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This work demonstrates the use of a solid-state nanopore detector to monitor the activity of a single molecule
of a model enzyme, horseradish peroxidase (HRP). This detector includes a measuring cell, which is divided
into cis- and trans- chambers by a silicon nitride chip (SiN structure) with a nanopore of 5 nm in diameter.
To entrap a single HRP molecule into the nanopore, an electrode had been placed into the cis-chamber;
HRP solution was added into this chamber after application of a negative voltage. The reaction of the HRP substrate,
2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS), oxidation by the enzyme molecule was performed
in the presence of hydrogen peroxide. During this reaction, the functioning of a single HRP molecule, entrapped
in the nanopore, was monitored by recording the time dependence of the ion current flowing through the nanopore.
The approach proposed in our work is applicable for further studies of functioning of various enzymes at the level

of single molecules, and this is an important step in the development of single-molecule enzymology.
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INTRODUCTION

Proteomic data are much more difficult to analyze
than genomic data [1]. This is due to the fact that there
are no methods for protein amplification, and the level
of protein expression cannot be predicted using
the level of their transcription [2—4]. In this regard,
an important direction in proteomics is the development
and advancement of methods, which can analyze
single protein molecules.

Although modern methods such as X-ray diffraction
analysis (XRD) or nuclear magnetic resonance (NMR)
are applicable to study the structure of single protein
molecules, nevertheless they do not provide information
on the functioning of a single protein molecule
in real time [5].

At the same time, nanotechnological approaches
based on the use of nanopore, atomic force and nanowire
detectors provide the development of unique platforms
for the detection of single biological macromolecules
and the study of their functional properties.

One of the most popular methods applicable
to study single enzyme molecules and their functioning
is the atomic force microscopy (AFM) method [6-8].
The disadvantages of the AFM method are the high cost
of the equipment, as well as the need to immobilize
the studied biological macromolecules on the surface
of a solid substrate. The latter circumstance may have
a significant impact on the properties of the studied
biological macromolecules.

Nanotechnological methods also include
the nanowire detection method, which is used to study
single viral particles [9]. In the context of studying
protein molecules, this method is used mainly
to investigate the interactions of these molecules
with other molecules, but not to study the functioning
of single protein molecules [10].

Recently, a new method for studying proteins
based on nanopore detection has been proposed [11].
The basic principle of using nanopores is that
when macromolecules function in a nanopore,
a fluctuation in the ion current flowing through
this nanopore is observed. In a nanopore detector,
a partition with a nanopore separates two chambers
(cis- and trans-), to which two electrodes are connected;
these electrodes maintain the voltage between these
chambers (Fig. 1).

During measurements by means of a nanopore
detector, the ion current flowing through the nanopore
is recorded. A protein molecule is usually entrapped
in a nanopore, which allows monitoring its behavior
by changing the ion current flowing through this
nanopore [5, 12-16].

Nanopore detectors can be subdivided into
two classes: detectors based on biological nanopores
and detectors based on solid-state nanopores. Biological
nanopores are formed on the basis of biological
structures, namely, on the basis of biological
membranes, into which protein molecules forming
nanopores are incorporated. Although detectors
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Figure 1. General scheme of the nanopore detector based on a solid-state nanopore.

based on biological structures have high sensitivity,
their disadvantages include instability and sensitivity
to changes in experimental conditions, such as pH,
temperature, and a number of other factors.
Solid-state nanopores are more stable with respect
to these factors and, therefore, are more preferable
for use in nanopore detectors.

Solid-state nanopores have great potential
for studying the behavior of single molecules.
This is due to their high sensitivity, allowing
the detection of biomolecules even at the subnanomolar
level [17]. Such high sensitivity of the solid-state
nanopore is explained by the fact that its size (diameter)
is in the same range as the size of the studied
single biological macromolecules [18, 19]. Structures
based on silicon (Si, SiO,, Si;N,), glass, graphene,
metal oxides (Al,O;, HfO,, TiO,), polymers,
such as polyethylene terephthalate (PET, lavsan),
polyimides, and polycarbonate are often used
as nanopore structures. Composite membranes
(MoS,/SiN,; Si;N,/Si0,; graphene/Al,0;) are also used.
The variety of materials suitable for the fabrication
of solid-state nanopores allows preparing membranes
with various physicochemical properties [17, 20-23].

Solid-state nanopores can be fabricated by various
methods, including electron beam drilling (EBD),
controlled dielectric breakdown (SDB), and creation
of a nanopore by a focused ion beam (FIB) [22, 24-26].

One of the interesting and important enzymes
for the development of medicine and biotechnology
is horseradish peroxidase (HRP; EC: 1.11.1.7).
Interest in HRP is also due to the fact that this enzyme
is a model protein widely used in the study of peroxidase
enzymes, which play an important role in various
biochemical processes [27]. The HRP enzyme
catalyzes the oxidation reactions of various
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organic and inorganic molecules in the presence
of hydrogen peroxide (H,0,) [28]. Its molecular
mass of 40—44 kDa [29, 30] corresponds to a molecule
size of about 5 nm [31]. Previously, the functioning
of the HRP molecule was studied using a nanopore
detector by entrapping it in a nanopore, but the size
of this nanopore was quite large and significantly
exceeded the size of the HRP molecule [32, 33].

In this work, a nanopore detector was constructed
in which a single HRP molecule was entrapped
on the side of the cis-chamber to which a negative
voltage was applied. A solid-state nanopore based
on silicon nitride (Si;N,, hereinafter referred to as SiN)
was used as a nanopore. The functioning of a single
HRP enzyme molecule in the presence of its substrate
2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate)
(ABTS) in the presence of H,O, was carried out using
this method of voltage application to the measuring cell.

MATERIALS AND METHODS

The experiments were performed using
2 mM Dulbecco's phosphate buffered saline (PBS-D),
pH 7.4, which was prepared using ultrapure deionized
water from a ready-made salt mixture purchased from
Pierce (USA). Ultrapure deionized water was obtained
using a Simplicity UV system (Millipore, France).

Horseradish peroxidase (HRP) was purchased
from Sigma (USA; catalog number P6782; desalted
lyophilized powder; ABTS activity 1995 units/mg,
RZ 3.0 [34]). The substrate (2,2-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonate, ABTS; catalog number A1888)
was also purchased from the same company.
For the experiments, a 0.3 mM ABTS solution
was prepared in PBS-D buffer. Hydrogen peroxide
(0.003%; v/v) was used in 2 mM PBS-D.
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Nanopore Fabrication

Since the HRP dimensions have been determined
to be 4.3x4.8x5.8 nm [35], ananopore with sizes smaller
than the characteristic sizes of the HRP molecule
was formed. This did not allow the HRP molecule
to freely pass through the nanopore. The nanopore
was formed by the EBD method in a SiN chip.
The nanopore had a length of 40 nm. An image
of this pore obtained by transmission electron
microscopy (TEM) is shown in Figure 2. Since
the pore size was smaller than the characteristic
size of the HRP molecule (5.8 nm), the latter
could be retained in this pore without passing through
it into the opposite (trans-) chamber.

Fabrication of a Nanopore Detector

The nanopore detector included a measuring cell.
The volume of this cell was divided into
two (cis- and trans-) chambers. The volume of each

Figure 2. TEM image of a nanopore formed
by the EBD method in a SiN chip.

Ag/AgC
electrode

chamber was 700 pl. A SiN chip with a nanopore
served as a partition between these chambers.
The diagram of the nanopore detector designed
in our work is shown in Figure 3.

Before the experiment, both chambers
of the measuring cell were filled with ultrapure
deionized water. After that, both cells were filled with
PSB-D buffer. During the measurements, an electric
voltage was applied between the cis- and trans-chambers
using Ag/AgCl electrodes, immersing them in cells
filled with the solution. The ion current passing
through the nanopore was recorded in real time.
After the measurements, the cell and the SiN chip
were washed with ultrapure deionized water.

The detector was shielded with a Faraday cage.
The current flowing through the nanopore was measured
with a patch-clamp amplifier with an intrinsic
noise level of 0.3 fA in a frequency band of 1000 Hz.
The voltage applied to the cell was 200 mV.
The ion current flowing through the nanopore
was recorded using a 16-bit analog-to-digital
converter (ADC). A Butterworth filter with
a frequency of 1000 Hz was used to filter the signal.

Spectrophotometric Control of HRP Activity

To confirm the activity of the studied HRP enzyme
under the experimental conditions, spectrophotometric
measurements were performed. The essence of these
measurements was to monitor the absorption
of the solution at 405 nm [36] during the oxidation
reaction of ABTS in the presence of H,0,
in 2 mM PBS-D buffer, pH 7.4. The concentrations
of HRP, ABTS, and H,0, in these measurements
were 10° M [36], 0.3 mM [36, 37], and 0.003% (v/v),
respectively. The measurements were performed
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/ cis -

— chamber

- trans-
— chamber
+ Ag/AgCL
electrode
PBS-D
buffer
SiN chip with
nanopore

Figure 3. Schematic diagram of the nanopore detector based on a solid-state nanopore formed by the EBD method

in a SiN chip, used in the experiments with HRP.
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in a quartz cuvette with an optical path length of 1 cm
on an Agilent 8453 spectrophotometer (Agilent
Deutschland GmbH, Germany). The measurements
were performed in 3 technical replicates.

RESULTS

Control Experiments with a Nanopore Detector

First, control experiments were carried out
with 2 mM PBS-D without enzyme. The buffer
was added to the cis- and trans-chambers; the voltage
between the clectrodes was 200 mV. After that,
a 0.3 mM solution of ABTS in PBS-D was added
to the cis-chamber, and this did not change the pore
conductivity (Fig. 4).

It should be noted that addition of 0.003% H,0,
to PBS-D in the cis-chamber under the same conditions
also did not change the pore conductivity (Fig. 5).

Then the ABTS solution was replaced with
a solution containing 0.3 mM ABTS and 0.003% H,0,
in the cis-chamber. In this case, no changes in the pore
conductivity were observed either (Fig. 6).

Registration of HRP Activity Using a Nanopore

Initially, 2 mM PBS-D without the enzyme
was first added to the cis- and trans-chambers
of the cell. Then, during the working experiments,
the HRP enzyme was added to the cis-chamber,
to which a negative voltage was applied, so that
its final concentration in the chamber was 10® M,
as shown in Figure 7, and the signal decreased,
indicating a slight closure of the pore.

After partial closure of the nanopore
by the HRP molecule was observed, the ABTS substrate
solution was added to the cell to its final concentration
in the cis-chamber of 0.3 mM. After that, H,0O, solution
was introduced into the cell so that at the time
point of 200 s, the cell contained 0.3 mM ABTS and
0.003% H,0,. The presence of H,0, triggered
the reaction of substrate oxidation (ABTS). During this
reaction, fluctuations in the value of the ion current
flowing through the nanopore were observed with
the appearance of peaks on the recorded dependence
of the ion current, starting from the time point of 450 s.
In this case, the value of the ion current was
approximately -250 pA. The amplitude of the observed
fluctuations in the ion current reached ~150 pA.

Spectrophotometric Confirmation of HRP Activity

In order to confirm the HRP activity under
the conditions of the nanopore detector experiment
at enzyme, ABTS substrate and hydrogen peroxide
concentrations of 10° M, 0.3 mM, and 0.003% (v/v),
respectively, we carried out spectrophotometric
measurements as described in the “MATERIALS AND
METHODS” section. The resulting time dependence
of the solution absorption is shown in Figure 8.
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Figure 4. Time dependence of the ion current flowing
through the nanopore in the control experiment
aimed at determining the effect of ABTS addition.
The arrow shows the time of adding the ABTS solution
to the cis-chamber of the measuring cell. The final
concentration of ABTS in the measuring cell was 0.3 mM.
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Figure 5. Time dependence of the ion current flowing
through the nanopore in the control experiment
aimed at determining the effect of the H,0, addition.
The arrow shows the time of adding the H,O, solution
to the cis-chamber of the measuring cell.
The final concentration of H,0, in the measuring cell
was 0.003% (v/v).
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Figure 6. Time dependence of the ion current flowing
through the nanopore in the control experiment
without the enzyme. The arrow shows the time
of adding the H,0, solution to the cis-chamber
of the measuring cell. The final concentrations
of ABTS and H,0, in the measuring cell were
0.3 mM and 0.003% (v/v), respectively.
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Figure 7. Time dependence of the ion current flowing through the nanopore. The arrows show the time points
of adding the HRP, ABTS, and H,0, solutions to the cis-chamber of the measuring cell. The final concentrations
of HRP, ABTS, and H,0, in the measuring cell were 10* M, 0.3 mM, and 0.003% (v/v), respectively.
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Figure 8. Time dependence of absorption
of a solution (4,ys) containing HRP, ABTS, and H,0,
monitored at 405 nm. The final concentrations of HRP,
ABTS, and H,0, in the cuvette were 10° M, 0.3 mM, and
0.003% (v/v), respectively. The optical path length
of the cuvette was 1 cm. The measurements were

performed in 2 mM PBS-D (pH 7.4).

The A,ys(t) dependence shown in Figure 8§
confirms that the studied HRP enzyme retained
its functional activity throughout the entire observation
time, corresponding to that in the nanopore detector
experiment (~700 s).

DISCUSSION

In this work, we have investigated the possibility
of registration of the catalytic activity of a single
HRP molecule entrapped in a nanopore from
the cis-chamber side. The nanopore diameter of ~5 nm
allowed retaining the HRP molecule within
the nanopore, preventing it from penetrating
from the cis-chamber to the trans-chamber. After
addition of a HRP solution to the cis-chamber,

one of the HRP molecules approached the nanopore and
blocked its lumen, as evidenced by the change
in the ion current flowing through the nanopore
in the period from 60 s to 130 s. Then, after adding
the substrate solution, a H,0, solution was added
to the cis-chamber, thus initiating the enzymatic reaction
of substrate oxidation. Figure 7 shows the signal
fluctuations observed in the working experiments.
In blank experiments (in the absence of HRP),
ABTS or H,0, did not affect the conductivity
of the nanopore. Thus, we demonstrated the possibility
of monitoring the functioning of a single HRP enzyme
molecule after its insertion into a nanopore
from the cis-chamber side of the measuring cell
of the nanopore detector.

CONCLUSIONS

In this work, the possibility of recording
the functioning of a single HRP molecule in real time
in a SiN nanopore with a diameter of about 5 nm was
experimentally confirmed. The studies were carried out
under conditions when the enzyme was added
to the cis-chamber. During the functioning of HRP,
ABTS was oxidized in the presence of hydrogen
peroxide. Fluctuations in the ion current flowing
through the nanopore, the Ilumen of which
was blocked by the HRP molecule, were observed.
It should be noted that in the control experiments
(in the absence of HRP), such fluctuations
in the ion current were not observed. The enzyme
activity under the experimental conditions
was confirmed by the spectrophotometry method.
The approach we have proposed in this work
may be applicable for further studies of the functioning
of wvarious enzymes at the single-molecule
level, which is important for the development
of single-molecule enzymology.
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PETACTPAIIMSA AKTUBHOCTH EJJUHAYHOM MOJEKYJIbI IEPOKCHUIA3BI XPEHA
C IOMOIIBIO TETEKTOPA HA BA3E TBEPIIOTEJIbHON HAHOIIOPBI

10./1. Hsanoé', A.H. Aonees', A.B. Bunozpaoosa', E./]. Heseoposa', H./]. Illymoé'*, B.C. 3ubopoé’, A.®. Ko3znoé',
H.A. Heanoea', H.B. Baynun®, /.B. Jlebeoee™, A.C. Bykamun>, U.C. Myxun®, E.A. Ilonomapenxo', A.H. Apuakoé’

'HayuHo-KcclenoBaTenbCKuil MHCTUTYT OroMenuiMHCeKoi xumun numenn B.H. OpexoBuya,
119121, Mockaa, yi. [Toromuackas, 10; *3m. moura: shum230988@mail.ru
?Axanemuueckuii yauepcuteT nmenu JK.U. Andepora, 194021, Cankr-IletepOypr, yin. XimonuHa, 8, kopit. 3
‘UucTtuTyT aHamutudeckoro nmpubopocrpoenus, 190103, Cankr-IlerepOypr, yiu. MBana Yepusix, 31-33

B mnacrosmeit pabore NpoIeMOHCTPHPOBAHO HCIIOIH30BAHUE TBEPIOTEIFHOTO HAHOIOPOBOTO JETEKTOpa
JUIS MOHHTOPHHTA aKTHBHOCTH EIWHWYHON MOJEKYIbl MoOzenbHOro ¢epMmeHTa — mepokcuaassl xpeHa (I1X).
OTOT AETEeKTOp BKIIOYAl B ce0s M3MEPUTENBHYIO S4YEHKY, pas[eleHHyI0 Ha LUC- U TPaHC-KaMephbl YHIIOM
u3 Hutpuga KpeMuus (SiN CTpyKTyphl) ¢ HAHOMIOPOU quamMeTpoM S HM. i BCTpauBaHUs eIUHHYHONU MOJIEKybl [1X
B HAHOIOPY, B LHC-KaMepy IOMEIald D3JIEKTPOJ U MPUKIAJAbIBald K HEMY OTPULATEIILHOE HaIpsKEHUE,
T1ocJie 4ero B 3Ty Kamepy no6asisiiu pactBop [1X. ITocne aToro npoBoamin peaknuio okucieHus cyoerpara [1X —
2,2-a3uH0-0uc(3-3THnoeH3oTnazonuH-6-cynbponara (ABTC) — 3Toit MOJEKyYITOi B IPUCYTCTBHU ITEPOKCHIA BOIOPOIA.
B mpomecce 3TO# peakmuu MPOBOIMIN MOHHUTOPHUHT (DYHKIIMOHHPOBAHWS BCTPOSHHON B HAHOIOPY CIMHUYIHOM
Monekysel IIX myTéM perucrpanuu 3aBMCHMOCTH HMOHHOTO TOKA, IPOTEKAIOIIEro 4Yepe3 HAHOIOpY, OT BPEMEHHU.
[IpenymoxenHslii B Harield paboOTe MOAXOM MOXKET IO3BOJIUTH B JaJbHEHIIEM HCCIENOBATh (DYHKIIMOHHPOBAHUE
pa3nuuHBIX (EpMEHTOB Ha YPOBHE €IMHMYHBIX MOJIEKYIN, YTO SIBJSIETCS BRKHBIM IIaroM B Pa3BUTHUU JH3MMOJIOTHH
€IMHUYHBIX MOJEKYII.

THonuwiii mexcm cmamuvu Ha PyccKoM A3viKe 0ocmynen Ha cavime sxcypuana (hitp://pbmce.ibmc.msk.ru).

KaioueBbie cioBa: HaHOHOpOBLIﬁ JACTCKTOP, (l)epMeHTaTI/IBHaH AKTUBHOCTb; HAHOIIOpAa; JH3UMOJOTUA
CANHUYHBIX MOJICKYJT

®uHaHcupoBaHue. Pabora BeIMTONHEHAa B paMkax I[IporpamMMmbl (yHIaMEHTAIbHBIX HAyYHBIX HCCIEIOBaHUN
B Poccutiickoit @eneparnuu Ha gonrocpounsiid nepuoxa (2021-2030 roasr) (Ne 122030100168-2).

Ioctynmna B pegakumto: 25.04.2024; mocne nopadotku: 04.07.2024; npunsrta k medatn: 22.07.2024.
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