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Abstract

Nanopore technology holds remarkable promise for sequencing proteins and peptides. To achieve
this, it is necessary to establish a characteristic profile for each individual amino acid through the
statistical description of their translocation process. However, the subtle molecular differences
among all twenty amino acids along with their unpredictable conformational changes at the
nanopore sensing region result in very low distinguishability. Here we report the electrical sensing
of individual amino acids using an a.-hemolysin nanopore based on a derivatization strategy. Using
derivatized amino acids as detection surrogates not only prolongs their interactions with the
sensing region, but also improves their conformational variation. Furthermore, we show that
distinct characteristics including current blockades and dwell time can be observed among all
three classes of amino acids after 2,3-naphthalenedicarboxaldehyde (NDA)- and 2-
naphthylisothiocyanate (NITC)-derivatization, respectively. These observable characteristics were
applied towards the identification and differentiation of 9 of the 20 natural amino acids using their
NITC derivatives. The method demonstrated herein will pave the way for the identification of all
amino acids and further protein and peptide sequencing.

Graphical Abstract

A derivatization strategy was demonstrated for reliable identification of individual amino acids
using an a-hemolysin nanopore.
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The primary structure of proteins and peptides plays a significant role in their structural
folding and functions. Very often subtle changes in a protein’s primary sequence can lead to
debilitating pathologies.1-> Traditional methods for proteome analysis and sequencing, such
as mass spectrometry®-8 and Edman degradation,® suffer from high cost, short reads, long
turn-around time, and lack of sensitivity, so alternative approaches are sought. Nanopores
made of either biological or inorganic materials with orifices of nanometer diameters and
depth have been exploited as an exceptionally sensitive too for the analysis of individual
biomolecules in real-time without the potential bias associated with signal amplification.
10,11 A5 a result, significant progress towards DNA and RNA sequencing has been realized
through nanopore technology.12-17 Various other applications for nanopores in single
molecular sensing have also been demonstrated,18-20

Recently, the focus of efforts has been directed towards amino acid identification and
sequencing of proteins and peptides, which holds great promise for the advancement of
proteomics.21-23 Research into proteins and peptides nanopore applications has been
reported using the ionic current blockade signatures generated by their nanopore
translocation.24 Various nanopore methods including ionic current blockade measurement in
biological nanopores (/.e. bacteriophage T7 DNA packaging motor,2° FraC nanopores,25: 27
aerolysin,2”-29 and a.-hemolysin3%) and inorganic perpendicular nanochannel,3! as well as
recognition by tunneling current32 have been used to identify proteins and peptides.
Nonetheless, nanopore sequencing of proteins and peptides still faces formidable open
challenges,?3 especially the feasibility of distinguishing individual amino acids. Recently, a
small group of researchers have focused on nanopore sensing of individual amino acids.33-3%
For example, a fingerprinting scheme has been reported in which only a subset of amino
acids was labeled and detected.?” In another study, an elegant approach has been developed
to detect 13 of 20 proteinogenic amino acids in an aerolysin nanopore with the help of a
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short peptide tag.36 However, all reported methods are unfeasible for the derivatization and
differentiation of amino acids /n situ.

Based on the Edman peptide degradation reaction,37:: 38 39 herein we demonstrate the
efficient A-terminal derivatization of amino acids using aromatic tags can augment the
distinguishability of different amino acids when they translocate through a-hemolysin (a-
HL) nanopores. A panel of nine amino acids, including non-polar, polar and charged ones,
could be discriminated individually. We envision this method can potentially be employed in
the future development of nanopore sequencing of a protein or peptide analytes.

The derivatization reagents, 2,3-naphthalenedicarboxaldehyde (NDA) and 2-
naphthylisothiocyanate (NITC) were chosen due to their wide usage along with their high
reaction rate and efficiency with most natural amino acids.®: 3841 Nine amino acids were
randomly selected from each of the three classes for derivatization with NDA and NITC,
respectively (Fig. 1a), including polar uncharged amino acids: Serine (Ser, S), Tyrosine (Tyr,
Y); charged amino acids: Histidine (His, H), Glutamic Acid (Glu, E), Aspartic Acid (Asp,
D); and non-polar amino acids: Glycine (Gly, G), Alanine (Ala, A), Valine (Val, V); and
Phenylalanine (Phe, F). The derivatization process is simple, efficient, and was performed
under mild basic buffer condition as described in synthetic route I and Il for NDA and NITC
derivatives, respectively (Fig. S1, ESIt). In our nanopore analysis experiments, only purified
amino acid derivatives were employed. Molecular structures of all derivatization products
shown in Table S1 (ESIT) were characterized and confirmed by 1H and 13C nuclear
magnetic resonance analysis (Fig. S4-S39, ESIt). However, due to the high efficiency of
both chemistries used in our design, they can be readily employed for A-terminal
modification of amino acids in aqueous solution for practical applications.

In a typical experiment, a single a-HL nanopore is inserted into a phosphate lipid bilayer
that separates cisand frans compartments in an electrolyte solution. An external positive
voltage (100 mV) is applied to the fransside of the bilayer, while the c/sside is electrically
grounded (Fig. 1a). The direction of protein insertion can be determined by the absolute
value of open pore current under positive and negative voltages.*? In the present study, the
tail of the mushroom shaped a-HL is inserted into the lipid bilayer, and all samples enter the
nanochannel through the head of a-HL remaining on c/sside. In the absence of amino acid
derivatives, a steady ionic current / (~ 287 pA) flows through the nanopore (open pore, Fig.
1b). Each unmodified amino acid and derivatization reagent was first tested using an a-HL
nanopore, and no obvious characteristic signal is observed for an extended recording time
(Fig. S2, ESIT). In contrast, addition of any amino acid derivatives on the cis side of the
bilayer induces transient events of the ionic current, with a representative translocation
blockade profile for NITC-Tyr shown in Fig. 1b. Each blockade corresponding to the capture
of an individual derivative in the pore is characterized by two parameters: current blockade #
Io (/= Iy - k, k indicates the residual current induced by the analyte) and the blockade
duration (dwell time) that represents the effective interaction time between the pore and the
analyte (Fig. 1c). A typical histogram of the current blockades (/ /y) or the dwell time has a
single narrow peak (Fig. 1d), which is characterized by the mean value of a Gaussian fit and
its standard deviation (SD). In the case of NITC-Tyr in Fig. 1b, // fy was 0.439 + 0.073 and
the dwell time was 2.866 + 0.540 ms. Similar experiments were performed separately for
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two series of NDA and NITC derivatives of 9 different amino acids. Corresponding
superimposed histograms of the relative current blockade values are summarized in Fig. 2
and 3, where results are classified into polar uncharged, electrically charged, and non-polar
uncharged amino acids. For the identification of individual amino acid, current blockade (/
Ip) is used as the primary criterion as it can reflect the variation of the spatial structure of the
molecule directly before and after modification, as confirmed previously.28 Dwell time is
used as the secondary identification criterion when the current blockade is noneffective.

Fig. 2a-c show the superimposed histograms of each class of amino acids after modification
with NDA, in which case three rigid benzoisoindolones are formed after linking with amino
acids (Table S1, ESIt). This modification is expected to give a larger volume and various
spatial structures to each individual amino acid, resulting in a fingerprint signal when
translocated through the constriction region of the a-HL nanopore (width: 1.4 nm). The
NDA derivatives all have effective interactions with the nanopore and each NDA derivative
has its own characteristic distribution of // [y and dwell time (Fig. 2a-c, Table S2, ESIt).
Furthermore, these characteristic signals from different amino acids in each class are clearly
distinguishable. For instance, although two populations—corresponding to members (Y, S)
of the polar family (Fig. 2a)—have similar dwell time distributions (inset in Fig. 2a), they
can be clearly identified and distinguished from one another with mean #/, of 0.099 + 0.029
and 0.192 £ 0.018, respectively.

Comparing to the polar family, NDA derivatives of the charged family H, E, D exhibit wider
distributions of /#/y with the mean /#// of 0.084 + 0.037, 0.154 + 0.077, and 0.267 + 0.063,
respectively, as shown in Fig. 2b. A broad distribution of the current blockade was observed
for NDA-Glu (E), possibly due to its negative charge and weak hydrophilicity, as well as the
rigid benzoisoindolone structure resulting in multiple spatial orientations inside the
nanopore. Although there is a serious current blockade overlap between E and D caused by
the broad distribution, they can be further distinguished by their dwell time distribution
(inset in Fig. 2b). In the non-polar family shown in Fig. 2c, G and V can be distinguished by
using both //y and the dwell time distribution, while A and F can be effectively
distinguished by dwell time distribution regardless of their considerably overlapped /# f
distribution (inset in Fig. 2c).

After geometrically optimizing the NDA amino acid derivatives to gain an accurate
measurement of hydrodynamic volume (Fig. 2d), we plotted the mean relative current
blockade against the hydrodynamic to probe the physical mechanism underlying the current
blockade induced by different amino acid in a hanopore. Overall, the mean // fy increased as
the excluded volume increases for each amino acid derivative with a fitting slope of 2.67,
which agrees with the tendency found in previous reports.36: 43. 44 However, subpopulations
located beside main peaks (tagged with asterisks in Fig. 2d) have random and irregular mean
Il Iy distribution tendency. For most NDA derivatives, both criteria (current blockade and
dwell time) are needed for differentiation among amino acids. This is likely due to the fact
that the NDA modification cannot induce sufficient variation between amino acids, such as
the narrow volume range, i.e., from 559 to 996 A3 (Table S2, ESIt). In addition, the rigid
benzoisoindolone structure formed in each NDA derivative causes complexity in its spatial
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conformation when translocating the nanopore, leading to a wide distribution on the
histograms, which further dampens the discriminatory power.

To improve the discrimination between amino acids, we further modified these 9 amino
acids with NITC (Table S1, ESIT). An increase in spatial structure complexity of the NITC-
derivatives is confirmed by wider volume range, i.e., 734 — 1264 A3 (Table S2, ESIT), which
is expected to lead to higher discriminatory power and less uncertainty of the spatial
orientation of derivatives inside the nanopore.

Results of all NITC derivatives confirm effective interactions with the nanopore by
characteristic distribution of // fy and dwell time for each derivative. Although with some
notable exceptions, the superimposed histograms of each family of derivatives exhibit well-
separated populations with narrow distributions (Fig. 3). Two populations corresponding to
S, Y of the non-polar amino acid family can be clearly identified and distinguished from one
another by mean // /y of 0.289 £ 0.035 and 0.439 + 0.073, respectively (Fig. 3a). Three
populations corresponding to E, D, H of the charged amino acid family also can be clearly
identified and distinguished by their characteristic distributions of / /, which are centered at
0.249 + 0.132 (E), 0.134 = 0.019 (D), 0.347 £ 0.096 (H1), 0.492 + 0.201 (Hy), respectively.
Two equally distributed peaks observed for NITC-His (H) may be attributed to the rigidity of
the molecular structure of His. The NITC modification strategy shows a more obvious
advantage for identification of G, A, F, V in the non-polar family. As shown in Fig. 3c, these
four amino acids can be discriminated through the mean /# /y values: 0.065 + 0.019 (G),
0.132 £ 0.085 (A), 0.178 + 0.055 (F), and 0.217 £ 0.036 (V), regardless of minor overlaps
between each other. NITC derivatization clearly affords a wider distribution of #/ (0.1-0.5)
across the amino acids tested comparing to a previous report,36 which should improve
identification sensitivity. While identification of all the 9 amino acids can be achieved by
using the mean // fy (primary criterion) only, their dwell time distribution (secondary
criterion) was also analyzed to further enhance the identification accuracy (Fig. S3 ESIt).
Similar to NDA derivatives, NITC derivatives also exhibited an increasing trend of mean
relative current blockade with increased hydrodynamic volume, but with a larger fitting
slope of 6.04 that indicates enhanced discriminatory power by NITC derivatization (Fig. 3d).

Previous studies have demonstrated that an aerolysin nanopore with a narrower constriction
of ~1.0 nm is able to detect a bare cysteine,*> and differentiate certain peptides with one
amino acid difference in length.46 A recent advancement demonstrates detection of more
types of amino acids using a peptide as the carrier, resulting in various / fy distributions
around 0.4 with only slight shifts for different modified amino acid.36 Whereas the NITC
derivatization produced larger difference between // /y distributions of different amino acids
(0.1-0.5), indicating improved sensitivity using small molecules as amino acid modifiers. In
addition, it is overwhelmingly challenging to apply the peptide carrier method to practical
protein sequencing due to various reaction conditions for modifying different amino acids.
As demonstrated in the Edman degradation,® A-terminal derivatization can efficiently
increase the spatial size of all amino acids with similar reactivity within the same reaction,
and thus can be readily applied to recognize all amino acids towards protein sequencing.
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When an analyte translocates the nanopore under the applied voltage and the diffusion
effect, a signal on the electrical current trace characterized by a current blockade and a dwell
time can be generated as a result of the transient occupation of the nanopore lumen by the
analyte and the interaction between analyte and nanopore. The low frequencies of
translocation events for the selected amino acids demonstrate their weak interactions with
the lumen of the a-HL nanopore, due to the smaller Van der Waals radii of the amino acids
(~0.3-0.4 nm) comparing to the dimension of the a.-HL nanopore constriction region (1.4
nm).47-49 As confirmed by the molecular structure modeling results, most NITC derivatives
produced current blockades that positively correlate to their spatial size. Although
exceptions (7.e. D, F) were observed, the general mechanism of electrical sensing of
individual amino acids is to increase their spatial size by derivatization to promote
interactions with the nanopore sensing region, thereby improving the signal-to-noise ratio.
Further investigation using other types of biological nanopores is warranted to probe
possible explanations for these exceptions, such as intra- and inter-molecular interactions
between analytes.>0

In conclusion, we have demonstrated a derivatization strategy for reliable identification of
individual amino acids using a-HL nanopore. Compared to bare amino acids, both NDA-
derived and NITC-derived amino acids can produce obvious fingerprint signals when
translocating the nanopore. Furthermore, amino acids S, Y, D, E, H, G, A, F, V can be
effectively identified with improved discriminatory power by NITC derivatization. While
promising results were obtained in 9 amino acids, we do recognize the overall complexity of
identifying all 20 amino acids. In particular, we need to develop more effective conjugation
chemistry to derivatize proline, which does not have a primary amino group like others.
Additionally, in-depth analysis is needed to better understand the interactions between
amino acid derivatives with the lumen surface of biological nanopores. Novel
characterizations of stochastic signals other than the traditional blockade and dwell time
must be explored, and more advanced data analysis technology (e.g. machine learning,
pattern recognition, etc.) should be applied to achieve even greater resolution. Nonetheless,
compared to previous efforts on amino acid identification using nanopore, the presented
method is readily applicable to future protein sequencing. We envision a potential
“Sequencing-by-Hydrolysis” method, in which a nanopore will be used to identify the A-
terminal amino acid of each peptide fragment in a peptide ladder generated from a peptide
analyte, and then bioinformatics methods will be applied to reconstitute its full-length
sequence.>!

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(a) Schematic of NDA and NITC derivatization of 9 amino acids in 3 classes and the
experimental setup (not to scale). An external voltage is applied to the frans side of the lipid
bilayer while the cisside is grounded. (b) Representative fragment of ionic current recording
before (open pore) and after (translocation events) NITC-Tyr derivatives were added. (c)
Illustration of typical signal events caused by translocation blockade. (d) Histogram of
events per bin of current blockade //y (left versus bottom axis) and scatter-plot of dwell time

versus /Iy (right versus bottom axis) produced by NITC-Tyr in an a-HL nanopore. Inset
depicts the histogram of events per bin of dwell time for NITC-Tyr.
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Fig. 2.

Superimposed histograms of / /, obtained from nanopore for NDA-modified amino acids,
analyzed individually and grouped as: (a) polar, (b) charged, and (c) non-polar amino acids.
Insets in a-c are superimposed histograms of dwell time for the derivatives. (d) Mean relative
current blockade and standard deviation produced by each NDA amino acid derivative
versus its spatial volume. The grey dashed line is obtained by a linear fit of the main peaks
(represented by circles). All data was acquired in 3 M KCI, 10 mM Tris-HCI buffer, at 8.0
pH, 200 uM derivatives concentration, and under a 100 mV bias applied to the frans side.
For each histogram, at least 600-1000 events were analyzed. Overlaps of current blockade
subpopulations between each other are tagged with asterisks.
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Superimposed histograms of / /, obtained from nanopore for NITC-modified amino acids,
analyzed individually and grouped as: (a) polar, (b) charged, and (c) non-polar amino acids.
(d) Mean relative current blockade and standard deviation produced by each NITC amino
acid derivative versus its spatial volume. The grey dashed line is obtained by a linear fit of
the main peaks (represented by the circle). All data was acquired in 3 M KCI, 10 mM Tris-
HCI buffer, at 8.0 pH, 200 pM derivatives concentration, and under a 100-mV bias applied to
the trans side. For each histogram, at least 600-1000 events were analyzed.
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