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In arecent publication in Nature, Motone et al.” report the development of a protein sequencing method using
nanopores that enables the reading of long protein strands. This method allows for multi-pass re-reading and
can detect single amino acid substitutions as well as post-translational modifications (PTMs).

Developing single-molecule protein se-
quencing technologies is crucial to fully un-
derstanding the complexity of the prote-
ome, as proteins, the workhorses of
cellular processes, exist in many different
forms called proteoforms.? The proteome
is dynamic and highly diverse, making it
essential to decode proteins at the sin-
gle-molecule level to identify rare proteo-
forms, especially those involved in dis-
ease. Current techniques often miss this
heterogeneity, leaving a large portion of
the proteome uncharacterized. Emerging
single-molecule methods such as nano-
pore-based approaches® and fluores-
cence-based techniques”® are promising
solutions for protein sequencing. In partic-
ular, full-length protein sequencing, which
enables the identification of both amino
acid sequences and post-translational
modifications (PTMs), could revolutionize
our understanding of biology and open
new frontiers in personalized medicine, di-
agnostics, and therapeutic development.®

In the study by Motone et al.,’ the au-
thors achieved a major breakthrough by
demonstrating the ability to sequence,
using nanopore technology, significantly
longer protein strands than was previously
possible. By combining the CsgG nano-
pore with the CIpX unfoldase, they
unfolded and translocated long protein se-
quences through the nanopore, over-
coming a key limitation of earlier tech-
niques, which faced challenges with long
peptides (Figure 1). In earlier studies, the
basic principle of protein translocation
through nanopores was introduced using
a-hemolysin nanopores, and the major
hurdles involved the irregular motion of
proteins through the pore, which lowered

resolution and made reliable sequencing
difficult (Figure 1).° Although ClpX unfol-
dase was already employed in those
studies to unfold and translocate proteins,
the ability to detect and identify single
amino acids was limited by the lack of pre-
cise control over the translocation speed
and the difficulty in maintaining the pro-
tein’s unfolded state throughout the pro-
cess.” In contrast, this study introduces a
refined use of CsgG nanopores and a bet-
ter-controlled application of the ClpX un-
foldase, allowing for the precise stepwise
movement of proteins through the nano-
pore while maintaining high sensitivity to
amino acid variations and PTMs.

What sets this method apart from the
previous ClpX-based strategies is the mo-
tor-driven, reverse-direction pull using
ClpX, which provides much greater
control compared to the voltage-driven
translocation in earlier approaches. While
ClpX pulls proteins in two amino
acid steps regardless of direction, the
reverse-direction pull ensures smoother,
stepwise movement through the pore, pro-
ducing cleaner, higher-resolution signals.
As a result, this system offers more precise
detection of amino acid sequences and
PTMs compared to earlier methods.’
Another standout feature of this study is
the multi-pass reading capability, which al-
lowed the same protein strand to be read
multiple times as it moved in and out of
the pore, further enhancing the accuracy
as any potential errors from a single pass
can be corrected through subsequent
reads (Figure 1).2

It should be noted that recent nanopore
protein sequencing methods relied on
conjugating oligonucleotides to peptides
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to control translocation and read the pep-
tide sequences.®'° Enzymes that recog-
nize these oligonucleotides were critical in
the movement of peptides in a controlled
manner. However, this method had limita-
tions in terms of the length of peptides
that could be measured, making it ineffec-
tive for reading long protein strands. In
this study,1 the authors demonstrated
that the ClpX-mediated translocation
method solves the issue. Unlike oligonucle-
otide-based methods, ClpX translocates
proteins, ensuring consistent, long
movement through the nanopore, which
therefore allows for the sequencing of
full-length molecules that were previously
unattainable using nanopores.

Despite the significant advancements
achieved in this study, there remain a
few important areas where further devel-
opment could be beneficial. One of the
main challenges is that the technology
has primarily shown success with de-
signed protein sequences, which are en-
gineered for easier translocation and un-
folding. This does not fully capture the
natural complexity and diversity of pro-
teins found in biological systems. As a
result, while the sequencing of designed
proteins holds great promise, applying
this technology to the de novo se-
quencing of naturally occurring, full-
length proteins remains an ongoing
challenge.

Additionally, the reliance on ClpX
unfoldase introduces some limitations
regarding the types of proteins that can
be processed. Highly stable proteins with
complex tertiary and quaternary structures
may resist unfolding, making them
more difficult to sequence using this
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Figure 1. Comparison of nanopore protein sequencing technologies across different studies

The figure highlights key differences in schematic diagram, nanopore types, translocases used, reading direction, and the capability for multiple re-readings
between the methods developed by Nivala et al.,® Brinkerhoff et al.,® and Motone et al.’

method. Furthermore, although this study
successfully detected phosphorylation
PTMs, it is not yet capable of identifying
all types of PTMs, especially those that
are not highly charged or not bulky. As
such, the current nanopore sequencing
approach has not fully addressed PTMs,
which are crucial to understanding protein
function.

Moving forward, protein sequencing
technology will likely focus on enhancing
its ability to process native proteins
without requiring extensive modifica-
tions. Efforts will also be directed
toward discovering and engineering
novel unfoldases or nanopores. Along
with reducing the step size to one (or
less than one) amino acid, this will
significantly enhance sequencing reso-
lution. Furthermore, gaining a deeper
understanding of how PTMs affect ionic
currents will enable more comprehen-
sive and accurate protein analysis.
These advancements will expand the
applications of nanopore technology,
bringing us closer to routine single-
molecule protein sequencing.
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