grown in LB medium at 37 ◦C until OD600 
reached a value of ~0.4. 

Protein expression was induced by 0.5 mM isopropyl β-D-1-thio-
galctopyranoside (IPTG) (Gold Biotechnology®, Inc., St Louis, MO) at 
37 ◦C. After induction, cells were grown for an additional period of 4–5 h 
at 37 ◦C, just until the cell growth reached the plateau saturation. Then, 
cells were harvested by centrifugation at 3700 ×g for 30 min at 4 ◦C. 
This centrifugation step was followed by cell resuspension in 10 ml of 
500 mM KCl, 5 mM EDTA, 50 mM Tris, pH 8, 20 mM β-mercaptoethanol 
(βME) per each gram of cells. Cell lysis was conducted using a model 
110 L microfluidizer (Microfluidics, Newton, MA) for ~20 times. Cell 
lysates were centrifuged at 25,000 ×g for 45 min at 4 ◦C to separate the 
pellet from supernatant. Since all synthetic protein nanopores were 
expressed as inclusion bodies, the pellets were further washed with 300 
mM KCl, 5 mM EDTA, 50 mM Tris-HCl, 20 mM βME, pH 8.0. This was 
followed by one wash in 300 mM KCl, 5 mM EDTA, 50 mM Tris-HCl, 20 
mM βME, 1% (v/v) Triton-X, pH 8.0, two washes in 1 M urea, 50 mM 
Tris-HCl, 20 mM βME, pH 8.0, one wash in 2 M urea, 50 mM Tris-HCl, 
20 mM βME, pH 8.0, and two final washes in 50 mM Tris-HCl, 5 mM 
TCEP, pH 8.0. Resuspended pellet was homogenized by a Dounce ho-
mogenizer at 4 ◦C for 30 min, then centrifuged at 25,000 ×g for 45 min 
at 4 ◦C. The final pellet was solubilized in 8 M urea, 50 mM Tris-HCl, 5 
mM TCEP, pH 8.0, for at least 12 h before its loading on an anion- 
exchange column. Solubilized pellet was spun down at 25,000 ×g for 
30 min at 20 ◦C, then passed through a 0.2 μm filter (Corning, Glendale, 
AZ) to remove insoluble impurities. 

Protein sample was loaded on an anion-exchange column, Model 
Bio-scale MT20 (Bio-Rad, Hercules, CA), which was packed with UNO-
sphere Q Resin (Bio-Rad), and equilibrated with 8 M urea, 50 mM Tris- 
HCl, 5 mM TCEP, pH 8.0. Protein was eluted by 200 ml of KCl gradient 
from 0 to 500 mM. All the protein samples were eluted around 120–140 
mM KCl. Fractions were run on the SDS-PAGE for protein detection and 
purity analysis. Fractions containing the pure sample were pooled out 
and dialyzed against ddH2O (MilliporeSigma, Burlington, MA). Dialyzed 
samples were lyophilized using a model Freezone 2.5 L Labcono freeze 
dryer (Labcono, Kansas City, MO) for long time storage at − 20 ◦C. 
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2.2. Preparation of CRAF1-RBD 

Tether and t-FhuA were deleted from R6F plasmid by PCR using a Q5 
site-directed mutagenesis kit (New England Biolabs) with forward 
primer 5′-TAAAGCGCTTGGAGCCACCCGCAGTTCGAA-3′ and reverse 
primer 5′-GAAATCTACTTGAAGTTCTTCTCCAATCAAAGACGC-3′. Se-
quences were further confirmed by the DNA sequencing service of 
Genscript Biotech. CRAF1-RBD in pPR-IBA1 vector was transformed into 
E. coli BL21(DE3) cells. Transformed cells were grown in LB medium at 
37 ◦C until OD600 reached a value of ~0.4. Temperature was brought 
down to 20 ◦C for 30 min. Protein expression was induced by 0.5 mM of 
IPTG (Gold Biotechnology®) at 20 ◦C for at least 16 h. Then, cells were 
centrifuged at 3700 ×g for 30 min at 4 ◦C. Pellet was resuspended in 10 
ml of 300 mM KCl, 50 mM Tris-HCl, 20 mM βME, pH 8.0 per each gram 
of cells. Cell lysis was conducted using a Model 110 L Microfluidizer 
(Microfluidics, Newton, MA) for 20 times. Cell lysates were centrifuged 
at 25,000 ×g for 45 min at4◦C to separate the pellet from supernatant. 
Supernatant was furthered processed using 10% (w/v) of ammonium 
sulfate precipitation at 4 ◦C, which was followed by 40% (w/v) of 
ammonium sulfate precipitation. Protein sample was dialyzed against 
50 mM Tris-HCl, 1 mM TCEP, pH 7.0 for running on an ion-exchange 
chromatography column (UNOsphere Q, Bio-Rad, Hercules, CA). Pro-
teins samples were eluted by a linear gradient of 0 to 500 mM KCl. 
Protein samples were concentrated using a 3 kDa-cut off concentrator 
(Pierce protein concentrator-PES, Thermo Fisher Scientific, Waltham, 
MA). Proteins were purified using size-exclusion chromatography on a 
HiLoad 16/600 Superdex 75 pg column (GE Healthcare, Chicago, IL) in 
50 mM Tris-HCl, 1 mM TCEP, pH 8.0. Protein fractions were further 
concentrated and stored at − 80 ◦C. 

2.3. Preparation of Q61L-HRAS 

HRAS plasmid subcloned in a PET41b vector was obtained from 
GenScript Biotech. Single-point mutation on residue Q61L-HRAS was 
made using a Q5 site-directed mutagenesis kit (New England Biolabs) as 
well as the following PCR primers: 5′-ACAGCTGGTCTAGAAGAA-
TATTCT − 3′ (forward) and 5′-ATCCAAGATATCCAACAAACAA − 3′

(reverse). The mutant sequence was confirmed by the DNA sequencing 
service of GenScript Biotech. Expression of Q61L-HRAS and cell lysis 
were conducted in a manner closely similar to that used for CRAF1-RBD, 
except that the lysis buffer included 10 mM MgCl2. After the centrifu-
gation of cell lysates, the supernatant was run on a polyhistidine-tag 
affinity column, Model Bio-Scale Mini Profinity IMAC Cartridge (Bio- 
Rad). Then, the eluted protein was run through size-exclusion chroma-
tography using a HiLoad 16/600 Superdex 75 pg column (GE Health-
care, Chicago, IL) for further purification and buffer replacement. 
Protein sample, which was resuspended in 100 mM KCl, 30 mM Tris- 
HCl, 10 mM MgCl2, pH 8, was concentrated for its reaction with a 
non-hydrolysable GTP reagent, GppNHp (Abcam, Cambridge, UK). Final 
protein sample was dialyzed against ddH2O and lyophilized for storage 
at − 20 ◦C. To load the Q61L-HRAS with GppNHp, lyophilized sample 

(caption on next column) 

Fig. 1. Schematic of CRAF1-RBD-containing modular nanopores reconstituted 
in a planar lipid membrane. An asymmetrically charged folded CRAF1-RBD 
domain [36,43,44] (external plug) was fused to either the N terminus (A) or 
to the C terminus (B) of t-FhuA [20,28] via a flexible Gly/Ser-rich peptide tether 
of varying length. Fusion of the folded CRAF1-RBD domain to either the N 
terminus or to the C terminus reorients the location of different charges of the 
external plug with respect to the cis opening of t-FhuA. In (A) and (B), the lo-
cations of the N and C terminus of t-FhuA (marked in cyan) are indicated in red, 
respectively. (C) The structure of the folded CRAF1-RBD domain (pdb code: 
4g0n) [49] that illustrates the asymmetric charge distribution with respect to 
the N to C terminus axis. In (C), positively charged residues and negatively 
charged residues are shown in blue and red, respectively. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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was resuspended in buffer containing 50 mM KCl, 30 mM Tris-HCl, 1 
mM EDTA, pH 8.0. 50 U calf intestinal alkaline phosphatases were added 
per 10 mg of proteins. Subsequently, GppNHp was added at a concen-
tration 10-fold higher than the protein concentration. The sample was 
incubated at 37 ◦C for 1 h. To stabilize the binding of GppNHp to pro-
tein, 20 mM of MgCl2 was added to the sample. Afterward, buffer was 
exchanged with 50 mM KCl, 20 mM Mg Cl2, 20 mM Tris-HCl, 5 mM DTT, 
pH 8.0. Protein samples were quantified using a reducing agent- 
compatible Pierce® Microplate BCA Protein Assay Kit (Thermo Fisher 
Scientific, Waltham, MA). 

2.4. Refolding of protein nanopores 

Lyophilized samples were solubilized in 8 M urea, 200 mM KCl, 50 
mM Tris-HCl, 5 mM TCEP, pH 8.0 for at least 4 h at room temperature. 
Samples were quantified by the UV absorbance at a wavelength of 280 
nm using a microplate reader, Model SpectraMax I3 (Molecular Devices, 
LLC., San Jose, CA). 1.5% (w/v) n-dodecyl-β-D-maltopyranoside (DDM) 
(Anatrace, Maumee, OH) was added to the denatured protein samples at 
a concentration in the range of 20–30 μM. Protein samples were then 
refolded through a slow-dialysis process against 200 mM KCl, 50 mM 
Tris-HCl, 1 mM TCEP, pH 8.0 over a 5-day duration. 

2.5. Single-channel electrical recordings with planar lipid bilayers 

Single-channel electrical recordings were performed, as previously 
described [40,41]. The cis and trans compartments were separated by a 
25 μm-thick Teflon film (Goodfellow Corporation, Malvern, PA), which 
contained a 100 μm-diameter orifice. This aperture was treated with 
10% (v/v) hexadecane (Sigma-Aldrich, St. Louis, MO) dissolved in 
pentane (Sigma-Aldrich). 10 μl of 10 mg/ml 1,2-diphytanoyl-sn-glycero- 
phosphocholine (Avanti Polar Lipids, Alabaster, AL) was added to form a 
planar lipid bilayer across the aperture. The cis and trans compartments 
were filled with 1.5 ml of 300 mM KCl, 10 mM MgCl2, 10 mM Tris, pH 8, 
0.5 mM TCEP (or DTT), unless otherwise stated. Protein sample was 
added to the cis chamber up to the final concentration of 1–2 ng/μl. The 
cis compartment was grounded. Electric pulses of 220–260 mV were 
applied for durations of shorter than 10 s to facilitate protein insertion. 
Single-channel electrical traces were acquired using a patch-clamp 
amplifier, Model Axopatch 200B (Axon Instruments, Foster City, CA) 
in the whole-cell mode (β = 1) using a CV-203BU headstage. Single- 
channel electrical traces were digitized by Digidata 1440 A/D 
convertor (Axon Instruments). The signal was low-pass filtered using an 
8-pole Bessel filter (Model 900, Frequency Devices, Haverhill, MA) at a 
frequency of 10 kHz and sampled at a rate of 50 kHz. Single-channel 
electrical traces were later analyzed using pClamp 10.7 (Axon In-
struments) and Origin v9.65 (2019b) (OriginLab Corporation, 

Northampton, MA). All measurements were performed at room tem-
perature (23 ± 0.5 ◦C). 

3. Results 

3.1. t-FhuA, the β-barrel stem of modular protein nanopores 

In this results section, we show data in the form of unitary conduc-
tance measured through single protein nanopores [1,2]. In addition, the 
method of single-channel electrical recordings (the Materials and 
Methods section) enabled us to probe discrete current fluctuations of 
individually-inspected modular nanopores. In general, the single- 
channel conductance of our synthetic nanopores followed a three-peak 
distribution. The signature of this three-peak conductance distribution 
strongly depended on the nature of modular architecture of each 
nanopore. Under these conditions, the nanopore stem, t-FhuA (Table 1; 
Supporting Information, Supporting Methods) [20,28], showed one 
minor low-conductance peak and two major large-conductance peaks 
(Fig. 2A). Peak 1, Peak 2, and Peak 3 of t-FhuA exhibited average 
conductance values of 0.4 ± 0.1 nS (n = 9), 0.9 ± 0.1 nS (n = 29), 1.5 ±
0.1 nS (n = 22), respectively, making their relative frequencies of the 
insertion substate of ~15%, ~48%, and ~ 37%, respectively (Table 2, 
Fig. 2A). The unitary conductance and relative frequency of the inser-
tion substate of t-FhuA nanopores, which corresponded to individual 
peaks, was provided in Table 2. At a transmembrane potential of +40 
mV, the low-conductance Peak 1 was populated by short-lived and 
frequent current blockades with a dwell time, an event frequency, and a 
normalized amplitude of 0.8 ± 0.2 ms, 141 ± 12 s− 1, and ~ 0.7, 
respectively (n = 3). Here, the normalized current amplitude is defined 
by ΔI/I0 = (I0 - I)/I0, where I0 and I are the single-channel electrical 
currents recorded for the open substate and partly-closed substate of 
Peak 1, respectively. This intrinsic gating of t-FhuA was symmetric with 
respect to the voltage bias. For example, Peak 1 was featured by closely 
similar events with a dwell time of 0.9 ± 0.2 ms, an event frequency of 
135 ± 26 s− 1, and a normalized amplitude of ~0.6 at a transmembrane 
potential of − 40 mV (n = 3) (Supporting Information, Table S1, 
Fig. S1A–B). On the other hand, the medium-conductance Peak 2 
exhibited short-lived and time-unresolvable current spikes (Fig. 2B, 
Supporting Information, Fig. S1C). Remarkably, Peak 3 was character-
ized by a quiet and stable single-channel electrical signature for long 
periods (Fig. 2C; Supporting Information, Fig. S1D). 

3.2. Tethering CRAF1-RBD to the N terminus of t-FhuA 

First, we examined a synthetic nanopore containing a CRAF1-RBD 
domain fused to the N terminus of t-FhuA via a medium-sized Gly/ 
Ser-rich hexapeptide tether, also named R6F (Table 1). Remarkably, the 

Table 1 
Physicochemical properties of various modular protein nanopores explored in this study. In all abbreviations, F stands for t-FhuA (Supporting Information, Supporting 
Methods) [20,28]. For the abbreviation of various modular nanopores, R represents the folded CRAF1-RBD domain fused at either the N terminus (it shows on the left 
side of F) or at the C terminus (it shows on the right side of F) of t-FhuA. The number located on either the left side or right side of F indicates the length of the flexible 
peptide tether (e.g., provided in the number of amino acids). This peptide tether was fused to either the N terminus or the C terminus of t-FhuA, respectively (Sup-
porting Information, Supporting Methods). Some modular protein nanopores, whose folded CRAF1-RBD domain was fused at the C terminus of t-FhuA (via a peptide 
linker), included a C-terminal polypeptide tail. These modular single-polypeptide chain nanopores are externally functionalized, because the hydrophilic CRAF1-RBD 
protein is expectedly located outside the nanopore interior. This approach contrasts to traditionally conducted internal functionalization of nanopores [48].  

Synthetic protein 
nanopore 

t-FhuA terminus for 
protein fusion 

Number of residues 
in the tether 

The stretched length 
of the tether (Å) 

Number of 
residues in the tail 

The stretched length 
of the tail (Å) 

Total number of 
added residuesb 

Net tethered 
charge 

R6F N  6  21 N/A N/A  82  2.8 
R9F N  9  31.5 N/A N/A  85  2.8 
F9R C  9  31.5 N/A N/A  85  2.8 

F9R14a C  9  31.5 14 49  99  0.8 
F6R27a C  6  21 27 94.5  109  − 2.2 
F3R24a C  3  10.5 24 84  103  − 1.2  

a This number on the right side of R stands for the number of residues present in the C-terminal polypeptide tail (Supporting Information, Supporting Methods). 
b These numbers represent the total numbers of residues added to t-FhuA in each construct. 
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distribution of individual peak clusters and their specific signature was 
altered with respect to those of the unmodified t-FhuA nanopore 
(Table 2, Fig. 3A). As a control experiment, it was tested whether the 
quiet signature of t-FhuA from the Peak 3 cluster was affected by the 
presence of the tethering CRAF1-RBD, here also called the plug 
(Fig. 1AB). Specifically, t-FhuA nanopore from the Peak 3 cluster did not 
show any transient or permanent closure upon the addition of 10 μM 
CRAF1-RBD to the cis side at applied transmembrane potentials of +40 
mV and – 40 mV (Supporting Information, Fig. S2). Peak 1, Peak 2, and 
Peak 3 of R6F exhibited average conductance values of 0.4 ± 0.1 nS (n =
8), 0.9 ± 0.1 nS (n = 16), 1.3 ± 0.1 nS (n = 11), respectively, making 
their relative frequencies of the insertion substate of ~23%, ~46%, and 
~ 31%, respectively (Table 2, Fig. 3A). The low-conductance Peak 1 and 
medium-conductance Peak 2 showed signatures closely similar to those 
of t-FhuA (Supporting Information, Table S1, Fig. S3A–C). R6F nano-
pores of the large-conductance Peak 3 cluster inserted into the bilayer as 
a single-step process, as noted by a discrete increase in the single- 
channel electrical current (Supporting Information, Fig. S3D). This 

means that R6F nanopores of Peak 3 are not immediately related to R6F 
nanopores of Peak 1 and Peak 2 in terms of their pore-forming proper-
ties. Furthermore, R6F nanopores of the large-conductance Peak 3 dis-
played current blockades with a relative current amplitude of 0.24 ±
0.02, a dwell time of 0.10 ± 0.03 ms, and an event frequency of 18 ± 14 
s− 1 at a transmembrane potential +40 mV (n = 4) (Supporting Infor-
mation, Fig. S4). These single-channel parameters were 0.22 ± 0.01, 
0.10 ± 0.06 ms, and 11 ± 5 s− 1, respectively, at a potential of − 40 mV (n 
= 3). Because t-FhuA nanopores of the large-conductance Peak 3 cluster 
showed a quiet single-channel electrical signature, contrasting to R6F 
nanopores, it is likely that CRAF1-RBD interacts with the opening of R6F 
nanopores, creating reversible single-channel current blockades. 

Next, we explored a CRAF1-RBD-containing modular nanopore that 
featured a 9-residue Gly/Ser-rich peptide linker (R9F, Table 1). The 
stretched-out conformation of this linker measures ~31 Å assuming a 
distance of ~3.5 Å in between individual side chains. Peak 1, Peak 2, 
and Peak 3 of R9F exhibited average conductance values of 0.4 ± 0.1 nS 
(n = 9), 0.9 ± 0.1 nS (n = 21), and 1.5 ± 0.2 nS (n = 8), respectively, 

Fig. 2. Single-channel electrical recording of t-FhuA. 
(A) Histogram of the single-channel conductance 
values of various peak clusters recorded with t-FhuA. 
Clusters of the low-conductance Peak 1, medium- 
conductance Peak 2, and large-conductance Peak 3 
of t-FhuA were centered at ~0.4 nS (purple), ~0.9 nS 
(cyan), and ~ 1.5 nS (red), respectively. The applied 
transmembrane potential was +40 mV. (B) Repre-
sentative single-channel electrical traces of the 
medium-conductance Peak 2 cluster of t-FhuA at a 
transmembrane potential of +40 mV (left) and − 40 
mV (right). (C) Representative single-channel elec-
trical traces of the large-conductance Peak 3 cluster 
of t-FhuA at a transmembrane potential of +40 mV 
(left) and − 40 mV (right). These electrical traces 
were low-pass filtered at 3 kHz using an 8-pole Bessel 
filter. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web 
version of this article.)   
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making their relative frequencies of ~24%, ~55%, and ~ 21%, 
respectively (Table 2, Fig. 4A). Again, signatures of R9F nanopores of 
the low-conductance Peak 1 and medium-conductance Peak 2 were 
closely similar to those of t-FhuA (Supporting Information, Table S1, 
Fig. S5A–C). The large-conductance R9F nanopores inserted into lipid 
bilayer within a single-step process, as revealed by a well-defined, 
discrete current change (Supporting Information, Fig. S5D). Yet, these 
R9F nanopores showed a noisy signature at a potential of − 40 mV 
(Fig. 4C; Supporting Information, Fig. S6). 

3.3. Tethering CRAF1-RBD to the C terminus of t-FhuA 

Then, we investigated nanopores that featured the fusion of CRAF1- 
RBD to the C terminus of t-FhuA. First, we employed a 9-residue Gly/ 
Ser-rich flexible peptide tether, as in the above-described example. 
These nanopores were called F9R (Table 1). In this case, the low- 
conductance Peak 1 become the most probable cluster with a relative 
insertion frequency of ~42% (Table 2, Fig. 5A). The characteristics of 
the nanopores belonging to Peaks 1 and 2 were closely similar to other 
nanopores presented above (Table S1, Supporting Information, 
Fig. S7A–C). F9R nanopores of the large-conductance Peak 3 cluster 
exhibited a relative insertion frequency of ~23% and an average single- 
channel electrical conductance of 1.5 ± 0.2 nS (n = 9). Interestingly, 
these large-conductance F9R nanopores exhibited a quiet and stable 
single-channel electrical signature for long periods (Fig. 5D; Supporting 
Information, Fig. S7D, Fig. S8). 

Next, we engineered a 14-residue polypeptide tail at the C terminus 
of CRAF1-RBD, resulting in a newly redesigned nanopore, also called 
F9R14 (Table 1). This design strategy enabled us to unravel whether 
additional molecular mass of the tethered protein domain has any effect 
on the most probable conductance value of the insertion substate. This 
C-terminal tail is an unstructured and slightly negatively charged 
polypeptide (Supporting Information, Supporting Methods) [42]. In this 
case, a total of 99 residues are tethered at the C terminus. Surprisingly, 
the presence of a 14-residue unstructured tail on the F9R nanopore 
produced a significant alteration in the cluster distribution. Peak 1, Peak 
2, and Peak 3 were centered at average conductance values closely 
similar to those of the other modular nanopores (Table 2). Yet, F9R14 
nanopores of the large-conductance Peak 3 became the most probable 
with a relative frequency of ~64% (Fig. 5B). The low-conductance Peak 
1 and medium-conductance Peak 2 only showed relative frequencies of 
15% and 24%, respectively. F9R14 nanopores of the Peak 1 cluster 
exhibited signatures almost identical to the other modular nanopores 

(Supporting Information, Table S1, Fig. S9A–B). 
Remarkably, those F9R14 nanopores of the Peak 2 and Peak 3 

clusters revealed quiet and stable single-channel electrical signatures for 
long periods (Supporting Information, Fig. S9C, Fig. S10). These quiet 
electrical signatures of the F9R14 nanopores indicated that the 14-resi-
due tail does not create a noisier electrical signature, a phenomenon 
previously encountered with the barnase-t-FhuA nanopore under a 
similar experimental condition (the Introduction section) [20]. There-
fore, we hypothesized that the polypeptide tail was not reaching the 
nanopore opening or it was pointed away from the nanopore opening. In 
addition, we tested whether potential interactions between the 14-resi-
due polypeptide tail and the charges of the nanopore opening are 
detectable at a lower salt of concentration of 150 mM KCl. Under this 
condition, we noted a single-peak cluster of F9R14 nanopores whose 
single-channel conductance was ~0.8 nS (n = 16) (Supporting Infor-
mation, Fig. S11). This unitary conductance value corresponds to that of 
the Peak 3 cluster acquired in a buffer solution containing 300 mM KCl 
(Table 2). Moreover, F9R14 nanopores showed a quiet and stable single- 
channel electrical signature for long periods. Even if a noisier signal 
exists at a very low salt concentration, a likely reduced signal-to-noise 
ratio under these conditions would prevent its discrimination from 
other noise sources of the system. 

In light of the results acquired with F9R and F9R14 nanopores, we 
decided to employ a shorter 6-residue Gly/Ser-rich flexible tether, which 
restrained the moieties of CRAF1-RBD nearer the pore opening. In 
addition, we engineered a 27-residue length tail at the C terminus of the 
pore, also called F6R27 (Table 1; Supporting Information, Supporting 
Methods). Surprisingly, F6R27 showed only two major peak clusters. 
Peak 2 exhibited an average conductance of 0.8 ± 0.1 nS (n = 8) and a 
relative insertion frequency of ~17% (Table 2, Fig. 5C). The large- 
conductance Peak 3, with a relative insertion frequency of ~75%, was 
centered at 1.4 ± 0.1 nS (n = 24). Again, the single-channel electrical 
signature of Peak 3 resembled the signature of other modular nanopores 
with quiet signatures (Supporting Information, Fig. S12–S13), indicating 
that the 27-residue polypeptide tail was also pointed away from the pore 
opening. Q61L-HRAS is an oncogenic mutant of the small GTPase HRAS 
that exhibits a binding interaction with its protein effector CRAF1-RBD 
[36,43,44]. We found that the addition of 400 nM Q61L-HRAS to the cis 
side of the chamber created short-lived and frequent current blockades 
at an applied transmembrane potential of − 40 mV (Supporting Infor-
mation, Fig. S14A). The addition of Q61-HRAS to the cis compartment 
did not produce any change in the quiet signatures of the Peak 3 clusters 
of F9R14 (Supporting Information, Fig. S14B) and t-FhuA (Supporting 

Table 2 
Distribution of various peak clusters of the different modular protein nanopores examined in this work. Displayed conductance substates were determined at a 
transmembrane potential of +40 mV. The low-conductance Peak 1 cluster spanned a single-channel conductance range of 0–0.6 nS. The medium-conductance Peak 2 
cluster ranged between 0.6 and 1.0 nS. The large-conductance Peak 3 cluster covered a single-channel conductance range of 1.0–1.6 nS. The first line indicates the 
average single-channel conductance of the peak cluster, G, which was provided as mean ± s.d. The second line indicates the relative frequency, P, of the insertion 
substate, which is followed by the number of independently acquired data points from distinct experiments.  

Synthetic protein nanopore Peak 1 
G (nS) 

P (%; n) 

Peak 2 
G (nS) 

P (%; n) 

Peak 3 
G (nS) 

P (%; n) 

Most probable peak 

t-FhuA 0.4 ± 0.1 
(15%; n = 9) 

0.9 ± 0.1 
(48%; n = 29) 

1.5 ± 0.1 
(37%; n = 22) 

Peak 2 

N terminus R6F 0.4 ± 0.1 
(23%; n = 8) 

0.9 ± 0.1 
(46%; n = 16) 

1.3 ± 0.1 
(31%; n = 11) 

Peak 2 

R9F 0.4 ± 0.1 
(24%; n = 9) 

0.9 ± 0.1 
(55%; n = 21) 

1.5 ± 0.2 
(21%; n = 8) 

Peak 2 

C terminus F9R 0.4 ± 0.1 
(42%; n = 17) 

0.8 ± 0.1 
(35%; n = 14) 

1.5 ± 0.2 
(23%; n = 9) 

Peak 1 

F9R14 0.4 ± 0.1 
(15%; n = 5) 

0.8 ± 0.1 
(24%; n = 8) 

1.4 ± 0.1 
(64%; n = 21) 

Peak 3 

F6R27 N/Aa 0.8 ± 0.1 
(25%; n = 8) 

1.4 ± 0.1 
(75%; n = 24) 

Peak 3 

F3R24 0.4 ± 0.1 
(21%; n = 9) 

0.9 ± 0.1 
(33%; n = 14) 

1.5 ± 0.1 
(46%; n = 19) 

Peak 3  

a N/A stands for Not Applicable. 
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Information, Fig. S14C). 
Finally, we inquired how a further reduction in the tether length 

affects the distribution and electrical signature of nanopores of different 
peak clusters. Specifically, we redesigned a modular protein nanopore 
with a short 3-residue peptide tether at the C terminus of t-FhuA and a 
long 24-residue polypeptide tail at the untethered end of CRAF1-RBD 
(Supporting Information, Supporting Methods), also called F3R24. 
Thus, we observed again a three-peak distribution of the F3R24 nano-
pores with single-channel conductance values closely similar to those of 
t-FhuA (Table 2, Fig. 5D). Finally, in this case nanopores of the Peak 3 
cluster were the most probable, with a relative insertion frequency of 
~46%. Furthermore, Peak 1 and Peak 2 showed signatures that were 
almost similar to the other modular nanopores (Supporting Information, 
Fig. S15A-C). Signatures of nanopores of the Peak 3 cluster were also 
quiet for long periods (Supporting Information, Fig. S15D, Fig. S16). 

4. Discussion 

In this paper, we systematically explored a new class of modular 
protein nanopores with an exogenous folded protein located within the 

extramembranous side. These methodical manipulations outside the 
pore lumen included alterations in the length of the peptide tether, 
changes in the orientation of the folded protein with respect to the pore 
opening, and modifications in the molecular mass of the tethered pro-
tein. The untethered β-barrel nanopore, t-FhuA, as well as the other six 
CRAF1-RBD-containing protein nanopores exhibited one of the three 
insertion substates when reconstituted into a planar lipid membrane. 
These were a low-conductance substate (e.g., a low-conductance nano-
pore), a medium-conductance substate (e.g., a medium-conductance 
nanopore), and a large-conductance substate (e.g., a large- 
conductance nanopore). For each modular nanopore configuration, 
the conductance substate was a fixed value, so that the occurrence 
probability was the insertion probability in each conductance substate. 
In other words, once inserted into the membrane, a single nanopore does 
not fluctuate among the three conductance substates. Therefore, the 
reported relative insertion frequencies in Table 2 do not reflect any 
transition between two conductance substates. Single-channel conduc-
tance values of these nanopores were centered around ~0.4 nS (Peak 1), 
~0.9 nS (Peak 2), and ~ 1.5 nS (Peak 3), respectively. Yet, the sum of 
relative insertion frequencies of protein nanopores with a medium- 

Fig. 3. Single-channel electrical recording of R6F. (A) 
Histogram of the single-channel conductance values of 
various peak clusters recorded with R6F. Clusters of the 
low-conductance Peak 1, medium-conductance Peak 2, 
and large-conductance Peak 3 of R6F were centered at 
~0.4 nS (purple), ~0.9 nS (cyan), and ~ 1.3 nS (red), 
respectively. The applied transmembrane potential was 
+40 mV. 
(B) Representative single-channel electrical traces of the 
medium-conductance Peak 2 cluster of R6F at a trans-
membrane potential of +40 mV (left) and − 40 mV 
(right). (C) Representative single-channel electrical traces 
of the large-conductance Peak 3 cluster of R6F at a 
transmembrane potential of +40 mV (left) and − 40 mV 
(right). These electrical traces were low-pass filtered at 3 
kHz using an 8-pole Bessel filter. (For interpretation of 
the references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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conductance substate (Peak 2) and a large-conductance (Peak 3) ranged 
between 58% (F9R) and 100% (F6R27). This finding indicates that these 
two substates together are the most probable for all examined 
nanopores. 

Interestingly, the t-FhuA terminus at which the CRAF1-RBD protein 
was fused was a major determinant for the characteristics of these 
modular nanopores. Thus, nanopores with features of Peak 2 were 
observed with highest relative insertion frequency when the protein 
fusion was conducted at the N terminus of t-FhuA. On the contrary, 
nanopores with features of Peak 3 were noted with highest relative 
insertion frequency in three out of the four cases when the protein fusion 
was executed at the C terminus. These clearly distinct outcomes con-
cerning the fusion terminus were acquired regardless of the tethered 
molecular mass and regardless of the length of peptide tether. We think 
that there are two possible tentative interpretations of these results. 
First, the movements of the tethered protein at the tip of modular 
nanopore generate an external repulsion force on the t-FhuA terminus, 
such as that performed by an elastic entropic string [45]. For example, 
this force is an exclusion force from the pore lumen, which also exists in 
the absence of the tethering. Yet, this strain is transmitted across the 

peptide tether in the presence of the tethering. This physical interaction 
can generate an entropic force up to several pN [46]. It is conceivable 
that the resulting strain on the N terminus affects the overall structure of 
t-FhuA with respect to the situation when the resulting strain acts on the 
C terminus. Second, the moieties of CRAF1-RBD at the tip of the nano-
pore might also be impacted by local electrostatic interactions with the 
charges located on the short β turns of the nanopore opening. Therefore, 
a second mechanism of the alterations of the nanopore insertion state 
might be determined by distinctions in electrostatic distribution of 
CRAF1-RBD with respect to the t-FhuA terminus at which it is fused. 

Indeed, we noted that there is a charge asymmetry with respect to the 
N to C terminus axis (Fig. 1). This asymmetric charge distribution might 
also affect the local interactions in the proteomicelle containing the 
protein nanopore and detergent molecules, in this case n-dodecyl-β-D- 
maltopyranoside (DDM). The 76-residue long CRAF1-RBD, sequence 
55–130, includes localized clusters of positively charged residues (R58, 
R67,R73, H79,R89, R99, H102,H104, R111) and negatively charged 
residues (D80, E94,E102, D113, D117, E124, E125, D129). In Fig. 6A, 
we show how the positively charged residues of CRAF1-RBD potentially 
face the acidic side chains on the β turns of the nanopore stem when the 

Fig. 4. Single-channel electrical recording of R9F. (A) His-
togram of the single-channel conductance values of various 
peak clusters recorded with R9F. Clusters of the low- 
conductance Peak 1, medium-conductance Peak 2, and 
large-conductance Peak 3 of R9F were centered at ~0.4 nS 
(purple), ~0.9 nS (cyan), and ~ 1.5 nS (red), respectively. 
The applied transmembrane potential was +40 mV. 
(B) Representative single-channel electrical traces of the 
medium-conductance Peak 2 cluster of R9F at a trans-
membrane potential of +40 mV (left) and − 40 mV (right). 
(C) Representative single-channel electrical traces of the 
large-conductance Peak 3 cluster of R9F at a trans-
membrane potential of +40 mV (left) and − 40 mV (right). 
These electrical traces were low-pass filtered at 3 kHz using 
an 8-pole Bessel filter. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the 
web version of this article.)   

M.G. Larimi et al.                                                                                                                                                                                                                               



BBA - Biomembranes 1863 (2021) 183570

9

protein fusion was conducted at the N terminus of t-FhuA. On the other 
hand, if the C terminus was employed for protein fusion, then such 
potential electrostatic interactions between the external surface of 
CRAF1-RBD and the nanopore entrance would be much less likely. In 
support to this second postulated mechanism, the nanopores R6F and 
R9F that belonged to the large-conductance Peak 3 cluster, when the 
fusion at the N terminus of t-FhuA was conducted, showed a very noisy 
electrical signature (Figs. 3 and 4). Yet, this result contrasted with that 
obtained with nanopores that belonged to the large-conductance Peak 3 
cluster of t-FhuA (Fig. 2). 

Furthermore, the fusion of CRAF1-RBD at the C terminus not only 
increased the relative insertion frequencies of substates corresponding 
to the large-conductance Peak 3 cluster, but also produced a quieting of 
the large-conductance substate (Supporting Information, Fig. S8, 
Fig. S10, Fig. S12, Fig. S16). Again, this finding was in contrast to the 
outcomes of single-molecule electrophysiology experiments when the 
fusion was conducted at the N terminus of t-FhuA. The fact that the 
large-conductance state is quiet in all four C terminus-fused nanopores, 
F9R, F9R14, F6R27, and F3R24, regardless of the tether length and 
regardless of tethered molecular mass, is consistent with the lack of 
significant attraction interactions at the CRAF1-RBD - t-FhuA interface. 
In contrast, such potential interactions were observed in the form short- 
lived current blockades for the two N terminus-fused nanopores (Figs. 3 
and 4). This finding is in accordance with an increased relative insertion 
frequency of large-conductance nanopores and a decreased relative 
insertion frequency of medium-conductance nanopores when the fusion 
was conducted at the C terminus of t-FhuA. However, we found that the 
most probable low-conductance Peak 1 cluster of F9R nanopores is 
surprising, in light of these findings and our tentative-tone in-
terpretations. Nevertheless, the large-conductance R9F and F9R nano-
pores that belonged to Peak 3 occurred with a closely similar relative 
insertion frequency. 

In this study, we have also examined whether a change in the teth-
ered molecular mass affects the relative insertion frequency of the C 
terminus-fused modular nanopores. Therefore, we engineered poly-
peptide tails at the untethered terminus of CRAF1-RBD. Remarkably, the 

relative insertion frequency of large-conductance nanopores was dras-
tically amplified from 23% to 64% when a 14-residue unstructured 
polypeptide tail was engineered at the C terminus of F9R nanopore. This 
amplification was further extended to 75% for F6R27, a nanopore with a 
6-residue peptide linker and a 27-residue polypeptide tail. Moreover, a 
low-conductance insertion state was not observed with a F6R27 nano-
pore. F3R24, a nanopore with a very short 3-residue peptide linker and a 
24-residue long unstructured tail yet exhibited a most probable large- 
conductance Peak 3 cluster. These findings demonstrate that the 
lengths of the peptide tether and polypeptide tail are also key de-
terminants for the likelihood of the insertion substate of a modular 
protein nanopore. Furthermore, the engineering of polypeptide tails at 
the C terminus of CRAF1-RBD did not produce any statistically signifi-
cant change in the magnitude and electrical signature of the high- 
conductance insertion substate with respect to that of t-FhuA. Quiet 
large-conductance insertion substates of polypeptide tail-containing 
protein nanopores suggest that these engineered polypeptide tails do 
not physically reach the nanopore opening (Fig. 6B). 

This new class of modular and single-polypeptide chain protein 
nanopores is useful for both protein engineering and design of bio-
sensors for the detection of proteins and protein-protein interactions 
outside the pore lumen. However, the design of a nanopore for a specific 
protein-protein pair remains a challenging task due to a number of 
reasons, including the physicochemical features of the engineered 
binding protein domain, such as its size, charge distribution, and loca-
tion of the binding interface of both proteins with respect to the teth-
ering terminus. The last property becomes critical for the accessibility of 
tethered binding domain by the targeted protein analyte. To design a 
universal sensor, the parameters that potentially affect the structural 
and functional features of these genetically encoded protein nanopores 
should be known. Another essential parameter to consider is the length 
of the peptide tether between the recognition protein domain and 
nanopore. On one hand, these two domains must be far enough to have a 
certain degree of freedom. On the other hand, they must be in a rela-
tively close proximity for the sensor to be functional. Therefore, deter-
mining the length of a tether that simultaneously serves these purposes 

Fig. 5. Single-channel conductance histograms of 
CRAF1-RBD-containing modular nanopores show an 
amplification in the relative insertion probability 
when protein fusion was conducted at the C termi-
nus. (A) Histogram of the single-channel conduc-
tance values of various peak clusters recorded with 
F9R. Clusters of the low-conductance Peak 1, 
medium-conductance Peak 2, and large-conductance 
Peak 3 of F9R were centered at ~0.4 nS (purple), 
~0.8 nS (cyan), and ~1.5 nS (red), respectively. (B) 
Histogram of the single-channel conductance values 
of various peak clusters recorded with F9R14. Clus-
ters of the low-conductance Peak 1, medium- 
conductance Peak 2, and large-conductance Peak 3 
of F9R14 were centered at ~0.4 nS (purple), ~0.8 nS 
(cyan), and ~1.4 nS (red), respectively. (C) Histo-
gram of the single-channel conductance values of 
various peak clusters recorded with F6R27. Clusters 
of the medium-conductance Peak 2 and large- 
conductance Peak 3 of F6R27 were centered at 
~0.8 nS (cyan), and ~1.4 nS (red), respectively. (D) 
Histogram of the single-channel conductance values 
of various peak clusters recorded with F3R24. Clus-
ters of the low-conductance Peak 1, medium- 
conductance Peak 2, and large-conductance Peak 3 
of F3R24 were centered at ~0.4 nS (purple), ~0.9 nS 
(cyan), and ~1.5 nS (red), respectively. The applied 
transmembrane potential was +40 mV. (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the web version of 
this article.)   
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is a key challenging task. For example, it has been previously demon-
strated that attaching a biotinylated PEG with two repetitive units, and 
not eleven repetitive units or forty-five repetitive units, to the noisy loop 
6 of OmpG, makes this design sensitive to neutral streptavidin binding 
[17]. However, all these linker-length designs were sensitive to posi-
tively charged avidin binding. This finding suggests that features of an 
interacting partner plays a pivotal role in altering pore behavior 
[17,20,47] and the size of the tethering linker for an effective sensor 
[17]. 

5. Conclusions 

In summary, we show a systematic single-molecule electrophysi-
ology analysis of the insertion substate of modular protein nanopores of 
varying composition and architecture. These modular nanopores 
encompass a monomeric β-barrel protein pore fused to an exogenous 
stably folded protein via a flexible peptide tether of varying length. 
Furthermore, unstructured polypeptide tails were engineered at the 
untethered ends of these nanopores. We found that these synthetic 
nanopores insert predominantly with one out of the three insertion 
conductance substates: a low-conductance insertion substate, a medium- 
conductance insertion substate, or a large-conductance insertion 
substate. Here, we provide compelling experimental evidence that the 
relative insertion frequency of a given substate depends on key in-
gredients of the nanopore composition, such as the length of the peptide 
tether, the nanopore terminus at which the protein fusion was con-
ducted, and the total mass of the tethered protein. With further 

development, such a new class of modular nanopores can be used in 
future in the real-time detection of protein-nucleic acid or protein- 
protein interactions observed in aqueous phase. Finally, these modular 
protein nanopores could represent the basis for a proteomics setting or 
might be further extended to create novel tools in biosensor technology. 
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