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Enzymes are powerful catalysts that perform chemical reactions with remarkable speed and specificity.
Their intrinsic dynamics often play a crucial role in determining their catalytic properties. To achieve a
comprehensive understanding of enzymes, a diverse and sophisticated experimental toolbox capable of
studying enzyme dynamics at the single-molecule level is necessary. In this review, we discuss nanopore
technology as an emerging and powerful platform in single-molecule enzymology. We demonstrate
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how nanopores can be employed to probe enzyme dynamics in real-time, and we highlight how these
studies have contributed to fundamentally and quantitatively elucidating enzymological concepts, such
DOI: 10.1039/d5cb00149h as allostery and hysteresis. Finally, we explore the potentials and limitations of nanopores in advancing

single-molecule enzymology. By presenting the unique possibilities offered by nanopores, we aim to
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1. Introduction

All living organisms use enzymes to catalyze chemical reactions
at speeds much greater than would naturally occur without
these biological catalysts. The study of enzymes has a long-
standing history dating back nearly 150 years. In the nineteenth
century, enzymes were first designated by Wilhelm Kiihne as
non-living substances from biological material capable of per-
forming the chemical activities typically carried out by the
organism.! Early breakthroughs introduced foundational con-
cepts such as allostery (1961) and enzyme hysteresis (1970)
providing a phenomenological starting point from the enzy-
mology field.>™® Since then, our understanding of enzymes has
greatly advanced and the term “enzyme” is now primarily used
in reference to biological macromolecules that catalyze
chemical reactions.

The availability of structural data, combined with recent
advancements in structure prediction software like AlphaFold,’
have greatly expanded our understanding of how enzymes’
binding pockets facilitate the formation of transition-state
geometries and how specific residues within these pockets
participate in the chemical reaction.®° Although the geometry
and electrostatic properties of the active site are crucial for its
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inspire the integration of this technology into future enzymology research.

catalytic function, enzyme engineering studies demonstrate
that distant mutations significantly influence enzymatic efficiency
without altering the overall structure,""'* making a simple
sequence-structure-function interpretation of enzymes too sim-
plistic. The structure of enzymes results from the cumulative effect
of numerous weak intra- and intermolecular interactions, which
can easily break and (re)form, allowing for adopting of different
structural states or conformations. Enzymatic properties are often
driven by its dynamic behavior." To connect structure to function,
it is necessary to quantify the relative probabilities of the enzyme
occupying specific states, as well as the rates at which the enzyme
transitions between them. Statistical mechanics provides the
mathematical framework for quantifying those probabilities and
rates, usually depicted as free-energy landscapes. The timescales of
these conformational fluctuations can vary across several orders of
magnitude from picosecond-scale rotameric shifts of active site
amino acids'® to millisecond- or even second-scale global confor-
mational changes. Similarly, catalytic turnover rates span a broad
time range. For example, carbonic anhydrase, the fastest known
enzyme, interconverts CO, and H,O, and H,CO; with a turnover
number (k) of about 10° s*,"”'® while RuBisCO, involved in CO,
fixation, catalyzes only a few reactions per second.'

For a comprehensive understanding of enzymatic proper-
ties, both conformational information and experimental evi-
dence of the sequence and rates of their interconversion are
necessary. To observe structural dynamics ranging from pico-
seconds to minutes, an extensive experimental toolbox has
been developed, with every technique having its own advan-
tages and drawbacks (Table 1). Bulk techniques such as double
electron-electron resonance (DEER),>° hydrogen-deuterium

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Comparison of experimental techniques that report on enzyme dynamics

Temporal
Technique resolution/bandwidth Advantages Drawbacks
NMR ms-h - Atomic-level resolution - Bulk measurements
- Native-like solution conditions - Requires high sample concentration
- Expensive and complex instrumentation
DEER (EPR) pus-ms - Monitors distance changes - Bulk measurements
- Requires protein labeling
- Requires low temperature
HDX-MS s-min - Label-free - Bulk measurements
- Near-native solution conditions - Low spatial resolution
- Indirect structural read out
SmFRET ns-min - Monitors distance changes - Requires protein labeling
- Single-molecule sensitivity - Photobleaching
(Optical) tweezers us-h - Real-time monitoring of folding/unfolding - Requires protein labeling
- Single-molecule sensitivity - Force application may affect native enzyme
behavior
Atomic force ms-h - High spatial resolution - Requires surface attachment
spectroscopy - Real-time monitoring of unfolding
- Single-molecule sensitivity
Nanopores us-h - Long recording times - Indirect signal (current-based)

- Label-free and real-time

- Signal interpretation can be complex

- Single-molecule sensitivity
- Records global enzyme dynamics

exchange (HDX-MS)>' and NMR spectroscopy”>>* provide valu-
able insights but do average out asynchronous dynamics.
In contrast, single-molecule techniques like single-molecule
Forster resonance energy transfer (FRET),>>** atomic force
microscopy,”® and optical tweezers>® enable real-time monitor-
ing of the dynamics of individual molecules. In the past decade,
a new methodology entered the fray: nanopores were utilized to
effectively study substrate-binding kinetics of individual
enzymes trapped inside the lumen of a nanopore for seconds
to minutes with microsecond time resolution.”” At its most
basic, a nanopore is a nanometer-scale aperture embedded
within an insulated membrane that separates two electrolyte-
filled compartments (Fig. 1). Applying a voltage bias across the
membrane induces an ionic current flow through the pore.
Trapping of an enzyme inside the pore causes a partial current

blockage, with the magnitude of current blockage reflecting its
conformational state. This allows for continuous recording
of global dynamics of single enzymes over extended periods
of time.

Nanopores have long been used in nucleic acid sequen-
cing,”®*** protein sensing and metabolite analysis,>**° with
ongoing effort to adapt them for protein sequencing.*'™*®
Today, even small handheld nanopore devices are commer-
cially available on the market. In enzymology, nanopores have
been utilized in three primary approaches. First, (bulk) reaction
rates are tracked by nanopores through specific detection of
the product or substrate.**>® Second, polymer translocation
through nanopores or a nanopore-attached enzyme-binding
site allows for measuring reaction speed or binding kinetics
of single enzymes which perform their reaction outside of
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Fig. 1 Schematic of recording single-molecule enzyme dynamics within a nanopore. (A) A voltage bias across an insulating membrane creates a current
flow through the nanopore (arrows; /o). An enzyme is trapped within the nanopore, which induces a partial current blockade (/g). (B) Example of current
recordings reporting on the trapping and release or translocation of enzymes. Current fluctuations in the current blockade report on the conformational
dynamics of the enzyme, offering valuable insights into the rate and order of enzyme dynamics.
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the nanopore.>*~®' However, this offers limited insights into the
enzyme’s dynamic behavior. Third, enzymes can be confined
within the nanopore lumen, where their dynamic behavior is
directly linked to ionic current fluctuations.>”’*>7°® This enables
direct monitoring of global enzyme dynamics with high
sensitivity.

An overview of these approaches has been reviewed before
by us and others.**’° Additionally, other reviews have described
how nanopores can serve as tools for investigating protein
dynamics.?>”" In this review, we specifically focus on single-
molecule enzymology inside the nanopore. First, we outline
how nanopores can be employed to probe enzyme dynamics,
highlighting their capabilities, advantages, and inherent limi-
tations. Second, we discuss longstanding concepts in enzymol-
ogy and discuss how nanopore technology has facilitated a
more detailed and quantitative understanding of these princi-
ples. Third, we look to the future, exploring the potential
applications of nanopores in advancing single-molecule enzy-
mology. With this review, we aim to inspire enzymologists to
embrace the unique possibilities offered by nanopores and
encourage them to incorporate this technology into their future
research endeavors.

2. Nanopores

In a typical nanopore experiment, the two electrolyte-filled
reservoirs are known as the cis and ¢rans compartments
(Fig. 1A). Electrodes placed in each compartment apply a
voltage across the membrane, creating an ionic current that
flows through the nanopore.”” The current generated by the
nanopore (open pore current, Ip) is indicative of its size and
shape, and when an analyte - such as nucleic acids, proteins, or
other molecules - is lodged within the nanopore, it causes a
blockade in the current (Fig. 1A). This blockade (blocked pore
current, I) is characterized by the residual current (I eso, = In/Io
X 100%), which depends on the pore’s and analyte’s charge,
size, and geometry.”> The blockade frequency of occurrence
corresponds to the analyte’s concentration.”® Conformational
dynamics of the analyte can be inferred from current fluctua-
tions (Fig. 1B). These fluctuations may arise from structural
changes in enzymes or ligands, or from binding events, which
change the blockade characteristics through altered pore-
analyte interactions or different space occupancy inside the
pore. Variations in residual current, dwell time, and noise
provide valuable insights into conformational transitions and
binding events, enabling a deeper understanding of the analy-
te’s behavior under varying environmental conditions.

2.1 Equipment

To capture these small current variations with high sensitivity,
experiments are conducted using high-resolution equipment,
such as patch-clamp amplifiers with a sampling rate of up to
250 kHz. While data acquisition is rapid, the effective temporal
resolution is limited by noise and low-pass filtering, typically
around 100 ps. Managing this noise is a key challenge, as it
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originates from various sources, including data acquisition
electronics, the access resistance of the system, and the intrin-
sic noise of the nanopore itself. To reduce external noise, the
experiment is conducted inside a Faraday cage, shielding the
setup from electromagnetic interference, and environmental
vibrations are also usually dumped. Internal sources of noise,
such as equipment within the shielded environment, are also
carefully controlled. Electrodes made of Ag/AgCl are commonly
used due to their chemical stability, low noise, and reliable
electrochemical properties, ensuring precise measurements.
The advantage of nanopore recordings is the ability to sense
single molecules in real-time without the need for labelling,
immobilization or chemical modifications.”* Additionally,
nanopore measurements are inexpensive, require only a simple
set-up and can be used with low reagent volumes in physiolo-
gical conditions.”® Furthermore, nanopores are able to observe
native single molecules with no intrinsic limitation of mole-
cular size or observation time. This allows for continuous
monitoring of a broad range of dynamic processes, such as
conformational dynamics, oligomerization, and unfolding/
refolding. Finally, due to their electrical output nanopores can
be integrated within electronic devices and are suitable for
miniaturization and parallelization technology.”*”>

2.2 Nanopore types

Nanopores can be classified into three main classes: biological
nanopores embedded in a lipid bilayer, synthetic nanopores
fabricated in solid substrates (e.g., silicon, graphene or glass
pipettes),”®”? and DNA-origami nanopores®**' (Fig. 2). Biolo-
gical nanopores, often derived from pore-forming toxins or
outer membrane proteins, self-assemble into transmembrane
pores upon interaction with membranes or detergents. Examples
include pore-forming toxins such as a-hemolysin («HL),>****"%*
fragaceatoxin C (FraC),**® cytolysin A (ClyA),*>®” Yersinia enter-
ocolitica o-xenorhabdolysin (YaxAB),>”*® aerolysin,®**° or outer
membrane proteins like Mpycobacterium smegmatis porin A
(MspA),>>*"  Escherichia coli outer MPs (OmpG, OmpA, and
OmpF),”>** and truncated ferric hydroxamate uptake component
A (tFhuA).*>** Some of these nanopores, such as ClyA, FraC and
YaxAB, exhibit diverse oligomeric states, producing pores of
varying sizes that depend on the number of monomers (Fig. 2).
This versatility, combined with their low cost, atomic precision,
reproducibility, and the possibility of tuning the pore interior
through mutagenesis,”> makes them valuable for molecular sen-
sing. However, limitations remain in predicting protein folding
and the availability of crystal structures.”® Another limitation lies
in the necessity of using an inherently unstable lipid membrane,
which complicates the fabrication of pore arrays, thus limiting the
increase in data-output.

Synthetic or solid-state nanopores are a versatile alternative
to biological nanopores due to their customizable size and
mechanical, thermal, and chemical stability of the insulating
membrane.”” This creates potential for device integration, and
the ability to form arrays.’”°® Coatings are often employed to
minimize nonspecific interactions of proteins with the walls of
the nanopore.”%* Without such coatings, proteins may bind

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pore MspA ClyA PlyAB YaxAB XaxAB
Min. width (hnm) 1 35 55 3.5 4.5
Max. width (nm) 5 6 7/10 15 20
Solid-state/DNA-origami nanopores

Enzyme of interest
éC e

Pore Glass pipette SiN, with a streptavidin plug NEOtrap DNA-origami

Pore width (nm) 20-100 4 4-50 2-20

Fig. 2 Nanopore types which are suitable for studying single-molecule enzyme dynamics. Top: Cartoon representations biological nanopores MspA
(PDB: 1UUN), ClyA (PDB: 6MRT), PlyAB (PDB: 4V2T), YaxAB (PDB: 6EL1), and XaxAB (PDB:6GY6). Bottom: Schematic of measuring proteins with glass,
solid-state or DNA origami nanopores. The protein sketches were prepared using ChimeraX (v1.9).

unpredictably to the nanopore surface, potentially leading to
distorted results. While coatings can mitigate these issues, they
may also introduce challenges, such as affecting the protein’s
natural behavior or interfering with the nanopore’s sensitivity
to subtle conformational changes. Typically, solid-state nano-
pores are created in freestanding dielectric membranes made
from materials like organic polymers, graphene, and silicon
using techniques such as focused ion-beam drilling,”®
electron-beam drilling,'®® or chemical track-etching."®® More
recently, nanopores are also formed by controlled dielectric
breakdown.'%”"1%°

Glass nanopores are typically fabricated from quartz or
borosilicate glass capillaries with a narrow conical tip, reaching
tip diameters of <100 nm and are often modified chemically or
physically to improve sensitivity and selectivity.”*''**"* These
nanopores are simple and cost-effective to produce compared to
other solid-state nanopores, which often require cleanroom litho-
graphy facilities. Common fabrication methods include chemical
etching and mechanical pulling of glass capillaries, followed by
electrochemical or thermal treatments to control the geometry
and size of the tip.""* Their strength, optics, and tunable surface
make them ideal for precise, noninvasive single-molecule and cell
detection."™'"® Despite their advantages, they face limitations

© 2025 The Author(s). Published by the Royal Society of Chemistry

such as clogging, limited reproducibility, and unstable signals in
biological environments.**>*”

Next to challenges in fabrication and reproducibility, solid-
state nanopore analysis is hampered by a lower signal-to-noise
ratio, compared to biological nanopores, and fast translocation
of folded proteins.”®''®'° The latter has been overcome by the
nanopore electro-osmotic trap (NEOtrap) (Fig. 2)."*° The NEO-
trap uses a charged object, like a DNA-origami cork, to form a
nanocavity in a solid-state nanopore, trapping proteins by
inducing a strong electro-osmotic flow. This method extends
the observation time of proteins by a factor of one million to
one billion compared to free translocation and allowed the
monitoring of large conformational changes in Hsp90, includ-
ing the stabilization of a compact state by ATP or AMP-PNP, and
increased structural heterogeneity in the presence of ADP or in
the apo form.

DNA origami nanopores represent a third class of nano-
pores, combining the precision of biological systems with the
versatility of synthetic materials.'*>**> These nanopores are
constructed by folding a long single-stranded DNA scaffold
into a desired shape using numerous complementary shorter
staple strands. This approach allows for precise customization
of pore size, shape, and functionality, enabling the creation of
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nanopores tailored to specific analytes. One of the intrinsic
challenges of inserting a DNA nanopore into a lipid bilayer is its
negatively charged phosphate backbone.'* To overcome this
barrier and enhance membrane association, DNA structures are
typically decorated with hydrophobic moieties.'** The geometry
and functionality of artificial DNA nanopores can be designed
using molecular engineering tools.">> Unlike solid-state nano-
pores, DNA-based pores offer molecular precision and are
easier to chemically modify. Early versions often faced issues
with membrane integration, stability, and consistent conduc-
tance, requiring further refinement.'*® Thanks to ongoing
improvements in design, direct sensing of IgG antibodies,"’
40-kDa dextran-tetramethylrhodamine,"*® and folded proteins'*
has been demonstrated, showcasing the potential of DNA nano-
pores in advanced molecular sensing applications. However,
proteins’ conformational changes have yet to be measured.

2.3 Enzyme trapping

Once molecules enter a nanopore, they are subjected to several
forces. They may interact with the nanopore walls, which either
prolongs or shortens their residence time depending on the
interaction. These electrostatic and hydrophobic interactions
can be modulated by altering the ionic strength or pH of the
electrolyte solution,”*® or by introducing mutations to the
nanopore inner surface.”>®® In addition, molecules experience
an electrophoretic force from the externally applied electric
field, and an electro-osmotic flow. The magnitude of the
electrophoretic force depends on the charge of the molecule
and the voltage bias applied across the nanopore.”*'*> The
electro-osmotic flow arises from the directional movement of
hydrated ions along the nanopore walls under an applied
potential.®®****37 Its magnitude and direction are affected by
factors such as the nanopore’s geometry, surface charge, and
the electrolyte composition and its concentration in the two
chambers, 331341377140 pyrthermore, temperature can influ-
ence both electro-osmotic flow and electrophoretic mobility
by altering viscosity and ion mobility within the solution.'*"**?
Depending on the surface charge of the nanopore and espe-
cially its constriction, the electro-osmotic flow can either aug-
ment or counteract the electrophoretic force experienced by
molecules, thereby modulating their capture and translocation
behaviour.®® As a result, predicting the movement and diffu-
sion of molecules through nanopores is challenging due to the
interplay of these forces. For small, charged molecules or
uniformly charged polymers, electrophoresis tends to be the
dominant force influencing their transport.*** For proteins and
other macromolecules of tens of kilodaltons, electro-osmotic
forces become increasingly dominant.’**'** In some cases, steric
hindrance and entropic effects also significantly contribute, espe-
cially for flexible or partially unfolded biomolecules.**'*> Mole-
cular dynamics simulations and physical models provide excellent
predictions of the analyte’s behavior inside the pore, and the
direction and magnitude of the forces acting upon it.”-¢%88146:147

While it’s important to consider that confinement and
applied forces in nanopore experiments could influence pro-
tein activity, such effects can be evaluated by measuring across
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different voltages and extrapolating to zero voltage. Supporting
studies show that the binding affinity of proteins remains
consistent with bulk values suggesting minimal impact within
the nanopore environment.>>®® Typically, force effects are
negligible. Moreover, confinement within the nanopore can be
advantageous, as it mimics the crowded intracellular environ-
ment where biochemical reactions naturally occur. Thus, study-
ing enzymes in nanopores may better approach physiological
conditions compared to conventional single-molecule techni-
ques performed in dilute environments.

Although it is possible to trap a wide range of different
proteins in a nanopore, it remains a challenge to optimize
signal detection and resolution. Signal quality may be improved
by fine-tuning experimental parameters such as bias voltage,
ionic strength, salt composition, or pH to enhance ionic current
changes. Nanopore engineering further enables improved signal
detection and stability. For example, mutating residue E57 in ClyA
was shown to reduce electrostatic repulsion to stabilize the
trapping of a protease and enhance signal resolution,*® while
introducing a tryptophan residue in the ClyA variant ClyA-AS
prolongs the lifetime of short-lived blockades, increasing the
signal output per single-molecule.”” Likewise, the DNA-origami
structure of NEOtrap has been functionalized with cholesterol

moieties to reduce noise and enable long recordings of smaller
148

enzymes.
The enzyme of interest could also be engineered to improve

capture and the detection of conformational changes. Adding
positively charged tags to negatively charged proteins enhances
the dwell time within the nanopore by strengthening electro-
static interactions at the pore constriction.'** Additionally,
introducing charge dipoles through genetic modification aligns
proteins with the nanopore’s electric field, minimizing noise
and preventing rotational tumbling during enzyme trapping.**®
However, engineering the enzyme of interest dims the advan-
tage of nanopores as a label-free technique to study natural
enzymes.

Potential bottlenecks must be carefully considered during
the experimental design phase of a nanopore enzymology
experiment, because they may influence the choice of the
nanopore system and impact data quality (see Section 4).
Firstly, enzyme size, structure, and physicochemical properties
greatly affect the experimental outcome. Small enzymes may
escape trapping in nanopores with diameters that are too wide,
while larger or multimeric ones may not be properly accom-
modated in pores that are too narrow, preventing enzyme
trapping or leading to excessive current fluctuations that com-
plicate the correlation between signal and enzymatic activity.
Also, strong interactions between the enzyme and the nanopore
or membrane can further hinder reliable measurements. Sec-
ondly, signal resolution becomes problematic when ligands
bind to the same site or a single ligand binds multiple sites
with similar kinetics, making it difficult to distinguish indivi-
dual events. Thirdly, even when an enzyme can be effectively
trapped and signal quality is high, challenges remain in terms
of temporal resolution. Enzymatic reactions may occur on
timescales of milliseconds or microseconds," involving rapid

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conformational changes that may not be accurately captured by
nanopore systems, limiting the ability to resolve complete
kinetic sequences in real-time. Finally, unlike techniques that
directly observe structural changes,’**™** nanopore-based
methods detect current shifts, which indirectly reflect the
enzyme’s behavior. As such, interpreting these signals requires
careful consideration of the enzyme’s conformational
dynamics, as current changes may not always correlate with
specific conformational dynamics, but also encompasses
enzyme movement within the nanopore or changes in physico-
chemical properties of the enzyme upon substrate binding,
complicating the analysis of real-time molecular events.

3. Nanopore-based single-molecule
enzymology
3.1 Non-enzymatic conformational changes

Early efforts to track protein conformational changes using
nanopore technology initially concentrated on non-enzymatic
processes. Since many enzymes undergo structural changes
before or after substrate binding, it became clear that nano-
pores could also be applied to study enzymatic activities. One of
the earliest studies involved investigating the conformational
dynamics of alkylation B (AlkB) demethylase and dihydrofolate
reductase (DHFR) within the lumen of a ClyA nanopore.”” The
research demonstrated that even without enzymatic turnover,
the presence of ligands could induce stepwise current signals,
with the frequency of these signals increasing as ligand concen-
tration rose. Notably, protein variants with reduced affinity for
ligands failed to produce these stepwise current blockades,
confirming that the signals were specific to ligand binding.
Although it remained unclear whether the observed signals
were due to different protein conformations or variations in the
protein’s position, orientation, or interactions within the nano-
pore, these findings suggested that enzymatic processes could
be monitored using nanopore technology. Notably, the binding
of NADPH and NADP', which differ by just one hydride
ion, produces distinct current block signals when interacting
with a DHFR:methotrexate complex inside the nanopore. This
indicates that even small differences in protein-ligand com-
plexes can be detected, underscoring the potential of nano-
pores to monitor intricate enzymatic reactions with high
sensitivity.*”

Another important class of proteins studied in this context
includes the periplasmic substrate-binding proteins (SBPs) of
ATP-binding cassette (ABC) importer proteins. These SBPs,
although not catalytically active, exhibit well-defined conforma-
tional changes upon ligand binding, which can be resolved in
real time when the protein is trapped inside the nanopore.**'**
For instance, SBD1 and SBD2 of the GInPQ ABC importer from
Lactococcus lactis in a ClyA nanopore open two-fold slower and
closes 100 to 1000 times faster in the presence of the ligand.
This suggests that ligand binding triggers a conformational
change that results in a faster closing of the protein around
the ligand. This ligand-induced acceleration of closing likely

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reflects a conformational change that enables tight ligand
capture and efficient transfer to the transporter, thereby facil-
itating substrate uptake.'*® Similar to DHFR, the resolution
of nanopore analysis was showcased using the promiscuous
maltose-binding protein (MBP) from E. coli. MBP binds several
oligosaccharides in a variety of conformations with different
degrees of closure.">*'*” It also binds two maltose isomers with
different affinity and in a slightly different conformation, which
could be resolved in a ClyA nanopore."”® These examples
collectively highlight the power of nanopore-based sensing for
probing the structural dynamics of folded proteins under near-
native conditions, setting the stage for more complex enzymol-
ogy studies.

3.2 Rate of conformational dynamics determine/correlate
with protein activity

One of the most critical aspects of enzyme function is how
conformational dynamics—rapid, reversible structural transi-
tions—enable substrate binding, catalysis, and product release.
These changes are tightly linked to enzyme activity and
kinetics, directly influencing the speed and specificity of cata-
Iytic reactions. Among other single molecule techniques, nano-
pore technology enables studying global conformational
dynamics of a single enzyme over long timescales. When
structural information is available, this approach enables the
determination of both the rates of structural changes and the
connectivity between structural states, including substrate
binding events (Fig. 3A). Below, we will address three examples.

Dihydrofolate reductase (DHFR) catalyzes the reaction of
dihydrofolate (DHF) and NADPH to tetrahydrofolate (THF) and
NADP". The product THF plays an important role in the de novo
synthesis of purines, amino acids like glutamate, and thy-
midylic acid. In the last decades, tens of crystal structures in
the presence of substrate, cofactors, inhibitors and products
revealed that the reactant binds to a closed conformation, while
the product binds to an occluded conformation. DHFR could
be trapped within a solid-state silicon nitride (SiN) nanopore'*®
as well as in the biological ClyA-AS nanopore.?”°>%*'4* Th
limited resolution of the solid-state nanopore only allowed for
the observation of the overall conformational flexibility in wild-
type and mutant DHFR variants. In contrast, the biological
nanopore enabled the trapping of the protein inside the
nanopore and the identification of multiple enzyme conforma-
tions and their exchange rates. The enzyme populates at least
four ground state conformations, called conformers. Three of
these conformers have different affinity for the substrate,
cofactor and products, while the fourth conformer could not
bind to any ligand. The conformers were not found to inter-
convert over the several minutes of the trapping of the enzyme
inside the nanopore. Sampling different ligands and their
mixtures allowed assigning the different conformers to the
closed and occluded conformations observed in the DHFR
crystal structures. According to the already established catalytic
mechanism,"®® single-molecule experiments showed that sub-
strate binding and release occurs hierarchically, with the
reactive ternary complex mainly forming from the NADPH-
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Fig. 3 Nanopore types which are suitable for studying single-molecule enzyme dynamics. (A) Left: Representative electrophysiology trace illustrating
distinct enzyme conformational states of DHFR, including the apo, intermediate, substrate bound, and product state, detected by distinct current levels.
Adapted with permission from ref. 62. Copyright 2022 American Chemical Society (ACS). Right: Schematic representation of population shifts induced by
ligand binding. (B) Left: Schematic representation of the reaction conditions during electrophysiology measurements of DHFR, middle: histogram of the
distribution of three different DHFR conformers, with E1 being the catalytically active conformer. Right: Corresponding exemplary time-course plot of
product formation. Left and middle figures adapted with permission from ref. 63. Copyright 2020 Macmillan Publishers Ltd: Nature Chemistry. (C) Left:
Single-molecule enzyme trace of DHFR showing multiple conformational states, highlighted with blue, yellow, and red boxes. Figure adapted with
permission from ref. 63. Copyright 2020 Macmillan Publishers Ltd: Nature Chemistry. Right: Exemplary plot of transition rates versus ligand
concentration, revealing different ligand affinities for distinct enzyme conformations. (D) Top: Schematic representation illustrating (endo)allosteric
regulation, where binding of the yellow substrate molecule at the allosteric site induces a conformational change in the active site, facilitating binding of
the brown substrate ligand. The conformational shift enhances affinity for the allosteric regulator. The binding of ligands also induces the closing of the
LID (red) and NMP (blue) domains of AK. Bottom: The corresponding trace for the different states of the enzyme. Figure adapted with permission from ref.
64. Copyright 2024 Macmillan Publishers Ltd: Nature Communications.

bound closed configuration rather than from the dihydrofolate- protonated and the reaction proceeds, DHFR switches from
bound occluded conformation. Only when dihydrofolate is the substrate-bound closed conformation to the product-bound
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occluded conformation. The product tetrahydrofolate (THF)
was found to bind weakly to the closed conformation and
tightly to the occluded conformation. Interestingly, the oxi-
dized cofactor NADP" was only found to bind to the closed:THF/
DHF ternary complexes. Therefore, the catalytic step promotes
a conformational switch to high affinity binding of THF, which
in turn promotes NADP' release. This switch prevents the
backward reaction by the high affinity of the product for
the occluded conformation. The final step involves NADPH
binding, which drives the transition back to the closed con-
formation to facilitate the release of the product THF, under-
scoring the role of conformational dynamics in regulating
DHFR’s catalytic efficiency (Fig. 3A).°> Furthermore, during
the reaction, a previously unobserved, long-lasting inactive
conformation appeared, likely induced by the catalytic step.
This suggests that DHFR occasionally adopts an alternative
fold, which is not observed under nonreactive conditions.
Human cytoplasmic tyrosine Abelson (Abl) kinase is a sig-
naling enzyme that catalyzes the transfer of a phosphate group
from ATP to tyrosine residues on target proteins, regulating
processes such as growth, differentiation, and survival.'®»*¢?
Using the ClyA nanopore, the conformational transitions of the
ADl kinase domain were studied, revealing that the apo form
dynamically interconverts between two major conformational
states: a low-energy, lobe-open conformation and a higher-
energy, lobe-closed conformation. Strikingly, the lobe-closed
state further resolves into three distinct, functionally relevant
sub-states that resemble substrate-binding conformations; a
level of resolution of the Abl kinase’s conformational landscape
not previously captured by NMR or any other technique. While
the substates found by NMR likely reflect the dynamics between
the three different sub-states, it was not possible to resolve the
two major conformational states. Quantitative analysis of tran-
sition rates and free energy differences, along with mutational
and ligand-binding experiments, demonstrated that the inter-
conversion between these states is tightly regulated by hinge
flexibility and substrate engagement. Most enzymes reside in
an open, inactive conformation and switch to an active con-

formation with a conformational closing rate of 0.09 s,

while transitions between active sub-states occur at >100 s ?,
consistent with a catalytic rate of ~7 s~ *.%”

In a third example, nanopore studies with the model protein
adenylate kinase (AK) provided key insights into the conforma-
tional dynamics of the enzyme. AK reversibly catalyzes ATP and
AMP to two ADP molecules."®*™*% Structural studies revealed
the motions of the AMP-binding NMP and ATP-binding LID
domain.'®®*%® Nanopore analysis enabled, for the first time,
real-time measurement of the individual dynamic behavior of
both domains. With a solid-state nanopore it was shown that
the binding of the lock substrate Ap5A led to a more compact
and less flexible structure compared to the free enzyme (AK-
apo).’*® It was found by means of the ClyA nanopore that
during its catalytic cycle, the enzyme’s LID and NMP domains
move in a precise, hierarchical manner, which regulates sub-
strate binding and catalysis (vide infra). The catalytic cycle
begins with ATP or ADP binding, which induces the closing

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of the LID domain at a rate of about 1000 s, matching NMR
measurements of combined NMP and LID domain motions.
The LID domain can reopen at a similar rate, but when a
second adenosine phosphate binds, it triggers an allosteric
effect that slows the reopening of the LID domain and facil-
itates additional closing of the NMP domain. The NMP domain
closure, the slowest conformational change at 200 s, matches
AK’s catalytic turnover rate (263 & 30 s~ ') and is likely the rate-
limiting step of the reaction. This contrasts with earlier studies,
which suggested that the rate-limiting step was enzyme open-
ing. The discrepancy is likely to arise from the oversimplified
two-state open-closed models used in those studies.®*

3.3 Hysteresis

Hysteretic enzymes are characterized by a delayed response in
activity following changes in a physical or chemical parameter
(e.g. substrate/inhibitor concentration, pH, or temperature).>°
This delay, which can range from seconds'®*""* to hours,'”*
is primarily observed in the context of metabolic regulation
(Fig. 3B, right). Hysteresis provides a form of ‘“molecular
memory” to enzymes, filtering out short-term fluctuations in
substrate concentration and facilitating progression through
cellular pathways, such as cell-cycle stages."”>'”* Hysteresis in
enzymes can have a variety of causes, including the replace-
ment of a tightly bound ligand by another, oligomerization, or
isomerization.® However, since its introduction in 1970, it has
been recognized that hysteresis is in many cases driven by the
interconversion of different enzyme conformations, each with
different catalytic efficiencies.® To experimentally confirm the
existence of these states, a variety of techniques have been
employed, including structural analysis’’> and even single-
enzyme kinetics.'”®'7”

Hysteresis has also been studied by nanopore technology,
exemplified by DHFR from E. coli.>”®*¢*14415% DHFR exists in
two catalytically different forms that interconvert at a rate of
less than 0.1 s~ %.77%'78718% The enzyme shows hysteresis that
lasts for several seconds, and this effect is prevented by
preincubation with the substrate NADPH.'”""'838* The single-
molecule analysis revealed that DHFR exists, not in two, but in
at least four ground conformers (see also Section 3.2).°* In a
typical nanopore experiment, the protein of interest is added to
only one (cis) side of the nanopore, whereas the substrate can
be added to either side. Substrate addition from the other
(trans) side resembles a stopped-flow experiment, where rapid
mixing allows for transient states and reaction dynamics. This
setup enables the recording of DHFR proteins that were either
preincubated with NADPH (cis addition of substrate) or only
encountered NADPH in the nanopore environment (trans addi-
tion of substrate). Preincubation with NADPH shifts the DHFR
population to the catalytically more active conformer, explain-
ing the hysteresis observed in kinetic assays (Fig. 3B).®* Surpris-
ingly, the product NADP" shifts the population towards a low-
affinity conformer, while the addition of the transition-state
mimic methotrexate, along with NADPH/NADP', induces fre-
quent exchange between the conformers. This indicates that
DHFR can switch conformers along the reaction coordinate to a
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low-affinity conformer, facilitating substrate release. Subsequent
binding of a new NADPH molecule provides the energy to revert
to the high-affinity conformer. Altogether, this in-depth single-
molecule analysis of a hysteretic enzyme demonstrates how
hysteresis can reflect a critical enzymatic property, namely effi-
cient substrate binding and product release.

3.4 The same enzyme in different forms

The presence of different conformers within a single protein
pool is not unique to DHFR, but has also been described for
AK.®* The latter enzyme exhibits allosteric domain closure upon
sequential binding of the two substrates (vide infra). Approxi-
mately 12% of the trapped proteins display altered kinetic
properties, such as a fourfold increased off-rate for ADP and a
less pronounced reduction in the opening rate of one of the
protein domains when the ADP concentration increases, which
is indicative of lower allosteric communication (Fig. 3C). The
two different AK forms are indistinguishable by their current
levels, indicating a similar overall fold, but with subtle varia-
tions that impact protein function and its allosteric behavior.
Similarly, the flaviviral NS2B/NS3 protease samples two open
conformations, a long-lived (~70 ms) state and short-lived
(~3 ms) state, which are also indistinguishable by their current
levels but can be differentiated based on their transition rates
to the closed conformation.®®

Why should we care about these rare protein forms and
conformations? There are several reasons, of which two will be
addressed here. Firstly, these nanopore experiments highlight
that a single chain of amino acids can fold into different forms
with distinct properties and possibly different physiological
functionalities.'®® Secondly, the presence of different forms or
rare conformations can be exploited in the search for new
enzyme activities. For example, single-molecule kinetics experi-
ments revealed that mutations remote from the binding pocket
lead to a correlated increase in the diversity in functional states
and promiscuity.'®” Promiscuity is a valuable trait in evolution,
enabling the development of new enzyme functions, and is also
an indispensable property in the field of biocatalysts. Even
minimal promiscuous activity towards a desired reaction can
serve as a foundation for engineering enzymes with high activity
in biotechnological applications."®**® The visualization and
quantification of rare protein forms with nanopores contribute
to the thermodynamic framework that rationalizes how mutations
can alter enzyme function through reshaping the enzyme con-
formational distribution, thus enriching catalytically productive
states and reducing non-productive ones.

3.5 (endo-)Allostery

Allostery in enzymes refers to a process in which the binding
of a ligand (or effector molecule) to one site on the enzyme
induces a change that affects the enzyme’s activity at a distant
site, typically the active site.>*'°%*°> This allows enzymes to
adjust their activity in response to changes in the cellular
environment, providing a mechanism for precise metabolic
regulation.
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Allostery is a dynamic process driven by shifts in a protein’s
thermodynamic ensemble of conformational states. Modern
perspectives describe it as a statistical ensemble of states,
where proteins exist in a mixture of conformations that change
in response to external perturbations.’®**® Ligand binding, for
example, remodels the protein’s energy landscape, altering the
stability of various conformations and influencing function."®”**®
This remodeling can shift the equilibrium toward activation or
repression, or adjust the coupling between functional domains.
The coupling, either positive or negative, affects how ligand
binding influences other sites. Dynamic allostery extends beyond
structural changes, emphasizing the role of protein flexibility and
conformational entropy. In many cases, changes in protein
dynamics, such as side-chain flexibility'**?°° or localized
unfolding,?*"*** can drive allosteric transitions without signif-
icant structural shifts. This is evident in proteins with intrinsi-
cally disordered regions. For example, intrinsically disordered
proteins mediate allosteric effects through their inherent
flexibility, allowing adaptation of their conformational ensem-
ble in response to binding events.”**">%* Allostery in nanopore
experiments manifests as the emergence of a new conforma-
tional state or as alterations in the dynamics of existing states
(Fig. 3D)‘64,206,207

Using the MspA nanopore, the allosteric behavior of the
non-enzymatic protein calmodulin (CaM) was addressed by
distinguishing its conformational changes in response to Ca**
binding. In the absence of Ca®>", calmodulin is in a “closed” or
inactive state, and it does not bind effectively to the M13
peptide or other target proteins. The nanopore detected three
distinct states of CaM: Ca**-free, Ca**-bound, and M13 peptide-
bound, illustrating how calcium ions induce a conformational
shift that enables the M13 peptide binding. The sensitivity of
MspA also allows detection of subtle structural changes, such
as those caused by a single amino acid mutation (D129G),
which affects Ca®>" binding. Additionally, various other ions
were tested for their ability to induce the conformational
change, showing that ions, such as Pb*", Ca** and Sr*",
effectively trigger the structural shift.>°°

A ligand-receptor-anchored glass nanopore system was
introduced to probe the dynamic binding pathways of multi-
valent protein-protein interactions. Using soluble angiotensin
converting enzyme 2 (SACE2) as a receptor, the system moni-
tored real-time interactions with the trimeric spike proteins
from the Omicron, Delta, and WT SARS-CoV-2 variants which
were trapped inside the glass nanotube. The results revealed
that Omicron’s spike protein exhibits strong, cooperative bind-
ing across all three S1 monomers, following a concentration-
dependent, multistep pathway. Initial SACE2 binding enhances
subsequent interactions—an allosteric effect not observed in
Delta and WT variants, which mainly bind to one or two
monomers. Although the first binding step of Omicron is
weaker than Delta’s, the second and third steps show signifi-
cantly higher affinity. These findings highlight an allosteric
mechanism in the spike-sACE2 complex, explaining Omicron’s
increased infectivity and offering new insights into multivalent
protein interactions.?®”

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Finally, the LID domain of AK does not fully close when ATP
alone is bound. However, upon adding AMP, which binds the
NMP domain, the LID domain fully closes. This conformational
change suggests a cooperative interaction, with AMP driving
the complete closure of the LID domain. To describe the
intriguing process, where the reactants themselves, ATP and
AMP, mediate the allosteric effect within the same reactive site,
the term ‘“endo-allostery” was introduced. This mechanism
differs from cooperativity, in which both reactants bind to the
same site, highlighting the unique role of AMP in driving AK’s
conformational change. These structural changes are not inci-
dental but are essential for catalysis. The binding of AMP and
ATP initiates a sequence of movements that align AK’s catalytic
domains, ensuring that substrate binding follows a defined
order and minimizing wasteful ATP hydrolysis. In this way,
allostery is directly harnessed to regulate reaction progression.
Thus, endo-allostery in AK is not just a regulatory feature, but it
is a core element of how the enzyme catalyzes its reaction
efficiently and in a precise order.®

4. Outlook

Currently, the contribution of nanopore experiments to single-
molecule enzymology, by trapping them within the pores, is
limited to a small number of enzymes that have undergone in-
depth analysis. Additionally, some larger enzymes (> 100 kDa)
have been demonstrated to be compatible with nanopore
analysis (Table 2). In the final section of this review, we will
discuss the current challenges facing the nanopore field and
explore potential strategies for unlocking the full potential of
nanopores in single-molecule enzymology.

4.1 Biological nanopores

Most single-molecule enzymology studies using nanopores
have been performed with the biological nanopore cytolysin A
(ClyA) from either E. coli or Salmonella typhi. Its geometry of
stacked small and large cylinders allows for efficient protein
capture in a confined space. Directed evolution has improved
ClyA from S. typhi in terms of solubility and stability.*” How-
ever, maximizing the capabilities of biological nanopores
requires exploration of alternative approaches.

Firstly, ClyA forms pores of different oligomeric sizes which
have an inner diameter of 5.5-6.5 nm on the enzyme entry side
and 3.3-4.2 nm on the transmembrane side. This geometry
limits the enzyme size range to enzymes small enough to enter
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the pore but large enough to prevent rapid translocation
(typically 15-45 kDa proteins). To accommodate enzymes out-
side this size range, alternative nanopores are needed. Smaller
enzymes can be captured using nanopores like Mycobacterium
smegmatis MspA**?°%2°° or 29 phage DNA packaging motor
(Fig. 2).>'°*'" Conversely, larger enzymes can be trapped
within Pleurotus ostreatus PlyAB,>">*'® Yersinia enterocolitica
YaxAB,*”%82' or Xenorhabdus nematophila XaxAB (Fig. 2).*'°
PlyAB, for instance, has a cylindrical structure with a 7.2 nm
and 10.5 nm entry side, and a 5.5 nm inner constriction. Unlike
ClyA and PlyAB, YaxAB has a conical shape, making it suitable
for capturing a wide range of protein sizes (12-125 kDa). For
even bigger enzymes, the YaxAB homolog XaxAB can be
employed, as it has a similar geometry while forming higher
oligomeric pores. The modular nature of biological compo-
nents enables the creation of customizable nanopore systems,
such as hetero-oligomeric assemblies.*'® Similarly, the 900 kDa
multiprotein complex, used for protein sequencing, exemplifies
how diverse biological components can be combined in one
pore.*

Secondly, a limitation of (most) biological nanopores is their
inherent negative charge, like many biological
molecules.*””**® This leads to the electro-osmotic and electro-
phoretic force acting in opposite directions on negatively
charged enzymes, reducing capturing frequency and trapping
time. As described in Section 2, the issue can be solved by
adding a positively charged electrophoretic tag to the enzyme of
interest.®*®”'** Alternatively, the constriction of the pore can
be mutated to contain positive charges to reverse the electro-
osmotic flow.*”**?'? The highly charged nanopore lumen can
also cause electrostatic repulsion, preventing stable enzyme
trapping in a single energy minimum. Consequently, the cur-
rent fluctuations may reflect enzyme repositioning inside the
pore rather than conformational dynamics.®***%7'4° Mutations
to both the enzyme and the nanopore can facilitate stable
enzyme trapping, and engineering less charged nanopores is
a promising but underexplored area that could significantly
improve the trapping stability.

Thirdly, compared to solid-state nanopores, lipid mem-
branes incorporating biological nanopores have lower stability
and durability. Although a stable pore can survive for several
hours, the lipid membrane is prone to breaking and, in some
cases, allows the nanopore to detach, particularly during mixing
steps or when membrane-active compounds are present in
solution. This hinders the sampling of membrane-bound
enzymes or enzymes with lipid ligands, such as phospholipases.

macro-

Table 2 Summary of enzymes whose dynamics have been analyzed within a nanopore

Enzyme Size (kDa) Organism Nanopore type Trapping time Ref.
Dihydrofolate reductase (DHFR) 18 E. coli Biological  ClyA Minutes 27,62,63,144
Abelson 1 kinase (Abl kinase) 33 Homo sapiens Biological  ClyA Seconds 67
NS2B/NS3 protease 28 West Nile virus Biological ClyA Seconds 66
Adenylate kinase (AK) 24 E. coli Biological  ClyA Seconds 64
Alkylation B (AlkB) 25 E. coli Biological  ClyA Minutes 27

Glucose oxidase 160 Aspergillus niger Solid-state  Silicon-nitride Minutes 65

Heat shock protein 90 (Hsp90) 163 Saccharomyces cerevisiae  Solid-state  Silicon-nitride; NEOtrap Hours 120

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In the case of membrane-bound enzymes, these agents can even
deliver the membrane protein to the lipid membrane or destabi-
lize it altogether.”?°2*? Additionally, nanopores often exhibit a
preference for specific bilayer compositions for insertion.*®*237223
The stability of lipid bilayers can be greatly improved by using a
mixture of lipids and block copolymers.>*® Alternatively, future
efforts should focus on developing a hybrid nanopore, combining
the durability of solid-state nanopores with the sensitivity of
biological nanopores. The concept of a hybrid pore was first
demonstrated by embedding a biological nanopore within a
solid-state nanopore, which was stable for several days but had
high leakage currents due to an imperfect seal.””” While recent
advancements in creating these hybrid pores are promising, they
are not yet used in single-molecule enzyme research.?$-2%

4.2 Solid-state nanopores

Solid-state nanopores offer several advantages over biological
nanopores, including greater stability, the ability to be manu-
factured in arrays to increase data output, and their availability
in a wide range of sizes.”® Nonetheless, their use with regard to
single-molecule enzymology has been limited. The geometry of
the pores prevents stable enzyme trapping, restricting dynamic
information to be extracted from short translocation
events.'”?>%27234 Alternatively, there are ways to trap enzymes
for longer periods of time, such as slowing down protein
translocation to milliseconds by Ni**-NTA/His-tag,*> streptavi-
din/biotin," or NHS/protein interactions®***® within coated
nanopores. For longer observation times, ranging from seconds
to minutes, a peptide linked to monovalent streptavidin via a
biotin tag has been used to block the nanopore without
translocation (Fig. 2).>*” However, this approach inherently
limits the maximal size of the studied protein and introduces
the need for protein labeling. As described in Section 2, most
promising has been the recent development of the NEOtrap,
which has been used to reveal different conformational states in
the ~160 kDa yeast chaperone Hsp90 dimer (Fig. 2).'2%148:238

4.3 Future prospects

Nanopore technology provided exquisite and detailed informa-
tion on the structural dynamics of small enzymes, offering
novel explanations for longstanding enzymology concepts. The
technology is well suited for uncovering mechanistic insights in
enzymes that display allostery, hysteresis, or kinetic coopera-
tivity. The advent of larger biological nanopores and the devel-
opment of the NEOtrap expand the potential for studying larger
and multidomain enzymes or even oligomeric enzyme com-
plexes. While sub-nanometer conformational changes have
been detected in some small enzymes, achieving comparable
resolution for large enzymes remains uncertain. The power of
nanopores lies in the ability to report on global structural
changes; however, correlating current levels with specific con-
formations becomes increasingly challenging with increasing
enzyme size and complexity. Molecular dynamics (MD) simulations
provide a valuable solution by predicting protein conformational
behavior within the nanopore and the corresponding current
changes.””**'** Furthermore, machine learning approaches have
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been successfully employed to automatically decode DNA/RNA/
peptide sequences from current traces, and to detect proteins
and protein-substrate interactions within pores.?***** These meth-
ods could similarly be applied to interpret complex current traces
in the context of enzyme dynamics.

None of the current methodologies can report on the full
spectrum of enzyme dynamics. Therefore, an advantage lies in
the combination of different techniques in a single measuring
instrument, as is done by combining single-molecule optical
tweezers with single-molecule FRET spectroscopy.>®*** Like-
wise, solid-state nanopore electrical recordings have been com-
bined with fluorescence microscopy, to simultaneously acquire
electrical and optical information.>**>*® We envision that
integrating nanopores with other single-molecule techniques
will enable a more comprehensive understanding of enzyme
dynamics.

Altogether, the rapid advancement of diverse nanopore
systems, together with pioneering studies proving their cap-
ability to uncover detailed single-molecule enzymatic kinetics,
holds great promise for future research. The time is ripe for a
wider application of single-molecule nanopore enzymology.
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