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General introduction
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CHAPTER 1

  1 1.1 Proteins – the workhorses of the cell

The human body is composed of approximately 37 trillion cells1. Each cell can be seen as a 
micrometer-sized factory in which thousands of assembly lines are running in parallel in a 
tightly coordinated fashion. To fulfill its function, the cell relies on molecules such as DNA 
and proteins. The DNA is the code containing the complete set of instructions necessary 
for the cell to function. Proteins are the molecular machines (or operators) that follow the 
code to operate and control each of the assembly lines of the cell. Proteins are therefore, 
the main workhorses of the cell, performing nearly all its functions twenty-four hours a day 
and seven days a week for all our lifespan.

The diversity of functions that proteins perform in the cell is astonishing2 (Figure 1.1). 
Proteins form membrane channels that control the passage of ions and other molecules 
across the different cellular compartments or to the cell exterior. One of the most complex 
membrane protein machineries is for example the nuclear pore complex (NPC), formed by 
approximately 30 different proteins, with a main function to tightly regulate the passage 
of molecules across the nuclear envelope3. Proteins act as antibodies playing a key role in 

Figure 1.1: Crystal structure of several proteins showing diverse protein structures. (a) The Immunoglobulin 
G (IgG) antibody. Representation adapted from the PBD structure 1IGT. (b) Single actin monomer. Monomers 
form actin filaments, an essential component of the cell’s cytoskeleton. Representation adapted from the 
PBD structure 1J6Z. (c) Titin I27 domain. A domain of titin, an important protein for muscle elasticity. 
Representation adapted from the PBD structure 1TIT. (d) ClpR. An enzyme that plays an important role in the 
degradation of misfolded proteins. Representation adapted from the PBD structure 4HNK.
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  1our adaptive immune system. Antibodies bind to pathogens and other antigens, blocking 
their pathogenic function or targeting them for destruction by other cells of the immune 
system. Proteins also play crucial roles as enzymes, catalyzing multiple biochemical reac-
tions in the cell4. In the context of DNA processing, different proteins are crucial for DNA 
replication, repair, and transcription. Finally, proteins are important structural elements in 
the cell. Protein filaments such as microtubules and actin filaments form the cytoskeleton, 
the scaffolds that provide rigidity to the cell and maintain its shape5.  

1.2 Protein structure

Amino acids are the building blocks of proteins. Amino acids are small organic molecules 
consisting of an amine group, a carboxylic acid, and a variable side chain (R) that changes 
for each of the different amino acids (Figure 1.2a).  Twenty different amino acids are pro-
teogenic and are encoded in the genetic code. Amino acids are linked together via peptide 
bonds to form a polypeptide chain. A protein is composed of one such polypeptide chain.  

Figure 1.2: Amino acid and protein structure. (a) Schematic illustrating amino acid structure in the 
polypeptide chain forming the proteins primary sequence. (b) Representation of protein primary sequence. 
(c) Representation of protein secondary sequence. Figure inspired from reference 7.

The linear sequence of amino acids in a protein is referred to as its primary structure (Figure 
1.2 b). The primary structure ultimately dictates the final three dimensional arrangement of 
the protein. A second level of structure emerges from local interactions in the polypeptide 
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  1 backbone chain. Hydrogen bonds between amino and carboxyl groups of neighboring 
regions create local substructures known as alpha helixes and beta sheets. These represent 
the secondary structure of the protein (Figure 1.2c). A single protein often contains multiple 
alpha helixes and beta sheets that fold and arrange together to create the three dimensional 
structure of the protein, also known as tertiary structure. The structure is usually held togeth-
er by interactions between amino acid residues, for example, hydrophobic interactions, 
disulfide bridges, and electrostatic interactions between charged residues. Protein com-
plexes made out of multiple polypeptide chains also comprise a quaternary structure. The 
quaternary structure is the three dimensional structure that derives from the aggregation of 
two or more individual polypeptide chains6,7. 

1.3 Nanotech meets biotech

Nanotechnology is our ability to manipulate and control atoms and molecules at the nano-
meter scale. Already in the 16th century, medieval artisans used gold and silver nanoparti-
cles to create vibrant red and yellow colors in stained glass8. Back then, however, none of 
them imagined they were manipulating materials at the nanoscale. It is only in the last few 
decades when single nanometer-sized objects have been fabricated and characterized in a 
controlled way. The vision for building and manipulating objects at the nanoscale can be 
for example pointed to the inspiring talk “there is plenty of room at the bottom” by Richard 
Feyman in 19599.

Nanotechnology has since then developed into a multidisciplinary field, where materials 
and physics show characteristics never seen before. One of the main driving forces for 
the recent advances in nanotechnology is the need for ever smaller and cheaper electron-
ic components. Moore's law, which states that the number of transistors in an integrated 
circuit should double every year, has brought a tremendous challenge to physicists and 
material scientists. As a consequence, there has been a constant search for more precise 
fabrication and characterization tools. 

The continuous downscaling of electromechanical components to nanometer sizes has 
allowed them to reach the dimensions of biological entities such as cells, proteins, and 
DNA. The median length of a human protein is 375 amino acids10. A globular protein of 
that size has an approximate diameter of 3-5 nm. The diameter of a double helix of DNA 
is 2nm. Before the advent of nanotechnology, the idea of studying individual molecules at 
the nanometer scale remained elusive. With the precise and sensitive tools brought about 
by nanotechnology, biology can now be explored at the single-molecule level at the nano-
meter scale. 
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  11.4 Nanopores 

Many different nanotechnology tools have been explored for single-molecule studies of 
proteins and DNA11,12. Among them, nanopores emerged as a powerful tool with unique 
characteristics such as real-time molecule sensing, label-free analysis, and high temporal 
resolution. In a nanopore sensor, an insulating membrane separates two compartments 
filled with an electrolyte. A nanometer-sized pore is made within the membrane connect-
ing the two compartments. Solid-state pores are traditionally made using a transmission 
electron microscope (TEM)  to drill a nanometer-sized hole in a synthetic membrane made 
of materials such as SiN or graphene (Figure 1.3a). Biological nanopores are pore-forming 
transmembrane proteins that can be reconstituted in free-standing lipid membranes (Figure 
1.3b). 

Figure 1.3: Schematic of the nanopore sensing principle  (a) Schematic representation of molecules passing 
through a solid-state nanopore. An electrolyte solution is present both in the cis and trans compartments, 
which are connected only by the nanopore. (b) Schematic representation of a biological nanopore set up in 
which the FraC nanopore is inserted in a free-standing lipid membrane (yellow). The wild type FraC structure 
was created using the 4TSY structure from the PDB.  (c) Typical current traces observed for the translocation 
of particles through a FraC nanopore. On the left panel, each current deep corresponds to a translocation 
event of a 30 aa peptide. A close up of one event is shown in the right. Event characteristics such as dwell 
time and current blockade are used to characterize the analyte.

When a voltage is applied across the membrane, an ionic current flows through the nano-
meter-sized aperture. Molecules passing or translocating through the pore modulate the 
ionic current, which provides the basic sensor signal. Figure 1.3 shows the basic sensing 
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  1 mechanism. 

The first steps towards single-biomolecule nanopore sensing can be traced back to the 
1990s, with the early studies of alpha-hemolysin, a pore forming protein from Staphylococ-
cus aureus13–16. The field progressed fast, fueled by large investments aimed at achieving fast 
and cheap DNA sequencing with nanopores.  All the early experiments were performed 
using biological nanopores. Because of their protein nature, biological pores have the 
advantage of being highly reproducible in their geometry and atomic configuration. More-
over, mutagenesis can be used to specifically engineer amino acids and binding sites in the 
pore. Their main limitation comes from the stability of the lipid membrane. Solid-state pores 
were later introduced as a more stable and robust alternative17. These advantages, however, 
come with a price, as it has proven hard to fabricate small solid-state pores with the same 
atomic precision and reproducibility of biological pores. Moreover, unspecific interactions 
between proteins and the synthetic membrane aren’t uncommon.

1.5 Nanopore meets proteins

Nanopores have not been limited to DNA-sequencing applications. After the successful 
experiments with DNA, nanopore scientists started to explore other molecules, such as 
PEG polymers18, ssDNA, RNA19,20, and ultimately, peptides and proteins21–23. The latter is 
the focus of this thesis. Compared to DNA transport through nanopores, proteins bring 
additional challenges. For example, while DNA is transported through the nanopore via 
electrophoresis because of its high and uniform negative charge, proteins are often neutral 
or weakly charged, so not only electrophoresis, but also electroosmosis plays a key role in 
protein translocation24. 

Nanopores have been used for several aspects of protein analysis.  Previous studies have 
reported the use of nanopores for the analysis of protein structure (protein size, shape, 
and folding state)25–30, protein-protein interactions31–33, and even some post-translational 
modifications34–37. The ultimate goal for single-molecule protein analysis with a nanopore 
would be to identify and characterize all proteins present in a biological sample. First 
attempts have been shown in which a limited number of proteins (~10 proteins) and bio-
markers are identified mainly by their current blockade and dwell time characteristics38,39. 
In these studies, folded proteins of different size and shape were analyzed with a nanopore. 
This approach, however, rapidly runs into limitations as a handful of characteristics is not 
enough to differentiate the hundreds of thousands of different proteins present in real bio-
logical samples. An alternative way, in which comprehensive protein analysis can be done 
at the level of proteomics requires the realization of protein sequencing, i.e., reading off 
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  1the actual linear sequence of amino acids in the primary structure. In a protein sequencing 
approach with nanopores, the protein has to be unfolded and the amino acid sequence 
needs to be sequentially read as a polypeptide chain translocates through the pore - an   
approach that is similar to that currently applied in DNA sequencing. 

There are many technical challenges for the realization of nanopore protein sequencing. 
One of them is the differentiation of 20 different amino acids during translocation. It was 
recently proposed, that a fingerprinting approach in which only a subset of amino acids is 
labeled and detected would allow for the identification of most proteins in the proteome40–43. 
Figure 1.4 shows the working principle of protein fingerprinting using nanopores. 

In this thesis we present important steps for the realization of protein fingerprinting using 
nanopores and address some of the challenges including post-translational modification 
(PTM) analysis and protein unfolding.

Figure 1.4: Representation of a protein fingerprinting method with nanopores. First, proteins are extracted 
and a subset of amino acids is labeled. Cysteine and lysine labeling has been proposed previously. Each 
protein is passed through a nanopore and the sequence of labelled amino acids read. The measured 
fingerprint is then compared to a protein database for protein identification.
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  1 1.6 Outline of this thesis

This thesis describes a number of developments and advances for the realization of protein 
fingerprinting and PTM (post-translational modification) detection using both biological 
and solid-state nanopores. 

In Chapter 2 we present a review of the emerging field of single-molecule protein sequenc-
ing. The proposed methods are based on single-molecule techniques such as nanopores, 
fluorescence, and tunnelling currents across nanogaps. We describe the schemes proposed 
so far and discuss their advantages and drawbacks. 

In Chapter 3 we explore the use of a bipolar peptide as a model peptide system. The oppo-
site charges at the ends of the peptide generate forces to opposing directions, stalling the 
peptide while it translocates the FraC pore. In this chapter we propose to use this bipo-
lar peptide as an electromechanical gate that can modulate nanopore conductance in a 
dynamic manner at the single-molecule level. The stalling mechanism observed with our 
model peptide allows for extended examination of the central region of the peptide, which 
is further explored in Chapter 4 and 5.  

In Chapter 4, we investigate the effect of adding different chemical modifications to sin-
gle amino acid side chains. This is important for a fingerprinting approach. We show that 
sensitive and reproducible detection of labels with a mass of 0.4-1.3 kDa can be obtained. 
Information about the position of the label along the peptide chain can be extracted from 
the individual event characteristics.

In Chapter 5 we explore the detection of two post-translational modifications: phosphoryla-
tion and glycosylation. We show that using our model peptide and a FraC nanopore, these 
modifications can be detected and distinguished in a label-free manner. 

In Chapter 6 we move to the study of proteins. Here we combine molecular dynamics (MD) 
simulations with single-molecule experiments to investigate the utility of SDS (Sodium 
Dodecyl Sulfate) to unfold proteins for solid-state nanopore translocation. Our simulations 
and experiments prove that SDS-treated proteins show, as desired, a considerable loss of the 
protein structure during the nanopore translocation.

Finally, in Chapter 7, we analyze the most important aspects of bringing a technology for 
single-molecule protein sequencing from the lab to the market. We describe the unmet 
market needs and opportunities, compare this technology to current methods, and explore 
the potential applications and markets in which such a technology could enter.
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2
Paving the way to single-molecule protein 

sequencing

Proteins are major building blocks of life. The protein content of a cell and an organism 
provides key information for the understanding of biological processes and disease. 

Despite the importance of protein analysis, only a handful of techniques are available to 
determine protein sequences, and these methods face limitations, e.g. requiring a sizable 
amount of sample. Single-molecule techniques would revolutionize proteomics research 
providing ultimate sensitivity for the detection of low-abundance proteins and the reali-
zation of single-cell proteomics. In recent years, novel single-molecule protein sequenc-
ing schemes have been proposed, using fluorescence, tunnelling currents, and nanopores. 
Here we present a review of these approaches, together with the first experimental efforts 
towards their realization. We discuss their advantages and drawbacks, and present our per-
spective in the development of single-molecule protein sequencing techniques.

This chapter has been published as: Laura Restrepo-Pérez, Chirlmin Joo and Cees Dekker, Paving the 
way to single-molecule protein sequencing, Nature Nanotechnology, 13, pages 786–796 (2018).
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2.1 Introduction

Proteins are the workhorses in all living cells. Thousands of different proteins sustain all 
functions of the cell, from copying DNA and catalysing basic metabolism to producing 
cellular motion. Protein analysis can therefore provide key information for the understand-
ing of biological processes and disease (Box 2.1). Compared to the impressive technical 
advances in DNA sequencing, the development of highly sensitive, high-throughput protein 
sequencing techniques lags severely behind. The only methods currently available for pro-
tein sequencing are Edman degradation, mass spectrometry, or their combination1,2,3 (see 
Box 2.2).

   Box 2.1: Genomic, transcriptomic and proteomic analysis in diagnostics

When the human genome project was realized in 2003, sequencing an entire 
human genome would cost approximately US$50 million and would require 
100 machines working for ~2,500 h. Today, thanks to the tremendous advances 
in DNA sequencing technologies, a human genome can be sequenced for only 
US$1,000 using one machine working for ~72 h (refs 100,101). DNA sequencing 
is thus becoming a routine technique in clinics, allowing the collection of genetic 
information from patients at reasonable time and cost.

The challenge ahead is the interpretation of the data gathered from DNA sequenc-
ing with respect to the health condition of patients. A large gap resides between 
genotype and phenotype. Transcriptomics studies are often used as a first bridge, 
which provides information about which genes are actively being expressed. 
However, the gap still persists as mRNAs levels do not simply correlate to protein 
levels due to factors such as the variability in translational efficiency of different 
mRNAs, and the difference between mRNA and protein lifetimes102. Moreover, 
protein post-translational modifications further influence the function and struc-
ture of proteins.

Proteome analysis is therefore key to understand biological processes and their 
dynamic nature103,104. After all, proteins dictate most biological functions and 
are directly related to the phenotype of a cell. So, while genomics offers a quick 
glimpse, much like looking at the menu in a restaurant, proteomics brings you 
inside the heart of the kitchen, to closely examine what the food looks like.
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The current gold standard for protein sequencing is mass spectrometry4,5,6,7. The technique, 
however, has fundamental drawbacks in terms of its limit of detection and dynamic range8. 
Human samples are extremely complex, comprising a wide range of protein concentra-
tions. In human plasma, for example, the concentration of proteins can vary from few 
picograms per millilitre (interleukin 6) to few milligrams per millilitre (albumin)9,10. There-
fore, an exceedingly high dynamic range (~109) is necessary for comprehensive proteome 
analysis9,11. State-of-the-art mass spectrometers are limited to a dynamic range of ~104 to 
105 (refs 9,11). Another drawback of the instrument is its detection limit, which hinders bio-
marker discovery and translates into the need for large amounts of sample. If we consider a 
protein that is present in a cell in a low copy-number (less than 1,000 molecules per cell)12, 
millions of cells are required to reach the limit of detection of the instrument (0.1 to 10 fem-
tomole)13,14,15. Mass spectrometry is thus far away from comprehensive single-cell analysis.

The spectacular advances in DNA sequencing technology, where even single DNA mole-
cules can be sequenced, have inspired dreams of novel technologies for protein sequenc-
ing. However, the search for such protein sequencing methods is not trivial due to the 
complex nature of proteins. Proteins are built from 20 distinctive amino acids, while DNA 
is comprised of only four different bases. Independent of the read-out method of choice, the 
detection of 20 distinguishable signals is a tremendous challenge. Moreover, DNA samples 
with low concentrations of analyte can be amplified using polymerases, whereas protein 
sequencing platforms cannot benefit from such amplification since there is no polymerase 
chain reaction-like amplification method for proteins. Protein sequencing techniques that 
would read the exact sequence of individual proteins at the single-molecule level could 
bring a revolution to proteomics, providing the ultimate sensitivity for the detection of 
low-abundance proteins. Moreover, such a method would enable single-cell proteome 
studies with higher capabilities than current methods16,17,18,19,20.

In this Review, we present an overview of the exciting nascent field of single-molecule 
protein sequencing. Several approaches for protein sequencing at the single-molecule level 
have emerged in the past few years. These new ideas run from renovating Edman degrada-
tion and mass spectrometry, through repurposing single-molecule DNA sequencing plat-
forms for protein sequencing, to developing entirely new molecular devices. The proposed 
methods are based on single-molecule techniques such as nanopores, fluorescence and 
tunnelling currents across nanogaps (Fig. 2.1). We describe the schemes proposed so far 
and discuss their advantages and drawbacks. First experimental efforts and proof-of-princi-
ple experiments towards their realization are also discussed.
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Figure 2.1: Schematic of the single-molecule protein sequencing workflow with fluorescence, nanopores 
or tunnelling currents. In a typical experiment, proteins are extracted from a biological sample or even a 
single cell, then labelled, unfolded and partly digested (if necessary), and finally, each molecule is sequenced 
with a single-molecule technique.

   Box 2.2: Current protein sequencing methods

Edman degradation:
Invented by Pehr Edman in 1950, Edman degradation allows the ordered identifi-
cation of the amino acid sequence in a protein from the N- to the C-terminus105. It 
consists of cyclic chemical reactions that label, cleave and identify the amino acid 
at the terminus of a protein, one at the time (see figure below). In the first step of 
the reaction, the Edman reagent (phenylisothiocyanate, PITC) reacts with the ami-
no group at the N-terminus of the protein under mild basic buffer conditions. The 
modified N-terminal amino acid is removed as a thiazolinone derivative under 
acidic conditions. This derivative is then identified using chromatography.

Schematic of Edman degradation reaction showing the process of labelling and cleavage of the 
amino acid in the N-terminus of the peptide
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   Box 2.2: Current protein sequencing methods

Edman degradation is a useful tool for sequencing, but it is limited to the analysis 
of purified peptides that are shorter than ~50 amino acids. It cannot be used for 
the analysis of complex protein mixtures, such as those present in most biological 
samples. Additionally, each degradation cycle can take approximately 45 min (ref. 
106), making the process extremely time-consuming. N-terminus modifications 
can also interfere with the process. For example, if the N-terminus of the peptide 
is acetylated (a common post-translational modification), the reaction cannot take 
place, prohibiting protein sequencing.

Mass spectrometry: 
Since the 1980s, with the discovery of new ionization techniques (matrix-assisted 
laser desorption/ionization and electron-spray ionization), mass spectrometry has 
evolved into an important analytical tool for the life sciences5. For deep protein 
analysis, the introduction of shotgun proteomics marked an important step for the 
study of samples containing protein mixtures107. In a typical experiment, proteins 
are digested into peptides and separated according to hydrophobicity and charge 
using chromatography (see figure below). As peptides elute from the column, they 
are ionized and analysed according to their mass-to-charge ratio using tandem 
mass spectrometry.

Workflow of proteome analysis with mass spectrometry. Proteins are extracted from cells or tissues 
and digested into peptides. The peptide mixture is separated using chromatography. Peptides are 
ionized and analysed using tandem mass spectrometry.
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2.2 Protein fingerprinting using fluorescence

Fluorescence techniques have been central for the development of high-throughput DNA 
sequencing devices. In systems such as those of Illumina21, Pacific Biosciences22 and Heli-
cos23, DNA is de novo sequenced by monitoring the incorporation of fluorescently labelled 
nucleotides during strand replication. The development of a de novo protein sequencing 
method based on fluorescence faces enormous challenges. Major constrains are the lack of 
organic fluorophores for the detection of 20 different amino acids without substantial signal 
crosstalk, and the absence of a suitable chemistry to specifically label all 20 amino acids24.

Recently, simplified schemes, in which only a small subset of amino acids is fluorescent-
ly labelled and detected, have been proposed. If demonstrated, these could lead to the 
development of protein identification methods with single-molecule sensitivity25,26. These 
approaches resemble optical mapping of DNA, where partial sequence information is suf-
ficient to identify certain characteristics of a genome or to identify different pathogens27. 
Similar to how optical mapping has served as a complementary lower-resolution technique 
to DNA sequencing, protein fingerprinting could constitute a complementary technique to 
de novo protein sequencing.

In 2015, Joo and colleagues proposed a fingerprinting scheme based on the detection of 
two types of amino acid25. In their approach, the cysteine (C) and lysine (K) residues of 
a protein are labelled and sequentially detected. This sequence of cysteines and lysines 
(or CK sequence) can then be used to identify the protein of interest using a protein data-
base (Fig. 2.2b). To read the CK sequence, an unfoldase called ClpX is immobilized on a 
single-molecule surface and used as a protein scanner. This molecular motor recognizes 
tagged polypeptides and unfolds them while translocating them through its internal cavity. 
If the enzyme is labelled with a donor fluorophore and the substrate contains acceptor dyes 
in its cysteines and lysines, fluorescence resonance energy transfer (FRET) occurs as each of 
these amino acids approaches the ClpX constriction, generating a CK read in a string of two 
different acceptor signals (Fig. 2.2a).

The feasibility of this CK fingerprinting approach was computationally assessed using a 
human protein database containing ~20,000 protein entries25. CK sequences were gener-
ated computationally taking into consideration the most common errors expected during 
experimental readings. These generated CK sequences were compared to the database, and 
the probability of retrieving an original sequence was calculated based on the accuracy of 
the matches. Considering a 10% error level in the readings, approximately half of the pro-
tein sequences could be correctly retrieved. When additional parameters, such as the dis-
tance between cysteines and lysines, were considered (Fig. 2.2b, CK-dist read), the method 
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could accurately identify a major percentage (>70–80%) of proteins even when high error 
rates (20–30%) were considered (Fig. 2.2c).

A proof of concept was experimentally demonstrated by Joo et al. this year28. Using a 
donor-labelled ClpP (the proteolytic chamber that binds ClpX), the authors sequentially 
read out FRET signals from acceptor-labelled substrates. They could fingerprint 29-, 40-, 
51-amino acid long peptides, and a monomeric (119 amino acids) and a dimeric (210 
amino acids) titin protein. The repurposed ClpXP showed a constant translocation speed 
and unidirectionality, features that are suitable for reliable fingerprinting. Note that a sim-
ilar fingerprinting system was proposed and experimentally demonstrated using a labelled 
ribosome to monitor the production of specific proteins inside the cell as a way to gain 
information on protein expression location and levels29,30.

Figure 2.2: Protein fingerprinting schemes using fluorescence. a, Scheme proposed in ref. 25, in which 
a labelled unfoldase is immobilized on a surface and used to scan protein substrates. b, Cysteines and 
lysines of the protein substrate are labelled and FRET is detected upon the translocation of these residues. 
The CK sequence is then compared to a protein database. The CK read corresponds to the sequence of 
cysteine and lysine residues. The CK-dist read incorporates the distance between these amino acids. c, 
Graph of the detection precision (number of true positives divided by the number of read-outs returned by 
the algorithm) versus error level (number of errors divided by the fingerprint length). d, Scheme proposed 
in ref. 26. In this approach, labelled peptides are immobilized and subjected to sequential cycles of Edman 
degradation. e, The scheme shows the expected fluorescence intensity signal for the proposed peptide. The 
loss in fluorescence after each cycle is used to determine the sequence. Panels a, b, and c adapted from 
ref. 33 under a Creative Commons license (https://creativecommons.org/licenses/by/3.0/); panels d and e 
adapted from ref. 26.
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A different method is pursued by Marcotte and colleagues, in which peptide fingerprinting 
is accomplished using a single-molecule version of Edman degradation26. Unlike conven-
tional Edman degradation methods, the single-molecule detection allows for analysis of 
mixed populations. In this approach, proteins are digested into peptide fragments (~10–30 
amino acids long) and specific amino acids are labelled with fluorophores of distinguish-
able colours. The labelled peptides are immobilized on a surface, and fluorescence micros-
copy is used to monitor each cycle of Edman degradation at single-molecule resolution 
(Fig. 2.2d). Each degradation cycle removes the N-terminal amino acid of the peptide, so 
that the sequence of labelled amino acids can be detected by monitoring the change of 
the fluorescence intensity in each cycle. The decrease in fluorescence after a degradation 
cycle indicates that a labelled amino acid has been cleaved. The cleaved amino acid can 
be identified using spectral information (Fig. 2.2e).

Computer simulations were used to investigate the probability of detecting proteins from 
the identification of a unique peptide sequence using Marcotte’s fingerprinting method26. 
Different immobilization, labelling and cleavage strategies were evaluated, and it was 
determined that at least four different labelled amino acids are required to identify 98% of 
the human proteome24.

The fingerprinting schemes proposed here take advantage of the fact that proteins can be 
identified using incomplete sequence information. The approach proposed by Joo and col-
leagues reads full-length proteins and therefore requires simple two-colour labelling of sub-
strates. The main limitation of this approach is the requirement of a recognition tag in the N- 
or C-terminus of the substrate for unfoldase recognition. It seems possible to devise ligation 
schemes to add such a tag to all proteins in a mixture or to engineer the enzyme to allow 
recognition of any protein coming from cellular preparations and other biological samples. 
Marcotte’s approach to fingerprinting benefits from an entirely chemical approach, which 
can be beneficial for commercialization purposes. However, the harsh conditions required 
for the Edman reaction demands for a careful selection of fluorophores, and a set of adapta-
tions to a conventional total internal reflection fluorescence microscope31. A disadvantage 
of this method is that each cycle of Edman degradation can take approximately 45 min, 
making the sequencing process extremely slow. An alternative approach to Edman degra-
dation is currently being explored in which an enzyme has been designed that is capable 
of cleaving off amino acids, one at the time, from the protein N-terminal32. The use of this 
enzyme, called Edmanase, may allow Edman degradation to proceed under physiological 
conditions, and potentially at a faster pace.

Fluorescence fingerprinting may play a crucial role in the development of fast techniques 
for parallel protein identification and analysis. Millions to thousands of millions of single 
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molecules can be immobilized and monitored together, opening the door to high-through-
put assays. Single-molecule protein identification using fluorescence could complement de 
novo protein sequencing methods, improving the sensitivity of current bulk identification 
techniques such as antibody microarrays or mass-spectrometry protein identification based 
on peptide fingerprints. The improved sensitivity of these methods brings important advan-
tages for applications such as biomarker detection for disease diagnosis.

2.3 Protein sequencing using tunnelling currents

The idea of using tunnelling currents to measure single molecules was first conceived in 
the 1970s33. Tunnelling currents are measured between two metal electrodes separated by 
a gap that ranges from a few angstroms to a few nanometres (Fig. 2.3a,d). When individual 
molecules pass through the nanoscopic gap, a change in the tunnelling current is measured. 
This current modulation can be used to determine which molecule is transiently residing 
in the gap in real time. With the invention of the scanning tunnelling microscope (STM) in 
the 1980s, the possibility to realize this idea became clear and led to the development of 
a new field named molecular electronics34,35,36. In recent years, this technique has evolved 
to study a variety of biomolecules aiming towards DNA and RNA sequencing37,38,39,40,41 
(for a detailed review of these developments see refs 39,40). In a similar way, interest has 
emerged in the study of amino acids and peptides in an urge towards protein sequencing. 
In this section, we present a review of these developments.

In 2014, Lindsay et al. reported the first measurements of amino acids and short peptides 
using tunnelling currents42,43. They demonstrated the sensitivity of their approach by ana-
lysing three sets of amino acids with minor structural differences: glycine versus its meth-
ylated form sarcosine, the enantiomers of asparagine (L- versus D-asparagine), and the 
isobaric amino acids leucine versus isoleucine. Their experimental set-up consisted of two 
palladium electrodes, separated by a gap of 2 nm. The electrodes were functionalized with 
a recognition molecule (4(5)-(2-mercaptoethyl)-1H-imidazole-2-carboxamide), which was 
covalently bound to the electrodes. The recognition molecule interacted temporarily with 
the analyte to orient the molecule and thus provided a better-defined current path (Fig. 3a). 
When amino acids were introduced, the transient interactions between each amino acid 
and the recognition molecule were detected as a train of current spikes (Fig. 2.3b). Using 
two-dimensional maps of the current amplitude and the spike shape, the amino acids ana-
lysed in each set could be discriminated with an accuracy of 80% or higher (Fig. 2.3c).

A subsequent study was reported by Kawai and colleagues in which all 20 amino acids 
and phosphotyrosine were tested using tunnelling currents with a different experimental 
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set-up44. In their study, smaller gaps of 0.70 nm and 0.55 nm were created using gold 
break junctions. The small size of the gap allowed the detection of amino acids without a 
recognition molecule (Fig. 2.3d). The 0.70-nm gaps produced detectable signals for eight 
(Y, F, W, H, P, E, D, I) out of the 20 different amino acids, while smaller gaps of 0.55 nm 
produced signals for nine (P, H, E, D, I, K, C, L, M) amino acids. In total, 12 out of the 20 
amino acids could be recognized; the rest did not produce a detectable signal. When one 
of the detectable amino acids was introduced in the measuring set-up, peaks in the current 
trace were observed, indicating the transient presence of an individual molecule between 
the electrodes (Fig. 2.3e). The amplitude and duration of each peak was used to charac-
terize each amino acid as shown in the scatter diagram in Fig. 2.3f. Seven amino acids 
showed distinctive signals and show potential for their differentiation in complex mixtures; 
the remaining five produced indistinguishable signals. The detection of post-translational 
modifications was also demonstrated using 0.70-nm gaps. Tyrosine and phosphotyrosine 
produced distinctive signals, and mixtures of them yielded two populations in the ampli-
tude histograms. Last, using the same approach, short peptides containing tyrosine and 
phosphotyrosine could be distinguished.

Figure 2.3: Amino acid and peptide characterization with tunnelling currents. a, Recognition-tunnelling 
scheme where STM-coupled palladium electrodes are functionalized with recognition molecules. b, Typical 
current versus time trace obtained for the measurement of an amino acid (here Leucine). c, Two-dimensional 
plot of probability density using two different fast Fourier transform (FFT) features for leucine (green) and 
isoleucine (red). P indicates the accuracy for calling single-molecule events. d, Schematic of the operating 
principle: a molecule is sandwiched between two gold nanogap electrodes created using mechanically 
controlled break junctions. Scale bar, 1 nm. e, Conductance versus time traces obtained for measurements 
of the amino acids Y and F. f, Scatter plot of time versus conductance for different amino acids measured in 
a 0.55-nm gap. Panel a adapted from and panels b and c reproduced from ref. 43, Springer Nature Ltd; panel 
e adapted from and panels d and f reproduced from ref. 44, Springer Nature Ltd.
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The recognition tunnelling approach used by Lindsay and colleagues shows the remarkable 
sensitivity of quantum tunnelling currents. This technique can discriminate isomers and 
molecules with minor structural differences that are indistinguishable by other techniques 
such as mass spectrometry. The downside of this method is the non-trivial complexity of 
the data. Each molecule can orient in many different ways within the junction, and exhibits 
significant translational and rotational fluctuations, leading to considerably different current 
signals. Therefore, machine-learning algorithms may be necessary to distinguish each mol-
ecule, considering the multiple conformations that can be observed.
The study of Kawai and co-workers presented a systematic characterization of different ami-
no acids and short peptides. Out of the 20 amino acids studied, 7 amino acids generated 
distinguishable signals. This represents a promising step towards amino acid discrimination 
for protein sequencing. Arrays containing junctions of different sizes might increase the 
number of amino acids that are detectable and increase the possibility to distinguish amino 
acids in a mixture. Technical improvements in the experimental set-ups and fabrication pro-
cesses would facilitate this task. For example, it has recently been shown that extra coatings 
on the nanoelectrodes could bring improvements in terms of the signal-to-noise ratio and 
bandwidth of the measurements45,46.

To make this proof-of-concept into a sequencing tool, measurements of tunnelling currents 
should be coupled with a mechanism that threads a polypeptide through the gap in a con-
trolled way. An exopeptidase or other molecular motor could be adapted to translocate the 
polypeptide through such an electrode gap. Alternatively, electrophoresis, electro-osmosis 
or a pressure difference could be used as a driving mechanism for molecules if the tunnel-
ling device is coupled to a nanopore. Several groups have reported first experimental efforts 
in this direction47,48,49,50.

2.4 Protein sequencing using nanopores

In 2014, Oxford Nanopore Technologies announced the release of the first single-mole-
cule DNA sequencing device based on nanopores51,52,53,54. These pocket-sized devices are 
revolutionizing DNA sequencing by allowing extremely long reads and in situ detection 
at remote laboratories (even in outer space)51,55. In a nanopore experiment, an insulating 
membrane containing a nanometre-sized pore is placed between two electrolyte-filled 
compartments. When a voltage is applied across the membrane, an ionic current flows 
through the nanopore. As individual molecules translocate through the pore, a modulation 
in ionic currents is observed, which provides structural information about the molecule of 
interest56,57,58. Using this principle, biopolymers can be sequenced as each individual com-
ponent of the chain sequentially transverses the nanopore constriction.
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Nanopores have proven their potential for DNA sequencing54,59. Exploiting nanopores for 
single-molecule protein sequencing is the next frontier. This is by no means an easy task, 
as numerous challenges need to be tackled to sequence a protein with a nanopore. First, 
amino acid residues vary widely in charge distribution, unlike DNA that is essentially uni-
formly charged. Electrophoresis-driven unidirectional translocation of polypeptides through 
nanopores thus cannot be simply employed. Second, most proteins are folded in their 
native state. Disruption of their secondary and tertiary structure is necessary to thread them 
through a nanopore. Third, protein sequencing requires distinction of 20 different amino 
acids, a fivefold larger number than the four bases in DNA sequencing.

First translocations of polypeptides through nanopores were performed using peptides of 
only 20 to 30 amino acids60,61,62,63,64. Short peptides lack stable tertiary structure and can 
translocate without the need of denaturing agents. In these studies, peptides containing 
specific motifs such as beta-hairpins, alpha-helices or collagen-like helices were anal-
ysed using alpha-haemolysin and aerolysin nanopores. This research elucidated import-
ant aspects about the kinetics of polypeptide translocation and emphasized the crucial 
role of peptide–nanopore interactions during the passage of the molecule. In particular, 
the detailed work presented by Bayley et al. on helical peptides containing the (AAKAA)
n sequence provided key insights into the process of protein capture and partitioning into 
the nanopore62.

While the translocation of peptides continues to be a valuable model system to understand 
basic steps in the complex process of protein translocation65,66, the final end of a nanopore-
based protein sequencer is to read entire proteins, which requires protein denaturation. 
Multiple chemical and physical methods have been proposed for protein unfolding in 
nanopore analysis. Several groups have shown the successful unfolding and translocation 
of proteins through solid-state nanopores using strong denaturants such as urea, sodium 
dodecyl sulphate (SDS) or guanidine hydrochloride (GdnHCl)67,68,69. Translocation of pro-
teins through biological nanopores using denaturants has also been achieved70,71,72. In this 
context, solid-state nanopores have an advantage over biological nanopores, displaying 
higher stability when exposed to extreme buffer conditions (8 M urea, 6 M GdnHCl or 1% 
SDS).

Biological channels are more susceptible to denaturing conditions than solid-state devices, 
but can remarkably withstand concentrations of up to 4 M urea and 1.5 M GdnHCl (ref. 
73). These concentrations are sufficient to break the structure of some protein substrates 
and allow translocation. For example, pioneering work (Fig. 2.4a,b), which showed protein 
unfolding and translocation through alpha-haemolysin for the first time, was done using the 
maltose binding protein, which could be unfolded at low denaturant concentrations (0.8 
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M GdnHCl)70.

Physical methods such as high temperature have been used to unfold proteins in both 
solid-state and biological nanopores74,75. Pelta and colleagues studied the thermal denatur-
ation of a maltose binding protein variant in a temperature range from 20 °C to 70 °C in 
both alpha-haemolysin and aerolysin nanopores75. Temperature facilitates protein unfold-
ing, but speeds up translocation dynamics, which makes sequencing more challenging. In a 
similar way, two research groups have shown that high voltages help stretch proteins during 
the movement through solid-state nanopores76,77,78. These approaches are not compatible 
with biological nanopores due to the electroporation of the lipid bilayer at high voltages 
(~0.4 V), and also cause an increase in translocation speed.

Figure 2.4: Translocation of peptides and unfolded proteins through nanopores. a, Schematic representation 
of a biological nanopore set-up. b, Representative current traces when GdnHCl was used for unfolding 
and translocation of a maltose binding protein through an alpha-haemolysin pore. Ti indicates the inter-
event time, and Tt the translocation time. c, Schematic where a protein is immobilized at an atomic force 
microscope tip and translocated through a nanopore. BSA, bovine serum albumin; STR, streptavidin. d, 
Schematic of native and SDS-unfolded protein translocation through a solid-state nanopore including typical 
current traces of native and SDS-unfolded proteins. Panel b adapted from ref. 70, APS; panel c reproduced 
from ref. 82, American Chemical Society; and panel d reproduced from ref. 69 under a Creative Commons 
license (https://creativecommons.org/licenses/by/3.0/).

A major roadblock for the development of a protein sequencer with nanopores is the 
non-uniform charge distribution of amino acid residues. Unlike DNA that is uniformly 
charged and moves through a nanopore by electrophoretic forces, proteins carry different 
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local charges. It is therefore not well-defined if electrophoretic or electro-osmotic forces on 
the protein dominate the transport (unless it is set by the electro-osmotic force due to ions at 
the nanopore surface)79,80. One way to address this issue is to use SDS as a denaturant. SDS 
not only unfolds proteins, but also wraps them around with a homogeneous negative charge 
given by the sulphate groups in the head of the detergent. SDS has been used to enforce 
proteins through pores with sub-nanometre diameters, hinting at the potential of using a 
nanopore for differentiating individual amino acids (Fig. 2.4c)81,82. A more comprehensive 
understanding of the effect of SDS on protein unfolding and translocation was presented 
by our group69. Experiments showed that SDS could unfold stably folded proteins such as 
titin and beta-amylase (Fig. 2.4d). Additionally, a consistent direction of translocation was 
induced by the electrophoretic force, thanks to the negative charge conveyed by SDS.

An alternative approach to control the direction of translocation is to attach an oligonucle-
otide strand to the N- or C-terminus of a protein. The negative charge carried by this lead 
sequence drags the polypeptide in the direction of the electrophoretic force83,84,85,86,87. This 
principle was first used by Bayley and colleagues to study the translocation of thioredoxin 
through alpha-haemolysin83,84. In their work, a 30-mer oligonucleotide was attached to the 
C-terminus of the protein and upon adding the substrate to the cis compartment, a repetitive 
pattern with multiple current levels was observed, which corresponded to the capture of 
the DNA tag, the local unfolding of the C-terminus and the unfolding of the remaining of 
the protein (Fig. 2.5a). The partially unfolded intermediate in which the C-terminus of the 
protein was locally unfolded and translocated through the constriction of the nanopore was 
further used to discriminate between unphosphorylated, monophosphorylated and diphos-
phorylated proteins85. Other groups have also recently used this approach. Lindsay and col-
leagues developed a simple and effective click chemistry to facilitate the tagging reaction, 
while Pelta and colleagues used a DNA lead in a protein to present a direct proof of protein 
translocation using amplification by polymerase chain reaction86,87.

In all the studies presented this far, the translocation of proteins occurs at timescales faster 
than 1 ms, which is too fast for sequencing purposes. Indeed, single-protein translocations 
characteristically occur very fast88. Control of the translocation speed will be necessary to 
guarantee ample time for the accurate reading of different amino acids by a nanopore.

The controlled and unidirectional movement of DNA through a nanopore using helicases 
or polymerases marked a breakthrough in the development of a nanopore-based DNA 
sequencer. Akeson and colleagues proposed a similar approach for proteins89,90. In their 
work, a motor enzyme, ClpX, unfolds and pulls the polypeptide chain in a controlled 
manner through alpha-haemolysin. ClpX translocates proteins at a speed slow enough for 
sequencing (80 amino acids per second), with defined step-sizes, and it generates a strong 
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enough force (~20 pN) to unfold proteins91. In their experimental scheme (Fig. 2.5b) a lipid 
bilayer containing alpha-haemolysin separates two compartments. The cis side contains a 
protein known as Smt3, which is modified with a 65-amino acid negatively charged exten-
sion and an ssrA tag. The ssrA tag is necessary for ClpX recognition and the 65-amino acid 
extension is used as an unstructured anchor that orients the protein and allows the ssrA 
tag to be exposed to the trans side, where ClpX is added. Time traces showed the process 
of substrate capture and translocation by ClpX. In a follow-up study90, a machine-learning 
algorithm with three parameters (dwell time, average current amplitude and standard devi-
ation of the current amplitude) was used to distinguish different domains as well as variants 
of those domains such as mutations or truncations.

Figure 2.5:Translocation of unfolded proteins through nanopores using an oligonucleotide linker (left) or 
an unfoldase (right). a, Schematic in which a DNA strand is used as lead for protein unfolding and translo-
cation (top). Current traces observed for the translocation of DNA-tagged proteins (bottom). b, Experimental 
set-up in which an unfoldase is used to unfold and pull the protein substrate (top). Typical current trace 
observed during a translocation and unfolding event (bottom). Panel a adapted from ref. 83, Springer Nature 
Ltd; panel b adapted from ref. 89, Springer Nature Ltd.

This approach overcomes two critical requirements for protein sequencing using nanopores: 
protein unfolding and controlled translocation of the substrate. The main drawback of this 
method is the need to add a polypeptide extension in the substrate. This could, however, 
be overcome by chemically attaching a polypeptide to the N-terminus of proteins. The high 
level of noise in the signal also needs to be improved. Other approaches have been pro-
posed, but lack experimental proof92,93,94,95. The use of a double pore system in which two 
nanopores are placed in series has been proposed92. As the polypeptide transverses the first 
pore, it is cleaved by an exopeptidase, and the amino acids released by the enzyme are then 
analysed with a second nanopore. The use of perpendicular nanochannels in which a pro-
tein is stretched in the longitudinal direction, while ionic current is recorded transversally, 
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has also been proposed93, as has the use of graphene to control polypeptide translocation. 
Graphene and other two-dimensional materials are proposed as attractive nanopore mem-
branes since they can be atomically thin, thereby improving the spatial resolution required 
to detect individual amino acids49. Using molecular dynamics simulations, it was shown 
that proteins and peptides collapsed on top of a graphene membrane by the surface absorp-
tion of amino acids, leading to a slow stepwise motion of amino acids into a nanopore94.
There is also a noticeable attempt of repurposing nanopores for improving mass spectrom-
etry. The use of solid-state nanopores to create a renewed version of a mass spectrometer, 
in which the electrospray ionization, conventionally done with micrometre-sized nozzles, 
is initiated from a nanopore has been proposed. This could potentially allow proteins to be 
sequenced if they are fragmented as they pass through the nanopore and individual amino 
acids are sequentially ionized and detected95. For a more detailed description of efforts in 
improving the sensitivity of mass spectrometry, we refer to other reviews14,96.

In summary, great advances have been presented with the nanopore approach towards 
sequencing peptides and proteins. It is an extremely active field of research, and therefore 
significant advances are anticipated for the development of a protein sequencer in the 
coming years. An advantage that a nanopore sequencer could provide is the possibility to 
perform long reads. Traditional sequencing methods such as Edman degradation and mass 
spectrometry rely on the digestion of proteins into short peptides, but nanopore devices 
would allow sequencing of full-length proteins. A major challenge is the control of the 
polypeptide translocation speed. Different approaches are being explored at the moment, 
and it is very likely that enzyme-assisted translocations will command this step, as was the 
case for DNA sequencing. Exploring a pool of unfoldases beyond ClpX will be a critical 
step to accomplish this aim.

2.5 Outlook

The human genome project opened the door to exciting years of genomic research. The 
coming years will see significant progress in other omics, especially proteomics. In this area, 
the development of single-molecule approaches will be key for achieving the sensitivity 
and dynamic range required for protein analysis. Colossal efforts are on-going in the fields 
of single-molecule fluorescence, tunnelling currents and nanopores. In this Review, we pre-
sented the main approaches proposed up to now for single-molecule protein sequencing, 
with their strengths and limitations. Table 2.1 summarizes the different schemes presented, 
taking into consideration relevant criteria for the development of a protein sequencer, such 
as read length, and the possibility to perform de novo sequencing.
We anticipate that first single-molecule protein identification systems may appear as soon 
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as within five years. First systems will most probably rely on a fingerprinting scheme such 
as those proposed by Marcotte et al. and Joo et al. Marcotte’s approach has the advantage 
of relying entirely on chemical reactions, which could lead to a robust device for in situ 
analysis. Major disadvantages of this approach are its slow speed, and the fact that only 
short peptides can be analysed. Alternatively, the scheme proposed by Joo et al. can be used 
forthe analysis of full-length proteins, but on the down side, unfoldase engineering or sub-
strate pre-processing need to be worked out for substrate recognition. Both methods need 
to overcome the challenge of reading multiple fluorophores with minimal error.
 

Table 2.1: Summary of single-molecule protein sequencing approaches. 

Nanopore research is moving fast in the direction of protein analysis and protein sequenc-
ing. A nanopore-based protein sequencer has the potential to be commercialized in the 
next decade. The main challenges revolve around the controlled translocation of proteins 
through the nanopore and the read-out. Akeson’s approach, in which a ClpX enzyme was 
used to translocate a polypeptide through an alpha-haemolysin nanopore, is currently the 
only system in which a protein is unfolded and transported in a controlled way through 
the nanopore. The large levels of noise observed in their signals, however, obstructed the 
identification of specific amino acids. As has become clear from high-resolution DNA 
sequencing51,97, alternative configurations schemes and possibly different enzymes should 
be explored.

A remaining question is whether the measurement of ionic currents will provide the suffi-
cient resolution for the identification of 20 amino acids using nanopores. The experimental 
results from Lindsay and Kawai indicate that tunnelling currents are extremely sensitive, 
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and can differentiate molecules with minor structural differences. Thereby, the integration 
of a nanopore system for controlled transport with the sensitive measurement of tunnelling 
currents is an attractive alternative that would potentially allow single-molecule de novo 
protein sequencing.

A major aim of a single-molecule protein sequencer would be the development of a tool for 
single-cell analysis. Current attempts to single-cell proteomics16,17,18,19, such as mass cytom-
etry20, rely on labelled antibodies. The reduced availability of highly specific antibodies and 
distinguishable labels limits these techniques to the detection of 10 to 40 proteins per cell, a 
minute fraction of the proteome. Single-molecule detection methods will not require such a 
preparatory step, and could, in principle, detect thousands of proteins from individual cells. 
A critical aspect that needs to be resolved is the manipulation and extraction of proteins 
from single cells without substantial losses or biases17. Recent advances in microfluidic 
devices, where proteins from single cells have been extracted and labelled on chip12, show 
first steps towards this goal.

The realization of a single-molecule protein sequencer is technically very challenging. If 
realized, however, it would revolutionize proteomics research by facilitating the identifi-
cation of low abundance proteins and achievement of true single-cell proteomics. Low 
abundance proteins are crucial in biomedical research as they allow the identification of 
disease-specific biomarkers98. Moreover, sensitivity from single-molecule detectors could 
allow access to the so-called human dark proteome. The dark proteome comprises approx-
imately 3,000 human proteins that have never been directly identified, despite evidence of 
their existence in genetic or transcriptional information99. Besides protein identification, the 
detection of low abundance proteins can be beneficial for the study of post-translational 
modifications, reducing the need of complex enrichment processes. Finally, the possibil-
ity to perform single-cell proteomic analysis opens the possibility for exciting proteomics 
research, allowing scientists to study the change in protein expression of individual cells 
under specific stimuli.
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3
Peptide analysis with the FraC nanopore: 
Using a bipolar peptide gate to modulate 

nanopore conductance 

Peptides of different charge, size and structure have been previously studied with bio-
logical nanopores. Peptides often serve as a simplified model system for the study of 

protein-nanopore interactions. Here we explore the use of a bipolar peptide as model sys-
tem. This peptide contains 10 negative amino acids in the N-terminus and 10 positive 
amino acids in the C-terminus. The opposite charges at the ends of the peptide generate 
force in opposing directions stalling the peptide while it translocates the FraC pore. This 
mechanism allows for extended examination of the central region of the peptide, which 
is further explored in Chapter 4 and 5. In this chapter we explore other interesting feature 
observed in this peptide-FraC system: the non-linear current voltage dependence observed 
for the system. Our experiments and molecular dynamics simulations show that the relative 
blockade caused by the peptide changes depending on the applied bias as a consequence 
of peptide stretching and compressing. In this chapter we propose to use this bipolar pep-
tide as an electromechanical gate that can modulate nanopore conductance in a dynamic 
manner and at the single-molecule level.

This chapter has been published as: Zhao S.*, Restrepo-Pérez L.*, Soskine M. , Maglia G. , Joo C., 
Dekker C. and Aksimentiev A. Electro-mechanical conductance modulation of a nanopore using a 
removable gate. ACS Nano. 13 (2), 2398–2409 (2019).
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3.1 Introduction

Lipid membranes play a crucial role in eukaryotic cells because they separate the cell’s cyto-
plasm from the outside environment and from the interior of the intracellular organelles, 
leaving the job of transporting signals and nutrient across the membranes to membrane-em-
bedded proteins called membrane channels.(1) One particular class of membrane channels, 
ion channels, facilitates transmembrane transport of specific ion species, enabling, among 
many other biological functions, neuronal activity,(2,3) and the senses of sound, smell, sight, 
taste, and touch. A critical feature of an ion channel’s function is gating, i.e., the ability of 
an ion channel to change its conductance in response to external stimuli.
The gating of a membrane channel usually involves the opening or closing of the transmem-
brane pore that connects the opposite sides of a membrane with a water-filled passage that 
allows for ion transport across it. Diverse mechanisms have evolved to regulate the mem-
brane channel’s conductance in response to external stimuli (Figure 3.1), which include a 
change of the transmembrane voltage, ligand binding, pH, light, temperature, and tension.
(4) A voltage-gated ion channel opens its transmembrane pore when the transmembrane 
voltage exceeds a threshold value;(5) see Figure 3.1a. The closing of a voltage-gated channel 
can proceed as a reversal of its opening or involve an additional inactivation mechanism 
such as, for example, in sodium channels.(6) In a ligand-gated channel, binding of a specific 
chemical compound to a binding site at the channel’s surface results in a conformational 
transition that can either open or close the transmembrane pore; see Figure 3.1b. Mecha-
nosensitive channels control the passage of ions and solutes through the cellular membrane 
in response to mechanical forces generated by other proteins or the membrane itself;(7,8) see 
Figure 3.1c. With the exception of a few channel types,(9) the gating of a biological mem-
brane channel involves changes in the physical structure of the channel.(10)

Selective transport and gating of biological membrane channels has inspired biomimicry 
efforts.(9,11−17) Using a focused, high-energy ion or electron beam, nanopores of controlled 
dimensions were produced in a variety of solid-state membranes.(18,19) Because of their sym-
metric, uniformly charged and rigid structure, the vast majority of such nanopores exhib-
it a linear current–voltage dependence that nevertheless can sensitively depend on the 
chemical state of the nanopore surface and thus be exploited to demonstrate the pH,(20) 
light,(21) and ligand(22) gating of ion conductance and rectification phenomena.(23) Nonlinear 
voltage-dependent phenomena can also occur in nanometer-diameter pores in ultrathin 
synthetic membranes,(24) where quantized ion conductance(25,26) and water-compression 
gating(27) have been reported. Nanopores in multilayer membranes offer voltage gating 
functionality via additional electrodes that control the electrostatic potential within the 
membrane(28) and, thereby, the nanopore surface charge.(29) Ligand(30) and voltage(31,32) gat-
ing was realized in synthetic nanopores made from DNA origami. Furthermore, biological 
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pores that were initially nongating were modified to incorporate synthetic covalently linked 
gating elements, such as DNA constructs(33) and proteins.(34)

Figure 3.1: Mechanisms of membrane ion channel gating. (a) Voltage-gated ion channel changes its 
conformation in response to an increase of the transmembrane bias. (b) Ligand-gated channel opens or 
closes its transmembrane pore in response to ligand binding. (c) Mechanosensitive channel opens when the 
membrane tension exceeds a threshold value. (d) The electromechanical gating by an insertable peptide gate 
investigated in this work.
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Here, we demonstrate another approach to modulation of a membrane channel’s conduc-
tance: the inclusion of a removable gate that can be the electromechanically stretched 
by an applied voltage; see Figure 3.1d. In contrast to the gating of a biological channel, 
which typically involves a change of the channel’s conformation, or gating in a solid-state 
nanopore, which typically involves a change of the electrostatic environment, we modulate 
the conductance by first trapping a bipolar molecular gate(35) and then alter its conformation 
by varying the magnitude of the transmembrane bias. Our single-molecule electrophysi-
ology recording and all-atom molecular dynamics (MD) simulations show that stretching 
of the molecular dipole can alter the ionic conductance of the assembly in a controllable 
and reproducible way. Our work sets the stage for the development of artificial nanopore 
systems with programmable voltage–current responses, which could, for example, be used 
to introduce an action potential-like response into a network of synthetic cells.(36)

3.2 Results

To demonstrate the working principle of our removable gate, we used a wild-type 
fragaceatoxin C (FraC) nanopore as our model system (Figure 3.2a). As revealed by its 
crystal structure,(37) FraC is a conically shaped octameric transmembrane pore. At the trans 
opening of the pore, eight alpha-helices form a V-shaped channel that ends in a narrow 
pore constriction of 1.4 nm. Because of its narrow constriction and conical shape, FraC has 
been successfully used for the analysis of a wide range of peptides and proteins(38) as well 
as DNA.(39)

Figure 3.2a shows our measurement set up. We first experimentally characterized the pore 
in its open state by measuring the current–voltage response of the channel (I–V curve) in the 
−120 to 120 mV range (Figure 3.2b). All of our measurements were performed in a buffer 
containing 1 M NaCl, 10 mM Tris, and 1 mM EDTA at pH 7.5. Our reference electrode was 
located in the cis compartment, while the working electrode was placed in the trans com-
partment. Figure 3.2b shows I–V recordings for nine FraC nanopores, all of which feature 
a persistent rectifying behavior. In addition to the current–voltage dependency, we also 
analyzed the conductance of individual channels in an extensive set of pores (n = 93). At 
an applied voltage of 50 mV, we observe a consistent conductance value of 1.76 ± 0.15 nS 
for positive bias and 2.39 ± 0.07 nS for negative bias; see Figure 3.2c.

Reproducing the experimental setup, we constructed an all-atom model of the FraC 
nanopore embedded in a lipid bilayer and solvated in 1 M NaCl solution; see Figure 3.2a 
and the Methods section for a detailed description of the structural model and simulation 
protocols. The resulting model was equilibrated in a 80 ns MD simulation, reaching a stable 
conformation characterized by the average root mean squared deviation from the crystal
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Figure 3.2: Ionic conductivity of the FraC nanopore. (a) All-atom model of a FraC nanopore (blue cut-away 
surface) embedded in a DPhPC membrane (gray lines and orange spheres) and submerged in 1 M NaCl 
solution (pink and yellow spheres representing Na+ and Cl– ions, respectively). A bias of transmembrane 
electric potential is applied to produce a current of ions through the FraC nanopore. (b) Experimentally 
measured current–voltage dependence of nine FraC nanopores. (c) Experimentally determined distribution 
of the FraC conductance value under a negative (top) and positive (bottom) bias of 50 mV. Green arrows 
denote the conductance values obtained using the MD method. (d) Electrostatic potential map of FraC 
obtained from MD.(40) The potential map was produced by averaging the instantaneous distributions of the 
electrostatic potential over a 48 ns MD trajectory obtained at a −100 mV transmembrane bias. A 2D cross-
section (parallel to the pore axis) of the 3D map is shown. (e) Simulated current–voltage dependence of the 
FraC nanopore. (f) Simulated profiles of the electric potential (top) and of the Na+ and Cl– concentrations 
(bottom) along the central axis of the FraC nanopore. The data were obtained by averaging instantaneous 
configurations over a 48 ns MD trajectory.

lographic coordinates of about 3 Å; see Figure S3.1. The all-atom model of the open-pore 
FraC system was then simulated under a −100 mV transmembrane bias for 48 ns, which 
revealed the distribution of the electrostatic potential within and around the channel; see 
Figure 3.2d. Similar to electrostatic potential maps of alpha-hemolysin(40) and MspA,(41) 
the transmembrane voltage is found to vary sharply within the constriction of the channel.

By repeating the simulation at several values of the transmembrane voltage and recording 
the resulting displacement of ions, we obtained the in silico I–V curve of the FraC nanopore; 
see Figure 3.2e. The simulated I–V curve reproduced many features of the experimentally 
determined I–V curve, in particular the ionic current rectification experimentally observed 
and its dependence on the voltage magnitude. Furthermore, the simulated ionic conduc-
tance values appear to be in quantitative agreement with the experimentally determined 
conductance values, with 1.76 nS at +50 mV and 2.39 nS at −50 mV (Figure 3.2c). The cur-
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rent rectification in FraC is of inverse polarity to that previously observed for large conical 
solid-state and polymeric nanopores.(42−45) Such an inversion of the current rectification was 
reported previously for nanopores with similar characteristics to FraC, i.e., a pore diameter 
that is comparable to the width of the electric double layer and strong ion selectivity.(46,47) 
Indeed, under our simulation conditions, the current through FraC nanopore was cation-se-
lective, with Na+ ions carrying 55 to 75% of the total current, in broad agreement with the 
ion selectivity of FraC established earlier for KCl.(39) The selective conductance produced an 
electro-osmotic effect: the direction and magnitude of the water flux through FraC followed 
the direction and magnitude of the current of Na+ species. The plot of the electrostatic 
potential along the symmetry axis of the nanopore (Figure 3.2f top panel) exhibits a sharp 
drop across the FraC constriction. Interestingly, the concentration of chloride ions within 
the FraC constriction is reduced, whereas the concentration of sodium ions is enhanced; 
see the Figure 3.2f bottom panel. The variation of the electrostatic potential is more gradual 
at a reverse bias polarity (Figure S3.2), whereas the concentration profiles remain largely 
unchanged. The observed distributions of the ionic species within FraC are explained well 
by the overall negative charge of the FraC constriction.

Figure 3.3: Experimental detection of the bipolar peptide translocation through FraC. (a) Schematic of the 
peptide translocation experiment. The sequence of the bipolar peptide is listed above the molecular graphics 
image of the nanopore. Negative bias is applied to the trans side of the nanopore. (b) Typical current traces 
observed after adding 0.4 uM of bipolar peptide to the cis compartment. Transient reductions of the current 
indicate interactions of the individual bipolar peptides with the FraC nanopore. (c) Average duration of the 
current blockade (dwell time) produced by the bipolar peptide as a function of the transmembrane bias. 
Below approximately −40 mV, the dwell time increases with voltage indicating transient entrapment of 
the peptide and, likely, subsequent escape through the cis entrance of the nanopore. At voltages higher by 
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magnitude than −40 mV, the dwell time decreases with the voltage indicating that the peptide exits the pore 
to the trans side. (d) Schematic representation of a control measurement performed using a truncated version 
of the bipolar peptide lacking the negatively charged segment (10 glutamate residues). (e) Typical current 
traces observed after adding 0.5 uM of the truncated peptide variant to the cis compartment. (f) Average 
residence time of the truncated peptide vs transmembrane bias.

Having established the ion conductance properties of the FraC nanopore, we experimen-
tally characterized the effect of the electromechanical gate on the FraC conductance. Our 
electromechanical gate was a 30-amino acid bipolar peptide containing ten negatively 
charged amino acids at its N-terminus and ten positively charged amino acids at its C-ter-
minus. A flexible linker region, consisting predominantly of glycine (G) and serine (S) res-
idues, connected the two charged regions. The bipolar peptide gate was added to the cis 
compartment in concentrations of 0.3 to 0.5 μM. Upon applying a negative bias to the trans 
compartment, frequent and pronounced current blockades were observed at voltage biases 
in the −20 to −110 mV range; see Figure 3.3b. At a fixed bias voltage, the event rate was 
found to increase with the peptide concentration, whereas the dwell time remained con-
stant (Figure S3.3), confirming our interpretation of current blockades as being produced 
by the interaction of individual peptide gates with the FraC nanopore.(48,49) We suggest that 
the peptide traverses the pore with its positively charged end first, but after the negatively 
charged end enters the FraC vestibule, the two charged regions are pulled in opposite direc-
tions by the transmembrane bias. Together with the force exerted by the electro-osmotic 
flow (EOF), this creates a tug-of-war mechanism that stalls the peptide at the position where 
the forces on the probe balance each other. The exceptionally long translocation times (>1 
s) observed at some voltages confirm this hypothesis.

The residence time of the bipolar gate in the FraC pore has a pronounced dependence on 
voltage (Figure 3.3c), spanning the range from a few milliseconds (1.88 ms at −110 mV) up 
to few seconds (2.7 s at −40 mV). At low applied potentials, with a magnitude below −40 
mV, the dwell time is observed to increase with voltage, while at higher voltages, the dwell 
time decreases with voltage. This biphasic behavior of the dwell time has been previously 
reported by others and is typically associated with two different regimes of the analyte 
interaction with the nanopore.(38,50−54) The first regime, where the dwell time increases with 
voltage, is generally attributed to events in which the molecule exits the pore through the 
cis opening. The second regime, where the dwell time decreases with voltage, is generally 
attributed to molecules that translocate the pore and exit through the trans side. We hypoth-
esize that in our FraC system, at higher voltages (>40 mV by magnitude) the increased EOF 
exerts increasing forces to the peptide toward the trans side of the pore, thus facilitating 
translocations and decreasing its residence time in the pore.(55)

The effect of the positive and negative charges of the peptide gate was further confirmed by 
carrying out nanopore translocation experiments using a modified version of the peptide 
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gate in which the polyanionic fragment of the peptide was removed. Upon the addition of 
the modified peptide to the cis compartment, we observed very fast translocations, with a 
translocation time of the order of hundreds of microseconds. At −30 mV, for example, the 
average residence time of the modified peptide was 208 μs compared to 2.12 s for the bipo-
lar gate, a difference of 4 orders of magnitude. These results demonstrate that both charged 
ends are necessary to establish trapping of the peptide gate.

Figure 3.4. MD simulation of peptide translocation through the FraC nanopore. (a) Setup of MD simulations 
that examined the effect of the peptide sequence and conformation on electric field-driven translocation of 
model peptides. Molecular graphics images illustrate initial conformations of the peptides: two conformations 
of the bipolar peptide (stretched, left, and forming a hairpin, middle) and one conformation of the truncated 
peptide (right). In each simulation, one peptide construct was placed at the cis entrance of the FraC nanopore 
and simulated under a transmembrane bias of −1.2 V. (b) Center of mass coordinate of the “CGSGSGSKGS” 
central segment of the three peptides vs simulation time. The z coordinate is defined in panel a. After about 
10 ns, the bipolar peptides remain trapped within the FraC nanopore regardless of their initial conformations, 
whereas the truncated peptide exits the FraC pore toward the trans side.

b)

0 5 10 15 20

0

40

20

-40

-20

Stretched
Hairpin
Truncated

Simulation time (ns)

Co
M

 z
 c

oo
rd

in
at

e 
(A

)

-60 -40 -20 0 20 40 60

60

-20

40

20

0Z 
co

or
di

na
te

 (A
)

Y coordinate (A)
-60 -40 -20 0 20 40 60

Y coordinate (A)
-60 -40 -20 0 20 40 60

Y coordinate (A)

HairpinStretched Truncated
a)



47

                                                            PEPTIDE ANALYSIS WITH THE FRAC NANOPORE

  3

To obtain a microscopic interpretation of the peptide translocation experiment, we con-
structed three all-atom models of the FraC nanopore system differing by the structure and 
conformation of the peptide; see Figure 3.4a. In the first system, the bipolar peptide was 
placed in the FraC vestibule having its polycationic end proximal to the constriction. After 
initial energy minimization and 19 ns equilibration, the system was simulated under a −1.2 
V bias, which produced rapid capture and transport of the polycationic tag through the FraC 
constriction. The translocation, however, halted after the polycataionic tag passed through 
the constriction; see Figure 3.4b, which plots the z-coordinate of the peptide CFSFSFSKFS 
segment’s center of mass (CoM) as a function of the simulation time. Figure 3.5a shows a 
representative conformation of the trapped peptide system. A qualitatively different out-
come was observed when the simulation was repeated using a version of the peptide lack-
ing the polyanionic part: the peptide completed the translocation in 10 ns leaving the FraC 
constriction; see Figure 3.4b. To investigate the robustness of the entrapment mechanism 
with regard to the initial conformation of the peptide, the peptide was simulated in 1 M 
NaCl solution for 50 ns in the absence of the FraC nanopore. The conformation of the 
peptide was observed to change from an initially extended, disordered structure into an 
alpha-helical hairpin, held together by electrostatic interactions between the polycationic 
and polyanionic parts. Next, we repeated the nanopore translocation simulation starting 
from the full length bipolar peptide in the hairpin conformation. Similar to the outcome 
of the previous simulation, the polycationic part of the bipolar peptide was seen to pass 
through the FraC constriction, unfolding the hairpin. Interestingly, the translocation halted 
when the peptide reached approximately the same location within the FraC nanopore as 
in the simulation that initiated starting from a stretched conformation (Figure 3.4b), which 
confirmed robustness of the trapping mechanism.

Next, we investigated the effect of the applied bias on the ionic current blockade. Figure 
3.5b shows the scatter plot of relative blockade versus dwell time obtained experimentally 
for a range of voltages between −50 and −110 mV. The relative blockade is calculated as 
the current blockade (ΔI) divided by the open pore current (I). It is clear from the plot that 
the relative blockade decreases at increasing bias, indicating that the fraction of the pore 
that is blocked by the peptide gate changes depending on the applied bias. These results are 
confirmed by the current–voltage relation presented in Figure 3.5c: a superlinear behavior 
is observed for this I–V curve, indicating, a change in resistivity of the peptide/FraC system 
at different voltages.

Complementing these experiments, we probed the dependence of the nanopore ionic cur-
rent blockade produced by the bipolar gate on the transmembrane voltage in MD sim-
ulations. The conformations of the trapped peptide obtained at the end of the nanopore 
capture and translocation simulations (Figure 3.4a,b) were used to initiate four independent 
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simulations, each lasting about 150 ns, at −250, −100, −50, and 0 mV. The final state of the 
0 V run was then used to run three independent simulations at −250, −100, and −50 mV to 
obtain at least two independent trajectories for each bias condition. Figure S3.4 illustrates 
the change in the location of the peptide’s central fragment during these simulations. While 
the bipolar peptide remains trapped within the nanopore, water and ions can flow through 
the gate. Quantitative analysis of the MD trajectories confirms our earlier conjecture about 
the presence of the EOF (Figure 3.5d) and shows that the EOF magnitude indeed increases 
with the magnitude of the voltage bias, pushing the peptide, on average, toward the trans 
side. Figure 3.5e shows the simulated dependence of the blockade current on voltage: the 
current increases superlinearly with the voltage for both types of initial conditions, as in 
the experiments. The simulated relative blockade current is found to decrease with the bias, 
similar to the dependence seen experimentally. By plotting the peptide residue density 
inside the constriction region of FraC (defined by residues Ala5 and Leu23) as a function 
of voltage, shown in Figure 3.5f, we find a lower peptide density under higher voltage, a 
manifestation of the polar gate stretching in electric field. A set of simulations carried out 
at a fixed conformation of the gate peptide yielded a linear I–V dependence (Figure S3.5), 
validating our assertion that peptide stretching is responsible for the nonlinear behavior. 
Based on the results of simulation and experiment, we arrive at a model, where higher 
transmembrane bias stretches the removable gate, thereby occupying less volume inside 
the FraC constriction, which lets more ions to pass through, i.e., the conductance is elec-
tro-mechanically modulated.

The above results confirm the working mechanism of our electromechanical gate, where 
the fraction of the pore occupied by the gate can be modulated as the peptide is stretched 
to varying degrees at different applied voltages. However, the data presented in Figure 
3.5b,c were obtained by averaging over hundreds of single-molecule experiments, where 
individual peptides were captured at a constant applied voltage. To demonstrate dynamic 
electromechanical modulation of the ionic current at the true single-molecule level, we 
trapped individual peptides, one at a time, in the FraC nanopore and subsequently modu-
lated the conformation of the captured peptide by changing the magnitude of the applied 
voltage. Figure 3.6a shows a typical ionic current trace recorded from such measurements. 
First, we apply a low bias of −30 mV until a single peptide is captured by the FraC pore. 
Panel 1 represents the open pore current upon applying −30 mV, and panel 2 shows the 
moment when the peptide is captured. At this voltage, the relative blockade of the peptide 
is 0.77 ± 0.05, indicating that a large portion of the pore current is obstructed. We subse-
quently apply steps of −50, −70, and −90 mV while the peptide remains trapped inside the 
nanopore. As expected, a current increase is observed after each voltage step, as can be 
observed in panels 3, 4, and 5. Interestingly, when the relative blockade is calculated for 
each of the voltage intervals, we find a relative blockade of 0.73 ± 0.04 for −50 mV, 0.61 
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± 0.02 for −70 mV, and 0.48 ± 0.02 for −90 mV. Thus, the relative blockade reduces with 
increasing bias for an individual molecule, indicating that the peptide is stretched further 
with each voltage step. As shown in the traces of Figure 3.6b, a trapped peptide can also 
be continuously stretched (top trace), or it can be first stretched and then compressed (bot-
tom trace). Importantly, we observed well-defined, reproducible levels of blockade currents 
regardless of the direction of the voltage ramp.

Figure 3.5. Effect of transmembrane bias on relative current blockade. (a) Representative microscopic 
configuration observed at the end of an MD simulation in which a bipolar peptide was captured and trapped 
by a transmembrane bias. The amino acids of the bipolar peptide are colored according to their charge: 
negative, positive, and neutral residues are shown in red, blue, and green, respectively. The constriction 
region of FraC is marked by horizontal dashed lines corresponding to the average z coordinate of the eight 
Ala5 and eight Leu23 residues. (b) Relative blockade current, Ib/I0, vs dwell time for bipolar peptides trapped 
within the FraC nanopore at several biases. (c) Average blockade current experimentally measured upon 
trapping of the bipolar peptides within the FraC nanopore as a function of transmembrane bias. Inset images 
illustrates the proposed voltage-induced stretching of the peptide trapped within the nanopore. (d) Average 
flux of water molecules through FraC nanopore blocked by the peptide gate. Data shown in different colors 
correspond to two independent simulations differing by the initial conformations of the bipolar peptides. 
(e) Average blockade currents measured from MD simulations of trapped bipolar peptides as a function of 
transmembrane bias. Data shown in black and green correspond to two independent simulations of the 
blockade currents differing by the initial conformations of the bipolar peptides. (f) The relation between 
peptide stretching and blockade current. Blue bars (left axis) show the simulated relative blockade, whereas 
orange bars (right axis) show the peptide density within the FraC constriction.

To verify the correspondence between current modulations observed at the single-molecule 
level and those measured previously from the ensemble measurements at constant bias 
conditions, we plot in Figure 3.6c the histograms of the relative blockade currents obtained 
for the two types of experiments. The peaks of the relative blockade current are seen to 
occur at the same values at the same voltage bias in both single-molecule and ensemble 

cis

A

f )

60

-20

40

20

0

Z 
co

or
di

na
te

 (A
)

b) c)a)

-

-
-
-

d)

Voltage (mV)
-50 -100 -150 -200 -250 -300

Restarting from -1.2 V
Restarting from 0 V

Cu
rr

en
t (

pA
)

00

-100

-200

-400

-500

-300

e)

-600

-20 -40 -60 -80 -100 -120

-40

-80

-120

-160

0

Cu
rr

en
t (

pA
)

Voltage (mV)

!

!"#

$

$"#

%

%"#

-250
Voltage (mV)

-100

Restarting from -1.2 V
Restarting from 0 V

-50

2.0

1.5

1.0

0.5

0

A5

L23

W
at

er
 �

ux
 (m

ol
ec

ul
es

/n
s)

Dwell time (ms)

Re
la

tiv
e 

bl
oc

ka
de

0.2

0.4

0

0.6

0.8

1.0

2.8 nm

1.0

0.8

0.6

0.4

0.2

0
-50 -100 -250

Voltage (mV)

Re
la

tiv
e 

bl
oc

ka
de

 2.0

 1.0

 4.0

 0.0

Re
si

du
e 

de
ns

ity
 (1

/n
m

) 5.0

 3.0



50

CHAPTER 3

  3

measurements. Altogether, our results prove that our electromechanical gate can be used to 
modulate pore conductivity both dynamically and at a true single-molecule level.

Figure 3.6. Electro-mechanical modulation of FraC conductance. (a) Schematic of the single-peptide capture 
and stretching. Level 1 represents the open pore current. Level 2 represents the peptide captured at low 
voltages (−30 mV). Levels 3, 4, and 5 represent peptide stretching at −50, −70, and −90 mV consecutively. 
(b) Current trace corresponding to the capture and stretching of a single peptide. The very first part of the 
recording shows capture of the FraC nanopore. (c) Current traces of individual peptides being stretched 
(top) or stretched and consequently compressed (bottom). (d) Example histogram of the current values 
corresponding to stretching a single peptide within FraC nanopore by −50, −70, and −90 mV voltages (top). 
Histogram of current blockade values obtained from multiple measurements of multiple peptides, each 
carried out at one of the following fixed value of the applied voltage: −50, −70, and −90 mV (bottom).
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3.3 Conclusions

In this work, we combined ionic current measurements with MD simulations to demon-
strate a mechanism for the modulation of a membrane channel conductance: electrome-
chanical stretching of a removable gate. Our gate was a peptide containing a fragment of 
10 negative amino acids at the N-terminus and 10 positive amino acids at the C-terminus. 
Subject to opposing electrophoretic forces pulling both ends of the peptide in different 
directions, the peptide is transiently stalled in the nanopore for a time interval that greatly 
exceeds typical peptide translocation time and can reach seconds. The magnitude of the 
ionic current flowing through the nanopore blocked by the removable gate was found 
to increase superlinearly with the magnitude of the applied bias. Our simulations deter-
mined such a peculiar conductance modulation to originate from differential stretching of 
the peptide under applied biases. The peptide can therefore act as a gate that modulates 
the pore conductance in a voltage-dependent manner. Additionally, true single-molecule 
experiments were performed, where an individual peptide was stalled within the pore and 
voltage steps were applied to gradually stretch and compress the peptide, yielding relative 
blockades that matched those obtained in ensemble measurements involving several hun-
dreds of peptides.

This mechanism of channel conductance modulation could be used for several applica-
tions. For example, ion channel blockers or modulators are often used to control ion trans-
port through channels for therapeutic purposes in diseases such as multiple sclerosis or 
epilepsy. A peptide gate could be modified with a recognition amino acid sequence to 
target a specific family of channels for therapeutic purposes. Additionally, this system could 
work as an interface between gene expression and ionic current, where the expression (and 
translation) of gate peptides affects membrane potential, which may be useful for creation 
of regulatory circuits in synthetic biology and for a realization of natural computing.(56) 
The properties of the gate can obviously be fine-tuned by changing the peptide sequence. 
Different peptide sequences would result in different elastic response and baseline cur-
rent, potentially fulfilling any range. The initial hairpin conformation of the peptide can be 
exploited, such that a threshold bias is necessary for hairpin rupture. Finally, the long obser-
vation times offered by the dipolar peptide constructs may allow for extended examination 
of the central region of the peptide, which could be used for the analysis of amino acids and 
their post-translational modifications.
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3.4 Methods

3.4.1 General MD Methods

All simulations were performed using the classical MD package NAMD,(57) periodic bound-
ary conditions, and a 2 fs integration time step. The CHARMM36 force field(58) was used 
to describe proteins, dioctadecatrienoylphosphatidylcholine (DPhPC) phospholipids, TIP3P 
water, and ions along with the CUFIX corrections applied to improve the description of 
charge–charge interactions.(59) RATTLE(60) and SETTLE(61) algorithms were applied to cova-
lent bonds that involved hydrogen atoms in protein and water molecules, respectively. The 
particle mesh Ewald (PME)(62) algorithm was adopted to evaluate the long-range electrostat-
ic interaction over a 1 Å-spaced grid. van der Waals interactions were evaluated using a 
smooth 10–12 Å cutoff. Langevin dynamics were used to maintain the temperature at 295 
K. Multiple time stepping was used to calculate local interactions every time step and full 
electrostatics every three time steps. The Nose-Hoover Langevin piston pressure control(63) 
was used to maintain the pressure of the system at 1 atm by adjusting the system’s dimen-
sion. Langevin thermostat(64) was applied to all the heavy atoms of the system with a damp-
ing coefficient of 0.1 ps–1 to maintain the system temperature at 295 K.

3.4.2 MD Simulations of FraC Nanopores and Peptides

An all-atom model of the FraC protein was constructed starting from its crystallographic 
structure, Protein Data Bank entry 4TSY(37) taking into account the crystallographic symme-
try of the structure. Atoms missing in the crystallographic structure were added using the 
psfgen tool of VMD.(65) The structure was then aligned to be coaxial with the z axis of our 
coordinate system. The protein was embedded in a pre-equilibrated 16 nm × 16 nm patch 
of dioctadecatrienoylphosphatidylcholine (DPhPC) bilayer. The lipid bilayer membrane was 
aligned with the x–y plane and shifted along the z axis to have the Trp112 residues of the 
protein located within the same plane as the head groups of the nearest lipid leaflet. Lipid 
and water molecules that overlapped with the protein were removed. One molar solution 
of NaCl was added on both sides of the membrane using the solvate and autoionize plugins 
of VMD, respectively, producing an electrically neutral system of 357 243 atoms. Following 
assembly, the system was minimized in 1200 steps using the conjugate gradient method 
and then equilibrated for 80 ns at a constant number of atoms, pressure, and temperature 
(NPT) ensemble performed while keeping the ratio of the system’s size along the x and y 
axes constant. During the initial stage of equilibration, all alpha-carbon atoms of the protein 
were restrained to their initial coordinates using harmonic potentials; the spring constant 
(kSPRING) of the potentials was set to 1.0 kcal mol–1 Å–2 for the first 30 ns and then 
decreased to 0.8, 0.5, and 0.1 kcal mol–1 Å–2 in 5 ns steps, following which the system 
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was equilibrated in the absence of any restraints for 35 ns. All subsequent simulations of 
the FraC protein under the applied electric field were performed using the protein structure 
obtained at the end of last stage of the restrained (kSPRING = 0.1 kcal mol–1 Å–2) equili-
bration.

The simulations under a transmembrane bias were performed in a constant number of 
particle, volume, and temperature (NVT) ensemble, restraining the protein’s alpha-carbon 
coordinates (kSPRING = 0.1 kcal mol–1 Å–2) to the crystallographic values. For the NVT 
simulations, the system’s dimensions were set to the average dimensions observed within 
the last 5 ns of the restrained NPT equilibration. An external electric field, E = −V*LZ, was 
applied along the z axis (normal to the membrane) to produce a transmembrane bias V, 
where LZ is the dimension of the simulated system in the direction of the applied electric 
field.(40,66)
The all-atom structure of the bipolar peptide was obtained by extracting a relatively straight 
30-residue fragment from the FraC structure (reside 4 to 34) and mutating the amino acid 
sequence of the fragment to EEEEEEEEEECGSGSGSKGSRRRRRRRRRR using the psfgen tool. 
The peptide was solvated in a 7 nm × 7 nm × 6.5 nm volume of 1 M NaCl (28 862 atoms) 
and equilibration for 50 ns in the NPT ensemble. A pair of microscopic conformations of the 
bipolar peptide (stretched and hairpin) were obtained from this MD trajectory by extracting 
the protein coordinates at 1.6 and 50 ns, respectively. The structure of the truncated peptide 
was obtained by truncating ten terminal glutamate residues from the stretched structure. 
Each peptide was placed at the cis entrance of the FraC protein, having the CoM of the 
terminal arginine residue located 15 Å above (toward the cis side) of the CoM of the FraC’s 
transmembrane part (defined as residues 4 to 29). Lipid and 1 M NaCl solution were added 
following the same protocols as above. Each system was minimized 1200 steps and then 
equilibrated under constant ratio NPT ensemble for 4.8 ns, having all alpha-carbon atoms 
of the protein and the peptide restrained to their initial coordinates (kSPRING = 0.1 kcal 
mol–1 Å–2). After equilibration, the systems were simulated under applied electric field in 
the NVT ensemble following the same protocol as described above.

3.4.3 Ion Current Calculation

Prior to ionic current calculations, frames from the MD trajectory were aligned using pro-
tein coordinates to correct for the drift in the x–y plane and lipid bilayer coordinates to 
correct for the drift along the z axis. The ionic current was calculated as:
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where δzj(t) is the displacement of ion j along the z direction during the time interval δt = 
4.8 ps and qj is the charge of ion j. To minimize the effect of thermal noise, the current was 
calculated within an lz = 48 Å thickness slab centered at the midplane of the lipid bilayer 
membrane (the slab spanned the entire simulation system in the x–y plane).

3.4.4 Calculation of Electrostatic Potential

To visualize the electrostatic potential in our systems, we averaged the instantaneous dis-
tributions of the electrostatic potential over the MD trajectory using a previously described 
method,(40) implemented in the PMEpot plugin of VMD. Each atom of the system was 
approximated by a spherical Gaussian:

where β was the Gaussians’ width. The instantaneous distribution of the electrostatic poten-
tial corresponding to the instantaneous charge configuration was obtained by solving the 
Poisson equation:

To obtain the average distribution of the potential in a given MD simulation, instantaneous 
distributions of the potential were averaged over the entire MD trajectory. The three-dimen-
sional (3D) electrostatic potential maps were obtained by averaging the last 48 ns fragments 
of MD trajectories; β = 0.1 A–1 was used for these calculations. One-dimensional profiles 
of the electrostatic potential through the nanopores were obtained by taking values from 
the 3D profiles along the z coordinate, which is also the nanopore axis in our coordinate 
system.

3.4.5 Calculations of Residue Density

The residue density of the peptides confined to the FraC constriction region was computed 
as the ratio of the number of peptide residues located within the FraC constriction to the 
height of the constriction, 2.8 nm. The constriction region was defined by the average z 
coordinate of residues Ala5 and Leu23. The number of peptide residues within the con-
striction was determined as the ratio of the number of peptide backbone atoms within the 
constriction to the number of backbone atoms in one peptide residue. The peptide density 
was averaged over the last 72 ns of the respective MD trajectory.
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3.4.6 Peptide Design and Synthesis

The peptides used in this work were a peptide with sequence EEEEEEEEEECGSGSGSKGSR-
RRRRRRRRR (high performance liquid chromatography, HPLC, purity of 95.8% and molec-
ular weight, MW, of 3678.9 Da) and the truncated peptide with sequence SGSGCGSKGS-
RRRRRRRRRR (HPLC purity of 99.1% and MW of 2387 Da). Peptides were synthesized 
by Biomatik Corporation (Cambridge, CA). The synthesis was performed using standard 
solid-phase methods and the peptides were further purified using reverse-phase HPLC and 
analyzed by mass spectrometry (Biomatik). Peptides were kept lyophilized or, when neces-
sary, aliquoted to a final concentration of 10 mg/mL at −20 °C.

3.4.7 FraC Expression and Purification

WT FraC was expressed and purified as described before.(38,39) E. cloni EXPRESS 
BL21(DE3) cells were transformed with the pT7-SC1 plasmid, containing the FraC gene 
with an N-terminus His6-tag. Transformed cells were moved into 200 ml fresh 2-YT media 
with 100 mg/L ampicillin. The cell culture was grown at 37 °C with shaking at 220 rpm until 
it reached an optical density of 0.8 at 600 nm. A total of 0.5 mM IPTG was added to the 
culture to induced FraC expression, after which the growth was continued overnight at 25 
°C. Cells were harvested by centrifugation at 2000g for 30 min, and the pellets were stored 
at −80 °C. The pellets (derived from 50 to 100 mL of bacterial culture) were thawed and 
resuspended in lysis buffer containing 15 mM Tris base at pH 7.5, 1 mM MgCl2, 4 M urea, 
0.2 mg/mL lysozyme, and 0.05 units per milliliter of DNase. The culture was sonicated to 
fully disrupt the cells, and the crude lysate was then centrifuged at 5400g for 20 min at 
4 °C. The supernatant solution was mixed with 100 μL of NiNTA slurry (Qiagen) at room 
temperature for 1 h with gentle mixing. The mixture was spun down at 2000g for 5 min at 
4 °C. The pellet containing the resin and the protein that was bound were transferred to a 
spin column (BioRad). The beads were washed once and eluted with 300 mM imidazole. 
Protein concentration was estimated using NanoDrop. The monomers were stored at 4 °C 
until oligomerized.

Sphingomyelin and DPhPC (Avanti Polar Lipids) were mixed in a 1:1 ratio and dissolved in 
4 mL of pentane (Sigma-Aldrich) with 0.5% ethanol. The mixture was placed in a rounded 
flask and rotated slowly to evaporate the solvent and allow the lipid film to deposit in the 
walls of the flask. The lipid film was resuspended using a sonicator bath in a buffer contain-
ing 150 mM NaCl and 15 mM Tris-HCl (pH 7.5) to a final lipid concentration of 10 mg/mL. 
The liposomes were stored at −20 °C.

Monomeric FraC was mixed with the liposomes in a lipid-to-protein ratio of 10:1. The 
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mixture was briefly sonicated and incubated for 30 min at 37 °C. The proteo-liposomes 
were solubilized with 0.6% LDAO and then diluted 20 times with buffer containing DDM 
(150 mM NaCl, 15 mM Tris base, pH 7.5, 0.02% DDM). A second round of purification was 
performed using Ni-NTA beads. Ni-NTA slurry was incubated with the protein/lipid mixture 
for 1 h with gentle shaking. Afterward, the mixture was loaded into a spin column, washed, 
and eluted using 200 mM EDTA, 75 mM NaCl, 7.5 mM Tris base, pH 8, 0.02% DDM. Oligo-
mers were kept at 4 °C for several months.

3.4.8 Electrical Recording in Planar Lipid Membranes

Electrical recording was performed using planar lipid membranes (BLMs) as has been 
described before.(67,68) Briefly, a 25 μm thick Teflon film (Goodfellow Corporation) con-
taining an orifice of approximately 70 um separates the cis and trans compartments. To form 
the membranes, 10 μL of 5% hexadecane in pentane is added to the Teflon film, and the 
pentane is allowed to evaporate. The reservoirs are filled with buffer and 10 μL of 10 mg/
mL DPhPC in pentane. Membranes were spontaneously formed using the Montal–Mueller 
method. Ag/AgCl electrodes are placed in each compartment, with the ground electrode 
in the cis side. WT FraC oligomers are added to the cis side of the chamber. Upon pore 
insertion, the pore is characterized by measuring traces at different voltages and taking an 
I–V curve. For the single-channel conductance measurements, nanopores were measured 
at 0, −50, and 50 mV. The substrate was added to the cis side of the chamber and measured 
at multiple voltages.

3.4.9 Single-Peptide Stretching and Compressing Experiments

For the single-peptide stretching experiments, a protocol that generates steps at different 
voltages was created using the pCLAMP software from molecular devices. A pair of main 
modalities were recorded. The first one is a stretching protocol in which the voltage starts 
at 0 mV, decreases to −30 mV for 500 ms for peptide capture, and sequentially decreases 
to −50, −70, and −90 mV for 5 ms at each voltage. The second protocol was a stretching 
and compressing protocol in which the voltage starts at 0 mV, decreases to −30 mV for 500 
ms, and then is sequentially decreased down to −70 mV and increased again to −30 mV in 
steps of 10 mV for 5 ms in each step. For the experiments, peptide was added to the cis side 
of the chamber, and both voltage protocols were applied and recorded.

3.4.10 Data Acquisition and Analysis

Nanopore recordings were collected using a patch-clamp amplifier (Axopatch 200B, 
Molecular Devices) at a filtering frequency of 100 kHz. The data were digitized using a 
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Digidata 1550B (Molecular Devices) at a sampling frequency of 500 kHz. The signal was 
low-pass filtered at 5 kHz and processed using the Clampfit software, a Matlab script, and 
the software package Transalyzer.(69)

3.5 Supplementary information

Supplementary Figure S3.1: Stability of a FraC nanopore in all-atom MD simulation. The root mean squared 
deviation (RMSD) of FraC’s alpha carbon atoms from their crystallographiccoordinates over the course of the 
equilibration trajectory. For the first 45 ns, the alpha-carbon atoms were restrained to their crystallographic 
coordinates using harmonic springs of the following magnitude: 1 (k1), 0.8 (k2), 0.5 (k3), and 0.1 (k4) kcal/
(mol Å2). The last 35 ns were performed in the absence of any restraints. RMSD values of less than 4 Å 
generally signify a stable structure. To reduce uncertainty of ionic current determination associated with 
fluctuations of the protein structure, all subsequent simulations were performed using the structure obtained 
at the end of the last restrained simulation (k4), maintaining the same restraints.
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Supplementary Figure S3.2: Simulated profiles of the electric potential (top) and of the Na+ and Cl- 
concentrations (bottom) along the central axis of the FraC nanopore at a +100 mV bias. The data were 
obtained by averaging instantaneous configurations over a 48 ns MD trajectory. Approximate locations of the 
charged residues of the FraC nanopore are indicated at the middle horizontal axis.

Supplementary Figure S3.3: Characterization of peptide trapping experiments. (a) Event rate versus peptide 
concentration. The event rate increases linearly with peptide concentration indicating a simple bimolecular 
interaction between the peptide and the pore. (b) Dwell time versus peptide concentration. Dwell time 
remains constant at different peptide concentrations. (c) Event rate versus voltage magnitude. The event rate 
increases linearly with applied voltage, as expected.
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Supplementary Figure S3.4: MD simulation of peptide gate stretching by transmembrane voltage. (a) 
Representative configuration of the simulation system featuring a bipolar peptide that is lodged in the 
constriction of FraC. The amino acids of the bipolar peptide are colored according to their charge: negative, 
positive and neutral residues are shown in red, blue and green, respectively. (b) Center of mass coordinate 
of the “CGSGSGSKGS” segment (central part) of peptide versus simulation time under different biases 
condition. The z coordinate is defined in panel a. Using the conformation of the peptide observed in the 
second half of the peptide capture simulations under a -1.2V bias (Fig. 3.4 of the main text shows the first 
20 ns of the 80 ns trajectory), four simulations were performed under voltage bias of -250 (blue), -100 (red), 
-50 (green), and 0 (orange) mV for approximately 120 ns each. The final state of the 0 V trajectory was 
used to initiate three additional simulations under -250 (blue), -100 (red), and -50 (green) mV, each lasting 
approximately 150 ns. There two sets of simulations were used determine the dependence of the water flux 
and ionic current on the degree of peptide stretching, main text Figure 3.5d-e.

Supplementary Figure S3.5: Simulated current-voltage dependence of the FraC nanopore containing a fixed-
conformation gate threaded through the FraC constriction. The gate conformation was taken from the last 
frame of the gate peptide capture simulation under -1.2 V. Each data point was obtained from a 50 ns MD 
trajectory.
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4
Resolving modifications in single amino 

acids using the FraC nanopore

Unlike DNA sequencing, which is currently inexpensive and fast to run, protein sequenc-
ing remains a tremendous challenge. Nanopores have emerged as attractive tools for 

the development of a protein sequencer with single-molecule detection capabilities. The 
identification of 20 different amino acids, however, presents a daunting technical chal-
lenge. Simplified fingerprinting schemes, in which only a subset of amino acids is labelled 
and detected, is a more feasible approach. Nanopore protein fingerprinting requires the 
modification of amino acids with chemical structures that generate a distinct signal in the 
ionic current. Here we explore the feasibility of resolving chemical tags located on a spe-
cific amino acid within a protein chain. We use a model peptide and a Fragaceatoxin C 
(FraC) nanopore to characterize different chemical modifications. We show that sensitive 
and reproducible detection can be obtained for labels with a spectrum of different phys-
icochemical properties such as mass, geometry, charges, and hydrophobicity. We further 
demonstrate that information about the position of the label along the peptide chain can 
be extracted from individual current-blockade event features. Our findings provide insights 
into the effects of different chemical labels on nanopore ionic current signals, which is 
important for protein sensing and fingerprinting. 

This chapter is in preparation for publication as: Laura Restrepo-Pérez, Gang Huang, Peggy Bohlaender, 
Nathalie Worp, Rienk Eelkema, Giovanni Maglia, Chirlmin Joo *, Cees Dekker*. Resolving modifications in 
single amino acids using a biological nanopore. 
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4.1 Introduction

DNA, RNA, proteins, and metabolites form a complex network of interactions that deter-
mines the phenotype of cells1,2. To obtain a broad understanding of a biological system, 
we need a comprehensive approach that integrates genomics, transcriptomics, proteomics, 
and metabolomics3–7. Recent technological developments have mostly focused on the study 
of genomes, making DNA sequencing fast, cheap, and ubiquitous8,9. The study of other 
-omics, especially proteomics, however, still remains costly and time-consuming10–12. 
     
One of the main challenges in proteomics is the lack of sensitive techniques that allow for 
detection of proteins present in low abundance. As, unlike for DNA, there is no biochem-
ical method to amplify proteins present in a sample13,14. Single-molecule techniques offer 
ultimate sensitivity and hold great promise for single-cell protein analysis15. Nanopores, 
in particular, have demonstrated to be ultrasensitive biosensors16, capable of successfully 
sequencing biopolymers such as DNA17,18. 

In a nanopore sensor, an insulating membrane made of a lipid bilayer or a solid-state mem-
brane separates two compartments filled with an electrolyte. A nanometer-sized pore is 
made within the membrane, by inserting a single protein-pore into a lipid bilayer or drilling 
a pore in a solid-state membrane using TEM. When a voltage is applied across the mem-
brane, an ionic current flows through the nanometer-sized aperture. Molecules passing or 
translocating through the pore modulate the ionic current, which provides the basic sensor 
signal. 

For DNA translocation, fine changes within the current blockade signal were found to 
correlate to the sequence of the DNA passing through the pore19,20 – opening up the way 
to DNA sequencing at the single-molecule level. In principle, the same mechanism can be 
applied for protein sequencing, but there are multiple challenges. While DNA is comprised 
of only 4 different bases, proteins contain 20 different amino acids, presenting protein 
sequencing with a significant technical hurdle. In recent years, the groups of Joo and Mar-
cotte proposed an alternative simpler idea, namely, protein fingerprinting, in which proteins 
can be identified if a subset of amino acids is labelled and read21,22. Joo and colleagues 
proposed protein identification through detection of the sequence of cysteines and lysines 
along the peptide chain. The lysine and cysteine sequence is then compared to a protein 
database for protein identification21. Nanopores offer an attractive technique for the imple-
mentation of protein fingerprinting, thanks to their high sensitivity and time resolution. For 
such a nanopore protein fingerprinting method, cysteines, lysines, or other amino acids 
should be modified with labels that can produce a distinct modulation in the current while 
the linearized protein traverses the nanopore. The identification of such chemical modifica-
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tions has not been addressed before using nanopores.

Here, we study the detection of six potential sequencing tags on a model peptide, as mea-
sured with the FraC nanopore23,24. We attach different chemical groups to a single cysteine 
in the central part of the peptide and measure their effect on the nanopore signals. We 
show that labels as small as 427 Da can be clearly and reproducibly detected. Information 
about the position of the label can be extracted from the individual event characteristics. 
The relative blockade current correlates with label properties such as geometry and molec-
ular weight, and the translocation time is found to be proportional to the measured tag 
hydrophobicity. The results represent an important advance towards the development of a 
single-molecule protein-fingerprinting device with nanopores. Besides protein fingerprint-
ing, the identification of amino acid modifications has other important applications as, for 
example, post-translational modifications (PTMs) could also be detected. 

4.2 Results

4.2.1 Distinguishing labelled and unlabelled peptides using a FraC nanopore

Nanopore protein fingerprinting requires the electrical detection of chemical modifications 
on specific amino acids. We sought to characterize the blockade levels produced by differ-
ent chemical labels in a well-defined manner. In order to avoid bandwidth-related distor-
tions of the signal, we designed a method to obtain long translocation times. We used a 30 
amino acid long peptide, containing 10 glutamates at the N-terminus, and 10 arginines at 
the C-terminus, which at neutral pH features a strongly negatively charged N-terminus and 
a strongly positively charged C-terminus. Upon applying a negative bias to the trans side of 
the nanopore set-up (Figure 4.1), the peptide is dragged into the nanopore with its positive 
end entering first. When the negative region subsequently enters the pore, the electropho-
retic force pulls the negatively charged end of the peptide in the opposite direction, thus 
stretching the peptide and stalling the molecule at the point where the forces in both direc-
tions equilibrate. The “tug-of-war” created thus allows for long observation times where the 
centre part of the peptide is probed in the pore constriction 25. A similar peptide was pre-
viously used by Asandei et al. to study the effect of pH in peptide-nanopore interactions26.

Figure 4.1 illustrates the typical nanopore experiments. All our experiments were performed 
using buffer containing 1M NaCl, 10mM TRIS, and 1mM EDTA at pH 7.5. We use a wild-
type FraC nanopore, and the peptide described above as our substrate. Our model peptide 
is added to the cis compartment at concentrations between 0.1 μM and 0.5 μM. Negative 
voltages are applied to the trans compartment for all our measurements to avoid gating that 
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is observed in FraC under positive bias. The measurements presented here are performed 
under a voltage bias of -90mV, unless stated otherwise. 

Well-defined translocation events are consistently observed when the peptide is present in 
the cis compartment (Figure 4.1a and Figure S4.1). Notably, the relative current blockade 
is well reproducible from pore to pore with an average relative blockade of 0.47 ± 0.03 pA 
at -90mV, as measured in three independent experiments. The relative blockade is defined 
as the ratio between the current blockade (ΔI= IOpenPore - IBlockade) and the open pore current 
(IOpenPore). Long translocation times of 4.2 ± 0.6 ms are observed at -90mV. The translocation 
time is observed to decrease with increasing bias (Figure S4.1), indicating that the peptide 
exits the pore to the trans side of the chamber27,28. A detailed characterization of the translo-
cation behaviour of this model peptide through a FraC nanopore can be found elsewhere25.

To probe the effect of an added chemical label to the peptide, we first used maleimide 
chemistry to label the cysteine in position C11, i.e. near the N-terminus, with a fluorescein 
dye, (Figure 4.1b). Fluorescein maleimide is a small molecule of molecular weight 427 Da. 
Our labelled peptides were HPLC-purified and the labelling verified using mass spectrom-
etry (MALDI-TOF) (Figure S4.2). We find that our samples are nearly 100% labelled. We 
performed measurements of the unlabelled and the fluorescein-labelled peptide as shown 
in Figure 4.1. 

We find that the current levels from the unlabelled and labelled peptides are clearly sep-
arated (Figure 4.1a, 4.1b). The unlabelled peptide produced a relative blockade of 0.47 ± 
0.01 while the labelled peptide produced a relative blockade of 0.57 ± 0.01. The values 
presented here correspond to the mean and standard deviation derived from a Gaussian 
fit of the relative blockade histograms. The increase in the relative blockade upon labelling 
is expected due to the additional volume provided by the presence of the fluorescein tag. 
Additionally, control experiments, using a mixture of labelled and unlabelled peptides were 
performed, confirming the presence of two populations with blockade levels of 0.46 ± 0.01 
and 0.56 ± 0.01, very close to the values obtained from the independent measurements 
(Figure 4.1c). We conclude that the fluorescein-labelled peptides can be readily distin-
guished from their unlabelled counterpart. The difference in the blockade levels is so clear 
and reproducible that, while nanopore data typically rely on data comparison in stochastic 
scatter plots of hundreds of events, we can distinguish labelled from unlabelled molecules 
one by one from their current levels in individual events (Figure 4.1a-b).

4.2.2 Identifying the most sensitive region of the model peptide in the FraC pore

We observed events with a sizeable (>1 ms) translocation time. This indicates that the pep
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Figure 4.1: Analysis of labelled and unlabelled peptides with FraC. From top to bottom: Schematic 
representation, typical events, and scatter plot of relative blockade vs. dwell time of the unlabelled model 
peptide (a), and for the fluorescein-labelled model peptide (b) through a FraC nanopore. (c) Scatter plot of 
relative blockade vs. dwell time (left) and relative blockade histogram (right) of a mixture containing labelled 
and unlabelled peptide. All measurements were done using a buffer containing 1M NaCl, 10mM Tris and 
1mM EDTA at pH 7.5. The peptides were added to the cis compartment, and recordings were performed at a 
bias of - 90mV. Data was recorded at a sampling frequency of 500kHz and further low-pass filtered at 10kHz. 
FraC is shown as a surface representation from the PDB structure 4TSY.
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tide is, as designed, stalled in the pore at the point where the forces pulling in both direc-
tions are equal. Our previous experiments and simulations confirmed the mechanism of 
such peptide stalling in the FraC nanopore25. During this stalling, a particular region of 
the peptide will stay closest to the pore constriction at the applied voltage of -90mV. This 
portion of the peptide represents the most sensitive sensing region of our peptide-nanopore 
system, and its identification is therefore important for fingerprinting. Hence, we tested 
three different variants of our model peptide in which the cysteine is placed at different 
positions along the central part of the peptide, namely, at position 11, 15, or 20 from the 
N-terminus (Figure 4.2). Notice that a similar approach was used in the early days of DNA 
sequencing, where a DNA homopolymer was trapped in the alpha-hemolysin nanopore, 
and single bases were changed sequentially at different positions to find the region closest 
to the pore constriction19.

The three different peptide variants were labelled with fluorescein maleimide, HPLC-pu-
rified, and mass spectrometry-verified as shown in Figure S4.2. The three samples were 
measured in FraC as shown in Figure 4.2. The relative blockade observed for an unlabelled 
peptide is displayed in Figure 2a as a reference (derived from the scatter plots presented in 
Figure 4.1a). The unlabelled peptide produced relative current blockades of 0.47 ± 0.01, 
while a larger relative blockade of 0.57 ± 0.01 was observed for the peptide labelled with 
fluorescein in position C11, as discussed in the previous section. In this case a consistent 
increase in the relative blockade can be detected with a well-defined current blockade lev-
el as observed in Figure 4.2b. With the peptide labelled with fluorescein in position C15, 
in contrast, current fluctuations are observed and events often contained a lower current 
level in the last fraction of the event (Figure 4.2c). As a consequence, a broad population 
is observed in the relative blockade histogram with a mean of 0.54 and a larger standard 
deviation of 0.05. Finally, when the label is placed in position C20 we observe a blockade 
level of 0.48 ± 0.02, i.e., there is virtually no increase in the relative blockade compared to 
the unlabelled peptide and we merely observe a tail on the right hand side of the histogram. 
Most interestingly, while the current level of the event corresponds to that one of the unla-
belled peptide for most of the event duration, a dip in the current is observed at the start of 
most of these events (81%) (Figure 4.2d).  

The results suggest that when the label is placed at position C11, it remains in the proximity 
of the pore constriction during the entire duration of the event. As a consequence a well-de-
fined increase in the blockade is observed. On the other hand, when the label is placed in 
position C15, fluctuations in the current level are observed, indicating that the label resides 
in the proximity of the pore constriction only for a fraction of the time of the event duration. 
Finally when the label is placed in position C20, it resides far from the nanopore constric-
tion for most part of the event and is only temporarily observed at the beginning of the event 
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as the label moves fast through the nanopore. From the results for these three positions that 
were tested, we conclude that the label remains the closest to the nanopore constriction 
when it is placed in position C11, and hence this is the most sensitive region in our model 
peptide in the FraC system. Moreover, the results suggest that both the relative blockade and 
individual event characteristics can be used to extract information on the position of the 
label in such a peptide system.

Figure 4.2: Peptide labelled at different positions through FraC. From left to right: Schematics, current 
traces, and relative blockade histograms for unlabelled peptide (a), and for fluorescein-labelled peptide at 
positions C11 (b), C15 (c), and C20 (d). All labelled peptide samples were HPLC purified and verified using 
mass spectrometry. Measurements were done in a buffer containing 1M NaCl, 10mM Tris and 1mM EDTA at 
pH 7.5. Peptides were added to the cis compartment and measured at – 90mV.

4.2.3 Exploring diverse labels using the peptide-FraC system

Protein fingerprinting requires multiple different chemical tags. We proceeded to label the 
peptide in position C11 with a variety of labels as shown in Figure 4.3a. In ascending order 
according to their molecular weight, six labels studied were fluorescein (427 Da), Texas 
Red (728 Da), PEG11-biotin (922 Da), His6 (992 Da), Alexa633 (1089 Da), and 3polyA 
(1275 Da). We note that these are relatively large tags, 2-7 times larger than the largest 
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amino acid (tryptophan, 204 Da), with different physicochemical properties. Fluorescein, 
Texas Red and Alexa633 are fluorescent dyes. Their hydrophobic nature potentially allows 
specific binding modes to the pore, but might promote protein aggregation and reduce pro-
tein solubility in a fingerprinting approach, in which a protein should be labelled at every 
5-10 amino acids. The hydrophilic tags 3polyA, His6, and PEG11-biotin were also tested. 
3polyA is a small oligonucleotide containing 3 adenine bases and a maleimide coupling 
group at the 5’-end. Due to the three phosphate groups, this tag has a net negative charge. 
His6 is a stretch of 6 histidines containing a maleimide moiety. At the pH of our measure-
ments (pH 7.5), and taking into consideration that the pKa of histidine has been reported 
to be higher than 6.5 when in a his tag, this tag is essentially neutral. By lowering the pH 
to values closer to the pKa of histidine the number of charges of this tag can be modified. 
Lastly, the PEG11-biotin structure, comprised of 11 PEG units, was tested. PEG is known to 
bind positive ions such as K+ and Na+. It has been established that approximately 8 PEG 
units are necessary to encompass a Na+ ion, and therefore the PEG11 biotin is likely to 
have a single positive charge29,30. 

Figure 4.3b shows the six relative blockade histograms observed for peptides labelled with 
each of the six tags mentioned above. Example event traces of each of the labels can be 
found in Figure S4.3. In each of these measurements, labelled and unlabelled peptides were 
measured as a mixture, where the unlabelled peptide was acting as a reference. Hence, two 
peaks can be observed in each of the histograms. The first peak near 0.45-0.50 corresponds 
to the unlabelled peptide, and the second peak, near 0.56-0.66 corresponds to the labelled 
peptide with each of the tags. We calculated the change in relative blockade caused by 
each label by calculating the difference in relative blockade between the labelled and unla-
belled peptide. The result is shown in Figure 4.4a. Based on the change in relative blockade, 
the tags can be categorized into two groups: Texas Red, Alexa633 and 3polyA causing a 
large change in relative blockade of 0.17-0.19; fluorescein, His6 and Peg11-biotin causing 
a smaller change of 0.10-0.11 (Figure 4.4b). We also attempted to measure the free tags in 
solution, but for most of them, no conclusive results could be obtained, probably because 
translocation of these small groups occurred too fast for reliable detection.

Interestingly, the increase in relative blockade produced by a particular tag (Figure 4.4) 
does not correlate well with its molecular weight (R2 = 0.16), as shown in Figure S4.4. For 
example, while Texas Red has a lower molecular weight than PEG11-biotin (728 Da vs. 922 
Da, respectively), it generates a larger blockade. The poor correlation is potentially related 
to their different geometry. While PEG has a linear flexible structure, Texas Red is comprised 
of multiple aromatic rings packed tightly one next to another. One can imagine that a larger 
number of ions is blocked by Texas Red while sitting in the constriction as compared to the 
linear structure of PEG that most probably extends partially out of the constriction area. To 
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Figure 4.3: (a) Different chemical structures used to label the peptide at position C11. The six structures 
correspond to Texas Red (728 Da), Alexa633 (1089 Da), 3polyA (1275 Da), Fluorescein (427 Da), PEG11-
biotin (922 Da), and His6 (992 Da). (b) Histograms of the relative of blockade of unlabelled and labelled 
peptide mixtures. Two peaks can be observed in each of the histograms. The first peak corresponds to the 
unlabelled peptide and the second peak corresponds to the labelled peptide with each of the tags. These 
measurements were performed in buffer containing 1M NaCl, 10mM Tris and 1mM EDTA at pH 7.5. Peptide 
mixtures were added in the cis chamber and measured at -90mV. Data was recorded at 500kHz and low-
pass filtered with a Gaussian filter at 10kHz.
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weight of the label and S is a shape factor calculated as the ratio between the width of the 
molecule and its length. The length of the molecule is defined as the end-to-end distance of 
the molecule following the direction of the linker attached to the nitrogen of the maleim-
ide group, and the distance measured in the perpendicular axis is the width (Figure 4.4c 
insert). Figure 4.4c shows the increase in relative blockade measured for each label vs. the 
calculated P value. A fair correlation (R2 = 0.84) is observed between parameter P and the 
increase in relative blockade confirming that not only the molecular weight of the label, but 
also its geometry affects the amount of current blocked by a label.

Figure 4.4: (a) Relative blockade histogram for the mixture of unlabelled peptide and peptide labelled with 
Texas Red showing the change in relative blockade. (b) Shift in relative blockade measured for each label. 
Texas Red, Alexa633 and 3polyA cause a larger change in relative blockade. (b) Correlation between the 
change in relative blockade and parameter P which characterizes  the label’s geometry and molecular weight 
(R2 = 0.84).

Different chemical labels not only cause a measurably different increase in the relative 
blockade, but they also influence the translocation time of the peptide. See Figure 4.5, 
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where panels a and b compare the scatter plots of relative blockade vs. dwell time for the 
peptide labelled with His6 and with Alexa633. The dwell time is significantly different with 
a mean translocation time of 29 ms for Alexa633 versus 0.22 ms for His6 at a bias of -90 
mV. We observed that two main properties of the tags have an effect on the translocation 
time: charge and hydrophobicity. Charges present in the labels can act together with the 
glutamates or arginines of the peptide increasing the electrophoretic force pulling towards 
the cis or the trans opening of the pore, thus increasing or decreasing the translocation 
time respectively. Figure 4.5c shows the scatter of dwell time vs. net charge for each of the 
labels. A correlation between these two characteristics is observed with R2 = 0.70. We also 
performed control experiments with peptides containing a constant number of 10 posi-
tive charges in the C terminus, but varying number of negative charges in the N terminus 
(10, 12, or 14). As shown in Figure S4.5, the translocation dwell times increased with the 
increasing number of negative charges, as expected.

Figure 4.5: Scatter plots of the peptide labelled with (a) His6 and (b) Alexa633. Faster translocation times 
are observed in peptides labelled with His6 compared to Alexa633. (c) Plot of dwell time vs. net charge. 
The error bars represent the standard error of the fit.  A correlation (R2 = 0.70) is observed between the two 
parameters. 
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4.2.4 Moving towards a generalized protein fingerprinting scheme 

Up to now, we focused on the detection of chemical labels in a model peptide in which a 
tug-of-war mechanism stalls the central part of the peptide close to the pore constriction. 
This represents an important step towards the well-resolved characterization of different 
labels. However, in a more generalized fingerprinting scheme, the peptide will be trans-
locating at a higher speed and the label will most probably appear as a short dip in the 
current. This is indeed what we observed when we placed a label in position C20 (Figure 
4.2d, Figure 4.6a). At this position the label moved fast through the pore and was only 
observed in the first fraction of the event. As these measurements provide useful information 
for a generalized fingerprinting scheme, we proceeded to characterize these events in more 
detail. Specifically, we quantified the number of peaks in each of the events using a MAT-
LAB script. The results are shown in Figure 4.6b. From a total of 2427 events, 1978 events 
contained a clear single dip in the current. This corresponds to 81% of the events. Only 315 
events (13%) contained no distinguishable peak and 134 events showed more than one 
peak (6%). The high percentage of events containing a single peak (81%) is encouraging 
for the realization of a generalized fingerprinting scheme. The small percentage of events 
in which no peak is visible is most likely due to fast translocations of the label through the 
pore, which thus occasionally escapes detection due to the finite time resolution. If an 
enzyme or other mechanism would be used to slow down the speed of a substrate trans-
locating through the pore, this percentage will be reduced significantly. Event traces with 
more than one peak can be attributed to situations in which the label is read multiple times 
due to thermal motion of the peptide. Using a processing enzyme to control the transloca-
tion of the peptide through the pore would reduce the occurrence of these events. 

Figure 4.6: (a) Typical event observed for fluorescein-labelled peptide in position 20C. A decrease in current 
is observed in the first fraction of the event as the labelled portion of the peptide moves through the FraC pore. 
(b) Histogram of the number of peaks observed per event. Data was recorded at -90mV using a sampling 
frequency of 500kHz. Event traces were low-pass filtered at 5kHz.
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4.3 Discussion and conclusion

Using the bipolar peptide and FraC nanopore as a model system, we studied the character-
istics of different chemical labels and explored their potential for a nanopore fingerprinting 
approach. Six different labels were characterized in terms of their current blockade and 
translocation time. We observed a correlation between the translocation time of the pep-
tide-tag system and the hydrophobic nature of the tag, as measured by reversed-phase chro-
matography. We can successfully predict the current blockade generated by a particular 
label if information about the geometry and molecular weight of the label is available. Our 
study suggests that it is possible to label amino acids with multiple distinguishable labels. 

We explored different positions along the peptide sequence to find the most sensitive region 
and showed that information about the position of the dye can be derived from their rela-
tive blockade and event characteristics. Moreover, when the label is placed at the bottom 
C20 position of the peptide, a dip in the current is observed as expected in a fingerprinting 
scheme where a polypeptide sequentially translocates through the pore. Altogether, our 
results indicate that a protein fingerprinting approach in which different chemical tags are 
used to label and recognize different amino acids is feasible.

4.4 Materials and Methods

4.4.1 Peptide design and synthesis

The peptides used in this work were the model peptide C11 with sequence 
EEEEEEEEEECGSGSGSKGSRRRRRRRRRR (HPLC purity= 95.8%, MW=  3678.9 Da), 
model peptide with C15 with sequence EEEEEEEEEESGSGCGSKGSRRRRRRRRRR 
(HPLC purity= 95.1%, MW=  3678.9 Da), and model peptide with C20 with sequence 
EEEEEEEEEESGSGSGSKGCRRRRRRRRRR (HPLC purity= 95.7%, MW=  3678.9 Da). Pep-
tides were synthesized by Biomatik Corporation (Cambridge, CA). The synthesis was per-
formed using standard solid-phase methods and the peptides were further purified using 
reverse phase HPLC and analysed by mass spectrometry (Biomatik). Peptides were kept 
lyophilized or, when necessary, aliquoted to a final concentration of 10 mg/ml at -20ºC. 

4.4.2 Chemical tags containing a maleimide group

The maleimide-containing molecules used as tags were Fluorescein-5-maleimide (Ther-
mo), Texas Red C2 maleimide (Thermo), Alexa Fluor 633 C5 maleimide (Thermo), EZ-link 
maleimide-PEG11-biotin (Thermo), Histidine6 maleimide (Biomatik), 5’maleimide 3PolyA 
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(Biosynthesis). 

4.4.3 Peptide labelling and purification

Polypeptides containing a cysteine residue were labelled using maleimide chemistry. For 
labelling, the final peptide concentration was 1 mg/ml was and an excess of tag from 10:1 
was used. An exception was 3PolyA were a ratio of 2:1 was used due to the low amounts 
of tag available. Labelling proceeded at 4 ºC overnight in 1x PBS at pH 7. Labelling was 
done with degassed buffers and under nitrogen to prevent cysteine oxidation. For synthetic 
peptides, no significant difference in labelling was observed if cysteines were reduced pre-
vious to labelling, and therefore TCEP (tris(2-carboxyethyl)phosphine, Sigma Aldrich) was 
not necessary. Labelled peptides were purified using reverse phase chromatography. For 
that an Agilent 1260 Infinity HPLC system was used with a Waters CSH C18 column as the 
stationary phase and, a mobile phase consisting of a gradient of acetonitrile and water with 
0.1%TFA. Fractions were collected and analysed using MALDI-TOF (Autoflex Speed). The 
matrix consisted of 10 mg/mL alpha-Cyano-4-hydroxycinnamic acid and 0.2% TFA 

4.4.4 Electrical recording in planar lipid membranes

Electrical recording were performed using planar lipid membranes (BLMs) as described 
before32,33. Briefly, A 25 μm-thick Teflon film (Goodfellow Corporation, Pennsylvania USA) 
containing an orifice of approximately 70 μm separates the cis and trans compartments. To 
form the membranes, 10 μl of 5% hexadecane in pentane is added to the Teflon film and 
the pentane is allowed to evaporate. The reservoirs are filled with buffer and 10 μl of 10 mg/
ml DPhPC (1,2-diphytanoyl-sn-glycero-3-phosphocholine, Avanti Polar lipids) in pentane. 
Membranes were spontaneously formed using the Montal-Mueller method34. Ag/AgCl elec-
trodes are placed in each compartment, with the ground electrode in the cis side. WT FraC 
oligomers are added to the cis side of the chamber23,24. Upon pore insertion, the pore is 
characterized by measuring traces at different voltages and taking an IV curve. The substrate 
was added to the cis side of the chamber and measured at -90 mV. 

4.4.5 Data acquisition and analysis

Nanopore recording were collected using a patch-clamp amplifier (Axopatch 200B, molec-
ular devices, USA) at a filtering frequency of 100 kHz. The data was digitized using an Axon 
Digidata 1550B digitizer at a sampling frequency of 500 kHz. The signal was low-pass 
filtered at 10 kHz and processed using a Matlab script (Transalyzer)35. Event traces were 
filtered at 5kHz for display. 
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4.5 Supplementary information

Figure S4.1. Translocation of the model peptide trough a FraC pore at different voltages. (a) Average dwell 
time vs. applied bias for the unlabelled model peptide. The mean and standard deviation are calculated 
based on three independent measurements. (b) Typical current traces of the unlabelled peptide at -70mV, 
-90mV and -110mV. Measurements were done in buffer containing 1M NaCl, 10mM Tris and 1mM EDTA at 
pH 7.5. Peptide was added at the cis compartment.
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Figure S4.2. Purification and characterization of labelled peptides. (a) 220nm absorbance signal vs. retention 
time obtained for peptide labelled at position C11 during the purification using reversed-phase HPLC. The 
fraction with a retention time of 5.9 min corresponds to the labelled peptide. Fractions at times 9.4 and 10.5 
correspond to free dye. (b) MALDI-TOF spectra of the fraction corresponding to labelled peptide in position 
C11, C15, and C20. The masses correspond to the labelled peptide as shown in the schematic of panel c.
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Figure S4.3.  Example event traces of the peptide labelled in position 11 with the different tags. From top 
to bottom we presernt event traces of the peptide labelled with His6, PEG11, Texas Red, Alexa 633, and 
3PolyA. Events of the unlabelled peptide are displayed on the left for reference. With Texas Red, two level 
fluctuations are observed in each event. The other labels produce a well-defined blockade level.
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Figure S4.4. Scatter plot of the Change in relative blockade vs. molecular weight for the six different labels. 
Poor correlation (R2 = 0.16) is observed between these parameters. 
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5
Label-free detection of post-translational 

modifications with a nanopore

Protein Post Translational Modifications, or PTMs, play key roles in cellular processes 
such as replication, cell-to-cell recognition, and apoptosis. Consequently, their detec-

tion and identification is important for elucidating complex cellular processes and disease. 
Current detection methods are in many cases unable to detect low-copy number variants 
within the vast mixture of proteins present in biological samples.  Here we show an alterna-
tive method for PTM detection at the single-molecule level using biological nanopores. In 
particular, we focus our attention in phosphorylation and O-glycosylation. These two PTMs 
are highly dynamic and have an intricate regulatory process, where they mutually compete 
for protein modification sites. Their dysregulation has been implicated in pathogenic path-
ways for cancer, Alzheimer's disease, diabetes, and many more. We show that using a FraC 
nanopore the phosphorylated and non-phosphorylated peptide variants can be differenti-
ated by their relative current blockade. The same was shown for an O-glycosylated peptide 
variant. Besides the effect of these modifications on relative blockade, their effect in dwell 
time was also exploited. Finally, conditions in which these modifications could be differen-
tiated are shown, demonstrating the identification of phosphorylation and O-glycosylation 
in a label-free manner using nanopores. These results represent an important step for the 
single molecule identification of proteoforms or protein isoforms, which is of tremendous 
importance for disease diagnosis and cell biology.

This chapter is in preparation for publication as: Restrepo-Pérez L., Wong CH , Maglia G., Dekker C,  Joo C. 
Label-free detection of post-translational modifications with a nanopore.
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5.1 Introduction

In the pursuit of a comprehensive understanding of the molecular mechanisms at work in 
living organisms, one inevitably arrives at the study of proteins. These organic polymers are 
regarded as the molecular machines of the cell, that enable a spectacularly wide array of 
characteristics and functionalities.  Cells employ proteins for a whole host of different pro-
cesses including signalling, recognition, differentiation, gene regulation, structuring, and 
many more1. To realize such a diverse set of functionalities, cells need a way to create a 
very diverse array of different proteins. Post-Translational Modifications, or PTMs, are one 
of the methods by which the protein pool of a cell can be expanded by several orders of 
magnitude2,3. This collective term refers to all modifications occurring during and after the 
translational synthesis of proteins, and usually involves the addition of chemical groups 
to specific amino acids along the protein. PTMs play vital roles in protein (in)activation, 
stability, and recognition, among other things 4–6. In the medical field in particular, PTMs 
have been found to play key roles in pathogenic pathways for cancer, Parkinson’s disease, 
Alzheimer’s disease and diabetes7,8. Consequently, it is pivotal to detect protein PTM vari-
ants with high sensitivity.

Mass spectrometry is the current standard method for PTM detection9,10.  The technique, 
however, has its limitations, mainly brought about by the large difference in its dynamic 
range (104-105) compared to the immense dynamic range of protein concentrations that 
are present in in vivo samples (108-109) 3,11–13. Challenges arise when low-copy number 
proteoforms are of interest but get swamped in a sea of others, especially because a protein 
can have both different kinds and quantities of PTMs. In practice, extremely sparse proteins 
are invisible in the noise of a diverse mixture of abundant proteins 11. For this very reason, 
many biomarkers for cancer and other diseases escape timely detection 14–16. To alleviate 
this problem, pre-purification steps based on chromatography or antibodies are often used 
to enrich samples of interest 9,15. Other approaches include the PTM-specific removal and 
subsequent chemical labelling, enabling the researcher to detect it through characteristic 
mass-shifts in a mass spectrum 15,17. These enrichment and labelling methods are, however, 
time-consuming and highly PTM specific, which discourages its use in the blanket analysis 
approaches that are sought after in clinical research.

Single-molecule techniques, such as nanopores, open the door for new approaches for 
PTM detection with higher sensitivity.  In a nanopore set up, an insulating membrane with a 
nanometer-sized aperture separates two electrolyte-filled compartments. Upon applying an 
electric potential, an ionic current flows through the nanopore and a decrease in the current 
is measured when a protein translocates through the pore 18,19.  Several groups have previ-
ously reported the successful study of peptides20–26 or unfolded proteins27–35 translocating 
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through a nanopore. Features in the protein structure, such as PTMs, can result in slightly 
different current blockage characteristics, allowing for label-free detection. In recent years, 
this principle was used for the detection of large PTMs such as a large N-glycosylation or 
ubiquitination36,37. The detection of small PTMs (<500Da) has remained a challenge, and so 
far was only demonstrated for a phosphorylated protein38.

In recent years, it has been demonstrated that phosphorylation and the O-glycosylation 
GlcNAc (N-acetylglucosamine) have an intricate connection and complex interplay within 
the cell. These PTMs compete for serine and threonine modification sites, and therefore 
mutually regulate each other. Malfunctions of this regulatory network have been associated 
to chronic diseases such as diabetes, cancer, and Alzheimer’s7,8,10. For example, in Alzhei-
mer’s disease, a decrease in the levels of O-GlcNAc in the tau protein, has been associated 
to its hyper-phosphorylated state and the formation of the intraneuronal tangles character-
istic of the disease. Consequently, finding efficient mechanisms for the label-free detection 
of these PTMs is of tremendous medical relevance. 

Here, we demonstrate the label-free detection of both phosphorylation and O-glycosyla-
tion, and their discrimination from the wild-type unmodified proteins. This is achieved using 
a biological nanopore (Fragaceatoxin C, or FraC) and a model peptide system in which a 
serine is modified with either of these modifications. We first show that phosphorylated and 
non-phosphorylated peptides can be distinguished by their difference in the relative current 
blockade. Subsequently, the same is done for glycosylated and non-glycosylated peptides. 
Finally, we demonstrate for the first time, at the single molecule level, that phosphorylated 
and O-glycosylated peptides can be differentiated in a label-free manner.  

5.2 Results

For the detection of phosphorylation and O-glycosylation, we used a model peptide 
(N’-EEEEEEEEEESGSGSGSKGSRRRRRRRRRR- C’) in a FraC nanopore.  Our approach is pre-
sented in Figure 5.1. This peptide contains a stretch of 10 negatively charged glutamic acid 
residues at the N-terminus and a stretch of 10 positively charged arginine residues at the 
C-termimus. The two charged regions are connected by a flexible sequence of glycine  (G) 
and serine (S) residues. Upon applying a negative bias to the trans compartment, the posi-
tive R-stretch enters the pore first, thus orienting the peptide in a defined way. Subsequently, 
when the negative E-stretch enters the proximity of the pore constriction, the positive bias of 
the cis compartment exerts an opposing force. A similar peptide was used by Asandei et al 
to study peptide-nanopore interactions at different pH values39. The peptide thus essentially 
gets stalled at an equilibrium position where the forces in both directions cancel out. This 
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tug-of-war mechanism gives rise to long read lengths (> 1 ms), enabling one to extensively 
probe a particular region of the peptide until it is thermally disturbed and translocated. 
Moreover, the pulling mechanism stretches the peptide, allowing the analysis of a linear-
ized molecule. 

Substantial evidence was found for the existence of such an equilibrium position by tagging 
this model peptide with large chemical moieties at various locations along the peptide 
(Chapter 4). These previous experiments reported that the peptide is stalled in the FraC 
nanopore at the position where amino acid in position 11 (from the N-terminus) is closest 
to the pore constriction. For PTM analysis, we therefore placed a serine in position 11, and 
evaluated variants of the peptide containing either a phosphorylation or an O-glycosylation 
in this position. 

5.2.1 Identification of phosphorylated peptides with a FraC nanopore

Measurements were performed using a wild type FraC nanopore in a buffer containing 10 
mM TRIS, 1 mM EDTA and either 1M NaCl or 0.8M NaCl as specified. Peptides were added 
to the cis side of the flow cell at concentrations between 100 – 300 nM. A negative bias of 
-90mV was applied to the trans compartment to avoid gating that is observed in FraC under 
positive bias. 

After the addition of peptides containing no modifications, we observed well-defined and 
consistent current blockades. Figure 5.1b shows a scatter diagram of the relative current 
blockade versus the dwell time observed for N=449 translocation events, and the histo-
gram for the relative blockade. We define the relative blockade as the current blockade 
(ΔI= Iblockade – Iopen pore) divided by the open pore current (Iopen pore). For the control 
peptide without PTMs, a relative blockade of 0.48 ± 0.01 was observed with a mean trans-
location time of 1.38 ± 0.49 ms. Error bars represent the standard deviation over at least 3 
independent experiments. 

Subsequently, peptides containing a single phosphorylation (i.e. a single PO3
2- group) in 

position 11 were added to the cis side of the chamber at a same concentration, thus lead-
ing to a 1 to 1 mixture of unlabeled and PTM-labelled peptides. As shown in Figure 5.1c, 
this led to two clear populations with comparable densities in the scatter plot of relative 
blockade vs. dwell time (N=398 for the phosphorylated, and N=350 for the control pep-
tide). This indicates that the phosphorylation PTM can be clearly detected with the FraC 
nanopore. The well-defined difference in current blockade is also apparent in the histogram 
displayed in Figure 5.1c which shows two clearly separated peaks. The relative blockade 
of the bottom population (0.48 ± 0.02) corresponded to the unmodified control peptide, 
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while a larger relative blockade of 0.52 ± 0.01 was found for the phosphorylated peptide. 
This represents an 8.7 % increase compared to the control peptide. 

Figure 5.1: (a) Schematic representation of the measurement set-up, where peptides are driven through a 
FraC nanopore. Experiments were done with a non-phosphorylated peptide (left), and with an equimolar-
concentration mixture of phosphorylated and non-phosphorylated peptides (right). (b) Scatter plot of relative 
blockade versus dwell time (top), and relative-blockade histogram (bottom) for the non-phosphorylated 
peptide. (c) Same for the mixture of phosphorylated and non-phosphorylated peptides. A second population 
with higher relative blockade is now visible, as shown by the arrows.

5.2.2 Identification of glycosylated peptides with a FraC nanopore

After the successful detection of the phosphorylated variant, we moved to the analysis of 
the O-glycosylated peptide. O-glycosylated peptides have the glycan group attached to 
the amino acid residue through an oxygen group. O-glycans such as GlcNAc (N-acetyl-
glucosamine) occur naturally in serines and threonines and are of growing importance in 
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proteomics because of their close connection to phosphorylation regulation which plays a 
key role in several chronic diseases. 

Here, we analyse a peptide containing an O-GlcNAc glycosylation in position 11. GlcNAc 
is a small PTM comprised of a single sugar moiety with a total mass of 203 Da. Figure 5.2 
shows the result of the non-glycosylated peptide as well as that of a mixture containing 
the O-glycosylated peptide together with the control peptide at equimolar concentrations. 
In Figure 5.2c and 5.2e, two distinct populations are clearly discernible in their relative 
blockade values, leading us to conclude that the nanopore is able to distinguish O-Glc-
NAc PTMs from the unmodified peptide. Analysis of repeat measurements show that the 
O-GlcNAc variant has an average relative blockade of 0.52 ± 0.01. This represents an 8.3% 
increase compared to the unmodified peptide.

Figure 5.2: (a) Schematic representation of the measurements for the non-glycosylated peptides (left) and for 
an equimolar-concentration mixture of glycosylated and non- glycosylated peptides (right). (b) Scatter plot of 
relative blockade versus dwell time for the non-glycosylated peptide. (c) Same for the mixture of glycosylated 
and non- glycosylated peptides. A second population with higher relative blockade is visible as shown by the 
arrows. (d) Relative blockade histogram of the non-glycosylated peptide. (e) Relative blockade histogram of 
the mixture of non-glycosylated and glycosylated peptide.

A

cis

trans

Non-glycosylated peptide
Mixture Glycosylated &

Non-glycosylated peptide

O

OH

HO
HO

HN

O

0.4 0.5 0.6
0

20

40

60

80

 

 

C
ou

nt

 

a

b c

d

0.4 0.5 0.6
0

20

40

60

 

 

C
ou

nt

 

0.1 1 10 100

0.4

0.5

0.6  

R
el

at
iv

e 
bl

oc
ka

de

Dwell Time (ms)
0.1 1 10

0.4

0.5

0.6  

R
el

at
iv

e 
bl

oc
ka

de

Dwell Time (ms)

Relative blockade Relative blockade

e



91

LABEL-FREE DETECTION OF PTMS WITH A NANOPORE

  5

We note that the increase in relative blockade observed by the phosphorylated and glyco-
sylated variants are almost identical (8.7% vs 8.3% ) despite their molecular weight differ-
ence (80 Da for phosphorylation versus 203 Da for glycosylation). We hypothesize that the 
negative charge of the phosphorylation group creates an Electrical double layer (EDL) of 
counter-ions that leads to an increased effective volume of the phosphoryl group. 

5.2.3 Distinguishing different PTM modifications with a FraC nanopore

As observed in Figures 5.1 and 5.2, the phosphorylated and glycosylated peptides can not 
be mutually differentiated based on the relative blockade as measured at 1M NaCl, because 
the increase in relative blockade caused by the phosphoryl group (8.7%) and the O-Glc-
NAc group (8.3%) are nearly identical under these measurements conditions. This was also 
confirmed by measuring a mixture containing the three different peptides: the phosphory-
lated peptide, the O-glycosylated peptide, and the control peptide (SI; Figure S5.1), where 
only two populations were observed. 

Despite the similarity in relative blockade observed for both PTMs, we noted a difference 
between the phosphorylated and glycosylated peptides in other translocation characteris-
tics, notably the translocation time (Figure 5.3). For the phosphorylated peptide an average 
dwell time of 3.21 ± 2.10 ms is observed, indicating an increase in translocation time 
compared to the control peptide that has an average dwell time of 1.56 ± 1.1 ms. For the 
glycosylated peptide, on the other hand, a decrease in dwell time is observed leading to 
an average dwell time of 0.41 ± 0.24 ms. We attribute the increase in dwell time observed 
with the phosphorylated peptide to a charge imbalance in the construct caused by the PTM. 
The addition of a phosphoryl group with a net negative charge shifts the force equilibrium 
brought about by the positive and negative tail regions of peptide, and as a result, the dwell 
time increases. We hypothesize that the decrease in dwell time for the GlcNAc group is 
of entropic nature. Confining the O-GlcNAc moiety into the pore constriction limits its 
degrees of freedom. As a result, the equilibrium state of the peptide is less energetically 
favorable for the glycosylated variant than for the unmodified peptide. This increases the 
probability to thermally disturb the force equilibrium, leading to shorter dwell times. We 
have previously reported a similar effect when other hydrophilic moieties such as PEG11 
were attached to the peptide in the same position (our other paper). 

Although the average dwell time for the two PTMs is significantly different, the dwell time 
of each population is quite widely spread and therefore this characteristic is not ideal for 
a proper differentiation between the two PTM modifications. Hence, we looked for other 
ways to differentiate the two PTM variants. As mentioned, the relative blockades are nearly 
identical in 1M NaCl, but we devised a way to differentially alter the relative blockade of 
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each modification by changing the salt conditions. Unlike the O-GlcNAc group, which 
is essentially uncharged, the phosphorylation contains two negative charges at pH=7.5. 
The ionic strength of our buffer should therefore particularly affect the screening of the 
phosphoryl group, altering the extend of its electrical double layer (EDL) and its current 
blockade. 

Figure 5.3:  Dwell time histograms for the unmodified peptide (top) the glycosylated peptide (middle) and 
the phosphorylated peptide (bottom).

To test this, we measured a mixture containing the three peptide variants (the two modified 
peptides and the control) in equimolar concentrations in a buffer containing a lower salt 
concentration of 0.8M NaCl at pH 7.5. As shown in Figure 5.4, three different populations 
can be clearly observed in the scatter plot and histogram. Importantly, these conditions thus 
enable us to confidently detect and differentiate the three different peptide variants. The 
results were confirmed by independent measurements of each of the PTMs (Figure S5.2). 
From the data, we can establish that at 0.8M NaCl the increase in relative blockade of the 
glycosylated peptide remained essentially unchanged (7.9%), whereas for the phosphory-
lated peptide, an increase in relative blockade of 4.3% is observed at 0.8M NaCl, which is 
reduced as compared to 8.7% at 1M NaCl. 
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Figure 5.4: Schematic representation of the measurement approach (a) and an example current trace 
(b) obtained for a measurement on a mixture of the three peptides: the unmodified control peptide, the 
phosphorylated peptide and the glycosylated peptide. Data are taken at 0.8 M NaCl with pH 7.5. (c) Scatter 
plot of relative blockade vs. dwell time, and a relative blockade histogram of the mixture of the three 
peptides. Clearly three different current blockade levels are observed.

We hypothesize that the lower increase in relative blockade observed for the phosphoryl 
moiety at lower salt has the same origin as the inverted current rectification previously 
observed in FraC (Figure S5.3). When the diameter of a nanopore with strong ion selectivity 
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is reversed40,41. The exact mechanism is still a matter of debate, but it is speculated that it 
originates from the distribution of oins in the pore vestibule and at the trans region at the 
narrow tip of the pore. Accumulation or depletion of charges in this region has an important 
effect on the pore conductance. In line with this reasoning, the presence of a stroger neg-
atively charged phosphoryl group in the FraC constriction has an effect on this mechanism 
leading to an increase in current, and thus a decrease in relative blockade compared to the 
1M NaCl case.

5.3 Discussion and conclusions

Here we have shown that phosphorylation and O-glycosylation post-translational modifi-
cations can be detected using the FraC nanopore. We use a bipolar peptide that contains a 
stretch of negative charges at the N-terminus and positive charges at the C-terminus. Thus, 
gets stalled upon translocating the nanopore, allowing us to probe a particular region of the 
peptide with great sensitivity. Upon placing a phosphorylation or a small O-glycosylation 
group in this peptide region, both PTM peptide variants could be distinguished from the 
control peptide with an unmodified serine residue. This constitutes, to our knowledge, the 
first reported successful detection of an O-glycan PTM using nanopores. O-glycans play a 
crucial role for protein conformation, solubility, and stability, but, compared to N-glycans 
for example, their study is challenging in mass spectrometry10. The main reasons for the 
latter difficulties are the lack of a consensus amino acid sequence where the PTM is pres-
ent, which hinders the determination of the PTM site, and the lack of universal enzymes to 
release O-glycans from the protein substrates. Nanopores thus present an attractive alterna-
tive for O-glycosylation characterization. 

Next to the change in relative blockade detected for the PTM variants, we also observed 
changes in the translocation time of the peptides containing PTMs. Longer dwell times were 
observed for the phosphorylated peptide, presumably because of the negative charges in 
the phosphoryl group, which increase the forces in the peptide towards the cis compart-
ment. Shorter dwell times were observed for the O-GlcNAc variant, which may be due to 
the entropic penalty associated with confining the sugar moiety in the pore constriction.

Upon changing the NaCl salt concentration from 1M to 0.8M, an interesting effect was 
observed for the phosphorylation. Upon decreasing the salt concentration of the buffer, one 
would expect an increase in the size of the electrical double layer,  and thus an increase 
of the current blockade caused by the phosphoryl group. Our experiments showed the 
opposite, however, with a reduced blockade was observed at lower salt concentration. We 
hypothesize that this decrease has the same origin as the inversion of current rectification 
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phenomena observed in FraC: the presence of an effectively larger negative charge in the 
pore constriction generates an increased current. 

These results show, for the first time, nanopore-based differentiation between phosphor-
ylated and O-GlcNAc glycosylated peptide variants in a label-free manner. These results 
bear potential for PTM detection that is important for the study of diseases such as cancer 
or diabetes, where the intricate regulation of phosphorylation and O-glycosylation plays an 
important role in the pathogenesis of the disease. 

In future work, the nanopore-based detection of PTMs on peptides shown here can be 
expanded to PTM detection in full proteins, upon using an enzyme or another mechanism 
to slow down the linear translocation of a full protein through the nanopore. Such PTM 
detection on proteins would allow the identification of individual protein isoforms in a 
sample, providing a radical improvement to current proteomics. Present-day proteomics 
methods typically rely on approaches in which proteins are digested and peptide fragments 
are analyzed with their PTMs, which is inherently problematic since proteoforms cannot 
be correctly identified from the fragmented information of these analytes – a problem often 
referred to as the protein inference problem. Nanopore methods that sequentially read full 
proteins could thus allow the sensitive detection of the proteoforms present in a sample, 
bringing important improvements for PTM-based biomarker detection and the correct iden-
tification of proteoforms. Our current results present a promising step into this direction.
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5.4 Supplementary information

Figure S5.1. Translocation of a peptide mixture containing phosphorylated, glycosylated and unmodified 
peptide as a control. Left plot shows a scatter plot of relative blockade vs. dwell time. Right plot shows the 
relative blockade histogram. Measurements were done in buffer containing 1M NaCl, 10mM Tris and 1mM 
EDTA at pH 7.5. Peptides were added at the cis compartment. A clear distinction between the phosphorylated 
and glycosylated peptide is not possible under these experimental conditions.
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Figure S5.2. (a) Scatter plot of relative blockade vs. dwell time and relative blockade histogram for a mixture 
containing phosphorylated peptide and unmodified peptide as a reference. (b) Scatter plot of relative 
blockade vs. dwell time and relative blockade histogram for a mixture containing glycosylated peptide and 
unmodified peptide as a reference. Measurements were performed in a buffer containing 0.8M NaCl, 10 mM 
Tris and 1 mM EDTA at pH 7.5.

Figure S5.3. Plot of current vs. voltage for 9 wild-type FraC nanopores as measured in a voltage range 
between -150mV and 150mV, in buffer containing 1M NaCl, 10 mM Tris and 1 mM EDTA at pH 7.5
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6
SDS-assisted protein transport through 

solid state nanopores

Using nanopores for single-molecule sequencing of proteins – similar to nanopore-based 
sequencing of DNA – faces multiple challenges, including unfolding of the complex 

tertiary structure of the proteins and enforcing their unidirectional translocation through 
nanopores. Here, we combine molecular dynamics (MD) simulations with single-molecule 
experiments to investigate the utility of SDS (Sodium Dodecyl Sulfate) to unfold proteins for 
solid-state nanopore translocation, while simultaneously endowing them with a stronger 
electrical charge. Our simulations and experiments prove that SDS-treated proteins show 
a considerable loss of the protein structure during the nanopore translocation. Moreover, 
SDS-treated proteins translocate through the nanopore in the direction prescribed by the 
electrophoretic force due to the negative charge impaired by SDS. In summary, our results 
suggest that SDS causes protein unfolding while facilitating protein translocation in the 
direction of the electrophoretic force; both characteristics being advantageous for future 
protein sequencing applications using solid-state nanopores.

This chapter has been published as: Restrepo-Pérez, L., John, S., Aksimentiev, A., Joo, C. & Dekker, 
C. SDS-assisted protein transport through solid-state nanopores. Nanoscale 9, 11685–11693 (2017).
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6.1 Introduction

The proteome contains essential information for the understanding of biological processes 
and diseases. Despite its importance, only a handful of methods are available for proteome 
analysis. Mass spectrometry is currently the gold standard for protein sequencing. Howev-
er, analysis of complex biological samples remains a challenge for the mass spectrometry 
method, in particular, as many proteins are present in low-copy numbers.1 Techniques oper-
ating at the single-molecule level could provide ultimate sensitivity, enabling detection of 
proteins of low abundance.

Nanopores have emerged as a platform for fast and label-free detection of single mole-
cules.2–4 In a nanopore measurement, a thin membrane containing a nanopore is placed 
between two compartments filled with electrolytes. A voltage bias across the membrane 
produces a current of ions that flow from one compartment to the other. The presence of a 
biomolecule in a nanopore is sensed from transient blockades of the ionic current that the 
biomolecule produces. In the case of linear nucleic acids such as DNA or RNA, the ionic 
current signal carries information about the nucleotide content of the molecules.5–10

Nanopores have also been used to detect proteins. Biological and solid-state nanopores 
were utilized to detect the presence of proteins bound to DNA,11–14 characterize proteins 
captured by the nanopore,15–19 and distinguish different states of proteins.16,20–22 A motor 
protein was used to produce unidirectional protein translocation.23 First attempts to distin-
guish the type of individual amino acids in a nanopore were made both experimentally24 
and theoretically,25 including detection of post-translational modifications.26

Nanopore-based protein sequencing presents a number of challenges. Proteins, contrary to 
nucleic acids, do not adopt a random coil conformation but fold into complex tertiary struc-
tures. The local charge of a polypeptide chain is non-uniform, alternating between neutral 
and positive and negative values. The direction of the electrophoretic transport through the 
nanopore is influenced by both the charge of the protein and the electroosmotic flow in 
the nanopore.27 As a result, a unidirectional and single-file transport of protein through a 
nanopore, which is a prerequisite for nanopore-based sequencing, is not ensured.

Detergent treatment of proteins may help achieve better control over the process of pro-
tein translocation. Polyacrylamide gel electrophoresis (PAGE) in the presence of sodium 
dodecyl sulfate (SDS) is a common laboratory technique used in molecular biology to sep-
arate proteins according to their size. SDS denatures the proteins and imparts a negative 
charge to the linearized peptide chains. When SDS-treated proteins are placed on a gel 
and an electric field is applied, proteins travel to the positive electrode due to the negative 
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charge imparted by the detergent. These two properties, linearization and uniform charge 
distribution, are promising to promote linear translocation of proteins through a nanopore. 
In a previous study, Li and colleagues made a survey of different denaturants that facilitate 
the translocation of unfolded proteins through nanopores.28 However, no detailed study 
has been reported on the use of SDS for nanopore translocation of proteins. More recently, 
Kennedy et al. used SDS to translocate proteins through a sub-nanometer pore, however, no 
information on the detergent–protein interaction has been provided.29

Here we employ all-atom molecular dynamics (MD) simulations and nanopore experiments 
to determine how SDS influences the protein transport through nanopores. Our integrated 
approach elucidates the microscopic conformation and the transport modality of the SDS–
protein assemblies. We show that the transport of protein–SDS complexes is determined 
by electrophoresis, unlike that of native proteins, which is governed by the electroosmotic 
flow. This is consistent with a prevailing model that SDS imparts uniform negative charges 
on proteins. SDS-unfolded proteins exhibit a lower current blockade than native proteins 
do and the blockade duration increases with the molecular weight of the protein. We also 
explore the use of SDS at different concentrations and show that it can be used both above 
and below its Critical Micelle Concentration (CMC).

Figure 6.1:  Schematic illustration and representative current traces of the translocation of native proteins 
(a) and SDS-unfolded proteins (b) through a solid-state nanopore. The traces correspond to the translocation 
of β-amylase through a 10 nm nanopore.

Fig. 6.1 illustrates the concept of protein translocation through a nanopore. We focused our 
investigation on three different proteins: titin I27 domain (13 kDa, a well-characterized pro-
tein often used in protein unfolding studies), titin I27 dimer (26 kDa), and β-amylase (200 
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kDa, a globular protein with a high molecular weight). We performed the majority of our 
measurements and simulations using silicon nitride (SiN) nanopores 6 or 10 nm in diameter 
and an electrolyte solution containing 0.4 M NaCl. Higher electrolyte concentrations or 
potassium-based buffers caused SDS precipitation in experiments.

6.2 Molecular dynamics simulations

We explored the effects of SDS treatment on proteins and its consequences for nanopore 
translocation. First, we obtained microscopic models of SDS/protein complexes by simulat-
ing spontaneous self-assembly of unfolded proteins with SDS molecules in the electrolyte 
solution (0.4 M NaCl). In a typical simulation (Fig. 6.2a), SDS molecules were observed 
to aggregate around an unfolded protein at boiling temperature (373 K) forming a com-
plex that contains approximately one SDS molecule per two amino acids of the protein, 
in agreement with previous experimental findings.30 The complex remained stable upon 
subsequent cooling to room temperature. Fig. 6.2b shows examples of final room tempera-
ture SDS/protein complexes obtained from such self-assembly simulations. The structures 
of such SDS/protein assemblies appear to be in accord with a decorated micelle model30 
in which the protein wraps around multiple micelle-like agglomeration of SDS molecules.

Figure 6.2:  Microscopic models of SDS/protein complexes. (a) MD simulation of a titin/SDS complex self-
assembly. The sequence of snapshots illustrates the microscopic state of the system during a 300 ns explicit 
solvent all-atom MD simulation. The protein backbone is shown in blue, SDS molecules in cyan and red, and 
water and 0.4 M NaCl are not shown. (b) Typical microscopic conformations of the SDS/protein assemblies 



105

SDS-ASSISTED PROTEIN TRANSPORT THROUGH SOLID-STATE NANOPORES

  6

obtained at the end of the self-assembly simulations. The SDS molecules are shown using the molecular 
bond representation: carbon, sulfur and oxygen atoms are shown in cyan, yellow and red, respectively; 
hydrogen atoms are not shown. Each protein molecule is shown as a trace of the protein backbone.

To simulate nanopore translocation (Fig. 6.3), atomic models of different substrates (folded 
proteins, SDS micelles, and SDS–protein complexes) were combined with atomic models 
of solid-state nanopores; water and ions were added to produce a rectangular volume of 
NaCl solution. An external electric field was applied normal to the membrane to produce 
a transmembrane bias of desired magnitude. Subject to the transmembrane bias, biomole-
cules move through a nanopore altering the nanopore ionic current. SI Table S1† provides 
a summary of nanopore translocation simulations.

Our simulations of a folded protein (titin) translocation (Fig. 6.3a) demonstrate that a pro-
tein's encounter with a nanopore is hardly determined by the electrophoretic force exerted 
due to the transmembrane bias. In five independent simulations of the folded titin system 
(60 ns each; ±500 mV bias), folded titin rarely translocated through a 6 nm wide nanopore 
(SI Fig. S6.1). We ascribe this behaviour to the low net charge of native titin at pH 7.5. In 
the only simulation where a protein translocation event was observed, the protein was seen 
moving through the nanopore in the direction set by the electro-osmotic flow.

In contrast, the translocation of SDS–protein assemblies was clearly governed by electro-
phoresis (Fig. 6.3b–d). A complex of SDS molecules and either monomeric or dimeric titin 
permeated through a 6.5 nm diameter nanopore multiple times, producing sharp spike-like 
blockades. The SDS–titin assembly maintained its integrity. During the translocation, the 
SDS–titin assemblies noticeably deformed in the center of the nanopore, particularly in the 
case of the titin dimer. The protein–SDS assembly relaxed back to a compact globular state 
after each translocation. Repeating the simulations starting from a differently orientated 
SDS–titin assembly (Fig. 6.3b and c) or at a lower transmembrane bias (SI Fig. S6.2) pro-
duced similar outcomes.

Pronounced deformations of the SDS–protein assemblies were observed during the sim-
ulations of the translocation of large SDS-unfolded β-amylase complexes through a 6.5 
nm diameter nanopore (Fig. 6.3d and e). The translocation of the SDS– β-amylase assem-
bly began when two or more peptide chains detached from the assembly, entering the 
nanopore in a “multi-chained” conformation. The peptide chains stretched through the 
nanopore, pulling the rest of the protein in a train-like fashion, reminiscent of DNA trans-
location. Fig. 6.3e illustrates one of the permeation trajectories. Despite such major con-
formational changes, the number of SDS molecules associated with the protein remained 
constant during the nanopore translocation. Note that the physical size of β-amylase in its 
native folded conformation (~10 nm) is greater than the 6.5 nm diameter of the simulated 
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nanopore.

SDS micelles alone also translocated through the nanopore in the direction prescribed by 
the electrophoretic force. Each permeation event produced a pronounced reduction of the 
ionic current (Fig. 6.3f). The shape of the ionic current blockades—a downward spike—
was consistent with that produced by a spherical particle passing through a larger pore.31 

During the translocation process, the micelle was observed to deform slightly, recovering 
its spherical shape after each passage. At all transmembrane biases tested, the SDS micelle 
maintained its integrity with no SDS molecules leaving the micelle.

Fig. 6.3g plots the average duration of the translocation events for different molecular 
assemblies and under several transmembrane bias conditions. At a given transmembrane 
bias, SDS micelles moved through the nanopore considerably faster than SDS–protein 
assemblies. Predictably, the translocation of an SDS–titin monomer complex occurred fast-
er than that of an SDS–titin dimer complex. Both complexes moved through the nanopore 
considerably faster than the large SDS– β-amylase complex, despite a stronger bias used in 
the simulation of the latter system. These trends suggest that the translocation time increases 
with the molecular weight of the protein.

The translocation of different SDS–protein assemblies and SDS micelles through a 6 nm 
diameter nanopore produced conductance blockades of similar amplitudes (Fig. 6.3h). This 
result is expected since all molecular assemblies had a similar cross sectional area in the 
narrowest part of the pore when permeating through a 6 nm diameter nanopore. By con-
trast, considerably different blockade amplitudes were observed when the same molecular 
assemblies were placed at the center of a larger, 10 nm diameter nanopore (Fig. 6.3h and 
SI Fig. S6.3). This observation indicates that the amplitude of nanopore blockades produced 
by a compact object, such as a folded protein or an SDS micelle, depends on the nanopore 
size.31

Encouraged by our observation of SDS-treated β-amylase translocation through a nanopore 
that was smaller in cross-section than the folded β-amylase protein, we investigated if a 
titin–SDS complex could be electrophoretically driven through a 3 nm-diameter nanopore 
(System 3, see Materials and methods). The steric confinement of such a narrow nanopore 
was expected to produce single-file translocation of the SDS-treated protein. However, no 
fragment of the titin protein was observed to enter the 3 nm nanopore within multiple 80 ns 
simulations performed at 125 and 250 mV biases despite being placed in close proximity 
to the nanopore entrance. Increasing the transmembrane bias to 1 V resulted in stripping of 
the SDS molecules away from the titin–SDS assembly but no protein translocation through 
the nanopore. A similar outcome was observed when the temperature of the system was 
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increased to 373 K.

Summing up, our MD simulations show that SDS treatment provides proteins an overall 
negative charge, thereby enabling the electrophoretic transport through nanopores. Subject 
to the electric field and steric forces from the nanopore, the SDS-treated proteins deform 
and permeate through nanopores that are smaller in diameter than the unperturbed dimen-
sions of the folded protein. The depth of ionic current blockades produced by the perme-
ation of SDS–protein assemblies depends on both the diameter of the nanopore and the 
conformation of the protein. Realizing single-file translocation of a protein/SDS complex 
may require pre-stretching of the complex prior to reaching the nanopore entrance.

Figure 6.3:  MD simulation of SDS/protein nanopore translocation. (a–d) Simulated ionic current blockades 
produced by translocation of various molecular species through a 6 nm diameter nanopore (System 1). 
The left column illustrates typical microscopic conformations observed during nanopore translocation 
simulations; the black arrow indicates the direction of the positive transmembrane bias. Protein conformation 
is depicted as a trace of the protein backbone; SDS molecules are shown as molecular bonds; water and 
ions are not shown for clarity. Right columns shows the ionic current traces recorded from the translocation 
simulations and the open pore current level. Because of the periodic boundary conditions employed in 
our MD simulations, individual ionic current traces feature multiple translocation events. Ionic current 
traces from independent simulations are delineated by the “//” mark. Black circles and horizontal black 
bars indicate the average blockade current of individual blockade events and the duration of each event, 
respectively. With the exception of native titin, the blockade events were defined by the reduction of the 
nanopore current below 75% of the open pore value; the blockade event in the native titin simulation 
was characterized using the titin's center of mass coordinates. (e) Sequence of snapshots illustrating the 
nanopore translocation of a β-amylase/SDS complex. (f) Same as in panels (a–d) but for an SDS micelle. (g) 
Average translocation time of the SDS/protein assemblies. The color of the bars indicates the transmembrane 
voltage. (h) The average conductance blockade amplitudes. To enable direct comparison with experiment, 
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the conductance blockades computed from MD simulations were scaled by the ratio of the experimental 
and simulation bulk conductivity of 0.4 NaCl (3.6/4.8). Open bars indicate conductance blockades obtained 
from the molecular assemblies placed at the center of a 10 nm diameter nanopore (System 2) at a 500 mV 
bias; the molecular configurations are defined in SI Fig. S6.3.

6.3 Single-molecule experiments

We experimentally measured the conductance blockades of native proteins and SDS-un-
folded proteins (Fig. 6.1). We performed all our measurements using SiN nanopores with 
a diameter of 10 nm at 100 mV in an electrolyte solution containing 0.4 M NaCl, buffered 
to pH 7.5 with 10 mM Tris-HCl and 1 mM EDTA. SDS-denatured proteins were heated up 
to 95 °C for 5 min with 1 mM DTT. DTT was used to disrupt and prevent the formation of 
disulphide bonds. This procedure guaranteed protein denaturation facilitating SDS interac-
tion. The denatured proteins were cooled down before measurement. Note that a denatur-
ant is necessary to guarantee irreversible protein unfolding, which cannot be guaranteed 
by temperature on its own. Our experiments with native titin revealed that folded proteins 
translocate preferentially in the direction of the electro-osmotic flow, consistent with the 
MD simulations (Fig. 6.3a) and also reported by others.27 SDS–protein complexes, however, 
move in the direction set by the electrophoretic force, directly verifying the simulations.

To elucidate the mechanism of the altered translocation direction caused by SDS, we ana-
lyzed the event rate of titin for translocations at several different SDS concentrations, Fig. 
6.4a. In the regime of low SDS concentrations, below the CMC, we observed a high event 
rate in the direction of the electro-osmotic flow (Fig. 6.4b). At SDS concentrations above the 
CMC, however, the event rate associated with the electrophoretic force was dominant. This 
result is in agreement with the direction of translocation observed in our simulations, which 
were carried out at SDS concentrations above the CMC. Using dynamic light scattering, we 
estimated the CMC under our experimental conditions to be between 0.01% and 0.05% (SI 
Note S6.1 and Fig. S6.4).

Our observation that electrophoresis dominates at high SDS concentrations is consistent 
with previous studies on protein unfolding. Above the CMC, SDS forms micelles and coop-
eratively binds to the polypeptide chain.32–34 Cooperative binding of SDS above the CMC 
imparts a strong negative charge to the denatured protein, thus increasing the electropho-
retic force acting on it. Below the CMC, SDS monomers individually interact with the poly-
peptide via hydrophobic and electrostatic interactions.

When measurements were performed above the CMC, the translocation of SDS micelles 
was observed. We performed control experiments in which we characterized these trans-
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locations at different SDS concentrations in the absence of any protein (Fig. 6.4c). SDS 
micelles moved towards the positive electrode, as expected from their negative charge. 
Micelles produced well-defined conductance blockades of 3.5 ± 0.5 nS with low event 
rates (only ~2 events per s at 0.5% SDS, equivalent to 17 mM) and unusually long dwell 
times (~1.2 ms) (Fig. 6.5). From these characteristics, we speculate that the observed events 
are from those micelles that interact strongly with the SiN surface in the pore lumen, where-
as micelles that do not interact with the pore surface pass through the nanopore much too 
quickly to be detected by the ionic current measurement. The low event rate (Fig. 6.4c) 
indicates that the SDS micelles alone contribute only to approximately 25% of the event 
rates presented in Fig. 6.4b.

Figure 6.4:  (a) Schematic of the dominant mechanisms of protein translocation at SDS concentrations below 
and above the CMC. (b) Event rates of the translocation of titin–SDS complexes through a 10 nm solid-state 
nanopore at different SDS concentrations. At SDS concentrations below the CMC (blue) electro-osmosis is 
the dominant transport mechanism of titin–SDS through solid-state nanopores. At SDS concentrations above 
the CMC (green) electrophoresis dominates. (c) Plot of the event rate vs. SDS concentration for SDS micelles 
alone and SDS-unfolded proteins.
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of the nanopore control experiment. (b) Example of a current trace measured showing the translocation 
of SDS micelles. (c) Dwell time vs. conductance blockade scatter plot for SDS-micelles and SDS-treated 
protein. (d) Conductance blockade histogram of the translocation of micelles.

Fig. 6.6 presents a key result of our study. It shows that we can distinguish folded and 
SDS-induced unfolded proteins in nanopore translocation experiments. Fig. 6.6a shows 
examples of translocations of β-amylase proteins, in which it is clear that SDS-treated pro-
teins exhibit a much lower conductance blockade level than native proteins. This is evident-
ly observed in a scatter plot of conductance blockade vs. dwell time for native and SDS-un-
folded β-amylase (Fig. 6.6b). The translocation of native proteins was measured in the 
direction prescribed by the electro-osmotic flow, whereas SDS-treated proteins were found 
to translocate in the direction of the electrophoretic force. These measurements were per-
formed at low SDS concentrations (0.005%) below the CMC to unambiguously ensure that 
the observed blockades are due to SDS–protein complexes, and not due to SDS micelles. 
We verified that SDS disrupts the structure of β-amylase even at SDS concentrations below 
the CMC using tryptophan fluorescence measurements (SI Note S6.2 and Fig. S6.5).

Our data suggest that SDS treatment causes significant protein unfolding, as also observed 
in our simulations. As shown in the scatter plot (Fig. 6.6b) and the histograms presented 
in Fig. 6.6c (left and middle), a pronounced decrease in the amplitude of the blockade 
was observed when β-amylase was treated with SDS, from 3.7 ± 1.7 nS (mean ± standard 
deviation) for folded proteins to 0.53 ± 0.29 nS for SDS-unfolded proteins. This significant 
decrease in the conductance blockade is consistent with the protein adopting an elongated 
structure of a smaller cross section than its native folded conformation. Note that for the 
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folded β-amylase the conductance values are lower than expected, presumably due to the 
well-known bandwidth limitations when measuring protein translocations.18

We also carried out measurement of SDS-treated β-amylase at an SDS concentration above 
the CMC. As Fig. 6.6c (right panel) shows, a low conductance blockade peak (at ~0.4 nS) 
persisted, while an additional blockade peak appeared at 4.26 ± 0.37 nS. The presence of 
the first peak suggests that a population of SDS-associated proteins remains, which translo-
cates in an elongated fashion without binding to micellar SDS. The additional blockade can 
be attributed to SDS micelles.

In our measurements with titin, no appreciable difference was observed between the 
native and the SDS-denatured protein, as both gave ~0.4 nS blockades (SI Fig. S6.6). This is 
explained by the small size of the protein, which even in the native conformation produces 
blockades of ~0.4 nS, a value that unfortunately coincides with the low value expected 
for the SDS-unfolded protein. Although the conductance blockade of titin did not change 
significantly upon treatment with SDS, the change in the direction of translocation (Fig. 6.4) 
clearly indicates the interaction of SDS with the protein.

The conductance blockades for SDS-unfolded β-amylase and SDS-unfolded titin proteins 
are comparable (0.40 ± 0.17 nS for titin and 0.49 ± 0.18 nS for β-amylase), suggesting that 
SDS-denatured proteins translocate through a nanopore with a similar cross-section regard-
less of the protein molecular weight. For the SDS-treated β-amylase, most of our simulations 
show a deeper conductance blockade (~9 nS) compared to our experiments. However, note 
that, in most of our simulations, the protein–SDS complex adopts a “decorated micelle” 
structure (see Fig. 6.2b) and, hence, multiple polypeptide chains simultaneously translocate 
through the nanopore when driven by a transmembrane bias. Because translocation of such 
decorated micelle structures is very fast (at the sub-microsecond time scale), they would 
likely escape experimental detection because of the bandwidth limitations.18 By contrast, 
events measured in the experiments suggest that the protein adopts an elongated confor-
mation, given the low conductance blockade measured. Indeed, when a single polypeptide 
chain was simulated in a 10 nm pore (SI Fig. S6.7), a much lower conductance blockade 
value of ~2 nS was observed, regardless of whether SDS molecules were bound to the pep-
tide chain or not. The simulated and experimentally measured ionic current blockades are 
in much better agreement in the case of pure SDS micelle systems, suggesting that experi-
ment and simulation characterize similar molecular configurations of biomolecules within 
the nanopore. Thus, the low conductance blockades and the relatively slow translocation 
kinetics observed in the experiments are consistent with the notion that the translocation of 
protein/SDS complexes is affected by interactions with the nanopore surface.
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Figure 6.6:  (a) Current traces produced by the translocation of native β-amylase and SDS-unfolded β-amylase 
through a 10 nm pore at 10 kHz bandwidth. Typical events are shown in the right panels. (b) Scatter plot 
of the conductance blockade vs. dwell time of native β-amylase and SDS-treated β-amylase. Native protein 
translocations are measured in the direction of the electro-osmotic flow, SDS-treated proteins are measured 
in the electrophoretic direction. (c) Histograms of conductance blockades of native protein (left), SDS-treated 
protein below the CMC (middle), and SDS-treated protein above the CMC (right). The conductance blockade 
of the native protein has a value of 3.7 ± 1.7 nS. The blockade for the SDS-treated protein below the CMC 
is 0.53 ± 0.29 nS. Above the CMC, two peaks are observed. The first has a value of 0.40 ± 0.27 nS, and the 
second one, presumably due to SDS micelles, has a value of 4.3 ± 0.4 nS.

To summarize, our experimental results suggest that SDS treatment of proteins has drastic 
effects on the process of protein translocation through solid-state nanopores: the treatment 
reverses the translocation direction and can reduce the conductance blockade. At high SDS 
concentrations, proteins preferentially translocate by electrophoretic forces as shown both 
experimentally and computationally. SDS causes protein unfolding, which can present the 
polypeptide chain in an elongated conformation to the nanopore volume. For example, 
the measured conductance blockade of SDS-unfolded β-amylase is clearly lower than the 
blockade produced by that protein in its folded conformation. The low conductance block-
ade level is consistent with the conductance blockade observed in our MD simulations of 
a single peptide chain threaded through the nanopore. This correspondence suggests that 
single-chain translocations are being experimentally detected in the case of SDS-treated 
proteins. Further studies are necessary to verify this hypothesis.
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6.4 Conclusions

Through nanopore measurements combined with MD simulations, we have shown that 
upon SDS treatment, proteins can translocate through nanopores in an unfolded fash-
ion. Additionally, our simulations show that the dwell time of the SDS-treated proteins 
in a nanopore increases with the protein molecular weight. These results suggest that a 
nanoscaled single-molecule version of SDS-PAGE, in which proteins are differentiated 
according to their translocation time, could be created using solid-state nanopores. Our 
study also shows that proteins move through the nanopore by electrophoresis, overcom-
ing the electroosmotic flow that runs in the reverse direction. This can be attributed to the 
enhanced negative charge imparted to the protein by the SDS sulfate groups.

We also explored a wide range of SDS concentrations to show that measurements are fea-
sible both above and below the CMC. Characterization of the micelles produced by SDS 
above the CMC is also presented.

Altogether, our results suggest that SDS causes protein unfolding while facilitating protein 
translocation in the direction of the electrophoretic force, both characteristics could be 
advantageous for future protein sequencing applications using solid-state nanopores.

6.5 Materials and methods

6.5.1 Nanopore fabrication

20 nm-thick freestanding silicon nitride membranes were fabricated using trans-chip illumi-
nation lithography as previously described by Janssen et al.35 TEM is used to drill nanopores 
on the membranes and then the chips are manually PDMS painted to reduce the membrane 
capacitance and improve the signal-to-noise ratio.36

6.5.2 Nanopore measurements

Before each measurement, the nanopores are cleaned using oxygen plasma and mounted in 
a PEEK flow cell. Buffer containing 0.4 M NaCl, 10 mM Tris pH 7.5 and 1 mM ETDA is used 
for all measurements. SDS is added at different concentrations, as indicated. Measurements 
are recorded at 100 kHz using an Axopatch 200B (Molecular Devices, LLC) and digitized 
at 500 kHz using a National instruments Digidata 1322A DAQ. The recorded signals were 
further low-pass filtered at 10 kHz and analyzed using the Transalyzer Matlab package.37
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6.5.3 Protein substrates

Titin I27 V13P containing an N-terminal His6-tag and a C-terminal SsrA tag was purified 
by affinity chromatography as follows. A 1-L culture of E. coli strand BL21ai containing the 
plasmid pRSETa was incubated at 37 °C in LB medium supplemented with ampicillin. At an 
OD600 of ~0.8, arabinose (0.2%) was added and the culture was grown for an additional 
4 h at 37 °C before harvesting the cells and freezing them at −80 °C. Pellets were re-sus-
pended in lysis buffer (50 mM of sodium phosphate pH 8.0, 300 mM of NaCl, 50 mM of 
imidazole) and lysed by sonication. The lysate was centrifuged (17 000 rpm, 30 min) and 
titin was purified from the supernatant using Ni2+-NTA affinity resin and eluted with imid-
azole (200 mM). The sample was dialyzed overnight at 4 °C against PBS pH 7.4. β-Amylase 
from sweet potato was purchased from Sigma-Aldrich.

6.5.4 General MD methods

All MD simulations were performed using the NAMD2 software package,38 periodic 
boundary conditions, a 2 fs integration time step and a multiple time-stepping integration 
scheme.39 Proteins, SDS molecules, water and ions were described using the CHARMM36 
force field.40 A custom CHARMM-compatible force field was used for SiO2 41 along with 
custom NBFIX corrections to non-bonded interactions of sodium ions and the sulphate 
groups of SDS or acetate groups of the proteins.42,43 SETTLE44 and RATTLE45 algorithms were 
applied to the covalent bonds involving hydrogen atoms in water and protein, respectively. 
The van der Waals forces were cut off smoothly starting at 10 Å and cut off completely at 
12 Å. Long range electrostatic interactions were evaluated every third time step using the 
particle mesh Ewald method46 over a 0.11 nm-spaced grid. The temperature was controlled 
using a Langevin thermostat acting on the membrane's atoms with a damping constant of 
0.5 ps−1. In the NPT (i.e. constant number of particles, pressure, and temperature) simu-
lations, Nosé–Hoover Langevin piston47 maintained the pressure at 1 atm by adjusting the 
systems’ dimensions along the direction normal to the membrane (z axis in our setup). In 
all production simulations of the nanopore systems, atoms of the inorganic membrane were 
harmonically restrained to their coordinates attained at the end of the annealing simulation 
with the force constant of 20 kcal mol−1 Å−2.

6.5.5 Atomic-scale models of SDS–protein assemblies

Computational models of SDS–protein assemblies were prepared by combining an unfold-
ed conformation of a protein with randomly distributed SDS molecules in a 1 : 1 amino 
acid/SDS molecule ratio. The systems were submerged in 0.4 M NaCl solution. Following 
10 000 steps of energy minimization and 1.5 ns of equilibration in an NPT ensemble, the 
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systems were simulated at 373 K over the course of 200 ns. Following that, the systems were 
cooled down to 300 K in eight simulation steps, decreasing the temperature of the system 
by 10 K between each step. Following that, the SDS–protein systems were simulated for 
another 50 ns at 300 K. SDS molecules that were not in contact with the protein at the end 
of the cooling phase were removed from the systems. The remaining SDS–protein assembly 
was used for the nanopore translocation simulations.

6.5.6 Atomic-scale models of nanopore systems

The atomic-scale models of solid-state nanopores were obtained by simulated annealing of 
amorphous silica subject to a shape-defining grid-based potential.48 The initial models of 
the nanopores were made by removing atoms from a slab of a crystalline SiO2 membrane. 
The systems were then simulated using the BKS49 force field in a vacuum at 7000, 5000, 
2000, and 300 K for 160, 160, 400, and 400 ps, respectively, and in the presence of a grid-
based potential50 that confined the atoms to a predefined volume. The nanopores produced 
using this method are electrically neutral but contain negatively charged oxygen atoms at 
the nanopore surface, which makes the nanopore ionic current slightly cation selective.51 
Three nanopore models were built, differing by the dimensions of the SiO2 membrane (15 
× 15 nm2 cross-section/6 nm thickness, System 1; 15 × 15 nm2 cross-section/10 nm thick-
ness, System 2 and 10 × 10 nm2 cross section/5 nm thickness, System 3). Each membrane 
contained a single hourglass-shaped nanopore with the constriction/entrance diameters 
of 6/7.5 (System 1), 10/13 (System 2) or 3/4.5 (System 3) nm, respectively. The nanopore 
models produced by the annealing procedures were merged with the atomic-scale models 
of the biomolecules and solvated with pre-equilibrated volumes of water. Sodium and chlo-
ride ions were added to produce a 0.4 M solution; the precise number of ions was chosen 
to make the entire system electrically neutral.

Following the assembly, the systems were minimized using a conjugate gradient method 
and equilibrated in the NPT ensemble for 2 ns each at 1 atm pressure and 295 K tempera-
ture. During the equilibration, the protein and/or SDS atoms were restrained to their initial 
coordinates with a force constant of 10 kcal mol−1 Å−2 for 1 ns; then the atoms were 
restrained with a force constant of 5 kcal mol−1 Å−2 for another 1 ns. All subsequent sim-
ulations were performed in the presence of a grid-based potential that prevented a direct 
contact interaction between protein and SDS atoms with the nanopore surface,50 thereby 
eliminating non-specific binding; the grid potential did not apply to water molecules or 
ions. All simulations of the nanopore systems under applied electric field conditions were 
carried out in the NVT ensemble (i.e. constant number of particles, volume, and tempera-
ture). The center of mass of the biomolecules was restrained to remain at the symmetry 
axis of the nanopore using steered molecular dynamics (SMD) features of NAMD2. Such 
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restraints allowed the SDS protein assembly to undergo considerable conformational trans-
formations and move through the nanopore while maintaining its center of mass aligned 
with the geometrical center of the nanopore. A transmembrane potential V was induced 
by applying a constant electric field E = −ΔV/lz normal to the membrane, where lz is the 
length of the simulation system normal to the membrane. SI Table S6.1 provides a complete 
list of simulations performed. Open pore systems were built and simulated using the same 
procedure as described above. Atomic coordinates were recorded every 9.6 ps.
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6.6 Supplementary information

Table S6.1: Summary of MD simulations of nanopore systems.

	 2	

	
Nanopore		and	
membrane	dimensions	 Biomolecules	 Number	of	

atoms	
Transmembrane	
bias	(mV)	

Simulation	
time	(ns)	

System	1:	
	
Membrane	cross	
section:	
15	nm	x	15	nm	
	
Membrane	thickness:	6	
nm	
	
Inner	pore	diameter:	6	
nm	
	
Outer	pore	diameter:	
7.5	nm	

SDS micelle 
(70 SDS molecules) 

322,	601	
125	 130	
250	 80	
500	 20	

Folded	titin,	conf.	1	 330,	898	 500	 60	
-500	 60	

Folded	titin,	conf.	2	 338,624	
500	 60	
-500	 60	
500/-500	 20/40	

SDS/titin,	conf.	1	
(76	SDS	molecules)	 340,937	

125	 160	

250	 130	

SDS/titin,	conf.	2	
(76	SDS	molecules)	 344,343	

125	 250	

250	 125	

SDS/titin	dimer,	conf.	1	
(104	SDS	molecules)	 395,308	

125	 160	

250	 120	

SDS/titin	dimer,	conf.	2	
(104	SDS	molecules)	 416,979	

125	 140	

250	 120	

SDS/β-amylase,	conf.	1	
(249	SDS	molecules)	 558,	595	 500	 110	

SDS/β-amylase,	conf.	2	
(249	SDS	molecules)	 568,	521	 500	 120	

SDS/β-amylase,	conf.	3	
(249	SDS	molecules)	 569,518	 500	 160	

	
System	2:	
	
Membrane	cross	
section:		15	nm	x	15	nm	
	
Membrane	thickness:	
10	nm	
	
Inner	pore	diameter:	10	
nm	
	
Outer	pore	diameter:	
13	nm	
	
	
	

	
SDS	micelle	
(70	SDS	molecules)	

290,558	 500	 50	

Folded	titin	 291,193	 500	 50	

Folded	β-amylase	 290,155	 500	 50	

SDS/β-amylase,	conf.	2	
(249	SDS	molecules)	 351,622	 500	 50	

SDS/β-amylase,	orient.	1	
(249	SDS	molecules)	 411,720	 500	 50	

SDS/β-amylase,	orient.	2	
(249	SDS	molecules)	 389,398	 500	 50	

SDS/β-amylase,	orient.	3	
(249	SDS	molecules)	 358,543	 500	 50	

System 3: 

10x10 nm2 membrane 5 

nm thickness 

 Inner/outer pore 
diameter: 3/4.5 nm	

SDS/titin, conf. 1 

(76 SDS molecules)	
163,621	

125	
250	
1V	

100	
80	
40	

SDS/titin, conf. 2 

(76 SDS molecules) 159,721	 125	
250	

40	
40	

	



118

CHAPTER 6

  6

Figure S6.1: MD simulation of folded titin translocation. (a) Molecular structure of the folded titin monomer. 
To reproduce the constructs used in experiment, SsrA and His tags were added to the C and N terminals of 
the protein, respectively. The blue and red arrows define the initial orientation of the protein with respect 
to the z-axis of our setup (shown in black), which is also the direction of a positive transmembrane bias. 
(b-d) MD simulation of folded titin translocation through a 6 nm diameter nanopore (System 1).  (b) The z 
coordinate of the titin’s center of mass as a function of simulation time. The horizontal black lines indicate the 
location of the membrane. The color and the style (solid/dashed) of the lines indicate the initial orientation of 
the protein and the direction of the transmembrane bias, respectively, defined in panels a. In one simulation 
(gray), the bias was switched during the MD simulation.  Each translocation traces shows a 1-ns running 
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average of 4.8 ps sampled data. (c) The nanopore ionic current recorded in the simulations of folded titin 
translocation. Each ionic current trace shows a 5 ns running average of 4.8 ps sampled instantaneous current. 
The inset on the right shows a zoomed-in view of the ionic current trace for the fragment of the MD trajectory 
where protein translocation was observed (black rectangle in the main plot). In the inset, the ionic current 
trace shows 1 ns running average of 4.8 ps sampled instantaneous currents. (d) The total number of water 
molecules that passed through the nanopore from the beginning of the applied bias simulation. In this 
panel, positive values indicate net water flux in the direction of the z axis. The direction of the water flux 
is correlated with the sign of the transmembrane bias, indicating an electro-osmotic flow produced by a 
negatively charged nanopore surface.

Figure S6.2: Simulated ionic current blockades produced by translocation of molecular species through 
a 6 nm diameter nanopore. Left column illustrates typical microscopic conformations observed during 
nanopore translocation simulations; the black arrow indicated the direction of the positive transmembrane 
bias. The conformation of a protein is depicted as a trace of the protein backbone; SDS molecules are 
shown as molecular bonds; water and ions are not shown for clarity. Right columns shows the ionic current 
traces recorded from the translocation simulations and the open pore current levels. Because of the periodic 
boundary conditions employed in our MD simulations, individual ionic current traces feature multiple 
translocation events. Ionic current traces from independent simulations are delineated by the “//” mark. 
Black circles and horizontal black bars indicate the average blockade current of individual blockade events 
and the duration of each event, respectively. The blockade events were defined by the reduction of the 
nanopore current below 75% of the open pore value.
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Figure S6.3: Simulated ionic current blockades in a 10 nm-diameter nanopore. (a) Molecular configurations 
used for the simulation of the ionic current blockades. The center of mass of each molecule or molecular 
assembly was restrained to the center of the nanopore. Water and ions are not shown for clarify. (b) Additional 
simulations of β-amylase/SDS blockade currents. The initial conformations of the β-amylase/SDS assemblies 
were takes from the translocation simulations performed using the 6 nm-diameter nanopore (System 1). In 
each 48-ns simulation, the center of mass of the β-amylase/SDS assembly was restrained to the center of the 
nanopore. (c) The average conductance blockade amplitudes.  To enable direct comparison with experiment, 
the conductance blockades computed from MD simulations were multiplied by the ratio of the experimental 
and simulation bulk conductivities of 0.4 KCl (3.6/4.8). The average blockade conductance amplitudes were 
each computed from a 48 ns MD trajectory.
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Note S1. Estimation of the critical micelle concentration of SDS using dynamic light scattering (DLS)

It is well known that SDS critical micelle concentration is dependent on the ionic strength of the solution.  
The formation of micelles depends on the interplay between the attractive forces driven by hydrophobic 
interactions of the hydrocarbon tails and the repulsive electrostatic interaction between the charged heads.  
At high ionic concentrations, charges are screened and the critical micelle concentration is reduced. To 
determine the CMC of SDS in the buffer used for our experiments, we used DLS to determine at which 
concentrations we notice the presence and absence of SDS micelles. 

DLS measurements were performed using a Malvern Instuments Zetasizer Nano ZS. Samples containing 
different SDS concentration were prepared in a buffer containing 0.4M NaCl, 10mM TRIS and 1mM ETDA 
pH 7.5. The hydrodynamic radius of each sample was measured and is presented in Figure S6.4. For SDS 
concentrations higher than 0.05% micelles were observed with the expected hydrodynamic radius. No 
micelles were observed bellow 0.01% SDS. These results indicate a CMC for SDS in the range of 0.01% - 
0.05%. 

Figure S6.4: DLS measurements of micelle hydrodynamic radius at different SDS concentrations. The 
presence of micelles above 0.05% SDS and their absence below 0.01% SDS marks the region where the 
CMC is located.
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Note S2. Tryptophan fluorescence bulk assay 

Tryptophan fluorescence is routinely used to study protein conformational changes. Tryptophan fluorescence 
emission is highly dependent on the nature of its local environment, which can be used to infer the 
conformation of a protein. In a native or folded protein, most tryptophan residues are either partially or 
fully buried in the core of the protein due to their hydrophobic nature. Once the protein is unfolded with 
denaturing agents such as SDS or urea, tryptophan residues become partially or fully exposed and their 
fluorescent emission shifts. Here we used this principle to study the effect of SDS at different concentrations 
on one of our protein substrates. 

All our measurements were done in a solution containing 0.4 M NaCl, 10mM Tris pH 7.5, 1mM ETDA, 1mM 
of DTT and different concentrations of SDS as shown in the following figure. Fluorescent measurements 
were done in a Cary eclipse fluorescence spectrophotometer with an excitation wavelength of 295nm and 
emission collected from 300nm – 450nm. The buffer background was measured and subtracted from each 
protein measurement. 

Figure S6.5: Tryptophan fluorescence bulk measurements of β −amylase at different SDS concentrations. A 
clear conformational change is observed in the protein even at SDS concentrations bellow CMC. 
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Figure S6.6: Translocation of native and SDS-unfolded titin. (a) Scatter plots of dwell time vs. conductance 
blockade for titin, SDS-titin and SDS micelles.  (b) Histograms of the amplidute of the blockade for native titin 
(left), SDS-titin at an SDS concentration above CMC (middle) and SDS-titin bellow CMC (right).
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Figure S6.7:  Simulated ionic current blockades produced by a stretched peptide chain. (a Molecular 
configurations featuring a 60 amino acid fragment of β-amylase (residues 10 to 70) with (Systems P1 and 
P3) and without (Systems P2 and P4) attached SDS molecules threaded through either the 6 nm diameter 
nanopore (Systems P1 and P2) or the 10 nm diameter nanopore (Systems P3 and P4). The initial configuration 
of the peptide was taken from the simulation of the β-amylase/SDS assembly, orientation 3 at t = 0 ns (see 
Figure S6.3). The center of mass of the peptide chain/SDS assembly (Systems P1 and P3) or only of the 
peptide chain (Systems P2 and P4) was aligned with the geometrical center of each nanopore. During MD 
simulations of the ionic current, the backbone atoms of the peptide chain were harmonically restrained to 
their initial coordinates; SDS molecules were not restrained.  At the end of the 60 ns simulations of Systems 
P1 and P3 under a 500 mV transmembrane bias, 20 and 1 SDS molecules detached from the peptide 
chain, respectively. (b) The average conductance blockade amplitudes.  To enable direct comparison with 
experiment, the conductance blockades computed from MD simulations were multiplied by the ratio of the 
experimental and simulation bulk conductivities of 0.4 KCl (3.6/4.8). The average blockade conductance 
amplitudes for each system were computed from a 60 ns MD trajectory.
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7
Single-molecule protein analysis:

From the lab to the market  

Bridging the gap between scientific developments and their societal utilization is an 
important step for the impact of research and education in society. In this chapter we 

analyze the most important aspects of bringing a technology for single-molecule protein 
sequencing from the lab, to the market. We describe the unmet market needs and opportu-
nities, compare this technology to current methods, and explore the potential applications 
and markets in which such a technology could enter.

This chapter was written in collaboration with S.Heerema, C. Joo and C. Dekker.



130

CHAPTER 7

  7

7.1 Unmet market needs and opportunities

Proteins are the major building blocks of life. A human cell contains millions of different 
protein species, each having their own unique role: to duplicate the genome, to catalyze 
chemical processes, and to defend the cell against viral attack, etc1. The functions of pro-
teins are vital to the cell, and the protein composition of a cell and tissue provides key infor-
mation for the understanding of biological processes and diseases. Protein identification 
and characterization is therefore crucial for diagnostics, drug discovery, and fundamental 
sciences. 

Despite the huge importance of protein analysis, current technologies are limiting when it 
comes to the level of detail that is needed2. Most cost-effective technologies, such as immu-
noassays, probe for known ‘biomarkers’, proteins that are present in a patient’s sample that 
mark for a specific disease. But the methods are applicable to only a limited number of 
diseases in which biomarkers have been identified and are abundant in a patient’s sample. 
Mass spectrometry allows for the de novo detection of unknown proteins, but the technique 
is very costly, is time-consuming, requires a large amount of sample (e.g. blood volume), 
and needs highly skilled technicians.

Figure 7.1: The bottleneck of protein analysis and biomarker discovery. Protein concentrations vary widely 
in a sample. Current methods can detect only the most abundant proteins, but new methods are necessary 
for low-abundance protein detection. Adapted from 3.

Radically new methods are necessary to achieve the sensitivity, dynamic range and cost-
effectiveness needed for proteomics. One of the main challenges emerges from the fact that 
protein concentrations in a biological sample can vary by up to 9-10 orders of magnitude 
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(Fig 7.1)3–5. This large variability in concentration, combined with the lack of amplification 
methods for proteins, brings tremendous difficulties for the measurement of proteins present 
in low abundance.

7.2 Current techniques for protein analysis

Mass spectrometry is the current gold standard for protein sequencing. In Chapter 1 Box 2 
we have described the working principle of the technique. A mass spectrometer easily costs 
200.000 - 500.000 euros and requires a trained technician for its operation, as well as data 
analysis. Besides the costs and time factors, there are other fundamental limitations with 
the technique. Human samples are extremely complex, comprising a wide range of protein 
concentrations. In human plasma, for example, the concentration of proteins can vary over 
9 orders of magnitude, from a few picograms per milliliter (Interleukin 6) to milligrams per 
milliliter (albumin)2,4. Therefore, an exceedingly high dynamic range is necessary for com-
prehensive proteome analysis. In the most common approach to proteomics using mass 
spectrometry, proteins are digested into peptides and thousands of peptides are analyzed 
at once. Therefore, proteins present in low abundance cannot be distinguished from the 
background noise of the measurement. Thus, state-of-the-art mass spectrometers are limited 
to a dynamic range of ~104 to 105. Where the most abundant proteins can be identified, 
but rare proteins that are present in low-copy numbers are mostly invisible6 (Fig 7.1). Many 
biomarkers for cancer and other diseases often escape timely detection for this very reason.

Mass spectroscopy performs an unbiased measurement, meaning that it analyses several 
proteins present in a sample. It has the highest dynamic range among the different protein 
analysis methods currently available. The main downside of the technique comes from its 
cost-effectiveness (Fig 7.2). Mass spectrometry is expensive, slow, and it requires a high-lev-
el trained user to handle and readout the machine. Moreover, concerns about its intra and 
inter-laboratory reproducibility have been raised7.

Because of the above, mass spectrometry is not commonly used in clinics and hospitals for 
routine diagnosis. Its use is limited to the discovery phase of proteomics, where samples 
of controls and diseased patients are analyze in the search for disease specific biomarkers. 
Bringing mass spectrometry to the clinical chemistry lab has been a challenge. Only a 
percentage of hospitals can afford using mass spectrometry for routine clinical chemistry 
analysis.  For that reason, clinical chemistry labs perform biomarker discovery with mass 
spectrometry, but move quickly to immunoassays for validation and adaptation of tests into 
the clinical chemistry lab. 
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In immunoassays, proteins are identified based on their affinity for particular antibodies. 
The analyte/antibody interaction is then detected using different methods including electro-
chemistry, fluorescence, luminescence, etc. Immunoassays, such as ELISA (enzyme-linked 
immunosorbent assay). are cost-effective and do not need a very skilled user. Making it an 
ideal tool for the clinical chemistry lab. However, it can only perform a biased read-out 
towards a predefined protein, limiting its usefulness for biomarker discovery. Moreover, its 
dependence on the specificity and availability of antibodies brings an inherent problem 
for multiplexing. Immunoassays can only detect tens or occasionally hundreds of different 
proteins at once, which makes their dynamic range low. 

The fact that discovery and validation are often done with different techniques brings addi-
tional challenges to proteomics, as the findings made with one method not always translate 
smoothly to the other. This process brings an important challenge for the translation of a 
biomarker from research to clinical diagnosis. Techniques in which both biomarker discov-
ery and validation can be done are of great need. 

7.3 A solution based on single-molecule techniques: the competitive ad-
vantages of single-molecule analysis

Single molecule techniques, in which molecules are analyzed one at the time, have brought 
a revolution to biophysics, allowing for extremely sensitive analysis.  Much like if hap-
pened for DNA sequencing, a breakthrough is expected for protein sequencing based on 
single-molecule approaches.

As presented here in Chapter 2, colossal efforts are undergoing now in the field of sin-
gle-molecule protein sequencing in which different research laboratories around the world 
are using fluorescence, nanopores or tunneling currents to achieve sequencing readouts. 
Because of its scalability, sensitivity, and temporal resolution, we favor a nanopore method 
for protein sequencing or fingerprinting. 

We envision that a protein sequencer based on nanopores, could become a cost-effective 
tool that can be used for biomarker discovery and validation. By detecting single-molecules 
one at the time, high sensitivity and dynamic range are expected. This would be particularly 
important for the detection of low-abundance proteins. 

Finally, a nanopore method for protein sequencing would ideally read full-length proteins. 
This feature is important for the correct identification of proteoforms. The most common 
method for mass spectrometry-based protein analysis is bottom up proteomics, in which 
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proteins are digested and peptide digests are analyzed. A disadvantage of this approach 
is that several protein proteoforms share peptide segments, therefore identification of the 
exact proteoforms and their quantification is not possible8. 

Figure 7.2: Cost-effectiveness vs. dynamic range of current methods used for protein analysis, compared to 
the expected performance of the single molecule techniques.

7.4 Potential applications

7.4.1 Biomarker discovery
Biomarker discovery is key for the development of personalized medicine. During the pro-
cess of biomarker discovery, biological samples (blood, plasma, cerebrospinal fluid, etc) 
of control and diseased patients are compared to find the differences in protein expression 
profiles.  High sensitivity is required for biomarker discovery, as proteins present in diseased 
tissues or tumors are often present in the blood in extremely low concentrations. 

7.4.2 Biomarker detection for early disease diagnosis
Biomarkers that are identified as indicative of a disease should be detected with high sen-
sitivity, selectivity and accuracy. High sensitivity is important for early disease detection. 
Biomarker detection in patients samples is normally performed in the clinical chemistry 
laboratory, therefore techniques for biomarker detection should be cost-effective and easy 
to use. 

7.4.3 Quality control
Biotech and pharmaceutical companies produce a vast number of enzymes and antibodies 
for therapeutic purposes. The characterization of the produced proteins, including their 
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PTM profiles, is important to determine their activity and immunogenic response. In the 
same way food companies need to characterize the proteins present in products such as 
diary. 

7.4.4 Scientific research 
The expression and purification of recombinant proteins is widely used in academic research 
in areas such as molecular biology, biochemistry and biophysics. Characterization of the 
expressed proteins is often limited to techniques such as SDS PAGE. A cost effective protein 
sequencing technique with higher sensitivity would be useful for a better characterization 

7.5 Market analysis

A single-molecule protein analysis tool can enter both the protein identification (ID) and 
characterization market, or the larger proteomics market, depending on the particular 
application and capabilities of the technique. The protein ID market comprises the charac-
terization and quantification of a particular protein or a limited set of proteins. For example, 
the characterization of the PTMs present in a protein. The larger proteomics market covers 
the analysis of the proteomes present in biological samples, often implying the analysis of 
thousands of different proteins.  

Figure 7.3: The Global Protein ID market (left) and the Global Proteomics market (right). Predictions are 
based on a conservative 7% yearly growth. Adapted from 9 and 10.

7.5.1 Protein identification and characterization market

Single-molecule detectors or sensors aimed at characterizing a particular set of proteins will 
enter this market. The protein ID market is expected to reach $2.6B by 2019, and $3.6B by 
2024 (based on a conservative 7% yearly growth rate).  The major driving forces behind this 
growth are the increased budgets for proteomics R&D in both the private and public sector, 
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Figure 7.4: The Global Protein ID market Instruments segments as predicted for 2024.

and technological developments. The customers of the protein identification and character-
ization market can be segmented into the biopharmaceutical industry, academic research, 
and clinical diagnostics. The market’s products are segmented into instruments & consum-
ables, and services. Within the instruments & consumables segment, the mass spectrometry 
part is estimated to be $540M, and immunoassay part to be $266M in 2024 (Fig. 7.4).

Figure 7.5: The Global Protein ID market segments as predicted for 2024. 

The product segments were single-molecule technologies will most probably penetrate are 
mass spectroscopy and immunoassays. These are the most standard methods for protein 
analysis and are the methods that will compete with a single molecule detector directly. 
The two technologies have their advantages and limitations. Mass spectroscopy performs an 
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unbiased measurement, but has several downsides; i.e. it is expensive, slow, and it requires 
a high-level trained user to handle and readout the machine. In ELISA technology, one 
pre-selects for certain proteins in a sample, as it uses antibodies for the detection readout. 
ELISA is cost-effective, and does not need a very skilled user, but can only perform a biased 
read-out. 

From both segments, the mass spectrometry market is of greater interest due to the lack of 
alternative cheap and easy to use technologies. The mass spectrometry market can be esti-
mated to become $540M by 2024 (taking a 7% yearly growth rate for the global market). 

7.5.2 The larger proteomics market

Technologies able to perform protein sequencing at the single-molecule level in complex 
samples will enter the larger Proteomics market, where large amounts (thousands) of pro-
teins are analyzed in biological samples. 

The global proteomics market is expected to reach $21.87B by 2021, and $24.8B by 2024. 
The major driving forces behind this growth are the strongly increasing need for personal-
ized medicine and increased budgets for proteomics R&D in both private and public sector. 
The most important barriers in the proteomics market are the high costs in tools and equip-
ment, and the need for skilled researchers. 

The proteomics market is ~7 times larger than the protein identification market. Here, clin-
ical diagnosis is the largest application segment. This is expected, as proteomics is mainly 
done for clinical research and discovery of biomarkers. As a consequence clinical research 
centers such as hospitals will be the main costumers. 

7.5.3 Obtainable market

To provide an estimate of the expected obtainable market, we can consider a device capa-
ble of performing single molecule protein PTM analysis of samples containing a limited 
number of proteins. Such a device would enter the Protein ID market in 2024. 

As previously explained, the mass spectrometry segment is estimated to be $540M, and the 
immunoassay segment to be $266M in 2024. From both segments, the mass spectrometry 
market is of greater interest due to the lack of alternative cheap and easy to use technolo-
gies. Moreover, mass spectrometry is a common tool for PTM analysis. 

If we look at the customer segments of the protein ID market (Figure 7.5), we find that the 
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market is divided into biopharmaceutical industry (42%), academic research (24%), and 
clinical diagnostics (34%). The biopharmaceutical industry is the larger segment and is an 
interesting potential target for a protein characterization product. Biopharmaceuticals are 
expected to sell $120 B in monoclonal antibodies in 202011. Techniques able to charac-
terize the quality of these antibodies in a fast and high-throughput manner are crucial. A 
device that can analyze the PTM content of intact proteins is not available at the moment, 
so it is expected to penetrate that market as an attractive alternative to current technologies. 
The academic research labs correspond to a smaller portion of the market (24%). However, 
academic researchers are likely to be early technology adaptors and can be important part-
ners in the development process. 

Based on this information, an attractive go-to market plan for such a device would consist 
on commercializing the device to academic researchers in the first 2-3 years, and then 
move towards the biopharmaceutical industry. A nanopore device can be considerably 
cheaper than mass spectrometry and easier to use. Therefore we can conservatively esti-
mate to obtain 5% of the market in the first year (approx. $2.1M) and 8% in the second year 
(approx. $3.4M). After that, commercialization should be extended to the biopharmaceu-
tical industry, where revenues can be ten times higher. Here, with an obtainable market of 
5%, revenues would correspond to approx. $23M.

7.6 Conclusion

In conclusion, the development and commercialization of a single-molecule protein finger-
printing platform offers good business opportunities with high impact for various industries:

• Medical healthcare - for early-stage disease detection 
• Pharmaceutical industry - for quality control of proteins during drug development 
• Agriculture - for quality control during food production 
• Scientific research centers for biochemical research - to screen proteins for fundamen-

tal understanding on molecular processes in cells, and for biomarker detection, to 
sense proteins associated with specific diseases. 

The technology can be disruptive in areas such as clinical research for biomarker discovery, 
or in disease diagnosis. Moreover, a technology able to read full length-proteins has signif-
icant competitive advantages compared to other methods. 

The main limitations for the development of a product that can be commercialized are the 
technical challenges discussed in this thesis. Among them, controlled protein unfolding 
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and translocation is an important obstacle that needs to be overcome. Ultimately, for the 
realization of single-cell proteomics and low-abundance protein analysis, the challenges of 
sample preparation should now be overlooked. 
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Summary 

The function and phenotype of a cell is determined by a complex network of interactions 
between DNA, RNA, proteins and metabolites. Therefore, a comprehensive approach that 
integrates genomics, transcriptomics, proteomics, and metabolomics is necessary to achieve 
full understanding of biological processes and disease.  Recent technological developments 
have mostly focused on the study of genomes. DNA sequencing has become fast, cheap, 
and ubiquitous. The study of other -omes, especially the proteome, remains expensive and 
time-consuming.  

Nanopores have emerged as attractive tools for the development of a protein sequencer 
with single-molecule capabilities. In a nanopore sensor, an insulating membrane made of 
a lipid bilayer or a solid-state membrane separates two compartments filled with an elec-
trolyte. A nanometer-sized pore is made within the membrane, by inserting a single pro-
tein-pore into a lipid bilayer or by drilling a pore in a solid-state membrane using transmis-
sion electron microscopy. When a voltage is applied across the membrane, an ionic current 
flows through the nanometer-sized aperture. Molecules passing or translocating through 
the pore modulate the ionic current, which provides the basic sensor signal.  This principle 
has been successfully applied to DNA sequencing. Protein sequencing is the next frontier.

Several technical challenges need to be overcome for the realization of single-molecule 
protein sequencing with nanopores. For example, the possibility to distinguish all the 20 
amino acids remains a tremendous challenge. Additionally, the protein needs to be unfold-
ed and the full peptide chain moved across the pore in a controlled manner. In chapter 
2, we present a summary of these challenges, together with the relevant developments 
reported so far. Besides nanopores, other single molecule methods such as fluorescence 
and tunnelling currents are currently explored for protein sequencing. A review of these 
developments is also presented in this chapter. 

For a nanopore-based protein sequencer, the protein needs to be unfolded and the amino 
acid sequence sequentially read as the polypeptide chain translocates through the pore. 
Protein unfolding and controlled translocation across a nanopore remains a tremendous 
challenge. For that reason, pepides are often used as simplified model systems for proof of 
concept experiments.Peptides of different charge, size and structure have been previously 
studied with biological nanopores. In chapter 3 we explore the use of a bipolar peptide 
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as model system. This peptide contains 10 negative amino acids in the N-terminus and 10 
positive amino acids in the C-terminus. The opposite charges at the ends of the peptide gen-
erate force in opposing directions stalling the peptide while it translocates the FraC pore. 
This mechanism helps to linearize the peptide and allows for extended examination of the 
central region of the peptide, which is further explored in chapters 4 and 5. In chapter 3 we 
explore other interesting features observed in this peptide-FraC system: the non-linear cur-
rent voltage dependence observed for the system. Our experiments and molecular dynam-
ics simulations show that the relative blockade caused by the peptide changes depending 
on the applied bias as a consequence of peptide stretching and compressing. We propose 
to use this bipolar peptide as an electromechanical gate that can modulate nanopore con-
ductance in a dynamic manner and at the single-molecule level. 

For the realization of de novo protein sequencing, differentiating 20 different amino acids 
during nanopore translocation is a significant technical hurdle. In recent years, the groups 
of Joo and Marcotte proposed an alternative simpler idea, namely, protein fingerprinting, 
in which proteins can be identified if a subset of amino acids is labelled and read. Joo and 
colleagues proposed protein identification through detection of the sequence of cysteines 
and lysines along the peptide chain. The lysine and cysteine sequence is then compared 
to a protein database for protein identification. Nanopores offer an attractive technique 
for the implementation of protein fingerprinting, thanks to their high sensitivity and time 
resolution. For such a nanopore protein fingerprinting method, cysteines, lysines, or other 
amino acids should be modified with labels that can produce a distinct modulation in 
the current while the linearized protein traverses the nanopore. In chapter 4, we investi-
gate the effect of adding different chemical modifications in single amino acid side chains 
within a polypeptide chain. We use the model peptide described in chapter 3 to charac-
terize different chemical modifications. We show that sensitive and reproducible detection 
can be obtained for labels with a spectrum of different physicochemical properties such 
as mass, geometry, charges, and hydrophobicity. We further demonstrate that information 
about the position of the label along the peptide chain can be extracted from individual 
current-blockade event features. Our findings provide insights into the effects of different 
chemical labels on nanopore ionic current signals, which is important for protein sensing 
and fingerprinting. 

The results presented in chapter 4 demonstrate the possibility to detect modifications in 
single amino acid side chains using the FraC nanopore. In nature, modifications in single 
amino acids side chains are abundant. Post-translational modifications or PTMs are modifi-
cations occurring after the synthesis of proteins, and usually involve the addition of chem-
ical groups to specific amino acids along the protein. PTMs play important roles in protein 
(in)activation, stability, and recognition, among other things. Consequently, their detection 
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and identification is important for elucidating complex cellular processes and disease. In 
chapter 5 we explore the detection of two post-translational modifications with nanopores: 
Phosphorylation and O-glycosylation. These two PTMs have an intricate and highly dynam-
ic regulatory process, where they compete for protein modification sites. Their dysregula-
tion has been implicated in the development of cancer, Alzheimer's disease, diabetes, and 
many more. We show that using a FraC nanopore the phosphorylated and non-phosphory-
lated peptide variants can be differentiated by their relative current blockade. The same was 
shown for an O-glycosylated peptide variant. Besides the effect of these modifications on 
relative blockade, the translocation dwell-times were also analyzed. Finally, conditions in 
which these modifications could be differentiated are shown, demonstrating the identifica-
tion of phosphorylation and O-glycosylation in a label-free manner using nanopores. These 
results represent an important step for the single molecule identification of proteoforms or 
protein isoforms, which is of tremendous importance for disease diagnosis and cell biology.

In chapter 6 we move to the study of full-length proteins. Here we combine molecular 
dynamics (MD) simulations with single-molecule experiments to investigate the utility of 
SDS (Sodium Dodecyl Sulfate) to unfold proteins for solid-state nanopore translocation 
while simultaneously endowing them with a stronger electrical charge. Our simulations 
and experiments prove that SDS-treated proteins show a considerable loss of the protein 
structure during the nanopore translocation. Moreover, SDS-treated proteins translocate 
through the nanopore in the direction prescribed by the electrophoretic force due to the 
negative charge impaired by SDS. In summary, our results suggest that SDS causes pro-
tein unfolding while facilitating protein translocation in the direction of the electrophoretic 
force; both characteristics being advantageous for future protein sequencing applications 
using solid-state nanopores. Despite successful protein unfolding, SDS denatured proteins 
translocate too fast through the nanopore and additional mechanisms to control transloca-
tion speed are necessary.

Finally, in chapter 7, we analyze the most important aspects of bringing a technology for 
single-molecule protein sequencing from the lab, to the market. We describe the market 
needs and opportunities, compare this technology to current methods, and explore the 
potential applications and markets in which such a technology could enter.
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Samenvatting

De functies en fenotypes van cellen worden bepaald door een complex netwerk van inter-
acties tussen DNA, RNA, eiwitten en metabolieten. Om een totaalbeeld van biologische 
processen en ziektes te krijgen is een brede aanpak nodig die genomica, transcriptomica, 
proteomica en metabolomica samenbrengt. Recente technologische ontwikkelingen heb-
ben zich voornamelijk gericht op genomica, waardoor het bepalen van DNA sequenties nu 
snel, goedkoop en alomtegenwoordig is geworden. De studie van andere -oom velden, met 
name het proteoom, blijft echter duur en tijdrovend.

Nanoporiën zijn naar voren gekomen als aantrekkelijke hulpmiddelen voor de ontwikke-
ling van een eiwit-sequencer met enkel-molecuul capabiliteiten. In een nanopore sensor 
worden twee compartimenten, die gevuld zijn met een elektrolyt, gescheiden door een 
isolerend dubbellaags lipidemembraan of door een ‘vaste-stof’ membraan. In het mem-
braan wordt op nanometer schaal een porie gemaakt door een enkel porie-eiwit in het 
lipidemembraan te plaatsen of door met een transmissie-elektronenmicroscoop een gat te 
boren in het ‘vaste-stof’ membraan. Als er een spanning over het membraan wordt gezet 
ontstaat er een ionenstroom door de nanoporie. Moleculen die de porie passeren zullen de 
ionenstroom veranderen, waardoor een meetbaar signaal ontstaat. Dit principe is succesvol 
toegepast voor het bepalen van DNA sequenties; de volgende stap is het bepalen van de 
aminozuursequenties van eiwitten.

Om een enkel-molecuul eiwit-sequencer te realiseren met nanoporiën, zullen verschillen-
de technische uitdagingen overwonnen moeten worden. Het onderscheiden van alle 20 
aminozuren blijft bijvoorbeeld een enorme uitdaging. Daarnaast moet het eiwit worden 
ontvouwen en de intacte peptideketen moet op een gecontroleerde manier door de porie 
worden verplaatst. 

In hoofdstuk 2 geven we een overzicht van deze uitdagingen samen met de relevante 
ontwikkelingen die tot nu toe zijn gepubliceerd. Naast nanoporiën worden er ook andere 
methodes gebruikt waarmee de sequentie van eiwitten per molecuul kan worden bep-
aald, zoals het gebruik van fluorescentie en van tunnelstromen. Een samenvatting van deze 
ontwikkelingen wordt ook beschreven in dit hoofdstuk. 

Voor het bepalen van eiwitsequenties met nanoporiën, moet het eiwit eerst ontvouwen 
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worden en vervolgens moet de aminozuursequentie sequentieel worden afgelezen terwijl 
de polypeptideketen zich door de porie verplaatst. Het ontvouwen van het eiwit en de 
gecontroleerde translocatie door de porie blijven enorme uitdagingen. Daarom worden 
peptides vaak gebruikt als vereenvoudigd modelsysteem voor proof of concept experiment-
en. Peptides van verschillende lengtes, groottes and structuren zijn eerder al bestudeerd 
met biologische nanopores. In hoofdstuk 3 kijken we naar een bipolaire peptide als mod-
elsysteem. Dit peptide heeft 10 negatieve aminozuren aan de N-terminus en 10 positieve 
aminozuren aan de C-terminus. De tegenovergestelde ladingen aan beide uiteinden van 
het peptide genereren een kracht in de tegenovergestelde richting, wat ervoor zorgt dat het 
peptide vast blijft zitten wanneer het zich door de FraC-porie verplaatst. Dit mechanisme 
helpt om het peptide te ontvouwen en zorgt voor een uitgebreide detectie van de centrale 
regio van het peptide, waar in hoofdstuk 4 en 5 verder op in wordt gegaan. In hoofd-
stuk 3 bestuderen we andere interessante eigenschappen van dit peptide-FraC systeem: 
het niet-lineaire verband tussen stroom en spannings dat geobserveerd is voor dit systeem. 
Onze experimenten en  moleculaire dynamica simulaties laten zien dat de relatieve blok-
kade die veroorzaakt wordt door dit peptide verandert afhankelijk van het aangebrachte 
potentiaal, wat het resultaat is van het strekken en samendrukken van het peptide. Wij 
stellen voor om deze bipolaire peptide te gebruiken als een elektromechanische gate die de 
soortelijke geleiding van de nanoporie op een dynamische manier en op moleculair niveau 
kan veranderen. 

Een significante technische horde om de novo sequentiebepaling van eiwitten te real-
iseren is de identificatie van 20 verschillende aminozuren tijdens een translocatie door een 
nanopore. In de afgelopen jaren hebben de groepen van Joo en Marcotte een simpeler idee 
voorgesteld, namelijk het identificeren van eiwitten aan de hand van hun ‘vingerafdruk-
ken’. Bij deze methode wordt slechts een deel van aminozuren gelabeld en geïdentificeerd. 
Joo en collega’s willen eiwitten identificeren door de sequentie van cysteines en lysines 
van een peptideketen uit te lezen. De cysteine en lysine sequentie wordt dan vergeleken 
met een eiwit database waardoor het eiwit kan worden geïdentificeerd. Het gebruik van 
nanoporiën is, dankzij de hoge gevoeligheid en tijdsresolutie, een aantrekkelijke methode 
voor de implementatie van een eiwit-vingerafdruktechniek. Voor een dergelijke methode 
moeten cysteines, lysines of andere aminozuren worden gemodificeerd met labels die een 
duidelijke verandering  in de stroom geven wanneer het ontvouwen eiwit de nanoporie 
passeert. 

In hoofdstuk 4 bestuderen we het effect van het toevoegen van verschillende chemische 
modificaties aan zijgroepen van individuele aminozuren in de peptideketen. We gebruiken 
hetzelfde modelpeptide als beschreven in hoofdstuk 3 om deze modificaties te karakter-
iseren. Wij laten zien dat gevoelige en reproduceerbare detectie mogelijk is van labels 
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met een spectrum aan fysiochemische eigenschappen, zoals massa, geometrie, lading en 
hydrofobiciteit. Verder laten we zien dat informatie betreffende de positie van het label op 
de peptideketen uit individuele stroom-blokkades kan worden bepaald. Onze bevinding-
en geven een overzicht van de effecten die verschillende chemische labels hebben op de 
stroomsignalen van een nanoporie, wat erg belangrijk is voor eiwit-detectie en de vinger-
afdruktechniek.

De resultaten van hoofdstuk 4 laten zien dat het mogelijk is om modificaties te detecteren 
in zijketens van individuele aminozuren met behulp van de FraC nanoporie. In de natuur 
komen de modificaties van zijketens van individuele aminozuren vaak voor. Posttranslatio-
nele modificaties, oftewel PTMs, zijn modificaties die ontstaan na de synthese van eiwitten. 
Hierbij worden voornamelijk chemische groepen aan specifieke aminozuren in het eiwit 
toegevoegd. PTMs spelen onder andere een belangrijke rol in de (in)activatie, stabiliteit en 
herkenning van eiwitten. De detectie en identificatie van PTMs is daarom belangrijk om 
inzicht te krijgen in de werking van complexe cellulaire processen en ziektes. 

In hoofdstuk 5 bestuderen we de detectie van twee posttranslationele modificaties met 
nanoporiën: fosforylatie en O-glycosylering. Deze twee PTMs hebben een complex en 
dynamisch reguleringsproces, waar ze concurreren voor dezelfde modificatieplekken op 
eiwitten. Ontregeling van deze processen heeft implicaties voor de vorming van kanker, 
Alzheimer, diabetes en vele andere ziektes. Wij laten zien dat met behulp van een FraC 
nanoporie de gefosforyleerde en niet-gefosforyleerde peptide varianten onderscheiden 
kunnen worden aan de hand van hun relatieve stroom blokkade. Ditzelfde laten we zien 
voor een O-geglycosyleerde  peptide variant. Naast het effect van deze modificaties op de 
relatieve blokkade, zijn de translocatietijden ook geanalyseerd. Ten slotte demonstreren we 
de condities waarmee deze modificaties van elkaar onderscheiden kunnen worden. Hier-
mee tonen we aan dat fosforylatie en O-glycosylering op een label-vrije manier geïdenti-
ficeerd kunnen worden met behulp van nanoporiën. Deze resultaten vertegenwoordigen 
een belangrijke stap voor de identificatie van proteovormen of eiwit isovormen op het 
niveau van individuele moleculen, welke voor diagnostiek van ziektes en celbiologie van 
bijzonder groot belang is.

In hoofdstuk 6 richten we onze aandacht op het bestuderen van gehele, intacte eiwitten. 
Hier combineren wij simulaties van moleculaire dynamica (MD) met experimenten op het 
niveau van individuele moleculen om te onderzoeken of SDS (Natriumdodecylsulfaat) geb-
ruikt kan worden om eiwitten te ontvouwen voor vaste-stof nanoporie translocaties terwijl 
ze tegelijkertijd een sterkere elektrische lading krijgen. Onze simulaties en experimenten 
bewijzen dat eiwitten behandeld met SDS een significant verlies van structuur ondergaan 
tijdens de translocatie door de nanoporie. Eiwitten die behandeld zijn met SDS translo-
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ceren door een nanoporie in de richting van de elektroforetische kracht, dit komt door de 
negatieve lading die SDS aan het eiwit geeft. Om samen te vatten, suggereren onze resul-
taten dat SDS eiwit-ontvouwing veroorzaakt en dat SDS tegelijkertijd de translocatie van 
het eiwit faciliteert in de richting van de elektroforetische kracht; beide karakteristieken zijn 
gunstig voor toekomstige toepassingen van aminozuursequentie bepaling met behulp van 
vaste-stof nanoporiën. Ondanks dat eiwitten snel worden ontvouwen door SDS, translo-
ceren deze SDS gedenatureerde eiwitten te snel door de nanoporie. Aanvullende methodes 
om de translocatie snelheid te reguleren zijn daarom nodig.

Tot slot, in hoofdstuk 7 analyseren we de belangrijkste aspecten die nodig zijn om de tech-
nologie voor het bepalen van aminozuursequenties van individuele eiwitten, van het lab 
naar de markt te brengen. We beschrijven de marktbehoeften en -kansen. Ook vergelijken 
we deze technologie met huidige methodes, en verkennen we de potentiële toepassingen 
en markten waarin deze technologie kan worden geïntroduceerd.
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