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Experimental Section

Table S1. Synthetic DNA oligonucleotides used in this study. The target recognition sites on the oligonucleotide O1 

and the targeted sites are written in red. The target recognition sites on the oligonucleotide O2 and the targeted sites are 

written in blue.

Oligo Name Sequence (5' to 3')

Hes-1 O1 CTCAACTTTTATAATACAAATACATTTTACGCCTGGTGCC
Hes-1 O2 CCGACCGCAGGATCCTATAAGGCGCAATCCAATAT
Control O1 CTTTTCGACAAGCGCTACATTTTACGCCTGGTGCC
Control O2 CCGACCGCAGGATCCTATAATTAACCGATAAAGATGAA
O3 Cy3-TTATAGGATCCTGCGGTCGGAGGCACCAGGCGTAAAATGTA-Cy5

Hes-1 DNA(A0) ATATTGGATTGCGCCTTTGTATTATAAAAGTTGAG
Hes-1 DNA(A2) ATATTGGATTGCGCCAATTTGTATTATAAAAGTTGAG
Hes-1 DNA(A4) ATATTGGATTGCGCCAAAATTTGTATTATAAAAGTTGAG
Hes-1 DNA(A6) ATATTGGATTGCGCCAAAAAATTTGTATTATAAAAGTTGAG
Hes-1 DNA(A8) ATATTGGATTGCGCCAAAAAAAATTTGTATTATAAAAGTTGAG
Hes-1 DNA(A10) ATATTGGATTGCGCCAAAAAAAAAATTTGTATTATAAAAGTTGAG

Hes-1 4 base gap O1 CATCTCAACTTTTATAATACATACATTTTACGCCTGGTGCC
Hes-1 4 base gap O2 CCGACCGCAGGATCCTATAACGCAATCCAATATGAA
GLUT1 4 base gap O1 CTCAGAGTTCGGTATTAGTTACATTTTACGCCTGGTGCC
GLUT1 4 base gap O2 CCGACCGCAGGATCCTATAACCTTGGCCATAGGTCC

Oligo Name Sequence (5' to 3')

Hes-1 Forward TAGAATTCAGCTGGTGCTGATAACAGCGG

Hes-1 Reverse ATGTCGACAAAAGCCTTCACTCTTTTATTATATTTTCTC

Synthetic DNA oligonucleotides for the FRET-based DNA-NTs

PCR primers for the coloning of Hes-1 mRNA
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Construction of DNA-NTs

DNA-NTs were constructed by annealing three synthesized DNA oligonucleotides as shown in Fig. S1a. The 

sequences of these oligonucleotides were designed as in ref. 1 to form the tweezers part. Synthesized oligonucleotides 

O1, O2, and O3 (Table S1. IDT DNA technologies, 5 μM final) were mixed in a PBS solution and self-assembled with 

the annealing program as depicted in Fig. S1b. The product was directly used in further experiments. Each step of 

production was confirmed by 12% native PAGE analysis as depicted in Figure S1c for FRET-based DNA-NT.
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Fig. S1. The construction of FRET-based DNA-NT. (a) The basic strategy for construction. Three synthesized 

oligonucleotides were self-assembled to form DNA-NT by annealing. (b) The annealing program for DNA-NT 

formation via self-assembly. (c) Gel Star-stained native PAGE gel image to confirm FRET-based DNA-NT formation. 

M, DNA ladder (10–300 bp; Wako, Osaka, Japan); Lane 1, O1; Lane 2, O2; Lane 3, O3; Lane 4, O1+O2;Lane 5, 

O1+O3; Lane 6, O2+O3; and Lane 7, O1+O2+O3.
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Production of the target model mRNA, Hes-1

 Hes-1 was cloned from mouse ES cells (EB32,3; Riken, Japan). Total RNA was extracted using an RNeasy Mini Kit 

(Qiagen) according to the manufacturer’s instructions. A cDNA library was then constructed using a cDNA Synthesis 

Kit (Takara, Shiga, Japan) according to the manufacturer’s protocol. This library was subjected to PCR amplification 

using the primers Hes-1 Forward and Hes-1 Reverse (Table S1), using KOD-Plus-Neo polymerase (Toyobo, Osaka, 

Japan). The amplified gene was cloned into EcoRI and SalI restriction sites of the pTNT vector (Promega) after 

restriction enzyme digestions. The transcripts of Hes-1 mRNA were produced with the vector using RiboMAX Large 

Scale RNA Production Systems (Promega) according to the manufacturer’s instructions. The purity of the RNA 

product was confirmed by denaturing gel electrophoresis (Fig. S2).
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       250        260        270        280        290        300        310        320

       330        340        350        360        370        380        390        400

       410        420        430        440        450        460        470        480

       490        500        510        520        530        540        550        560

       570        580        590        600        610        620        630        640

       650        660        670        680        690        700        710        720

       730        740        750        760        770        780        790        800

       810        820        830        840        850        860        870        880

       890        900        910        920        930        940        950        960

       970        980        990       1000       1010       1020       1030       1040

      1050       1060       1070       1080       1090       1100       1110       1120

      1130       1140       1150       1160       1170       1180       1190       1200

      1210       1220       1230       1240       1250       1260       1270       1280

      1290       1300       1310       1320       1330       1340       1350       1360

      1370       1380       1390       1400       1410       1420       1430       1440

      1450       1460       1470       1480       1490       1500       1510       1520

agcuggugcu gauaacagcg gaauccccug ucuaccucuc uccuuggucc uggaauagug cuaccgauca cuaaguagcc

cuaagacaua auaaaccuuc aacugcucag uaguuuuucu uaugaaaguc aaguaaaagg acguaagcaa aaaaaaauua

uuuuuuuuuu gcgugaagga uuccaaaaau aaaauucucu ggggacugag aagaaaaaaa aaaaaaaaac gaaaaugcca

gcugauauaa uggagaaaaa uuccuccucc ccgguggcug cuaccccagc cagugucaac acgacaccgg acaaaccaaa

gacggccucu gagcacagaa agucaucaaa gccuaucaug gagaagaggc gaagggcaag aauaaaugaa agucuaagcc

aacugaaaac acugauuuug gaugcacuua agaaagauag cucccggcau uccaagcuag agaaggcaga cauucuggaa

augacuguga agcaccuccg gaaccugcag cgggcgcaga ugaccgccgc gcucagcaca gacccgagcg uguuggggaa

auaccgcgcc ggcuucagcg agugcaugaa cgaggugacc cgcuuccugu ccacguguga gggcguuaac accgaggugc

gcacucggcu gcugggccac cuggccaacu gcaugaccca gaucaacgcc augaccuacc ccgggcaggc gcaccccgcc

uugcaggcgc cgccgccgcc gcccccguca ggaccugccg guccccagca cgcgccauuc gcgccgccgc cgccgccgcu

ugugcccauc cccgggggcg cggcgccccc ucccggcagc gcacccugca aguugggcag ccaggcugga gaggcugcca

agguuuuugg cggcuuccaa guggugccgg cuccugacgg ccaauuugcc uuucucaucc ccaacggggc cuucgcucac

agcggcccgg ucaucccggu cuacaccagc aacaguggga ccucgguggg uccuaacgca gugucaccuu ccaguggcuc

cucgcucacu ucggacucca uguggagacc guggcggaac ugagagccuc aggccacugc uacccguaaa gucccuagcc

caccucucuc uucugacgga cacuaaaaac gaacuuggau uuuaggagag acuuuuauaa uuuggugguu auuuuguugc

uuuuuuuaau ucuaaaaagu uacuuuuugu agagagcugu auuaagugac ugaccaugca cugcauuugu auauauuuua

uauguucaua uuggauugcg ccuuuguauu auaaaaguug agaugacauu ucguuuuuua cacgagauuu cuuuuuuuau

gugaugccaa agauguuuga aaaugcucuu aaaauaucuu ccuuugggga aguuuauuug agaaaauaua auaaaagagu

gaaggcuuuu aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa aaaaaaa

Fig. S2. Denaturing gel electrophoresis of Hes-1 mRNA target models. In vitro transcripts of Hes-1 mRNA (1450 nt) 

and its sequence. The blue part is recognized by O2 and the red part is targeted by O1 of the FRET-based DNA-NT. 
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Electrophoresis Analysis

FRET-based DNA-NT (500 nM final) was mixed with the same concentration of in vitro transcripts of Hes-1 mRNA 

in a PBS solution for 1 h at room temperature. A 2% native agarose gel electrophoresis with 1.2 μL of each sample was 

carried out to confirm the target-recognition ability of DNA-NT. Before the Gel Star staining, the fluorescence (Cy3) 

image was taken with a Typhoon 9210 (Molecular Dynamics) using a 532 nm excitation and a 580BP30 filter for the 

emission image. The Gel Star-stained image was then obtained by BioDoc-IT™ System (UVP) equipped with the filter 

set for ethidium bromide staining.

Fluorescence measurement

 FRET-based DNA-NT (500 nM final) was mixed with each concentration of in vitro transcripts of Hes-1 mRNA in a 

PBS solution for 1 h at room temperature. Fluorescence was then measured with a multiplate reader, SpectraMax M5 

(Molecular Devices) in a 96-well format with 100 μL of the mixture. FRET efficiency was calculated as fluorescence 

intensity at 662 nm/fluorescence intensity at 565 nm. Background fluorescence intensity was subtracted from each 

fluorescence intensity prior to use in the FRET calculations. The lower detection limit of 3.29 standard deviations from 

the average of the blank value (0.0643 ± 0.00144, at 0 vs. DNA-NT) was 0.035 (vs. DNA-NT) as calculated from the 

linear approximation (Fig. S3). This value is corresponding to 17.6 nM of Hes-1 mRNA in this experimental condition.
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Fig. S3. The linear approximation for the calculation of lower detection limit.

Detection of pre-fixed mRNA produced by a living cell

 Mouse hepatocarcinoma Hepa 1-6 cells4,5 (Riken) cultured on Nunc™ Lab-Tek™ Chamber Slide Systems (Thermo 

Scientific) were first washed with PBS buffer and fixed with 3.7% formaldehyde for 10 min. The slides were then 

washed twice with PBS buffer, followed by a 70% ethanol treatment for 2 h at 4 °C to permeabilize the cellular 

membrane. The DNA-NT (0.6 μM final) in Hybridization buffer [10% dextran sulfate (Sigma–Aldrich), 0.02% RNase 

free BSA (Promega), 2 mM vanadyl ribonucleoside complex (New England Biolabs), 10% formamide, 1.25 U 

ribonucleic acid, transfer from Escherichia coli (Sigma–Aldrich), 2× SSC Buffer (Sigma–Aldrich)] was added to the 

cells and left overnight at 37 °C, after which they were washed with 10% formamide. The cells were further washed 

with 10% formamide, 15% formamide, and 20% formamide, for 30 min at 37 °C each. Finally, the cells were washed 

with 40% formamide for 30 min at 37 °C twice, and with SSC buffer three times. Anti-fade solution (prolong gold, 

Invitrogen) was added to the sample, and fluorescent images were then taken by an Olympus FV1000 confocal 

microscope. The Cy3 image was taken with a 559-nm laser and a variable barrier filter set at 570–625 nm (Cy3 

excitation and Cy3 emission). The Cy5 image was obtained with a 635-nm laser and a variable barrier filter set at 655–

755 nm (Cy5 excitation and Cy5 emission). The FRET image was obtained utilizing Olympus FV10-ASW software as 

pFRET images. Briefly, 4 images with 2 samples were obtained first as a control image. Two images, “Cy3 excitation 

and Cy3 emission” and “Cy3 excitation and Cy5 emission” termed as (a) and (b) respectively, were obtained with a 

cellular sample stained with the DNA-NT modified with only Cy3. Two images, “Cy3 excitation and Cy5 emission” 

and “Cy5 excitation and Cy5 emission” termed as (c) and (d) respectively, were also obtained from the other sample 

stained with the DNA-NT modified with only Cy5. Then, 3 images, “Cy3 excitation and Cy3 emission”, “Cy3 

excitation and Cy5 emission” and “Cy5 excitation and Cy5 emission” termed as (e), (f), and (g), respectively, were 

obtained with the sample of interest which was stained with the DNA-NT modified with both Cy3 and Cy5. Finally, a 

FRET image was calculated as pFRET = (f) – [(b) / (a)] × (e) - [(c) / (d)] × (g) utilizing the software.
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Detection of target mRNA inside a living cell after fixation

 EB3 cells cultured on a glass bottom dish were washed with PBS followed by incubation with 1 μM of DNA-NT and 

12.6 ng/μL of SLO (Sigma–Aldrich) in serum-free medium for 10 min at 37 °C. After washing with serum-free 

medium three times, the cells were incubated in medium with serum (10% FBS) for 30 min at 37 °C. The cells were 

further incubated with 10 μM of CellTracker™ Blue CMF2HC (4-Chloromethyl-6,8-Difluoro-7-Hydroxycoumarin) 

(Life Technologies) in serum-free medium for 30 min at 37 °C, followed by incubation in medium with serum for 30 

min at 37 °C. The cells were then washed three times with PBS and fixed with 3.7% formaldehyde for 15 min. After 

being washed with PBS, anti-fade solution was added to the cells. The fluorescent images were then taken by an 

Olympus FV1000 confocal microscope. The Cy3 image was taken with a 559-nm laser and a variable barrier filter set 

as 570–625 nm. The Cy5 image was obtained with a 635-nm laser and a variable barrier filter set as 655–755 nm. The 

FRET image was obtained using Olympus FV10-ASW software as described above.
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DNA-NT for GLUT1 mRNA detection

The sequences of mouse GLUT1 mRNA and GLUT1 DNA-NT are shown in Fig. S4 and Fig. S5, respectively.

        10         20         30         40         50         60         70         80         90        100

       110        120        130        140        150        160        170        180        190        200

       210        220        230        240        250        260        270        280        290        300

       310        320        330        340        350        360        370        380        390        400

       410        420        430        440        450        460        470        480        490        500

       510        520        530        540        550        560        570        580        590        600

       610        620        630        640        650        660        670        680        690        700

       710        720        730        740        750        760        770        780        790        800

       810        820        830        840        850        860        870        880        890        900

       910        920        930        940        950        960        970        980        990       1000

      1010       1020       1030       1040       1050       1060       1070       1080       1090       1100

      1110       1120       1130       1140       1150       1160       1170       1180       1190       1200

      1210       1220       1230       1240       1250       1260       1270       1280       1290       1300

      1310       1320       1330       1340       1350       1360       1370       1380       1390       1400

      1410       1420       1430       1440       1450       1460       1470       1480       1490       1500

      1510       1520       1530       1540       1550       1560       1570       1580       1590       1600

      1610       1620       1630       1640       1650       1660       1670       1680       1690       1700

      1710       1720       1730       1740       1750       1760       1770       1780       1790       1800

      1810       1820       1830       1840       1850       1860       1870       1880       1890       1900

      1910       1920       1930       1940       1950       1960       1970       1980       1990       2000

      2010       2020       2030       2040       2050       2060       2070       2080       2090       2100

      2110       2120       2130       2140       2150       2160       2170       2180       2190       2200

      2210       2220       2230       2240       2250       2260       2270       2280       2290       2300

      2310       2320       2330       2340       2350       2360       2370       2380       2390       2400

      2410       2420       2430       2440       2450       2460       2470       2480       2490       2500

      2510       2520       2530       2540       2550       2560       2570       2580       2590       2600

uacaccccag aaccaauggc ggcgguccua uaaaaaggca gcuccgcgcg cucuccccca agagcagagg cuugcuugua gagugacgau cugagcuacg

gggucuuaag ugcgucaggg cguggagguc uggcgggaga cgcauaguua cagcgcgucc guucuccguc ucgcagccgg cacagcuaga gcuucgagcg

cagcgcggcc auggauccca gcagcaagaa ggugacgggc cgccucaugu uggcuguggg aggagcagug cucggaucac ugcaguucgg cuauaacacu

ggugucauca acgcccccca gaagguuauu gaggaguucu acaaucaaac auggaaccac cgcuacggag agcccauccc auccaccaca cucaccacgc

uuuggucucu cuccguggcc aucuucucug ucgggggcau gauugguucc uucucugucg gccucuuugu uaaucgcuuu ggcaggcgga acuccaugcu

gaugaugaac cuguuggccu uuguggcugc ugugcuuaug ggcuucucca aacugggcaa guccuuugag augcugaucc ugggccgcuu caucaucggu

guguacugcg gccugacuac uggcuuugug cccauguaug ugggagaggu gucaccuaca gcucuacgug gagcccuagg cacacugcac cagcugggaa

ucgucguugg cauccuuauu gcccaggugu uuggcuuaga cuccaucaug ggcaaugcag acuuguggcc ucugcugcuc agugucaucu ucaucccagc

ccugcuacag uguauccugu ugcccuucug ccccgagagc ccccgcuucc ugcucaucaa ucguaacgag gagaaccggg ccaagagugu gcugaagaag

cuucgaggga cagccgaugu gacccgagac cugcaggaga ugaaagaaga gggucggcag augaugcggg agaagaaggu caccaucuug gagcuguucc

gcucacccgc cuaccgccag cccauccuca ucgcuguggu gcugcagcug ucccagcagc ugucggguau caaugcugug uucuacuacu caacgagcau

cuucgagaag gcaggugugc agcagccugu guacgccacc aucggcuccg guaucgucaa cacggccuuc acuguggugu cgcuguuugu uguagagcga

gcuggacgac ggacccugca ccucauuggc cuggcuggca uggcaggcug ugcugugcuc augaccaucg cccuggccuu gcuggaacgg cugccuugga

uguccuaucu gagcaucgug gccaucuuug gcuuuguggc cuucuuugaa guaggcccug guccuauucc augguucauu guggccgagc uguucagcca

ggggccccgu ccugcugcua uugcuguggc uggcuucucc aacuggaccu caaacuucau ugugggcaug ugcuuccagu auguggagca acugugcggc

cccuacgucu ucaucaucuu cacggugcuc cucgugcucu ucuucaucuu caccuacuuc aaagucccug agaccaaagg ccgaaccuuc gaugagaucg

cuuccggcuu ccggcagggg ggugccagcc aaagugacaa gacacccgag gagcucuucc acccucuggg ggcggacucc caagugugag gagccccaca

cccagcccgg ccugcucccu gcagcccaag gaucucucug gagcacaggc agcuagauga gaccucuucc gaaccgacag aucucgggca agccgggccu

gggcgccuuu ccucagccag cagugaaguc caggaggaua uucaggacuu ugauggcucc agaauuuuua augaaagcaa gacugcugcu cagaucuauu

cagauaagca gcagguuuua uaauuuuuuu auuacugauu uuguuauuuu uuuuuuuuau cagccacucu ccuaucucca cacuguaguc uucaccuuga

uuggcccagu gccugagggu ggggaccacg cccuguccag acacuugccu ucuuugccaa gcuaaucugu agggcuggac cuauggccaa ggacacacua

auaccgaacu cugagcuagg aggcuuuacc gcuggaggcg guagcugcca cccacuuccg caggccugga ccucggcacc auaggggucc ggacuccauu

uuaggauucg cccauuccug ucucuuccua cccaaccacu caauuaaucu uuccuugccu gagaccaguu ggaagcacug gagugcaggg aggagaggga

agggccaggc ugggcugcca gguucuaguc uccugugcac ugagggccac acaaacacca ugagaaggac cucggaggcu gagaacuuaa cugcugaaga

cacggacacu ccugcccugc uguguauaga uggaagauau uuauauauuu uuugguuguc aauauuaaau acagacacua aguuauagua uaucuggaca

aacccacuug uaaauacacc aacaaacucc uguaacuuua ccuaagcaga uauaaauggc ugguuuuuag aaa

Fig. S4. The sequence of mouse GLUT1 mRNA. The blue part is recognized by O2 and the red part is targeted by O1 

of the FRET based DNA-NT.
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Fig. S5. The sequence of GLUT1 DNA-NT.
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