Downloaded viaNANJNG UNIV on September 22, 2021 at 02:39:08 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO.. .5

pubs.acs.org/NanoLett

Single Molecule Ratcheting Motion of Peptides in a Mycobacterium
smegmatis Porin A (MspA) Nanopore

Shuanghong Yan, Jinyue Zhang, Yu Wang, Weiming Guo, Shanyu Zhang, Yao Liu, Jiao Cao,
Yuqin Wang, Liying Wang, Fubo Ma, Panke Zhang, Hong-Yuan Chen, and Shuo Huang*

Cite This: Nano Lett. 2021, 21, 6703-6710 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Diverse functions of proteins, including synthesis, catalysis, and
signaling, result from their highly variable amino acid sequences. The
technology allowing for direct analysis of protein sequences, however, is still
unsatisfactory. Recent developments of nanopore sequencing of DNA or RNA l

have motivated attempts to realize nanopore sequencing of peptides in a p-oligonucleotide o S
similar manner. The core challenge has been to achieve a controlled ratcheting %0

motion of the target peptide, which is currently restricted to a limited choice of - £

compatible enzymes. By constructing peptide—oligonucleotide conjugates =®

(POCs) and measurements with nanopore-induced phase-shift sequencing f O CHSNNS. . S OO~ -~

(NIPSS), direct observation of the ratcheting motion of peptides has been
successfully achieved. The generated events show a clear sequence dependence
on the peptide that is being tested. The method is compatible with peptides with either a conjugated N- or C-terminus. The
demonstrated results suggest a proof of concept of nanopore sequencing of peptide and can be useful for peptide fingerprinting.

KEYWORDS: MspA, nanopore, sequencing, POC, single molecule, peptide, protein

B INTRODUCTION been proposed. Corresponding demonstrations of identifica-
tion of amino acids and short peptides using tunneling current
signatures were reported by Lindsay et al.'" and Kawai et al.'’
Though single-molecule protein sequencing has not yet been
successfully demonstrated, these inspiring attempts have
significantly advanced relevant researches.

Motivated by the success of nanopore sequencing of DNA
or RNA, attempts to realize nanopore sequencing of proteins
or peptides have been reported.'””'* These include the
observation of direct translocation of short peptides>~"" or
the kinetics of unfolding and subsequent translocation of large
proteins.’*™>® To address the challenge requiring protein
unfolding prior to nanopore translocation, researchers applied
different strategies, including the addition of denaturing
agents,””** adjustment of temperature* or pH,”' attachment
of an oligonucleotide to the terminus of proteins””*® and the
use of unfoldase”* during nanopore sensing. In addition, direct
sensing or discrimination of proteins and peptides with a
different size,”” mass,** charge,29 or post-translocation
modifications,”® antigen—antibody complex,®"** protein-ap-
tamer complex,” protein—ligand interactions,”* and enzymatic

Proteins are responsible for essential biological activities in all
life forms. Their diverse functions result from the delicate
structures determined by their amino acid sequences. Subtle
changes to this amino acid sequence may cause a dramatic loss
of bioactivity and may consequently cause relevant diseases."
Existing protein sequencing methods, like the Edman
degradation” and mass spectrometric (MS) methods,”" have
contributed significantly to our current knowledge of proteins.
Significant limitations in terms of the detection limit and the
dynamic range, however, have restricted these techniques and
their applications, especially in the discovery of protein
biomarkers with a low abundance. It is well-known that
DNA or RNA can be amplified by a polymerase chain reaction
(PCR), which is critical for almost all nucleic acid sequencing
methods, but there is no equivalent amplification method for
proteins. Accordingly, the need for development of protein
sequencing techniques that require input of only a single
molecule becomes urgent. In fact, several strategies have been
demonstrated to produce such techniques. Joo et al. and
Marcotte et al. for instance have proposed a fingerprinting
scheme based on single molecule fluorescence to identify
proteins by reading the sequence of a small subset of amino
acids.” In a series of proof-of-concept experiments, peptide
fingerprinting has been successfully achieved using a single
molecule version of ClpXP unfoldase/protease’ or the Edman
degradation.”® In addition, a strategy of single-molecule protein
sequencing based on tunneling current readout’ "' has also
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Figure 1. Ratcheting motion of a peptide—oligonucleotide conjugate in a nanopore. (A) Construction of the chimeric peptide (blue)-
oligonucleotide (black) conjugate (POC). Though dispensable, the abasic spacer (X, red) serves as a signal marker separating the oligonucleotide
and the peptide. The linker (L, cyan) conjugates the two parts. The chemical structures of “X” and “L” are demonstrated in the dashed box. (B)
NIPSS strategy to observe the ratcheting motion of POC. Briefly, NIPSS was performed with an MspA nanopore (pink) using an enzymatic
ratcheting strategy.*>** The oligonucleotide segment works as a drive strand, with which an enzyme-driven primer extension executed by a wild-
type phi29 DNAP (green) moves the POC strand following the direction marked by the black arrow. Ratcheting motion of the peptide through the
pore constriction is thus achieved. (C) Representative trace of POC ratcheting. POC-N1 (Table S1) was applied as the analyte. For ease of
demonstration, the segments of the trace, which correspond to reading of the oligonucleotide segment (black), the abasic spacer (red) and the

peptide segment (blue) were respectively colored and demonstrated. I,

open pore current; I, blocked current. The demonstrated results were

acquired as described in the Methods in the Supporting Information. A buffer of 0.3 M KCl, 10 mM HEPES at pH 7.5, 10 mM MgCl,, 10 mM

(NH,),SO,, and 4 mM DTT was used to perform the measurement.

kinetics® have also been reported. However, to date, direct
sequencing of peptides by a nanopore has, to the best of our
knowledge, not yet been achieved.

One approach to sequencing peptides is by sequential
enzymatic cleavage of individual amino acids from a peptide
strand followed by nanopore identification of the released
amino acids. A recent report has demonstrated direct
discrimination of 20 amino acid types using an aerolysin
nanopore.”® However, this strategy inevitably faces the
challenge that the sequence information is lost prior to the
initiation of nanopore sensing, and a solution to this problem
has not yet been offered. Another strategy is to read the amino
acid sequence directly from the peptide strand using a
nanopore, in a “strand sequencing” manner, 81m11ar to that
performed in the MinION nanopore sequencer.”” Though the
sequence information is retained by strand sequencing, a major
challenge is to achieve a controlled ratcheting motion of the
peptide through a nanopore constriction, and this method is
restricted to a limited choice of compatible enzymes. Akeson et
al. have proposed an unfoldase-mediated strategy’” which
performs controlled translocation of proteins through an a-
hemolysin nanopore. Unfortunately, this approach failed to
report clear and discrete steps of the ratcheting motion of a
peptide chain through a nanopore and no sequence-dependent
nanopore sensing results were obtained.

Nanopore-induced phase-shift sequencing (NIPSS
variant form of nanopore sequencing, was recently developed
as a universal sequencing strategy compatible with a variety of
biomacromolecules other than DNA, such as xeno-nucleic acid
(XNA)** and microRNA.> In this method, by conjugating an
oligonucleotide to the N- or the C-terminus of a peptide to
form a peptide—oligonucleotide chimera (POC), discrete steps
of ratcheting motion of a peptide were observed during a
NIPSS measurement. However, to the best of our knowledge,
direct observation of the ratcheting motion of a peptide in a
nanopore had not been disclosed yet prior to this report.

)3839
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Experimentally, event patterns generated during NIPSS show a
clear sequence dependence. Specifically, event variations
caused by a single amino acid substitution were clearly
identified. This strategy was also applied to POCs conjugated
with either the N- or the C-terminus, confirming that NIPSS
reading of the N- or the C-terminus segment of a peptide is
feasible. These results suggest a perspective to perform protein
fingerprinting using nanopores with the improved resolution
offered by the NIPSS strategy.

B RESULTS AND DISCUSSION

Peptide Ratcheting Using NIPSS. To demonstrate the
teasibility of NIPSS measurements of POC, we appended the
N-terminus of a peptide to an oligonucleotide (Figure 1A,
Methods, and Figure S1) to form a first POC,* termed POC-
N1 (Table S1 and Figures S2 and S3). Though highly
dispensable, an abasic spacer (X), which is expected to
produce a distinctive blockage current during nanopore
sensing to mark the initiation of nanopore reading of the
peptide segment, was introduced between the peptide and the
oligonucleotide (Figure 1A).

Experimentally, an MspA and a wild-type phi29 DNA
polymerase (phi29 DNAP)*"** were employed to perform
NIPSS,*® during which the oligonucleotide segment of POC-
N1 serves as a “drive strand”, and the phi29 DNAP works as
the ratcheting enzyme. At a +180 mV applied potential, the
current through an open MspA pore (I,) measures ~125 pA.
Prior to the measurement, POC-N1 was annealed with a
primer and a blocker (Table S1) to form the POC complex
(see Methods), in which the blocker strand serves to avoid
spontaneous enzymatic extensions in solution.*”** Once the
annealed POC-N1 complex, which is bound to a phi29 DNAP,
is captured by the MspA, the POC strand is electrophoretically
dragged through the pore constriction, triggering the
dissociation of the blocker strand from the POC-N1 template
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Figure 2. Event level variation caused by single amino acid substitution. (A, B) Sequence segments of (A) POC-N2 and (B) POC-N3, which were
designed to move through the nanopore constriction during the ratcheting motion of POC strands. (C, D) Diagram of discrete steps of ratcheting
motion of (C) POC-N2 (Table S1) or (D) POC-N3 (Table S1). Roman numerals were assigned to each diagram in C and D that correspond to
levels of the traces in E and F, respectively. (E, F) Representative ratcheting traces of (E) POC-N2 and (F) POC-N3. To clearly show discrete
steps of ratcheting motion, we low pass Butterworth filtered the trace with a 1500 Hz cutoff frequency. The segments of traces E and F that
correspond to (i) reading of the oligonucleotide segment, (ii) the abasic spacer, (iii) the linker, and (iv) the peptide segment were marked,
respectively. The steps with arrows are from reading of the TTTC. The trace segment marked as iv is from reading of a homo sequence of aspartic
acid in the peptide section. By comparing results in E and F, the placement of a single tryptophan (W) in POC-N3 has resulted in the appearance
of detectable variations (v and vi) between results acquired with (E) POC-N2 and (F) POC-N3. The phenomenon is consistently observed in
other representative events (Figure S10). (G) Means of Al values from results of the ratcheting motion for peptide segment in POC-N2 (gray, N =
20) and POC-N3 (orange, N = 20). AI () stands for the mean current difference between state iii and state iv; Al (., stands for the mean
current difference between state iv and state v; Al (,..;) stands for the mean current difference between state v and state vi. (H) Current standard
deviation (S.D.) values from results of the ratcheting motion for peptide segment in POC-N2 (gray, N = 20) and POC-N3 (orange, N = 20).

by nanopore unzipping. Subsequently, the phi29 DNAP-based
primer extension was initiated and the POC-N1 starts moving
against the electrophoretic force in a stepwise manner (Figure
1B). Enzyme-driven motion of a biomolecule of this type was
previously termed “the ratcheting motion” and was first used in
a demonstration of nanopore sequencing of DNA.* However,
the ratcheting motion of a peptide has not previously been
reported, to the best of our knowledge. The NIPSS
configuration described above is important to observe the
ratcheting motion of a peptide because direct nanopore
translocation of POC-N1 is too fast to permit resolution of any
sequence-dependent information (Figure S4).

With NIPSS, the ratcheting motion of a POC-N1 reports
sequential reading of the oligonucleotide, the abasic spacer,
and the peptide part of the POC strand, as demonstrated by a
representative event (Figure 1C, Figure SS). To assist in the
recognition of NIPSS events, the oligonucleotide segment of
POC-N1 was designed to contain sequence repeats of
TTTCAAGA (3’ — S’ convention) (Table S1), which
generates unique triangular-shaped signal patterns in the
corresponding NIPSS event (Figure 1C, Figure SS). For a
demonstrative purpose, the event section, which corresponds
to reading of the oligonucleotide segment, is colored black.
Immediately after that, reading of the abasic spacer (“X” in the
sequence), which generates an abnormally high current
signature, was expected and the corresponding trace section
is colored red in Figure 1C. Immediately subsequent to the
level corresponding to reading of the abasic spacer, reading of
the peptide segment was observed and is colored blue in the
trace section of Figure 1C. Discrete steps of the ratcheting
motion of POC are marked and demonstrated in Figure S5, in
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which 6—7 steps corresponding to reading of the peptide are
clearly resolved, forming a highly characteristic event pattern
consistently observed also in other NIPSS events of POC-N1
(Figure S6). To quantitatively demonstrate this consistency,
we summarized the mean current levels and standard
deviations of the corresponding steps from N = 21 NIPSS
events in Figure S7. A similar measurement was carried out
with a DNA template termed DNA1 (Table S1). DNAI and
POC-NI1 share the same sequence of the oligonucleotide
segment and an abasic spacer. However, the peptide segment
of DNAL is replaced with homopolymeric segment of (dT),s.
As expected, nanopore sequencing of DNAI reports an
identical sequencing pattern that differs from that of POC-
N1 in the section immediately subsequent to reading of the
abasic spacer (Figure S8). However, the rest of the sequencing
results were identical to each other. The above results further
confirmed that the ratcheting motion of the peptide was
successfully achieved by a NIPSS strategy that reports a
characteristic signal pattern corresponding to the sequence of
the peptide strand.

Observation of the Current Variance Caused by
Substitution of One Amino Acid. The principle demon-
strated above is generally compatible with other sequences of
peptides and minor sequence variations between different
peptide strands may be resolved from the corresponding
NIPSS results. To verify this hypothesis, we designed,
synthesized, and characterized POC-N2 and POC-N3 (Table
S1, Figures S2 and S3) in a manner similar to that performed
for POC-N1. Specifically, the peptide segment of POC-N2
contains 13 consecutive aspartic acids (Figure 2A), but the
corresponding segment of POC-N3 differs from that of POC-
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N2 by a single tryptophan substitution in the sequence, as
described in Figure 2B. NIPSS measurements of POC-N2 and
POC-N3 were carried out as described in Figure 1B. With the
ratcheting motion of the peptide driven by the phi29 DNAP,
discrete steps that correspond to reading of different sections
of peptides could be reported (Figure 2C, D). Specifically,
NIPSS reading of the oligonucleotide segment and the abasic
spacer were observed in representative traces when POC-N2
(Figure 2E) or POC-N3 (Figure 2F) was tested, indicating
that successful NIPSS reading of both POCs was achieved.
Both events (Figure 2E, F) demonstrate a generally identical
signal pattern in the trace section that respectively corresponds
to reading of the oligonucleotide segment and the abasic
spacer. Nanopore reading of the homopolymeric aspartic acids
generally reports a higher blockage current, even higher than
that corresponding to the abasic marker. We speculate that the
negative charges from the aspartic acids may have enhanced
the blockage current, similar to a previous observation using
nanopore sequencing when an O°S-carboxylmethyl guanine
reports a much higher event amplitude than that of a canonical
guanine.*> However, the results corresponding to the reading
of the peptide segment show subtle variations. Specifically,
states iii and iv were consistently observed in all events when
acquired with POC-N2 (Figure S9). It is expected that state iv
demonstrates a long and flat blockage level because the peptide
segment of POC-N2 is composed of 13 consecutive aspartic
acids. Higher fluctuations were also observed in state iv as well
(Figure 2H). However, events acquired from POC-N3 report a
different pattern, in which state v and state vi were consistently
observed (Figure S10). This is also expected because POC-N3
contains a single tryptophan substitution that may be detected
when the peptide segment moves in a ratcheting motion
through the pore constriction. Because a tryptophan residue is
larger than an aspartic acid residue,*® state v, which reports a
drop of 5.18 pA (Figure 2G), probably resulted from
perturbations caused by the introduced tryptophan. State vi
represents restoration of the current level when the tryptophan
has passed the pore constriction and the remaining aspartic
acids were further read by the pore. All the above results were
consistently observed in other events when respectively
acquired with POC-N2 (Figure S9) and POC-N3 (Figure
$10).

Though demonstrated with highly simplified cases, the
results acquired with POC-N2 and POC-N3 have provided
concrete evidence that the ratcheting motion of peptides
achieved by NIPSS has generated highly sequence dependent
events of the peptide and that perturbation caused by
substitution of a single amino acid is also detectable.

Ratcheting Motion of the C-Terminal Part of
Peptides. All the aforementioned examples were executed
with N-terminally conjugated POC strands. Existing studies
have suggested that the amino acid composition to the C-
terminus of a protein has significance in the conformation,
stability and bioactivity of proteins.*”** The current config-
uration is also in principle compatible with C-terminus
conjugated POC strands so that the peptide segment could
be probed to its C-terminus. To test this speculation, we
designed, synthesized, and characterized POC-C1, whose C-
terminus is appended to an oligonucleotide (Table SI and
Figures S2 and S3). Specifically, an amine-modified oligonu-
cleotide was conjugated to the linker (N-e-maleimidocaproy-
loxy succinimide ester, EMCS) to form the EMCS-
oligonucleotide. The EMCS-oligonucleotide was then con-
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jugated to the C-terminal cysteine of a peptide to construct the
POC-C1 (Figure 3A).
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Figure 3. Ratcheting motion of a C-termini conjugated POC. (A)
Chemical conjugation of the oligonucleotide segment to the C-
termini of a peptide.40 Briefly, the amine-modified DNA oligonucleo-
tides were conjugated to the linker (N-e-maleimidocaproyloxy
succinimide ester, EMCS) to form the EMCS-oligonucleotides. The
EMCS-oligonucleotides were subsequently conjugated with the C-
terminal cysteine of peptides to form the peptide—oligonucleotide
conjugates (POCs). By forming a C-termini conjugated POC, the C-
terminal part of the peptide could be read by nanopore during NIPSS.
(B) Representative ratcheting trace of POC-C1 (Table S1). The trace
segments that correspond to reading of the oligonucleotide segment
(black), the abasic spacer (red), and the peptide segment (blue) are
labeled correspondingly. A trace segment that corresponds to
backstepping motion of phi29 DNAP is asterisked.

NIPSS measurement of POC-C1 was performed identically
to that described in Figure 1B and the corresponding events
were observed. Since the sequence composite of the
oligonucleotide segment and the abasic spacer for all POC
strands are identical (Table S1), the corresponding trace
section of oligonucleotide and abasic spacer reading shows a
signal pattern identical to those acquired with POC-N1, POC-
N2 and POC-N3 (Figure 3B). However, the trace section
corresponding to reading of the peptide segment of POC-C1 is
significantly different from any results previously acquired from
other POCs. The overall signal pattern is also consistently
observed in other events acquired with POC-C1, indicating a
desirable consistency of the measurement (Figure S11). Our
speculation that the peptide segment at its C-terminus could
be probed by NIPSS was thus experimentally confirmed.

Discrimination of Different Peptides by NIPSS. All the
aforementioned results have successfully demonstrated that the
ratcheting motion of a peptide through the pore constriction of
an MspA nanopore has provided highly sequence-dependent
signals between different peptides. NIPSS is also useful to
probe peptide segments at either the C- or N-terminus. In a
further trial, another POC strand, termed POC-C2 (Table S1),
was designed and prepared. POC-C2 and POC-CI1 differ with
a six amino acid peptide segment, but the rest of the sequence
composite was kept identical (Figure 4A).

Events produced by NIPSS measurements of POC-Cl
(Figure 4B) and POC-C2 (Figure 4C) demonstrate the
expected event signature generated by nanopore reading of the
oligonucleotide and the abasic spacer. However, steps
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Figure 4. Discrimination of different peptides using NIPSS. (A)
Sequences of POC-C1 and POC-C2 (Table S1). The green boxes
mark the sequence differences between both strands and the rest of
the sequence was kept identical. Representative ratcheting traces of
(B) POC-C1 and (C) POC-C2 after reading of the abasic spacer. The
trace segments which correspond to reading of the abasic spacer (“X”)
and the peptide (blue Arabic numerals) were correspondingly labeled
on the trace. (D, E) Mean current levels of (D) POC-C1 (Figure
S11) and (E) POC-C2 (Figure S12) extracted from multiple events.
Only current levels “1—7” of peptide were derived, as most NIPSS
events (Figures S11 and S12) contain no more than seven current
steps for the peptide recognition. We speculate that this is because the
peptide part may be not negatively charged enough so that POCs
could escape from the pore. Results in D and E demonstrate an
overall consistency of signal pattern between results acquired from the
same POC strand. However, results from different POC strands were
clearly discriminated from each other, especially in steps 4—8 in B—E.

generated subsequent to reading of the abasic spacer were
significantly different from each other (Figures 4B, C). These
were also consistently observed in all other events produced by
POC-C1 (Figure S11) and POC-C2 (Figure S12). For a
quantitative comparison, means of blockage levels and
standard deviation values were extracted and are summarized
in Figure 4D, E, in which the event characteristics
corresponding to steps 4—8 differ the most.

Limitations. The NIPSS strategy still has many limitations,
at least in its current form. Enzymatic activity of phi29 DNAP
is incompatible with the peptide segment of a POC, meaning
that all NIPSS measurements of POC demonstrate a limited
read length equivalent to the length of ~14 nucleotides, as
previously discussed. Though this might be compensated for
by reading the N- or the C-terminus of the peptide,
respectively, to double the read length, as demonstrated in
Figures 1 and 3, the overall read length is still not comparable
with that achieved by nanopore sequencing of nucleic acids.
Composed of combinations of 20 types of amino acids instead
of four types of nucleotides, the sequence of a peptide is much
more difficult to deconvolute than that of a nucleic acid even if
highly sequence dependent event characteristics were defini-
tively observed with a desirable consistency. As reported, the
distance between adjacent nucleotides of a fully stretched
DNA molecule is about ~0.5 nm,"’ whereas the distance
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between adjacent residues in peptide measures ~0.36 nm."*

This indicates that the MspA constriction simultaneously
reports an averaged reading of 5—6 amino acids. The length of
every moving step of peptide during NIPSS is equivalent to the
internucleotide distance of the tethered drive strand.
Consequently, nanopore reading of the peptide is sampled at
an equally spaced interval, providing a highly unique and
consistent pattern which is sequence dependent. Our
investigation is also highly restricted by the limitations of
peptide synthesis, which shows more restrictions including an
extremely high cost, low yield, and a challenge of purification
when peptides containing large sections of homopolymeric
composites are involved. For ease of demonstration, all
peptides being tested were designed to have a terminal
cysteine for conjugation purposes. Future trials of selective
chemical modifications of terminal residues’’™>” of target
peptides may be applied to develop a general library of
preparation methods intended to measure natural peptide
segments. In principle, protein may be enzymatically digested
into natural peptide segments to form POCs and correspond-
ing nanopore readouts can be assembled to achieve peptide or
protein fingerprinting. With the above discussions, it must be
admitted that the current demonstration is still some distance
away from a thorough realization of nanopore sequencing of
proteins. This report may, however, inspire or promote other
ongoing research with the same goal.

B CONCLUSIONS

To summarize, by constructing peptide—oligonucleotide
chimeras, observation of ratcheting motion of a peptide in a
nanopore was clearly achieved. To the best of our knowledge,
this has not been described in any previous report. Acknowl-
edging the gain in the temporal resolution assisted by the
enzymatic motion of the phi29 DNAP, NIPSS measurement of
peptide reports highly consistent signal patterns that show a
clear sequence dependence of the peptide being tested. NIPSS
measurements to either the N- or the C-terminus of
conjugated POCs were both tested, indicating that peptide
conjugated to either terminus may be probed. Given the fact
that the peptide part is not homogeneously negatively charged
like a nucleic acid strand, in future prospects, a DNA-peptide-
DNA sandwich structure may either improve the efficiency or
minimize the noise of the measurement by further stretching
the peptide strand. An engineered MspA with redundant
structures on top of its vestibule may also be constructed to
further extend the read-length of NIPSS. An MspA nanopore
with modifications such as in the form of metal functionaliza-
tion that can affect its pore constriction may improve the
recognition of specific amino acids to assist in the
deconvolution of its sequence. Molecular dynamics simu-
lations®® may as well be helpful in the optimization of the
sensing performance. Given the complexity of the information
generated from nanopore reading of peptides, artificial-
intelligence-based computer algorithms may be necessary to
assist in the sequence deconvolution.
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