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Chapter 1

Introduction: Protein study with nanopores
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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
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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.
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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
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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
23

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
24

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 .
27

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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