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1 Introduction

Single-molecule detection of amino acid
phosphorylation using electron tunnelling
currents: toward neurodegenerative disease
diagnosis

&b \Wataru Takahagi, 2 © Takahito Ohshiro, 2@ Sumire Nishihata,®

<€ and Masateru Taniguchi (= *@

Yuki Komoto,
Kosuke Fujishima

Protein phosphorylation is one of the most prevalent post-translational modifications regulating biological
functions, and its dysregulation is closely associated with neurodegenerative diseases such as Alzheimer’s
and Parkinson's disease. Despite extensive studies, direct detection of phosphorylation at the single-
molecule level remains challenging because conventional mass spectrometry and antibody-based assays
require complex pretreatments and cannot comprehensively resolve site-specific modifications. To
address this challenge, we employed mechanically controllable break junction (MCBJ) measurements to
probe the single-molecule conductance of serine (Ser), threonine (Thr), tyrosine (Tyr), and their phos-
phorylated counterparts. Distinct conductance trends were observed depending on the amino acid
species, reflecting the influence of phosphate substitution on the electronic states. Density functional
theory (DFT) calculations revealed that phosphorylation-induced shifts in HOMO levels and changes in
n-conjugation account for the observed conductance variations. Furthermore, statistical analysis com-
bined with machine-learning-based classification enabled discrimination between phosphorylated and
non-phosphorylated amino acids with high accuracy, demonstrating that single-molecule electrical
signals contain sufficient molecular information for identifying phosphorylation. This study establishes an
electronic readout approach for amino acid phosphorylation and provides a proof of concept for extend-
ing single-molecule electrical techniques toward quantitative and sequencing-oriented analyses of
protein modifications.

sively studied to better understand disease mechanisms and to
develop therapeutic strategies. For example, in Alzheimer’s

The accumulation of abnormally post-translationally modified
proteins is implicated in the onset of neurodegenerative dis-
eases such as Alzheimer’s and Parkinson’s disease."”” Among
various post-translational modifications (PTMs), phosphoryl-
ation has attracted considerable attention. The introduction of
phosphate groups into amino acids bearing hydroxyl groups—
namely serine (Ser), threonine (Thr), and tyrosine (Tyr)—can
alter protein structure and solubility, and thus has been inten-
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disease, excessive phosphorylation of Ser and Thr residues in
the microtubule-associated tau protein reduces its affinity for
microtubules, resulting in the intracellular accumulation of
tau.® While Ser phosphorylation has long been the primary
focus in neurodegenerative disorders, recent studies have also
revealed that Tyr phosphorylation contributes to disease
progression.®® Although phosphorylation at a single site may
have little effect, multiple concurrent phosphorylation events
can sometimes lead to substantial changes in a protein’s
aggregation propensity.” Therefore, evaluating phosphoryl-
ation at multiple amino-acid residues is crucial for under-
standing neurodegenerative pathogenesis. Mass spectrometry
(MS) and antibody-based assays have traditionally been
employed for detecting protein phosphorylation.'®*? Although
MS enables highly sensitive identification, phosphorylated
peptides are typically of low abundance and exhibit poor
ionization efficiency, necessitating complicated pretreatment
steps such as enrichment and purification.'® Furthermore,
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positionally isomeric phosphopeptides are difficult to dis-
tinguish.'® Antibody-based methods, on the other hand, are
effective for specific targets but are limited by the difficulty of
producing antibodies that specifically recognize phosphory-
lated residues, making comprehensive analyses challenging.

To overcome these limitations, we focused on single-mole-
cule electrical measurements as a new approach for detecting
phosphorylation. In this technique, a metallic nanowire fabri-
cated by nanolithography is mechanically broken to form a
nanometer-scale gap electrode, through which the current
mediated by individual molecules can be directly
measured.'*'® Using single-molecule measurements, conduc-
tance has been previously characterized for nucleic acids,"”™*°
amino acids,>>*' phosphorylated tyrosine,*® and phosphory-
lated peptide.*” This approach is therefore expected to be
applicable to the simultaneous identification of phosphory-
lated amino acids, including serine and threonine, which are
of particular interest in disease studies.””® Recent studies have
shown that applying machine-learning algorithms to single-
molecule signals can improve the discrimination
accuracy.”™?* % In this study, we developed a method for dis-
tinguishing phosphorylation at the single-residue level by com-
bining single-molecule electrical measurements with machine
learning. While the present work is limited to individual
amino acids, it provides a proof-of-concept for extending this
approach to more complex peptide systems, including the
potential identification of multi-site phosphorylation in the
future. In addition to sequence analysis, detection of phos-
phorylated serine as a potential biomarker.>® Detecting phos-
phorylation events at the single-residue level provide a basis
for developing novel, simple diagnostic technologies.

We performed mechanically controllable break junction
(MCBJ) measurements in aqueous solutions of serine (Ser),
threonine (Thr), tyrosine (Tyr), phosphoserine (pSer), phos-
phothreonine (pThr), and phosphotyrosine (pTyr), as shown
in Fig. 1.

2 Method

2.1 Sample preparation

t-Serine (TCI, >99%), 1-(—)-threonine (TCI, >99%), 1-(—)-tyro-
sine (TCI, >98.5%), O-phospho-i-serine (Sigma-Aldrich,
>98%), O-phospho-i-threonine (Cayman, >95%), and
O-phospho-i-tyrosine (TCI, >97%) were dissolved in MillQ
water to prepare a 1 uM solution.

2.2 Device fabrication

Schematic structure of MCBJ device is shown in Fig. 1.
Polyimide film was coated as an insulating layer onto thin-
silicon substrate with spin coating. A gold nanowire was drawn
on the silicon substrate by electron-beam lithography. Then,
SiO, film was coated on the gold nanowire by chemical vapor
deposition. Narrowest part of nanowire is several ten nm.
Polyimide layer under gold nanowire were removed by dry-
etching to form free-standing gold-wire.>' The PDMS pool for
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Fig. 1 (a) Chemical structures of target molecules, Ser, pSer, Thr, pThr,
Tyr, pTyr. (b) Schematic view of single-molecule measurement of pSer.
(c) Schematic view of MCBJ set-up.

solution containment was attached onto the substrate as
described in SI.

2.3 Electrical measurement

Single-molecule conductance measurements were performed as
described in previous reports.>’ A lithographically fabricated
gold nanowire on a thin silicone substrate was broken by
mechanically bending the substrate under ambient condition
with application of a bias voltage of 100 mV, and the single
detection part of the nanogap electrodes was formed.
Throughout the junction breaking process, the junction con-
ductance (G) was monitored using a picoammeter (Keithley
6487). A series of conductance jumps of the order of G, = 2€*/h
(where e and # are the elementary charge and Planck’s constant,
respectively) was observed, and the final conductance was 1G,.
Several seconds after reaching the 1G, state, a gold atomic junc-
tion naturally ruptured in the nanowire, creating a nanogap.
The gap size was controlled using the piezo bias voltage. The
gap width was 0.56 and 0.58 nm. The gap distance was esti-
mated from the baseline tunnelling current as described in SI.

2.4 Theoretical calculation

Density functional theory (DFT) calculations®’*® were per-

formed at the long-range-corrected hybrid functional level for
the molecules in an aqueous solution in order to accurately
evaluate the highest occupied molecular orbital (HOMO)
energy, which serves as a key indicator of molecular conduc-
tance. The initial three-dimensional structures were sketched
in ChemDraw 23.1.1 and converted to Cartesian coordinates.
The ground-state structures were calculated as singlet zwitter-
ions, with net charges of 0 for the non-phosphorylated resi-
dues (Ser, Thr, and Tyr) and —2 for the phosphorylated resi-
dues (pSer, pThr, and pTyr). A preliminary geometry refine-
ment was then performed with the Universal Force Field
(UFF)*° as implemented in Avogadro 1.2.0°° to remove severe

This journal is © The Royal Society of Chemistry 2026
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steric clashes. Subsequent quantum-chemical calculations
were carried out on the TSUBAME 4.0 supercomputing system
at Institute of Science Tokyo using Gaussian 16 Rev. C.02.%!
Geometry optimizations and frequency analyses were carried
out at the long-range-corrected hybrid DFT level, ®B97X-D/
def2-TZVPP**7* incorporating bulk aqueous effects through
the IEFPCM continuum model.>> Subsequent geometry
optimizations and frequency analyses were carried out at the
®B97X-D/def2-TZVPP level with SMD implicit-solvation model;
the absence of imaginary frequencies verified that all struc-
tures correspond to true minima.*® Finally, single-point ener-
gies were evaluated on the optimized geometries using the
larger def2-QZVPP basis set at the same ®B97X-D level.

2.5 Machine learning identification

XGBoost classifier in scikit-learn library was used to machine
learning analysis. Default hyper parameters of random forest
classifier was adopted. The analysis was performed using
Python 3.10.9 with scikit-learn library version 1.2.1 and
xgboost library version 1.7.5.

3 Results and discussion

Fig. 2 shows the current-time profiles obtained for each mole-
cule. Fig. 2(a, ¢, e, g, i and k) shows the current traces recorded
over 300 s. Pulsatile current signals were observed for all
amino acids and phosphorylated amino acids at a higher fre-
quency compared to the blank measurement shown in SI 3.
Fig. 2(b, d, f, h, j and 1) present enlarged views of representa-
tive pulse signals. In previous single-molecule measurements
of amino acids, rectangular-shaped pulse signals were predo-
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were successfully detected at the single-molecule level, demon-
strating the potential of this approach for single-molecule dis-
crimination of amino acid phosphorylation.

It is well known that signals obtained from single-molecule
measurements inherently exhibit variability in conductance
due to differences in molecular orientation and electrode
structure.®”® Therefore, it is difficult to discuss the character-
istics of single-molecule conductance based solely on individ-
ual signals, and a statistical analysis of all pulse signals is
required. Table 1 summarizes the average conductance of the
maximum current values (I,) for each amino acid. I, was
defined as the maximum current of each pulse signal as
shown in Fig. S3 in SI. For Ser and Thr, a decrease in average
conductance was observed upon phosphorylation, whereas Tyr
exhibited an increase in conductance after phosphorylation.

To further analyze signal variations beyond the mean
values, the histograms of the maximum current I, and the
two-dimensional histograms of I, versus the duration of the
pulse (T4) are shown in Fig. 3(a-f). The high-conductance
signals decreased upon phosphorylation for Ser and Thr,
whereas they increased for Tyr. However, the statistical differ-
ences in signal distributions between phosphorylated and
non-phosphorylated species were small, and the histograms
largely overlapped. To better visualize the subtle changes
induced by phosphorylation, we conducted an additional ana-
lysis. Fig. 3(g-i) show differences in probability density
between phosphorylated and non-phosphorylated amino
acids. In this analysis, probability density maps were obtained

Table 1 Average /,/pA and Ty/ms

minantly observed. The results obtained in the present study Amino acid I,/pA Tq/ms
are consistent with those reported in studies on amino acid g 36 6.0
measurements. For all molecules, the frequent appearance of pSer 34 4.4
such signals compared with the blank measurements supports Thr 33 5.6
L. pThr 26 4.6
that the observed pulses originate from the target molecules. 34 43
Both phosphorylated and non-phosphorylated amino acids pTyr 38 4.0
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Fig. 2 Current—time profiles of single-amino acid measurements. (a, c, e, g, i and k) Raw current traces for the entire measurement period. (b, d, f,
h, j and 1) Enlarged views of single-molecule pulse signals. (a, b), (c, d), (e, f), (g, h), (i, j), and (k, |) correspond to Ser, Thr, Tyr, pSer, pThr, and pTyr,
respectively. The electrical measurements were performed under bias voltage with 100 mV.
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Fig. 3 Statistical analysis of single-molecule current pulses. (a—f) [,—T4 2D histogram and /, histograms of Ser, Thr, Tyr, pSer, pThr, and pTyr, for (a—
f), respectively. /, and T4 represent maximum current of the signal and signal duration time. (g—i) Difference of probability densities between amino
acid and phosphorylated amino acid. Positive values indicate a higher occurrence of phosphorylated amino acids.

using kernel density estimation (KDE) for both amino acids
and their phosphorylated counterparts. KDE estimates the
overall probability density by summing Gaussian kernels
placed on the observed data points. By subtracting the density
map of amino acids from that of phosphorylated amino acids,
we can identify regions where one species appears more fre-
quently than the other. In Fig. 3(g-i), positive values (red) indi-
cate regions where phosphorylated amino acids are observed
more frequently, while negative values (blue) correspond to
regions where non-phosphorylated amino acids are more likely
to appear. These heat maps reveal that, upon phosphorylation,
the probability density increases in the low-conductance
region for Ser and Thr, whereas it increases in the high-con-
ductance region for Tyr. Thus, the probability density analysis
based on KDE supports the same trend as observed in the
average conductance results.

Single-molecule
changes upon phosphorylation (Fig. 2). Charge transport in a
molecular junction depends critically on the energy alignment

measurements revealed conductance

Nanoscale

of the transport orbitals relative to the Fermi level of the Au
electrode (Er ~ —5.31) and on the electrode-molecule coupling
I'. In general, better level alignment (smaller |Ex — ¢|) and
stronger coupling both promote higher conductance, but
neither factor alone is sufficient.'® To interpret the experi-
mental trends, we performed first-principles geometry optimi-
zations and electronic-structure calculations (DFT; details in
section 2.4). Fig. 4 shows the frontier orbital energy diagram.
The HOMO of Ser and Thr resides mainly on the carboxylate
group (—9.474 eV and —9.455 eV), while that of Tyr localizes on
the aromatic ring (—8.233 eV) (Fig. 5). Upon phosphorylation,
the HOMO of pSer/pThr relocates to the phosphate (—8.620 eV
and —-8.612 eV), ie., energetically closer to Eg, which would
naively suggest higher conductance. Experimentally, however,
Ser/Thr show a conductance decrease upon phosphorylation.
This indicates that level alignment alone cannot explain the
data; one must also consider I', which is governed by effective
distance, orientation, and interfacial environment. In particu-
lar, phosphate anions exhibit strong hydration and pH-depen-

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 lsosurface of HOMOs/LUMO of Ser, pSer, Thr, pThr, Tyr, and pTyr calculated by DFT wB97X-D/def2-QZVPP//wB97X-D/def2-TZVPP32-34
(Isovalue = 0.05). Solvation effects were incorporated with the Solvation Model based on Density (SMD) implicit-solvent model, parameterized for

water.
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Fig. 5 Schematic energy diagram of HOMOs of Ser, pSer, Thr, pThr,
Tyr, and pTyr. The spatial distribution of the HOMOs marked with aster-
isks is almost evenly split between the phosphate site and the carboxy-
late sites (see Fig. 4).

dent specific adsorption on Au(111), which restructures the
double layer and can weaken the contact (reduce I).*°
Consistent with this model, the HOMO through HOMO-4
orbitals of pSer/pThr are localised on the phosphate (Fig. 4).
Single-molecule conductance is commonly associated with
frontier molecular orbitals. However, molecular conductance
is not exclusively determined by orbital energy alignment; the
strength and nature of electrode-molecule coupling also play a

This journal is © The Royal Society of Chemistry 2026

significant role.*® Typically, such efficient coupling between a
molecular orbital and the electrode is established via strong
covalent anchoring groups such as thiols, where the spatially
diffuse sulfur 3p orbitals extensively hybridize with the gold
electrodes to form broadened, highly transparent transport
channels.*"** In contrast, the oxygen 2p orbitals of carboxylate
groups exhibit increased spatial contraction, resulting in inher-
ently weaker electronic coupling.”” In the non-anchored
system, the phosphate group, despite possessing high-lying
HOMOs, experiences steric hindrance arising from hydration
and interfacial electrostatic effects. These factors restrict the
physical approach of the group to the electrodes and thereby
limit its contribution to tunnelling transport. Consequently,
although HOMOs localized on the phosphate group are rela-
tively high in energy, the difficulty in securing close proximity
to the electrodes may act to lower I'. This interpretation
suggests transport via deeper-lying orbitals as one of the poss-
ible mechanisms contributing to the reduced conductance
observed in pSer and pThr. Orbitals localized on the carboxy-
late group, such as the HOMO-5 of pSer and pThr, can be
involved in the tunnelling current. Despite the absence of a
covalent anchoring group or a conjugated bridge in the mole-
cules, the carboxylate group remains physically accessible and
may transiently approach the electrodes. Consequently,
HOMO-5 can also function as a possible tunnelling pathway
and can contribute to charge transport under dynamic fluctu-
ations. These deeper-lying orbitals are located farther from the
Au Fermi level than the HOMO of the non-phosphorylated
species as represented in Fig. 5. This energy offset may con-
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tribute to the observed decrease in conductance upon
phosphorylation.

The LUMOs of pSer and pThr also exhibit spatial distri-
butions localized on the carboxylate group, similar to
HOMO-5. However, DFT calculations indicate that these orbi-
tals lie farther from the Fermi level than HOMO-5, as shown
in Fig. S3 in SI 4. Their contribution to tunnelling transport is
therefore considered to be less significant, although it cannot
be excluded entirely.

As an alternative transport mechanism, a decrease in con-
ductance can also be considered even when transport occurs
via HOMO. The molecular sizes are summarized in Table S1 in
SI 5. Phosphorylation can increase the effective tunnelling
decay distance, due to both increased molecular length and
hydration, thereby reducing conductance. As a result, even for
HOMO-mediated transport, the conductance may decrease
upon phosphorylation.

By contrast, the increased conductance observed for Tyr
upon phosphorylation appears to be related to the HOMO of
pTyr localized on the aromatic ring. In pTyr, the aromatic n
HOMO usually sits higher than oxygen-centred occupied orbi-
tals because differential solvation stabilizes phosphate/carbox-
ylate lone-pair states far more than the ring = level. In aqueous
or other polar media, phosphate (PO,"") forms a strong, struc-
tured first hydration shell with slowed water dynamics, and
carboxylates likewise show pronounced hydration signatures;
both effects pull down the energies of n(O)-type occupied orbi-
tals relative to vacuum. By contrast, the hydrophobic phenyl =
system couples weakly to the reaction field and is much less
downward-stabilized, leaving the ring-centered HOMO rela-
tively higher.>>** This solvation asymmetry is compounded by
limited m-conjugation across the Ph-O-P linkage: aryl phos-
phates transmit mostly inductive rather than effective
n-resonance into the ring, so the phenyl n level remains close
to that of a phenoxy/phenyl unit instead of being pulled down
by extended delocalization. Phosphorylation also renders the
molecule anionic, which tends to raise all occupied levels on a
vacuum scale; however, because oxygen-localized orbitals are
preferentially re-stabilized by hydration and hydrogen
bonding, the aromatic t HOMO remains the highest after com-
peting shifts are accounted for. For transport, note that con-
ductance depends on level alignment and electrode-molecule
coupling I', not alignment alone.

The broad conductance distribution reflects contributions
from multiple configurations, including those with more
effective m-metal interactions as well as configurations where
the z-plane is more parallel to the electrodes and through-
space tunnelling becomes significant.> ™

The results of this experimental and theoretical study
suggest that conductance in such dynamic nanogap systems is
governed not only by absolute orbital energy alignment but
also critically by physical accessibility, spatial orbital distri-
bution, and transient electrode-molecule coupling under fluc-
tuating configurations. The present discussion of transport is
necessarily qualitative, as the DFT calculations in this study
primarily provide information on energy levels and orbital

Nanoscale

View Article Online

Nanoscale

localization in solution. Therefore, the proposed mechanism
should be regarded as a plausible interpretation consistent
with the observations. A more complete understanding will
require transport calculations that incorporate molecular con-
figurations in solution.

For completeness, we note that earlier single-molecule
studies have demonstrated that Tyr and pTyr can be distin-
guished based on the statistical properties of current pulses.
In our measurements, the observed current signals do not
arise from transport through stable molecular junctions, but
rather from stochastic tunnelling events mediated by transient
molecular configurations within the nanogap. This behavior is
conceptually related to both recognition tunnelling
approaches® and prior research.”® Similar to previous
method,”® and unlike recognition tunnelling methods,*® our
system does not utilize any recognition molecules. The
measured conductance originates from probabilistic tunnel-
ling through temporarily oriented molecules. However, despite
the presence of orientational freedom, this study differs from
previous work®® in that a narrower nanogap is employed. This
spatial confinement is expected to restrict the accessible mole-
cular configurations, thereby influencing the observed current
distributions. Therefore, the measured signals should be inter-
preted not as steady-state molecular conductance, but as con-
figuration-dependent tunnelling events under spatial confine-
ment. The conductance behavior observed in this study differs
from ref. 20, and thus direct up/down comparisons should be
made with care. Theoretical studies show that phosphorylation
affects conductance increase/decrease, consistent with our
observations.”® In these models, the phosphate group may
directly participate in the transport pathway. The lower
observed conductance supports the interpretation that coup-
ling is weaker and configuration-dependent in our solvated
and transient conduction system. The phosphate group is
more likely to influence conductance indirectly. This interpret-
ation is supported by recent work emphasizing the role of
molecular configuration.>" Overall, our DFT results corroborate
that single-molecule conductance captures molecule-intrinsic
features, while also emphasizing that the transport orbital
closest to Er is not necessarily the dominant channel; inter-
facial coupling I' can be equally decisive. Moreover, solvent/
double-layer effects and surface chemistry modulate transport
systematically, as highlighted in recent measurements.”?

Changes in conductance were observed in the single-mole-
cule measurements, and these experimentally observed vari-
ations could be rationalized by the DFT calculations. However,
the distributions of the peak current and signal duration were
broad, and the corresponding histograms showed substantial
overlap. Therefore, it was not possible to identify each mole-
cule solely from the peak current or duration of a single
signal. To overcome this limitation, we applied a machine
learning-based classification approach, which has been
reported to enhance molecular discrimination in various
single-molecule systems, to achieve identification at the single-
molecule level.>** Fig. 6(a) illustrates the -classification
scheme. Current traces were recorded using the MCB]J tech-

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) Classification scheme for single-molecule signals discrimi-

nation. (b—e) Confusion matrices of classification between Ser and pSer
(b), Thr and pThr (c), Tyr and pTyr (d) among Ser, pSer, Thr, pThr, Tyr,
and pTyr (e).(f) Classification accuracy for each amino acid obtained by
majority-voting over multiple signals.

nique, and pulse-like signals were extracted. Each extracted
signal was converted into a 15-dimensional feature vector con-
sisting of the peak current (I,), pulse duration (Ty), average
current, and 12 averaged shape factors normalized by I,
obtained through average pooling as shown in Fig. S4 in SIL
These features were used for training and testing with 10-fold
cross-validation. A random forest classifier was employed for
discrimination. The classification results for the phosphory-
lated and non-phosphorylated forms of each amino acid are
shown in Fig. 6(b-d). The classification accuracies were 0.70,
0.79, and 0.75 for Ser, Thr, and Tyr, respectively. The highest
accuracy was achieved for Tyr, which exhibited a pronounced
increase in high-conductance signals upon phosphorylation.
The same classification procedure was also applied to dis-
criminate among all six molecules. The results are shown in
Fig. 6(e). In all cases, the correct class was predicted with the
highest frequency, and the overall six-class classification accu-
racy was 0.51. Considering that random classification would
yield an accuracy of 0.16, the classification of amino acids and
their phosphorylated forms was successfully achieved. Feature
importances analysis of the classification model was per-
formed (see SI 6). The results show that the I, and the average
current contribute most significantly to the classification, con-
firming that differences in conductance are the primary
factors governing discrimination. Fig. 6(f) summarizes the
classification accuracy obtained by integrating multiple signals
based on the confusion matrix in Fig. 6(e). By applying a
majority-voting scheme described in SI 7 to 10 individual

This journal is © The Royal Society of Chemistry 2026
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signals, an average classification accuracy of 0.88 was achieved.
Increasing the number of integrated signals further improved
the accuracy to 0.97 for 20 signals and 0.99 for 30 signals. For
30 signals, the accuracies of Ser and pSer are over 0.999. These
classification accuracies are achieved through the accumu-
lation of multiple signals; therefore, reliable discrimination
requires the integration of multiple events rather than relying
on single-event measurements. These results demonstrate that
single-molecule measurements enable reliable discrimination
between amino acids and their phosphorylated forms.

4 Conclusions

In summary, we successfully obtained single-molecule conduc-
tance signals for Ser, Thr, Tyr, and their phosphorylated
counterparts using MCBJ measurements. Upon phosphoryl-
ation, the conductance decreased for Ser and Thr, whereas it
increased for Tyr. It was shown that changes in conductance
depend on the conjugated nature of the carbon atoms to
which phosphate groups are bound. The observed conduc-
tance changes cannot be explained solely by the HOMO level
alignment. Instead, DFT calculations indicate that, for serine
and threonine, phosphorylation leads to a redistribution of
orbitals, including shifts in orbitals localized on the carboxy-
late group, which contribute to the transport channels. In con-
trast, for tyrosine, the conductance change is associated with a
shift and enhanced contribution of orbitals localized on the
aromatic ring. The single-molecule measurements captured
differences in the intrinsic molecular characteristics. The
results of this study suggest that characteristic features of
amino acids can be distinguished even in stochastic junctions,
underscoring the robustness of the present framework. This
represents an important step toward understanding charge
transport mechanisms in dynamically fluctuating nanogap
systems. Furthermore, by applying machine learning-based
classification, we achieved successful discrimination of phos-
phorylated amino acids at the single-molecule level. These
findings are expected to provide the basis for developing a
simple method for quantifying phosphorylation of serine and
threonine, and ultimately for establishing a technique capable
of reading phosphorylation modifications at the single-mole-
cule level in future amino acid sequencing.
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