ll

Article

Electron-transfer kinetics through nucleic acids
untangled by single-molecular fluorescence
blinking
Shuya Fan, Jie Xu, Yasuko
Osakada, ..., Mamoru Fujitsuka,
Kumi Kawai, Kiyohiko Kawai
kawai.k@shubun.ac.jp (K.K.)
kiyohiko@sanken.osaka-u.ac.jp (K.K.)

Highlights
Kinetics of distance-dependent
electron transfer (ET) in single
molecules
ET rate shows large heterogeneity
Blinking allows site-specific
single-molecule measurement on
cell blocks
Measurement of single mRNAs
can identify point mutations on
cell blocks

Kawai and co-workers study long-range electron transfer (ET) kinetics in a single
molecule by controlling and observing fluorescence blinking with DNA. The
distance-dependent ET rate up to 27 Å reveals that there is large heterogeneity in
the ET rate. The rate of ET through the nucleic acid depends on its sequence. The
authors identify point mutations in IDH1 mRNA that correlate with therapeutic
efficacy in adult gliomas by measuring the ET rate through DNA/RNA hybrids on
cell blocks.

Fan et al., Chem 8, 1–11
November 10, 2022 ª 2022 Elsevier Inc.
https://doi.org/10.1016/j.chempr.2022.07.025

Please cite this article in press as: Fan et al., Electron-transfer kinetics through nucleic acids untangled by single-molecular fluorescence blinking,
Chem (2022), https://doi.org/10.1016/j.chempr.2022.07.025

ll
Article

Electron-transfer kinetics through nucleic acids
untangled by single-molecular
fluorescence blinking
Shuya Fan,1 Jie Xu,1 Yasuko Osakada,1,2 Katsunori Hashimoto,3 Kazuya Takayama,4,5
Atsushi Natsume,4,5,6 Masaki Hirano,4,7 Atsushi Maruyama,8 Mamoru Fujitsuka,1 Kumi Kawai,9,*
and Kiyohiko Kawai1,10,*

SUMMARY

THE BIGGER PICTURE

Ensemble-averaged measurements have revealed the physicochemical basis of electron transfer (ET) through biomolecules, which is
foundational to the development of bioelectronic devices for analysis and diagnosis. However, such measurements can obscure
single-molecule kinetics that are pertinent to the underlying science
and practical applications. We used DNA to study the distance
dependence of the intramolecular ET kinetics by measuring fluorescence blinking. The systematic measurement of the distance dependence of the ET rate up to 27 Å clearly demonstrated the singlemolecule measurement of ET kinetics and highlighted the large
heterogeneity in the ET rate. Each nucleic acid has a specific ET
rate, and thus one can obtain sequence information by measuring
the ET rate through nucleic acids. We applied single-molecule ET
measurement to detect isocitrate dehydrogenase (IDH) mRNA point
mutations, which are correlated with treatment efficacy in adult gliomas. We identified the mRNA point mutation in pathological specimens prepared from human glioma model cultured cells.

By controlling and observing
fluorescence blinking, we can
measure chemical reaction rates
at the single-molecule level. The
ET reaction is widely used as a
basis for analytical and diagnostic
mechanisms. We demonstrate a
single-molecule measurement of
long-range ET by blinking, which
we corroborated by the distancedependent ET rate through DNA.
Blinking allows us the in situ
measurements. The ET rate
through nucleic acids depends on
its sequence, and we identified
point mutations in IDH1 mRNA by
measuring the ET rate through
DNA/RNA hybrids on cell blocks.
Blinking is used as one of the
principles of super-resolution microscopy. We anticipate that it
could be developed into blinking
imaging, which not only draws
dots from each fluorescent molecule but also reads information
around fluorescent molecules as
changes in blinking patterns. The
ET rates showed large heterogeneity, an understanding of which is
important for achieving singlemolecule analysis and diagnosis.

INTRODUCTION
Single-molecule fluorescence measurement enables analysis and diagnosis with high
spatial resolution. It allows in situ observation of various samples, such as cells and pathological sections. Controlling how the fluorescence signal changes according to the
environment in which it is placed allows access to environmental information around
fluorescent molecules.1–7 Electron transfer (ET) is one of the most fundamental chemical
reactions and serves as one of the key mechanisms in fluorescence-based analysis and
diagnosis.8–10
In the last decades, the kinetics of ET through the p-stacked array of nucleobases in the
DNA double helix has been extensively studied because of their relevance to oxidative
strand breakage, the development of programable nanoelectronics and biosensor devices, and electrochemical sequencing techniques. Transient absorption measurements
using DNA modified with acceptors and donors where the p-system of nucleobases
serves as the bridge have provided many important fundamental insights into ET.11–19
One of the most fascinating features of ET is that it occurs over long distances. We
have reported a systematic study of the sequence and distance dependence of ET
kinetics in DNA at distances as long as 100 Å on the basis of transient absorption measurements.19,20 What is particularly noteworthy about nucleic-acid-mediated ET is its
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sequence dependence.21–25 A single mismatch that causes a conformational change in
the double helix can perturb the ET rate (kET). Therefore, by measuring kET, one can
detect single-nucleotide polymorphisms and point mutations.25–27 By using scanning
tunneling microscopy to measure the electrical conductivity of DNA by the single-molecule break junction method, Caneva et al. reported the detection of single-nucleotide
polymorphisms in DNA/RNA hybrids.28
Single-molecule experiments provide information about the heterogeneity in the
rates of chemical reactions that is obscured in ensemble-averaged studies. Although
measurements of fluorescence lifetime allow us to study ET kinetics at the singlemolecule level,29 the kET obtained from these measurements is limited to photoinduced ET via the singlet excited state of a fluorophore. Neither the back ET that
often occurs as a consequence of photo-induced ET nor successive ET of radicalion intermediates is conducive to measuring fluorescence lifetime. Because the fluorescence lifetimes of fluorophores used in single-molecule fluorescence measurements are short, typically only a few ns, it is difficult to study ET that occurs at
long distances (>10 Å), and researchers have not yet systematically studied the distance dependence of the kET at the single-molecule level.
Fluorophores become non-emissive upon ET reactions, forming their radical-ion states,
and restore their fluorescence by charge recombination. At the single-molecule level,
this leads to the so-called blinking phenomenon, in which the fluorescence fluctuates
in a time-dependent manner between a bright ON state and a dark OFF state. One
can measure the blinking kinetics in bulk solution by fluorescence correlation spectroscopy (FCS), which provides ensemble-averaged information.30–33 By using fluorophore
ATTO655 as a photosensitizer, we previously measured ET kinetics in DNA via FCS,
which corresponds to the charge-recombination rate (kET).34 The kET measured by fluorescence correlation spectroscopy is consistent with measurements obtained by
ensemble transient absorption measurements.34 However, the time range of blinking kinetics accessible by the FCS was limited to up to a few hundreds of microseconds
because of the incomplete separation of blinking relaxation time with diffusional relaxation time.35,36 The time range over which kET could be measured was too narrow to allow
us to investigate the distance dependence of kET in DNA. Here, we studied kET and its
distance dependence over a wide range of distances (up to 27 Å) by monitoring the
blinking of single molecules. We applied our single-molecule ET measurements on the
specimen made of cell blocks, which allowed the identification of point mutations in
the mRNA of isocitrate dehydrogenase (IDH).
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RESULTS AND DISCUSSION
Single-molecule measurement of ET rate through DNA
We used the same photosensitizer, ATTO655, and a hole trap, deazaguanine (ZG), used
for the ensemble FCS measurements34 to determine kET at the single-molecule level (Figure 1A). We introduce a biotin group at the end of the duplex and anchored it on a glass
surface through well-established biotinylated BSA/streptavidin/biotinylated DNA chemistry. In order to observe the blinking triggered by the formation of a charge-separated
state, the main relaxation path from the singlet excited state of ATTO655 should be emission rather than ET. We intercalated ATTO655 into the A-T sequence to ensure its high
brightness. Occasionally, ET occurs between nearby guanine (G) in the GGG p-way to
form an ATTO655 radical anion (ATTO655$) and a G radical cation (G$+). A positive
charge or a hole that escapes the rapid charge recombination (<1 ns) migrates through
GGG and is trapped in a deep hole trap ZG to form a ZG radical cation (ZG$+). This produces a long-lived charge-separated state (>1 ms) in the DNA. In the radical anion state,

2

Chem 8, 1–11, November 10, 2022

Inc., Bunkyo-ku, Tokyo, Japan

5Institute

of Nano-Life-Systems, Institutes of
Innovation for Future Society, Nagoya University,
Chikusa-ku, Nagoya, Japan

6Department

of Neurosurgery, Kawamura
Medical Associate Hospital, Gifu, Japan

7Division

of Molecular Oncology, Aichi Cancer
Center Research Institute, Chikusa-ku, Nagoya,
Japan

8Department

of Life Science and Technology,
Tokyo Institute of Technology, Midori-ku,
Yokohama, Kanagawa 226-8501, Japan

9Department

of Health and Nutrition, Shubun
University, Ichinomiya, Aichi 491-0938, Japan

10Lead

contact

*Correspondence: kawai.k@shubun.ac.jp (K.K.),
kiyohiko@sanken.osaka-u.ac.jp (K.K.)
https://doi.org/10.1016/j.chempr.2022.07.025

Please cite this article in press as: Fan et al., Electron-transfer kinetics through nucleic acids untangled by single-molecular fluorescence blinking,
Chem (2022), https://doi.org/10.1016/j.chempr.2022.07.025

Article

ll

Figure 1. Single-molecule measurements of ET kinetics by monitoring fluorescence blinking
(A) Chemical structure of the fluorophore ATTO655 intercalated into the DNA double helix via an amino-linker (X). In the schematic of fluorescence
blinking triggered by ET through DNA, arrows indicate the movement of the hole ( $+). Chemical structures and HOMO energy levels of the
N-methylated purine bases used in this study were calculated at B3LYP/6-31G (d).
(B) Hole-transfer kinetics reported in the literature. 15,21–25

ATTO655 does not emit a photon, and back-ET restores the fluorescence. Each transition
from the OFF state to the ON state represents a single ET event between ATTO655$ and
Z $+
G , which one can observe as blinking. The duration of the OFF state (tOFF) corresponds
to the lifetime of the charge-separated state, where kET = 1/tOFF. The photo-induced ET
also occurs with G in the opposite direction (left direction in Figure 1B), but without the
p-way, the hole-transfer rate is too slow to compete with the initial charge recombination.
On the basis of the kinetics of hole transfer in many different sequence patterns determined by Lewis and Wasielewski’s group15,21,22 and our group,23–25 we can predict the
rate of hole transfer in a given sequence (Figure 1B), as described in the literature.25
Figure 2A shows the sequences we used for systematic, distance-dependent, singlemolecule kET measurements. We varied the distance r between ATTO655 and ZG by
the number of A-T base pairs intervening between ATTO655 and the p-way GGG, which
ranged from 20.4 to 27.2 Å (Figure 2A). A typical time trace of each sequence
(Figures 2B and S1–S4) indicates fluorescence fluctuations between the fluorescent
ON and background OFF states, blinking, and photobleaching to the background, indicating that the signal is attributable to a single ATTO655. Interestingly, we observed the
fastest blinking in the shortest DNA strand; a greater distance between ATTO655 and
Z
G corresponded to decreasing blinking speed. Using
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Figure 2. Distance-dependent ET through DNA
(A) DNA sequences.
(B) Representative fluorescent time traces obtained from single DNA-5 (orange), DNA-6 (blue), and DNA-7 (green) attached to the glass surface.
(C) Autocorrelation analysis of fluorescence time traces for the molecules in (B). The smoothed black curves superimposed on the experimental data
correspond to the theoretical fitting curves using Equation 1.
(D) Histograms of t OFF values measured from more than 50 individual DNA-5, DNA-6, and DNA-7. The t OFF value for each sequence was determined by
a Gaussian fit.
(E) Plots of ln(1/t OFF ) versus distance between ATTO655 and zG(r). Attenuation factor b determined from the slope of the plot. The distance between the
base pairs is assumed to be 3.4 Å.

G(t) = 1 + (tOFF/tON)exp[–t(1/tOFF + 1/tON)],

(Equation 1)

the autocorrelation analysis of the blinking signals yielded tOFF (Figure 2C). The histograms in Figure 2D show the tOFF measured for more than 50 DNA molecules for each
sequence. The histograms indicate that as the ET distance increases, tOFF increases,
i.e., kET decreases. We obtained the kET for each sequence from a Gaussian fit. The kET
depends exponentially on the distance r between the donor and acceptor as follows:
kET = koexp(–br)

(Equation 2)

From the slope of the plot of ln kET versus r, we obtained b = 0.4 G 0.1 Å1 (Figure 2E),
which is close to the low values reported in the ensemble measurements in DNA (b = 0.4–
1 Å1).13,18,23,37,38 It has been reported that as the ET distance increases the ET mechanism changes from a single-step super-exchange mechanism to a mechanism in which
kET decreases more weakly as the distance increases.38 Lewis et al. reported that in the
charge-recombination process between stilbenes across A-T base pairs, ET distances
from 6.8 to 17 Å give a value of b = 0.97 Å1, whereas those from 20 to 27.2 Å display
a weaker distance dependence with a value of b = 0.42 Å1, which is consistent with
the present research. These results indicate that blinking is controlled by ET as we
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have designed, and they are the first systematic measurements of the distance dependence of kET at long distances at the single-molecule level.
The formation of the charge-separated state in DNA is known to cause DNA oxidative
damage. The reaction becomes irreversible when either the reaction of ZG$+ with water
or oxygen or the reaction of ATTO655$ with molecular oxygen (O2) occurs faster than
the charge recombination.39–41 For example, with anthraquinone, which is known to efficiently cause DNA oxidative damage, we previously reported that the reaction between
anthraquinone radical anion and O2 proceeds within 10 ms.41 Since ATTO655$ reacts
with O2 very slowly, on the order of seconds, ATTO655 does not cause photosensitized
DNA damage efficiently. This also allows for experiments under aerobic conditions. The
G$+ or its deprotonated radical has a lifetime of more than a few hundred milliseconds.40
The lifetime of ZG$+ has not been reported, but since blinking is observed for more than
1 s, it is assumed to have a lifetime similar to or longer than that of G$+, making it
possible to measure kET before the photodecomposition of the present system.
Identification of point mutations in synthetic RNA
The established single-molecule kET measurement through DNA was applied to DNA/
RNA hybrids in pathological sections to the identified point mutations in mRNA sequences. We focused on detecting point mutations in the mRNA of IDH. IDH mutations
are common in grades II and III glioma in adults (70%–80% of cases).42 Ninety percent of
all IDH mutations pertain to the IDH1 R132H mutation.43 Based on extensive studies on
the dynamics of ET through DNA, we designed a probe for detecting IDH1 R132H
c.395G>A by applying several chemical modifications and finely tuning the highest occupied molecular orbital (HOMO) levels of nucleobases (Figure 3A). G in the vicinity of
ATTO655 was replaced by inosine (I),13 which does not quench the singlet excited state
of ATTO655. One A is also replaced with deazaadenine (ZA), which behaves like a G to
create an efficient p-way for hole transfer.20,44,45 Otherwise, the yield of the final
charge-separated state (ATTO655$ and ZG$+) becomes too low for observing blinking.
First, we hybridized chemically synthesized 38-nt 50 -biotin-labeled RNAs (with and
without the R132H mutation) with a probe, fixed the RNA-probe hybrid on a glass surface, and measured kET. Mismatched RNAs (IDH1-R132H) exhibited a tOFF that was
two times shorter than that of the wild type (IDH1-wt) (Figures 3B–3D, S5, and S6).
Whether the mismatch increases or decreases the kET depends on the sequence. We previously reported that a mismatch that increases the flexibility of the hole (in this case Z$+)
increases kET.25 This enables one to detect R132H point mutations by measuring kET (see
supplemental information and Figure S7 for a detailed mechanism). Interestingly, in the
presence of both wild-type and R132H mutant RNAs, our probe exhibited a tendency to
detect the signal from the R132H mutant RNA more sensitively than the signal of the wild
type—even though the probe formed a more thermodynamically favorable duplex with
the wild-type RNA. When equal quantities of wild-type and R132H mutant RNA were present, we detected R132H RNA with more than an 8-fold-higher sensitivity (Figure S8).
This renders the probe suitable for detecting the R132H mutation with high sensitivity.
In situ identification of point mutations in cell blocks
To perform cytological studies by blinking measurements, we prepared pathological
specimens from cell blocks of IDH1 wild-type cells (U87-IDH1wt) and IDH1-R132H-overexpressing cells (NHA-IDH1mut). Cell blocks are widely applicable to various pathological
studies in clinical settings, including immuno-histochemistry and molecular testing, and
we considered that the specimen is most suitable for blinking measurements. Fluorescence in situ hybridization (FISH) in pathological sections of cell blocks prepared from
NHA-IDH1mut cells confirmed that IDH1 mRNA is widely distributed in the cytoplasm
in a delocalized manner (Figures 4A and 4B). Pathological sections of cell blocks prepared
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Figure 3. Discrimination of R132H point mutations in synthetic RNA
(A) Design of a probe targeting the IDH1 R132H c.395G>A, IDH1-wt RNA, and IDH1-R132H mutant RNA sequences adjacent to the mutation.
(B) Representative fluorescent time traces obtained from a probe hybridized to 38-nt synthetic IDH1-wt RNA, and IDH1-R132H mutant RNA attached to
the glass surface.
(C) Autocorrelation analyses of fluorescence time traces for the molecules in (B). The smoothed black curves superimposed on the experimental data
correspond to the theoretical fitting curves using Equation 1.
(D) Histograms of t OFF values measured from more than 50 individual probes hybridized to 38-nt synthetic IDH1-wt RNA and IDH1-R132H mutant RNA.
The t OFF value for each sequence was determined by a Gaussian fit.

from NHA-IDH1mut cells exhibited blinking (Figures 4C–4G and S11). However, in the
pathological sections of cell blocks prepared from U87-IDH1wt cells that expressed
only IDH1-wt RNA, blinking was almost completely absent (Figures S12 and S13). Quantification by digital PCR showed that IDH1-wt mRNA expressed in U87-IDH1wt cells was
about 3-fold lower than IDH1-R132H mRNA in NHA-IDH1mut cells (Figure S14). Combined with the higher sensitivity of the probe to IDH1-R132H RNA as described above,
it can be inferred that it is easier to detect IDH1-R132H mRNA in NHA-IDH1mut cells
than IDH1-wt mRNA in U87-IDH1wt cells. Thus, one can detect and uniquely identify
IDH1 R132H mRNA at specific locations in pathological specimens by single-molecule
kET measurements.
The tOFF observed in NHA-IDH1mut cells was 30% shorter than the results obtained
from the synthetic RNA of the R132H mutant. This difference could be attributable
to the differences in the buffered water environment and the molecular crowding condition of the cells. Compared with the synthetic RNA used in Figure 3, the RNA expressed in
cells is nearly two orders of magnitude longer. The kET in nucleic acids corresponds to the
molecular motion or the flexibility of the nucleic acids.46–49 The observed 30% increase in
the kET could reflect the fact that the different length of the target RNA changes the molecular motion.
The bound/free ratio of a probe is an important factor in this type of experiment. Free
probes are not a big problem because one can modulate this system to blink
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Figure 4. Detection of point mutations on a specimen prepared from cell blocks of NHA-IDH1mut cells
(A and B) FISH on paraffin-embedded NHA-IDH1mut cell block without (A) and with (B) a Stellaris probe.
(C) H&E staining image of the NHA-IDH1mut cell block.
(D) Differential interference contrast microscopy image of the NHA-IDH1mut cell block. The red cross indicates the focal point where we measured the
fluorescence blinking.
(E) Fluorescence time trace obtained from a probe at the position shown in (D).
(F) Autocorrelation analyses of fluorescence time traces for molecules in (E). The smoothed black curve superimposed on the experimental data
corresponds to the theoretical fitting curves using Equation 1.
(G) Histogram of t OFF value measured from more than 50 spots on the cell block. The t OFF value for each sequence was determined by a Gaussian fit.

appropriately only when the probe binds to the target RNA, and thus a probe need not be
completely washed out (Figures S15 and S16). The present detection method relies not
only on the binding affinity but also on a sequence-specific kET, rendering it specific
and precise.
Conclusions
We studied the distance-dependent ET through DNA at the single-molecule level by
controlling and measuring the fluorescence blinking. The single-molecule kET measurements on the cell blocks enabled us to detect the R132H mutation in cells.
Improvements to this system could allow for rapid intraoperative diagnosis of glioma, even without PCR amplification (Video S1). This could lead to a new treatment
option: administering molecularly targeted drugs directly to the affected area
during surgery. Furthermore, with a proper design of the probe molecules, it would
also be possible to detect point mutations in viruses such as severe acute respiratory
syndrome coronavirus 2 on a single-molecule basis.
Super-resolution photo-activated localization microscopy draws a dot from each fluorophore to obtain a high-resolution image that resembles a pointillism.50 We have been
developing a method termed kinetic analysis, based on the control of fluorescence blinking (KACB), in which we control and measure blinking to access microenvironmental
information around a fluorophore.34,51–53 Rather than simply drawing a dot from each fluorophore, the present results suggest that we can map the information of interest by
monitoring the blinking pattern of each fluorophore. For example, improving the present
type of KACB would enable researchers to access how mutations spread in cellular tissue.
The present single-molecule distance-dependent ET measurements demonstrated that
there is an inevitable large heterogeneity in kET. We obtained each tOFF, summarized in
the histograms in Figure 2D, from more than eight ET events for each molecule; each
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unique to each double-stranded DNA. The heterogeneity of chemical reaction rates
renders diagnostic detection from one molecule difficult and requires statistics based
on the measurements of several (if not dozens) of molecules. Understanding the nature
of the heterogeneity in the chemical reaction rates highlighted in this study, which one
cannot investigate in bulk experiments, is an important issue that researchers must overcome to achieve single-molecule analysis and diagnosis.

EXPERIMENTAL PROCEDURES
Resource availability
Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Kiyohiko Kawai (kiyohiko@sanken.osaka-u.ac.jp).
Materials availability
All materials generated in this study are available from the lead contact.
Data and code availability
The datasets supporting this study are available from the lead contact upon request.
Single-molecule blinking measurement
A 100 mL annealing solution (10 mM Tris-HCl buffer, 100 mM NaCl, 1 mM EDTA) containing a 1 nM fluorophore modified strand and 2 nM corresponding complementary
strand modified with biotin at the 50 end was heated to 85 C and cooled down to
room temperature (approximately 1 C/min). The 96-well plate was incubated with
50 mL solution of Tris-HCl buffer (10 mM, pH 8.0) containing 1 mg/mL biotin-labeled
BSA at room temperature for 30 min, and this was followed by rinsing with Tris-HCl
buffer (10 mM, pH 8.0). The well was further incubated with a 50 mL solution containing 0.84 mg/mL streptavidin in Tris-HCl (10 mM, pH 8.0) at room temperature for
30 min and then rinsed with Tris-HCl buffer. The annealed sample solution was
diluted to 1/2 with the buffer solution (Tris-HCl 10 mM, pH 8.0, 100 mM NaCl,
1 mM EDTA). The dilution was subsequently added to the pre-treated 96-well plate,
which was then incubated for 1 h. Via biotin-streptavidin chemistry, immobilization
of the sample was achieved. The unimmobilized molecules were removed by being
rinsed with a buffer solution containing 10 mM Tris-HCl (pH 8.0) and 1 mM EDTA.
The single-molecule measurement was performed on a custom-made confocal fluorescence microscope as described previously.51–54 In brief, the system consists of an inverted optical microscope (IX73, Olympus) and a 637 nm continuous wave (CW) laser
source (OBIS 637 LX, Coherent). The output of the laser (637 nm, 4.6 mW) was focused
in the sample by an objective (UPlanXApo, 360, oil, NA 1.42, Olympus), and the detection volume (confocal volume) was regulated by a pinhole (diameter 25 mm, Thorlabs
MPH16) attached to the side port of the optical microscope. The scattered light was
blocked by a bandpass filter (FF01-697/58-25, Semrock). The emitted photons from
the target molecules were detected by an avalanche photodiode (SPCM-AQRH-14, Perkin-Elmer), and a counting board (SPC-130EMN, Becker & Hickl GmbH) was used to
count the output. Real-time observation of the fluorescence intensity was achieved by
the system of Spcm64 (Becker & Hickl GmbH). The autocorrelation curves were generated by UNISPEC (Spectroscopy & Kinetics, Unisoku). tOFF was determined by fitting
the autocorrelation curves with Equation 1.
Cell culture and cell-block preparation
Normal human astrocytes overexpressed with IDH1 mutant (NHA-IDH1mut) and U87
wild-type (U87-IDH1wt) cells were both kindly provided by Dr. Russell Pieper at the
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University of California, San Francisco. NHA-IDH1mut cells were maintained in exponential growth in high-glucose Dulbecco’s modified Eagle medium (DMEM) loaded
with 10% fetal bovine serum (FBS), 0.45% N2 supplement, and 0.045% fibroblast
growth factor (FGF), whereas U87-IDH1wt cells were maintained in high-glucose
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin. Both groups
of cells were cultured in a humidified atmosphere with 5% CO2 at 37 C until they
were harvested for the preparation of cell blocks and RNA extraction.
Cell-block sections of NHA-IDH1mut and U87-IDH1wt cells were prepared by the sodium
alginate method and subjected to serial sectioning. In brief, cultured cells were treated
with 0.25% trypsin, and harvested cells were centrifuged at 1,500 rpm for 5 min. After
the pellet was rinsed with PBS, 10% neutral buffered formalin was added to fix the cells
at room temperature for 5 min. After fixation, the pellet was rinsed with PBS, and 1% sodium alginate was gently added to the pellet. The pellet formed gel after the addition of
1 M calcium chloride. The resulting gel was embedded in paraffin. Cell blocks were cut
into 4-mm sections and subjected to H&E staining and blinking measurement.
Blinking measurement on cell blocks
The slide-mounted tissue section was pre-heated at 65 C for 15 min and deparaffined in
three baths of fresh xylene for 10, 10, and 5 min. After deparaffinization, the section was
immersed in four baths of ethanol with different concentrations (100%, 100%, 90%, and
70%) for the removal of xylene. This was followed by rinsing with distilled water. The section was rinsed twice with a wash buffer containing 10% v/v formamide and 20% v/v Stellaris RNA FISH wash buffer A (cat. no. SMF-WA1-60, Biosearch Technologies). The
section was dehydrated in three baths of ethanol with concentrations of 90%, 100%,
and 100% and then air dried. 18 mL hybridization buffer (cat. no. SMF-HB1-10, Biosearch
Technologies) containing 200 nM probe, 125 nM Stellaris FISH probe (a total of 27
probes, each 18 nt in length) recognizing IDH1 and labeled with Quasar 570 (cat. no.
SMF-1063-5, Biosearch Technologies), and 10% v/v formamide was gently added onto
the section. After the section was covered with a coverglass, the surrounding of the coverglass was sealed by paper bond (Kokuyo) and subsequently transferred to a humidified
Petri dish and sealed with parafilm. Hybridization was conducted at 37 C for 16 h. After
the coverglass was removed, the section was rinsed three times for 10 min each at 37 C
with a wash buffer containing 10% v/v formamide and 20% v/v Stellaris RNA FISH wash
buffer A. After that, the section was rinsed with wash buffer B (cat. no. SMF-WB1-20, Biosearch Technologies) for 10 min at room temperature. Finally, the section was rinsed with
20 mL D-PBS. The blinking experiment was conducted under 637 nm excitation with a
power of 4.6 mW. Differential interference contrast micrographs of NHA-IDH1mut and
U87-IDH1wt cells showing the locations of blinking signals were taken by a high-sensitivity digital camera (C11440-36U, Hamamatsu) illuminated by a halogen lamp power
supply (TH4-100, Olympus) during the detection. A bandpass filter (FF02-470/100, Semrock) was used to protect the probe from photobleaching during the illumination.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
2022.07.025.
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Garcı́a-Fuente, A., Stefani, D., OlavarriaContreras, I.J., Ferrer, J., Dekker, C., and van
der Zant, H.S.J. (2018). Mechanically controlled
quantum interference in graphene break
junctions. Nat. Nanotechnol. 13, 1126–1131.
https://doi.org/10.1038/s41565-018-0258-0.
29. Yang, H., Luo, G., Karnchanaphanurach, P.,
Louie, T.-M., Rech, I., Cova, S., Xun, L., and Xie,
X.S. (2003). Protein conformational dynamics
probed by single-molecule electron transfer.
Science 302, 262–266. https://doi.org/10.1126/
science.1086911.
30. Rigler, R. (2010). FCS and single molecule
spectroscopy. Springer Ser. Chem. Phys. 96,
77–103.
31. Elson, E.L. (2011). Fluorescence correlation
spectroscopy: Past, present, future. Biophys. J.
101, 2855–2870. https://doi.org/10.1016/j.bpj.
2011.11.012.
32. Tornmalm, J., and Widengren, J. (2018). Labelfree monitoring of ambient oxygenation and
redox conditions using the photodynamics of
flavin compounds and transient state (TRAST)
spectroscopy. Methods 140–141, 178–187.
https://doi.org/10.1016/j.ymeth.2017.11.013.
33. Kawai, K., and Maruyama, A. (2020). Kinetics of
photoinduced reactions at the single-molecule

36. Chen, Z., Shaw, A., Wilson, H., Woringer, M.,
Darzacq, X., Marqusee, S., Wang, Q., and
Bustamante, C. (2020). Single-molecule
diffusometry reveals no catalysis-induced
diffusion enhancement of alkaline phosphatase
as proposed by FCS experiments. Proc. Natl.
Acad. Sci. USA 117, 21328–21335. https://doi.
org/10.1073/pnas.2006900117.
37. Lewis, F.D., Liu, J., Weigel, W., Rettig, W.,
Kurnikov, I.V., and Beratan, D.N. (2002). Donorbridge-acceptor energetics determine the
distance dependence of electron tunneling in
DNA. Proc. Natl. Acad. Sci. USA 99, 12536–
12541. https://doi.org/10.1073/pnas.
192432899.
38. Lewis, F.D., Zhu, H., Daublain, P., Fiebig, T.,
Raytchev, M., Wang, Q., and Shafirovich, V.
(2006). Crossover from superexchange to
hopping as the mechanism for photoinduced
charge transfer in DNA hairpin conjugates.
J. Am. Chem. Soc. 128, 791–800. https://doi.
org/10.1021/ja0540831.
39. Kawai, K., Osakada, Y., Fujitsuka, M., and Majima,
T. (2005). Consecutive adenine sequences are
potential targets in photosensitized DNA
damage. Chem. Biol. 12, 1049–1054. https://doi.
org/10.1016/j.chembiol.2005.07.005.
40. Misiaszek, R., Crean, C., Joffe, A., Geacintov,
N.E., and Shafirovich, V. (2004). Oxidative DNA
damage associated with combination of
guanine and superoxide radicals and repair
mechanisms via radical trapping. J. Biol. Chem.
279, 32106–32115. https://doi.org/10.1074/jbc.
M313904200.
41. Kawai, K., Osakada, Y., Matsutani, E., and
Majima, T. (2010). Charge separation and
photosensitized damage in DNA mediated by
naphthalimide, Naphthaldiimide, and
anthraquinone. J. Phys. Chem. B 114, 10195–
10199. https://doi.org/10.1021/jp102483k.
42. Dang, L., Yen, K., and Attar, E.C. (2016). IDH
mutations in cancer and progress toward
development of targeted therapeutics. Ann.
Oncol. 27, 599–608.
43. van den Bent, M.J., Weller, M., Wen, P.Y., Kros,
J.M., Aldape, K., and Chang, S. (2017). A clinical
perspective on the 2016 WHO brain tumor
classification and routine molecular
diagnostics. Neuro-Oncology 19, 614–624.
https://doi.org/10.1093/neuonc/now277.

44. Nakatani, K., Dohno, C., and Saito, I. (2000).
Modulation of DNA-mediated hole-transport
efficiency by changing superexchange
electronic interaction. J. Am. Chem. Soc. 122,
5893–5894. https://doi.org/10.1021/ja994113y.
45. Thazhathveetil, A.K., Trifonov, A., Wasielewski,
M.R., and Lewis, F.D. (2011). Increasing the
speed limit for hole transport in DNA. J. Am.
Chem. Soc. 133, 11485–11487. https://doi.org/
10.1021/ja204815d.
46. Barnett, R.N., Cleveland, C.L., Joy, A.,
Landman, U., and Schuster, G.B. (2001). Charge
migration in DNA: ion-gated transport. Science
294, 567–571. https://doi.org/10.1126/science.
1062864.
47. O’Neill, M.A., Becker, H.-C., Wan, C., Barton,
J.K., and Zewail, A.H. (2003). Ultrafast dynamics
in DNA-mediated electron transfer: base
gating and the role of temperature. Angew.
Chem. Int. Ed. 42, 5896–5900. https://doi.org/
10.1002/anie.200352831.
48. Valis, L., Wang, Q., Raytchev, M., Buchvarov, I.,
Wagenknecht, H.-A., and Fiebig, T. (2006).
Base pair motions control the rates and
distance dependencies of reductive and
oxidative DNA charge transfer. Proc. Natl.
Acad. Sci. USA 103, 10192–10195. https://doi.
org/10.1073/pnas.0600957103.
49. Kawai, K., Hayashi, M., and Majima, T. (2012).
Hole transfer in LNA and 5-Me2’-deoxyzebularine-modified DNA. J. Am.
Chem. Soc. 134, 9406–9409. https://doi.org/10.
1021/ja302641e.
50. Betzig, E., Patterson, G.H., Sougrat, R.,
Lindwasser, O.W., Olenych, S., Bonifacino, J.S.,
Davidson, M.W., Lippincott-Schwartz, J., and
Hess, H.F. (2006). Imaging intracellular
fluorescent proteins at nanometer resolution.
Science 313, 1642–1645. https://doi.org/10.
1126/science.1127344.
51. Kawai, K., Miyata, T., Shimada, N., Ito, S.,
Miyasaka, H., and Maruyama, A. (2017). Singlemolecule monitoring of the structural switching
dynamics of nucleic acids through controlling
fluorescence blinking. Angew. Chem. Int. Ed.
56, 15329–15333. https://doi.org/10.1002/anie.
201708705.
52. Kawai, K., Fujitsuka, M., and Maruyama, A.
(2021). Single-molecule study of redox reaction
kinetics by observing fluorescence blinking.
Acc. Chem. Res. 54, 1001–1010. https://doi.
org/10.1021/acs.accounts.0c00754.
53. Xu, J., Fan, S., Xu, L., Maruyama, A., Fujitsuka,
M., and Kawai, K. (2021). Control of triplet
blinking using cyclooctatetraene to access the
dynamics of biomolecules at the
single-molecule level. Angew. Chem. Int. Ed.
60, 12941–12948. https://doi.org/10.1002/anie.
202101606.
54. Miyata, T., Shimada, N., Maruyama, A., and
Kawai, K. (2018). Fluorescence redox blinking
adaptable to structural analysis of nucleic
acids. Chem. Eur. J. 24, 6755–6761. https://doi.
org/10.1002/chem.201705668.

Chem 8, 1–11, November 10, 2022

11

