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Abstract

Protein sequencing and the identification of post-translational 
modifications are key to understanding cellular signalling pathways 
and metabolic processes in health and disease. Nanopores, that is, 
nanometre-sized holes in a membrane, were previously put to use for 
DNA and RNA sequencing, offering single-molecule sensitivity and 
long read lengths. This prompted efforts to engineer nanopores for the 
high-throughput sequencing of peptides and proteins. In this Review, 
we discuss research towards single-molecule protein sequencing using 
biological nanopores, investigating how their sensitivity allows the 
discrimination of all 20 amino acids. We outline how fingerprinting 
of proteins is facilitated by using motor proteins and electro-osmotic 
flow to promote the slow translocation of proteins through nanopores. 
Moreover, we examine applications of nanopores to the identification 
of post-translational modifications, highlighting the potential of this 
technology for fundamental and clinical proteomic studies. Finally, we 
outline the advantages and limitations of nanopore systems for protein 
sequencing and the challenges that remain to be overcome for realizing 
de novo nanopore protein sequencing.
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nanopore technology have contributed to protein sequencing by 
offering enhanced stability, tunability and durability30–32. Materials 
such as glass33, silicon nitride34, molybdenum disulfide35, graphene36 
and DNA origami37 have been used to fabricate nanopores capable of 
detecting various analytes38–42. However, the size and shape of such 
solid-state nanopores is less defined and less reproducible than those 
of their biological counterparts, and they often exhibit higher noise 
levels43,44. Therefore, mainly biological nanopores have been explored 
for high-resolution single-molecule protein sequencing, owing to their 
consistent atomic-scale-defined geometry, high signal-to-noise ratio 
and ability to precisely control analyte movement45.

In this Review, we discuss protein sequencing by biological nano-
pores, outlining how nanopores can be implemented to enable indi-
vidual peptides or proteins to translocate in an increasingly consistent 
and discernible manner. For example, charges on the inner walls of the 
nanopore can induce an electro-osmotic flow that moves a liquid con-
taining an analyte through the pore. This facilitates the translocation  
of neutrally or oppositely charged proteins, and overcomes limitations of  
electrophoretic force approaches46–48, in which charged molecules are 
directly driven by an applied electric field to move through the nanop-
ore. Furthermore, motor proteins can be integrated in nanopore sys-
tems for controlled, slow and high-precision protein translocation49–52. 
Finally, we survey key applications of nanopore protein sequencing, 
including the detection of PTMs at the single-molecule level.

Nanopore-based protein sequencing
Nanopore measurements
In a typical nanopore measurement, a biological nanopore in a lipid 
bilayer connects two isolated compartments (commonly referred to 
as cis and trans) filled with electrolyte solutions. Under an electrical 
field, an active ion flow through the nanopore can be recorded as an 
electrical signal in the picoampere (pA) range (Fig. 1a). If the cis com-
partment is supplemented with analyte molecules, spikes in the electri-
cal signal appear, owing to analyte biopolymers partially blocking the 
ion flow through the nanopore after their traversal (Fig. 1b), yielding 
characteristic current levels and dwell times (that is, the length of time 
during which a molecule or a segment remains within the nanopore dur-
ing translocation). The translocation of the molecule depends on its 
charge properties, as charged molecules experience an electrophoretic 
force that attracts them towards the corresponding electrode, enabling 
translocation of the analyte through the pore. Negatively charged DNA 
molecules translocate with a speed of ~1 nt µs−1 (refs. 53,54), which is too 
fast to resolve individual bases. Therefore, high-precision DNA sequenc-
ing necessitates slower translocation speeds to improve the signal-to-
noise ratio5,43, which can be achieved using motor enzymes that slow 
down DNA translocation to a time scale of (sub)seconds6,12,13,55. In protein 
sequencing, the heterogeneous charge distribution and the presence of 
secondary and tertiary structures complicate translocation31, requiring 
strategies such as capturing methods, application of an electro-osmotic 
flow or motor enzymes (Fig. 1c).

Nanopore proteins
Various biological membrane proteins can be engineered to aid in 
nanopore protein sequencing49,52,56 (Box 1). Typically, hexameric to 
nonameric homo-oligomers constitute ion channels, which are 5–10 nm 
in height, with their narrowest pore constriction measuring 1–2 nm in 
diameter57–60. To add specificity for protein sequencing, modifications 
on both the analytes and the nanopore proteins can boost capture 
rates and foster specific chemical interactions, thereby prolonging the 

Key points

 • Twenty individual amino acids can be distinguished by biological 
nanopores.

 • Nanopores allow the discrimination of single-amino acid 
substitutions within proteins.

 • Electro-osmotic flow allows uncharged and heterogeneously 
charged proteins to translocate through nanopores.

 • Motor proteins reduce protein translocation speed, resulting in 
high-resolution signals.

 • Various post-translational modifications and their locations can be 
identified with nanopores.

Introduction
Nanopore sequencing is a single-molecule technique that was first 
introduced for the reading of nucleic acids1–8. Its high sensitivity is 
rooted in the detection of partial ion-flow disruptions caused by local 
molecular differences as a linear biopolymer, such as DNA, slowly passes 
through a nanopore. This principle can be leveraged in multiple ways to 
achieve precise discrimination of the sequence, for example, through 
the identification of cleaved nucleobases9, DNA-by-synthesis10,11 and 
base-by-base sequencing of DNA or RNA traversing through the 
nanopore at a controlled slow speed12,13.

The pioneering achievements of DNA sequencing with nanopore 
technology catalysed the exploration of similar sequencing efforts 
for proteomics14–16. Nanopore-based protein sequencing approaches 
face distinct challenges owing to the intricate structural character-
istics of proteins17. In contrast to distinguishing four nucleotides, 
protein sequencing requires the discrimination of 20 amino acids 
with considerable variability in local properties, such as charge and 
hydrophobicity,18 and a 3.4-fold volume difference between the larg-
est and the smallest amino acid19. Their diverse chemical nature allows 
various non-covalent interactions within the protein as well as with 
the nanopore8,20. In addition, a huge repertoire of post-translational 
modifications (PTMs) are added to proteins in cells, which contributes 
to their functional versatility21 but also pose additional challenges for 
nanopore-based analysis.

Protein amino acid sequencing and determination of PTMs are 
typically achieved by mass spectrometry22. Here, after purification and 
fractionation of a protein into peptide fragments, the mass-to-charge 
ratios of ionized peptide fragments can be sensitively measured; from 
these data, amino acid sequences can be inferred using tandem mass 
spectrometry. However, these bulk measurements require a sizeable 
amount of material. Furthermore, isobaric peptides (that is, peptides 
with identical mass) carrying combinatorial PTMs are technically 
challenging, if not impossible, to distinguish using this approach, and 
delicate PTMs, such as glycosylation or sulfation, can be labile during 
the ionization process23–25.

Alternatively, nanopore-based protein sequencing affords 
sensitivity at the single-molecule level, with the potential for 
high-throughput analysis26,27. Nanopores come in a variety of types, 
from drilled holes in solid-state membranes28 to protein nanopores in 
a lipid membrane29. In particular, advances in solid-state and synthetic 
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dwell time of the analyte within the pore and improving the detection 
fidelity47,54,61,62. Biological pores are typically composed of multiple 
subunits. Introducing a single mutation results in changes in all subu-
nits, which considerably alters the pore’s dimensions and biophysical 
characteristics63,64. For example, a Mycobacterium smegmatis porin  
A (MspA)-M2 pore mutant with six targeted mutations in each of its 
eight monomeric subunits is characterized by considerable improve-
ments in pore stability and in the detection rate of single-stranded 
DNA54. Precise control of subunits can also be beneficial for the detec-
tion of other analytes; for example, by varying the numbers of Fra-
gaceatoxin C (FraC) nanopore subunits, single-amino acid differences 
can be measured in an angiotensin peptide at low pH (ref. 65). A fusion 
MspA-M2 protein that encodes all pore subunits within a single gene 
benefits from precise control of the number of subunits and mutations 
across the protein66. This fusion protein approach enables the design 
of nanopores with heteromeric composition by precisely introducing 
point mutations in separate nanopore subunits.

Identifying 20 proteinogenic amino acids
The sensitivity of nanopores can be used to discriminate all 20 pro-
teinogenic amino acids. For example, individual amino acids bound 
to an arginine heptapeptide carrier can be detected using a wild-type 
aerolysin pore; here, the carrier prolongs entrapment of the peptide 
in the nanopore to a length of time that is necessary for measuring the 
blocking current, which is slightly different for different amino acids67 
(Fig. 2a). According to an electrostatic potential map computed by 
all-atom molecular dynamics simulations, a constant potential com-
partment in the middle of the aerolysin stem allows the charged carrier 
to reside inside the pore for an extended period of time. Using this 
approach, 13 of the 20 amino acids were directly distinguished, whereas 
the remaining seven amino acids appear in two clusters (Q, M, H, I, Y and 
E, V). Of note, the positive correlation between the magnitude of the 
ionic current reduction and the volume of the analyte is in agreement  
with other studies68–70. Several amino acids, however, do not comply with  
this trend; for example, phenylalanine (F), tyrosine (Y) and arginine (R) 
have nearly identical volumes but distinguishably different current 

levels. Vice versa, amino acids with different volumes produce nearly 
indistinguishable current signals (Q, M, H, I and Y). Similar to DNA 
sequencing71, these observations indicate that the ion current is not 
only affected by volume exclusion but also by non-covalent interac-
tions with the nanopore or conformational changes of the analyte 
within the pore19.

The formation of a host–guest complex to a peptide carrier with 
an individual amino acid of interest allows accurate recognition of the 
20 proteinogenic amino acids using the α-hemolysin (αHL) nanopore72 
(Fig. 2b); here, owing to the FG-X-D8 peptide, in which the N-terminal 
phenylalanine (F) forms a complex with a cucurbit[7]uril moiety in 
the pore constriction, the amino acid of interest can be oriented at the 
constriction site, resulting in its prolonged capture. Using a wild-type 
αHL pore, this method enables the discrimination of nine amino 
acids, whereas the remaining 11 amino acids are overlapping in five 
different subgroups. The distinguishing power within subgroups was 
improved by applying an M113F αHL mutant, allowing the separation 
of the remaining 11 amino acids. Furthermore, peptide identification 
was achieved through stepwise digestion and detection of constituent 
amino acids of the peptide. Terminal amino acids from the peptide 
were cleaved and incorporated into a modified carrier FGGC(-X)D8, 
in which the amino acid of interest was measured and identified. The 
sequence of the peptide can thus be deduced after multiple rounds of 
this process, requiring a new conjugate to be prepared for each amino 
acid. Using the FGGC(-X)D8 carrier, all 20 amino acids can be identified 
by taking advantage of the structural and biophysical properties of 
wild-type αHL, two additional nanopore mutants (M113G and M113R), 
and different pH conditions for specific amino acids. Although this 
approach achieves nearly 100% amino acid detection accuracy during 
the stepwise digestion and measurement of several model peptides, 
it is cumbersome to implement for nanopore-based protein analysis.

Individual amino acids also were directly measured using a het-
eromeric MspA nanopore mutant consisting of seven M2 subunits 
and a single N90C mutant monomer, which introduces a strategi-
cally placed cysteine residue at the constriction site62. The cysteine 
is modified with nitrilotriacetic acid, which chelates Ni2+ ions using 
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Fig. 1 | Nanopore-based protein sequencing.  
a, A biological nanopore is inserted in a synthetic or 
biological membrane that separates two electrolyte 
compartments. A voltage is applied across the 
membrane, causing an active ion flow through 
the nanopore. b, Protein translocations result in 
sudden ion current dips as proteins pass through 
the pore. c, A motor enzyme capable of walking 
on the protein strand slows down protein movement 
through the pore, resulting in a longer-duration 
signal with distinct ion-current changes, which can 
be assigned to specific parts of the protein sequence.
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cysteine–maleimide conjugation (Fig. 2c). Individual amino acids that 
contain both an amino and a carboxyl group are chelating ligands  
that reversibly interact with Ni2+ at the constriction site62. The inter-
action between the MspA-nitrilotriacetic acid-Ni complex and sin-
gle amino acid molecules results in distinct current signals for different 
amino acids, achieving a detection accuracy of 96% for all 20 amino 
acids using a machine learning-based classifier, based on the mean 
and standard deviation of the signals. To further improve the accu-
racy, a five-dimensional matrix consisting of mean ion current, standard 
deviation, skewness (a measure of the asymmetry of the probability dis-
tribution), kurtosis (a measure of the ‘tailedness’ of the probability distri-
bution) and dwell time of the interaction signals was tested with different 
classifiers. The best-performing classifier can distinguish the 20 amino 
acids with 98.8% accuracy. This approach was applied to analyse com-
mercially available food supplement tablets with nine amino acids. 
In addition, the amino acid composition of synthetic peptides (GHK and 
TLEIYNRF) was identified through stepwise digestion and measurement. 
Although limited to single-amino acid sensing, this method provides 
unambiguous discrimination of all 20 amino acids, establishing a foun-
dation for a range of analytical applications. Moreover, such machine 
learning-based data analysis highlights the amount of information 
that can be extracted from ion current measurements with nanopores.

In a similar approach, an N91H substitution was introduced in 
MspA-M2, resulting in the incorporation of Cu2+ ions in eight histi-
dine residues at the constriction site61, which interact with individual 
amino acids at both their amino and carboxyl groups. By implement-
ing a machine-learning-based classifier, a high identification accuracy 
(>95%) was achieved among the 20 amino acids, whereas positively 
charged arginine and lysine residues were more difficult to distin-
guish. This nanopore also allows the ‘real-time’ detection of amino 
acids in a model peptide using carboxypeptidase A1, which cleaves 
individual amino acids from the C terminus in situ; here, amino acids 
more proximate to the C terminus are (on average) detected earlier. 
Consequently, this strategy can be implemented for the identification of 

peptides; for example, point mutations in a melanoma neoantigen and 
Alzheimer’s disease-related point mutations in a β-amyloid peptide were 
recognized by identifying new amino acids arising from the mutation61.

Therefore, nanopores can be engineered and their specificity 
improved using molecular dynamics simulations and machine-learning 
classifiers to discriminate all proteinogenic amino acids, for example, 
for peptide fingerprinting. However, protein sequencing remains 
challenging and requires carrier-assisted identification and thus addi-
tional steps to tag each amino acid, which is limited by varying cou-
pling efficiencies and may introduce detection bias73–75. Moreover, for 
single-amino acid approaches, digesting, translocating and detecting 
individual amino acids in the correct order remains difficult, because 
hydrolysis of amino acids occurs in bulk, and their sequential transloca-
tion remains impossible, making the identification of complex samples 
with diverse peptides impossible. More precise control over amino 
acid cleavage and translocation processes will be crucial to advance 
this approach to protein sequencing.

Translocation of proteins by electro-osmotic flow
A key challenge for nanopore sequencing of proteins is their heterogene-
ous charge distribution. Under a consistent voltage configuration, only 
positively charged or only negatively charged proteins translocate, based 
on the electrophoretic force76. However, regions of opposing charge, 
mixed or neutral charge can considerably hinder sample translocation76. 
The translocation of short peptides with different charges can be pro-
moted by introducing a charged threading tail (DNA, polyD or polyR) that 
drags the peptide through the pore46,51,67,72. Translocation of longer poly-
peptides and proteins can be established by adding charged amino acids 
across the entire protein52. However, a general strategy to translocate 
molecules independent of their native charge remains elusive.

Instead of relying on the electrophoretic driving force, proteins 
with neutral or opposing charges can also be translocated using 
electro-osmotic flow, that is, by taking advantage of fluid transport 
across a nanopore. Here, the inner charged nanopore surface attracts 

Box 1 | The structure of biological nanopores in sequencing applications
 

The efficacy of nanopore sequencing is intimately 
linked to the architecture of the nanopore. 
Biological nanopores should maintain a stable, 
non-gating structure, with a defined sensing 
region that is situated in the narrowest part of the 
nanopore, often referred to as the constriction 
site. As the translocating biopolymer alters 
the ion current at the constriction site, the 
geometry of this area is crucial for sequencing 
sensitivity5. The diameter of the constriction site should thus range 
between 1.2 nm and 1.6 nm, and the height of the nanopore should be 
~10 nm. The overall shape of nanopores typically varies depending 
on the type of pore (see figure). For example, the α-hemolysin 
(αHL)57 nanopore has the form of a 5 nm-long barrel, whereas the 
aerolysin nanopore58 has an elongated 10 nm-long cylindrical 
profile. By contrast, the funnel-shaped Mycobacterium smegmatis 
porin A (MspA) nanopore features a 0.6 nm-long constriction59 
and the curli-specific gene G lipoprotein (CsgG) nanopore has 
an hourglass-shaped pore with a 2 nm-long constriction60. The 
V-shaped Fragaceatoxin C (FraC) nanopore has a slightly more 

gradual profile with a ~3 nm-long constriction. Within longer 
constrictions, the ion current signal is modulated by ~20–40 amino 
acids53,133, whereas, in short constrictions, the ion current signal is 
modulated by ~6–12 amino acids6,12. Notably, a longer sensing region 
accommodates a larger biopolymer segment, which enables higher 
sensitivity and potentially extends dwell times, but also complicates 
signal interpretation. Therefore, an abrupt short constriction is 
typically preferred. Unravelling convolution patterns of translocating 
proteins is often challenging, owing to their irregular charge 
distribution and additional interactions with the pore110. The figure 
is adapted with permission from ref. 29, Cell Press.
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counterions that are driven by the electrical field and that drag the sur-
rounding fluid along, resulting in a net flow of the liquid in the direction 
of the moving ions77–79, thereby facilitating directional translocation of 
analyte proteins regardless of their charges. Some naturally occurring 
nanopore proteins (for example, the wild-type MspA nanopore) exhibit 
a base level of electro-osmotic flow but are limited by low stability, 
molecular selectivity and high noise levels54. Alternatively, pores with 
a strong electro-osmotic flow can be designed to translocate proteins 
even against the electrophoretic force46–48, for example, by covering the 
pore surface with ‘sticky ions’46,80,81 (Fig. 3a) or by introducing charged 
amino acid mutations at the inside walls of the pore47,48,82,83 (Fig. 3b,c). 
Both approaches result in ion charge accumulation inside the nanopore, 
which subsequently causes a net flux of water through the nanopore78.

To discriminate different proteins, an electro-osmotic trap-
ping approach was applied inside an MspA-M2 mutant nanopore80. 
Although the mutant nanopore exhibits weak electro-osmotic flow in 
the opposite direction to the electric field78, the directionality of the 
electro-osmotic flow can be reversed by applying asymmetric KCl/CaCl2 
buffer conditions, resulting in a tenfold increase in protein capture 
rate80. Accumulation of Ca2+ cations influences the charge profile of the 
MspA lumen, generating a strong electro-osmotic flow to temporarily 
trap folded proteins inside the nanopore’s vestibule. Interestingly, this 
approach only works if Ca2+ ions are added to the opposite side of the 

analyte, as Ca2+ may also coat the surface of the analyte, which could 
cause an opposing electrophoretic force that prevents analyte transloca-
tion. Using this method, acidic proteins (thyroid hormone and retinoid 
receptors, as well as the nuclear co-activator binding domain complex), 
basic proteins (lysozyme) and neutral proteins (apo-myoglobin and 
holo-myoglobin) were discriminated, achieving high protein identi-
fication accuracy (99.9%), assisted by machine learning80. Although 
only shown for distinct proteins, this high identification accuracy is 
promising for detecting other protein biomarkers.

Guanidinium ion (Gdm+)-induced charge selectivity was applied to 
generate an electro-osmotic flow in an αHL nanopore owing to the bind-
ing of Gdm+ ions to negatively charged amino acids, which results in a 
layer of positive charges in the nanopore lumen. In denaturing condi-
tions, this approach allows directional translocation of large proteins46 
(Fig. 3a); for example, a heterogeneously charged maltose-binding 
protein and green fluorescent protein were detected. However, analyte 
capture requires the addition of a charged tail made of 10 aspartate 
residues (D10) or 20 deoxythymidine residues (dT20) to initiate the 
threading process. By tagging the tail to the C terminus or N termi-
nus, the orientation of the translocating molecule can be controlled. 
Gdm+ accumulation occurs at the inner nanopore surface, near the 
αHL vestibule and the end of the stem46, as shown by all-atom molecu-
lar dynamics simulations. Molecular dynamics simulations of the 
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guanidinium chloride (GdmCl)-induced electro-osmotic force effect 
in different nanopores (αHL, curli-specific gene G lipoprotein (CsgG), 
MspA and aerolysin) have further shown that Gdm+ ions strongly bind 
to negatively charged amino acids in the vestibule and engage in a 
weaker interaction with other amino acids. Notably, not only do high 
concentrations of GdmCl serve to generate an electro-osmotic force 
but also as a protein denaturant81.

An electro-osmotic force can also be induced by strategically plac-
ing charged amino acid mutations inside the nanopores. For example, 
by placing a positively charged amino acid along the interior surface 
of a mutant αHL nanopore (NN-113R variant), an anion-selective nano-
pore was engineered with enhanced electro-osmosis84. This mutant 
nanopore enables the translocation of a mixed-charge polypeptide 
and its concatemers to discriminate different PTMs (phosphate, glu-
tathione and 6′-sialyllactosamine)47 (Fig. 3b), demonstrating a 25 times 
higher capture rate than a wild-type αHL nanopore. In addition, chao-
tropic agents (for example, GdmCl and urea for disrupting hydrogen 
bonds) were applied at non-denaturing concentrations to facilitate the 
unfolding of protein analytes during translocation47.

Similarly, sets of negatively charged residues were introduced, 
spaced approximately 1 nm apart, inside a cytotoxin K (CytK) nanopore 

(structurally similar to αHL) to enhance the electro-osmotic force owing 
to strong cation selectivity under denaturing conditions. This force 
allows the directional translocation of differently charged unstructured 
natural polypeptides (Fig. 3c) and unfolded native proteins48. Accord-
ing to molecular dynamics simulations, the electro-osmotic force in 
these engineered nanopores is similar in strength to the electric force 
on single-stranded DNA (amounting to ~30 pN)55, highlighting the 
effectiveness of this approach48.

Although electro-osmotic force-driven translocation has the 
potential to translocate different types of proteins through nanopo-
res, a quantitative understanding of this phenomenon in biological 
nanopores is required for rational nanopore protein engineering. For 
example, electro-osmotic forces have been theoretically compared in 
three different biological pores (αHL, CsgG and MspA) by solving the 
Navier–Stokes equation in the Poisson–Nernst–Planck formalism78, 
showing that, above certain applied voltages, the electro-osmotic 
force velocity decreases owing to internal fluid instability. Simi-
larly, it was experimentally observed that the dwell time of proteins 
increases above a certain voltage82. Electro-osmotic forces in engi-
neered nanopores can typically be generated in mild salt concentra-
tions, in which motor enzymes, used for nanopore sequencing, can 
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function47,48. In this environment, electro-osmotic force could also 
be combined with motor-assisted protein translocation to achieve 
better control of stretching and translocating the analyte49,51,52,85. Of 
note, electro-osmotic forces generated by high concentrations of Ca2+ 
or Gdm+ (refs. 46,80) create denaturing conditions that may prevent 
the function of motor enzymes.

Motor-mediated protein translocation
To measure protein signals at high resolution, protein translocation can 
be slowed down by motor enzymes that induce a stepwise motion of 
the protein through the pore, thereby extending the dwell time at each 
translocation step and enabling the discrimination of minor changes 
in the protein sequence49,52,86. The ideal motor enzyme would feature a 
slow stepping rate, a small step size (ideally, ~0.3 nm per step, that is, the 
distance between amino acids), no backstepping, a stable functionality 
in a range of operating conditions (buffer and pH), and a stable and 
strong force to disrupt folded protein structures.

DNA motor enzymes for peptide sequencing
Several motor enzymes have been explored to control peptide translo-
cation. For example, DNA motor enzymes49–51, such as helicases49,50 and 
polymerases51 (in particular, Hel308 and phi29 DNA polymerase12,87), 
enable sequential peptide translocation by walking along a DNA strand 
that is covalently linked to the end of the peptide, thereby slowly pull-
ing the peptide through the nanopore (Fig. 4a). During the translo-
cation of this composite polymer, a DNA signal is first obtained (as 
in nanopore-based DNA sequencing), followed by a signal from the 
peptide. Hel308 and phi29 DNA polymerase12,87 show robust and precise 
stepping and have previously been optimized for DNA sequencing, with 
Hel308 having the advantage of a small ~0.3 nm step size55; by contrast, 
the step size of phi29 DNA polymerase is twice as large12.

DNA helicase was applied to detect single-amino acid substitu-
tions of glycine, aspartate or tryptophan in a negatively charged 25 
amino acid-long peptide linked to single-stranded DNA49 (Fig. 4a). 
Such single-site variations affect approximately eight ion current levels 
(four nucleotides or eight amino acids) owing to the finite constriction 
height and stochastic up-and-down thermal displacements of the pep-
tide through the nanopore88. Therefore, individual peptide variants 
result in distinct current patterns, which can be discriminated with 87% 
single-read accuracy. In particular, the glycine variant leads to higher 
ion current levels because it occupies less volume at the constriction 
site. The variant with the bulkiest amino acid, tryptophan, initially 
has low current levels, indicating blockage at the constriction site; 
however, after the residue passes the constriction site, higher current 
levels appear than it is the case for the glycine and aspartate variants. 
All-atom molecular dynamics simulations suggest that the interaction 
between a hydrophobic tryptophan and the nanopore surface just 
above the constriction site is responsible for drawing the tryptophan 
variant closer to the nanopore wall, thus opening up the pore for higher 
ion conduction49.

This approach can be expanded beyond single reads of the pep-
tide. Helicase-driven peptide readings show a repeated signal pattern 
that resembles the last part of the read, indicating that a particular 
segment is read multiple times in a row49,50,86. This rereading phenom-
enon, which can be studied by adding an excess of the enzyme49 or 
with dual-helicase constructs50, occurs when the DNA-translocating 
motor enzyme detaches at the DNA–peptide junction as it cannot travel 
further along the attached peptide. If abundant amounts of motor 
enzymes are present, multiple motor enzymes are sequentially stacked 

onto the DNA, allowing the next helicase to restart the translocation 
process once the initial enzyme detaches. In the process, the molecule 
shifts down with a read length equal to the size of the motor footprint 
on the DNA, that is, approximately 17 amino acids. This rereading can 
be repeated more than 100 times, resulting in substantially improved 
signal quality by eliminating random errors that lead to inaccuracies. 
Even for poor single-read accuracy, samples can be resolved with a 
virtually undetectably low error rate (<1 in 106) when using >30 rereads 
of the same molecule49.

Using DNA-translocating motors, the read length of the peptide is 
limited to the distance between the upper rim and the sensing region 
of the nanopore, which can vary between ~5 nm in CsgG60 and αHL57 
pores to ~9 nm in MspA59. Therefore, the maximum sequencing length 
of a peptide is ~25 amino acids in an MspA nanopore. Although shorter 
than the length of typical proteins, this sequencing resolution allows 
the measurement of various peptides, including cancer neoantigens89, 
immunopeptides90 and antimicrobial peptides91, which are typically 
~10–20 amino acids-long. The use of DNA-translocating motors further 
provides the possibility to use the lead DNA as a barcode (a unique 
DNA sequence that distinguishes the individual molecule of interest) 
to measure different analytes in parallel, based on the sequence of the 
connected DNA92. Furthermore, similar to DNA sequencing schemes, 
the capture rate can be increased 100–1000-fold using complemen-
tary DNA strands containing a cholesterol group55,93. After inserting 
cholesterol into a bilayer, the analyte is being concentrated closer 
to the membrane, thus substantially improving the capture rate of 
DNA–peptide constructs49–51,86.

Protein motor enzymes for protein sequencing
Instead of using a DNA translocase that walks on a DNA–peptide con-
struct, a peptide translocase motor enzyme can be applied that walks 
directly along the peptide backbone. However, only few such protein 
motor enzymes have been identified thus far. For example, a 900 kDa 
multi-protein proteasome–nanopore complex was engineered to 
control the unfolding and threading of individual proteins through a 
nanopore94 (Fig. 4b). This complex features a low-noise β-barrel nanop-
ore sensor that is linked to a mammalian proteasome, and an ssrA (short 
peptide) tag at the C terminus of the proteins captures the analyte for 
translocation. This approach allows unravelling and linearly transporting 
a protein analyte across the nanopore using two different modes: in the 
‘chop-and-drop’ mode, proteins are fragmented into short peptides by 
an active proteasome variant, and, in the ‘thread-and-read’ mode, the 
nanopore protein continuously translocates intact polypeptides with an 
inactive proteasome. Furthermore, this enzyme–nanopore complex can 
accommodate a high salt concentration (1 M NaCl), thus providing a good 
signal-to-noise ratio. However, its application in protein sequencing may 
be limited owing to the high experimental complexity and poorly under-
stood signals. Nevertheless, combined motor and nanopore complex 
engineering may be promising for protein sequencing.

Motor-mediated unfolding and threading of polypeptides was 
first achieved with the molecular chaperone caseinolytic protease X 
(ClpX)15,16. ClpX is a hexameric ATPase that forms a ring structure 
around its protein substrate and acts as an unfoldase and translo-
case by walking on the substrate strand95. ClpX was used to control 
protein translocation through a CsgG nanopore52 (Fig. 4c) to unfold 
and thread a protein for sequential analysis. In the commercially 
available portable nanopore sequencing device MinION, which allows 
high-throughput sequencing by running hundreds of pores in parallel, 
proteins are first electrophoretically driven into the nanopore owing 
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can be translocated through a curli-specific gene G lipoprotein (CsgG) nanopore 
that is controlled by the peptide translocase caseinolytic protease X (ClpX). 
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polyGSD tail52. Part a adapted with permission from ref. 49, American Association 
for the Advancement of Science. Part b adapted from ref. 94, Springer Nature 
Limited. Part c adapted from ref. 52, Springer Nature Limited.
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to their negatively charged polyGSD tail. A ‘blocking domain’—a  
strongly folded protein region—then prevents the protein from com-
plete translocation. Subsequently, the ClpX unfoldase, attached to an 
ssrA tag on top of the protein, pulls the protein back through the pore, 
thereby allowing the nanopore to read the sequence of the protein 
as it translocates. Between the blocking domain and the threading 
tail, repeating sequence blocks with point mutations are introduced, 
for which signatures of all 20 amino acids were measured, providing 
distinctive and reproducible signal variation between different amino 
acids. The magnitude of the blockade depth for neutral amino acid 
variants shows a positive correlation with the volume of the amino 
acid, whereas charged variants diverge from the volume-exclusion 
model. In addition, a mechanism of protein rereading can be added 
in this system by inserting a proline-rich (EPPPP)5 ‘slip sequence’ near 
the N terminus that disrupts the interaction between ClpX and the 
protein, causing the rethreading of the protein through electropho-
retic force. This sets the stage for another round of reading when the 
same ClpX re-engages and pulls the protein through the nanopore 
again. The back-slipping occurs over a short range (50–100 amino 
acids) with 40% probability or over a long range (>300 amino acids) 
with 30% probability, and the number of rereads shows a negative 
correlation with the ClpX concentration used in the sequencing 
experiments. Therefore, the ClpX system enables the unfolding 
and translocation of intact proteins with high signal resolution. 
Nevertheless, its application in protein sequencing remains chal-
lenging because the step size of ClpX is irregular, ranging from 
1 nm to bursts reaching 4 nm, corresponding to translocation dis-
tances of 3–10 amino acids per step96. Furthermore, this approach 
requires an 11-amino acid ssrA tag on the C terminus97, a negatively 
charged polyGSD tail, a blocking domain and, potentially, an (EPPPP)5 
slip sequence52.

In general, motor enzyme-assisted translocation for protein 
sequencing requires the addition of specific tags to the terminal amino 
acids for the motor enzymes to work effectively. Therefore, terminal 
modification strategies need to be improved, especially for the analysis 
of naturally occurring proteins. In addition, the irregular behaviour of 
motor enzymes can lead to inconsistent ion current readings. This 
issue might be addressed by protein translocases that feature small 
and constant step sizes and that can directly interact with the analyte 
of interest. Moreover, the length of the peptide that can be sequenced 
in DNA–peptide conjugates remains limited. Longer peptide sections 
could be sequenced by increasing the distance between the nanop-
ore’s constriction site and the motor enzyme, for example, through 
protein engineering. Rereading strategies, alongside parallelized 
high-throughput sequencing systems, may further improve preci-
sion by averaging out random reading errors in multiple nanopores 
simultaneously. Finally, a combination of electro-osmotic force-driven 
protein threading and motor-assisted protein translocation would 
enable high-fidelity charge-independent protein reading.

Identifying post-translational modifications
Accurate identification of the various types of PTMs to proteins is a 
major application of proteomic analysis21. With only ~20,000 protein 
coding genes in humans, variants on the RNA level increase the diversity 
in the transcriptome (and thus in the associated protein isoforms) by 
an order of magnitude. Protein PTMs, however, expand the proteome 
exponentially as they typically occur as combinations of different PTM 
types, multiple target sites and in various degrees for each protein 
template. These PTMs often act as switches that modify the function of 

target proteins, which is essential in cell signalling and metabolism98. 
Methodologies such as mass spectrometry have greatly contributed to 
the understanding of PTMs, but assessing the combinatorial nature of 
native PTMs remains challenging; for example, distinguishing isobaric 
peptide fragments from lysine methylations on neighbouring sites in 
histones remains difficult99. Nanopore sequencing offers high sensi-
tivity to PTM variants at the single-molecule level, and combinatorial 
modifications can, in principle, be resolved as the peptide sequentially 
translocates through the pore. Furthermore, some PTMs, such as phos-
phorylation and sulfation, can be labile during sample preparation 
for mass spectrometry24. Nanopores, by contrast, require only mild 
conditions for sample preparation.

Phosphorylation and glycosylation are among the most abun-
dant PTMs, and their misregulation is often involved in human 
disease100,101. Phosphorylation and glycosylation PTMs in an engi-
neered model peptide have been detected using a FraC nanopore102; 
here, the model peptide has a long negatively charged tail at the 
N terminus and a positively charged tail at the C terminus. After its 
translocation with a voltage bias, the polarized charge distribution 
enables a sufficiently long dwell time (>1 ms) for detection, thereby 
allowing the differentiation of phosphorylated and glycosylated 
peptides from nonmodified peptides (Fig. 5a). Phosphorylation on 
serine residues in the peptide increases ion current blockade and the 
dwell time in the nanopore. O-glycosylation causes a similar increase 
in current blockade (despite its larger molecular size), but the dwell 
time decreases. Therefore, PTM detection is possible using nanopo-
res; however, a multitude of factors influence the ion current during 
peptide translocation, and a single PTM on a peptide can considerably 
shift the peptide signal.

Peptide dwell times in FraC nanopores were extended by engi-
neering an additional hydrophobic residue at the constriction site 
(G13F)103. Such a FraC mutant enables the identification of protein 
rhamnosylation—a type of bacterial glycosylation104—under high 
ionic strengths (3 M LiCl) and low pH (pH 3)105. Rhamnosylation on 
an arginine residue noticeably increases the current blockade and 
dwell time during translocation, reflecting the large steric effect from 
the modification. By digesting the elongation factor P with a pro-
tease, the native rhamnosylated protein fragment was identified. This 
approach may also be adapted for the detection of glycosylation in 
native full-length proteins.

Phosphorylation may be assessed using an aerolysin mutant 
(T232K/K238Q) that modulates the peptide–nanopore interaction106. 
For example, this mutant was used to study a tau fragment that carries 
two consecutive phosphorylation targets at the serine and threonine 
sites106; here, the extended peptide–nanopore interaction in the mutant 
aerolysin enables dwell times of hundreds of milliseconds and ion cur-
rent blockades for the four permutations of phosphorylation on two 
residues, highlighting the significance of charge interaction during 
peptide translocation. Wild-type aerolysin can also detect charged 
mutations or PTMs in proteolytic fragments, albeit with shorter dwell 
times107. Aerolysin was also engineered to further increase dwell times; 
in particular, the R220S aerolysin mutant can be applied to study his-
tone H4 acetylation and methylation56. Testing H4 fragments with 
three lysine residues, seven permutations of acetylation on three lysine 
residues were distinguished (Fig. 5b), and the added PTM masses show 
a linear relationship with the current blockade levels. Although the 
positions of the smaller methylation on lysine cannot be fully resolved, 
the large sensing region of aerolysin provides high resolution to the 
presence and positions of acetylation. Similarly, a K238A mutant of 
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aerolysin was used to examine the C-terminal domain of α-synuclein, 
which carries multiple sites for phosphorylation, nitration and 
oxidation108. Moreover, short ion-current blockade signals from pep-
tide translocations were analysed with a deep-learning protocol109 to 
distinguish PTM variants, allowing the identification of modifications 
with different masses and charges with positional sensitivity.

The detection of PTMs within long proteins requires the unfolding 
of proteins and threading of the entire peptide chain through a pore. 
For example, an αHL mutant that features enhanced electro-osmosis 
flow was applied to investigate concatemers of the thioredoxin 
protein47 with up to 1,247 amino acids. The stepwise unfolding of the 
thioredoxin concatemers by electro-osmotic flow and a GdmCl dena-
turant reveals the stages of peptide translocation and enables identifi-
cation of the region carrying the PTM. In particular, phosphorylation, 
glutathionylation and glycosylation at two target sites result in distinct 
signals (Fig. 5c). Therefore, label-free full-length protein translocation 
and PTM detection in native proteins are possible, albeit with a large 
measurement error owing to limited translocation control.

The high sensitivity and distinguishing power of stepwise peptide 
translocation (with second-long recordings) can also be utilized for the 
characterization of clinically relevant immunopeptides. For example, 
four permutations of serine phosphorylation on two serine residues in 
a β-catenin immunopeptide produce distinct ion current signals using 
the MspA-M2 nanopore86 (Fig. 5d). The larger size of phospho-serine 
counter-intuitively results in substantially elevated currents in com-
parison with an unphosphorylated serine residue, which may be related 
to charge-mediated polymer stretching and local salt concentration 
increase owing to the residence of the charged PTM near the pore 
mouth110. Importantly, the long and stepwise measurement allows an 
in-depth dissection of the contributing factors to the ion current signals 
from the peptide PTM, which promises sensitive detection of diverse 
PTM types in the proteome. Highly similar PTMs, such as sulfation and 
phosphorylation, can be accurately distinguished by this method111 
and by aerolysin nanopore measurements112.

Outlook
The genome provides indispensable information for understand-
ing the protein composition in human cells. However, translational 
regulation113 and PTMs21 exponentially expand the number of protein 
isoforms present in a cell. Therefore, quantitative measurement of 
proteins and their PTMs is key to understanding cellular signalling 
pathways and metabolic processes, which requires accurate quantifica-
tion techniques to fingerprint and sequence proteins, including their 
PTMs. In addition, sequence analysis of functional proteins in biological 
samples might be applied in diagnostic applications.

The sensitivity of mass spectrometry has greatly improved, 
with various hardware and data analysis advancements, as well as 

specialized sample preparation workflows114–117 and compatibility with 
labile PTMs118–120. Alternatively, single-molecule imaging methods 
using specific fluorescent dyes121,122 enable high-throughput peptide 
fingerprinting analysis. Nanopore methodologies have demonstrated 
the potential to become a high-throughput multi-omics tool for genom-
ics, transcriptomics and proteomics on one platform. Importantly, 
nanopore methods do not require large and expensive hardware con-
figurations, and they can be designed portable for applications in 
remote areas and in space93,123,124.

However, de novo nanopore protein sequencing will require an 
understanding of the contributing factors that determine the ion 
current signals. A combination of steric, charge and hydrophobic 
effects of amino acids, signal convolution from multiple residues, 
polymer stretching, local salt modulation by charged residues 
near the constriction site, and peptide–pore interactions influ-
ence ion current signals49,86,110. Accumulation of more experimental 
data for building a comprehensive biophysical model of nanop-
ore sequencing will be required. Furthermore, the sequencing of 
folded proteins with secondary and tertiary structures necessitates 
additional treatment for capture, linearization and translocation. 
For example, enzyme-free electro-osmotic force-driven protein 
translocation46–48,78 may enable consistent and controlled sequenc-
ing of native proteins. By improving the stability of membranes, 
nanopore sequencing will further allow harsh conditions to fully 
linearize structured proteins125,126.

Protein translocation with motor enzymes currently provides 
the most detailed ion current signals, but it is inherently limited by the 
stochastic behaviour of the molecular machinery. Although DNA motor 
enzymes exhibit consistent behaviour in controlling protein trans-
location, the read length in the DNA–peptide sequencing process is 
restricted to the initial ~25 amino acids. To extend the read length, 
taller pores may be engineered to increase the distance between the 
nanopore’s sensing region and the motor enzyme94,127,128. Furthermore, 
functional protein design129,130 could improve motor protein capabili-
ties. Moreover, taking advantage of the single-molecule sensitivity of 
nanopore measurements, sample enrichment protocols will have to 
be developed to avoid saturating amounts of contaminant molecules 
during experiments.

Even with only empirical understanding of ion current signals, 
nanopore sequencing can be applied to identify point mutations and 
PTMs in model peptides and proteins. Known as ‘reference sequenc-
ing’, nanopore measurements can be used to detect variants from 
a template peptide, once ion current signatures are established a 
priori. In particular, nanopore-based protein fingerprinting can 
be useful for detecting enzymatically cleaved peptide fragments, 
and for facilitating detailed protein analysis and precise identifica-
tion, thereby increasing our knowledge of protein abundance131,132. 

Fig. 5 | Detection of post-translational modifications with nanopores. 
a, Glycosylated and phosphorylated peptides can be distinguished after free- 
peptide translocation through a Fragaceatoxin C (FraC) nanopore102. b, Acetylation  
variants of H4 histone tails show a linear correlation between ion current and 
added mass using an aerolysin nanopore56. c, Translocation of full-length 
proteins under denaturing conditions through an α-hemolysin (αHL) nanopore 
enables the detection of different post-translational modifications (PTMs)—
glutathione (GSH), 6′-sialyllactosamine (SLN), phosphate (P)—attached on 
different residues of the protein strand: 14-serine, 16-cysteine, 24-serine and 
26-cysteine amino acids47. d, Motor-driven translocation of a peptide through a 

Mycobacterium smegmatis porin A (MspA) nanopore allows the discrimination 
of multiple PTMs on immunopeptides86. βCAT, β-catenin; ΔI/Io, mean relative 
residual current value; ΔIres (%), percentage residual current; EOF, electro-
osmotic flow; H4f, histone protein 4 fragment; K8Ac, lysine 8 acetylation site; 
Ir.m.s. (pA), root mean square noise, in picoamperes; p1, phosphorylation site 1; 
p2, phosphorylation site 2; I/IOS, ratio of blocked-state ion current to open-state 
ion current. Part a reprinted with permission from ref. 102, American Chemical 
Society. Part b reprinted with permission from ref. 56, American Chemical Society. 
Part c adapted from ref. 47, Springer Nature Limited. Part d adapted from ref. 86, 
Springer Nature Limited.
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In addition, nanopore sequencing, especially PTM detection, may 
be valuable for clinical applications (Box 2). A better understanding 
of ion current signals from PTM variants will further contribute to 
building a comprehensive nanoscale model of nanopore peptide 
measurements.

The different nanopore-based protein sequencing approaches 
may be suitable for distinct applications. The sequencing of small 
peptides may particularly benefit from aerolysin-based tag-free meas-
urements, whereas heavily modified peptides may be better analysed 
using a DNA-motor approach to disentangle modification states and 
locations. The sequencing of folded proteins requires protein motors 
or denaturants. Importantly, understanding the advantages and dis-
advantages of the various translocation and detection strategies will 
be key to develop a de novo nanopore protein sequencing platform. 
Beyond DNA and RNA sequencing, nanopore sequencing is particularly 
promising for proteomics analysis, which can be applied to various 
fundamental research questions and integrated into a bioengineer’s 
analytical toolbox.

Published online: xx xx xxxx
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