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ABSTRACT: Cisplatin, which selectively binds to N’ atoms of purines
to inhibit normal replication and transcription, is a widely applied
chemotherapeutic drug in the treatment of cancer. Though direct
identification of cisplatin lesions on DNA is of great significance, existing
sequencing methods have issues such as complications of preamplification
or enrichment-induced false-positive reports. Direct identification of
cisplatin lesions by nanopore sequencing (NPS) is in principle feasible.
However, relevant investigations have never been reported. By
constructing model sequences (83 nucleotides in length) containing a
sole cisplatin lesion, identification of corresponding lesions by NPS is
achieved with <10 ng of input sequencing library. Moreover, character-
istic high-frequency noises caused by cisplatin lesions are consistently
observed during NPS, clearly identifiable in corresponding high-pass
filtered traces. This feature is, however, never observed in any other
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combinations of natural DNA bases and could be taken as a reference to identify cisplatin lesions on DNA. Further investigations
demonstrate that cisplatin stalls the replication of phi29 DNA polymerase, which appears as a ~5 pA level fluctuation in the single-
molecule resolution. These results have confirmed the feasibility of NPS to identify cisplatin lesions at the genomic level and may
provide new insights into understanding the molecular mechanism of platinum-based drugs.

KEYWORDS: cisplatin, nanopore sequencing, MspA, high-pass filter, replication stalling

cis-Diamminedichloroplatinum(II) (cisplatin), first introduced
to clinical uses in the 1970s, is a landmark drug in the history
of cancer chemotherapy. It is particularly effective in the
treatment of cancer types such as colorectal, prostate,
testicular, and ovarian cancer."” Although studies have
suggested that cisplatin can bind to RNAs, proteins, and
membrane phospholipids,”® it is generally believed that its
DNA-binding capacity is the dominant biological event,
triggering its anticancer activities.” When uptaken by cells,
cisplatin is gradually hydrolyzed to its diaqueous derivative and
selectively binds to N’ atoms of purines on cellular DNAs,
forming the majority of 1,2-intrastrand crosslinking products
(NH;),Pt-(GpG) (denoted as GG, ~65%), (NH,),Pt-(ApG)
(AAG ~25%), and a small amount of 1,3-intrastrand
crosslinking products (~5-10%)."° Higher-order DNA
structures are also susceptible to the formation of cisplatin
lesions. Research studies on chicken erythrocyte nuclei® or 5S
rRNA gene of Xenopus borealis’ have suggested that cisplatin
demonstrates a binding preference for the linker region of the
internucleosomal DNA. Also, cisplatin favors the open form of
the chromatin,®® and the level of cisplatin adducts is
modulated by the nature of the post-translational modification
of the histones.'"” As a result, DNA replication or gene
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transcription is inhibited by the cisplatin crosslinking, leading
to cell apoptosis.'' "

Since the effects of cisplatin damage on cellular DNA are the
basis of its therapeutic function, to elucidate the binding
mechanism of DNA damage caused by cisplatin anticancer
drugs is urgent to ensure the safety and the effectiveness of the
cancer therapy. A premise to the detailed understanding of
these underlying molecular mechanisms is to accurately
identify the cisplatin lesions using reliable DNA-sequencing
methods. Recent progresses have shown that cisplatin lesions
are more prevalent in mitochondrial DNA due to the scarcity
of nuclear excision repair and histone proteins.">™'® This
uneven distribution partially unveils the preference of cellular
processing of cisplatin lesions and provides a theoretical basis
for the design of platinum-based drugs targeting mitochon-
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dria.'"">"” These inspiring results again demonstrate the
urgency to accurately identify cisplatin lesions on DNA.

First-generation sequencing has deciphered the binding
preferences of cisplatin on model DNA,**~** but this approach
intrinsically requires gel electrophoretic characterization of the
radioactive or fluorescent-labeled double-stranded DNA
(dsDNA),**** which makes the genomic level DNA
sequencing onerous and expensive.24 Besides, interference
from other DNA damages could not be excluded by gel
imaging; by analyzing the mutational signature of samples from
patients, next-generation sequencing enables specific identi-
fication of the imprints of different DNA damages which would
lead to cancer.”>*® However, no such mutational signature for
cisplatin has been reported. Moreover, the construction of the
sequencing library requires sample pre-enrichment assisted by
relevant antibodies,'”*® which may produce false-positive
reads due to the unsatisfying specificity of the antibod-
es.””*”?" In addition, both sequencing methods require
complicated preamplification procedures, which may lead to
amplification biases and errors caused by the polymerase chain
reaction (PCR)”"** or polymerase stalling.”

Nanopore sequencing (NPS) resolves sequence-dependent
information by directly reading the physiochemical properties
of analytes. It generally demonstrates advantages in the cost
and the read length and is free of labeling or PCR procedures.
Nowadays, high-throughput NPS has also been widely applied,
as pioneered by Oxford Nanopore Technologies. NPS has
been widely applied to decode long reads of DNA,***
RNA,**™** and nucleic acid analogues.”” Epigenetic mod-
ifications such as DNA methylations,""~* RNA methyla-
tions,”>*”** and RNA A-to-I editing’’ can also be efficiently
mapped by NPS. However, direct identification of cisplatin
lesions has not yet been reported by NPS to the best of our
knowledge. In this paper, we aim to demonstrate the feasibility
of NPS to resolve a cisplatin adduct on the DNA sequence. By
comparing specific features introduced by cisplatin adduction
under low-pass and high-pass filter, a direct identification of
the cisplatin lesion can be accurately achieved.

B EXPERIMENTAL SECTION

Materials. DNA-GG was purchased from GeneScript (Nanjing,
China). DNA-GG-preSeq, DNA-Primer, DNA-Blocker, DNA-S'P,
DNA-Splint, deoxynucleotide triphosphates (dANTPs), and acrylamide
were purchased from Sangon Biotechnology (Shanghai, China).
Streptavidin (#N7021S), phi29 DNA polymerase (#M0269L), and
T4 DNA ligase (#M0202S) were purchased from New England
Biolabs. Hexadecane, pentane, and ethylenediaminetetraacetic acid
were purchased from Sigma-Aldrich. 1,2-Diphytanoyl-sn-glycero-3-
phosphocholine (DPhPC) was purchased from Avanti Polar Lipids.
Cisplatin, silver nitrate, potassium chloride, and sodium hydroxide
were purchased from Aladdin (Shanghai, China). Ammonium
persulfate, N,N,N’,N’-tetramethyl-ethylenediamine (TEMED), bL-
dithiothreitol (DTT), and imidazole were purchased from Solarbio
(Beijing, China). Urea was purchased from Biosharp (Hefei, China).
4-(2-Hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) was
purchased from Shanghai Yuanye Biotechnology (Shanghai, China).
Magnesium chloride was purchased from Macklin (Shanghai, China).
Ammonium sulfate was purchased from Xilong Scientific (Guangz-
hou, China). Tris(hydroxymethyl)aminomethane (Tris) was pur-
chased from BioFroxx. Hydrochloric acid was purchased from
Sinopharm (Beijing, China). 20 bp DNA Ladder (#3420A) and
low-melting-point agarose (#5261) were purchased from Takara.

Methods. Preparation of Reactive Cisplatin (Hydrolyzed
Cisplatin) In Vitro. Cisplatin (0.03 g, 100 ymol) was activated by
mixing it with AgNO; (0.06 g, 350 pmol) at 37 °C for 6 h in 500 uL

3083

of water (Figure S1). Here, AgNOj serves to precipitate the chloride
ions as well as to promote the formation of the diaqueous derivative
form of cisplatin.***’ The reaction was conducted in a 1.5 mL
Eppendorf tube and covered by an aluminum foil to avoid exposure to
light. Then, the suspension was centrifuged at 13,000 rpm for 10 min
and filtered by an Acrodisc 25 mm w/0.2 ym Supor STRL 50/PK
syringe filter (Pall Corporation) to thoroughly remove the
precipitated silver chloride. Afterward, the supernatant was stored at
—80 °C, ready for subsequent uses.

Preparation of DNA-GAG and DNA-GAG-preSeq Samples. DNA-
GAG (“M represents the cisplatin adduction) was prepared by
incubating DNA-GG (50 nucleotides in length, 2 nmol, Table S1),
hydrolyzed cisplatin (~4 nmol), and HEPES (final concentration =
10 mM, pH = 7.0) at 37 °C for 24 h in 50 uL of water in the dark.
The prepared single-stranded DNA (ssDNA) was purified by Dr.
GenTLE Precipitation Carrier (#9094, TaKaRa) to remove remaining
ions. After that, the precipitated DNA was vacuum-dried and stored at
—20 °C, ready for future uses (Figure S1). DNA-GAG-preSeq was
prepared in a similar way. DNA-GAG and DNA-G*G-preSeq sample
were then characterized by the liquid chromatography—mass
spectrometry (LC—MS) service provided by Sangon Biotechnology
(Figures S2 and S3).

Preparation of Buffers. Buffer 1 (0.3 M KCl, 15 mM Tris-HCl, pH
= 8.0) is used for the nanopore immobilization assay. Buffer 2 [0.3 M
KCl, 10 mM MgCl,, 10 mM (NH,),SO,, 10 mM HEPES, pH = 7.5]
is used for NPS. Both buffers were prepared by Milli-Q water from
Merck Millipore and filtered by using CA 47MM WH 0.2 ym 100/PK
(#7001 0004) from Whatman (Maidstone, England).

Preparation of Immobilization Assay Samples. 5’ Biotin-TEG
tethered ssDNA (DNA-GG or DNA-GAG) was mixed with
streptavidin at a 1:1 molar ratio at room temperature for 10—20
min prior to each use.

Preparation of Sequencing Templates (DNA-GG-Seq and DNA-
GAG-Seq). Sequencing templates were prepared by ligating two DNA
oligomers, the template precursor (DNA-GG-preSeq or DNA-G*G-
preSeq), and the phosphorylated strand (DNA-S'P, which has a
phosphorylated modification on its S’ end), with the assistance of a
splint strand (DNA-Splint). Briefly, three DNAs were mixed at a 1:1:1
molar ratio (0.36 nmol each) in 10 uL of buffer 2. The mixture was
then thermally annealed. After that, the dsDNA solvent was added
with 50 mM Tris-HCl, 10 mM MgCl,, 1 mM ATP, 10 mM DTT, as
well as 800 units of T4 DNA ligase (New England Biolabs,
#MO0202S), and water to reach a 20 uL reaction volume (pH =
7.5). The above-described mixture was incubated at 25 °C for 3 h.
Afterward, oligonucleotides of different lengths were then separated
and purified by 10% urea-denatured polyacrylamide gel electro-
phoresis (Figure S4). The product DNA, namely, DNA-GG-Seq or
DNA-G"G-Seq, was further dissolved in water and then precipitated
by Dr. GenTLE Precipitation Carrier (#9094, TaKaRa). The
precipitated DNA was subsequently vacuum-dried and stored at
—20 °C.

Preparation of Sequencing Libraries. Library GG-Seq or library
G*G-Seq was prepared by mixing the template (DNA-GG-Seq or
DNA-G7G-Seq), DNA-Primer, and DNA-Blocker (Table S1) at a
1:1:2 molar ratio in buffer 2. The mixture was then incubated at 95 °C
for 3 min and gradually cooled down to 25 °C with a rate of
temperature change of —5 °C/min. The above-described thermal
annealing was performed by using ABI 2720 (Applied Biosystems).

Electrophysiology Recording. All electrophysiology results men-
tioned in this paper were acquired by an Axopatch 200B patch clamp
amplifier and digitized by the Digidata 1550 Al digitizer (Molecular
Devices, US). The measurements were conducted with a custom
measurement chamber, consisting of two compartments, respectively,
defined as the cis chamber and the trans chamber. The chambers are
separated by a Teflon film (~30 pm thick) with an orifice (¢ = 100
um) on it. Before the experiment, the orifice was pretreated with ~1
uL of 0.5% (v/v) hexadecane (pentane) on both sides. After both
compartments were filled with the KCI electrolyte solution, DPhPC
was added to the chambers to form a self-assembled lipid bilayer
membrane. A pair of Ag/AgCl electrodes were, respectively, inserted
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Figure 1. Identification of the cisplatin—DNA adduct by a DNA immobilization assay. (a) Chemical structure of cisplatin. Cisplatin is represented
as a blue cross. (b) Mechanism of cisplatin adduction on DNA. Cisplatin directly binds to N” atoms of adjacent guanosines (red marked) of an
ssDNA strand (DNA-GG, Table S1), generating an intrastrand platinum crosslinking (blue marked) on the produced ssDNA (DNA-GAG, Table
S1). The ssDNA (DNA-GG and DNA-G*G) contains a $’ biotin-TEG (gray circle) to be conjugated with a streptavidin stopper in the DNA
immobilization assay. The “X” in the sequence marks the abasic site (Table S1). (c) Schematic diagram of the assay. An MspA nanopore (light
blue) is applied to accommodate S’ streptavidin (light gray circle)-tethered ssDNA (DNA-GG or DNA-GAG) when a +180 mV electrical potential
is applied. Different residual currents are generated when DNA-GG or DNA-G/G is captured by the pore. (d) Representative events generated by
the immobilization of DNA-GG or DNA-GAG. I, marks the open-pore current. L. g Or L.grq respectively, marks the residual current (I,)
caused by DNA-GG or DNA-GAG blockage. Generally, the residual current caused by DNA-GAG is ~7 pA lower than that caused by DNA-GG.
(e) Representative trace containing sensing events of DNA-GG (red marked) and DNA-GAG (blue marked). A voltage protocol of +180 mV/900
ms, —120 mV/250 ms, and 0 mV/40 ms was repetitively applied. L., was acquired when a +180 mV potential was applied. (f) Event histogram of
I./1, of results acquired in measurement, as described in (e). Two peaks, which, respectively, demonstrate events caused by the immobilization of
DNA-GG or DNA-GAG, were observed. They were, respectively, Gaussian-fitted with blue (DNA-GAG) or red curves (DNA-GG). Results in (d—
f) were from measurements performed with a mixture of DNA-GG/DNA-GAG, as described in Methods. Briefly, the final concentrations of DNA-
GG and DNA-GAG are 200 nM for each component. All measurements were carried out with buffer 1 (0.3 M KCl, 15 mM Tris-HCl, pH = 8.0).

in both chambers, in contact with the buffer. Conventionally, the cis
side is electrically grounded. An octameric Mycobacterium smegmatis
porin A (MspA, PDB ID: 1UNN) mutant (D9ON/D91N/D93N/
D118R/E139K/D134R), which is a conical-shaped nanopore used in
the early demonstration of NPS,*° was applied for all nanopore
measurements in this study (for simplicity, this mutant is referred to
as “MspA” throughout this paper, if not otherwise stated). The
prepared MspA nanopore was added to the cis chamber and could
spontaneously insert into the membrane.

The DNA immobilization assay was carried out with buffer 1. The
streptavidin-tethered DNA was added to the cis chamber to reach a
100 nM final concentration. After that, a cyclic voltage protocol (+180
mV for 900 ms, —120 mV for 250 ms, and 0 mV for 40 ms) was
applied. For each measurement, this voltage protocol was repetitively
applied for at least ~200 times. Results were acquired with a 10 kHz
sampling rate and low-pass Bessel filtered with a 1 kHz cutoff
frequency.

NPS was carried out with buffer 2. DTT was added to the buffer to
reach a final concentration of 4 mM prior to each measurement. The

3084

sequencing library was added to the cis chamber to reach the final
concentration of about 2 nM, as well as 250 uM dNTPs and 10 units
of phi29 DNA polymerase, respectively. After that, a +180 mV voltage
was continuously applied and stepwise sequencing data were
subsequently reported. All sequencing data were recorded with a 10
kHz sampling rate and low-pass filtered or high-pass filtered with a
Bessel filter (8-pole). The cutoff frequency was set at 600 Hz using
Clampfit 10.7 (Molecular Device).

B RESULTS AND DISCUSSION

Discrimination of the Cisplatin Lesion by a DNA
Immobilization Assay. To testify whether a cisplatin (Figure
1a) lesion on DNA can be resolved by a nanopore, a quick
proof-of-concept demonstration was performed by a DNA
immobilization assay.””*'™>* A model DNA strand DNA-GG
(Table S1), which contains adjacent guanosines embedded in
neighboring abasic sites on a homopolymeric strand of
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Figure 2. Identification of the cisplatin—DNA adduct by NPS. (a) Schematic diagram of sequencing library preparation. The template (DNA-GG-
Seq or DNA-G*G-Seq) was mixed with DNA-Primer (pink) and DNA-Blocker (light blue). Afterward, the mixture was thermally annealed to form
the sequencing library (libraryGG-Seq or libraryGAG-Seq) (Methods), ready for downstream NPS. Specifically, the library GAG-Seq (Methods,
Figure S4) was designed to contain an intrastrand platinum adduct (blue marked), which was to be identified by NPS. (b) Schematic diagrams of
different stages of NPS when the library GAG-Seq is sequenced. A phi29 DNAP (green) was applied as the molecular motor to move the template
strand against the direction of the electrophoretic force. The gray arrows mark the motion direction of the DNA template during NPS. Roman
numerals I, II, and III, respectively, demonstrate the stage when the platinum adduct is below, at, and above the pore’s constriction during NPS,
happening in a sequential order. (c,d) Representative traces when library GAG-Seq (c) or library G*G-Seq (d) was sequenced by a nanopore.
Different stages of NPS were marked on top of both traces. The overall pattern of NPS differs the most at stage II, at which the platinum adduct is
in the vicinity of the pore’s constriction. Besides, results in stage II of (c) demonstrate high-frequency noises, which were never observed in (d) at
all. (e,f) Overlay of time-normalized NPS results of library GAG-Seq (N = 20) (e) and library GG-Seq (N = 20) (f). The overlaid results in (e,f)
demonstrate a general consistency between each other, except at stage IL. Results in stage II of (e) were not included in the time-normalized results
but demonstrated with a blue logo. This part of results is demonstrated with more details in Figures S6 and S7. All NPS measurements were carried
out as described in Methods. The final concentration of either sequencing library complex was 2 nM. Results in (c,d) were Bessel (8-pole) low-pass
filtered with a 600 Hz cutoff frequency to demonstrate discrete steps of NPS.

thymidine, was designed and synthesized. The abasic and described in Figure 1b. Success of the DNA adduction is

thymidine nucleotides on the strand serve to minimize the also confirmed by mass spectroscopy (Figure S2). DNA-GG

binding of cisplatin to nondesired sites of the DNA. and DNA-GAG both contain a biotin tether placed to their §’

Experimentally, DNA-GG was incubated with reactive cisplatin end, capable of binding a streptavidin stopper with which a

(Methods) in a 10 mM HEPES buffer (pH = 7.0, Figure S1) to DNA immobilization assay is performed (Methods).

form DNA-GAG (Table S1), which contains a cisplatin adduct The assay was carried out as described in Figure 1lc. The

on the adjacent guanosines, forming a DNA lesion, as measurement was conducted with a MspA in buffer 1 (0.3 M
3085 https://doi.org/10.1021/acssensors.1c01212
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KCl, 1S mM Tris-HCl, pH = 8.0). Briefly, at a +180 mV
applied potential, the sustained flow of ionic current through
the nanopore produces a constant open-pore current (I,). The
conical structure of MspA ensures a high spatial resolution,
sensitive to minor variations of the analyte composition only in
the vicinity of the pore’s constriction.”* Thus, the adjacent
guanosines adducted by a cisplatin may be identified by the
observation of a change in the residual current (I).
Experimentally, the assay was carried out, respectively, with
streptavidin-tethered DNA-GAG or DNA-GG (Figure SS).
Events corresponding to the immobilization of DNA-GAG
(Ies-rg) 0f DNA-GG (I, g) were identified by recognizing a
clear difference between corresponding I, values, measuring
~7 pA in the amplitude (Figure 1d). The corresponding
histogram of normalized residual current (I.,/I;) is presented
in Figure SS, which clearly demonstrates this difference. In the
assay when both analytes were simultaneously measured,
current blockages, respectively, corresponding to either I . grg
or I, gg were observed in a continuous trace lasting ~30 s
(Figure le). Events acquired from a continuous ~1000 s
record form two peaks in the corresponding event histogram of
L./l (Figure 1f), consistent with that separately measured
(Figure SS). In order to demonstrate the consistency of results,
three independent measurements were performed and
statistical results were summarized (Table S2), from which it
is conclusive that perturbations caused by cisplatin adduction
to a model DNA strand could cause a highly discriminable I
when measured by a nanopore, suggesting the feasibility that a
cisplatin-induced lesion may be identified by NPS.

Identifying the Cisplatin Lesion by NPS. Previously
reported results’ have demonstrated that the sequence
quadromer “TACT” (from 3’ to S’) reports a high event
amplitude, while the sequence quadromer “CATT” (from 3’ to
5') reports a low event amplitude during NPS. Thus, NPS of
sequence repeats of “TACTCATT” (form 3’ to S5’) would
report a cyclic and highly recognizable “V-shaped” pattern,
suitable to be applied as a model sequence. To probe whether
a cisplatin lesion can be identified by NPS, a simplified NPS
assay’’ was designed with this model sequence, to which two
adjacent guanosines were introduced to form a cisplatin
adduction site. By excluding the existence of other cisplatin
adduction sites in the model sequence, the binding of cisplatin
to nondesired sites is minimized. This model sequence was
designed, custom-synthesized, and termed as DNA-GG-preSeq
(Table S1). Desired cisplatin adduction to this sequence was
achieved by mixing DNA-GG-preSeq (2 nmol) with reactive
cisplatin (~4 nmol) in a 50 yL 10 mM HEPES buffer of pH =
7.0 at 37 °C for 24 h. Light exposure to the reaction mixture
was, however, strictly prohibited. The reaction product was
purified and further characterized by LC—MS (Figure S3) to
confirm the success. The purified product, which contains the
desired cisplatin lesion, is termed DNA-GAG-preSeq (Table
S1) and is ready for subsequent uses.

For ease of mass spectroscopy characterization, DNA-GG-
preSeq and DNA-GAG-preSeq were kept short, measuring 45
nucleotides in length. To further extend the DNA to be
suitable for NPS, DNA-GG-preSeq or DNA-GAG-preSeq was
ligated to a phosphorylated strand (DNA-S5'P, Table S1)
assisted by a splint strand (DNA-Splint, Table S1) to generate
DNA-GG-Seq or DNA-G*G-Seq (Table S1) as the template
strand for NPS (Figure S4). The template strand (DNA-GG-
Seq or DNA-GAG-Seq), DNA-Primer, and DNA-Blocker were
mixed at a molar ratio of 1:1:2 and thermally annealed to form
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the sequencing library (libraryGG-Seq or libraryG*G-Seq,
Table S1) (Figure 2a). NPS was carried out with a MspA
nanopore in buffer 2 [0.3 M KCl|, 10 mM MgCl,, 10 mM
(NH,4),SO,, 10 mM HEPES, pH = 7.5]. However, NPS is
considered to have the capability to sequence a single piece of
DNA. In practice, libraryG"G-Seq or libraryGG-Seq was,
respectively, added to cis with a 2 nM final concentration to
maintain a reasonable rate of detection (number of events
within a given time). Besides, 250 uM dNTPs for each
component and 10 units of phi29 DNA polymerase (phi29
DNAP, New England Biolabs) were added to cis to initiate
NPS.

During NPS, a +180 mV potential was continuously applied
to trigger the generation of NPS events. Briefly, a phi29
DNAP-bound sequencing library complex was first electro-
phoretically dragged into the nanopore, forcing the blocker
strand to be unzipped from the complex. This subsequently
triggered the initiation of primer extension driven by the
DNAP, generating the ratcheting motion of the template
strand through the pore. A stepwise event pattern correspond-
ing to NPS was consequently observed (Figure 2b). It is
expected that characteristic events corresponding to the
reading of the cisplatin lesion would be reported when the
platinum adduct is in the vicinity of the pore’s constriction
(Figure 2b). Roman numerals I, II, and III, respectively,
demonstrate the state when the platinum adduct was below, at,
and above the pore’s constriction during the primer extension
stage. The segmentation of acquired NPS results into
corresponding stages is achieved by the comparison between
the experiment result and the expected sequencing pattern
(Figure S6).

Representative NPS events of library GG-Seq or library
G~G-Seq were, respectively, demonstrated (Figure 2c,d). The
events were low-pass Bessel filtered with a 600 Hz (8-pole)
cutoff frequency to show discrete steps of NPS results (Figure
S6). The annotations for different stages of NPS (I, II, and III)
were assigned to different segments of the NPS results
according to the expected NPS pattern of library GG-Seq
(Figure S6). Experimentally, results of library GAG-Seq exhibit
a distinctive signal feature appearing as high-frequency noises
(Figure 2c, blue shading). This is, however, never observed in
corresponding sections when library GG-Seq was tested
(Figure 2d, red shading). To demonstrate the consistency of
the measurements, other NPS events were extracted, time-
normalized, and overlaid, with which it is confirmed that NPS
results produced by library GAG-Seq (Figure 2e) and library
GG-Seq (Figure 2f) demonstrate a general similarity but differ
significantly in corresponding sections from which the high-
frequency noises were observed. The extracted mean level
amplitudes of both sequencing libraries are summarized in
Tables S3 and S4 for comparison. These results have
confirmed that the highly distinctive noise feature observed
from library GAG-Seq should represent interactions between
the platinum atom and the pore’s constriction and may be
applied to map corresponding DNA lesions. However, to the
best of our knowledge, a DNA lesion caused by cisplatin
adduction has never been previously identified by NPS.

Previous attempts to map nucleotide modifications on
DNA**45%5 or RNA*** by NPS have focused on the low-
pass filtered event patterns. High-frequency noises possibly
generated by interactions between the analyte and the pore’s
constriction were never reported or discussed. Raw NPS events
acquired from library GAG-Seq or library GG-Seq were high-
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Figure 3. Cisplatin adduct identified as high-frequency noises. (a,b) Representative traces acquired by library GAG-Seq (a) or library GG-Seq (b)
during NPS. The raw and digitally filtered traces were aligned and demonstrated. Specifically, NPS results acquired with library GAG-Seq
demonstrate unique noises at stage II. These noises are more obviously demonstrated when the raw NPS trace was high-pass digitally filtered (a,
bottom trace). However, this noise characteristic is never observed in any results of (b). Both low-pass and high-pass digital signal filtrations were
conducted by a Bessel filter (8-pole) using Clampfit 10.7 (Molecular Device). The cutoff frequency was set at 600 Hz (Methods). Occasional
hysteresis motion of DNA caused by the DNAP was marked with the “*” on the low-pass filtered results. (c,d) SD values of the high-pass filtered
trace sections of library GAG-Seq (N = 20, c) and library GG-Seq (N = 20, d). Results derived from the trace sections corresponding to stages I, II,
and III are summarized in the box-plots. High SD values caused by the noise fluctuations in stage II of NPS results of library GAG-Seq are obviously
identified. However, this is never observed in other trace sections (c) or any trace sections acquired with library GG-Seq (d). The distributions of
results in (c,d) were also Gaussian-fitted and demonstrated to the right of the box-plot.

pass Bessel filtered (8-pole) and demonstrated. A 600 Hz
cutoff frequency was applied. By comparing corresponding
results at a high-frequency range, respectively, acquired from
library GAG-Seq or library GG-Seq, it is evident that the high-
frequency noises are only observed from the results of library
G*G-Seq (Figure 3a). These high-frequency noises were
consistently observed in corresponding sections of other events
from library GAG-Seq (Figure S7). It is, however, never
observed in any other sections of the trace or when library GG-
Seq was tested (Figure 3a,b). To demonstrate the consistency
of this observation, standard deviation (SD) values corre-
sponding to stages I, II, and III of the high-pass filtered trace
sections were derived and are summarized in Figure 3¢,d, from
which it is conclusive that the platinum adduct has produced
highly characteristic noises only when the lesion is in the
vicinity of the pore’s constriction. This high-frequency noise
feature has never been previously observed in any NPS
measurements with nucleic acids or the corresponding
modifications or lesions, suggesting that the platinum lesion
can be unambiguously identified by analyzing the noise of the
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high-pass filtered trace, a strategy that has never been reported
in previous attempts of NPS, to the best of our knowledge.

The blocker unzipping stage, which refers to the period
when the phi29 DNAP was bound to the sequencing library
and the blocker was electrophoretically removed in a stepwise
manner (Figure 4a), appears prior to the primer extension
stage. During this stage, sequential appearance of event levels,
which are mirror symmetric to that acquired during the primer
extension stage, can also be observed.’’ Results acquired
during this stage may as well be applied to decode the
composition of the template strand.”’ The rate of level
appearance during this stage is, however, not modulated by the
dNTP concentration, and level missing is frequently observed
during this stage as well.”’ Consequently, analysis of sequence
composition from NPS is rarely carried out from results
acquired during this stage. It, however, suggests that the
platinum adduct may be recognized during the blocker
unzipping stage of NPS.

Similar to that assigned to results during the primer
extension stage, roman numerals (1), (1), and (I) were
assigned to different stages during the blocker unzipping stage
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Figure 4. Appearance of cisplatin-induced noises during blocker unzipping and primer extension. (a) Schematic diagram of different stages of
blocker unzipping. The phi29 DNAP-bound sequencing library was first electrophoretically driven into the MspA, triggering the blocker to be
unzipped and the bound DNAP to retreat along the strand in a stepwise manner. After the blocker was fully removed, primer extension was
triggered, causing motion of the DNA template to reverse. The gray arrows mark the motion direction of the DNA template during blocker
unzipping. Roman numerals (III), (II), and (I), respectively, demonstrate the stage when the platinum adduct was above, at, and below the pore’s
constriction during blocker unzipping. These stages, respectively, correspond to stages III, II, and I during the primer extension, as described in
Figure 2b. During the period of blocker unzipping and the primer extension, reading of the cisplatin adduct was expected to happen twice. (b) Low-
pass digital filtered event of NPS of library GAG-Seq in its blocker unzipping and primer extension stage. Trace sections in stages (I1I), (II), and (I)
are generally symmetrical to sections of stages I, II, and III, which were symmetrically separated by a dotted line (Figure S8). The high-frequency
noises appeared twice in states (II) and IL (c) Corresponding high-pass digital filtered trace. The high-pass result was aligned with the
corresponding low-pass result. Distinctive noise characteristics in the high-pass results are clearly identified from stages (II) and II

as well, which, respectively, denote the stages when the manner. Eventually, the cisplatin adduct reaches the binding
platinum adduct was above, at, or below the pore’s pocket of the DNAP (Figure Sa), after which further
constriction. The assignment is based on the mirror symmetry replication of the enzyme may be stalled. Experimentally, the
of the NPS results during both stages. Acknowledging its corresponding NPS trace at this stage did demonstrate a
unique feature, the high-frequency noises corresponding to the replication stalling, appearing as level fluctuations with a ~5 pA
reading of the platinum adduct are easily recognized in Figure noise amplitude. The fluctuations appear as a back-and-forth
4b,c. The characteristic high-frequency noises corresponding movement between two states of the enzyme when further
to the reading of the DNA lesion are symmetrically identified. extension is, however, restricted (Figure Sb). This replication
A similar phenomenon is consistently observed with other stalling-associated fluctuation could last tens of seconds until
events, as demonstrated in Figure S8. This result suggests that the DNAP—Ilibrary complex escaped to the cis side or the
the platinum lesion can be identified twice in each event of DNAP may have proceeded beyond the lesion. This
NPS with the configuration demonstrated in this paper, further phenomenon is consistently observed among events produced
guaranteeing the accuracy of lesion identification. by libraryG*G-Seq. It is, however, never observed when tested
Observation of Polymerase Stalling Caused by the with libraryGG-Seq.

Cisplatin Adduct. A cisplatin adduct on DNA was commonly This phenomenon of replication stalling was as well
recognized as an obstacle for DNA replication®>***” and evaluated in ensemble (Figure Sc). DNA-GG-Seq and DNA-
transcription.””” However, investigation of this phenomenon G"G-Seq were, respectively, thermally annealed with the
at a single-molecule level has never been reported to the best DNA-Primer. The annealed complexes were then enzymati-
of our knowledge. Acknowledging the high spatial resolution cally extended by phi29 DNAP in the presence of NTPs. The
offered by NPS, a similar principle may as well be applied to products of reaction were characterized on a 3% agarose gel
observe the enzymatic behavior of the polymerase in the form (Figure Sc). When comparing results in lane S to lane 6 of the
of nanopore tweezers. ¢! In principle, during the primer gel, an additional band at position 2 (marked in blue) was
extension stage, the ratcheting motion of the DNAP moves the observed in lane 6, suggesting that a fraction of the DNA was
sequencing library toward the cis side of the pore in a stepwise partially extended without reaching a full length. Image analysis
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Figure 5. Observation of replication stalling caused by the cisplatin adduct. (a) Schematic diagram of replication stalling caused by the cisplatin
lesion during NPS. Replication is stalled when the cisplatin adduct has reached the binding pocket of the DNAP. (b) Representative NPS event
demonstrating the replication stalling caused by the lesion. Results in the blue-shaded area indicate that the DNAP is rapidly moving back and forth
without proceeding through the cisplatin adduct, generating a telegraphic fluctuation. (c) Observation of replication stalling in ensemble. From the
gel, we found that the annealing bands (in lane 4) migrated on position 1 and the full-extended bands (in lanes S and 6) migrated on position 3.
With the introduction of the cisplatin adduct to the DNA library in lane 6, an additional band appeared in position 2 (blue marked) as anticipated.
Image analysis from Image] was used to discover the relative intensity of bands in lanes S and 6. Similar to results observed by naked eyes, lane S
exhibited a single peak, while lane 6 exhibited a differentiable double-peak. Lanes 1—3: 40 ng DNA in each lane. Lanes 4 and 5: 35 ng DNA in each
lane. Lane 6: 70 ng DNA. Template (DNA-GG-Seq or DNA-G*G-Seq) and primer were mixed at a 1:1 molar ratio and thermally annealed to form
into dsDNA in lanes 4—6. Samples in lanes 5 and 6 were then incubated at 37 °C for 3 h under a replication environment to conduct the DNAP
extension. This assay was carried out on a 3% agarose gel. Replication environment: SO mM Tris-HCI (pH = 7.5), 10 mM MgCl,, 10 mM
(NH,),SO,, and 4 mM DTT. The reactions were initiated by adding dNTPs with a 6.25 mM final concentration and 10 units of phi29 DNAP to a
total volume of 20 uL (phi29 DNAP is from New England Biolabs).

performed by Image] more clearly demonstrated the same to map cisplatin lesions on a genomic DNA with a known
result. Based on the assay results acquired by NPS and in sequence. In future prospects, it is feasible to perform NPS
ensemble, it is conclusive that cisplatin acts as a replication
obstacle for phi29 DNAP. To the best of our knowledge, it is
also the first observation of cisplatin stalling of DNA
replication in a single-molecule regime. From this perspective,

with a site-mutated MspA nanopore without an interaction
between the adduct and the pore. By combining sequencing
data obtained from multiple pore types, complementary

the back-and-forth pattern induced by cisplatin adduct may as information of the lesions on the DNA sequence can be
well provide information to accurately identify the cisplatin reported. Cisplatin-caused DNA lesion is also discovered to
lesion during NPS. From the aspect of biophysics, it has stall DNA replication both in single-molecule and in ensemble,
provided a platform to investigate the interaction between suggesting an extra parameter in the identification of the

cisplatin lesions and polymerase, which could be useful to
quantitatively investigate the molecular mechanism of
platinum-based chemotherapeutic drugs and may be applied
to inspire new chemotherapeutic strategies. However, further
investigation can be carried out in further separate studies.

cisplatin adduct. Though not demonstrated in this paper, other
cisplatin-induced lesions, such as 1,2-intrastrand “AG”, 1,3-
intrastrand “GTG”, and monofunctional “G” adduct,s’é2 or
lesions caused by carboplatin®® or oxaliplatin,”* may as well be
studied by the same principle, which may provide new insights
B CONCLUSIONS into understanding the molecular mechanism of platinum-

To summarize, identification of a cisplatin lesion on DNA was based drugs.

demonstrated by nanopore measurements. The presence of a

cisplatin lesion on DNA has produced a ~7 pA drop in the B ASSOCIATED CONTENT
blockage current during the DNA immobilization assay.
Further investigations using NPS have identified a cisplatin
lesion on DNA by reporting hlghly unique event noises) which The Supporting Information is available free of Charge at
were, however, never observed in any reports of NPS https://pubs.acs.org/doi/10.1021/acssensors.1c01212.
performed with any combinations of natural bases. This highly
characteristic noise pattern is more clearly demonstrated in
corresponding high-pass filtered results, suggesting a simple
and straightforward way to identify the lesion without any
ambiguity. In practice, cisplatin-induced noises may make it
difficult to extract the sequence information in the vicinity of
the intrastrand “GG” region. It is, however, not an issue at all

@ Supporting Information

Synthesis and characterization of immobilization assay
samples, synthesis and characterization of the NPS
model DNA sequence, immobilization assay results and
the detailed analysis of NPS results, DNA sequences
used in this study, repeatability of immobilization assays,
and normalized results of current values in NPS (PDF)
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