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Back and forth with nanopore peptide sequencing
Tagging peptides with DNA allows repeated reads via a helicase in a nanopore with reduced error rates.

Meni Wanunu

Barcode scanners, fingerprint readers 
and facial recognition technology are 
a daily part of our lives, providing 

an easy way to quickly detect and identify 
various objects, including ourselves. 
However, as objects become smaller, the  
task of recognizing them requires tools 
that are increasingly sophisticated and 
specialized. For individual biomolecules, 
nanopores have emerged as a powerful 
sensor platform, and nanopore sequencing 
of individual nucleic acids has become 
a mainstay of biomedical research. In 
Science, Brinkerhoff et al.1 now report 
the latest advances in the quest to extend 
nanopore sequencing to proteins. The 
authors developed nanopore-based scanners 
of single-molecule peptide chains that 
substantially lower the error rate in amino 
acid identification by obtaining numerous 
independent reads of the same molecule, 
bringing the era of single-molecule 
proteomics one step closer. A massively 
scalable proof-of-concept peptide readout 
device can scan through protein fragments, 
or full-length proteins, and identify the 
proteome composition in a manner that 
outputs actionable information about a 
sample of interest.

Traditionally, proteomics has relied on 
accurately ‘weighing’ protein fragments 
using a mass spectrometer (MS) and 
identifying which peptide sequences 
correspond with a particular weight. 
However, MS analysis of biopolymers is 
challenging because the information content 
in biopolymers is highly complex: their 
building blocks are arranged in a specific 
way that is important to retrieve, and a 
simple ‘weight check’ of protein fragments 
does not suffice to obtain a full picture of 
all cellular proteins. However, over recent 
decades, the development of sophisticated 
MS procedures has allowed ever more 
detailed information to be obtained about 
the proteomes of living organisms, albeit 
with constraints on the limits of detection 
and false discovery rates that can result 
in the mis-identification of proteins. For 
example, elucidating differences between 
protein isoforms in which amino acids 
are rearranged is challenging using 

MS. Single-molecule analysis offers an 
alternative approach. A major impetus for 
developing single-molecule methods for 
the analysis of biopolymers came with the 
realization that genome sequencing with 
short-read methods, though very accurate, 
has drawbacks. Short-read sequencing by 
itself leaves genome assembly extremely 
difficult, often resulting in ambiguities and 
gaps in the final sequence. This problem 
has been allayed with the development 
of single-molecule sequencing methods 
based on nanopores and other approaches 
that are now combined with short-read 
sequencing to illuminate chromosome 
after chromosome with unprecedented 
completeness and detail, from telomere  
to telomere2,3.

Can similar technologies be applied to 
fingerprint protein molecules? Nanopore 
sequencing technology works well for 
genomics because all of the critical 
challenges have been met: a high-resolution 
nanopore to obtain electric signatures from 
very short sequence blocks, a molecular 
motor that feeds genomes into the pore 

in nucleotide by nucleotide, robust 
computer algorithms for deciphering the 
signals produced by the genomes and 
converting those signals to a sequence, 
and last but by no means least, a method 
for greatly increasing throughput to make 
the technology useful for real-world 
problems. For proteins, however, many 
of these components remain elusive. This 
is why the report by Brinkerhoff et al. 
is noteworthy, elegantly carving out the 
beginnings of the long and winding path to 
routine single-molecule proteomics. The 
authors demonstrate that a single amino 
acid substitution in a short peptide can be 
detected by controllably moving the peptide, 
multiple times, through a high-resolution 
MspA nanopore (Fig. 1). This was achieved 
by tethering a DNA carrier molecule to the 
peptide and using a DNA helicase to move 
the peptide–DNA chain along the pore in 
stepwise increments. The results, backed up 
by molecular dynamics simulations, show 
that modifying one of the amino acids in the 
peptide chain from aspartate to glycine to 
tryptophan produces different signals when 
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Fig. 1 | A reading–rereading molecular machine for single-molecule peptide detection. A DNA helicase 
(Hel) is used to ratchet a single-stranded DNA–peptide conjugate up a nanopore, while the nanopore 
holds the peptide taut through an electromotive force (EMF), which also drives ion flow across the pore, 
providing a current signal. When Hel 1 reaches the peptide, it falls off and the DNA–peptide conjugate 
is pulled down the pore again until reaching Hel 2, where the second readout process occurs. This can 
occur many times (for example, >100) for a single molecule, and any errors in current signals (red 
outlines) are corrected by alignment to provide a consensus sequence.
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the modified region sits in the constriction 
of the MspA pore. The relationship between 
amino acid size and the signal produced 
was not intuitive; it required extensive 
simulations to recognize that tryptophan, 
the bulkiest of amino acids, orients itself in 
such a way that produces the opposite  
signal than expected on the basis of its 
side-chain volume.

A major boost in accuracy was achieved 
using a clever approach to reread the same 
peptide molecule many times: when the 
helicase that reels up the peptide–DNA 
molecule reaches the peptide chain, it falls 
off and the peptide is quickly pulled back 
through the pore by the electric field across 
the pore, until a new helicase grabs the 
DNA chain and steps it back up the pore. 
This rereading ability is a major step toward 
high-accuracy protein identification because 
it increases the readout coverage, which 
is critical for any single-molecule readout 
method, increasing the accuracy with each 
additional read to approach the desired 
accuracy (100%).

Despite the progress described by 
Brinkerhoff et al., nanopores are unlikely 
to be adopted for practical proteomics 
applications anytime soon, especially  
given the tremendous progress that has  
been made in mass spectrometry over 
the past few decades4. In the work by 

Brinkerhoff et al.1 and another related 
work5, the peptides that were studied were 
deliberately negatively charged so that the 
they can be threaded into the pore and  
have the sustained voltage the chain taut 
during readout. Since peptides have random 
charge distributions, solutions to the 
threading and pulling problem will require 
other mechanisms, such as end-linking 
a DNA strand to the peptide6, applying 
methods to generate large electroosmotic 
flow7, and/or using a trans-pore enzyme 
motor8 to pull on the peptide directly.  
Most published approaches are also still  
only applicable to highly artificial systems 
(as is the one used by Brinkerhoff et al.) and 
can detect changes in amino acid contents 
for a short peptide. Signals from whole 
proteins or protein fragments with the full 
set of 20 proteinogenic amino acids will 
be complex and very difficult to interpret. 
Finally, the number of proteins in a single 
cell is so large that a huge dynamic range 
and sensitivity is required for identifying 
important yet less abundant proteins. 
Therefore, throughput will be a serious  
issue to consider, even more so than for 
genome sequencing.

Nevertheless, the report by Brinkerhoff 
et al.1 and other nanopore approaches 
to distinguish amino acids9 and read 
protein fragments10,11 represent important 

proof-of-concept steps. They offer 
tantalizing glimpses of what may one day be 
possible when single-molecule proteomics 
matures into practical applications. ❐
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