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ABSTRACT: Reactions involving sulfhydryl groups play a critical
role in maintaining the structure and function of proteins.
However, traditional mechanistic studies have mainly focused on
reaction rates and the efficiency in bulk solutions. Herein, we have
designed a cysteine-mutated nanopore as a biological protein
nanoreactor for electrochemical visualization of the thiol substitute
reaction. Statistical analysis of characteristic current signals shows
that the apparent reaction rate at the single-molecule level in this
confined nanoreactor reached 1400 times higher than that
observed in bulk solution. This substantial acceleration of thiol
substitution reactions within the nanopore offers promising
opportunities for advancing the design and optimization of
micro/nanoreactors. Moreover, our results could shed light on the understanding of sulfhydryl reactions and the thiol-involved
signal transduction mechanisms in biological systems.
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Cysteine plays an essential role in protein folding,
antioxidant defense, and redox signaling.1 The polar-

izable sulfur atom in the sulfhydryl group is electron-rich and
highly nucleophilic,2,3 allowing it to participate in nucleophilic
substitution reactions. However, the reactivity of sulfhydryl
residues is dependent on their surrounding chemical confine-
ment within the protein structure. For example, the sulfhydryl
group at 30 sites inside the DsbA protein,4 a member of
thioredoxins, exhibits identical reactivity enhancement, for
which the pKa value is around 3.0. This confinement-
dependent reactivity is critical for maintaining the structure
and function of proteins, including allosteric regulation and
redox balance. Therefore, exploring the confined sulfhydryl
reactivity is crucial for understanding sulfhydryl-participating
biological processes. However, most measurements of
sulfhydryl reactivity are generally conducted in vitro, which
provides little information about reaction dynamics inside the
confined space of proteins.5 The conventional ensemble
measurement of the sulfhydryl reactivity hardly reveals the
confinement-dependent reaction dynamic of single sulfhydryl
residues.6,7 Therefore, an in situ single-molecule method for
analyzing sulfhydryl-involved reactions within confined chem-
ical environments is greatly needed.
The biological nanopore, which is assembled by pore-

forming proteins, provides a platform for studying sulfhydryl
reactivity at the single-molecule level.8 A single nanopore
serves not only as a confined reactor, allowing one reactant

molecule to interact with reaction sites, but also as a single-
molecule sensor for measuring sulfhydryl-involved reac-
tions.9−19 In the typical single-molecule reaction analysis in a
nanopore,20 a single reactant molecule is driven into the
nanoscale channel by electrophoresis or electroosmotic flow,
generating a characteristic current when it bonds with the
nanopore. The time-current recording with high spatial
resolution reveals the reaction dynamics and kinetics at the
single-molecule level. Similar to the structure of enzyme
pockets, the nanometer-scale pore structure could shorten the
diffusion distance between the captured molecule and the
reaction site, providing a confined reaction environment.
Therefore, measuring sulfhydryl-involved reactions inside the
nanopore enables the probing the kinetics and mechanism of
the thiol substitute reaction at the single-molecule level under
confinement space.
Herein, we employed a nanopore reactor K238C by

introducing sulfhydryl groups inside the aerolysin (AeL)
nanopore at the 238 site to visualize thiol nucleophilic
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substitution. By recording the characteristic current signals, we
unveiled the reactivity of four distinct substrates at the single-
molecule level. The results revealed a substantial enhancement
of 1.3 to 1400 times in the reaction rate of thiol substitution
under the confined nanopore. This study offers insights into
the kinetics of thiol substitute reactions within confined
protein environments, which may be beneficial to cysteine
chemistry in various fields such as biocatalysis and nano-
technology.
The nanopore reactor of K238C AeL used in this work is

constructed from seven identical mutant proaerolysin mono-
mers with seven cysteines positioned at the 238 site (Scheme
1a). Herein, the sulfhydryl group, which acts as a nucleophile
at position 238 providing an active site for the nucleophilic
substitution (Figures S1 and S2). The open-pore current (I0)
was 90 ± 5.3 pA with root-mean-square noise (IRMS) of 0.56 ±
0.15 pA when a single nanopore was inserted into the lipid
bilayer at 50 mV. Previous studies reported that the reactants
of R1−R4 with different steric hindrances and leaving groups
could react rapidly with sulfhydryl groups in bulk solution
under mild conditions (pH 6−8).21−24 Considering the
optimal pH condition for the substrate, herein, these reactants
were respectively introduced and mixed in the cis chamber at
pH 8.0. In order to avoid the voltage affecting the reaction
kinetics inside the nanopore, a low voltage of 50 mV was
applied according to our previous study.20 Note that the cis
chamber was grounded. The blockade current (IR) indicates
the formation of the covalent bond between the reactant
molecule and K238C (Scheme 1b) (see Supplementary
Experimental procedures). As a comparison to the formation
of covalent bonds in the K238C nanopore, no blockage current
was observed in wild type AeL (WT, without sulfhydryl group)
when R1−R4 were added to the cis chamber (Figure S3).
Therefore, as expected, the sulfhydryl groups of the K238C

mutant nanopore are the only reactive groups inside the
nanopore for a single-molecule nucleophilic reaction.
As shown in Figure 1a, the ionic current was decreased by

9.0 ± 0.3 pA (ΔIR1) when a single R1 with a disulfide bond
reacted with the sulfhydryl group of the K238C AeL. The
current trace shows that the reaction signal contains irregular
spikes (Figure 1a−d). According to the previous studies,25 this
current fluctuation with standard deviation (STD) of 0.38 ±
0.04 pA resulted from the dynamic changes of covalent bonds
between the reactant and the nanopore (e.g., bond angle and
length). Similarly, R2 with a benzothiazole group produced
ΔIR2 of 15.8 ± 0.5 pA as it reacted with the nanopore reactor
(Figure 1b). When introducing R3 in the nanopore reactor, the
sulfhydryl group at the 238 site substituted one of the bromine
atoms, leading to the connection of the maleimide molecule to
the inner wall of the aerolysin nanopore through the �C−S
bond (Figure 1c). The resulting ΔIR3 is 1.7 ± 0.3 pA. To
eliminate the bias of I0 from independent measurements, ΔIR/
I0 was introduced as the proportion of the current drop to the
baseline (Figure S4). As expected, both the order of ΔIR and
ΔIR/I0 values follow that of the cross-sectional area (CSA) of
R1−R3, which was R2 > R1 > R3 (Figures 1e,f and S5; Table
S1). This result illustrated that the volume exclusion of the
reactant inside the nanopore contributes greatly to the signal
amplitude. However, R4 with the smallest CSA (47.62 Å)
among the four reactants generated the largest ΔIR/I0 as
reacted with the sulfhydryl group (Figure 1e and f). The
sulfhydryl nucleophilic substitution of the iodine atom in R4
gives the leaving group of I−, which may contribute to the
significant current drop. To further confirm this speculation,
we added the NaI solution to the K238C nanopore reactor as a
control experiment. As shown in Figures 2a and S6a, I−

interacts with the K238C nanopore reactor strongly, resulting
in the large ΔINaI/I0 of 0.19 ± 0.03. Note that this value is
similar to ΔIR4/I0. In contrast, the WT nanopore without the

Scheme 1a

a(a) Single molecule reaction in the mutant K238C AeL. Two chambers were separated by the membrane and assigned to cis and trans. The single
nanopore was inserted into the membrane. The reactant was added in the cis chamber. (b) Representative current trace. After adding the reactant at
a waiting time (tW), the reaction event appeared with a blockade current of IR. (c) Proposed reaction mechanism between the reactant and the
K238C AeL. The reactant of (R)-5-(1,2-dithiolan-3-yl) pentanoic acid (reactant 1, R1), 2-amino-6-(methylsulfonyl)benzothiazole (reactant 2, R2),
3,4-dibromo-N-methylmaleimide (reactant 3, R3), and iodoacetamide (reactant 4, R4) gave the apparent reaction rate constant of k1′ to k4′,
respectively. All experiments were performed in the buffer of 3.0 M KCl, 1.0 mM EDTA, and 10 mM Tris, at 22 ± 2 °C, pH 8.0.
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reaction site of sulfhydryl does not generate similar signals after
the introduction of NaI (Figure S6b). However, Br− does not
generate obvious signals as I− when NaBr was introduced to
the nanopore reactor (Figure S6c). This may be caused by the
interaction between the larger iodine atom and the sulfhydryl
group of the K238C nanopore. Consequently, these findings
further demonstrate that the R4 molecule experiences a
nucleophilic substitution reaction with the sulfhydryl group
located at the 238 site. Moreover, the inclusion of the leaving
group of I− within the nanopore significantly enhances the
blockage amplitude of the reaction signal.
The above results revealed that the amplitude of the reaction

signal would follow the volume exclusion rules, except for the
strong interaction between the leaving group of I− with the
nanopore reactor. The STD of the reaction signal also shows a
correlation with the volume and structure of the reactant
linked to the nanopore (Figure 2b). R2, with a bulkier and rigid
benzothiazole, contributed the largest STD value of 4.35 ±
0.07 pA. This is in comparison to the STD values of R1, R3,
and R4, all of which have flexible alkane chains or smaller
volumes. Furthermore, the intensive changes in IR2 may
potentially arise from the short-lived reactive intermediates.
Previous studies in bulk solutions21−24 have indicated that

the reaction kinetics follow the order of R1 > R3 > R2 > R4,
from fastest to slowest (as shown in Table S1). In order to
demonstrate the confined effect on the reaction kinetics inside

the nanopore reactor, we further calculated the kinetic
constants of R1−R4 based on the reaction signals. We assumed
the nucleophilic reaction of R1−R4 to one of the K238C sites
follows pseudo-first-order kinetics.26,27 The apparent reaction
rate (k′) between the single reactant molecule and nanopore
can be determined by eq 1.

C
k

t
1

W
=

[ ] (1)

where tW is the waiting time from the time point of the
addition of the reactant to the signal occurrence (Scheme 1b)
and C is the final concentration of the reactants in the cis
chamber. It can be seen from Figure 2c and Table S1 that the
k′ values of R1−R4 inside the nanopore reactor are 1.3−1400
times higher than the reaction rate in the bulk solution. The
nanoscale confinement restricts the random diffusion of the
reactant, increasing the possibility of successful collisions for
bond formation. This effect can accelerate the rate of the
reaction, which is consistent with a previously proposed
mechanism.20,28 In contrast to the order of rate constants
observed in bulk solution, it is evident that under confinement
nanopore the reaction rate of R3 is notably lower than that of

Figure 1. Representative current trace and statistical results of the
reaction signals for the reactants R1−R4. Representative current traces
of R1 (a), R2 (b), R3 (c), and R4 (d). (e) ΔIR of the reaction signals;
(f) ΔIR/I0 (blue) of the reaction signals induced by R1−R4 and the
corresponding CSA area (gray). Concentrations of R1−R4 are 2.6, 2.5,
2.5, and 50 μM in the cis chamber, respectively. All data were acquired
under the conditions of 3.0 M KCl, 10 mM Tris, and 1.0 mM EDTA
at pH 8.0. The error bars are obtained from at least three independent
experiments.

Figure 2. The statistical analysis of the typical signals. (a) ΔIR/I0
generated by reactants interacting with K238C and WT nanopore.
The presence of Br− and I− is 50 mM for interacting with K238C AeL
and WT AeL, respectively. The final concentration of I− is 50 mM
with K238C AeL, R3 and R4 is 1.5 mM as interacting with K238C
AeL and WT AeL, respectively. R3 is 1.5 mM with WT AeL, R4 is 1.5
mM with WT AeL, Br− is 50 mM with WT AeL, and I− is 50 mM
with WT AeL. (b) STD of I0 and IR of R1−R4 in K238C AeL. (c)
Apparent reaction rate constants of R1−R4 in K238C AeL and the
bulk solution. All data was acquired in the conditions of 3.0 M KCl,
10 mM Tris, and 1.0 mM EDTA at pH 8.0.
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R2. It could be explained by R2 with the largest volume may
reduce the orientational variation of the reactive group, leading
to a higher probability of the effective collision to the thiol
group at the K238C site in the nanopore. Therefore, the
confinement effect leads to a single-molecule reaction
efficiency of R2 that is higher than R3. These findings provide
a possible explanation for the higher reaction rate observed in
nanoenzymes compared to the bulk solution.
In summary, this work revealed the single-molecule kinetics

of thiol substitutions with an engineered nanopore reactor.
Our results showed that the characteristic current signals
produced by reactants 1−4 in the nanopore are closely linked
to the volume of excluded ions. Furthermore, variations in the
volume and structure of the reactants led to differences in the
STD. The confinement effect on the reactant within the
nanopore facilitates more efficient collisions, promoting bond
formation between the reactive group of the reactant and the
nanopore compared to the bulk solution. Our nanopore
electrochemical technique offers deeper insights into cysteine
reactions within enzyme catalysis at the single-molecule level,
thereby advancing our understanding of reactions taking place
within confined microenvironments.
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