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1. Introduction
1.1.

Proteomics

Proteins are important functional elements in all living cells, and the large-scale
investigation of the entire set of protein of an organism (proteomics)1–3 is
attracting broad interests in the scientific community. Today, the sequence of
proteins is identified using the Edman chemical digestion and mass
spectrometry. In Edman degradation4,5, phenyl isothiocyanate molecules are
coupled to the N-terminus of peptide chain and cleaved in strong acidic
condition. The released anilinothiazolinone residues are first converted to more
stable phenylthiohydantoin form, and then identified for example by
chromatography. However, Edman degradation requires harsh chemical steps,
and can only be used to sequence short segments of proteins of around 50
amino acids. Tandem mass spectrometry (MS/MS) is the standard technology
to sequence proteins6,7. In bottom-up MS sequencing8, proteins are first
digested with sequence-specific enzymes such as trypsin. The digested peptides
are separated by chromatography, and subjected to the first mass analyzer
(MS1)9 to isolate the precursor ions. Then the ions of particular mass-to-charge
ratio (precursor ions) are selected and undergo the fragmentation to create
product ions, which are analyzed by the second mass analyzer (MS2). The
peptide sequences are determined and protein is sequenced. Advantages of
protein sequencing with mass spectrometry include high resolution, large scale
and the ability of sequencing virtually all proteins. However, the concentration
of proteins in cells vary dramatically (by 9 orders of magnitude10,11), and the
identification of low abundance proteins in a biological sample using MS is
challenging12. Further, the proteins have a variety of post-translation
modifications (PTMs) and proteoforms13,14, which an add extra layer of
complexity for the sequencing or identification of proteins. Finally, a mass
spectrometer is bulky, and extremely complicated and expensive. The aim of
this thesis is to develop a technology based on nanopores that allows the rapid
and low-cost analysis and identification of proteins.
1.2.

Single molecule nanopore technology

New technologies are constantly being tested for the study and identification
of proteins. Among the most promising ones is the use of nanopores. In
nanopore analysis, which shares the same principle with Coulter counters,
single molecules are identified and characterized by ionic currents as they
traverse a nanopore14,15. In a typical setup (Figure 1), an insulting layer
10

separates two compartments filled with buffered electrolyte solution, and a
water-filled nanopore allows the connection between the two compartments.
Ag/AgCl electrodes are usually employed to apply a bias across the membrane,
which then creates an ionic flow across the nanopore. The compartment that is
connected to the ground electrode is referred as cis side, while the other
compartment which is connected to the working electrode is the trans side. A
single nanopore typically shows an open pore current (Io) under a specific bias.
As an analyte such as protein enters the pore, it induces a reduction of the
current to a specific value (IB), an effect mainly caused by the volume excluded
by the analyte. Hence, with perfectly cylindrical nanopores, the ionic signal is
directly proportional to the analyte size. However, if the nanopore has a
different shape and analytes bind inside the nanopore in unpredictable
positions, then ionic signal will depend on a variety of factors including the
shape of the molecule and the binding site inside the nanopore. Other than the
residual current IB or the related excluded current (Io-IB), other parameters that
are often used to describe a blockade are the event duration (or dwell time, τoff),
which provides information on the interaction between the analyte and the
pore, and the inter-event time (τon), which is related to the concentration of the
analyte in solution. An advantage of nanopore experiment is that single
molecules can be measured without any extra labelling and often the
experiment can be performed in a physiological environment.
1.3.

Biological Nanopores

Nanopores come in different flavors. Biological nanopores are proteins that
form a water conduit in an artificial lipid bilayer, and were used in initial
nanopore experiments. Biological nanopores self-assemble with high
reproducibility, making nanopores with sub-nanometer size with high precision.
Further, biological nanopores can be chemically modified with atomic precision
by the site-directed mutagenesis. Moreover, the crystal structure of protein
nanopores is fundamental to guide the rational engineering of the biological
nanopores and to introduce specific interactions between the analyte and the
pore. Biological nanopores can be categorized depending on the secondary
structure of their transmembrane region. Most commonly, nanopores have a
β-barrel region describing nanopores with relatively small pore size with
diameter around 1-2 nm (Figure 2a). Such dimension, which is similar to the
diameter of single stranded DNA16, is ideal for small analyte sensing and DNA
sequencing applications. Among β-barrel nanopores of known structure, αhemolysin (αHL)17 was first used for nanopore sensing15. Then, mycobacterium
smegmatis porin A (MspA)18, aerolysin (AeL)19–21, CsgG22,23, outer membrane
11

Figure 1. Schematic illustration of a nanopore setup. The chamber, headstage and electrode are
placed in a Faraday enclosure (bottom left). A chamber is separated into trans and cis
compartments by a Teflon film with a small aperture at its center, where the artificial lipid bilayer
is formed and nanopores insert (top left). The chamber is filled with a buffered electrolyte
solution (red and blue dots) and a bias is applied across the lipid bilayer with Ag/AgCl electrodes
immersed in both compartments. The entering of different analytes into the nanopore lumen
excludes ions and produces current drops. The ionic current is then converted and the electrical
potentials are amplified and digitized by external devices to be displayed on computer screen
(bottom right). τoff: dwell time, τon: inter-event time, Io: open pore current, IB: blockade current.

porin G (OmpG)24, phi29 DNA packaging motor (Phi29)25, voltage-dependent
anion channel (VDAC)26,27, and ferric hydroxamate uptake A (FhuA28, Figure 2a)
have also been used. Although β-barrel nanopores exhibit high bilayer stability,
they all have similar cylindrical lumen geometry. In certain cases, however, the
narrowest part of the nanopore or constriction, which is also the most sensitive
region of the nanopore, can be defined by additional structures, such as the
loops in CsgG nanopore (Figure 2a). Nonetheless, having biological nanopores
with different size and geometry is important in nanopore applications. This is
because in biopolymer sequencing the sensing region should be thin enough to
resolve a single polymer unit, while in folded protein analysis, the size of the
nanopore should be large enough to allow the entry of proteins with several
nanometers in size.
Recently, increasing efforts have been spent on developing larger α-helix
protein nanopores for double stranded DNA and folded protein analysis (Figure
12

2b). However, comparing with the relatively ample choice of β-barrel
nanopores, only cytolysin A (ClyA29,30), fragaceatoxin C (FraC31) and have been
reconstituted into the artificial lipid bilayer. ClyA presents a basket-like shape
with a wide cis entrance (5.5 nm) and a slightly narrower trans exit (3.3 nm)30.
Such geometry is ideal to trap small folded proteins into the nanopore interior.
FraC has a cis entrance (6 nm) similar to the cis entry of ClyA but a much
narrower trans constriction (1.6 nm). This V-shaped FraC appears especially
suitable for analyzing a wide range size of analytes, and has been shown to be
able to separate different nucleotides31. In addition, it might be favorable to
orient analytes as they traversing the narrowest sensing region of the nanopore.
Although biological nanopore have some crucial advantages, they also suffer
from several drawbacks. Firstly, they have a fixed pore size. Indeed, the fixed
and relative small size of biological nanopore prevent its wide application for
detection of large folded proteins. In addition, biological nanopores are
reconstituted into artificial lipid bilayers, which are vulnerable to external
mechanical perturbation and high applied potential (up to ~400 mV32–34).
Further, occasionally biological nanopores produce an unstable signal (gating).
Although the exact nature of gating is unknown, it is possibly due to the
collapsing of the transmembrane region of the nanopore. Nanopores made by
other biopolymers such as DNA have been recently described35,36. However,
their use in nanopore sensing remains to be proved.
1.4.

Solid-state nanopores

Nanopores can be fabricated in a variety of solid-state materials including
silicon37,38, aluminium oxide (Al2O3)39 and 2D materials such as graphene40,41,
molybdenum disulfide (MoS2)38,42,43 and hexagonal boron nitride (h-BN)44. The
nanopores can be made by a variety of meanings, for example by physical
sculpting with electron beams45–47 or focused ion beams37,48. Alternatively
nanopores can be made on various materials by chemical etching49–52, which in
turn enables the easy and low-cost fabrication of arrays of nanopores. The size
of solid-state nanopores could be fine-tuned or minimized by different
shrinking techniques such as the atomic layer deposition39,53,54, which enables
the shrinking of nanopore size in a controlled manner38 and down to few
nanometers55,56. Nanopores can also be prepared by laser pulling glass
nanocapillaries57. In general, solid-state nanopores have better mechanical
stability, being more resistant to various conditions such as pH, temperature
and physical perturbations than biological nanopores. Other advantages
include the ability of fabricating nanopores with a wide range of different sizes
(typically between 2 to 100 nm in diameter56,58), and the ability of making arrays.
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However, despite many fabrication progresses have been witnessed in the last
decade, making synthetic nanopores smaller than 1 nm remains challenging59,60
as the nanopores suffer a lack of reproducibility at the sub-nm resolution61. In
turn, this limits the application of synthetic nanopores in biomolecule sensing,
where the signal is highly sensitive to the nanopore size and composition30. An
additional issue is the thickness of solid-state membrane and the shape of the
nanopore. Typically, the inner shape of solid state nanopores made on silicon
membranes resembles a hourglass with heights of approximately 10–200 nm56,
with only the most advanced photothermally assistant thinning techniques
allowing to fabricate pores thinner than 10 nm62 on silicon-based materials.
Relatively long height however, makes the use of solid state nanopores for
biopolymer sequencing very challenging56. Nanopores made on monolayers
graphene or bilayer molybdenum disulﬁde (MoS2) do not suffer this limitations,
being the graphene thickness around 0.335 nm63,64. Indeed, such nanopore
height is ideal for DNA or polypeptide sequencing. However, several other
challenges need to be overcome in order to use graphene or MoS2 nanopores.
Notably, the nanopores must be made with a reliable diameter, the exact
chemical composition of the edges of nanopore must be controlled and the
exposed surface of the membrane must be passivated in order to avoid nonspecific hydrophobic interactions.

2. Proteomics with nanopores
Since the launch of human genome project about 30 years ago, the focus is
understanding cells and organisms by genomic analysis, which has been
revolutionized by the innovations in DNA sequencing technologies. Notably,
massively parallel second generation and single-molecule third generation DNA
sequencing platforms, which also include nanopore sequencing, now allow
cheap and ultra-long readings of entire genomes. On the contrary, progress on
proteomics has fallen far behind genomic analysis. This is in part due to the
much diverse chemical composition of proteins compared to DNA, which
complicates their analysis. Furthermore, contrary to DNA proteins cannot be
amplified, making proteomic analysis even more challenging, especially for the
detection of low abundance proteins. On this respect, single-molecule
techniques, such as nanopore technology, provides a promising option in
proteomic research. We envisage nanopores may mainly contribute to
proteomics in three directions (Figure 3). First of all, nanopores could be
engineered to identify the mass of peptides. Similar to current mass
spectrometry analysis, proteins could be first digested with a protease and the
14

Figure 2. Cartoon representation of biological nanopores with the estimated diameters. a) βbarrel nanopores. α-hemolysin (αHL, PDB: 7AHL), Mycobacterium smegmatis porin A (MspA, PDB:
1UUN), aerolysin (AeL, PDB: 5JZT), CsgG (PDB: 4UV3), phi29 DNA packaging motor (Phi29, PDB:
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1FOU), outer membrane porin G (OmpG, PDB: 2IWV), voltage-dependent anion channel (VDAC,
PDB: 3EMN), ferric hydroxamate uptake A (FhuA, PDB ID: 1BY3). b) α-helix nanopores. Cytolysin
A (ClyA, PDB: 2WCD), Fragaceatoxin C (FraC, PDB: 4TSY).

peptides identified with nanopores. Another approach to nanopore proteomics,
perhaps more straightforward, is to directly sequence a protein amino acid by
amino acid as it is translocated across a single nanopore. This approach might
be seen as the protein sequencing equivalent of the commercialized nanopore
DNA sequencing65,66. Finally, nanopores might be used to identify folded
proteins. Despite the many challenges, nanopore proteomics would have many
advantages. Arrays of single nanopores should allow the identification of lowabundance proteins, or the chemical heterogeneity of an isolated protein
population. Importantly, as the nanopore method is real-time, such approach
should provide dynamic information on proteins synthesis and their chemical
modification. Information such as protein-protein interaction, binding with
ligands and the oligomeric form of protein, which is challenging to be obtained
by using native mass spectrometry67,68, is possible to be acquired by studies
with nanopores. Finally, since the protein capture frequency by a nanopore is
directly related to its concentration, a nanopore platform will allow quantitative
determination of protein concentrations.
2.1.

A nanopore peptide mass identifier

Currently, mass spectrometry is used for sequencing proteins. The technique,
however, is relatively expensive. A mass spectrometer is an extremely
complicated machine that requires a vacuum chamber to operate, which makes
mass spectrometry very difficult to miniaturize. Further, mass spectrometry
also suffers from its inability to detect low abundant peptides and proteins in
mixtures, requiring large sample volumes. A nanopore mass spectrometer
would be low-cost, single-molecule and portable. An advantage of this
nanopore approach is that the identified peptides could be directly comparable
with existing databases for ascertaining proteins and the sample preparation
(e.g. digestion and purification) procedures for nanopore protein detection
would also be compatible with the standard methods in mass spectrometry.
Crucial milestones towards making a nanopore mass spectrometer would be 1)
capture all peptides despite their charge and chemical compositions, 2) identify
the mass peptides despite the large range of peptide sizes, shapes and chemical
compositions. In particular, the signal obtained using nanopores depends on
the volume that is excluded by the analyte inside the nanopore74, however, also
the charge of the molecule is likely to play a role. Hence, how to find a general
correlation between the signal and peptide volume is an impelling question.
16

Figure 3. Summary of the three strategies for proteomics study with nanopores. Proteolytic
samples are divided into three categories according to the size and structure (peptide, protein,
and protein complex). Short peptides could be measured directly with nanopores. A direct
correlation between the nanopore signal and peptide properties can be formed. This approach
could allow the direct read out of peptide mass (session 4.1). For a protein, it could be digested
into peptides or sequenced by threaded through the pore amino acid by amino acid. Finally,
proteins could also be identified when captured into the nanopores as folded. The strategy to
sequence a protein by reading amino acid is described in details in session 4.2, and to detect
folded protein directly in session 4.3. Nanopore has the potential to be integrated with
microfluidic system for automatic analysis device69,70 or developed into nanopore arrays to
achieve high throughput protein analysis71–73.

Furthermore, many other issues must be tackled if we ought to make a
nanopore mass spectrometer, including how to prepare nanopores with
different sizes that are capable of analyzing different peptide lengths, and how
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to obtain a high enough resolution to identify different peptides in a mixture
without requiring a pre-separation step.
2.1.1. Previous work for peptide analysis
The majority of nanopore study of peptides has been performed with β-barrel
biological nanopores, such as the α-hemolysin, areolysin75, NfpA (homologue of
MspA)76 and OmpF77, with only few attempts with solid-state nanopores78. The
α-hemolysin nanopore has been the most extensively used nanopore. Studies
included the detection of peptides binding to metal ions and drugs79–82, the
investigation of peptide structure and aggregation83–86, and sampling enzyme
(such as protease) activity87,88. Another focus of attention was the kinetics study
of the interaction between peptides and the nanopore76,81,89–97. However, all
these works revealed that a generic approach to capture peptides with different
chemical compositions including different charges is missing, and the
biophysical properties of the peptides inside the pore are still not fully
understood.
The studies above mentioned revealed that the ionic signals provoked by the
peptides were often not homogeneous98,99, making it often challenging to
identify a peptide, especially when mixtures were sampled. For example,
peptide blockades were often too short to be accurately measured, most likely
because the fast translocation across the nanopore. In other examples,
different current levels were observed within the same blockade, probably
because the peptides interacted differently with the nanopore. The Lee group
compared the peptide signals between α-hemolysin and areolysin nanopores100
and found the α-hemolysin nanopore with a bigger capture radius was able to
obtain a more homogeneous signal. Hence, the peptide signals might be
improved by using nanopores with different geometry or structure. In this
respect, α-helix nanopores, which can be prepared with different geometry
compared to β-barrel, might bring advantages for peptide analysis. The FraC
nanopore has a much bigger cis entrance (6 nm) compared to the trans (1.6 nm)
entry, describing a shape of truncated cone, which appears ideal for different
length peptide analysis. In addition, peptides have different sizes and shapes.
Therefore, it is unlikely that only one nanopore size can be used to detect all
peptides. Unfortunately, only few biological nanopores, which mainly have a
diameter between 1-2 nm, are available. Another issue is to control the transit
time of the peptide inside the nanopore to allow proper sampling. The
Oukhaled and Pelta group used poly-arginine peptides (5 to 10 AA) and
observed an increased dwell time upon the increase of arginine repeats in the
18

peptides (Figure 4a)101, indicating that the electrostatic and steric interactions
between the pore and the peptide reduced the translocation time. The Guan
group mutated the constriction (M113, T145) of α-hemolysin to tyrosine (Y) and
phenylalanine (F) and showed that peptides composed of just a few aromatic
amino acids could be detected (Figure 4b)102. These works suggest that an
interaction between the nanopore and the peptide is important and can be
engineered. However, the detection of biological peptides, especially if they are
short with random chemical compositions, remains challenging. For this
application, sub-nanometer nanopores probably might need to be developed.

Figure 4. Model peptide detection with β-barrel nanopores. a) Different length of poly-arginine
peptides (from 5 AA to 10 AA) were separated from each other with areolysin nanopores. The
excluded current and dwell time increased with the increase of peptide length. b) Detection of
peptide composed of 6 tyrosine residues (6YY) with wild type α-hemolysin (αHL) and mutants.
Phenylalanine residues introduced into the constriction sites (position 113 and 145) increased
the dwell time of peptides dramatically due to the π-π interaction. Panel a was adapted from
ref99; panel e from ref100.

2.1.2. Capture and translocation of polypeptides
One of the main issues in peptide analysis is how to unify its capture. In contrast
to polynucleotide chains, polypeptides are not uniformly charged under neutral
native conditions, therefore, not all peptides can be confined inside nanopores
using the electrophoretic force (EPF). For this reason, the majority of the studies
on peptide with nanopore, focused on peptides baring no or uniform overall
19

charge. However, a real life sample will have a large variety of charges. One way
to add a uniform charge to all peptides is to lower the pH of the solution to < 4
(the pKa of aspartic acid and glutamic acid) or higher than 12.5 (the pKa of
arginine). Under these ‘extreme’ pH conditions, peptides would be uniformly
charged and should be driven inside the nanopores by external applied
electrophoretic force. However, not all biological nanopores might be properly
folded under such extreme pH conditions. In addition, changing the pH of the
solution would also affect the charge of the nanopore inner walls, which has
additional effects on the capture of peptides. On one hand both the peptides
and the pore would have the same charge and electrostatic repulsion might
prevent the capture of peptides. On the other, it would also affect the
electroosmotic flow (EOF), which is the directional transport of ions and water
across a nanopore. The EOF is primarily induced by the movement of counter
ions of the fixed charges of the nanopore inner surface, and can induce a strong
force on the molecule, in the order of a few pN. For example, the EOF has been
shown to slow down the translocation of peptide in α-hemolysin (Figure 4a)103
and even capture peptides against the opposite EPF (Figure 4b)96. Importantly,
if all peptide side chains are uniformly charged, the applied bias will generate
an EOF that is opposing the electrophoretic translocation of the peptides.
2.1.3.

The correlation of nanopore signal to peptide mass

In order to make nanopore-based peptide identifier feasible, there should be a
direct correlation between the nanopore ionic signal and the peptide properties.
It is generally accepted that the intensity of the nanopore signal is given by the
excluded volume of the analytes. Kazianowic and Bezrukov groups tested
different size polyethylene glycol (PEG) molecule partitioning inside αhemolysin nanopores106,107, and indeed found a correlation between the size
and the depth of the ionic signal showing a resolution of one monomer
unit104,108,109 (Figure 5a). Additional studies of PEG and anionic
oligosaccharides21,110 using α-hemolysin111,112 or other nanopores113, confirmed
that nanopore currents can in principle identify the mass of biopolymers. Later
a theoretical model was proposed to explain the nanopore mass spectrometry
for PEG molecules 114, in which the ionic current drop was attributed to the
decrease of mobile ions caused by volume exclusion and cation complexation
with the polymer. The latter is likely to be affected by the chemical composition
of polymers. Not surprisingly, initial studies with cationic homopolymeric
peptides also revealed the potential correlation of signal with the molecule
mass101,115. Neutral and uniformly charged peptides have also been tested105,116
and a similar correlation has been found (Figure 5b). Peptides, however, are
20

Figure 5. Correlation between the nanopore current and the mass of polymers. a) Current
blockade ratio distribution obtained with a α-hemolysin nanopore (above) was compared with a
conventional MALDI-TOF mass spectrum (below) for polyethylene glycol molecules (PEG). b) A
modified α-hemolysin nanopore with Au25(SG)18 clusters as adaptor to increase the signal of
cationic and neutral peptides (left). The blockade current ratio (i/io) distributions (top right) and
the correlation between the i/io and peptide mass (bottom right). i: blockade current, io: open
pore current. The panel a was adapted from ref104; panel b from ref105.

composed by 20 different amino acids, might have a complex structure and do
not have a uniform charge. It remains unclear whether this correlation could
hold for different charged peptides or peptides with different chemical
compositions. This is relevant because, the current blockades of the four DNA
bases in immobilized DNA strands117,118, or the binding of individual amino acids
21

to a β-cyclodextrane adaptor119, did not reflect the molecular weight of the
analyte. Therefore, despite some encouraging early reports, it is not clear
whether a nanopore mass identifier can be made to date.
2.2.

Protein sequencing by reading amino acids with nanopores

In nanopore DNA sequencing a single DNA molecule is fed through a nanopore
base-by-base and the DNA sequence identified by ionic currents. In a similar
approach protein might be sequenced by first unfolding the protein and then
feeding the polypeptide chain through a nanopore amino acid-by-amino acid at
a controlled speed. However, compared to the four DNA bases, proteins
contain twenty different amino acids with a wide range of chemical
compositions and sizes, which is expected to dramatically increase the
complexity to identify one single amino acid. Additionally, the higher order
structures of proteins must be disrupted in order to have a linearized transport
across the nanopore. Further, although enzymes that unfold and thread
proteins across nanopores exist, generally this process is not amino acid-byamino acid. Hence a crucial issue is to find a way to control the translocation of
a peptide chain to the extent it could be red with reasonable accuracy and
speed. Enzymes such as ClpX120,121 that are able to unfold and translocate
proteins across a nanopore are obvious candidates to be engineered and
incorporated into the nanopore sequencing system. However, these enzymes
are expected to unfold entire protein domains at a time. In addition,
considering the small volume of many amino acids, nanopores having a subnanometer recognition region are probably needed for the protein sequencing,
but such nanopores have not been discovered yet. Nonetheless, proteins have
properties that can be exploited. For example, as already proposed, certain
amino acids in proteins could be chemically labelled (for example lysine and
cysteine) and only such modified amino acids red by FRET122 or during
translocation through a nanopore. This fingerprint information could then be
used to identify the protein using databases of existing proteins.
2.2.1. Unfolding and threading of proteins through nanopores
Both biological123–126 and solid-state127–130 nanopores have been used to
monitor the unfolding of proteins, which coincides with the prerequisite for
reading amino acid in nanopore-based protein sequencing. Chemical
denaturants such as guanidium hydrochloride (Gdm-HCl), sodium
dodecylsulphate (SDS), urea or high temperature are commonly used to unfold
proteins and might be used in nanopore analysis. In addition, high bias might
also been employed131. Although biological nanopores also demonstrated the
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ability to stand the denaturing condition to some extent132, solid-state
nanopores have clear advantages when using such harsh conditions. Initial
studies focused on the electrically assisted translocation. The Pelta group
showed that the maltose binding protein (MBP) was able to translocate through
the α-hemolysin nanopores after denatured in the present of Gdm-HCl with a
concentration higher than 0.8 M (Figure 6a)133. However, the denatured MBP
translocated through the pore very quickly (µs). At such speed It is not possible
to read the amino acid sequence, reflecting a long lasting issue during
biopolymer translocation across nanopores. Additionally, the translocation
speed varies depending on the protein used130. In an effort to stall the
translocation of an unfolded protein, Bayley and coworkers modified a model
protein, thioredoxin (Trx), with a 30-mer oligodeoxycytidine tag attached to the
cysteine introduced at the C-terminal end of Trx134 (Figure 6b). The DNA tag
initiated the translocation and induce the denaturation of a domain of Trx. The
remaining folded domain retarded the full translocation of the protein for up
to
seconds.
The
unphosphorylated,
monophosphorylated
and
diphosphorylated substitutions were then successfully discriminated by
assessing the average current and amplitude standard deviation of the events.
Phosphorylation at different positions could also be observed.
In an approach similar to the one used in nanopore DNA sequencing, enzymes
might also be used to assistant the threading of proteins through the nanopore.
Akeson and coworkers introduced an unfolded and charged polypeptide tail at
the C-terminal end of a target protein (ubiquitin-like protein, Smt3). The protein
substrate was then added to the cis side of an α-hemolysin nanopore and the
tag translocated the nanopore to the opposite trans side. When an AAA+
unfoldase (ClpX) was introduced to the trans side, ClpX captured the tail and
unfolded the Smt3 protein in cis entry, thus obtaining simultaneously unfolding
and translocation135,136 (Figure 6c). ClpX was found to generate a sufficient force
(~20 pN) to unfold the proteins and move the polypeptide chains through the
nanopore at a speed that might allow reading the primary sequence (80 amino
acids per second137). Differences between the composition of different Smt3
domains were identified by the ionic current.
2.2.2. Resolve the signal of amino acids
In order to sequence proteins using a nanopore, it’s crucial to resolve the signal
from individual amino acids during translocation. In an ideal scenario, amino
acids in the polypeptide chain will traverse the nanopore one by one, and each
kind amino acid will elicit a distinguishable signal. However, in reality, since
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Figure 6. Unfolding proteins and reading the sequence features. a) Maltose binding protein
(MBP) was able to translocate through the α-hemolysin nanopores after denatured in 1.35 M
guanidium chloride (Gdm-HCl). b) Model protein thioredoxin (Trx) with a 30-mer
oligodeoxycytidine DNA tag attached to the C-terminal was unfolded and fed through αhemolysin nanopore for phosphorylation detection. The DNA tag was captured by
electrophoretic force and induced the denature of protein and threading through the αhemolysin nanopores. Left: the traces of unphosphorylated (white circle) and phosphorylation
(red circle) on the serine residues at position 107 and 112 in Trx. Right: the plotting of the mean
residual current (IRES,%) over the current noise (In, s.d. of a Gaussian fit to an all-points histogram
of the ionic current), showing the separation of unphosphorylated, monophosphorylated and
diphosphorylated Trx. c) Enzyme assisted denaturation and translocation of protein through αhemolysin. An ubiquitin-like protein Smt3 (green) with an unfolded and charged polypeptide tail
(yellow) was added to the trans side. The ssrA recognition element (red) for AAA+ unfoldase ClpX
(blue) was incorporated at the C-terminal of the charged tail. The charged tail was first
transported to cis side of nanopores to be captured by ClpX. Then ClpX induced the unfolding of
Smt3 protein and pulled it through the pore in the present of ATP. The sequence information of
Smt3 domains and different transport stages were identified by the ionic currents (right). Panel
a was adapted from ref133; panel b from ref138; panel c from ref135.

enzymes that move polypeptides amino acid-by-amino acid are not known, the
translocation speed will most likely be difficult to be controlled and not uniform.
In addition, amino acids have different charges and therefore cannot be
stretched or translocated by electrophoresis alone. Even a polypeptide chain
successfully traverses the nanopores, the amino acids with different charge and
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hydrophobicity may also encounter different interaction with the nanopore,
which in turn could cause a non-uniform speed. Moreover, the amino acid may
travel through the recognition area of the nanopore back and forth several
times complicating the signal139. Furthermore, if the sequencing is assisted by
enzymes, the movement of the enzyme itself during the unfolding and pulling
process might add additional noise to the signal120. A potential method to
obtain a uniform translocation speed and reduce the backwards fluctuation is
to add surfactants, which may help to keep proteins in a unfolded state and
create a uniform charge distribution140. This approach was taken by Timp and
coworkers who employed atomic force microscopy to pull an unfolded protein
covered by SDS out of a solid-state nanopore with sub-nanometer dimension141.
They reported the successful identification of signal corresponding to the
volume of four adjacent amino acids (quadromers), and by using specially
designed algorithm they provided enough information to identify proteins141–
143
. However, this approach will be most likely not compatible with enzymes.
Furthermore, it is not clear whether SDS was released and had no interfering to
the signal as claimed by the authors, since computational work showed that
SDS molecules absorbed onto a polypeptide chain do not dissociate when
protein traversing a relatively big nanopore140.
Another obstacle for resolving the single amino acid is the relatively large
sensing region of nanopores. The sequencing region and corresponding signal
resolution is highly dependent on the geometry of nanopores. MspA144,18 has a
narrow sensing region (1.2 nm diameter at its constriction site) and it is often
utilized for DNA studies. The sensing region of MspA nanopore is about 0.6 nm
long, which is close to the phosphorus-phosphorus length of a nucleotide (0.5
nm)145,146, and four DNA bases around the constriction of MspA nanopores
contributed to the current18,147. Therefore, algorithms or repeated sequencings
are needed to read the sequence of translocating bases. Although the new
generation of biological nanopore with a thinner sensing region and multiple
sensing sites has been developed by the Oxford Nanopores for DNA sequencing,
it is likely that the sequencing of polypeptides will require sub-nanometer pores
with extremely thin recognition sites. This is because amino acids have a smaller
size than nucleobase and more chemically diverse. Efforts have been made to
assess the sensitivity of current biological nanopores to discriminate amino
acids. In a simplified system148–150, the Luchian group synthesized
homopeptides flanked with positive and negative amino acid tails
((R)12−(A)6−(E)12 and (R)12−(W)6−(E)12). The two tails bearing opposite charges
were used to electrophoretically trap the polypeptide chains within the
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constriction of α-hemolysin nanopores under an applied bias. They observed
the polyalanine and polytryptophan residues induced distinct blockade events,
hence proving the potential of nanopore sequencing. A similar design was also
tested with fragaceatoxin C (FraC) nanopores and revealed that the peptide
chain was stretched further in the FraC nanopore constriction by applying
higher potentials151.
Solid-state nanopores might be fabricated with atomically thin twodimensional (2D) materials such as graphene and molybdenum disulﬁde40,152,
providing promising platforms for protein sequencing41,42,153–155. In particular,
the thickness of single layer of graphene is only 0.335 nm64,154,156, which would
be ideal to identify individual amino acids. Towards this end, molecular
dynamics simulations have been performed in which polypeptide chains were
transported through graphene157 and MoS2158,159 nanopores. Following
stepwise translocations, such studies revealed that specific ionic signals
corresponding to individual amino acid in a polypeptide chains could be
observed, demonstrating the potential of protein sequencing. However, the
experimental attempts to read a polypeptide with 2D material nanopores are
still to be performed.
Instead of reading all amino acids in a protein, only a subset of amino acids
could be identified. In the fingerprinting approach122, Joo and coworkers
proposed to identify only cysteine (C) and lysine (K) residues in a polypeptide
chain, previously labelled with different fluorophores. Although they proposed
to use single-molecule fluorescence, this approach could also work with
nanopores. Computational assessment comparing existing protein database
showed that two fluorophore labelling already can identify a protein with high
confidence. Although this approach would not allow de novo sequencing,
reading two (or more) labelled amino acids rather than twenty could
significantly reduce the difficulty in protein identification and might provide
some rough protein sequencing. However, the efficiently chemical labelling of
proteins efficiently remains a challenge and introduces additional steps in
sample preparation.
2.3.

Folded proteins detection with nanopores

In nanopore proteomics, folded protein could also be captured and recognized.
Most proteins have a size about 2-10 nm160,161, which is compatible with the size
of many solid-state nanopores56. In general, the intact proteins could be
captured into a nanopore under the electrophoretic or electroosmotic
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force129,162–166, and recognized by a specific electric signal reflecting the protein
properties. In order to identify a protein in proteome, a distinctive signal should
be obtained for each protein in the mixture, including their isoforms and posttranslational modifications. The blockade amplitude, dwell time and the noise
of the signal might all be used be to identify proteins. However, for a large scale
sample analysis, a sample separation or a purification step will most likely be
necessary. Solid-state nanopores, which can be fabricated with a diameter
bigger than 2 nm, have been extensively tested for folded protein analysis. By
contrast, biological nanopores have been less utilized due to the relatively small
sizes of conventionally used nanopores.
2.3.1. Folded protein detection with solid-state nanopores
In order to properly analyze and identify a protein, a nanopore larger than the
protein should be used. In one example, glass nanopores, which were
fabricated with a diameter of approximately 100 nm167,168, were used to sense
proteins with molecular weight up to 480 kDa (RNA polymerase)168. In the same
study small proteins such as ComEA-related protein (12 kDa) have also been
observed. Since the diffusion of protein across such large nanopore is expected
to be very fast, it is likely that the proteins interacted with the nanopore surface.
Furthermore, the events induced by all proteins tested were very short and not
homogeneous, making it difficult to detect or separate proteins from mixtures.
Moreover, it has been shown that solid-nanopores with a diameter ≥ 10 nm do
not allow proper protein sampling due to the fast and inhomogeneous
translocation of the proteins across such nanopores (Figure 7a)167,169,172,173.
Notably, Dekker and co-workers compared the protein capture frequencies
measured by different solid-state nanopores with the capture rates calculated
in a diffusion model169, and concluded that most proteins translocated the
nanopore without being measured. This was particularly significant for small
proteins. Measurements at higher bandwidths could improve the protein
capture frequency, confirming that the low event frequency was due to the fast
translocation through the solid-state nanopores163,169. Aiming to improve
protein detection, especially for the small proteins, sub-10 nm nanopores might
be fabricated. The Wanunu group successfully fabricated such nanopores (< 5
nm diameter) and achieved the detection of sub-30 kDa proteins (Figure 7b)163.
Proteinase K (28.9 kDa) and RNase A (13.7 kDa) could be separated from each
other in such 5-nm nanopores. The Meller group used an even smaller
nanopore (~3 nm in diameter) to detect sub-10 kDa proteins such as ubiquitin
(8.5 kDa) 174 .
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Figure 7. Folded protein detection with solid-state nanopores. a) Schematic of a solid-state
nanopore experiment. A 40 nm SiN nanopore was used to detect the β-galactosidase protein (465
kDa), with the typical traces shown below. Events provoked by β-galactosidase in such pores were
normally very short and inhomogeneous, called “spike” events. b) Protein detection with solidstate nanopores with a diameter around 5 nm using a high bandwidth (250 kHz). The proteinase
K (ProtK, 28.9 kDa, pI 8.9) and RNase A (RNase, 13.7 kDa, pI 9.6) were able to be detected and
gave different blockade amplitude distributions. c) Illustration of the binding of streptavidin
(large red) to lipid-anchored biotin-PE (blue circles), when traversing a solid-state nanopore
coated with lipid (yellow). The streptavidin traces provoked in the nanopores with and without
biotin receptor modification on the surface were shown below. d) Different oligomeric statuses
of vascular endothelial growth factor (VEGF) protein were detected with solid-state nanopores
with a diameter around 5.5 nm. The VEGF monomer, dimer and trimer gave different level
blockades. Panel a was adapted from ref169; panel b from ref163; panel c from ref170; panel d from
ref171.

Beside the fast translocation, when proteins are studied with solid-state
nanopores, the signals are often complicated further by the clogging of the
nanopore170, by the absorption to the nanopore surface128,175–177 and by the fact
that proteins dwell at different positions inside the pore130. Methods such as
changing the surface chemistry178–180 of nanopore, applying short voltage pulses
instead of constant voltages181, have been shown to improve the signal. Most
notably, the Mayer group coated silicon nitride nanopores with lipid bilayers to
prevent clogging182 and improve the detection of streptavidin (Figure 7c).
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To date the noncovalent assembly and oligomerization of proteins is studied
using gel electrophoresis and native mass spectrometry, which is both
challenging and time-consuming67,68. Nanopores might offers a better option to
study the forming of high order protein complexes in a mild aqueous and
physiological condition. Solid-state nanopores have been used to investigate
protein-protein interactions (PPIs) and forming of protein complex. The Chi
group used a solid state nanopore to investigate the interaction between
anticancer therapeutic p53 transactivation domain (p53TAD) and mouse
double minute 2 domain (MDM2)183. The complex formed by p53TAD and
MDM2 could not enter the pore, but in the present of inhibitor, the dissociated
MDM2 domain went through the pore and provoked blockades. Hence, this
platform might allow drugs screening. The Meller group utilized solid-state
nanopores to separate monomer, dimer and trimer of vascular endothelial
growth factor (VEGF) (Figure 7d)171.
2.3.2.

Folded protein detection with biological nanopores

The function of many biological channels and pores is to transport substrates
across a bilayer, thus it is expected that their inner surface has been designed
to minimize non-specific absorption. Hence, clogging is also expected to be
reduced in protein detection with biological nanopores170. However, most
biological nanopores have a narrow size (~2 nm in diameter, Figure 2),
preventing their use in folded protein detection. Initial protein sensing was
limited to the study of small polypeptides that can enter the small cavity of
biological nanopores184–188. The Long group investigated the fibril formation of
α‑Synuclein which plays an important role in Parkinson’s disease184. The
unfolded α‑Synuclein and partially folded intermediates were captured into αhemolysin nanopores and the corresponding signal was observed. In this way,
the formation of α‑Synuclein fibril could be evaluated. The same system has
also been employed to monitor the forming of high order complex of amyloid
peptides83. An alternative approach was to introduce a sensing element in the
proximity of the nanopore entrance194–198 to bind target protein outside the
pore. The Chen group attached a biotin through a PEG linker to the entrance of
OmpG porins, and the binding of streptavidin has been observed after
optimization of the linker length (Figure 8a)189. They further used this system to
detect different antibodies in solution. A similar strategy was also previously
used by Bayley group using αHL nanopores195. Using α-hemolysin nanopores
the Bayley group also showed the binding of thrombin to its aptamer attached
at the nanopore mouth199. The Movileanu group attached a barnase protein to
the C-terminus of engineered FhuA nanopores by genetically fusion (Figure
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8b)190. The real-time binding and release between the barnase and inhibitor
barstar (89 AA) was observed with well-defined and distinguishable signals.

Figure 8. Folded protein detection with biological nanopores. a) Detection of streptavidin with
an engineered OmpG nanopore. A biotin was attached to the pore entrance via a PEG linker (left).
And the binding of streptavidin provoked distinctive ionic signals (right). b) Small protein barnase
was genetically fused to the FhuA nanopores and the binding of its inhibitor barstar was
measured in real-time with distinctive blockade signals. The concentration of barstar and binding
affinity were also determined. c) ClyA nanopores were utilized to monitor the ubiquitination
process of proteins. The schematic illustration of capturing the E2 enzyme (19.8 kDa) and
ubiquitin (8.6 kDa) complex into ClyA lumen (top left). The monoubiquitination proteins existed
in two isoforms (top right). E2 enzyme and ubiquitinated protein could be separated with
distinctive events. The ubiquitination process was monitored after addition of ATP. In the paper,
the mono and polyubiquitinated proteins, and different isomeric monoubiquitinated proteins
were discriminated from each other. d) Single molecule enzyme study with ClyA nanopores. The
dihydrofolate reductase (DHFR, 19 kDa) from E. coli with a positive tag was trapped inside the
type I ClyA nanopore (12 mer) for seconds in the presence of an inhibitor (methotrexate, MTX).
The binding of DHFR enzyme to different substrates such as NADP+ and NADPH induced
blockades with different amplitudes, by which the kinetics of substrate binding were measured.
e) Detection of protein/DNA interaction with ClyA nanopores. The binding of DNA aptamer to
human thrombin was detected with type II ClyA nanopores (13 mer), which revealed two isomeric
binding orientations. Panel a was adapted from ref 189189; panel b from ref190; panel c from ref191;
panel d from ref192; panel e from ref193.
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Moreover, affinities of different barstar variants could be determined with this
system. However, such methods require the chemical attachment of a ligand,
which is often problematic. In many cases, the binding is outside the nanopore
which does not always allow retrieving information about the target protein200.
Ideally, the biological nanopore should have a size larger than the analyte
protein. Our group developed a bigger α-helical nanopore, cytolysin A (ClyA)29,30,
which has a diameter of 5.5 nm in cis entrance and 3.3 nm in constriction side
(Figure 8c). Assisted by direct evolution, oligomeric ClyA variants were isolated,
allowing the preparation of nanopore with even bigger sizes30. Wild type ClyA
nanopores (12 mer), could detect folded proteins with molecular weight up to
~40 kDa (thrombin, 37 kDa). Hence, the ClyA nanopores have been used to
study protein post-translation modifications (PTMs). A challenge in PTMs
analysis is to check how many modifications occur, where the modification
happen and even the order of different modifications13,201. The ubiquitination
of proteins was detected with ClyA nanopores under physiological condition
(Figure 8c)191. The mono and polyubiquitinated proteins have been identified
with the distinctive blockades, elicited by the capture of proteins into ClyA
lumen. Moreover, two isoforms of the monoubiquitinated proteins were
separated and the ubiquitination process could be observed in real time. The
ability to detect different isoforms is important in proteomics, because
proteomes contain a large amount of proteoforms201. In addition, kinetic
studies of PTMs such as the ubiquitination is very hard, because covalent
modification of protein is usually not accompanied by a spectroscopic signal
change202. The example shown here demonstrates ClyA nanopore platform is
an excellent tool for studying protein post-translation modification process. In
addition, the basket-like geometry of ClyA nanopore could trap proteins inside
the nanopore for tens of seconds29,192, which in turn allowed the observation of
enzyme conformational changes in real-time (Figure 8d)192. It presented an
exciting platform to monitor the enzyme activity at single molecule level, which
might help to unravel new enzyme intermediates and catalysis mechanism.
A large portion of proteins such as transcription regulation systems interact
with the nucleotides inside the cell to exploit their function. The interaction of
protein with DNA has been widely studied with nanopores203–206. Our group
employed the ClyA nanopores to reveal the different isomeric binding
configurations between the human thrombin and thrombin binding aptamers
(TBA, Figure 8e)193. With a bigger version of ClyA nanopores (type II ClyA, 13
mer), two kinds of blockade population were observed when TBA bound to
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thrombin. By testing different mutants of TBA, two binding models between the
protein and aptamer were built and separated from each other. This example
demonstrated nanopore sensing could help to identify the subtle heterogeneity
in protein:DNA complexes which is very hard to unravel by traditional methods.
2.3.3.

Increase the selectivity of nanopore protein detection

The human proteome consists of more than 20,000 proteins13,14, hence, to
identify the unique signal for a protein, especially from a mixture or an
unknown sample, is very challenging. To address this issue, the Keyser group
designed a double stranded DNA carrier with dumbbell hairpin motifs and
antigens imbedded along the carrier207 (Figure 9a). Different hairpin motifs
were introduced at different positions within the DNA strand and generated
ionic current spikes during a translocation event, provoked by the DNA.
Therefore, different DNA carriers with unique motif arrangement could be
separated from each other. The binding of antibody to the antigen in the DNA
carrier could induce an additional current spikes in the blockade events. Hence
different antigens were immobilized in different DNA carriers to fulfill
selectively detection of different antibodies in a mixture sample. In another
approach, the Edel group modified gold nanoparticles with a single stranded
aptamer which bound specifically to lysozyme208 (Figure 9b). The aptamermodified gold nanoparticle alone could not be captured by the glass nanopores
and no signal was observed. Once the aptamer bound with lysozyme, it could
provoke blockades to the pore. In this way, they were able to selectively
detected lysozyme in the presence of other proteins.

3. Outline of the thesis
As summarized here, significant amount of work has been done for protein or
peptide analysis with nanopores. New ideas and strategies have been proposed
or currently under development towards protein sequencing with nanopores.
However, due to the complicated chemical compositions and high orders of
structure of proteins, there are still several fundamental technical issues
preventing the substantial development on nanopore proteomics.
In this project, we have focussed on the following topics:
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Uniform capture of proteins and peptide. Electrophoretic force is not
effective to capture different charged analytes;

Figure 9. Selective protein detection with nanopores assisted by extra designs. a) A DNA carrier
was designed with dumbbell hairpin motifs (blue), and antigens were attached to the other
regions (green) within the DNA carrier. Different DNA carriers with unique arrangements of
hairpin motifs were prepared and induced unique signals. Once the antibody bound to antigen,
different signals were observed. Using this method, multiple antibodies were detected and
separated by using different DNA carriers. b) Aptamer-modified gold nanoparticles (AuNPs) alone
could not induce any blockades when detected with a nanopipette. However, when lysozyme
bound the gold nanoparticles modified with lysozyme aptamers, current blockades were
observed. The target protein was able to be selectively detected in a protein mixture. Panel a was
adapted from ref207; panel b from ref208.







Identification of unknown peptides from a mixture. This is important, if
we ought to sequence proteins with nanopore in a similar way as
sequencing protein by mass spectrometry;
Engineering of the biological nanopores size and preparation of sub-nm
nanopores to detect short peptides;
Development of new biological nanopores with a bigger size and
different lumen geometry for folded protein analysis;
Investigation of the protein or peptide interaction with biological
nanopores.

In this thesis, it contains three experimental chapters:


Chapter 2: Electro-osmotic capture and ionic discrimination of
peptide and protein biomarkers with FraC nanopores.
We chose Fragaceatoxin C (FraC) nanopores to detect peptide and
proteins. The FraC nanopore has a unique V-shape, which seems
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suitable to capture different size analytes and prevent their fast
translocation. Initially, the capture of proteins with FraC nanopores
was tested by measuring different polypeptides with both cation and
inion selective FraC nanopores at different pH conditions. The
properties of FraC nanopores, such as the internal charge distribution,
ion selectivity and electroosmotic flow, were also characterized
thoroughly. We found that at neutral pH, the electroosmotic flow
could not capture the proteins against the electrophoretic force. At pH
4.5, the electroosmotic flow was strong enough to capture proteins
against the electrophoretic force. The latter was greatly reduced due
to the protonation of acidic residues. With this finding, we further
tested 5 different biomarker proteins with molecular weights from 25
kDa down to 1.2 kDa. These biomarkers could be captured efficiently
and elicit distinctive blockades, thus they were discriminated from
each other in a mixture. The sensitivity for FraC nanopores was
demonstrated further by separating two small folded peptides
differing in just one amino acid. Therefore, in this chapter we found a
universal condition to uniformly capture the protein and peptide
analytes with different charge compositions and proved the FraC
nanopores is highly sensitive to separate the small difference among
analytes.
Chapter 3: FraC nanopores with adjustable diameter identify the
mass of opposite-charge peptides with 44 dalton resolution.
Chapter 2 showed that FraC nanopores were able to sense peptides
with molecular weight down to 1.2 kDa (10 AA). Smaller peptides
translocated too fast through the pore to be sampled properly. In this
chapter, we were aiming to prepare smaller nanopores. We obtained
sub-nanometer FraC nanopores by engineering the lipid-binding site of
FraC protein to reduce the monomer affinity to the membrane. Using
this method, we successfully prepared two smaller FraC pores, which
were proved was heptamer (type II) and hexamer (type III) FraC. With
type II and III FraC nanopores, we could detect smaller peptide (down
to 555.6 Da) and achieve the discrimination of peptides with one amino
acid substitution. The separation resolution of peptides with FraC
nanopores was around 40 Da. Most importantly, we further optimized
the pH condition and found out there was nice correlation between
the excluded currents and the mass of the peptides at pH 3.8,
irrespective of the chemical compositions of peptides. With this



correlation available, it is possible to use FraC nanopore system to read
out the mass of peptides and develop the nanopore-based peptide
mass identifier. This work showed the potential of using nanopore for
making a portable peptide mass spectrometer.
Chapter 4: Engineered pleurotolysin nanopores to capture and
recognize large folded proteins.
Not limited to the sequencing of protein, we also aimed to develop
new biological nanopores for folded protein detection. The two
component pleurotolysin nanopores, from the membrane-attack
complex/perforin and cholesterol dependent cytolysin superfamily
(MACPF-CDC superfamily), was reconstituted into the standard
artificial lipid bilayer. Extensive engineering of the pore properties such
as expression, stability and ion selectivity have been performed by
directed evolution screen together with site-directed mutagenesis.
Rewardingly, the soluble expression of PlyB was enhanced and
nanopore stability was improved. Besides, the PlyAB mutant with
opposite ion selectivity, comparing with the cation selective wild type,
was also obtained by site-directed mutagenesis and directed evolution
screen. The capture of different size folded proteins with PlyAB
nanopores was characterized and folded plasma proteins with
molecular weights up to ~80 kDa (human transferrin) were detected.
Moreover, the PlyAB nanopores could sense folded proteins with
homogeneous and long blockades (~100 ms), which helped to estimate
the protein shape and interaction with the pore.
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1. Abstract
Biological nanopores are nano-scale sensors employed for high-throughput,
low-cost and long read-length DNA sequencing applications. The analysis and
sequencing of proteins, however, is complicated by their folded structure and
non-uniform charge. Here we show that an electro-osmotic flow through
Fragaceatoxin C (FraC) nanopores can be engineered to allow the entry of
polypeptides at a fixed potential regardless of the charge composition of the
polypeptide. We further use the nanopore currents to discriminate peptide and
protein biomarkers from 25 kDa down to 1.2 kDa including polypeptides
differing by one amino acid. On the road to nanopore proteomics, our findings
represent a rationale for amino acid analysis of folded and unfolded
polypeptides with nanopores.
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2. Introduction
In nanopore biopolymer analysis, molecules are recognized by the
characteristic modulation of the ionic current during their residence inside the
nanopore under an external potential. Nanopore sensors are advantageous
because they recognize single molecules and the ionic signal can easily be
interfaced with low-cost and portable electronic devices. Most notably
nanopores can be used for nucleic acid analysis1-7 and sequencing8-13 where
individual DNA strands are unfolded and stretched by the electric field as they
are fed through the nanopore. The analysis of proteins and polypeptides,
however, is complicated by the fact that they do not possess a uniform charge
distribution. Depending on its direction, the electrical field can either facilitate
or retard the transport of charged residues, or have almost no net contribution
to the transport of neutral amino acids. Therefore, the translocation and
stretching of a polypeptide through a nanopore must be induced by other
means, for example by using enzymes.14
Previous work with biological nanopores mainly focussed on the
electrophoretic-driven translocation of model peptides15-19. More recently, it
has been acknowledged that the electro-osmotic flow (EOF), induced by the
fixed charges in the inner wall of the nanopore, has considerable influence on
the transport mechanism of molecules across nanopores20-27. In particular, it
was shown that at pH 2.8 positively charged peptides can be trapped inside a
nanopore by the balancing effect of the electrophoretic driving force and the
opposing EOF through the nanopore27. This suggests that the intensity of the
EOF can be as strong as the electrophoretic force and, in turn, the EOF might be
used to translocate and stretch polypeptides for protein sequencing
applications. However, changing the pH of the solution also influences the
charge of the nanopore inner surface, and hence the EOF. When using biological
nanopores this is an issue, since altering the pH to uniformly charge a
polypeptide would also adversely affect the direction of the EOF. For example,
at pH 2.8, the inner surface of a biological nanopore consisting of natural amino
acids would be positively charged, resulting in an EOF from cis-to-trans under
positive applied voltages at the trans side. The positive applied potential,
however, opposes the translocation of the protonated polypeptides.
Folded proteins can also be characterised with nanopores. Biological nanopores
such as OmpG28, 29, αHL14, 30, phi29 DNA-packaging motor31 and FhuA32 have
been used to recognize proteins interacting at the entry of the nanopore. More
recently, we have shown that folded proteins can be sampled using the larger
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ClyA nanopore, where the EOF traps proteins with a certain size inside the ~6 x
10 nm nanochamber of the nanopores23, 33-36. Inside the nanopore, proteins
remain folded and the ionic current can distinguish between different
proteins23, isomeric DNA:protein binding configurations34 and ligand-induced
conformational changes36. Work with solid-state nanopores with a large
diameter revealed that globular proteins might translocate too quickly across
nanopores to be properly sampled.37 However, if the diffusion of the protein is
controlled by modulation of pH38, immobilisation within the nanopore’s walls39,
40
, or by the interaction between a protein and the nanopore41-43, ionic current
blockades can be used to identify proteins.
The shape, size and surface charge of the nanopore are important factors for
the recognition of proteins. Proteins with different masses have been studied
with different size glass and solid-state nanopores. The groups of Keyser44 and
Radenovic45 used glass nanopores with diameters of >20 nm for the analysis of
proteins ranging from 12 kDa to 480 kDa relying on the electrophoretic force
for protein capture. Wanunu and co-workers fabricated smaller solid state
pores (~5 nm diameter) to separate sub-30 kDa proteins (28.9 kDa ProtK and
13.7 kDa RNaseA) and found that the osmotic flow dominated the transport for
most of the proteins analyzed46,47. Meller’s group used even a smaller solidstate pore (3 nm diameter) to sample ubiquitin (8.5 kDa) and achieved the
separation of ubiquitin chains of different lengths including ubiquitin dimers
(~17 kDa) of two different conformations38. Recently, we showed also the realtime ubiquitination of a model protein with ClyA nanopore48. However, the
detection and separation of peptides and small proteins is still very challenging
and has not been achieved to our knowledge. Moreover, the charge and
electroosmotic flow need to be more carefully tuned for the capture and
transport of sub-10 kDa polypeptides, complicating the establishment of
general conditions for the detection of such small analytes.
Recently we characterized an -helical pore-forming toxin from an actinoporin
protein family Fragaceatoxin C (FraC) for DNA analysis49. The crystal structure
revealed that FraC consists of eight small subunits that describe a basketshaped nanopore with a large opening of ~6 nm diameter at the cis entry. The
transmembrane region of FraC is formed by eight V-shaped -helices that taper
down towards a narrow constriction of ~1.6 nm at the trans entry of the pore
(Figure 1a) 50. Thus, the narrow constriction of FraC appears ideally suited for
protein sequencing applications, while the large vestibule described by the cis
lumen of the nanopore might be ideal to characterize small folded proteins. In
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this work, we use FraC nanopores to recognize biomarkers in the form of
oligopeptides (≤10 amino acids), polypeptides (>10 amino acids) and folded
proteins (> 50 amino acids). We find that the precise tuning of the charges
present in the constriction of the nanopore is important to allow the
translocation of oppositely charged polypeptides through FraC nanopores.
Once inside the nanopore, polypeptides could be identified by their ionic
current blockades, suggesting that this technology can be suitable for the
proteomic characterization of biological samples.

3. Results
3.1.

Protein capture with FraC nanopores

To assess FraC nanopores as a sensor for peptide and protein biomarkers, we
initially selected endothelin 1, a 2.5 kDa polypeptide of 21 amino acids and αII-chymotrypsin (henceforth chymotrypsin), a 25 kDa globular protein of 245
amino acids (Figure 1). Analytes were added to the cis side of wild type FraC
(WtFraC) nanopores (Figure 1a) containing a 1 M KCl, 15 mM Tris base, pH 7.5
solution and an external potential was applied to the “working” electrode
located in the trans compartment. Because WtFraC shows gating above ~+50
mV, but is stable at potentials as high as -300 mV, a potential at which the lipid
bilayer consisting of 1,2-diphytanoyl-sn-glycero-3-phosphocholine becomes
presumably unstable, we applied potentials between those limits. Addition of
1 µM of endothelin 1 to the cis compartment did not provoke blockades at +50
mV (Figure 1b) and up to -300 mV. Since the constriction of WtFraC is lined with
aspartic acid residues (Figure 1a), we reasoned that the protonation of these
residues at more acidic pH values should diminish the energy barrier for the
translocation of endothelin 1, which carries a net charge of -2 at pH 7.
Simultaneously, a less negative endothelin 1 would also migrate more easily
towards the trans electrode under negative applied potentials. Endothelin 1
blockades started to appear at pH 6.4 at –50 mV (Figure S1a), and their capture
frequency increased linearly with decreasing the pH (Figure S1b). At pH 4.5 (1
M KCl, 0.1 M citric acid, 180 mM Tris base), endothelin 1 blockades to WtFraC
were observed at -50 mV, but not at +50 mV (Table 1, Figure 1b).
Encouraged by the effect of a more positive constriction under acidic conditions,
we next investigated the capture of endothelin 1 with the D10R, K159E FraC
(ReFraC) nanopore, a pore with arginine residues at its constriction which we
previously engineered for purposes of DNA analysis49. Conversely to WtFraC,
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Figure 1. Capture of endothelin 1 and chymotrypsin with two FraC variants at two different pH
conditions. a) Cross sections of wild type FraC (WtFraC, PDB: 4TSY) and D10R-K159E-FraC
(ReFraC). b-c) Representative traces induced by 1 µM endothelin 1 (b) and 200 nM chymotrypsin
(c) to WtFraC (left) and ReFraC (right). Chymotrypsin (PDB: 5CHA) and human endothelin 1 (PDB:
1EDN) are shown as surface representations. Endothelin 1 and chymotrypsin enter WtFraC under
negative applied potentials, while they enter ReFraC under positive applied potentials.
Chymotrypsin blockades to WtFraC were also observed under -50 mV at pH 7.5 and 4.5, however,
the applied potential was increased to -100 mV to obtain a sufficient number of blockades. At pH
7.5, blockades to ReFraC by chymotrypsin under positive applied bias required higher potential
than to WtFraC under negative applied bias. The buffer at pH 7.5 included 1 M KCl, 15 mM Tris
base, and the buffer at pH 4.5 contained 1 M KCl, 0.1 M citric acid, 180 mM Tris base. Endothelin
1 and chymotrypsin were added into cis compartment. All traces were recorded using 50 kHz
sampling rate and a 10 kHz low-pass Bessel filter. The coloring represents the electrostatic
potential of the molecular surface as calculated by APBS75 (pH 7.5 in 1 M KCl) with red and blue
corresponding to negative and positive potentials (range from -4 to +4 kbT/ec), respectively.
Structures were rendered using PyMOL.

ReFraC is stable under positive applied potentials but displays gating at
potentials of ~-50 mV. Consequently, to ReFraC we only applied voltages
between -50 mV to +200 mV. Addition of 1 µM
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endothelin 1 to the cis compartment elicited blockades at pH 7.5 at +50 mV but
not -50 mV (Table 1, Figure 1b). Decreasing the pH to 4.5 (1 M KCl, 0.1 M citric
acid, 180 mM Tris base) led to an increase in capture frequency at +50 mV
(Table 1, Figure 1b), despite the reduced electrophoretic mobility towards the
trans electrode.
Next we tested chymotrypsin (25 kDa, pI 8.75) as representative of a relatively
large protein analyte. Protein blockades were only observed at negative applied
potentials from -50 mV (Figure S2) and higher potentials in pH 7.5 buffer (1 M
KCl, 15 mM Tris base). The residual current became homogeneous when we
increased the potential to -100 mV (Table 1, Figure 1c). Contrary to what we
observed for endothelin 1, the capture frequency of chymotrypsin remained
constant between pH 7.5 and 5.5 and decreased by ~50% when the pH was
lowered to 4.4 (Figure S3). Using ReFraC at pH 7.5, we noticed only few
blockades at high positive applied potentials but not at -50 mV (Table 1, Figure
1c). Decreasing the pH to 4.5 led to an increase in capture frequency (Table 1,
Figure 1c). Notably, ReFraC showed often shallow gating events at negative
applied potentials under acidic conditions as shown in Figure 1c, bottom right.
Taken together, both nanopores can capture analytes differing 10-fold in
molecular weight (2.5 kDa versus 25 kDa).
3.2.

The charge of the constriction dictates the ion selectivity

To collect details of the ion transport across WtFraC and ReFraC pores we
measured the ion-selectivity of WtFraC and ReFraC pores using asymmetric KCl
concentrations on either side of the nanopore (1960 mM and 467 mM). The
reversal potential (Vr), i.e. the potential at which the current is zero (Figure 2a),
was then used, together with the Goldman–Hodgkin–Katz equation, to
calculate the ion selectivity (𝑃𝐾+ ⁄𝑃𝐶𝑙− ) of both nanopores:
[𝑎𝐶𝑙− ]𝑡𝑟𝑎𝑛𝑠 − [𝑎𝐶𝑙− ]𝑐𝑖𝑠 𝑒 𝑉𝑟 𝐹⁄𝑅𝑇
𝑃𝐾+
=
[𝑎𝐾+ ]𝑡𝑟𝑎𝑛𝑠 𝑒 𝑉𝑟 𝐹⁄𝑅𝑇 − [𝑎𝐾+ ]𝑐𝑖𝑠
𝑃𝐶𝑙−

(1)

59

where [𝑎𝐾+ /𝐶𝑙− ]

𝑐𝑖𝑠/𝑡𝑟𝑎𝑛𝑠

is the activity of the K+ or Cl- in the cis or trans

compartments, 𝑅 the gas constant, 𝑇 the temperature and 𝐹 the Faraday’s
constant. We found that the ion selectivity of FraC nanopores depends on the
charge of the constriction, with WtFraC being strongly cation-selective
[𝑃𝐾+ ⁄𝑃𝐶𝑙− = 3.64 ± 0.37, pH 7.5) and ReFraC anion-selective (𝑃𝐾+ ⁄𝑃𝐶𝑙− = 0.57
± 0.04, pH 7.5). Here and throughout the manuscript errors indicate the
standard deviations obtained from 3 or more experiment.
To gain a better understanding of the effect of pH on ion-selectivity, we used a
computational approach to estimate the magnitude and distribution of
electrostatic field generated by nanopores when surrounded by an electrolyte
at pH 7.5 and pH 4.5. The simulations showed that the constriction regions of
WtFraC and ReFraC at the center of the nanopore exhibited highly negative and
positive potentials,

Figure 2. Ion-selectivity and electrostatic distribution of WtFraC and ReFraC. a) Determination
of the reversal potential shows that WtFraC and ReFraC are respectively cation- and anionselective, as expected from the electrostatic potentials at their constrictions. All reversal
potentials were measured under asymmetric salt conditions (467 mM KCl in trans and 1960 mM
KCl in cis) and the ion selectivity determined using the Goldman-Hodgkin-Katz equation (equation
1 in the main text). The buffer contained 15 mM Tris base at pH 7.5 and 100 mM sodium citrate
at pH 4.5. b) The averaged simulated electrostatic potentials reveal the negatively and positively
charged constrictions of WtFraC and ReFraC, respectively. While for ReFraC lowering of the pH
from 7.5 to 4.5 only had a small effect on the electrostatic potential, for WtFraC the peak value
at the center of the constriction dropped by 37%. All simulations were performed using APBS75
at 1M KCl, with the partial charge of each titratable residue adjusted according to their average
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protonation states with a modified version of the PDB2PQR software72. Residue pKa values were
estimated using PROPKA78,79. Detailed experiment procedures are given in Methods. The
envelopes behind every current-voltage curve represent their respective standard deviations
obtained from 3 repeats.

respectively (Figure 2b). In WtFraC the lowering of the pH from 7.5 to 4.5
reduced the potential at the center of the constriction by 37% (from -0.87 to 0.55 kBT/ec, with 1 kBT/ec = 25.6 mV at 298 K) in line with the 43% reduction of
the ion selectivity of the nanopores (𝑃𝐾+ ⁄𝑃𝐶𝑙− = 2.11 ± 0.23 at pH 4.5) and
confirming that the ionic transport across the nanopore is dominated by the
charge of the constriction. Interestingly, at pH 4.5 the ion selectivity of ReFraC
increased by 37% compared to pH 7.5 (Figure 2a) despite the roughly constant
electrostatic potential of the nanopore constriction (Figure 2b). Presumably,
when the charge at the constriction does not change, the ion selectivity can still
be influenced by the protonation state of other residues located on the
nanopore surface (Figure 2b).
3.3.

The electro-osmotic flow promotes the entry of polypeptides into
FraC

The entry of the proteins inside FraC may occur by passive diffusion, and by the
combined effect of the electrophoretic force on the polypeptide charges and
electro-osmotic force, the latter being the results of the electro-osmotic flow
(EOF), that is the directional flux of water across the nanopore. The strength
and direction of the EOF inside a nanopore depends on its shape, charge, the
nanopore asymmetry and is related to the ion-selectivity21, 25, 26, 51-53. An
estimate of the direction and the magnitude of the water-flux ( 𝐽𝑤 ) due to the
ion-selectivity can be obtained using the following equation52:
𝐽𝑤 = 𝑁𝑤

𝐼

(

1−𝑃𝐾+ ⁄𝑃𝐶𝑙−

𝑒𝑐 1+𝑃𝐾+ ⁄𝑃𝐶𝑙−

)

(2)

where 𝑁𝑤 is the number of water molecules per ion (hydration shell), 𝐼 the
ionic current, 𝑒𝑐 the elementary charge and 𝑃𝐾+ ⁄𝑃𝐶𝑙− the ion-selectivity. Note
that the equation above likely underestimates the water flux, as it does not take
the movement of the electrical double layer into account. Using a value of 10
water molecules per ion26, 52, water fluxes and velocities can be estimated
(Table S1). In WtFraC, water flows from cis to trans at negative applied
potentials and the reduced ion selectivity at pH 4.5 results in a flux reduction of
~59% (from 6.08× 109 to 2.48× 109 hydrated water molecules per second at 61

50 mV). The net water flux in ReFraC, on the other hand, flows from cis to trans
at positive applied potentials and increases by ~51% when the pH is decreased
(from 1.37 × 109 at pH 7.5 to 2.08× 109 at +50 mV). These data suggest that
the EOF has a dominant role in the capture of both proteins and peptides, as
both chymotrypsin (25 kDa, pI = 8.8, net positive charge) and endothelin 1 (2.5
kDa, formal charge -2) enter WtFraC and ReFraC only when the direction of the
EOF is from cis to trans, irrespectively from the charge of the biomarker or the
sign of the applied potential at the trans electrode (negative for WtFraC and
positive for ReFraC).
3.4.

Biomarker detection with the WtFraC nanopore

After assessing the capture of chymotrypsin (25 kDa, 245 amino acids) and
endothelin 1 (2.5 kDa, 21 amino acids), biomarkers for pancreatic cysts54 and
bronchiolitis obliterans55, respectively, we used the WtFraC nanopores to
detect a larger range of peptide and protein biomarkers including β2microglobulin, a 11.6 kDa (99 amino acids) biomarker for peripheral arterial
disease56, human EGF, a 6.2 kDa (53 amino acids) biomarker for chronic kidney
disease57, and angiotensin I, a 1.3 kDa (10 amino acids) biomarker for
hypertensive crisis (Figure 3)58. At pH 7.5, 2-microglobulin and EGF entered
the WtFraC only at high negative applied potentials (>-200 mV, Figure S4,5).
The entry of endothelin 1 (2.5 kDa, pI 4.16) into FraC nanopores could not be
observed at potentials up to -300 mV (Figure S6), while the blockade of
angiotensin I (1.3 kDa, pI 7.93) could not be assessed as the peptide induced
blockades that were too fast to be analysed (Figure S7). By contrast, at pH 4.5
all biomarkers entered the FraC nanopores. Thus all biomarkers were assessed
under negative applied potentials at pH 4.5 with the exception of chymotrypsin.
3.5.

Protein translocation might deform the transmembrane helices of
FraC

It is generally accepted59-63 and experimentally shown35 that the voltage
dependence of the dwell time of a molecule can report whether it translocates
a nanopore. If a molecule translocates through a nanopore, increasing the
electrophoretic or electro-osmotic driving force reduces its residence time
inside the nanopore (i.e. the dwell time). By contrast, if molecules do not
translocate the nanopore the dwell time will increase with the applied potential.
Under this assumption, at pH 4.5 biomarkers entered and translocated WtFraC
nanopores. The voltage dependence of chymotrypsin (Figure 3a) suggests that
this biomarker does not translocate through WtFraC nanopores. This is
expected; giving that the protein is larger than the transmembrane constriction
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of the nanopore (Figure 3a). Accordingly, the Ires%, which refers to percent ratios
between the blocked and open pore ionic currents, of protein blockades
decreased with the applied potential, suggesting that the protein is pushed
further inside the nanopore

Figure 3. Biomarker characterization with WtFraC at pH 4.5. From top to bottom: surface
representation with molecular surface and cartoon representations (PyMOL) of the biomarker, a
representative trace obtained under the indicated applied potential, a heatplot depicting the
dwell time distribution versus Ires% at the same applied potential, the voltage dependence of Ires%,
the voltage dependence of the dwell times, and the capture frequency. a) chymotrypsin (25 kDa,
PDB: 5CHA), b) β2-microglobulin (11.6 kDa, PDB: 1LDS), (c) human EGF (6.2 kDa, PDB: 1JL9), d)
endothelin 1 (2.5 kDa, PDB: 1EDN) and e) angiotensin I (1.3 kDa), respectively. Angiotensin I is
depicted as a random structure drawn with PyMOL. The concentrations of the biomarkers were:
200 nM for chymotrypsin, 200 nM for β2-microglobulin, 2 µM for human EGF, 1 µM for
endothelin 1, and 2 µM for angiotensin I, respectively. Isoelectric points of biomarkers are
obtained from literatures or with the online calculation tool PepCalc. Error bars represent the
standard deviation obtained from at least 3 repeats and at least 300 events for each repeat. The
voltage dependencies of capture frequencies were fitted to quadratic functions. With the
exception of EGF, voltage dependencies of dwell times were fitted to single exponentials. All
remaining data were fitted using a B-spline function (Origin 8.1). All recordings were collected
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with 50 kHz sampling rate and 10 kHz low-pass Bessel filter. Detailed numbers and analysis for
each data point could be found in supporting information (Figure S11-15, Table S7).

as the EOF is increased. As a folded protein 2-microglobulin is larger than the
constriction of WtFraC (Figure 3b). Surprisingly, however, we found that the
dwell times of the blockades decreased with the potential, suggesting that the
protein translocates through the nanopore. Translocation of 2-microglobulin
would require that either the protein or the transmembrane domain of FraC
unfolds or deforms. The Ires% was near zero, suggesting a tight interaction
between 2-microglobulin and the nanopore walls. Further, the Ires% remained
constant over the applied potential, which is consistent with a protein
remaining folded within the nanopore64, 65. Together, these findings suggest
that the transmembrane region of the nanopore deforms during the
translocation of folded 2-microglobulin molecules. This interpretation is
consistent with our previous study in which we observed transient remodeling
of FraC transmembrane region during the translocation of dsDNA through the
nanopore49.
3.6.

Threshold potential and stretched polypeptides during translocation

The bi-modal voltage dependency of dwell times observed with EGF and
endothelin 1 (Figure 3c, d) suggests that these proteins translocate above a
certain potential (-90 mV and -20 mV, respectively). This interpretation is
corroborated by a previous study where the bi-modal voltage dependency of
DHFR blockades to ClyA nanopores was shown to correspond to a voltage
threshold potential for the translocation of the protein across the nanopore 36.
Interestingly, the Ires% of endothelin 1 increased with the applied potential,
suggesting that this polypeptide may be stretched by the increased EOF through
the nanopore. This observation is in accordance with previous studies reporting
that proteins and polypeptides can be stretched by high applied potentials24,66.
If confirmed, this is an important finding for protein sequencing applications,
because it suggests that the EOF across the nanopore can linearise a
polypeptide during translocation. Finally, angiotensin 1 translocated at all
potentials tested (Figure 3e). The dwell time of angiotensin 1 was close to the
limit of detection, thus most likely angiotensin 1, an oligopeptide of just 10
amino acids, represents the limit of oligopeptide detection using FraC
nanopores.
The capture frequency of all biomarkers increased with the applied potential.
Previous work with DNA revealed that the entry of a polymer inside a nanopore
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Figure 4. Discrimination of a biomarker mixture with WtFraC at pH 4.5. A single WtFraC
nanopore was obtained in a buffer at pH 4.5 (1 M KCl, 0.1 M citric acid, 180 mM Tris base) under
a -50 mV applied potential. 200 nM of β2-microglobulin was initially added to the cis
compartment (a), then 1µM EGF (b) and finally 200 nM endothelin 1 (c) were added to cis
compartment. d) Crystal structure of β2-microglobulin, EGF and endothelin 1 mixture created
with PyMOL colored according to their vacuum electrostatics.

can be diffusion-limited, i.e. all molecules colliding with the nanopore are
captured; or reaction-limited, i.e. only a fraction of molecules colliding with the
nanopore are captured. For a diffusion-limited entry, polypeptide capture is
expected to vary linearly with the applied voltage bias. For a reaction-limited
entry the relation should be exponential.67,68 Our data could not be fitted to
either linear or exponential regressions (Figure 3), suggesting that the entry and
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Figure 5. Discrimination of endothelin 1 and 2 with WtFraC at pH 4.5. a) Molecular surface
representation of endothelin 1 (PDB: 1EDN) and endothelin 2 (homology model from endothelin
1, PyMOL) using electrostatic coloring (PyMOL). b) Above: amino acid sequences of endothelin 1
and 2. Blue lines indicate the disulfide bridges in each polypeptide. Below: Ires% and dwell time
for endothelin 1 and endothelin 2 blockades at -50 mV in pH 4.5 buffer (1 M KCl, 0.1 M citric acid,
180 mM Tris base). Standard deviations are calculated from 3 experiments (Figure S16). c)
Representative endothelin 1 and endothelin 2 blockades to the same FraC nanopore under -50
mV applied potential. d) Histogram (left) of residual currents provoked by 2 µM endothelin 1 and
corresponding heatplot depicting the standard deviation of the current amplitude versus Ires%
(right). e) Same as in (d) but after addition of 8 µM endothelin 2 to the same pore revealing a
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second population. Graphs were created with custom R scripts. All recordings were conducted
with 50 kHz sampling rate and 10 kHz Bessel low-pass filter.

confinement of polypeptides inside FraC might be influenced by a complex
interplay between the electro-osmotic, electrophoretic, and electrostatic
forces inside the nanopores. By contrast, the voltage dependence of the dwell
times of the polypeptide fitted well to exponential regressions (Figure 3),
indicating that the escape from the nanopore, either from the cis side
(Chymotrypsin and EGF below -90 mV) or trans side (2-microglobulin,
endothelin 1, angiotensin I, and EGF above -90 mV), is a reaction-limited
process.
3.7.

Recognition of peptide and protein biomarkers

Differentially sized oligo- and polypeptides as well as proteins were easily
distinguished using several parameters, including the residual current and the
duration of the current blockades (Figure 3). Using identical conditions, and the
same applied voltage, we discriminated β2-microglobulin, EGF as well as
endothelin 1 in a mixture (Figure 4). At -50 mV applied potential, almost every
blockade elicited by 2-microglobulin, EGF, and endothelin 1 could be
distinguished. Most likely, the conical shape of FraC nanopores is instrumental
for recognizing folded polymers, which presumably penetrate and interact at
different heights with the lumen of the nanopore. In order to challenge our
experimental system, we sought to identify even more similar analytes. We
chose endothelin 1 and endothelin 2, near-isomeric polypeptides differing in
one out of twenty-one amino acids being otherwise structural isomers (Figure
5a,b, also note that leucine 6 in endothelin 1 is at position 7 in endothelin 2).
Remarkably, at -50 mV, we observed distinguishable blockades with unique Ires%
and dwell times (Figure 5b,c) for endothelin 1 (Ires%: 8.9 ± 0.1%, dwell time 5.6 ±
2.0 ms, N = 3, n = 600) and endothelin 2 (6.1 ± 1.4%, dwell time 19.0 ± 5.3 ms,
N = 3, n = 384). This enabled already their identification on an individual
blockade level (Figure 5c). When we added consecutively first 2 µM endothelin
1 (Figure 5d) and then 8 µM endothelin 2 to the same pore (Figure 5e), we could
also observe two distinct populations by plotting the standard deviation of the
amplitude of events over their corresponding Ires%. The two disulfide bonds in
both endothelins likely allow them to maintain a partially folded structure also
during translocation across the nanopore. Thus, the different current blockades
could arise from the additional bulky tryptophan residue in endothelin 2 (Figure
5a). By contrast, detection of smaller and unfolded oligopeptides is more
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challenging. Angiotensin 2, which lacks two amino acids at the C-terminal of
angiotensin 1 is expected to translocate unfolded through the nanopore,
showed very short event (less than 100 µs at 50 kHz sampling rate). Most likely
the sequence analysis of unfolded oligopeptides will require additional
improvements, such as a smaller nanopore or the use of enzymes to reduce the
translocation speed across the nanopore.

4. Discussion
In this work we show that FraC nanopores can be used as a sensor in singlemolecule proteomic analysis. In the simplest implementation of nanopore
proteomics, proteins are recognized amino acid-by-amino acid as they
translocate linearly through a nanopore. Notably, since the sequence of
proteins and peptides in an organism is known from genomic analysis, a protein
sequence might be obtained by recognizing only a subset of amino acids69.
Alternatively, folded proteins and peptides could be recognized as they reside
inside the nanopore and matched to previously established blockades, i.e.
matching a fingerprint-like blockade to a database of known blockades. The
challenges of folded and unfolded recognition, however, are different. In folded
protein recognition the transport dynamics of analyte peptides and proteins
across the nanopore are not critical, and analytes are recognized as they reside
in vestibule of the nanopore. Here we showed that differentially sized oligoand polypeptides as well as proteins were easily distinguished using several
parameters, including residual current and duration of the current blockade
(Figure 3,4). Remarkably, the nanopore was also able to distinguish between
blockades of endothelin 1 and endothelin 2, whose amino acid sequence only
differ by a single amino acid (a tryptophan, Figure 5). However, despite the
sensitivity of nanopore currents, it is unlikely that all the proteins in a proteome
will elicit a specific signal, and a biological sample will most likely require a prepurification and/or concentration step.
An important issue in folded protein analysis is the detection of low-abundance
proteins. Since the nanopore approach is a single-molecule technique, in
principle the detection of low abundance proteins is merely an issue of waiting
until the target analytes are captured by the nanopore. In practice, however,
the experiment should be carried out within a specific time-window.
Considering that 10-100 events are required to identify and quantify a specific
analyte, and assuming a running time of 1000 seconds (about 15 minutes), the
target analyte should be captured with a frequency of 0.1 - 0.01 events per
second. This corresponds to a concentration threshold limit of ~ 1 nM for the
68

biomarkers sampled here. Because the concentration of proteins in blood can
be much lower, the sensitivity of this technique has to be increased. This could
be done by using arrays of nanopores. For example, an array of 1000 nanopores
would allow sampling analytes in the pM range. Alternatively, binding elements
such as aptamers or antibodies could be conjugated to the nanopore or to the
lipid bilayer to increase the local concentration of analytes near the nanopore23.
Finally, in analogy to most proteomic techniques, target analytes could be
either purified or enriched prior analysis. Crucially, nanopore sensors only
require nanoscale volumes to be sampled. Thus, the theoretical detection limit
of the nanopore approach is just a few thousand copies of biomarkers collected
from a biological sample.
In unfolded protein recognition, the direction of translocation of the
polypeptide across the nanopore must be tightly controlled. In particular, the
back-movement of the polymer should be avoided, and the polypeptide should
be stretched to allow addressing individual amino acids. Unlike DNA, however,
polypeptides do not have a uniform charge and the electric field cannot be used
to stretch or control the translocation across the nanopore. Therefore, the
electro-osmotic flow must be used as the driving force for the nanoscale
transport across a nanopore. However, since a polypeptide chain contains both
positively and negatively charged amino acids, the electro-osmotic force should
be higher than the electrophoretic force during translocation. An additional
complication is that the EOF is generated by the fixed charge of the inner walls
of the nanopore, which in turn might prevent or retard the translocation of
amino acids through electrostatic interactions. In this work we showed that at
pH 7.5 none of the biomarkers we tested, most of which were negatively
charged, could translocate across the WtFraC nanopore. In contrast, at pH 4.5
all the polypeptides smaller than the nanopore constriction translocated the
nanopore. Since the EOF through WtFraC is reduced by ~ 60% upon lowering
the pH to 4.5, it is likely that polypeptide translocation across the nanopore is
allowed by the attenuated electrostatic potential of the constriction (reduced
by ~ 40% in the same pH range) combined with the weaker opposing
electrophoretic force on the partially protonated acidic amino acids (aspartate
and glutamate) migrating towards the negative trans electrode. In turn, these
findings suggest that at pH 4.5 the constriction of WtFraC maintains a sufficient
negative charge to induce a cis-to-trans EOF at negative applied potentials,
while allowing the translocation of the negatively charged polypeptides across
the nanopore against the applied potential. Although individual amino acids
could not be identified on-the-fly during translocation, we showed that
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differences by just one bulky tryptophan residue in a small biomarker can be
observed (Figure 5). Therefore, if the speed of transport of a polypeptide can
be controlled, for the example by the use of enzymes, it might be possible that
FraC nanopores will allow the identification of specific sequence features in
translocating polypeptides.

5. Methods and materials
Chemicals
α-Chymotrypsin (from bovine pancreas, ≥85%, C4129), β2-microglobulin (from
human urine, ≥98%, M4890), endothelin 1 (≥97%, E7764), endothelin 2 (≥97%,
E9012), angiotensin I (≥90%, A9650), pentane (≥99%, 236705), hexadecane
(99%, H6703), Trizma®hydrochloride (SLBG8541V), Trizma®base (SLBK4455V),
N,N-Dimethyldodecylamine N-oxide (LADO, ≥99%, 40234) and n-Dodecyl β-Dmaltoside (DDM, ≥98%, D4641) were obtained from Sigma-Aldrich. Human EGF
(≥98%, CYT-217) was obtained from PROSPEC. 1,2-diphytanoyl-sn-glycero-3phosphocholine (DPhPC, 850356P) and sphingomyelin (Brain, Porcine, 860062)
were purchased from Avanti Polar Lipids. Potassium chloride (≥99%,
BCBL9989V) was bought from Fluka. Citric acid (≥99%, A0365028) was obtained
from ACROS. All polypeptide biomarkers and chemicals were used without
further purification. 15 mM Tris base, pH 7.5 buffer used in this study was
prepared by dissolving 1.902 g Trizma® HCl and 0.354 g Trizma® Base in 1 liter
water (Milli-Q, Millipore, Inc.).
FraC monomer expression and purification
A gene containing FraC with a C-terminus 6-His tag was cloned into a pT7-SC170
expression plasmid using NcoI and HindIII restriction digestion sites. For
expression, the plasmid was transferred into E.cloni® EXPRESS BL21(DE3)
competent cell by electroporation. Transformants were harvested from the LB
agar plate containing 100 mg/l ampicillin after overnight incubation at 37°C,
and inoculated into 200 ml fresh liquid 2-YT media with 100 mg/l ampicillin. The
cell culture was grown at 37°C, with 220 rpm shaking to an optical density at
600 nm of 0.8 after which 0.5 mM IPTG was added to induce expression. The
temperature was lowered to 25°C and the bacterial culture was allowed to grow
for 12 hours. Cells were harvested by centrifugation for 30 minutes (2000 x g)
at 4°C. Cell pellets were stored at -80°C. 50-100 ml of cell culture pellet was
thawed at room temperature, resuspended with 30 ml lysis buffer (15 mM Tris
base pH 7.5, 1 mM MgCl2, 4 M Urea, 0.2 mg/ml lysozyme and 0.05 units/ml
DNase) and mixed vigorously with a vortex shaker for 1 hour. In order to fully
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disrupt the cells, the suspension was sonicated for 2 minutes (duty cycle 10%,
output control 3 using a Branson Sonifier 450). The crude lysate was then
centrifuged at 5400 x g for 20 minutes at 4°C. The supernatant (containing FraC
monomers) was transferred to a 50 ml falcon tube containing a 100 μl of NiNTA resin (Qiagen, stored at 4°C, well mixed before pipetting out 100 μl), which
was pre-washed with 3 ml of washing buffer (10 mM imidazole, 150 mM NaCl,
15 mM Tris base, pH 7.5), and incubated at room temperature for 1 hour with
gentle mixing. The resin was spun down at 2000 x g for 5 minutes at 4C. Most
of the supernatant was discarded and the pellet containing the Ni-NTA resin
within ~5 ml of buffer was transferred to a Micro Bio-Spin column (Bio-Rad) at
room temperature. The Ni-NTA beads were washed with 10 ml wash buffer and
the protein was eluded with 500 μl of 300 mM imidazole. Protein concentration
was determined with NanoDrop 2000 UV-Vis Spectrophotometer (Thermo
Scientific). The monomers were stored at 4°C.
Preparation of sphingomyelin-DPhPC liposomes
20 mg sphingomyelin (Brain, Porcine, Avanti Polar Lipids) was mixed with 20 mg
of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC, Avanti Polar Lipids)
and dissolved in 4 ml pentane (Sigma-Aldrich) containing 0.5% v/v ethanol. This
lipid mixture was placed in a round flask and rotated slowly near a hair dryer to
disperse the lipid well around the wall. The flask was kept open at room
temperature for another 30 minutes to let the solvent evaporate completely.
The lipid film deposited on the flask was then resuspended with 4 ml of buffer
(150 mM NaCl, 15 mM Tris base, pH 7.5) by using a sonication bath for 5
minutes. The final liposome solution concentration was 10 mg/ml and stored at
-20°C.
Oligomerization of FraC
Frozen liposomes were sonicated after thawing and mixed with monomeric
FraC in a lipid:protein mass ratio 10:1. The mixture was sonicated in sonication
bath ~30 seconds and then kept at 37°C for 30 minutes. The proteo-liposome
was solubilized with 0.6% LDAO (N,N-Dimethyldodecylamine N-oxide, 5% w/v
stock solution in water), then transferred to a 50 ml falcon tube and diluted 20
times with buffer (150 mM NaCl, 15 mM Tris base, pH 7.5, 0.02% DDM). 100 μl
of pre-washed Ni-NTA resin (Qiagen) was added to the diluted
protein/liposome mixture. After incubation with gentle shaking for 1 hour, the
beads were loaded to column (Micro Bio-Spin, Bio-Rad) and washed with 10 ml
buffer (150 mM NaCl, 15 mM Tris base, pH 7.5). FraC oligomers were eluted
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with 300 µl elution buffer (200 mM EDTA, 75 mM NaCl, 7.5 mM Tris base, pH 8,
0.02% DDM). Oligomers are stable for several months at 4°C.
Simulation of the electrostatic potential
In order to understand the effect of pH changes on ion-selectivity we sought to
simulate the magnitude and distribution of the electrostatic field created by the
FraC nanopore. A well-established model for calculating such electrostatic
potentials is the Poisson-Boltzmann equation (PBE):
𝑛

𝑞 𝜙(𝒓)
1
1
− 𝑖
∇ ∙ [𝜖(𝒓)∇𝜙(𝒓)] + 𝜌 𝑓 (𝒓) + ∑ 𝑞𝑖 𝑐𝑖0 𝑒 𝑘𝐵 𝑇
𝜖0
𝜖0
𝑖=1

(3)

=0
where 𝜙(𝒓) is the electrostatic potential, 𝜖(𝒓) the relative permittivity and
𝜌 𝑓 (𝒓) the distribution of fixed atomic charges which are all dependent on
positional vector 𝒓. The symbols 𝜖0 , 𝑘𝐵 and 𝑇 represent the permittivity of free
space, the Boltzmann constant and the temperature in kelvins, respectively.
Each mobile ion species 𝑖 of the electrolyte is represented by their net charge
𝑞𝑖 and their bulk concentration 𝑐𝑖0 .
When calculating the fixed charge distribution 𝜌 𝑓 of the nanopores, the
individual pKa-values of all titratable groups (ASP, GLU, TYR, HIS, ARG, LYS and
the C- and N-termini) were estimated with PROPKA71 (Table S2,3). A modified
version of the PDB2PQR72 software was then used to assign a radius and pHdependent partial charge to each atom in the model (“PQR” file format), taking
into account the partial (de)protonated states of any residue whose pKa was
close to the given pH. First, the average protonated fraction (𝑓𝐻𝐴 ) of a residue
at a given pH was calculated: 𝑓𝐻𝐴 = (1 + 10𝑝𝐻−𝑝𝐾𝑎 )−1 . Next, the partial
charge of each atom in the residue (𝛿 ) was adjusted proportionally to the
average protonation state: 𝛿 = 𝛿𝐻𝐴 × 𝑓𝐻𝐴 + 𝛿𝐴− × (1 − 𝑓𝐻𝐴 ). Here 𝛿𝐻𝐴 and
𝛿𝐴− represent the partial charge of the atom in the protonated and the
deprotonated states of the amino acid, respectively. Atomic charges and radii
were based on the PARSE force field.
The homology models WtFraC and ReFraC were built from the FraC crystal
structure (4TSY)50 using the VMD73 and MODELLER74 software packages.
The Adaptive Poisson-Boltzmann Solver (APBS)75 was then used to calculate the
electrostatic potential maps for WtFraC and ReFraC at pH 4.5 and 7.5 in 1 M KCl.
Briefly, each PQR file was processed by APBS and the ‘draw_membrane2’
program (included with APBS) to set up and solve the full Poisson-Boltzmann
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equation (PBE) in three sequential calculations with increasing precision (Figure
S8). The nanopore molecular surface (1.4 Å probe) was used as the barrier
between protein interior (𝜖 = 10, ion-inaccessible) and the electrolyte (𝜖 = 80).
A lipid-bilayer was included in the form of a 3 nm-thick, dielectric slab (𝜖 = 2,
ion-inaccessible) located at the centre of FraC’s transmembrane domain as
determined in the OPM database76. The monovalent salt concentration was set
to 1 M and the radius of both ions was 2.0 Å. First, a coarse calculation was
performed with a large box to mitigate boundary effects and to ensure proper
conversion (600x600x600 Å3 size, 1.86 Å resolution, 𝜑edge = 0). The coarse
solution was then used in two sequential ‘focussing’ calculations with a medium
(300x300x300 Å3 size, 0.93 Å resolution, 𝜑edge = 𝜑coarse ) and a fine box
(150x150x150 Å3 size, 0.47 Å resolution, 𝜑edge = 𝜑medium ). Further refinement
of the grid did not result in a quantitatively different result. A sub-unit averaged
electrostatic map was obtained by performing the same calculation eight times
while rotating the atomic coordinates of the pore in steps of 45° around the zaxis between each calculation and subsequently averaging the resulting
electrostatic maps. Cross-sectional slices were plotted using PyMOL.
Electrical recording in planar lipid bilayers
Two compartments of the electrophysiology chamber were separated by a 25
µm polytetrafluoroethylene film (Goodfellow Cambridge Limited) containing an
aperture with a diameter of about 100 μm. To form a lipid bilayer, ~5 μl of
hexadecane solution (10% v/v hexadecane in pentane) was added to the
polytetrafluoroethylene film. After ~2 minutes, 0.5 ml buffer was added to each
compartment and 10 μl of a 10 mg/ml solution of 1,2-diphytanoyl-sn-glycero3-phosphocholine (DPhPC), dissolved in pentane, directly added on top of the
solutions. After brief waiting to allow for evaporation of pentane, silver/silverchloride electrodes were submerged into each compartment. The ground
electrode was connected to the cis compartment, the working electrode to
trans side. A lipid bilayer spontaneously forms by lowering the buffer above and
below the aperture in the polytetrafluoroethylene film. FraC oligomers were
added to the cis side. Under an applied potential, the ionic current of FraC is
asymmetric, allowing the determination of the orientation of FraC nanopores
in the lipid bilayer. WtFraC nanopores showed the orientation as shown in
Figure 1, Figure S9 and Table S4 when a higher conductance was measured at
negative applied potential. Analytes were then added to cis compartment. Two
kinds of buffer solutions were used for electrophysiology recording in this study
depending on the pH. At pH 7.5, recordings were performed using 1 M KCl and
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15 mM Tris base. When the pH was varied from 7.5 to 4.5, the buffer used
contained 1 M KCl, 0.1 M citric acid, and 180 mM Tris base. FraC and ReFraC
oligomers could insert into lipid bilayer from pH 4.5 to 7.5.
Data recording and analysis
Planar bilayer recordings were collected using a patch clamp amplifier
(Axopatch 200B, Axon Instruments) and the data digitized with a Digidata 1440
A/D converter (Axon Instruments). Data were acquired by using Clampex 10.4
software (Molecular Devices) and the subsequent analysis was carried out with
Clampfit software (Molecular Devices). Events duration (dwell time), time
between two events (inter-event time), blocked current levels (IB) and open
pore levels (IO) were detected by “single channel search” function. Ires%,
defined as (IB/IO)*100, was used to describe the extent of blockade caused by
different biomarkers. Average inter-event times were calculated by binning the
inter-event times and applying a single exponential fit to cumulative
distributions.
Ion selectivity measurement
The ion permeability ratio (K+/Cl-) was calculated using the
Goldman−Hodgkin−Katz equation (Equation 1), which uses the reverse
potential (Vr) as variable input. The activity of KCl at 1960 mM and 467 mM was
calculated using mean activity coefficients for 2000 mM and 500 mM KCl
respectively77. The Vr was measured from extrapolation from I-V curves
collected under asymmetric salt concentration condition. Individual FraC
nanopores were reconstituted using the same buffer in both chambers
(symmetric conditions, 840 mM KCl, 15 mM Tris base, pH 7.5, 500 µl) to assess
the orientation of the nanopore. 400 µl solution containing 3.36 M KCl, 15 mM
Tris base, pH 7.5 was slowly added to cis chamber and 400 µl of a buffered
solution containing no KCl (15 mM Tris base, pH 7.5) was added to trans solution
(trans:cis, 467 mM KCl : 1960 mM KCl). The solutions were mixed and I-V curves
collected from -30 mV to 30 mV with 1 mV steps. Experiments at pH 4.5 were
carried out using the same method but using 0.1 M citric acid buffered solutions.
Initially, 500 µl 840 mM KCl, 0.1 M citric acid, 180 mM Tris base buffer was
added into both chambers and a single FraC channel obtained. Then, 400 µl of
pH 4.5 solution containing 3.36 M KCl, 0.1 M citric acid, 180 mM Tris base was
slowly added to cis chamber and 400 µl of a buffered solution containing no KCl
(0.1 M citric acid, 180 mM Tris base, pH 4.5) was added to trans solution (thus
yielding a trans:cis ratio of 467 mM KCl : 1960 mM KCl). The solutions were
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mixed and I-V curves collected from -30 mV to 30 mV with 1 mV steps. The
directionality of the ion selectivity was also tested by using high KCl
concentration in trans chamber and low KCl concentration in the cis chamber
(Figure S10 and Table S5,6). Ag/AgCl electrodes were surrounded with 2.5%
agarose bridges containing 2.5 M NaCl.
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6. Supplementary information

Figure S1. pH dependency of endothelin 1 capture frequency by WtFraC under -50 mV applied
potentials. a) 1 µM endothelin 1 was added into the cis compartment. The initial buffer contained
1 M KCl, 0.1 M citric acid, 100 mM Tris base and was titrated with 2 M NaOH to pH 7.5. Sequential
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addition of 1.5 µl, 3.5 µl, 7 µl of 6 M of HCl to both compartments (containing 500 µl starting
buffer) decreased the pH to 6.4, 5.5 and 4.4 respectively. Events were collected with a 50 kHz
sampling rate and 10 kHz low-pass Bessel filter. To the right of the current traces are shown the
single exponential fittings (red lines) to cumulative distributions (blue lines) of the collected event
inter-event times. b) The dependence of the inter-event times with the pH. Errors are standard
deviations from 3 independent repeats.

Figure S2. Blockades elicited by 200 nM chymotrypsin at -50 mV. Chymotrypsin was added into
the cis compartment and the buffer (1 M KCl, 15 mM Tris, pH 7.5) was used. Recordings were
obtained using 50 kHz sampling rate and a 10 kHz low-pass Bessel filter.
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Figure S3. pH dependency of chymotrypsin capture by WtFraC under -100 mV applied potential.
a) 200 nM chymotrypsin was added to the cis compartment of a WtFraC nanopore. The initial
buffer was 1 M KCl, 0.1 M citric acid, 100 mM Tris base and was titrated with 2 M NaOH to pH
7.5. Sequential addition of 1.5 µl, 3.5 µl, 7 µl of 6 M HCl to both compartments (containing 500
µl starting buffer) decreased the pH to 6.4, 5.5 and 4.4 respectively. Events were collected with
a 50 kHz sampling rate and 10 kHz low-pass Bessel filter. To the right of the current traces are
shown the single exponential fittings (red lines) to cumulative distributions (blue lines) of the
collected event inter-event times. b) The dependence of the inter-event times with the pH. Errors
are standard deviations from 3 repeats.

Figure S4. β2-microglobulin blockades to WtFraC at pH 7.5 under increasing bias. The buffer
was 1 M KCl, 15 mM Tris, pH 7.5 and β2-microglobulin (200 nM) was added into cis side. Events
were recorded with a 10 kHz sampling rate and 2 kHz low-pass Bessel filter.
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Figure S5. EGF blockades to WtFraC at pH 7.5 under increasing bias. The buffer was 1 M KCl, 15
mM Tris, pH 7.5. EGF (200 nM) was to the cis side. The time scale for the traces is the same for
all traces (3 s). Events were recorded with a 10 kHz sampling rate and 2 kHz low-pass Bessel filter.
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Figure S6. Endothelin 1 blockades to WtFraC at pH 7.5 under increasing potentials. The buffer
was 1 M KCl, 15 mM Tris, pH 7.5. Endothelin 1 (200 nM) was added to the cis of ClyA. The time
scale for all traces is 5 s. Events were recorded with a 10 kHz sampling rate and 2 kHz low-pass
Bessel filter.
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Figure S7. Angiotensin I blockades to WtFraC at pH 7.5. The buffer was 1 M KCl, 15 mM Tris, pH
7.5. Angiotensin I (2 µM) was added to cis. a Trace under -50 mV before and after addition of
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angiotensin I; b Trace at -30 mV; c Zoom in to show the blockade trace at -30 mV. Events were
recorded with a 50 kHz sampling rate and 10 kHz low-pass Bessel filter.

Figure S8. Using sequential focussing to refine the electrostatic potential calculation of the 8fold rotationally symmetric FraC nanopore. a) Cross-sections through the central XZ-plane of the
3D grids of the relative permittivity (top) and electrostatic potential (bottom) for the coarse,
medium and fine Poisson-Boltzmann calculations. By using a larger but less accurate solution as
boundary condition for a finer calculation, it is possible to produce accurate results at a low
computational cost. b) Highlighted top-down view of a single sub-unit of the FraC nanopore,
showing its 8-fold rotationally symmetry. Slices and cartoons were rendered with PyMOL.
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Figure S9. Current-voltage (I-V) curves of WtFraC and ReFraC at pH 7.5 and pH 4.5. a) Above:
WtFraC at pH 7.5 (black), and pH 4.5 (blue). Below: Examples of a current trace output from an
automated protocol where the potential is changed from +100 mV to -200 mV in 20 mV steps. b)
Same as in (a) but for ReFraC at pH 7.5 (pink), and pH 4.5 (green). The pH 7.5 buffers contained 1
M KCl buffer and 15 mM Tris and pH 4.5 buffer refers to 1 M KCl, 0.1 M citric acid, 180 mM Tris
base. The values of I-V values are shown in Table S 7. Error bars represent the standard deviation
from 3 repeats.
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Figure S10. Ion selectivity of WtFraC and ReFraC with high ionic strengths on the trans side at
pH 7.5. a, b) Current-voltage (IV) curves of WtFraC nanopores (a) and ReFraC nanopores (b). The
buffer contained 15 mM Tris and the pH set to 7.5. The trans solution contained 1960 mM KCl
and the cis solution contained 467 mM KCl. c) Values of reversal potentials (Vr) and calculated
ion-selectivity (PK+/PCl-) according to the Goldman-Hodgkin-Katz equation (equation 1 in the main
text). Electrophysiology recordings were carried out using 10 kHz sampling rate and 2 kHz lowpass Bessel filter. Errors are given as standard deviations calculated from 3 experiments.
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Figure S11. Voltage dependence of chymotrypsin (200 nM) blockades to WtFraC at pH 7.5. From
left to right: 15 seconds of a typical current trace, single exponential fits (red lines) to cumulative
distributions (blue lines) of the dwell times and inter-event times, dwell-time versus the
amplitude of the blockades, and standard deviation (S.D.) of the amplitude versus the amplitude
of the blockades. The buffer was 1 M KCl, 15 mM Tris (pH 7.5). Events were recorded with a 50
kHz sampling rate and 10 kHz low-pass Bessel filter. The amplitude standard deviation (S.D.) was
given by Clampfit during the single-channel search (Molecular devices).
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Figure S12. Voltage dependence of β2-microglobulin (200 nM) induced blockades to WtFraC at
pH 4.5. From left to right: 15 seconds of a typical current trace, single exponential fits (red lines)
to cumulative distributions (blue lines) of the dwell times and inter-event times, dwell-time
versus the amplitude of the blockades, and amplitude standard deviation (S.D.) the versus the
amplitude of the blockades. The buffer was 1 M KCl, 0.1 M citric acid, 180 mM Tris Base (pH 4.5).
Events were recorded with a 50 kHz sampling rate and 10 kHz low-pass Bessel filter. Amplitude
standard deviations were given by the Clampfit software (Molecular devices).
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Figure S13. Voltage dependence of human EGF (1 µM) induced blockades to WtFraC at pH 4.5.
From left to right: 15 seconds of a typical current trace, single exponential fits (red lines) to
cumulative distributions (blue lines) of the dwell times and inter-event times, dwell-time versus
the amplitude of the blockades, and standard deviation (S.D.) of the amplitude versus the
amplitude of the blockades. The buffer was 1 M KCl, 0.1 M citric acid, 180 mM Tris base (pH 4.5).
Events were recorded with a 50 kHz sampling rate and 10 kHz low-pass Bessel filter. Amplitude
standard deviation (S.D.) was given by the Clampfit during the single-channel search (Molecular
devices).
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Figure S14. Voltage dependence of endothelin 1 (200 nM) induced blockades to WtFraC at pH
4.5. From left to right: 15 seconds of a typical current trace, single exponential fits (red lines) to
cumulative distributions (blue lines) of the dwell times and inter-event times, dwell-time versus
the amplitude of the blockades, and amplitude standard deviation (S.D.) the versus the amplitude
of the blockades. The buffer was 1 M KCl, 0.1 M citric acid, 180 mM Tris base (pH 4.5). Events
were recorded with a 50 kHz sampling rate and 10 kHz low-pass Bessel filter. Amplitude standard
deviations (S.D.) were given by the Clampfit during the single-channel search (Molecular devices).
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Figure S15. Voltage dependence of angiotensin I (2 µM) blockades to WtFraC at pH 4.5. From
left to right: 15 seconds of a typical current trace, single exponential fits (red lines) to cumulative
distributions (blue lines) of the dwell times and inter-event times, dwell-time versus the
amplitude of the blockades, and amplitude standard deviation (S.D.) of the amplitude versus of
the blockades. The buffer was 1 M KCl, 0.1 M citric acid, 180 mM Tris base (pH 4.5). Events were
recorded with a 50 kHz sampling rate and 10 kHz low-pass Bessel filter. Amplitude standard
deviations (S.D.) were given by the Clampfit during the single-channel search (Molecular devices).

90

Figure S16. Ires% versus the standard deviation of the amplitude of the currents blocks induced
by endothelin 1 and 2 with WtFraC at pH 4.5. The buffer was 1 M KCl, 0.1 M citric acid, 180 mM
Tris base, pH 4.5 and 200 nM endothelin 1 or 2 µM endothelin 2 was added in to cis chamber.
Events were recorded with a 50 kHz sampling rate and 10 kHz low-pass Bessel filter. Graphs were
created with custom R scripts. Amplitude standard deviations (S.D.) were given by the Clampfit
during the single-channel search (Molecular devices).

Table S1. Electro-osmotic flux and velocity in WtFraC and ReFraC at pH 4.5 and 7.5

Electro-osmotic velocity (mm/s)‡
Pore
WtFraC
ReFraC

pH

Water flux
(s-1)†

cis
(R = 2.75 nm)

center
(R = 1.0 nm)

trans
(R = 0.50 nm)

4.5
7.5
4.5
7.5

2.48×109
6.08×109
2.08×109
1.37×109

3.1
7.7
2.6
1.7

23.6
57.9
19.8
13.1

94.5
231.8
79.2
52.3

†

As calculated by equation (2) in the main text for 1M KCl at applied potentials of -50 mV and
+50 mV for WtFraC and ReFraC, respectively.
‡ Estimate of the direction and magnitude of fluid velocity in the nanopore using the following
equation:
𝑣=

𝐽𝑤 𝑉𝑤
𝜋𝑅2

where 𝑣 is the velocity of water through the pore, 𝑉𝑤 is the volume of water occupied by a single
water molecule (~3.0 × 10−29 m3 ) and 𝑅 is the local radius of the pore. 𝐽𝑤 is calculated using
equation (2) in the main text.
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Table S2. PROPKA-predicted pKa values for WtFrC.
Residue
Name
4 N-term
10 ASP
17 ASP
20 LYS
24 GLU
30 LYS
31 ARG
32 LYS
38 ASP
40 GLU
43 LYS
51 TYR
53 ARG
58 ASP
63 HIS
64 LYS
67 HIS
69 LYS
73 TYR
77 LYS
79 ARG
92 TYR
96 ASP
108 TYR
109 ASP
110 TYR
113 TYR
120 ARG
122 TYR
123 LYS
126 LYS
127 ARG
129 ASP
131 ARG
133 TYR
134 GLU
135 GLU
137 TYR
138 TYR
139 HIS
140 ARG
144 ARG
146 ASP
150 HIS
152 ARG
ID
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A
7.86
4.36
2.95
11.51
4.66
10.24
11.44
9.74
3.41
5.39
10.05
11.07
13.01
2.70
3.72
9.85
6.27
10.42
12.26
9.03
12.81
14.11
3.03
10.81
3.31
12.50
10.30
11.94
12.33
10.63
10.39
11.45
4.19
12.68
12.48
3.89
3.28
11.44
10.12
6.27
13.78
12.14
3.69
5.63
11.28

B
7.85
4.12
4.01
10.82
4.51
10.24
11.42
9.74
3.40
5.37
10.29
11.06
12.95
2.68
3.61
9.86
6.28
10.42
12.27
9.03
12.86
14.13
2.80
10.82
3.28
12.49
10.30
11.94
12.32
10.58
10.35
11.46
4.17
12.69
12.56
3.86
3.29
11.43
10.12
6.27
13.78
12.14
3.71
5.62
11.28

Per chain pKa values for WtFraC
C
D
E
F
G
7.85 7.86 7.86 7.85 7.85
4.40 4.13 4.36 4.12 4.40
4.09 3.98 2.95 4.01 4.09
10.76 10.82 11.51 10.82 10.76
4.50 4.54 4.66 4.51 4.50
10.26 10.24 10.24 10.24 10.26
11.45 11.44 11.44 11.42 11.45
9.73 9.74 9.74 9.74 9.73
3.37 3.38 3.41 3.40 3.37
5.39 5.38 5.39 5.37 5.39
10.28 10.27 10.05 10.29 10.28
11.08 11.03 11.07 11.06 11.08
13.06 12.96 13.01 12.95 13.06
2.72 2.70 2.70 2.68 2.72
3.63 3.70 3.72 3.61 3.63
9.86 9.76 9.85 9.86 9.86
6.29 6.28 6.27 6.28 6.29
10.42 10.42 10.42 10.42 10.42
12.35 12.35 12.26 12.27 12.35
9.01 9.02 9.03 9.03 9.01
12.77 12.84 12.81 12.86 12.77
14.22 14.24 14.11 14.13 14.22
2.79 2.87 3.03 2.80 2.80
10.83 10.82 10.81 10.82 10.83
3.32 3.31 3.31 3.28 3.32
12.49 12.52 12.50 12.49 12.49
10.30 10.30 10.30 10.30 10.30
11.94 11.94 11.94 11.94 11.94
12.33 12.31 12.33 12.32 12.33
10.58 10.59 10.63 10.58 10.58
10.35 10.38 10.39 10.35 10.35
11.49 11.48 11.45 11.46 11.49
4.16 4.17 4.18 4.17 4.16
12.69 12.69 12.68 12.69 12.69
12.42 12.57 12.48 12.56 12.42
3.84 3.86 3.88 3.86 3.84
3.31 3.28 3.28 3.29 3.31
11.43 11.46 11.44 11.43 11.43
10.13 10.11 10.12 10.12 10.13
6.27 6.27 6.27 6.27 6.27
13.77 13.78 13.78 13.78 13.77
12.16 12.14 12.14 12.14 12.16
3.64 3.70 3.70 3.71 3.64
5.60 5.64 5.64 5.62 5.61
11.27 11.26 11.28 11.28 11.27

H
7.86
4.13
3.98
10.82
4.54
10.24
11.44
9.74
3.38
5.38
10.27
11.03
12.96
2.70
3.70
9.76
6.28
10.42
12.35
9.02
12.84
14.24
2.86
10.82
3.31
12.52
10.30
11.94
12.31
10.59
10.38
11.48
4.17
12.69
12.57
3.86
3.28
11.46
10.11
6.27
13.77
12.14
3.70
5.64
11.26

156
159
161
169
173
175
178
179

TYR
LYS
ARG
HIS
GLU
HIS
LYS
C-term

10.12
9.98
11.45
4.75
4.41
6.95
10.36
3.35

10.22 10.22 10.20 10.12
10.14 9.92 9.98 9.98
11.45 11.78 11.41 11.45
4.76 4.78 4.74 4.75
4.44 4.54 4.40 4.41
6.94 6.93 6.89 6.95
10.38 10.38 10.38 10.36
3.31 3.35 3.35 3.35

10.22 10.22 10.20
10.14 9.92 9.98
11.45 11.78 11.41
4.76 4.78 4.74
4.44 4.54 4.40
6.94 6.93 6.89
10.38 10.38 10.38
3.31 3.35 3.35

Table S3. PROPKA-predicted pKa values for ReFraC.
Residue
ID
Name
4 N+
10 ARG
17 ASP
20 LYS
24 GLU
30 LYS
31 ARG
32 LYS
38 ASP
40 GLU
43 LYS
51 TYR
53 ARG
58 ASP
63 HIS
64 LYS
67 HIS
69 LYS
73 TYR
77 LYS
79 ARG
92 TYR
96 ASP
108 TYR
109 ASP
110 TYR
113 TYR
120 ARG
122 TYR
123 LYS
126 LYS
127 ARG
129 ASP

Per chain pKa values for ReFraC
ID
Name
ID
Name
7.79
7.85 7.81 7.86
7.86 7.85
12.25 11.88 11.34 12.01 12.26 11.77
3.01
4.07 4.17 4.04
2.96 4.05
11.51 10.82 10.77 10.82 11.51 10.82
4.66
4.51 4.50 4.54
4.66 4.51
10.24 10.24 10.26 10.24 10.24 10.24
11.44 11.42 11.45 11.44 11.44 11.42
9.74
9.74 9.73 9.74
9.74 9.74
3.40
3.40 3.37 3.37
3.41 3.40
5.38
5.37 5.39 5.37
5.39 5.36
10.05 10.29 10.28 10.27 10.05 10.29
11.07 11.06 11.08 11.03 11.07 11.06
13.01 12.95 13.06 12.96 13.01 12.95
2.70
2.68 2.72 2.70
2.70 2.68
3.77
3.67 3.67 3.77
3.77 3.67
9.86
9.87 9.87 9.78
9.86 9.87
6.27
6.28 6.29 6.28
6.27 6.28
10.42 10.42 10.42 10.42 10.42 10.42
12.26 12.27 12.35 12.35 12.26 12.27
9.03
9.03 9.01 9.02
9.03 9.03
12.81 12.86 12.77 12.84 12.81 12.86
14.11 14.13 14.22 14.24 14.10 14.13
3.03
2.80 2.79 2.86
3.03 2.80
10.81 10.82 10.83 10.82 10.81 10.82
3.31
3.28 3.32 3.31
3.31 3.28
12.50 12.49 12.49 12.52 12.50 12.49
10.30 10.30 10.30 10.30 10.30 10.30
11.93 11.94 11.94 11.93 11.93 11.94
12.33 12.32 12.33 12.31 12.33 12.32
10.63 10.58 10.58 10.59 10.63 10.58
10.39 10.35 10.35 10.38 10.39 10.35
11.46 11.46 11.49 11.48 11.45 11.47
4.19
4.17 4.16 4.17
4.18 4.17

ID
Name
7.85
7.86
12.10 11.96
4.17
3.96
10.77 10.82
4.50
4.54
10.26 10.24
11.45 11.44
9.73
9.74
3.37
3.38
5.39
5.38
10.28 10.27
11.08 11.03
13.06 12.96
2.72
2.70
3.67
3.77
9.87
9.78
6.29
6.28
10.42 10.42
12.35 12.35
9.01
9.02
12.77 12.84
14.22 14.24
2.79
2.86
10.83 10.82
3.32
3.31
12.49 12.52
10.30 10.30
11.94 11.94
12.33 12.31
10.58 10.59
10.35 10.38
11.48 11.48
4.16
4.17
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131
133
134
135
137
138
139
140
144
146
150
152
156
159
161
169
173
175
178
179

ARG
TYR
GLU
GLU
TYR
TYR
HIS
ARG
ARG
ASP
HIS
ARG
TYR
GLU
ARG
HIS
GLU
HIS
LYS
C-

12.68
12.48
3.89
3.28
11.44
10.12
6.27
13.78
12.14
3.70
5.64
11.28
10.12
4.92
11.47
4.75
4.40
6.95
10.36
3.41

12.69
12.56
3.86
3.29
11.43
10.12
6.27
13.78
12.14
3.72
5.63
11.28
10.22
4.87
11.50
4.76
4.43
6.95
10.38
3.38

12.69
12.42
3.84
3.31
11.43
10.13
6.27
13.77
12.16
3.64
5.60
11.27
10.22
4.87
11.87
4.78
4.54
6.94
10.38
3.41

12.69
12.57
3.86
3.28
11.46
10.11
6.27
13.77
12.14
3.70
5.65
11.26
10.20
4.92
11.43
4.74
4.38
6.90
10.38
3.41

12.68
12.48
3.88
3.28
11.44
10.12
6.27
13.78
12.14
3.70
5.65
11.28
10.12
4.94
11.47
4.75
4.40
6.95
10.36
3.42

12.69
12.56
3.86
3.29
11.43
10.12
6.27
13.78
12.14
3.71
5.61
11.27
10.22
4.82
11.48
4.76
4.43
6.95
10.38
3.37

12.69
12.42
3.84
3.31
11.43
10.13
6.27
13.77
12.16
3.64
5.60
11.27
10.22
4.84
11.84
4.78
4.53
6.94
10.38
3.41

12.69
12.57
3.86
3.28
11.46
10.11
6.27
13.77
12.14
3.70
5.65
11.26
10.20
4.94
11.45
4.74
4.38
6.90
10.38
3.42

Table S4. I-V curves for WtFraC and ReFraC. †
WtFraC, pH 7.5 WtFraC, pH 4.5
Voltage(mV) Current
Current
S.D.
S.D.
(pA)
(pA)

Voltage(mV)

ReFraC, pH 7.5
Current
S.D.
(pA)

ReFraC, pH 4.5
Current
S.D.
(pA)

-200

-544.2

16.2

-381.0

5.4

-100

-142.4

24.1

-152.2

17.6

-180

-508.9

15.7

-349.9

6.6

-80

-112.8

15.0

-117.8

11.1

-160

-467.1

13.0

-319.0

4.3

-60

-86.1

8.7

-87.0

7.9

-140

-422.6

11.3

-286.8

3.9

-40

-59.4

5.2

-56.1

4.8

-120

-375.3

9.7

-252.2

3.4

-20

-30.6

1.7

-23.6

6.6

-100

-324.1

8.1

-215.0

3.3

0

-0.3

0.5

0.4

0.6

-80

-266.9

6.2

-176.1

2.0

20

31.5

1.9

26.5

2.0

-60

-204.3

4.8

-133.8

1.2

40

64.1

2.8

55.0

3.8

-40

-138.3

3.8

-88.9

0.7

60

96.6

3.5

86.6

5.4

-20

-69.0

2.5

-43.4

0.3

80

128.0

3.6

120.8

8.1

0

0.3

0.6

0.4

0.8

100

157.9

3.7

156.7

11.2

20

63.4

1.5

40.2

2.7

120

186.7

3.6

195.3

14.8

40

117.1

7.9

74.3

5.1

140

214.7

4.6

235.0

16.1

60

170.6

19.3

102.4

7.1

160

241.3

5.0

278.7

10.5

94

80

211.6

36.0

126.3

9.7

180

268.1

4.1

326.0

6.4

100

244.2

50.8

145.6

8.5

200

295.8

4.1

375.8

10.7

†

In 1 M KCl solutions at pH 7.5 (15 mM Tris) and pH 4.5 (0.1 M citric acid, 180 mM Tris base).
Each data point represents the average value of at least three repeats. Errors are quoted as
standard deviations from 3 repeats.

Table S5. Current-voltage (I-V) curves for WtFraC under asymmetric salt conditions.†
Voltage
(mV)
-29
-28
-27
-26
-25
-24
-23
-22
-21
-20
-19
-18
-17
-16
-15
-14
-13
-12
-11
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6
7
8

WtFraC, pH 7.5
1960 mM KCl in cis
Current (pA)
S.D.
-179.1
-174.5
-169.9
-165.8
-161.3
-156.5
-152.7
-148.2
-144.0
-139.7
-135.3
-131.1
-126.8
-122.6
-118.4
-114.2
-109.7
-107.0
-102.6
-97.8
-93.7
-89.6
-85.7
-81.7
-77.9
-73.9
-70.1
-65.7
-62.6
-58.7
-55.1
-51.5
-47.7
-44.3
-40.4
-36.7
-33.4
-29.5

9.9
9.7
9.4
9.6
8.9
9.0
8.2
8.2
7.7
7.3
7.1
6.8
6.3
5.9
5.7
5.4
7.6
5.8
5.6
5.7
3.9
3.6
3.4
3.2
2.8
2.4
2.2
1.2
1.6
1.4
1.3
1.2
1.1
1.3
1.2
1.4
1.5
2.1

WtFraC, pH 4.5
1960 mM KCl in cis
Current (pA)
S.D.
-96.9
-93.9
-91.7
-88.7
-86.1
-82.7
-80.6
-77.8
-75.1
-72.6
-68.9
-67.2
-64.6
-62.0
-59.4
-56.9
-54.1
-51.7
-49.1
-46.6
-44.0
-41.6
-39.2
-36.7
-34.3
-31.7
-29.5
-27.2
-24.6
-22.4
-20.0
-17.7
-15.5
-13.3
-10.8
-8.9
-6.7
-4.5

6.7
6.6
6.0
5.3
4.9
4.5
4.3
3.9
3.5
3.4
2.9
2.8
2.7
2.4
2.2
2.2
2.1
2.0
1.9
2.0
1.9
1.9
2.1
2.0
2.0
2.1
2.4
2.4
2.5
2.4
2.2
2.4
2.5
2.6
3.0
2.7
2.7
2.8

WtFraC, pH 7.5,
1960 mM KCl in trans
Current (pA)
S.D.
-34.0
-31.0
-28.0
-25.0
-22.0
-19.0
-16.0
-12.5
-9.7
-6.5
-3.7
-0.8
2.4
5.4
8.6
11.5
14.5
17.6
20.6
23.8
27.3
30.4
33.7
36.9
40.2
43.1
46.7
49.5
52.8
55.9
59.0
62.1
65.3
68.4
71.8
75.0
77.9
81.0

4.2
3.9
3.7
3.4
3.2
3.0
2.9
2.5
2.2
2.0
1.8
1.7
1.4
1.1
1.1
1.1
1.1
1.0
1.2
1.2
0.4
0.8
1.1
1.2
1.5
1.9
1.7
2.1
2.5
2.7
2.9
3.4
3.5
3.8
4.0
4.2
4.5
4.7
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9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
† The

-25.9
-23.1
-19.7
-16.3
-9.9
-9.5
-5.4
-2.1
0.8
4.3
6.5
9.4
12.3
15.9
18.7
20.7
23.4
26.2
28.9
31.7
34.4
37.1

2.8
2.3
2.5
2.8
8.5
3.5
3.8
4.2
4.1
3.4
4.3
4.6
4.9
5.2
5.5
5.9
6.5
6.8
7.2
7.5
7.8
8.0

-2.4
-0.3
2.0
3.9
6.0
8.0
10.0
12.2
14.0
16.0
17.9
19.8
21.8
23.7
25.5
27.4
29.2
30.9
32.8
34.1
36.1
37.6

2.8
2.7
2.9
2.7
2.7
2.7
2.7
2.7
2.7
2.8
2.8
2.7
2.7
2.8
2.8
2.9
3.0
3.0
3.1
3.3
3.1
3.1

84.3
87.5
87.9
93.7
96.6
100.0
104.7
107.8
111.0
114.1
117.2
120.2
122.8
125.7
129.1
131.9
134.3
134.6
141.7
146.0
145.1
145.8

5.0
5.4
8.0
5.8
6.1
6.1
6.6
6.9
7.4
7.5
8.1
8.2
8.2
8.1
9.2
8.9
9.2
13.8
10.5
11.8
14.1
18.2

buffer contained either 1960 mM or 467 mM KCl. Errors are standard deviations obtained
with 3 repeats.
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Table S6. Current-voltage (I-V) curves for ReFraC under asymmetric salt conditions. †
Voltage
(mV)
-29
-28
-27
-26
-25
-24
-23
-22
-21
-20
-19
-18
-17
-16
-15
-14
-13
-12
-11
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

ReFraC pH 7.5
1960 mM KCl in cis

ReFraC pH 4.5
1960 mM KCl in cis

ReFraC, pH 7.5
1960 mM KCl in trans

Current (pA)

S.D.

Current (pA)

S.D.

Current (pA)

S.D.

-23.8
-22.2
-22.9
-20.7
-19.3
-19.0
-18.1
-16.2
-14.9
-13.9
-13.2
-12.2
-10.9
-9.5
-8.3
-7.4
-5.9
-4.7
-3.8
-2.9
-1.7
-0.3
1.8
2.8
3.8
5.2
6.5
8.1
9.4
10.7
12.0
12.4
13.5
15.3
17.6
19.0
19.8
21.5
23.8
25.2
26.6
28.3
28.6
30.7
32.3
31.9
34.9
36.2
37.9

5.4
5.5
3.8
4.7
4.8
3.8
3.4
3.8
3.8
3.7
3.0
2.8
2.4
2.7
2.4
2.1
1.9
1.8
1.5
1.5
1.1
1.5
1.2
0.8
0.6
0.4
0.2
0.2
0.2
0.3
0.4
1.6
2.0
2.4
1.1
1.4
2.6
2.2
1.3
1.5
1.8
1.8
3.5
2.7
2.7
5.8
3.4
3.7
3.7

-22.5
-21.0
-19.5
-17.8
-16.3
-14.8
-13.2
-11.7
-10.1
-8.6
-7.0
-5.5
-3.9
-2.3
-0.7
0.9
2.5
4.1
5.7
7.3
8.9
10.6
12.3
13.9
15.6
17.3
19.0
20.7
22.4
24.1
25.9
27.7
29.4
31.2
33.0
34.8
36.6
38.5
40.3
42.2
44.0
45.7
48.0
50.0
52.0
54.0
55.5
57.3
59.5

3.4
3.3
3.4
3.3
3.4
3.3
3.3
3.4
3.3
3.4
3.3
3.3
3.4
3.4
3.4
3.5
3.5
3.5
3.5
3.5
3.5
3.6
3.6
3.7
3.8
3.8
3.9
3.9
4.1
4.1
4.2
4.2
4.3
4.4
4.6
4.7
4.8
4.9
5.0
5.1
5.3
5.9
5.6
5.8
6.0
6.1
7.0
7.0
7.4

-43.1
-43.1
-42.1
-41.0
-39.9
-38.6
-37.3
-36.4
-35.1
-33.1
-32.8
-31.5
-30.6
-29.1
-27.9
-26.7
-25.7
-24.4
-23.2
-22.0
-20.7
-19.4
-18.3
-17.0
-15.7
-14.6
-13.2
-11.5
-10.6
-9.5
-8.2
-6.9
-5.7
-4.4
-3.2
-1.9
-0.6
0.7
2.1
3.4
4.8
6.0
7.3
8.7
10.0
11.2
12.6
13.7
14.8

4.6
2.4
2.5
2.4
2.3
2.3
2.2
2.3
2.2
1.7
2.2
2.0
2.1
1.9
1.9
2.0
2.0
1.9
1.9
1.8
1.8
1.7
1.7
1.6
1.5
1.5
1.4
1.4
1.3
1.3
1.3
1.2
1.2
1.2
1.1
1.1
1.1
1.1
1.1
1.2
1.2
1.3
1.5
1.5
1.6
1.6
2.0
1.7
1.5
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20
21
22
23
24
25
26
27
28
29
30

39.5
39.8
42.0
43.7
43.8
43.9
46.3
49.5
51.4
52.6
54.1

3.9
5.1
3.4
3.7
5.2
8.0
6.8
5.7
5.0
6.1
6.0

61.1
63.3
65.5
67.5
69.6
71.7
73.9
75.7
78.1
80.3
82.5

7.7
7.6
7.9
8.3
8.4
8.6
8.8
8.9
9.3
9.5
9.7

16.3
17.7
19.2
20.4
21.9
23.1
24.5
25.8
27.1
28.4
29.8

1.9
2.1
2.6
2.9
2.8
3.1
3.2
3.3
3.4
3.7
3.9

†

The solution contained either 1960 mM or 467 mM KCl. Errors are standard deviations obtained
with 3 repeats.

Table S7. Characterization of peptide and protein biomarkers at different voltages with
WtFraC.†
Voltage
(mV)

Dwell
time (ms)

Ires%

Capture
frequency
(s-1 µM-1 )

23.4±0.6
19.7±0.4
17.3±0.3
15.5±0.2
14.0±0.5

44.1±4.8
63.6±4.7
79.8±4.7
91.8±19.5
99.8±23.8

0.1±0.8
0.1±0.4
0±0.1
0±0.2

1.5±0.8
3.3±1.5
5.4±1.7
6.7±1.9

Chymotrypsin
-110
-130
-150
-170
-190

8.9±7.8
28.3±16.5
134.4±95.6
279.0±119.0
1086±547

376.6±124.4
249.3±108.8
157.7±76.4
98.1±49.6

Dwell
time
(ms)

Ires%

Capture
frequency
(s-1 µM-1 )

Human EGF

β2-microglobulin
-50
-70
-90
-110

Voltage
(mV)

-50
-70
-80
-90
-100
-140

17.1±3.0
45.7±15.0
77.3±28.9
82.7±27.3
68.4±13.6
14.6±0.5

2.0±0.2
1.6±0.3
1.4±0.3
1.2±0.3
1.5±0.3
1.4±0.2

2.6±1.4
7.8±4.7
13.1±8.2
20.8±12.8
29.5±16.7
82.9±40.8

4.0±0.3
6.9±0.2
7.9±0.1
8.2±0.5
9.1±0.1

1.5±0.2
2.2±0.5
3.2±0.6
3.9±1.2
5.8±0.7

Endothelin 1
-10
-20
-30
-40
-50

18.8±1.2
20.7±1.9
11.9±2.2
8.3±3.2
3.7±0.5

Angiotensin I
-10

0.22±0.02

42.5±0.4

19.1±3.9

-20

0.17±0.02

43.6±0.1

26.5±2.2

-30

0.15±0.04

43.4±0.9

27.2±2.5

† Chymotrypsin

was analysed in pH 7.5 buffered solutions (1 M KCl, 15 mM Tris), while all other
four biomarkers were analysed in pH 4.5 buffered solutions containing 1M KCl, 0.1 M citric acid,
180 mM Tris base. Experiments were repeated three times and at least 1000 events were
captured, except for chymotrypsin at -190 mV where 621 events were collected. Errors are
quoted as standard deviations from 3 repeats.
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1. Abstract
A high throughput single-molecule method for identifying peptides and
sequencing proteins based on nanopores could reduce costs and increase
speeds of sequencing, allow the fabrication of portable home-diagnostic
devices, and permit the characterization of low abundance proteins and
heterogeneity in post-translational modifications. Here we engineer the size of
Fragaceatoxin C (FraC) biological nanopore to allow the analysis of a wide range
of peptide lengths. Ionic blockades through engineered nanopores distinguish
a variety of peptides, including two peptides differing only by the substitution
of alanine with aspartic acid. We also find that at pH 3.8 the depth of the
peptide current blockades scales with the mass of the peptides irrespectively of
the chemical composition of the analyte. Hence, this work shows that FraC
nanopores allow direct readout of the mass of single peptide in solution, which
is a crucial step towards the developing of a real-time and single-molecule
protein sequencing device.
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2. Introduction
Proteins regulate nearly all life processes. Currently, mass spectrometry is the
method of choice for protein analysis, sequencing and proteome
characterization. In a typical experiment in bottom-up proteomics, proteins are
extracted and proteolytically digested into peptides and separated by liquid
chromatography. Peptide spectra are then collected using tandem mass
spectrometry, within a cycle time of about 1 second1. Using this method, most
of the proteins that have been expressed in an organism can be identified and
quantified. However, proteins in biological samples are extremely
heterogeneous, spanning several orders of magnitude in abundance. In
addition, most eukaryote proteins contain a variegated and dynamic range of
post-translational modifications (PTMs). Due to the fast amount of conceivable
combinations, the identification and sequencing of proteins in such
heterogeneous mixtures is challenging for conventional mass spectrometry2.
A high-throughput single-molecule technique could address these limitations.
Although no single-molecule protein sequencer exists today, a few approaches
have been proposed, mainly aimed at protein identification. For instance, it has
been shown that if only cysteine and lysine residues are read in sequence, most
of human proteins can be identified3. In a recent proof-of-concept experiment4,
peptides with cysteine and a lysine residues were labelled with a fluorescence
acceptor, while a ClpXP unfoldase/protease was labelled with a fluorescence
donor. Then, single-molecule Förster resonance energy transfer (FRET) was
used to monitor the passage of the acceptor dyes near the donor dye as the
linearized polypeptide was processively transported through the ClpXP
chamber. In another recent method, millions of peptides with fluorescently
labelled cysteine5,6,7, lysine or phosphoserine residues were immobilised on a
glass coverslip. Total internal reflection fluorescence (TIRF) microscopy was
then used to monitor each molecule’s fluorescence following consecutive
cycles of N-terminal amino acid removal using Edman degradation chemistry.
The authors identified a variety of peptides and achieved single-molecule
positional readout of the phosphorylated sites.
Nanopores might also be used for single-molecule protein analysis and
sequencing. Stein and co-workers proposed to couple a nanopore to a mass
spectrometer. The nanopore would linearise individual proteins, while the mass
spectrometer would be used to identify peptides as they are sequentially
cleaved8. In a more conventional nanopore approach, an external potential is
applied across the nanopore and the resulting ionic current is used to recognize
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proteins or peptides traversing the nanopore. In an early experiment, inspired
by DNA nanopore sequencing, a ClpXP enzyme complex was used to force the
unfolding of a protein through a biological nanopore9. An independent study
showed that nanopore currents are capable of recognizing modifications in
individual amino acid within a linearised polypeptide strand10. However,
despite these encouraging results enzymes that process proteins or
polypeptides amino-acid-by-amino-acid are yet to be discovered.
In an alternative approach, a protease is placed atop of a nanopore to fragment
a protein. Then the mass of individual peptides is identified by nanopore
currents. This method would be similar to conventional protein sequencing
using tandem mass spectrometry, with the additional advantage of being lowcost, portable and single-molecule. For this approach to be feasible, however,
the signal rising from the peptide blockade must be directly correlated to the
mass of the peptide. Previous work with PEG molecules11–17, oligosaccharides18
and homopolymeric peptides19–21 revealed that there might be a direct
correlation between the depth of the current blockade and the molecular
weight of polymers, providing the charge composition of the analyte is
uniform22. In such circumstances, it has been shown that nanopores can resolve
the signal of poly-arginine peptides from 10 to 5 amino acids, hence
distinguishing peptides differing by one arginine in length (174 Da)19. Peptides
in a biological sample, however, have a heterogenous chemical composition.
Work with DNA23,24 and amino acid enantiomers25 revealed that the chemical
identity of molecules and the charge inside the nanopore26 have an
unpredictable effect on the ionic current. On the other hand, additional work
with peptides showed that the correlation between mass and ionic signal is
retained with peptides27,28, provided that they are either neutral or uniformly
charged. Nonetheless, peptides with an overall charge that is opposite to the
applied bias have not been systematically studied, most likely because they are
not efficiently captured and analysed at such potentials29–32. Finally, the
diameter and geometry of biological nanopores cannot be easily adapted to
study the array of sizes, shapes and chemical composition of polypeptides in
solution.
Recently we have shown that octameric fragaceatoxin C (FraC, Figure 1a)
nanopores33 from the sea anemone actinia fragacea can be used to study DNA34,
proteins and peptides35. The transmembrane region of FraC is unique compared
to other nanopores used in biopolymer analysis as it is formed by 𝛂-helices that
describe a sharp and narrow constriction at the trans exit of the nanopore. We
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showed that an electro-osmotic flow across the nanopore can be engineered to
capture polypeptides at a fixed potential despite their charge composition35.
However, peptides smaller than 1.6 kDa in size translocated too fast across the
nanopore to be sampled, indicating that nanopores with a smaller diameter
should be used to detect peptides with lower molecular weight. In this work we
show that the diameter of FraC nanopores can be tuned, permitting the
identification of a large range of peptides sizes. Using engineered nanopores,
we also show that peptides differing by the substitution of one amino acid (44
Da) can be identified. At selected pH conditions the nanopore signal directly
correlates to the mass of the peptide, including peptides with high content of
acidic residues (i.e. negatively charged peptides at physiological pH). Therefore,
this nanopore approach can be used to identify the mass of individual peptides
in solution and, providing a protease is attached immediately above the
nanopore, might allow the sequencing of proteins in real-time.

3. Results
3.1.

Engineering the size of FraC Nanopores

One of the main challenges in biological nanopores analysis is to obtain
nanopores with different size and shape. Most biological nanopores are formed
by multiple repeats of individual monomers. Hence, different nanopore sizes
might be obtained by engineering the protein oligomeric composition36. We
noticed that at pH 7.5 a small fraction of Wild Type FraC (Wt-FraC) nanopores
showed a lower conductance (1.26 ± 0.08 nS, -50 mV, type II Wt-FraC)
compared to the dominant fraction (2.26 ± 0.08 nS, -50 mV, type I Wt-FraC),
suggesting that FraC might be able to spontaneously assemble into nanopores
with a smaller size. At pH 4.5, type I and type II FraC nanopores were also
observed, however, a smaller nanopore conductance was identified alongside
(0.42 ± 0.03 nS, type III Wt-FraC, -50 mV, Figure 1b). Occasionally, nanopores
with a yet smaller conductance were observed, however, their appearance was
too rare for meaningful characterisation. We noticed that the reconstitution of
lower conductance nanopores depended on several purification conditions
(Figure S1,2). In particular, the occurrence of type II and type III nanopores
increased when the oligomers were stored in solution for several weeks or
when the concentration of monomeric Wt-FraC was reduced during
oligomerisation (Figure S1,2). In an effort to enrich type II and type III FraC
nanopores, we weakened the interaction between the nanopore and the lipid
interface by substituting W112 and W116 at the lipid
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Figure.1 Preparation and characterization of type I, type II and type III FraC nanopores. a) Cut
through of a surface representation of Wt-FraC oligomer (PDB: 4TSY33) colored according to the
vacuum electrostatic potential as calculated by PyMOL. One protomer is shown as a carton
presentation with tryptophans 112 and 116 displayed as spheres. b) Percentage of the
distribution of type I, type II and type III for Wt-FraC, W112S-FraC, W116S-FraC and W112SW116S-FraC at pH 7.5 and 4.5. c) IV curves of type II nanopores formed by Wt-FraC, W116S-FraC
and W112S-W116S-FraC at pH 4.5. d) Single nanopore conductance of W116S-FraC in 1 M KCl at
pH 4.5 and -50 mV. e) Typical current traces for the three nanopore types of W116S-FraC in 1 M
KCl at pH 4.5 under -50 mV applied potential. f) Reversal potentials measured under asymmetric
condition of KCl (1960 mM cis, 467 mM trans) at pH 4.5 for the three W116S-FraC nanopore types.
The ion selectivity was calculated using the Goldman–Hodgkin–Katz equation (equation 1)52. g)
Molecular models of the three type FraC nanopores constructed from the FraC crystals structure
using the symmetrical docking function of Rosetta. The diameters were measured from the
distance between opposite side-chains of D10 and include the van der Waals radii of the atoms.
The electrophysiology recordings were performed with a 10 kHz sampling and a 2 kHz Bessel filter.
The error bars and color shadow in the I-V curves are standard deviations from at least three
repeats.
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Figure.2 Discrimination of angiotensin peptides using type II W116S-FraC nanopores at pH 4.5.
a) Peptide sequences of angiotensin I (Ang I), angiotensin II (Ang II), angiotensin III (Ang III) and
angiotensin IV (Ang IV) and typical blockades provoked by the four angiotensin peptides
measured at -30 mV. b, c, d, e) Color density plot of the Iex% versus the standard deviation of the
current amplitude for angiotensin I, II, III, and IV, respectively. f) Discrimination of four
angiotensin peptides in a mixture. Peptides were added into the cis chamber and measured at 30 mV. Standard deviations were calculated from at least three independent repeats. Color
density plots were created using Origin.

interface of FraC (Figure 1a) with serine. We reasoned that a lower
concentration of monomers, during oligomerisation, would increase the
population of lower molecular mass oligomers. Rewardingly, we found that at
both pH 7.5 and pH 4.5 the proportion of type II and type III FraC nanopores
increased dramatically. For example, W112S-W116S-FraC formed 60% of type
II pore at pH 7.5, and 40% of type III pore at pH 4.5 (Figure 1b, Figure S3). The
different nanopore types could also be separated by Ni-NTA affinity
chromatography using an imidazole gradient (Figure S2e-f). Finally, at pH 7.5,
type II and type III FraC nanopores could also be obtained by replacing aspartic
acid 109 (Supplementary Note 1, Figure S2g-h, 3e-f) at the lipid interface with
serine. Importantly, the reconstituted type II and type III nanopores did not
show any particular gating (spontaneous opening and closing) or bilayer
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instability (e.g. the detachment of the nanopores from the lipid bilayer was
never observed).
Among FraC nanopores of the same type, the lipid interface modifications
brought by W112S and W116S substitutions did not alter the conductance and
ion selectivity of the nanopores (Figure 1c, Figure S3-4, Table S1), suggesting
that the overall fold of the nanopores was unchanged by the surface
modifications. When characterised in lipid bilayers, type I, type II and type III
nanopores showed a well-defined single conductance distribution, a steady
open pore current (Figure 1d,e) and comparable power spectra (Figure S5).
Interestingly, the nanopore types with a reduced conductance also showed an
increased cation selectivity (2.0±0.1, 2.5±0.2 and 4.2±0.2 for type I type II type
III W116S-FraC nanopores, respectively, at pH 4.5, Figure 1f, Table S1). The
increased ion selectivity most likely reflects a larger overlap of the electrical
double layer in the nanopores with a narrower constriction. These and several
addition lines of evidence (Supplementary note 1, Figure S6) strongly suggest
that the three types of FraC nanopores represent nanopores with different
protomeric compositions. Molecular modelling allowed predicting the
diameter of type II (1.1 nm) and type III (0.84 nm) nanopores (Figure 1g). These
values corresponded well to the diameters estimated from their conductivity
values (1.17±0.04 and 0.71±0.01 for type II and type III, Figure S3). Notably, type
III FraC, having a sub-nanometer constriction, is the biological nanopore with
the smallest inner diameter known to date.
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Figure.3 Discrimination of peptides differing by a single amino acid using type II W116S-FraC at
pH 4.5. a) Peptide sequences of angiotensin II, and A with typical blockades provoked by the two
angiotensin peptides measured at -30 mV applied bias. b,c) Color density plot of the Iex% versus
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the standard deviation of the current amplitude for angiotensin II, and A, respectively. d)
Separation of angiotensin II and A in a mixture. Peptides were added into the cis chamber and
measured under -30 mV. Standard deviations were calculated from at least three independent
repeats.

3.2.

Identification of single amino acid substitutions with type II FraC
nanopores

Type II FraC nanopores were used to sample a series of angiotensin peptides
(Figure 2,3 Table 1, Figure S7), which regulate blood pressure and fluid balance.
The peptides were added to the cis side of type II W116S-FraC nanopores and
the magnitude of the ionic current associated with a peptide blockade (IB) was
measured. The pH of the solution was set to 4.5, because at higher pH the
capture of some peptides was either not observed or greatly reduced 35. To
characterise the peptide blockade, we used the percentage of excluded
currents (Iex%), defined as [(IO - IB) / IO] x 100, where IO represents the open pore
current. Iex%, which relates to the ionic current that is lost during the transit of
the peptide across the nanopore, and is expected to be proportional to the
volume inside the nanopore excluded by the peptide. Angiotensin I
(DRVYIHPFHL, 1296.5 Da), showed the deepest blockade (Iex% = 91.2±0.2) and
angiotensin IV (VYIHPF, 774.9 Da) the shallowest blockade (Iex% = 61.1±4.0). The
percent of excluded current of angiotensin II (DRVYIHPF, 1046.2 Da, Iex% =
82.1±1.3) and angiotensin III (RVYIHPF, 931.1 Da, Iex% = 77.9±0.5) fell at
intermediate values. When the four peptides were tested simultaneously,
individual peptides could be discriminated (Figure 2f).
The resolution limit of the nanopore sensor was challenged by sampling
mixtures of angiotensin II and angiotensin A, which have an identical
composition with the exception of the initial amino acid that is aspartic acid in
angiotensin II and alanine in angiotensin A. These two peptides, differing by 44
Da, appeared as distinctive peaks in Iex% plots (Figure 3). Smaller peptide
differences, e.g. the 34 Da difference between phenylalanine and isoleucine in
angiotensin III and Ile7 angiotensin III, were observed but not easily detected
(Figure S8), placing the resolution of our system at ~40 Da. It should be noticed
that a more complex classification of peptides has been demonstrated
elsewhere37–39, and would likely improve the sensitivity of discrimination.
Smaller peptides such as angiotensin II 4-8 (YIHPF, 675.8 Da), endomorphin I
(YPWF, 610.7 Da) or leucine enkephalin (YGGFL, 555.6 Da) translocated too
quickly across type II W116S-FraC nanopores to be sampled, but they could be
measured using type III W112S-W116S-FraC nanopores (Table 1,
Supplementary Note 2, Figure S9-11).
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Figure.4 Recognition of peptides with different chemical composition at pH 4.5. On the top
graph is the relation between the molecular weight (M.W.) or volume of the peptide and the Iex%.
The bottom figure shows the sensing volume of type I Wt-FraC (a), type II W116S-FraC (b) and
type III W112S-W116S-FraC (c) nanopores. The solid line represents a second order polynomial
fitting in (a, b) and a linear fitting in (c), with the extrapolated value at 100% Iex% corresponding
to the volume of a peptide that would completely occupy the sensing volume of the nanopore.
The latter is most likely constricted to the volume included between the constriction of the pore
(aspartic acid 10) and the residues that lie one turn of a helix above the constriction (aspartic acid
17). The distances are measured from two opposing residues and include the van der Waals radii
of the atoms. Current blockades were measured at -30 mV for type I and II pore, and at -50 mV
for type III pore in 1 M KCl solutions. The error bars represent standard deviation from at least 3
repeats. Red circles highlight the two peptides that bare a negative charge at pH 4.5 (Table 1).

3.3.

A nanopore mass spectrometer for peptides

Although the ability of nanopores to distinguish between known analytes is
useful, a more powerful application would be the identification of peptide
masses directly from ionic current blockades without holding prior knowledge
of the analyte identity. In nanopores, ionic current blockades are expected to
be directly proportional to the volume excluded by the analyte inside the
nanopore40. Hence, the current blockade of a peptides should reveal the
volume of the peptide, which might approximate to its mass by the relation:
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Volume (nm3) = 1.212 10-3 (nm3/Da) x MW (Da)41,42. In the effort to assess FraC
nanopores as a peptide mass identifier, we tested additional peptides at pH 4.5
in 1 M KCl solutions using type I, type II and type III FraC nanopores (Figure 4ac, Table 1, Figure S7,10,12). We found that for most peptides there was a direct
correlation between the excluded current and the volume/mass of the peptide.
Although linear regression fitted the data well, if the expected values for an
empty nanopore were to be included (i.e. Iex% is zero when no peptide is inside
the nanopore), quadratic functions showed best fits for the data collected with
type I and type II nanopores (Figure 4a,b). By contrast, linear regressions could
be used for the data measured with type III FraC nanopores (Figure 4c).
Interestingly, the extrapolated volumes for a fully occupied nanopore (3.5 nm3
and 2.0 nm3 and 0.96 nm3 for type I, type II and type III FraC, respectively), were
similar to the volumes comprised between D10 and D17 residues of FraC (3.6
nm3 and 1.8 nm3 and 1.0 nm3, respectively, Figure 4), suggesting that that the
constriction (D10) and the amino acid one turn of the helix above it (D17) most
likely define the sensing region within the nanopore.
Although the Iex% of most peptides fitted well to the empirical quadratic
functions, two notable exceptions were c-Myc 410-419 (1203.3 Da) and
neuropeptide-like protein 3 (NLP-3) (66-75, 1099.2 Da). These peptides were
intentionally selected because they included several acidic residues (Table 1).
c-Myc 410-419 and NPL-3 (added in cis) could be readily captured at negative
applied potentials (trans), indicating that the cis to trans electroosmotic flow
across the nanopore can overcome the electrostatic energy barrier opposing
peptide capture. However, the dwell times were faster and the Iex% lower than
peptides with similar mass (Table 1, Figure 4b), suggesting that electrophoretic
and electrostatic interactions between the pore and the peptides might prevent
them from entering the sensing region of the nanopore.
Thus, we tested a range of pHs where the aspartate and glutamate side chains
are expected to be protonated (Figure 5a, Table 1). We found that only at pH
3.8, the signal corresponding to c-Myc 410-419 (1203.3 Da) fell between the
signal of angiotensin I (1296.5 Da), and angiotensin II (1046.2 Da, Figure 5a),
suggesting that after losing its negative charges, c-Myc 410-419 peptide might
access the recognition volume of FraC. Rewardingly, at pH 3.8 all the remaining
peptides showed Iex% values that scaled with the masses of the peptides (Figure
5b). Notably, at pH 3.8 the peptide signals showed relatively high variability and
the conditions had to be carefully controlled (Supplementary Note 3). Most
Peptide translocation across nanopores likely, this is because at pH 3.8 the
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charge density of the constriction (Figure 1a) is strongly affected by small
variations in pH.
It has been assumed43–46 and experimentally47 proven that the voltage
dependence of the average dwell time (𝜏off) can report on the translocation of
a molecule across a nanopore. Under a negative bias (trans) for positively
charged peptides (added in cis) both electrophoretic and electroosmotic forces
(from cis to trans) promote the entry and translocation35 across the nanopore
(Figure S13). For negatively charged peptides, such as c-Myc 410-419 at pH 4.5
(Figure 5a), the electroosmotic driving force must be stronger than the
opposing electrophoretic force. The voltage dependence of 𝜏off was then
examined for the most acidic peptide c-Myc 410-419 at different pH values
(Figure 5C). At pH 4.5 the peptide exhibited a maximum in 𝜏off at -50 mV,
suggesting that at low potentials c-Myc 410-419 returns to the cis chamber
(<50 mV), and at higher potentials (>50 mV) c-Myc 410-419 exits to
the trans chamber. At pH 3.8 and lower we observed a decrease in 𝜏off, albeit at
higher potentials, indicating that at pH 3.8 c-Myc 410-419 crossed the
membrane region of FraC to the trans chamber.

4. Discussion
We have engineered the assembly of FraC to obtain three nanopores types with
1.6, 1.1 and 0.84 nm inner diameters. The nanopores can accommodate
peptides ranging from 22 to 4 amino acids in length. Smaller peptides might be
detected using further fine-tuning of the transmembrane region of the
nanopore, for example by introducing amino acids with bulky side-chains in the
recognition volume of the nanopore. We also showed that the nanopores can
discriminate differences between an alanine and a glutamate (44 Da) in a
mixture of peptides. Furthermore, we found that at exactly pH 3.8 the ionic
signal of the peptides depended on the mass of the analyte, while at higher pH
values the current signal of negatively charged peptides was higher than
expected from their mass alone. Most likely, a negatively charged recognition
region is important for creating an electrostatic environment for peptide-mass
recognition. At the same time the electrostatic interaction of the constriction
with negatively charged analytes might prevent the correct positioning of the
analyte within the reading frame of the nanopore. Hence, the next-generation
nanopores might be fabricated using unnatural amino acids that hold a negative
charge at a low pH range (e.g. sulfate or phosphate groups). Alternatively,
peptides might be chemically modified (e.g. by esterification) to neutralize the
negative charge.
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Figure.5 A nanopore peptide mass identifier. a) Top, sequence of the four peptides tested. The
amino acids that have a positive charge are in blue and the acidic residues in red. Below, pH
dependence of the Iex% for the four peptides (cis) using type II W116S-FraC nanopores under -30
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mV applied potential. b) Relationship between the Iex% and the mass of peptides at pH 3.8. c
Voltage dependence of c-Myc dwell times at different pHs. All electrophysiology measurements
were carried out in 1 M KCl, 0.1 M citric acid. The charges of the peptides were calculated
according to the pKa for individual amino acids53. Standard deviations were calculated from at
least three independent repeats.

Mass spectrometry is the workhorse of the proteomics field. At present, the
nanopore system falls short from the resolution of commercial mass
spectrometers. However, the technology is young and improvements are to be
expected. It should also be noticed that a peptide mass-analyzer device based
on nanopores will have distinctive advantages compared to conventional mass
spectrometers, the latter being expensive, extremely complex and unwieldy. By
contrast, nanopores can be integrated in portable and low-cost devices
containing hundreds of thousands of individual sensors. In addition, the
electrical nature of the signal allows sampling biological samples in real-time.
Furthermore, since the nanopore reads individual molecules, the signal
contains additional information not available for ensemble techniques. Finally,
single-molecule detection, especially when coupled to high throughput analysis,
is amenable for detecting low abundance peptides and to unravel the chemical
heterogeneity in post-translational modifications, challenges that are hard to
address with conventional mass spectrometry.
A nanopore peptide-mass detector might also be integrated in real-time protein
sequencing system, providing a number of requirements are met. Firstly, a
protease-unfoldase pair should be coupled directly above the nanopore sensor.
The barrel-shaped ATP-dependent ClpXP protease appears to be an ideal
candidate because it would encase the digested peptides preventing its release
in solution. The coupling could be achieved by chemical attachment, by genetic
fusion, or by introducing binding loops to the nanopore that interact with the
peptidase. We have taken the latter approach to couple α-hemolysin
nanopores with heptameric GroEL48. The cleaved peptides will be sequentially
recognized and translocated across the nanopore. Here we have taken several
steps showing this approach might be feasible. We demonstrated that the
peptides entering the cis side of the nanopore have a high probability of exiting
the nanopore to the trans chamber, which will prevent duplicate detection
events. Furthermore, we showed that at pH 3.8 peptides are likely to be
captured and their mass recognized by the nanopore at a fixed applied potential
irrespectively of their chemical composition. If such low pH values will not be
compatible with enzymatic activity, asymmetric solutions on both side of the
nanopore can be used49–51. In such system, conditions in the cis side will be
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tuned to optimize the ATPase activity of the unfoldase-peptidase, while the pH
and ionic strength of the trans side will be optimized to capture and recognize
individual peptides.

5. Methods and materials
Chemicals
Endothelin 1 (≥97%, CAS# 117399-94-7), endothelin 2 (≥97%, CAS# 123562-209), dynorphin A porcine (≥95%, CAS# 80448-90-4), angiotensin I (≥90%, CAS#
70937-97-2), angiotensin II (≥93%, CAS# 4474-91-3), c-Myc 410-419 (≥97%, #
M2435), Asn1-Val5-Angiotensin II (≥97%, CAS# 20071-00-5), Ile7 Angiotensin III
(≥95%, #A0911), leucine enkephalin (≥95%, #L9133), 5-methionine enkephalin
(≥95%, CAS# 82362-17-2), endomorphin I (≥95%, CAS# 189388-22-5), pentane
(≥99%,
CAS#
109-66-0),
hexadecane
(99%,
CAS#
544-76-3),
Trizma®hydrochloride (≥99%, CAS# 1185-53-1), Trizma®base (≥99%, CAS# 7786-1), Potassium chloride (≥99%, CAS# 7447-40-7), N,N-Dimethyldodecylamine
N-oxide (LADO, ≥99%, CAS# 1643-20-5) were obtained from Sigma-Aldrich. Preangiotensinogen 1-14 (≥97%, # 002-45), angiotensin 1-9 (≥95%, # 002-02),
angiotensin A (≥95%, # 002-36), angiotensin III (≥95%, # 002-31), angiotensin IV
(≥95%, # 002-28) Neuropeptide-Like Protein 3 (NLP-3) (66-75) (≥97%, # 076-36)
were purchased from Phoenix Pharmaceuticals. Angiotensin 4-8 (≥95%) was
synthesized by BIOMATIK. 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC, #850356P) and sphingomyelin (Porcine brain, # 860062) were
purchased from Avanti Polar Lipids. Citric acid (99.6%, CAS# 77-92-9) was
obtained from ACROS. n-Dodecyl β-D-maltoside (DDM, ≥99.5%, CAS# 6922793-6) was bought from Glycon Biochemical EmbH. DNA primers were
synthesized from Integrated DNA Technologies (IDT), enzymes from Thermo
scientific. All peptides were dissolved with Milli-Q water without further
purification and stored in -20°C freezer. pH 7.5 buffer containing 15 mM Tris in
this study was prepared by dissolving 1.902 g Trizma® HCl and 0.354 g Trizma®
base in 1 litre Milli-Q water (Millipore, Inc).
FraC monomer expression and purification
FraC gene containing NcoI and HindIII restriction sites at the 5’ and 3’ ends,
respectively, and a sequence encoding for a poly-histidine tag at the 3’ terminus
was cloned into a pT7-SC1 plasmid. Plasmids were transformed into BL21(DE3)
E.cloni® competent cell by electroporation. Cells were grown on LB agar plate
containing 100 µg/mL ampicillin overnight at 37°C. The entire plate was then
harvested and inoculated into 200 mL fresh 2YT media and the culture was
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grown with 220 rpm shaking at 37 °C until the optical density at 600 nm of the
cell culture reached 0.8. Then, 0.5 mM IPTG was added to the media and the
culture was transferred to 25 °C for overnight growth with 220 rpm shaking.
The next day the cells were centrifuged (2000 x g, 30 minutes) and the pellet
stored at -80 °C. FraC was purified from cell pellets harvested from 100 mL
culture media. 30 mL of cell lysis buffer (150 mM NaCl, 15 mM Tris, 1 mM MgCl2,
4 M urea, 0.2 mg/mL lysozyme and 0.05 unit/mL DNase) were added to resuspend the pellet and vigorously mixed for 1 hour. Cell lysate was then
sonicated with Branson Sonifier 450 for 2 minutes (duty cycle 10%, output
control 3). Afterwards, the crude lysate was centrifuged down at 4 °C for 30
minutes (5400 x g), and the supernatant incubated with 100 µL Ni-NTA beads
(Qiagen) for 1 hour with gentle shaking. Beads were spun down and loaded to
a Micro Bio-spin column (Bio-rad). 10 mL of SDEX buffer (150 mM NaCl, 15 mM
Tris, pH 7.5) containing 20 mM imidazole was used to wash the beads, and
proteins were eluded with 150 µL elution buffer (SDEX buffer, 300 mM
imidazole). The concentration of the protein was determined by the absorption
at 280 nm with Nano-drop 2000 (Thermo scientific) using the elution buffer as
blank. To further confirm the purity of monomer, the protein solution was
diluted to 0.5 mg/mL using the elution buffer and 9 µL of the diluted sample
was mixted with 3 µL of 4x loading buffer (250 mM Tris HCl, pH 6.8. 8% SDS,
0.01% bromophenol blue and 40% glycerol) and then loaded to 12% SDS-PAGE
gel. Gels were run under a constant applied current of 35 mA for 30 min, and
stained with coomassie dye (InstantBlueTM, Expdedeon) before viewing using a
gel imager (Gel DocTM, Bio-rad).
FraC mutation preparation
FraC mutants were prepared according to MEGAWHOP method54. 25 µL
REDTaq® ReadyMix™ was mixed with 4 µM primer (Figure S 2) containing the
desired mutation with 50 ng plasmid (pT7-SC1 with wild type FraC gene) as
template and the final volume was brought to 50 µL with MilliQ water. The PCR
protocol was initiated by a 150 seconds denature step at 95 °C, followed by 30
cycles of denaturing (95 °C, 15 s), annealing (55 °C, 15 s), and extension (72 °C,
60 s). The PCR products (MEGA primer) were combined and purified using a
QIAquick PCR purification kit with a final DNA concentration around 200 ng/µL.
Then a second PCR was performed using the MEGA primer for whole plasmid
amplification. 2 µL of MEGA primer, 1 µL Phire II enzyme, 10 µL 5x Phire buffer,
1 µL 10 mM dNTPs, were mixed with PCR water to 50 µL final volume. PCR
started with pre-incubated at 98 °C (30 s) and then 25 cycles of denaturing
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(98 °C, 5 s), annealing (72 °C, 180 s). When the PCR was completed, 1 µL DpnI
enzyme was added and the mixture kept at 37 °C for 1 hour. Then the
temperature was raised to 65 °C for 1 minute to inactivate the enzyme.
Products were then transformed into E. cloni® 10G cells (Lucigen) competent
cell by electroporation. Cells were plated on LB agar plates containing 100
µg/mL ampicillin and grew at 37 °C overnight. Single clones were enriched and
sent for sequencing.
Sphingomyelin-DPhPC liposome preparation
20 mg sphingomyelin and 20 mg DPhPC (1,2-diphytanoyl-sn-glycero-3phosphocholine) were dissolved in 4 mL pentane with 0.5% v/v ethanol and
brought to a round flask. The solvent was then removed by rotation while
heated using a hair dryer. After evaporation, the flask was kept at ambient
temperature for an additional 30 minutes. The lipid film was resuspended with
4 mL SDEX buffer (150 mM NaCl, 15 mM Tris, pH 7.5) and the solution immersed
in a sonication bath for 5 minutes. Liposome suspensions were stored at -20°C.
FraC oligomerization
FraC oligomerization was triggered by incubation of FraC monomers with
sphingomyelin-DPhPC liposomes. Frozen liposome were thawed and sonicated
in a water bath for one minute. FraC monomers were diluted to one mg/mL
using SDEX buffer, and then 50 µL of FraC monomers were added to 50 µl of a
10 mg/mL liposome solution to obtain a mass ratio of 10:1 (liposome : protein).
The lipoprotein solution was incubated at 37 °C for 30 min to allow
oligomerization. Then 10 µl of 5% (w/v, 0.5% final) LDAO was added to the
lipoprotein solution to solubilize the liposomes. After clarification (typically 1
minute) the solution was transferred to a 50 mL Falcon tube. Then 10 mL of
SDEX buffer containing 0.02% DDM and 100 µL of pre-washed Ni-NTA beads
were added to the Falcon tube and mixed gently in a shaker for 1 hour at room
temperature. The beads were then spun down and loaded to a Micro Bio-spin
column. 10 mL wash buffer (150 mM NaCl, 15 mM Tris, 20 mM imidazole, 0.02%
DDM, pH 7.5) was used to wash the beads and oligomers eluded with 100 µL
elution buffer (typically 200 mM EDTA, 75 mM NaCl, 7.5 mM Tris pH 7.5, 0.02%
DDM). The FraC oligomers were stored at 4 °C and the nanopores are stable for
several months.
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W112S-W116S-FraC oligomer separation with His-Trap chromatography
200 µL of W112S-W116S-FraC monomers (3 mg/mL) were incubated with 300
µL of Sphingomyelin-DPhPC liposome (10 mg/mL) and kept at 4 °C for 48 hours
after which 0.5% LADO (final concentration) was added to solubilize the
lipoprotein. Then the buffer was exchanged to 500 mM NaCl, 15 mM Tris, 0.01%
DDM, 30 mM imidazole, pH 7.5 (binding buffer) using a PD SpinTrap G-25
column. W112S-W116S-FraC oligomers were then loaded to Histrap HP 1 mL
column (General Electric) using an ÄKTA pure FPLC system (General Electric).
The loaded oligomers were washed with 10 column volumes of 500 mM NaCl,
15 mM Tris, 0.01% DDM, 30 mM imidazole, pH 7.5, prior to applying an
imidazole gradient (from 30 mM to 1 M imidazole, 500 mM NaCl, 15 mM Tris,
0.01% DDM, pH 7.5) over 30 column volumes. The protein concentration in flow
was monitored with the absorbance at 280 nm and fractions were collected
when the absorbance was higher than 5 mAu.
Electrophysiology measurement and data analysis
Electrical recordings were performed using two silver/silver-chloride electrodes
immerged into an electrophysiology chamber connected to an Axopatch 200B
amplifier (Axon instrument). The chamber was separated into two 500 µL
compartments by a ~100 µm polytetrafluoroethylene Teflon aperture
(Goodfellow Cambridge Limited). The aperture was pretreated with ~5 µL of
hexadecane (10% v/v hexadecane in pentane) before loading the buffer. A
bilayer was formed using 10 µL of 10 mg/mL DPhPC solution (in pentane), which
was added into each compartment.35,55 Ionic currents were digitized with a
Digidata 1440 A/D converter (Axon instrument). All peptides measurements
were conducted with a 50 kHz sampling rate and a 10 kHz Bessel filter. Single
channel events were collected by applying the single channel search function in
Clampfit (Molecular Devices). Events shorter than 100 µs were ignored. IO
values, referring to open pore current, were measured by using Gaussian
fittings to event amplitude histograms. Percent of excluded current values (Iex%)
were calculated by dividing the excluded current (IO - IB) by open pore current
(IO) and multiplied by 100. Dwell times and interevent times were measured by
fitting single exponentials to histograms of cumulative distribution. Electrical
recordings at pH 7.5 were performed using 1 M NaCl solutions and 15 mM Tris,
recordings at pH 4.5 were performed using 1 M KCl solutions in 0.1 M citric acid
and 180 mM Tris base.

125

Ion permeability measurement
In order to measure reversal potentials, a single channel was obtained under
symmetric conditions (840 mM KCl, 500 µL in each electrophysiology chamber)
and the electrodes were balanced. The 400 µL of a buffered stock solution of
3.36 M KCl was then slowly added to cis chamber, while 400 µL of salt free
buffered solution was added to the trans chamber to obtain a total volume of
900 µL in both sides (trans:cis, 467 mM KCl:1960 mM KCl). After the equilibrium
was reached, IV curves were collected from -30 to + 30 mV. The resulting
voltage at zero current is the reversal potential (Vr). The ion selectivity (PK+/PCl-)
was then calculated using the Goldman-Hodgkin-Katz equation52, Equation (1),
where [𝑎𝐾+ /𝐶𝑙− ]
is the activity of the K+ or Cl- in the cis or trans
𝑐𝑖𝑠/𝑡𝑟𝑎𝑛𝑠

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

[𝑎𝐶𝑙− ]𝑡𝑟𝑎𝑛𝑠 − [𝑎𝐶𝑙− ]𝑐𝑖𝑠 𝑒 𝑉𝑟 𝐹⁄𝑅𝑇
𝑃𝐾+
=
[𝑎𝐾+ ]𝑡𝑟𝑎𝑛𝑠 𝑒 𝑉𝑟 𝐹⁄𝑅𝑇 − [𝑎𝐾+ ]𝑐𝑖𝑠
𝑃𝐶𝑙−

(1)

The activity of ions was calculated by multiplying the molar concentration of
the ion with the mean ion activity coefficients (0.649 for 500 mM KCl, and 0.573
for 2000 mM)56. Ag/AgCl electrodes were surrounded by 2.5% agarose bridges
containing a 2.5 M NaCl solution.
Molecular models of Type I, II and III FraC nanopores
The 3D models with different multimeric order, ranging from five to nine
monomers, were constructed with the symmetrical docking function of
Rosetta57. A monomer without lipids was extracted from the crystal structure
of FraC with lipids (PDB_ID 4tsy33). Symmetrical docking arranged this monomer
around a central rotational axis ranging in order from 5 to 9. In total Rosetta
generated and scored 10 000 copies for each symmetry. In all cases, a
multimeric organization with a symmetry similar to the crystal structure could
be identified as a top scoring solution. However, in the pentameric assembly
the multimer interface was not fully satisfied as compared to the crystal
structure, with large portions left exposed. The 9-fold symmetric model
however exhibited a significant drop in Rosetta score compared to the 6- 7- and
8-fold symmetric models indicating an unfavored assembly of the nonameric
assembly with the 6- 7- and 8-fold assemblies as the most plausible. To create
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lipid bound models, the crystal structure with lipids was superimposed on each
monomer of the generated models, allowing the lipid coordinates to be
transferred. The residues within 4.5 angstrom of the lipids were minimized with
the Amber10 force field.

6. Supplementary information

Figure S1. Oligomerization at different lipid:protein dilutions. Oligomers were obtained by
mixing purified Wt-FraC monomeric proteins (1 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.125 mg/mL)
with an equimolar volume of lipids (10 mg/mL), thus in a 1:10 ratio, 1:20 ratio, 1:40 ratio and 1:80
ratio to increase the fraction of type II Wt-FraC nanopores that reconstituted into DPhPC lipid
bilayers (1 M NaCl, 15 mM Tris, pH 7.5, -50 mV). 1:80 protein:lipid ratio did not give nanopores
in lipid bilayers. Errors are given as standard deviations, and were obtained from three different
preparations of FraC nanopores.
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Figure S2. Enrichment of type II Wt-FraC nanopores. a) Effect of dilution on nanopore types.
After FraC nanopores (0.5 mg/mL) were formed upon incubation with sphingomyelin / DPhPC
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liposome (1:10, protein:liposome ratio), the proteoliposome (100 µL) was solubilised by adding
10 µL of a 5% LDAO solution. The nanopores were then diluted to 50 µg/µL or 5 µg/µL by addition
of buffer (SDEX: 150 mM NaCl, 15 mM Tris, pH 7.5) prior loading to a Ni-NTA column and eluted
using 200 mM EDTA. High nanopore concentrations produced mainly type I Wt-FraC nanopores,
while lower concentrations produced more of type II Wt-FraC nanopores. b) Effect of the metal
ion on the preparation of nanopore types. Nanopores were prepared as in (a) to a final
concentration of 50 µg/µL and loaded to either a Ni-NTA or Zn-NTA chromatography column.
Nanopores were then eluted using 200 mM EDTA. Lower affinity matrixes favoured the release
of type II pores. c) Same as (a), but using Zn-NTA affinity chromatography and eluting with 300
mM imidazole. d) Effect of the strength of the elution buffer on the nanopore composition.
Nanopores (5 µg/µL) prepared as in (c) were eluted with either 300 mM imidazole, 400 mM
imidazole or 200 mM EDTA. The weaker the elution buffer, the higher amount of type II
nanopores was found. e) W112S-W116S-FraC oligomers were prepared and separated with FPLC
chromatography using a HisTrap™ column as described in Methods. f) Percentage of type I and
type II nanopore from the purified fractions in (e). g) Cartoon representation of one Wt-FraC
protomer (PDB: 4TSY). One FraC protomer is shown as cartoon representation, while aspartic
acid 109 and tryptophan 116 are shown as spheres. h) pH dependence of the three nanopore
types for D109S-FraC nanopores, showing that the mutation increased the proportion of smaller
nanopores at pH 7.5. The nanopores were prepared as in (a) using a 5 µg/µL nanopore
concentration prior loading to Ni-NTA columns. Single channel recordings were performed under
-50 mV applied potential in 1 M NaCl, 15 mM Tris, pH 7.5 except at pH 4.5, in which 1 M KCl, 0.1
M citric acid and 180 mM Tris base was used. Error bars stand for the standard deviations
calculated from three repeats.
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FigureS3. continued

Figure S3. Single channel conductance distributions of FraC nanopores at pH 7.5 and 4.5. a) The
table reports the average conductance values which were obtained by fitting Gaussian functions
to conductance histograms. S.D. represents the standard deviation and ‘n’ is the number of
individual nanopores tested. The diameter ‘d’ of type I FraC was taken from the crystal structure
(1.6 nm), while the diameters of type II and type III FraC nanopores were calculated from their
2
𝑑𝑡𝑦𝑝𝑒
𝐼

conductance values using the formula: 𝑑2

𝑡𝑦𝑝𝑒 𝑥

=

𝐺𝑡𝑦𝑝𝑒 𝐼
𝐺𝑡𝑦𝑝𝑒 𝑥

, where dtype I is the diameter of type I FraC,

dtype x is the diameter of type II or type III FraC, Gtype I is the conductance of type I FraC, Gtype x is
the conductance of type II or type III FraC. It should be noticed that this formula is just an
approximation, as it does not take into consideration the effect of the surface charge and
electrical double layer overlap inside the nanopore. b-f) Each panel represents a different
preparation of FraC nanopores as indicated. Single channels were collected under -50 mV applied
potential. S.D. referred to standard deviations calculated from three repeats.

Supplementary Note 1
The different nanopore types most likely correspond to nanopores with
different stoichiometry, rather than nanopores having the same stoichiometry
but a different shape / geometry. Evidences supporting this interpretation are:
1) Cryo-EM and crystal structure studies showed that FraC nanopores can adopt
more than one oligomeric state1,2. 2) The formation of the different nanopore
types is concentration dependent (Figure S 1, 2a). 3) The use of a
chromatography matrix with lower affinity for his-tags (Zn-NTA versus Ni-NTA,
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Figure S2b), the use of weaker eluting buffers (imidazole, versus EDTA, Figure
S2c) or elution with lower imidazole concentrations (Figure S2d) favoured the
formation of type II pores. The most likely interpretation to these results is that
type II FraC has fewer subunits and fewer histidine tags than type I FraC
nanopores, hence a lower affinity for the NTA matrix. 4) W112S-W116S-FraC
showed two bands in native-gels and one band was observed in denaturing SDSgels (Figure S6), suggesting the formation of nanopores with at least two
different masses. 5) The I-V curves of the three nanopore types showed similar
rectification behaviours (Figure S4), suggesting that the different nanopore
types maintained a similar geometry.
We noticed that type II FraC nanopores inserted more efficiently at low pH.
Therefore, to increase the production of type II nanopores at physiological pH,
we exchanged aspartic acid at position 109, which is located at the lipid
interface, for serine (Figure S2g,h). As expected at pH 7.5 the fraction of type II
nanopores increased from 23.0 ± 4.9% to 48 ± 3.6%, and a small fraction of type
III nanopores appeared (Figure S3b,e). The concomitant substitution of
tryptophan at position 116 with serine showed a further small increased in the
fraction of type I and type II nanopores at pH 7.5 (Figure S3f).
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Figure S4. Ionic current - voltage dependence for the three different types of FraC nanopores
mutants. a-c) I-V curves for Wt-FraC, W112S-FraC and W112S-W116S-FraC, respectively at pH
4.5. Error bars represent the standard deviations calculated from three repeats. d) numerical
values for the graphs in (a-c) at pH 4.5.
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Figure S5. Power spectrum of different types of pore at pH 4.5. a) Power spectrum of different
type pores of W116-FraC mutant. b-d) Power spectrum of type I, type II, type III pores with WtFraC and mutants, respectively. The spectra were measured under -50 mV applied bias using a
10 kHz sampling rate and 2 kHz Bessel filter.
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Figure S6. Polyacrylamide gel electrophoresis (PAGE) of FraC monomers and oligomers. a) 12%
SDS-PAGE of FraC monomers. Wt-FraC is weakly expressed in E. coli cells and could not be
observed in SDS-gels. Presumably this is because high concentrations of FraC might kill the host
E. coli cells. Hence the pore-forming ability of Wt-FraC was neutralized by extending the Nterminus of FraC with a gene encoding for dihydrofolate reductase (DHFR). The two constructs
were spaced by a furin digestion site [(DHFR)-GSSENRARYKRGSS-(FraC)-H6]. DHFR-FraC
monomers were then loaded to Ni-NTA affinity chromatography matrix and digested with trypsin
(1 mg/mL). The released GSS-Wt-FraC (Wt-FraC in the figures) was then obtained and run in SDS-

135

PAGE as a single band, along with all other FraC mutants. b) 4-20% Tris-glycine Native PAGE of
FraC nanopore oligomers. Because FraC has a net positive charge (+7.8 at pH 7.5), monomeric
and oligomeric FraC nanopores do not migrate towards the cathode as in normal blue NativePAGE. Thus, we switched the anode for the cathode, from which: “reverse native PAGE”.
Oligomers were loaded into the 4-20% Tris-glycine gels (Biorad) using 4X sample buffer (62.5 mM
Tris, pH 6.8, 40% glycerol, 0.01% bromophenol blue) and a 300 V (reversed polarity) potential
was applied for 90 minutes in a cold water bath. The running buffer was NOVEX NativePAGETM
(Life technologies). Gels were then stained using coomassie dye (InstantBlueTM, Expdedeon) for
at least 1 hour. The samples in Tris buffer could give multiple bands. Interestingly, the FraC
nanopores run at different heights in native gels bands, suggesting that nanopores have a
different mass. c) W112S-W116S-FraC and W116S-FraC nanopores showed multiple bands, which
are likely to correspond to two different nanopore types as observed in electrical measurements.
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Figure S6 continued

Figure S7. Peptides characterization by type II W116S-FraC nanopores at pH 4.5. For each
peptide indicated, on the left is shown a dwell time versus blockade Iex% and on the right the
respective event histogram for Iex%. The red line represents a Gaussian fit. Peptides were added
to cis compartment and the recording were done using a 50 kHz sampling rate and a 10 kHz low
pass filtering under -30 mV applied potentials.
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Figure S8. Resolution of the FraC nanopore mass-spectrometer. a) Sequence, molecular weight
and Iex% of angiotensin III and isoleucine-angiotensin III. b, c) Color density plot of the Iex% versus
the amplitude standard deviations of current blockades when angiotensin III (b) and then
isoleucine-angiotensin III (c) were added to the cis side of a type II W116S-FraC nanopore at pH
4.5. Standard deviations were calculated from minimum three repeats. Color density plot were
created with Origin.

Supplementary Note 2
All peptides gave one main blockade with the exception of endomorphin I
(Figure S10), which induced two kinds of blockades to type III nanopores (Figure
S11). One blockade showed Iex% = 99.1 ± 0.7 (level 1) and the other Iex% = 80.3 ±
0.5 (level 2). In Figure 4c, we used the Iex% of level 2, which fitted well into the
Iex% versus mass curve with other peptides. The level 1 events showed a longer
dwell time (4.0 ± 0.4 millisecond) compared to other peptide blockades
(typically 0.5 millisecond or less). A likely explanation for the bimodal
distribution of events is that level 1 events are due to peptide dimers blockades.
Endomorphin-I (sequence: YPWF) contains several potential π-π interaction,
and several studies have shown that aromatic peptides can form
supramolecular assemblies3. Dilution of the analyte (10-fold, from 4 µM to 0.4
µM), did not change the relative amount of the level 1 blockades, which
remained at 40% of the total blockades, suggesting that the association
constant of the peptide dimers might be in the nM range.
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Figure S9. Discrimination of short peptide mixture with type III W112S-W116S-FraC at pH 4.5.
a) Sequence, Iex% (-50 mV) and M.W of angiotensin IV, angiotensin 4-8, endomorphin I and leucine
enkephalin. b) Selected blockades provoked by the different peptides. c) Color density plot
showing the Iex% versus the standard deviation of the current blockade for the mixture of
angiotensin IV, angiotensin 4-8, endomorphin I and leucine-enkephalin. Standard deviations were
calculated from minimum three repeats.
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Figure S10. Peptide characterization with type III W112S-W116S-FraC nanopores at pH 4.5. For
each peptide indicated, on the left is shown a dwell time versus blockade Iex% graph and on the
right the respective event histogram for the blockade Iex%. The red line represents a Gaussian fit.
Peptides were added to cis compartment and the recording were done using a 50 kHz sampling
rate and a 10 kHz low pass filtering under -50 mV applied potentials.
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Figure S11. Analysis of endomorphin I with type III W112S-W116S-FraC nanopore at pH 4.5
under -50 mV applied potential. a) Iex% versus dwell time of endomorphin I blockade. b) Three
repeats of Iex% versus dwell time showing the two types of blockades. c) Ionic current traces of
endomorphin I recorded over one minute recording. d,e) Selected level 1 (d) and level 2 (e) events.
Endomorphin I was added to the cis side of a type II W112S-W116S-FraC. Standard deviations
were calculated from minimum three repeats.

142

Figure S12. Peptide characterization with type I Wt-FraC pore at pH 4.5. For each peptide
indicated, on the left is shown a dwell time versus blockade Iex% graph, on the right the respective
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event histogram for the Iex%. The red line represents a Gaussian fit. Peptides were added to cis
compartment and the recording were done using a 50 kHz sampling rate and a 10 kHz low pass
filtering under -30 mV applied potentials.

Supplementary Note 3
During peptide analysis, we noticed that, occasionally, e.g. when sampling
angiotensin III at pH lower than four, small differences in the open pore currents
of type II W112S-FraC nanopores gave relatively large difference in the Iex% of
the blocked peptide. This was not observed at pH 4.5. Therefore, when
measuring the pH dependency of the Iex% of the peptides (Figure 5), we only
considered type II W112S-FraC nanopores that under -30 mV applied potential
showed an open current comprised between 27 and 30 pA at pH 4.5, between
25 and 26 pA at pH 4.0 and 3.8, and between 22 and 24 pA at pH 3.0.

Figure S13. Voltage dependence of the dwell time of four representative peptides using type II
and type III FraC nanopores. a,b) Voltage dependence of the dwell time of c-Myc and Asn1Val5
angiotensin II, measured with type II W116S-FraC at pH 3.8. c,d) Voltage dependence of the dwell
time of angiotensin IV and level 2 endomorphin I at pH 4.5, measured with type III W112S-W116SFraC nanopore. Error bars represent the standard deviations calculated from three repeats
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Table S1. Ion selectivity of different FraC nanopores at pH 7.5 and 4.5. The ion selectivity (PK+/PCl-)
was calculated from the reversal potential according to the Goldman-Hodgkin-Katz equation:
𝑃𝐾 +
𝑃𝐶𝑙−

=

[𝑎𝐶𝑙− ]𝑡𝑟𝑎𝑛𝑠 −[𝑎𝐶𝑙− ]𝑐𝑖𝑠 𝑒 𝑉𝑟 𝐹⁄𝑅𝑇
[𝑎𝐾+ ]𝑡𝑟𝑎𝑛𝑠 𝑒 𝑉𝑟 𝐹⁄𝑅𝑇 −[𝑎𝐾+ ]𝑐𝑖𝑠

, where Vr is the reversal potential, PK+/PCl- the ion selectivity, a

the activity of ions and F the Faraday constant. Electrical recordings were carried out with 1960
mM KCl in the cis solution and 467 mM KCl in the trans solution. The activity of ions was calculated
by multiplying the molar concentration of the ion for the mean ion activity coefficients (0.649 for
500 mM KCl, and 0.573 for 2000 mM). Standard deviations were calculated from minimum three
repeats.
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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.

152

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 singlemolecule 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. Solidstate 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 solidstate 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 αhelices. 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
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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 poreforming 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-snglycero-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 PlyAE 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 PlyB1 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% 2mercaptoethanol.
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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 predenaturing 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− ]𝑐𝑖𝑠 𝑒 𝑉𝑟 𝐹⁄𝑅𝑇
[𝑎𝑁𝑎+ ]

𝑡𝑟𝑎𝑛𝑠

𝑒 𝑉𝑟 𝐹⁄𝑅𝑇 −[𝑎𝑁𝑎+ ]

𝑐𝑖𝑠
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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 PlyAB1. 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 (PlyB2 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

PlyAB-1

N26D, A328T,
A464V

PlyAB-2

N26D,
N107D,
G218R,
A328T, A464V

PlyAB-E

N26D,
N107D,
G218R,
A328T,
C441A,
A464V

PlyB-R

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

Changes in pore
lumen

Ion selectivity

3 rounds screen
from WT-PlyB

No

Cation
selective

5 rounds screen
from WT-PlyB

N107D, G218R

Cation
selective

5 rounds screen
from WT-PlyB, with
cysteine
replacement

N107D, G218R

Cation
selective

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

Engineering path

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
pA
S.D.

PlyAB-E
in 1M NaCl
pA
S.D.

PlyAB-R
in 1M NaCl
pA
S.D.

PlyAB-R
in 300mM NaCl
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

1231.8

45.8

200.0

2793.0
29.2
3113.3
35.4
3183.7
44.1
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.
PlyAB-1

PlyAB-E

PlyAB-R

Potential,
mV

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.
Ires%

Dwell time, ms

Capture
frequency,
S-1µM-1

+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

-200 mV

37.7±0.1

5.4±0.8

157.3±136.6

Condition

From cis

From
trans
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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

Level 1

Level 2
From cis
Level 3

Level 4

From trans

-200 mV

+50 mV

Ires%
57.7±2.7

Dwell time, ms
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

+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

+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

+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
Level 1
Level 2
Level 3
Level 4

29.7±4.2
60.1±0.4
41.3±0.1
29.5±0.1
18.6±0.8

4.6±0.6
1.2±0.1
4.1±0.7
13.5±2.5
14.3±2.4

181

7. References
1.

Pastoriza-Gallego, M., Betton, J.-M., Pelta, J., Bacri, L. & Oukhaled, A.
Sensing Proteins through Nanopores: Fundamental to Applications. ACS
Chem. Biol. 7, 1935–1949 (2012).

2.

Restrepo-Pérez, L., Joo, C. & Dekker, C. Paving the way to singlemolecule protein sequencing. Nat. Nanotechnol. 13, 786–796 (2018).

3.

Robertson, J. W. F. & Reiner, J. E. The utility of nanopore technology for
protein and peptide sensing. Proteomics 18, 1–36 (2018).

4.

Varongchayakul, N., Song, J., Meller, A. & Grinstaff, M. W. Singlemolecule protein sensing in a nanopore: a tutorial. Chem. Soc. Rev. 47,
8512–8524 (2018).

5.

Miles, B. N. et al. Single molecule sensing with solid-state nanopores:
Novel materials, methods, and applications. Chem. Soc. Rev. 42, 15–28
(2013).

6.

Kwak, D. K. et al. Probing the Small-Molecule Inhibition of an Anticancer
Therapeutic Protein-Protein Interaction Using a Solid-State Nanopore.
Angew. Chemie - Int. Ed. 55, 5713–5717 (2016).

7.

Li, W. et al. Single protein molecule detection by glass nanopores. ACS
Nano 7, 4129–4134 (2013).

8.

Joo, C., Dekker, C., Restrepo-Pérez, L., John, S. & Aksimentiev, A. SDSassisted protein transport through solid-state nanopores. Nanoscale 9,
11685–11693 (2017).

9.

Varongchayakul, N., Huttner, D., Grinstaff, M. W. & Meller, A. Sensing
native protein solution structures using a solid-state nanopore:
Unraveling the States of VEGF. Sci. Rep. 8, 1–9 (2018).

10.

Verschueren, D., Shi, X. & Dekker, C. Nano-Optical Tweezing of Single
Proteins in Plasmonic Nanopores. Small Methods. 1800465, 1–9 (2019).

11.

Yusko, E. C. et al. Real-time shape approximation and fingerprinting of
single proteins using a nanopore. Nat. Nanotechnol. 12, 360–367 (2017).

12.

Hu, R. et al. Differential Enzyme Flexibility Probed Using Solid-State
Nanopores. ACS Nano 12, 4494–4502 (2018).

13.

Waduge, P. et al. Nanopore-Based Measurements of Protein Size,
Fluctuations, and Conformational Changes. ACS Nano 11, 5706–5716

182

(2017).
14.

Cressiot, B. et al. Protein transport through a narrow solid-state
nanopore at high voltage: Experiments and theory. ACS Nano 6, 6236–
6243 (2012).

15.

Oukhaled, A. et al. Dynamics of Completely Unfolded and Native
Proteins through Solid-State Nanopores as a Function of Electric Driving
Force. ACS Nano 5, 3628–3638 (2011).

16.

Fologea, D., Ledden, B., McNabb, D. S. & Li, J. Electrical characterization
of protein molecules by a solid-state nanopore. Appl. Phys. Lett. 91, 1–4
(2007).

17.

Han, A. et al. Sensing protein molecules using nanofabricated pores.
Appl. Phys. Lett. 88, 28–31 (2006).

18.

Larkin, J., Henley, R. Y., Muthukumar, M., Rosenstein, J. K. & Wanunu,
M. High-bandwidth protein analysis using solid-state nanopores.
Biophys. J. 106, 696–704 (2014).

19.

Steinbock, L. J. et al. Probing the size of proteins with glass nanopores.
Nanoscale 6, 14380–14387 (2014).

20.

Nir, I., Huttner, D. & Meller, A. Direct Sensing and Discrimination among
Ubiquitin and Ubiquitin Chains Using Solid-State Nanopores. Biophys. J.
108, 2340–9 (2015).

21.

Yusko, E. C. et al. Controlling protein translocation through nanopores
with bio-inspired fluid walls. Nat. Nanotechnol. 6, 253–260 (2011).

22.

Sexton, L. T. et al. Resistive-pulse studies of proteins and
protein/antibody complexes using a conical nanotube sensor. J. Am.
Chem. Soc. 129, 13144–13152 (2007).

23.

Niedzwiecki, D. J., Grazul, J. & Movileanu, L. Single-molecule observation
of protein adsorption onto an inorganic surface. J. Am. Chem. Soc. 132,
10816–10822 (2010).

24.

Martin, C. R. et al. An Adsorption-Based Model for Pulse Duration in
Resistive-Pulse Protein Sensing. J. Am. Chem. Soc. 132, 6755–6763
(2010).

25.

Talaga, D. S. & Li, J. Single-molecule protein unfolding in solid state
nanopores. J. Am. Chem. Soc. 131, 9287–9297 (2009).

26.

Plesa, C. et al. Fast translocation of proteins through solid state
183

nanopores-Supporting information. Nano Lett. 13, 658–663 (2013).
27.

Wanunu, M. & Meller, A. Chemically modified solid-state nanopores.
Nano Lett. 7, 1580–1585 (2007).

28.

Kapinos, L. et al. Single-molecule transport across an individual
biomimetic nuclear pore complex. Nat. Nanotechnol. 6, 433–438 (2011).

29.

Tang, Z. et al. Surface modification of solid-state nanopores for stickyfree translocation of single-stranded DNA. Small 10, 4332–4339 (2014).

30.

Wei, R., Gatterdam, V., Wieneke, R., Tampé, R. & Rant, U. Stochastic
sensing of proteins with receptor-modified solid-state nanopores. Nat.
Nanotechnol. 7, 257–263 (2012).

31.

Maglia, G., Restrepo, M. R., Mikhailova, E. & Bayley, H. Enhanced
translocation of single DNA molecules through α-hemolysin nanopores
by manipulation of internal charge. Proc. Natl. Acad. Sci. 105, 19720–
19725 (2008).

32.

Division, B., Biology, C. & Cruz, S. Characterization of individual
polynucleotide molecules using a membrane channel. Proc. Natl. Acad.
Sci 93, 13770–13773 (1996).

33.

Cao, C. et al. Mapping the sensing spots of aerolysin for single
oligonucleotides analysis. Nat. Commun. 9, 1–9 (2018).

34.

Cressiot, B. et al. Aerolysin, a Powerful Protein Sensor for Fundamental
Studies and Development of Upcoming Applications. ACS Sensors 4,
530–548 (2019).

35.

Goyal, P. et al. Structural and mechanistic insights into the bacterial
amyloid secretion channel CsgG. Nature 516, 250–253 (2014).

36.

Fahie, M., Chisholm, C. & Chen, M. Resolved single-molecule detection
of individual species within a mixture of anti-biotin antibodies using an
engineered monomeric nanopore. ACS Nano 9, 1089–1098 (2015).

37.

Fahie, M. A. & Chen, M. Electrostatic Interactions between OmpG
Nanopore and Analyte Protein Surface Can Distinguish between
Glycosylated Isoforms. J. Phys. Chem. B 119, 10198–10206 (2015).

38.

Thakur, A. K. & Movileanu, L. Real-time measurement of protein–protein
interactions at single-molecule resolution using a biological nanopore.
Nat. Biotechnol. 37, (2018).

39.

Willems, K., Van Meervelt, V., Wloka, C. & Maglia, G. Single-molecule

184

nanopore enzymology. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 372,
(2017).
40.

Movileanu, L., Howorka, S., Braha, O. & Bayley, H. Detecting protein
analytes that modulate transmembrane movement of a polymer chain
within a single protein pore. Nat. Biotechnol. 18, 1091–1095 (2000).

41.

Xie, H., Braha, O., Gu, L. Q., Cheley, S. & Bayley, H. Single-molecule
observation of the catalytic subunit of cAMP-dependent protein kinase
binding to an inhibitor peptide. Chem. Biol. 12, 109–120 (2005).

42.

Rotem, D., Jayasinghe, L., Salichou, M. & Bayley, H. Protein detection by
nanopores equipped with aptamers. J. Am. Chem. Soc. 134, 2781–2787
(2012).

43.

Harrington, L., Cheley, S., Alexander, L. T., Knapp, S. & Bayley, H.
Stochastic detection of Pim protein kinases reveals electrostatically
enhanced association of a peptide substrate. Proc. Natl. Acad. Sci. 110,
E4417–E4426 (2013).

44.

Bayley, H. et al. A monodisperse transmembrane α-helical peptide
barrel. Nat. Chem. 9, 411–419 (2016).

45.

Biesemans, A., Soskine, M. & Maglia, G. A Protein Rotaxane Controls the
Translocation of Proteins Across a ClyA Nanopore. Nano Lett. 15, 6076–
6081 (2015).

46.

Soskine, M., Biesemans, A., De Maeyer, M. & Maglia, G. Tuning the size
and properties of ClyA nanopores assisted by directed evolution. J. Am.
Chem. Soc. 135, 13456–13463 (2013).

47.

Wloka, C., Mutter, N. L., Soskine, M. & Maglia, G. Alpha-Helical
Fragaceatoxin C Nanopore Engineered for Double-Stranded and SingleStranded Nucleic Acid Analysis. Angew. Chemie - Int. Ed. 55, 12494–
12498 (2016).

48.

Wendell, D. et al. Translocation of double-stranded DNA through
membrane-adapted phi29 motor protein nanopores. Nat. Nanotechnol.
4, 765–772 (2009).

49.

Soskine, M., Biesemans, A. & Maglia, G. Single-molecule analyte
recognition with ClyA nanopores equipped with internal protein
adaptors. J. Am. Chem. Soc. 137, 5793–5797 (2015).

50.

Van Meervelt, V. et al. Real-Time Conformational Changes and
Controlled Orientation of Native Proteins Inside a Protein Nanoreactor.
185

J. Am. Chem. Soc. 139, 18640–18646 (2017).
51.

Galenkamp, N. S., Soskine, M., Hermans, J., Wloka, C. & Maglia, G. Direct
electrical quantification of glucose and asparagine from bodily fluids
using nanopores. Nat. Commun. 9, 1–8 (2018).

52.

Huang, G., Willems, K., Soskine, M., Wloka, C. & Maglia, G. Electroosmotic capture and ionic discrimination of peptide and protein
biomarkers with FraC nanopores. Nat. Commun. 8, 1–13 (2017).

53.

Huang, G., Voet, A. & Maglia, G. FraC nanopores with adjustable
diameter identify the mass of opposite-charge peptides with 44 dalton
resolution. Nat. Commun. 10, 1–10 (2019).

54.

Wang, S., Haque, F., Rychahou, P. G., Evers, B. M. & Guo, P. Engineered
nanopore of phi29 dna-packaging motor for real-time detection of single
colon cancer specific antibody in serum. ACS Nano 7, 9814–9822 (2013).

55.

Reboul, C. F., Whisstock, J. C. & Dunstone, M. A. Giant MACPF/CDC pore
forming toxins: A class of their own. Biochim. Biophys. Acta - Biomembr.
1858, 475–486 (2016).

56.

Lukoyanova, N. et al. Conformational Changes during Pore Formation by
the Perforin-Related Protein Pleurotolysin. PLoS Biol. 13, 1–15 (2015).

57.

Tomita, T. et al. Pleurotolysin, a novel sphingomyelin-specific twocomponent cytolysin from the edible mushroom Pleurotus ostreatus,
assembles into a transmembrane pore complex. J. Biol. Chem. 279,
26975–26982 (2004).

58.

Sakurai, N., Kaneko, J., Kamio, Y. & Tomita, T. Cloning, expression, and
pore-forming properties of mature and precursor forms of pleurotolysin,
a sphingomyelin-specific two-component cytolysin from the edible
mushroom Pleurotus ostreatus. Biochim. Biophys. Acta - Gene Struct.
Expr. 1679, 65–73 (2004).

59.

Berne, S. et al. Pleurotus and Agrocybe hemolysins, new proteins
hypothetically involved in fungal fruiting. Biochim. Biophys. Acta - Gen.
Subj. 1570, 153–159 (2002).

60.

Berne, S. et al. Effect of pH on the pore forming activity and
conformational stability of ostreolysin, a lipid raft-binding protein from
the edible mushroom Pleurotus ostreatus. Biochemistry 44, 11137–
11147 (2005).

61.

Franceschini, L., Brouns, T., Willems, K., Carlon, E. & Maglia, G. DNA

186

Translocation through Nanopores at Physiological Ionic Strengths
Requires Precise Nanoscale Engineering. ACS Nano 10, 8394–8402
(2016).

187

188

Summary

189

1. Conclusion
Biological nanopores can be prepared with a high reproducibility and be
engineered at the atomic level. Nanopores have been successfully
implemented for DNA sequencing. However, nanopore is much less employed
for the protein analysis or sequencing due to the high order structure, different
charge conditions of protein, which is composed of 20 different amino acids. By
contrast, DNA only contains four types of nucleotides and has a uniform
negative charge. In this thesis, we proposed a new way to sequence protein
with nanopore in a manner similar with traditional mass spectrometry
sequencing. The protein could be digested into peptides with enzymes and the
peptide mass identified with nanopores instead of mass spectrometry. We
named this system a nanopore peptide mass identifier. Comparing with the
traditional mass spectrometry detection, nanopore peptide identifier is a single
molecule technique which could improve the detection sensitivity, making it
possible to detect the ultra-low abundance proteins and post translation
modifications (PTMs). To make the identifier feasible, we first worked on the
method to capture all peptides with different charge conditions into the
nanopores by using Fragaceatoxin C (FraC) nanopores (chapter 2). Wild type
FraC nanopores could detect peptides down to 10 AA but the peptide shorter
than that translocated too fast to be detected. Therefore, we also focused on
engineering the size of FraC nanopores for small pores (chapter 3). More
importantly, there should be a correlation between the nanopore ionic current
signal and peptides mass if we ought to identify an unknown peptide to make
the nanopore peptide mass identifier (chapter 3). Not limited to the protein
sequencing endeavors, the two-component pleurotolysin nanopore (PlyAB)
with a 5.5 nm constriction site, has been reconstituted and engineered for large
folded protein detection (chapter 4). This work has made an important
contribution to the nanopore-based proteomics. Several key conclusions from
this project are summarized below along with future perspectives.
Conclusion 1: The uniform capture of protein or peptide with different
charges was efficiently achieved by tuning the electroosmotic flow and charge
repulsion.
The different charge of peptide doesn’t allow uniform capture by using
electrophoresis. We demonstrated the electroosmotic flow in FraC nanopores
can be engineered to allow capturing peptides with different charges. Wild type
FraC nanopore contains a negatively charged constriction, hence it is cation
selective. At neutral pH, the electroosmotic flow (EOF) generated by FraC
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nanopores is not strong enough to capture the negatively charged peptides
against the electrophoretic force. By lowering the pH to 4.5, the EOF was
reduced due to the loss of negative charge in the constriction, and meanwhile,
the negative charge density of the peptide was also diminished. Thus, the
charge repulsion was attenuated together with the opposite electrophoretic
force for a negatively charged peptide at pH 4.5. In our experiment, the reduced
electroosmotic flow became dominating and was able to capture the negatively
charged peptide into FraC. In such condition, the electrophoretic force and
electroosmotic flow imposed on a positively charged peptide were in the same
direction, which enabled positively charged peptides to be captured easily.
Therefore, we achieved the uniform capture of peptides with different original
charge compositions.
Conclusion 2: The nanopore signal measured by FraC nanopores could be
correlated with the peptide mass at pH 3.8 towards a nanopore peptide mass
identifier.
Since different charged peptides could be captured into FraC nanopores at pH
4.5, the next question is how to fulfill the identification of an unknown peptide.
We looked into the relationship between the ionic current of peptide blockades
and the peptide property. In theory, the excluded current should be
proportional to the excluded volume of the peptide when it is traversing the
pore, and the volume is also related to the mass. We observed the correlation
between ionic signal and peptide mass for most of the peptides except two
negatively charged peptides at pH 4.5. Furthermore, by lowering the pH to 3.8,
we observed a correlation between the excluded current and peptide mass for
all peptides we tested. With the correlation available, the mass of an unknown
peptide can be identified with the ionic current measured with nanopore. In
this way, FarC nanopores can be used as peptide mass identifiers.
Conclusion 3: The size of FraC nanopores could be engineered by
manipulation of the interaction between the FraC monomer and lipid bilayer.
One of the disadvantages of biological nanopores is their fixed size. As for wild
type FraC, it can only sense the peptides with molecular weight higher than 1.2
kDa. The peptides smaller than that translocate too fast to be properly sampled.
Therefore, it is necessary to engineer biological nanopores with a smaller size
for the sensing for short peptides. And engineering smaller biological nanopore
is a challenge.
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In this study, we elucidated a new strategy to change the oligomeric
composition of FraC nanopores by weakening the interaction between the
monomer and the lipid bilayer. FraC monomers bind to sphingomyelin lipid and
assemble into oligomers. Crystal structure of FraC revealed several aromatic
amino acids located in the lipid binding interface, which are crucial for the
interaction of FraC and the membrane. Therefore, we replaced the tryptophan
residues that are important for lipid binding to serine. In this way, the effective
concentration of FraC monomer bound with lipid membrane was reduced and
rewardingly two types of FraC nanopores with smaller sizes were prepared. The
new types of FraC nanopores most likely correspond to different oligomers with
fewer subunits. Thus, this method presented a simple way to engineer the pore
size and without changing the pore lumen geometry. The type III pore could
potentially be the smallest nanopore ever created for electrical sensing with
high reproducibility.
Conclusion 4: New biological nanopore with a bigger pore size was
reconstituted into the standard lipid bilayer for folded protein detection.
β-barrel biological nanopores usually have a narrow pore size (1~2 nm in
diameter), which is ideal for the purpose of sequencing polymers by threading
them through the pore. But the small size also makes it difficult to study large
folded proteins. Although there are many large protein channels in nature, the
concern is that the large membrane channels probably form inhomogeneous
pores with variable number of subunits and unpredictable sizes, which is
problematic for electrophysiology sensing. Moreover, these pores normally
have specific requirements about the chemical composition of lipid membrane
to assemble and carry out their functions properly, making it challenging to
reconstitute them into the artificial lipid bilayer for electrophysiology sensing.
Here, we successfully reconstituted the two component pleurotolysin
nanopores (PlyAB) into a standard lipid bilayer. The PlyAB nanopores is a large
protein complex with 39 monomers and a total molecular weight around 1.14
MDa. We observed a very homogeneous channel conductance distribution in
electrophysiological experiments. PlyAB nanopore is the largest biological
nanopores used for sensing with a diameter of 5.5 nm in its narrowest site,
which is approximately twice as big as ClyA nanopores that is the only other
biological nanopore capable to accommodate small folded proteins. The
properties of PlyAB, such as the pore stability, ion selectivity, protein expression,
have been successfully alerted and improved by directed evolution together
with rational site-directed mutagenesis. With a bigger size, PlyAB nanopores
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were able to detect and discriminate large plasma proteins with molecular
weight up to 80 kDa. It provides a new tool for the sensitive detection of folded
proteins and characterization of the nanofluidic property of large biological
nanopores.

2. Future perspective
Since the correlation between ionic signal and peptide mass has been
established, the next task for developing a nanopore-based peptide mass
spectrometer is to improve the resolution of peptide discrimination. Currently,
we can discriminate between aspartic acid and alanine (44 Da), however
identifying smaller difference is still quite challenging. The main factor defining
the resolution is the signal homogeneity of peptide. Therefore, engineering the
spread of peptide signal to be as narrow as possible is the next priority. Another
interesting question is why the correlation between the excluded current and
the peptide mass doesn’t exist anymore when the pH lower than 3.8. One
possibility is the loss of charge interaction between the peptides and the FraC
constriction, when aspartic acid in position 10 is protonated when pH lower
than 3.8, which causes the shape or conformation change of peptides. The
behavior and conformation of a peptide inside the nanopore have not been
fully understood yet. Therefore, MD simulations might provide valuable
information. Experimentally, the unnatural amino acid with extremely low pKa
could be incorporated into the FraC constriction. In such scenario, when pH
lower than 3.8, nanopore can still preserve some negative charge to check if
the charge interaction is crucial for the correlation.
With the FraC peptide mass identifier available, the final goal of sequencing a
protein is to digest the whole protein into peptides and measure with the FraC
nanopores. Different proteases could be employed to digest proteins. In proofof-concept experiments, the digested peptide sequences are predicted and
confirmed by mass spectrometry to compare with the signals measured with
nanopores. Ideally, the peptide mass extracted from FraC nanopore
measurement should be identical to the real peptide mass. It’s most likely that
more complicated data analysis methods as machine learning is necessary to
help to define the digested peptides sequence, considering the sequence
complexity and current resolution of peptide separation with nanopores.
Despite the pre-digestion of a protein, a real-time protein sequencer might also
be built by anchoring different enzymes such as unfoldase and protease on top
of the FraC peptide mass identifier. There are several protein digestion
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machines in the cells such as the AAA+ protease ClpXP system, which also
assembles into homomeric rings and hence is possible to match the nanopore
geometry. The protease might need to be attached chemically or genetically to
the nanopores to prevent dissociation. In this way, a protein can be unfolded,
digested and the peptide measured by nanopores in real-time.
PlyAB nanopores could be exploited more for other folded proteins
identification or function evaluation. Protein-protein interaction (PPI), small
molecule detection and single molecule enzymology are all interesting topics
for further PlyAB applications. But the trapping or retaining of proteins in the
lumen of PlyAB might require further engineering of the internal charge
condition and nanofluidic property. For example, an overall positively charged
vestibule is needed to allow the dwelling of negatively charged protein inside
the pore.
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1. Conclusie
Biologische nanoporiën kunnen worden bereid met een hoge
reproduceerbaarheid en op atomair niveau worden ontwikkeld. Nanoporiën
zijn met succes geïmplementeerd voor DNA-sequencing. Nanoporie wordt
echter veel minder gebruikt voor eiwitanalyse of sequencing vanwege de hoge
orde structuur, verschillende ladingscondities van eiwit, dat is samengesteld uit
20 verschillende aminozuren. DNA bevat daarentegen slechts vier soorten
nucleotiden en heeft een uniforme negatieve lading. In dit proefschrift hebben
we een nieuwe manier voorgesteld om eiwitten met nanoporie te sequencen
op een manier die vergelijkbaar is met traditionele massaspectrometriesequencing. Het eiwit kan worden omgezet in peptiden met enzymen en de
peptidemassa kan worden geïdentificeerd met nanoporiën in plaats van
massaspectrometrie. We hebben dit systeem een nanoporie-peptidemassaidentificator
genoemd.
In
vergelijking
met
de
traditionele
massaspectrometrische detectie is nanoporie-peptide-identificator een
techniek met één molecule die de detectiegevoeligheid zou kunnen verbeteren,
waardoor het mogelijk wordt om de ultra-lage overvloed aan eiwitten en posttranslatiemodificaties (PTM's) te detecteren. Om de identificatie mogelijk te
maken, hebben we eerst gewerkt aan de methode om alle peptiden met
verschillende ladingscondities in de nanoporiën te vangen met behulp van
Fragaceatoxin C (FraC) nanoporiën (hoofdstuk 2). Wild-type FraC-nanoporiën
kunnen peptiden tot 10 AA detecteren, maar het peptide is korter dan dat
getransloceerd te snel om te worden gedetecteerd. Daarom richten we ons ook
op de engineering van de grootte van FraC-nanoporiën voor kleine poriën
(hoofdstuk 3). Wat nog belangrijker is, is dat er een verband moet zijn tussen
het ionenstroomsignaal van de nanoporie en de peptidemassa als we een
onbekend peptide zouden moeten identificeren om de identificatie van de
nanoporiepeptidemassa te maken (hoofdstuk 3). Niet beperkt tot
eiwitsequencing-inspanningen,
de
tweecomponenten
pleurotolysine
nanoporie (PlyAB) met een 5,5 nm vernauwingsplaats, is gereconstitueerd en
geconstrueerd voor detectie van grote gevouwen eiwitten (hoofdstuk 4). Dit
werk heeft een belangrijke bijdrage geleverd aan de op nanoporie gebaseerde
proteomica. Verschillende belangrijke conclusies uit dit project worden
hieronder samengevat samen met toekomstperspectieven.
Conclusie 1: De uniforme vangst van eiwit of peptide met verschillende
ladingen werd efficiënt bereikt door het afstemmen van de elektroosmotische stroming en ladingafstoting.
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De verschillende lading van peptide staat geen uniforme opname toe door
elektroforese te gebruiken. We hebben aangetoond dat de elektro-osmotische
stroming in FraC-nanoporiën kan worden ontworpen om peptiden met
verschillende ladingen te vangen. Wild type FraC nanoporie bevat een negatief
geladen vernauwing en is daarom kationenselectief. Bij neutrale pH is de
elektro-osmotische stroom (EOF) gegenereerd door FraC-nanoporiën niet sterk
genoeg om de negatief geladen peptiden tegen de elektroforetische kracht op
te vangen. Door de pH te verlagen tot 4.5, werd de EOF verlaagd vanwege het
verlies van negatieve lading in de vernauwing, en ondertussen werd ook de
negatieve ladingsdichtheid van het peptide verminderd. Aldus werd de
ladingafstoting samen met de tegengestelde elektroforetische kracht verzwakt
voor een negatief geladen peptide bij pH 4.5. In ons experiment werd de
verminderde elektro-osmotische stroom dominant en kon het negatief geladen
peptide in FraC vangen. In een dergelijke toestand waren de elektroforetische
kracht en de elektro-osmotische stroming opgelegd aan een positief geladen
peptide in dezelfde richting, waardoor positief geladen peptiden gemakkelijk
konden worden gevangen. Daarom bereikten we de uniforme vangst van
peptiden met verschillende originele ladingssamenstellingen.
Conclusie 2: Het nanoporiënsignaal gemeten door FraC nanoporiën zou
gecorreleerd kunnen worden met de peptidemassa bij pH 3,8 in de richting
van een nanoporie peptidemassa-identificator.
Aangezien verschillende geladen peptiden kunnen worden gevangen in FraCnanoporiën bij pH 4.5, is de volgende vraag hoe de identificatie van een
onbekend peptide kan worden uitgevoerd. We onderzochten de relatie tussen
de ionische stroom van peptideblokkades en de peptide-eigenschap. In theorie
moet de uitgesloten stroom evenredig zijn met het uitgesloten volume van het
peptide wanneer het de porie doorloopt, en het volume is ook gerelateerd aan
de massa. We hebben de correlatie waargenomen tussen het ionensignaal en
de peptidemassa voor de meeste peptiden behalve twee negatief geladen
peptiden bij pH 4.5. Door de pH te verlagen tot 3.8 hebben we bovendien een
correlatie waargenomen tussen de uitgesloten stroom en de peptidemassa
voor alle peptiden die we hebben getest. Met de beschikbare correlatie kan de
massa van een onbekend peptide worden geïdentificeerd met de ionenstroom
gemeten met nanoporie. Op deze manier kunnen FarC-nanoporiën worden
gebruikt als peptidenmassa-identificatoren.
Conclusie 3: De grootte van FraC-nanoporiën kan worden gemanipuleerd door
manipulatie van de interactie tussen het FraC-monomeer en de lipidebilaag.
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Een van de nadelen van biologische nanoporiën is hun vaste grootte. Wat
betreft wildtype FraC, het kan alleen de peptiden detecteren met een
molecuulgewicht hoger dan 1.2 kDa. De peptiden kleiner dan die transloceren
te snel om goed te worden bemonsterd. Daarom is het noodzakelijk om
biologische nanoporiën met een kleinere grootte te ontwikkelen voor het
detecteren van korte peptiden. En engineering van kleinere biologische
nanoporie is een uitdaging.
In deze studie hebben we een nieuwe strategie toegelicht om de oligomere
samenstelling van FraC nanoporiën te veranderen door de interactie tussen het
monomeer en de lipide dubbellaag te verzwakken. FraC-monomeren binden
aan sfingomyeline-lipide en assembleren tot oligomeren. Kristalstructuur van
FraC onthulde verschillende aromatische aminozuren die zich in de
lipidebindingsinterface bevinden, die cruciaal zijn voor de interactie van FraC
en het membraan. Daarom hebben we de tryptofaanresten vervangen die
belangrijk zijn voor lipidebinding aan serine. Op deze manier werd de effectieve
concentratie van FraC-monomeer gebonden aan lipidemembraan verlaagd en
werden belonend twee soorten FraC-nanoporiën met kleinere afmetingen
bereid. De nieuwe soorten FraC-nanoporiën komen waarschijnlijk overeen met
verschillende oligomeren met minder subeenheden. Aldus presenteerde deze
methode een eenvoudige manier om de poriegrootte te construeren en zonder
de porielumengeometrie te veranderen. De poriën van type III kunnen mogelijk
de kleinste nanoporie zijn die ooit is gemaakt voor elektrische detectie met
hoge reproduceerbaarheid.
Conclusie 4: Nieuwe biologische nanoporie met een grotere poriegrootte
werd gereconstitueerd in de standaard lipide dubbellaag voor detectie van
gevouwen eiwitten.
B-vat biologische nanoporiën hebben meestal een smalle poriegrootte (1-2 nm
in diameter), wat ideaal is voor het sequentiëren van polymeren door ze door
de porie te rijgen. Maar de kleine omvang maakt het ook moeilijk om grote
gevouwen eiwitten te bestuderen. Hoewel er in de natuur veel grote
eiwitkanalen zijn, is de zorg dat de grote membraankanalen waarschijnlijk
inhomogene poriën vormen met een variabel aantal subeenheden en
onvoorspelbare groottes, wat problematisch is voor detectie van
elektrofysiologie. Bovendien hebben deze poriën normaal gesproken specifieke
vereisten met betrekking tot de chemische samenstelling van het
lipidemembraan om hun functies correct te assembleren en uit te voeren,
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waardoor het een uitdaging is om ze te reconstitueren in de kunstmatige lipidedubbellaag voor detectie van elektrofysiologie.
Hier hebben we met succes de twee componenten pleurotolysine nanoporiën
(PlyAB) gereconstitueerd in een standaard lipide dubbellaag. De PlyABnanoporiën is een groot eiwitcomplex met 39 monomeren en een totaal
molecuulgewicht van ongeveer 1.14 MDa. We hebben een zeer homogene
kanaalgeleidingsverdeling waargenomen in elektrofysiologische experimenten.
PlyAB-nanoporiën zijn de grootste biologische nanoporiën die worden gebruikt
voor detectie met een diameter van 5.5 nm op de smalste plaats, die ongeveer
twee keer zo groot is als ClyA-nanoporiën. Dit is de enige andere biologische
nanoporiën die kleine gevouwen eiwitten kan bevatten. De eigenschappen van
PlyAB, zoals de poriestabiliteit, ionenselectiviteit, eiwitexpressie, zijn met
succes gewaarschuwd en verbeterd door gerichte evolutie samen met rationele
plaatsgerichte mutagenese. Met een grotere omvang konden PlyABnanoporiën grote plasma-eiwitten met een molecuulgewicht tot 80 kDa
detecteren en onderscheiden. Het biedt een nieuw hulpmiddel voor de
gevoelige detectie van gevouwen eiwitten en karakterisering van de
nanofluïdische eigenschap van grote biologische nanoporiën.

2. Toekomstperspectief
Omdat de correlatie tussen ionisch signaal en peptidemassa is vastgesteld, is de
volgende taak voor het ontwikkelen van een op nanoporie gebaseerde
peptidemassaspectrometer het verbeteren van de resolutie van
peptidediscriminatie. Momenteel kunnen we onderscheid maken tussen
asparaginezuur en alanine (44 Da), maar het identificeren van een kleiner
verschil is nog steeds een hele uitdaging. De belangrijkste factor die de resolutie
bepaalt, is de signaalhomogeniteit van peptide. Daarom is het zo belangrijk
mogelijk om de verspreiding van het peptidesignaal zo nauw mogelijk te maken.
Een andere interessante vraag is waarom de correlatie tussen de uitgesloten
stroom en de peptidemassa niet meer bestaat wanneer de pH lager is dan 3.8.
Een mogelijkheid is het verlies van ladinginteractie tussen de peptiden en de
FraC-vernauwing, wanneer asparaginezuur op positie 10 geprotoneerd wordt
wanneer de pH lager is dan 3.8, hetgeen de vorm- of conformatie-verandering
van peptiden veroorzaakt. Het gedrag en de conformatie van een peptide in de
nanoporie zijn nog niet volledig begrepen. Daarom kunnen MD-simulaties
waardevolle informatie opleveren. Experimenteel zou het onnatuurlijke
aminozuur met extreem lage pKa kunnen worden opgenomen in de FraCvernauwing. In een dergelijk scenario, wanneer de pH lager is dan 3.8, kan
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nanoporie nog steeds enige negatieve lading behouden om te controleren of
de ladinginteractie cruciaal is voor de correlatie.
Met de beschikbare FraC-peptide-massa-identificator is het uiteindelijke doel
van het bepalen van de sequentie van een eiwit het hele eiwit in peptiden te
verteren en te meten met de FraC-nanoporiën. Verschillende proteasen kunnen
worden gebruikt om eiwitten te verteren. In proof-of-concept experimenten
worden de gedigereerde peptidesequenties voorspeld en bevestigd door
massaspectrometrie om te vergelijken met de signalen gemeten met
nanoporiën. In het ideale geval zou de peptidemassa geëxtraheerd uit FraC
nanoporiemeting identiek moeten zijn aan de echte peptidemassa. Het is zeer
waarschijnlijk dat meer gecompliceerde gegevensanalysemethoden zoals
machine learning nodig zijn om de verteerde peptidesequentie te helpen
definiëren, rekening houdend met de complexiteit van de sequentie en de
huidige resolutie van peptidescheiding met nanoporiën.
Ondanks de pre-vertering van een eiwit, kan een real-time eiwitsequencer ook
worden gebouwd door verschillende enzymen zoals unfoldase en protease
bovenop de FraC-peptide-massa-identificatie te verankeren. Er zijn
verschillende eiwitverteringsmachines in de cellen, zoals het AAA + protease
ClpXP-systeem, dat ook assembleert in homomere ringen en dus mogelijk is om
de nanoporie-geometrie te evenaren. Het protease moet mogelijk chemisch of
genetisch aan de nanoporiën worden bevestigd om dissociatie te voorkomen.
Op deze manier kan een eiwit worden ontvouwen, verteerd en het peptide in
realtime worden gemeten door nanoporiën.
PlyAB-nanoporiën kunnen meer worden benut voor identificatie van andere
gevouwen eiwitten of functie-evaluatie. Eiwit-eiwitinteractie (PPI), detectie van
kleine moleculen en enzymologie met één molecuul zijn allemaal interessante
onderwerpen voor verdere PlyAB-toepassingen. Maar het vangen of
vasthouden van eiwitten in het lumen van PlyAB kan een verdere engineering
van de interne ladingstoestand en nanofluïdische eigenschap vereisen. Er is
bijvoorbeeld een algeheel positief geladen vestibule nodig om het verblijf van
negatief geladen eiwit in de porie mogelijk te maken.
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