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Nanopore technology has attracted extensive attention due to its rapid, highly sensitive, and label-free
performance. In this study, we aimed to identify proteinogenic amino acids using a wild-type aerolysin
nanopore. Specifically, bipolar peptide probes were synthesised by linking four aspartic acid residues to

the N-terminal and five arginine residues to the C-terminal of individual amino acids. With the help of
Received 29th March 2022 the bipol tid . 9 tei . . id liabl ised based t
Accepted 5th August 2022 e bipolar peptide carrier, 9 proteinogenic amino acids were reliably recognised based on curren
blockade and dwell time using an aerolysin nanopore. Furthermore, by changing the charge of the

DO!: 10.1039/d2na00190; peptide probe, two of the five unrecognized amino acids above mentioned were identified. These
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Introduction

Nanopores have proven to be an attractive and powerful plat-
form in the single-molecule analysis.*” Over the past two
decades, they have been explored for a wide range of applica-
tions including DNA sequencing,®® analysis of the structure of
peptides,®** dynamics of peptide transport,’>** conformational
changes of proteins,""” unfolding®** and folding of
proteins,***> and application of disease detection.”*** In this
rapidly evolving field, it is hoped that nanopore technology can
make a breakthrough in the determination of protein primary
structure. However, there are 20 amino acids that make up
proteins, and nanopore technology is more challenging to
identify individual amino acids than single bases.”** Recently,
an aerolysin nanopore was used to enable size discrimination of
short uniformly charged arginine peptides at a single amino
acid resolution by virtue of its high spatial resolution.*
Furthermore, H. Ouldali et al. demonstrated a strategy that
allowed the identification of 13 of the 20 unmodified amino
acids in an aerolysin nanopore using a short polycationic
carrier, and 2 amino acids upon chemical modification.* In the
absence of any modification or labelling, a single cysteine
molecule produced distinctive current blockage, while aspara-
gine or glutamine with large volumes caused unrecognized
current blockage.** A T232K/K238Q mutant aerolysin nanopore
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findings promoted the application of aerolysin nanopores in proteinogenic amino acid recognition.

could identify unphosphorylated Tau with almost 100% accu-
racy by changing the charge of amino acid sites.>* All these
advancements indicate that the aerolysin nanopore holds great
potential for identification of proteinogenic amino acids.

Polypeptide is a good carrier for amino acid recognition. The
bipolar peptide probe structure was first developed by Asandei
et al. (2015), and they demonstrated that the positively and
negatively charged tails of the bipolar peptide produce a tug-of-
war effect after entering the nanopore under the action of the
electric field, which may increase its residence time in the
nanopore and help to identify the target amino acid.***
Inspired by this, we designed a bipolar peptide probe aimed to
identify proteinogenic amino acids using a wild-type aerolysin
nanopore. The N-terminus of the amino acid was chemically
linked to a peptide with aspartic acid residues (D) and the C-
terminus of the amino acid was chemically connected to
a peptide with arginine residues (R) to form bipolar peptide
probes. In this case, the peptide probe had a strong negatively
charged N-terminus and a strong positively charged C-terminus
at neutral pH. With this probe, we demonstrated the identifi-
cation of 9 amino acids using the aerolysin nanopore without
any chemical or physical modifications. Our efforts will help in
proteinogenic amino acid recognition by the aerolysin
nanopore.

Experimental
Reagents and chemicals

1,2-Diphytanoyl-sn-glycero-3-phosphocholine was purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Pro-aerolysin
was kindly provided by Professor Yi-Tao Long (East China
University of Science and Technology). Trypsin-EDTA, potas-
sium chloride, and decane were purchased from Sigma-Aldrich
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Fig. 1 Schematic diagram for identifying proteinogenic amino acids using an aerolysin nanopore. (a) Schematic representation of the peptide
probe with proteinogenic amino acids. A peptide with five arginine residues was chemically linked to the carboxyl end of target amino acid X, and
a peptide with four aspartic acid residues was added to the amino terminus of target amino acid X. X represents any one of the 20 proteinogenic
amino acids. A total of 20 bipolar D4XRs peptides were formed. (b) Schematic representation of the experimental setup (not to scale). An external
voltage of +70 mv was applied on the trans side of the bilayer, and the cis side was located at the voltage ground. (c) Illustration of a typical

current blockade.

Co., Ltd (St Louis, MO, USA). The reagents and materials used in
this study were of analytical grade. All peptide samples were
synthesised and purified by high-performance liquid chroma-
tography at GL Biochem Ltd (Shanghai, China). The sequences
of peptides in the assay are shown in Table S1.} All solutions
were prepared using ultrapure water (18.2 MQ cm at 25 °C)
obtained using the Milli-Q Academic A10 system (EMD Milli-
pore, Billerica, MA, USA).

Nanopore electrical recording

Pro-aerolysin was digested with trypsin for 6 h at room
temperature. The pro-peptide sequence of pro-aerolysin was
completely degraded, and then aerolysin was released.* 1,2-
Diphytanoyl-sn-glycero-3-phosphocholine was dissolved in
decane solution to obtain a final concentration of 50 mg L™*
and then added to the trans chamber in a Delrin bilayer cup
(Warner Instruments, Hamden, CT). After forming a lipid
bilayer, aerolysin was inserted into the lipid bilayer to obtain
a final concentration of 1.0 pg mL~", which partitioned the
aperture into a cis chamber and a trans chamber. The electrolyte
solutions in the cis and trans chambers of the lipid bilayer were
buffered with tris-EDTA (10 mM tris, 1 mM EDTA, 3.0 M KCl, pH
7.5). The pore insertion was identified upon observing a well-
defined leap of current values.”” Once a stable single-pore
insertion was detected, the bipolar peptide was added near
the newly formed nanopore in the ¢rans chamber at a final
concentration of 2 uM. The room temperature was maintained
at 25 + 2 °C for this assay, and the error represented the stan-
dard deviation of three independent experiments. In the
detection process through the aerolysin nanopore, the distinct
characteristics of each bipolar peptide were recorded, including
current blockades, dwell times, and signal shape under the
same experimental conditions.

3884 | Nanoscale Adv, 2022, 4, 3883-3891

Data analysis

The current recordings were measured with a patch-clamp
amplifier (Axon 200 B, AXON, USA) and converted into data
using a DigiData 1440A converter (Molecular Devices, Danaher,
USA). The signals were filtered at 5 kHz and acquired at
a sampling rate of 100 kHz using PClamp 10.6 (Axon Instru-
ments, Forest City, CA, USA). Finally, the data were analysed
using Matlab (R2013b, MathWorks, Natick, MA, USA) software,
OriginLab 9.0 (OriginLab Corporation, Northampton, MA, USA),
and programs that were developed by Long's group.***” Typi-
cally, more than 1000 blockade events are collected in each
ionic current measurement. The original ABF file data of the
nanopore experiment is converted to TXT files using the Cutting
software programmed by Long's group. Then the TXT files are
processed using Matlab, the current signals through the nano-
pore are screened. The screened data are imported into Ori-
ginLab 9.0 for function fitting, and the scatter plot, blocking
degree and duration time can be obtained respectively. From
the current blockades corresponding to each peptide, the mean
blockade degree and duration are calculated for each peptide.
The mean blockade degree and duration correspond to the
arithmetic mean of the blockade degree and durations,
respectively. The error bar is calculated using the “Statistics”
function of OriginLab 9.0.

Identification of proteinogenic amino acids

The peptide powder was incubated with ultrapure water at room
temperature for 30 min. Before nanopore evaluation, the
peptide was dissolved in a buffer containing 3 M KCl, 10 mM
Tris, and 1 mM EDTA at pH 7.5 to a final concentration of 2 pM.
Unless otherwise specified, the nanopore experiments in the
assay were performed at a constant voltage of +70 mV applied to
the trans compartment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Scatter plot (a), histograms of duration time (b), //1o (c), and raw data (d) of the bipolar peptide probe containing nonpolar amino acids such
as alanine (A), valine (V), leucine (L), isoleucine (l), proline (P), tryptophan (W), methionine (M), and phenylalanine (F) (n = 1090 (D4ARs), n = 986
(D4VRs), n = 1107 (D4LRs), n = 1223 (D4IRs), n = 1381 (D4MRs), n = 1082 (D4FRs), n = 1214 (D4WRs), n = 1214 (D4PRs) = 1215). The scatter plot of
events shows current blockage //lg versus duration time. The blockage amplitudes were fitted by Gaussian distribution, and the histograms of
duration times were fitted by the exponential function.
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a) b) For the peptide probe D¢XR; (named X ™), the experimental
a0, ) process was the same as the procedure mentioned above, except
= = that a constant voltage of +70 mV was applied to the cis
H 1 % compartment.
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events were analysed, and the same applies to the figures below. For electrical recognition of the 20 proteinogenic amino acids

using an aerolysin nanopore, bipolar peptide probes were
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Fig. 4 Scatter plot (a), histograms of duration time (b), I//5 (c), and raw data (d) of the bipolar peptide probe containing polar uncharged amino
acids such as glycine (G), serine (S), glutamine (Q), threonine (T), cysteine (C), asparagine (N), and tyrosine (Y) (n = 1820 (D4SRs), n = 1412 (D4CR5),
n = 1180 (D4TRs), n = 1077 (D4YRs), n = 1095 (D4NRs), n = 1068 (D4GRs), n = 1068 (D4QRs)).
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synthesised by linking D residues to the N-terminal and R
residues to the C-terminal of individual amino acids
(Fig. 1a).>** An external positive voltage (70 mV) was applied to
the trans side of the lipid bilayer(Fig. 1b). When the peptide
passed through the aerolysin nanopore, transient blockade of
the ionic current was observed (Fig. 1c). Each characteristic
current blockade corresponded to the process of an individual
peptide through the nanopore, and each peptide was recog-
nized based on the blockage current and duration time. The
feasibility of the assay was first tested by three groups of peptide
probes (D,XR5, D¢XRg, and DgXR;p) to distinguish alanine (A),
cysteine (C), and serine (S). In the case of D,XR;, all three
peptides (D,AR;, abbreviated as A, D,CRs, abbreviated as C,
D,SR;, abbreviated as S) produced several short single-level
current signals (Fig. S1t). I, is defined as the open pore
current for current amplitude analysis and I is defined as the
blockage current when the analyte remained within the pore.
Gaussian fitting (Fig. S1at) revealed that A had the highest /I,
value.*>*' The current signals produced by S were characterised
by small spikes, whereas peptide C showed a jagged pattern
(Fig. S1bt). In contrast, in the case of probe DgXRg and DgXR;,
there was no significant difference among the three peptides in
any group (DgXRg: A6, C6, and S6; DgXR;: A8, C8, and S8) in
terms of blocking degree, duration time, or signal shape
(Fig. S1b¥). Thus, the best identification was achieved with the
bipolar probe D,XRs.

With the initial success, we set out to fully evaluate the
potential of this strategy for the identification of all proteino-
genic amino acids. Twenty D,XR5 peptides were divided into
three groups according to the polarity of the side chain of amino
acid X, namely, non-polar amino acid group, polar neutral
amino acid group, and polar charged amino acid group. The
group of non-polar amino acids comprised alanine (A), valine
(V), leucine (L), isoleucine (I), proline (P), tryptophan (W),
methionine (M), and phenylalanine (F). All these peptides
produced current blocks when they passed through the aero-
lysin pore (Fig. 2d). Using statistical analysis, the distribution of
blocking current was fitted to Gaussian functions and the
duration time of the peptides was fitted by exponential distri-
butions based on the first passage process*>** (Fig. 2a-c and 3a).
Among those, the I/I, histograms of A, L, W, and F were located
at 0.42 + 0.0145, 0.70 + 0.0140, 0.88 + 0.0129, and 0.50 +
0.0121, respectively, exhibiting four well-separated peaks

© 2022 The Author(s). Published by the Royal Society of Chemistry

(Fig. 3b). The current blockades and duration of the peptides
containing V, I, P, and M were too close to be easily distin-
guished, most likely due to their similarities in spatial struc-
tures, volumes, or molecular weights.

In the case of the polar uncharged amino acid group, glycine
(G), serine (S), glutamine (Q), threonine (T), cysteine (C),
asparagine (N), and tyrosine (Y) were analysed under the same
conditions as that of non-polar amino acids (Fig. 4 and 5a).
Among those, the peptides containing C, N, and Y produced
blockade populations distinct from one another (Fig. 5b), with
the I/I, value of 0.39 + 0.015, 0.44 + 0.012, and 0.93 + 0.048,
respectively. The current amplitude and duration time distri-
bution of G, S, Q, and T were too similar to be differentiated.

In the same way, the polar charged amino acid group
contains three amino acids with positive charges, lysine (K),
histidine (H), and R, and two amino acids with negative
charges, D and glutamic acid (E). D,XR5 probes bearing them
were identified via the nanopore assay (Fig. 6 and 5). Peptides H,
R, and E could be well distinguished based on the degree of
blocking, and the fitted values located in 0.45 £ 0.015 (H), 0.72
+ 0.012 (R), and 0.52 + 0.011 (E), respectively (Fig. 5¢). While
the I/, of D and K were too similar to be differentiated, their
current blockades were clearly distinguished from those of H, R
and E. Overall, with the help of a bipolar peptide probe, it was
feasible to recognise proteinogenic amino acids using an aer-
olysin nanopore electrically. Bipolar probes containing A,
F,L, W, C, N, Y, H, E, and R could be identified using I/, and
duration time, whereas the remaining 10 proteinogenic amino
acids cannot be recognized.

In previous studies, the tug-of-war between positive and
negative forces acting on the two oppositely charged tails of the
dipolar peptide contributed to stretching the peptide and to
increase the dwell time.**~** Consistent with what was observed
for a-hemolysin pores in these reports, the dwell time of the
dipolar peptides bearing H or W increases when the applied
voltage increases from +50 to +80 mV (Fig. S27).

Distinction of 9 of the 20 proteinogenic amino acids with the
bipolar probe D,XR5

When grouped by the polarity of the side chain of X, a few
amino acids could not be distinguished by the nanopore. We
further aimed to examine if amino acids could be identified
when not grouped (Fig. S31). As shown in Fig. 8, I/], histograms

Nanoscale Adv., 2022, 4, 3883-3891 | 3887
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Fig. 6 Scatter plot (a), histograms of duration time (b), I/l (c), and raw data (d) of the bipolar peptide probe bearing polar charged amino acids
such as lysine (K), histidine (H), arginine (R), aspartic (D), and glutamic acids (E) (n = 1420 (D4HRs), n = 1229 (D4KRs), n = 1090 (D4RRs), n = 1265

(D4ER5), n = 1529 (D4DR5))

of peptides D, M, E, R, L, W, and Y exhibited well-separated
peaks (Fig. 7a). The duration times of the remaining 13
peptides were combined for exponential fitting, and N and A
were distinguished (Fig. 7b). It is noteworthy that W and Y
showed large I/I, (0.88 & 0.0129 and 0.93 £ 0.0480), which may
be attributed to the large side chain of an indole group or
a phenol group.

To probe the mechanism underlying the blockade current,
we plotted the relationship of the current amplitude against the
volume of amino acids (Fig. 7c). Overall, the blocking current

3888 | Nanoscale Adv., 2022, 4, 3883-3891

was found to increase as the volume of amino acid increased,
which is largely consistent with the findings of H. Ouldali's
study used a short polycationic carrier to identify amino acids.*
However, there were notable exceptions in this study, such as A,
D, T, Q, and K (Fig. S41). We speculated that this may be related
to the structures of the probes. We used the bipolar probe
(D4XR5) with the target amino acid in the middle of the poly-
peptide chain, while H. Ouldali's group used the unipolar probe
(XR;) with the target amino acid at the N-terminal. Current
blockades are likely to be affected by the position of the target

© 2022 The Author(s). Published by the Royal Society of Chemistry
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amino acid in the peptide and the probe sequence. The current
amplitude (I/I,) in our assay ranged from 0.35 to 0.93, whereas
theirs lay within the range of 0.32-0.4. The variation range of /I,
in this study is much larger than theirs. On the other hand, in
addition to the volume, the structure, charge properties of the
side chain, and molecular masses of target amino acid also
greatly influence the current signal. Different side chains will
cause different non-covalent interactions between amino acids
and nanopores, including electrostatic interactions, m-effect,
and hydrophobic interactions. Previous reports of Long's group
have also indicated that the steric hindrance effect is not
a dominant factor for amino acid discrimination, in which the
smaller cysteine produced the evident current signatures, while
the larger asparagine and glutamine induced fast and undis-
tinguishable current variations.**

Distinction of I, F, G, P, and Q employing the negatively
charged probe D¢XR5

To improve the ability of our strategy to recognise the remaining
11 amino acids, I, F, G, P, and Q were randomly selected as
identification objects. The charge of peptides was reversed by
adding two aspartic acid residues to the N-terminus of D,XRs,
and the obtained probe D¢XR; (X-) was employed to distinguish
the five amino acids. The negatively charged peptide was added
to the cis side of the aerolysin chamber, and a positive voltage
(70 mV) was applied to drive it into the aerolysin nanopore. In

© 2022 The Author(s). Published by the Royal Society of Chemistry

this case, the I/I, histograms of F- and G-exhibited well-
separated populations (Fig. 8). Notably, compared with that of
the positively charged peptides (D,XRs), the blocking degree of
the negatively charged peptides (D¢XRs5) significantly increased
(from 0.35-0.55 to 0.61-0.95). This result shows that changing
the charge of the bipolar peptide probe can improve the ability
of the aerolysin nanopore to distinguish amino acids, which
may be attributed to the anionic selectivity of the aerolysin
nanopore.*»* Previous studies have demonstrated that there
are two positively charged amino acids located at the entrance
of the pore and the bottom of the lumen in wild-type aerolysin.*
This would produce strong electrostatic interactions between
the peptide probe and the inner wall of the nanopore, signifi-
cantly affecting the translocation of negatively charged peptides
through the nanopore. As a result, the blocking degrees of
negatively charged bipolar peptide probes are greatly increased,
thus improving the ability of the aerolysin nanopore to distin-
guish different amino acids.

Conclusions

In the present work, we proposed a bipolar peptide probe to
enable electrical recognition of proteinogenic amino acids
using an aerolysin nanopore. The bipolar peptide probe was
formed by linking aspartic acid residues to the N-terminal and
arginine residues to the C-terminal of individual amino acids.

Nanoscale Adv., 2022, 4, 3883-3891 | 3889
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The advantage of this structure is that it contains amino acids
with opposite charges, which is intended to improve the inter-
action between the probe and the inner wall of the nanopore,
thus enhancing the ability to recognise amino acids. Among the
20 amino acids, our strategy permitted the reliable identifica-
tion of 9 amino acids, based on distinct current blockades and
duration times. In the case of the positively charged peptide
probe D,XRs, amino acids D, M, E, R, L, W, and Y were effec-
tively identified by current blockages, and N and A could be
distinguished by duration times. Furthermore, the ability to
distinguish peptides can be improved by employing the nega-
tively charged probe D¢XR; (X-), as proved by the identification
of G, and F. It is speculated that this is due to the strong elec-
trostatic interactions caused by the positively charged residues
at the entrances and inside the lumen during the translocation
of the aerolysin nanopore. In our future study, we will include
all types of peptides with a negatively charged probe. Recently,
Long et al. pioneered in designing a series of mutant aerolysin
that modulates charge distribution via site-directed mutagen-
esis.*” Inspired by this, we could design a specific biological
nanosensor with a high resolution to identify amino acids in the
future. We anticipate that the development of mutant aerolysin,
combined with the bipolar peptide probe, would facilitate the
application of aerolysin nanopores in the identification of
proteinogenic amino acids.
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