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BEBEOSCHIR(TOFEOAMEERD)

HEXPRIZIR BEMX

[ETIIREANS] EH PRI FEARBHICHEIOIE, A —ANZUT |
TOREREZE X KET N7 F TRAIIDORARIETE MmO TR Th -
7o FETENEVLLAT, AEARRFERFERIZISUNT, BOK H SRR AEDFFED
TLCE IV B DRI T o7 T8 A MDOINTEE L T g LD
RIS, — BT F LD =T IARE o7z, TV BN AT WE 2B LB
FEEH. “DNAG AL F D A7 (20144F IZPNASHE I B # & 17 Marvin =
Caruthers|Z L DIB 1L DZ A I EHFRENZHR. Letsinger B4k Mg KRBFAEG) L%
AEDREARITHR L, T DRI T —Z IS NH 7072, Ll R CIEELH VS E CThRhoT
EHIT, EEEIT—ONREIZEA LB CERN -T2, ZOBRICEF DL NI TN TETO5
DGR PR CEBSIVTW =D, TG B<BRST= D% R 2 TWD,

[ —2PFUT7CTHEEE] 1979FIE LA IE T L%, kB eAEDT
ME(2) TE—ANTITOEHF Y XTITHLA — ATV T [EL KT
(ANU) Va—r =74V EF AL OPh DT — A A LT, 2 CTIEEUIY
NMEFORETHY KB LEALLIHHOD. J. BrownHEOFFED LT, -
Triazolo-pteridineX°s-Triazolopurine VN> 7= . — i# (Ds-Triazoloft & #) D & h&
WFFRITHEE LI, 2ok & Midm BV HEE 2> T, #1213 Fig. 11T D. J. Brown 5&/k:
7~ 9 4-Hydorazinopteridine ()&~ =F /LA /LY RNV A—RD LH A Y AT )V EINEGE T 5 Ls-
Triazolo[4,3-c]pteridine (INA3ERKT D, LrL, ZOKISERRFIT 720358, N7 — /VERDZEFEN
B #h L 7= X9 7ps-Triazolo[1,5- R1
clpteridine (I~ 247 %, e

B - - ﬁ N R'-C OCsz)s j\)\ f\
DIV, T ODOMER [\ | \ [ prolonged heating [
a

N (3-24h)

OV LRI S22 (D) A3 AR ()
T DM, ED%IZBAER L PR

ZfE> T (Fig. 10 FE) . B

FHNZ LV E ()~ 2L [ IL()‘\ _’[ ” _’[ ﬁ H _’[ f
TOHWEICLDEEZLND (Y
Lw—NEAL) . BAGLAE W
(IID)iX %] #unambiguous’s & FX.
IZE o TEDOREEIZHHEV W LA MR LT T2 700, FERIEIE <A, ZHUdkEfEmEE TRV
JSRREE THY | 5 H OT= T HIOLIZ B A T8> T,

Fig. 1 Dimroth #5# % F| i L 7= s-Triazolopteridine 8D ik
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[F4—7 VIR TERYBA TR ERICHKER] PhDa— R T#,
19824E-D6 A HIE 7 b7 2 DEmory K LRI OL. G. MarzilliSfe 4= 0
JCT RARZELTOESTE 15D T2, MarzilliZe 1T Codfi ik Th 57
LMREDEHILU B B8 E Flexkt L LT, FIINMRA HW - A ) fi
BALFHIBF TR 21T 0> TNy EHICDNAS B R A A L DOF B AEH
[ZDOWTHIFFEZ D T, EE D Marzillifff O R AR 7 L72 H 8 1%
Marzillife AN EH 5 E RS CBrown A I HHE 728 AN TED
2472 (2) ANENTEZR2WV D 2 EBrown e A I E D N TZFE RN X0 T 2
DIRHZEZ BN LT FEo7228128%, BaAIZ, Marzillift B ANUCPh.DE B S L CuD,

VDT T, TR X TIEDNABE Y E OB B AL DILFT R0 EH T2 LR U T # 1T, PRI
1 DA BT N TR L 2 D L EE L TRl 7223, ZORHZH & > 7= —AMEZE R ANS T
W TR AT T2 o7, MR ek bl Fe A KRG 1A

) DA EEY s
DZDRIZIX, XTVF T RIPHE I XIVFT R EHICAHVTXIVAFRET, & NER S
DG RIESS AR MR 2 EDERERICFIESN TEY, LS EORBIILERE
R72BE LRI ARRDUNTN T, BB T T ITR T Y 72D Z &M
FOLHVEED T2, A4 B ZORIIRFAREFH RS TSN TODOEHNTT
FUX, TR CHIZTAIEITFAE RATREIE D, ZOARE M A 2 722 81%, gk
PHEXRTFUEENEE IS E R Lo UTERICKE R #5754 T D
B SRS, L s

Marzillifff T, Y4 EEE H 24D T izcis-PlatinE DNAE O #E A KE AR O 7212 | cis-Platin DX —4
VhEBZDITNT T =R OFH RS | ZD28BRDET L EL THE 4 72Bis-purineis AR D A AR
117207, SOITFNEIZ L DA VT EEE A b IT/R 27203, T OB 1% 5 L= OB e O TR A F
%) CThole, MRBIITEHE L FE LT AbWn L L FRRE TOERR L P 1 e
DoTD T, IRITETIDOARD ZZICH S TWDREZ K EL T —L T, EWIOIRITE o7, LR
FEXT LA VRNBIGEED | k& I O A G b EFEDdimer/) D, octamer W ETOA VTR D
B EATIRoT-, TNETOBEBRILEWEE D, ENL MM TITRERCER20LOIEN T, IEFIC
RN R — LR U228, B dimerSE ZE 2D R TH R CEXT-FHTIEEIEF ITE L o7,

e Marzillifff CO24E B D E - 572 LB L TWODMN, LA DEI® TGordon ConferencelZ 2 I H1%
LHFFOZLENTET, FEITYFF, GordonlZ DWW TEL ISR o2 EH 1T, R 7 XA NTH L A—Y L)
T A= NVIRHNE LR EEERENL T, 59~ IS | REERTWNWTW b, IFREO K FFEAEDD
[Kazu. {i]#& 2 CATZ ? Gordon> CoE BN 2T VIR AZ AN DEREIRVTZE |1 EEDIVT, TEo720
LRy ELTEDE R Z TN,

Z DD Conference T A AL FINAA L T —~D—2F S7-75, HiR O 2e A S 3 EH DO— A
ELTHAFSNTEY, Memorial Sloan Kettering Cancer Center(ZJEHALZ D& — oA L iz s
TV, MR AEITIE COMBIIRVEE CIRENTRE 77257208, BUZ Lo TUIAME AIENV OFE
B, BB REFO (FHD?2) AARNFEDINTE L U EEFEINZ-> T, —ELHEXRSTEHEN
STEC THRADHHABEIRL THEHWTWDERF23, ETHRIRMIE o7, WEED EFW T FEIVITEET
HE R —FKF, LIEC AT IR ETE o7, Fio, LA LITZEDHZI99THFEIZNAY DUIM TR L7
EROEBESETH BV, ZDLRKIRB AN TREN<SEEL TW2W e, ZORFOGEEHFE O

Marzilli JoAELEH

10



H AL 258 Vol 6 (2022 November)

HZIE, 7o F B AR SR A4 =T L5 F 9 E, Johns Hopkins K FDP. S. Millerb #7231 Tz,
MEFOFH A LT AT, AFVHRARF—b (Fig. 2) ESOMEM O N TR T IMLFEE R TEHIL
0, ENAMRNADKEEZ L E LD, EWVIRETHT2M, ZORFZIE, EHIE AN LODNAER Y%
AL, EAUCE S TEREBIHFROFEEADFIFH TELLVOAE, T2bbIT 1 |
CRBRIITE NS, Z A A s LIS AT L O LT, ZAUCLTh, &7 O] ;O:B
BERICHDLEILIMEICE DD LD, 728 LIXZ ORFICITE L Bbre 5
M1, HH— DI DREDConference TRIZRITFE ST=D N, I/ —~VIESF A4 O=I5—CH3
FOEE A T BG. B, Elion® RAZEN TRz LT, for Dt oEmx 0o}
IV TUREIGOA R BIFE CTHE4 72> 72Elion72 3, RREICHZORFETRMET jQ
HHZ LTG0 5T, FSUTOEHF 4 MG, B. Elionk &b HEN L, GH
Gertrude ChHZEAEFH NHLRNWD ThoTe, IMATTF ¥ —IU 7 THLAR  Fig. 2 AF /LR AR
FOEBRARNE, — TEL L LT AR ST S ThoTe, *—hDNA

TR HTOIEH OKDVEIZ, Marzillife 03 Y TUZL TOTEFEE (=FLOFED BSALZRNWZ 2
725 TLEN, BUTROIRIEL AT 228120 o7, P IREORAETHIZL R THHWRALHE
SPOTFREEI N DEDFREE ML L5, Tt~ iR e 4 P
BRFFADEZADPLRTH BWEFIRFEEZNEW, FXZOFENEIFA :
ORI, Hera THBMarzillide A L IR 7E2 L TV =, FDADG. Zon’t { ‘,@ f’f
APDERTHE RWEWIEFEN A-TEY, 0B HEEICRD BMarzillife A B
ZBL TRFEEZL TN DT, 2HLITIEIZX Yy T OETBWIVAETH2 L1072 -7,

©

G. Zon A

[RERFTToFRVR] 2L TTA—TFTRDOTRT A5, UL R D.C.OT R, A)—F K
INARFBRLNZR0STHK T, JARZZNIHO BN IZHHFDADOHFFEHESFY . Molecular Pharmacology Lab.?> 5
—7. G. ZonJe LD TE ARG 72 2 1B D 1= R 21T, AL S HAAE B L7225 19854E D8 H 1272
STz, ZonFeAEDWFIEEITIL, TNETOY RN =27 WETIERL, Y ERN =27 L k%2 v
DI DABL(BLY —E 7 v v —HF AT 47 1v7) DDNABH B G SESC, A— Mo 7T —2 i 2
7ZHPLCH A L THY, NIHRLFDADER % 725897235, 70— 7 DNAD A B E H (LD IO 7 ES
ALTWDIRBL T o7z, L, EBREOEVIIEFE N TELHARITITR>TEL T el v—T78
I EE DT 7 =2 v O Y72 T, ZZTHPIE—IRE AN E DO FE OCH,
FTDZETRDDMNERNTD 2 LEE T8, ZondeAEITRTIROP. S. Miller B
L= [FERIRA DNAIC KA T v F B B A 72 ) 1T 2 A s 9 & LT |
ZOBREUTIFE AL 54> TR T2, Zonde k1 7 5 T oo
MillerlZFEFEL TZO R EICS AT HZEDEZ ATV, 5

&8 TMillers D BT D SC % Fit A A TAF /LR AR £ —HRDNA (M-DNA) (2 OCHg |
DUWTHITERL 7225, S EFMillerOHF 9% = CAkira Murakamil 59 H AR ABFIEE )
ZHULTZARZEIZ B INL T, EE R US4 Z# R T D ERRSHIRICIE - 727,
% O RHS T35 ME R FZOM EBIEAEDZETHD, Miller DV ER AT L
EITHL T, e 2 (LMY VBN = AT L1ETM-DNAZ B LEHESHD THDH A, FDADAFEET
FMEF B RFERNB TERND T, ZonfeEDLIHTDOIS ThHhD, U N DCRSND T N w27 K700 Sl
FhfbOETHEHIZ LTIz, A TIRETHEBODNZRNN (D Lo LT, ¥R THTIEE I ~Ten b LiL

Fig. 3 AF VAR AR
VT AN
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PR KR T IR0 SR TR B LR 2o 71255 To v 2R AL CTAREL — L LRI IS
HHLE T8 CTAH R w7 REFEFE T, 4 T OTyy 2flII IR RICRDE W A TEE2 50 H il ¢
Fig. 3127~k 9 X572methylphosphonamidite¥dz A ik L . ZiLa HVVTM-DNAD A FRIZED D o724,
ZERDOTIEMIZIIR A TWRWNDS, A 6 o B S o B
ZObOIFXRER MBS 72 <HEATZFLEN K j K j

b5, BLBRE ClIoFL U7 4 O RARKNYIZFILEDNA O RRREFAI—hEDNA
Kot ) R BT HPLCKS  O=F—OFt oFr o= P S

BN ZNSZFRELR TR0 72 i j § j
LB EE Th o7, o, ZORE

(ZITZM-DNA7Z T THELS | [FARIZ /Ny 7R

B A AN IE R RBIDNAL L Fig 4 ARR ZATLR DNA J O AR T4 —— M DNA
T, Fig. 1R T LORABARN ZAT N A L 2 — X7V A TF RS % — DB XI2HEDDNA (Alternating
phosphotriester DNA) <2, 7R A7k 74 = —hkDNA (S-DNA) 254, Ao CTHER LY, ZNHD AW Fa
Ak FE T 22812 LT, ZORFOS-DNAG K Tl A LATIZZon St 23 Polish Academy of Science®W. J.
StecHfZ HEDILFNHIFETE LI TS B2 ATA X v 78S Ice— T — 7 ZDNAG I 7
DB SOIATAL Y 72 AT ERBE  aple 1 70 F 12 21755 CAT Activity FLEZIES

2V —L T, ﬁﬁmmzoﬁﬁ{t}iﬁﬁw&ﬁ

AV~ —DFEHE CAT JE BRI (%)
LTI ADETE— T —FICBETH2E [ None 0
T, 7 2% (60 °C) ?ﬁékb Ao %LZ‘%@?%@ Alternating isopropyl triester 0
7Zol-. bokty 2O HEIE ML DOEREX Normal phosphodiester 35
ABIOH —E RTL =T 2R0oThHo7 Alternating ethyl triester 51
N N . Alternating methylphosphonate 60
2o Ny R— ISR A AT Bzibos | ST PO
o ) i Oligo-methylphosphonate 65
LI TG IV LN = F LTI DR Oligo-phosphorothioate 84

BRI S8 (S) & V=Y, =
DIEE AR DR FNEDS RINUDNA L& %
DEDHIRND T, FBHINTIIAT LARARFZ— RIS RO, LT,

AR (7 F o AN L) ORGEETZEIX. FICFDAMDC. J. Marcus-Sekurafti =07 )L — 7 L (G C,
AT LT 2=a— )T B F NI AT 2T — B LR —Z =BG+ T A, WhDALCATT v EAI21D,
M-DNAZ% HILMZ T 72, fERICOWTIE, JE3 M-DNATIEZ DO KR~DOEERM L H - T, kb7
F AN RE R LIRS EETH-T-, SOIZET T B ADOHEZ 15 TETHRIA T 5L,
IRARN Z AT NI P RREISIEE DR ZRI72NEFEL | S-DNADM-DNAZ X T, b7 7
T AN RAE TR TR E D 3o TEIZ (Table 1), IS FIS-DNAIZITHY L TTHIf 2 L TWZERT
T ST=DT, ZHUTD &2 B DIELWER Th o725,

THOLTRER NS oHLH, TURTF IV (AZT) BHIVIZA 2h7a ik i CTHlh CTO A THDHZ EH3 e
RINTLKOBWDEAIL 7T, HRRDHIHIVIED B % % K #li CiEsD TUWENIHD 7 /L — 7 Db IE RIS
DODHLANRSH -T2, FHTIXZDAZTOA NEEFEA U= B I e AN TR 95, [ESE S ARFERT
(NCI) ?®S. Broder?® ' v —7 72572, #IINCIDDirectort 725 Broder A A & 2 4642 e 7 v F
X*ﬁﬁzfe@mv«mﬁﬁﬁ@pﬁwﬂ BETHLRB WAL RBIRK TT ARy a BTV, 2Dk

SIZEARW IR MG E T, T F B AIBROL 7 7L o A2 DK IR O - BlF 72 E12-D0

W7 o F o A O RIT15 &K, JREEIT30 uM
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T2 THEEDLEEENDIHIC, A AN (MELAD) AR FEFHOHE THLIEN SN,
RUTERFEEDREAR IR ST (bolb | EZTFEITIHFELHRDOTEN) & WHEIE T THFJE = TH
RNEDH I E GV IREST,

NIHIZZ A FN D XONTA % 72 [ENEAF TR BA e o 7o — RIE AW ITHEAE 72203, OHFEE ORI CofE
WMOIEDVH FNHLL (JRIELAEL) | 7o F B AR LB ARTE RO R BLHIEIA L 72 LWV I H
PRALVT= D FIXZ ORI A % 727 )V —T B IEFEIRFFEDO LA o Tc, FITIEL, By ZE /L A
DEAR TS RHAID | B A B R K CdrHUniformed Services University of the Health Science® 2
=T 6 IS VBT OFE BRI [T 72 IR RO R LA o7, [, ZOBMNITITIINT
AT — W T RBEOBIE R A X T o, U Z— U= KREER 2 —6H0 , R E A~
AT Z—=HFAEL Tz, RRIZD, DHOBREITHITEENDL T /S—MIIF LT, NIHO JA K THIE B
HIGHEBZNTNED, T4 A — U—R GNP TEAVZNERY EENLTA M b F
DD, WPICAFEL ETHEONTEONB LR, BIonD), EE-TIEFIZHhin o7,

[OxARZENLCEABELLTEEZ] IOL T, 7o F B AN EL LD TZEH, N EAZTRT
VLU BHIT T EZon LA SFDAZ IR L TLEI V) | FEF LS TUTXRITRE K FERH -7,
ZonZe BB, RIDAFFRETEE LAYy 7 O NTEAL THRZEFT R 2 L ANLZL TOZD 3,
EORHLENBIZFEBILEIBR, EEIZETOWRMWITEE R STz, RRHIEDOHNIL, ZonfeEDFHHU
CBroderH 4T ANCIDZ /L —F D TH| EZIFHENI L7207z, Flz, T TIZZOREEZEOT A
A TORARZETEN BB IFEL MR TW/od | ZIVETERURNARZ & 45 Wb DFogarty Fellow T
IFEONT ., BEICEEL T o £ B (Visiting Associate) (25 4328 21278~ 70, ZORE, A FENT
O TEED LIZFEEVTOEELEILDOESELNDI LIz, RIRHI W T2E O O
BONTZDO T, EZEDMANT AV TENFELZLTOTEESICE TAEN TLEIZ LIRS TIN5,

[FAFEF A= —rDNAIZHIVIZHLAZ)] A AL ENFFE T, MR AN L,
ATH8HIRIZ LD T AR TOH oA RVEMEIC DWW THGEL T2 (Flm A RIEOERR DM R A% e h

T, ZHLfEfED D 4o revie=p[ ]
ST A T 57 Tooe [555]] . D@ at[]
U FI, WEAE i

| LTR prot pol end 1] 9p120 | gp4t LTR |3
D KDOERED—> 5 | | | | V,.Dr | elnv H l
THAHLEZITED) . s 6000 ...... S § S 6080 ...

EENAY AV e V%Y

. . Antisense, Sence, and Homooligomers (14-mer

5 0 B 51l % Fig. 5IC. gomers (14-mer)

. . ODN-1: 5'-TCG, TCG, CTG, TCT, CC-3'
DT R & Table Antisense § N-Me-ODN-1: 5'-TCG, T*CG,CTG, TCT*,CC-3'
212779, S-DNAIEN- ODN-3: 5'-CAT, AGG, AGA, TGC, CT-3'

AFILF IV A ST Sense ODN-2: 5'-GGA, GAC, AGC, GAC, GA-3'
Random ODN-4: 5’'-CTG, GTT, CGT, CTC, CC-3'

N-Me-ODN-1% [ Homooligo: 5'-(dC,)- 3'

T, WT OB TE T* in N-Me-ODN-1 denotes N3-methyl thymidine.

(V) BEEEEMICH Fig. 5 ATH-8HEfE COHL HIV ZhRORFE TR L7 T A EE D BLS
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HIVIEMEZ R, —HF E 00 RS Table 2 ATH-SHIEIZ L5 A VI REEE OHT HIV ) H &AL S

7oA EE TR, BLAICZ > T B A VAT (%) FRFEME (%)
HHHEDDOINEEEHWNH DO TIHEL 1 5 10 25 1 5 10 25
-, AVd~— uM uM uyM  uM uM uM uM M
# 7 =, {HL . ZDRK
S EOf f L » f@ S-ODN-1 0 43 72 95 0 0 0 20
igﬁf“—%%“#m"ﬁﬁ%? LinODN-1 3 2 9 4 35 22 27 14
OITEEOT7T o F 2 AEHT | M-ODN-1 8 20 13 10 20 27 20 20
if£<dC0)T%TJV~—“@'@D 2 | S-ODN-2 11 56 100 78 0 0 0 6
DL 28 B TR E £ CUE |2 | N"ODN-2 11 9 0 11 18 28 35 32
S-ODN-3 0 6 44 94 0o 0 0 13
L r%#gﬁ%é%‘ £5HS-DNA S-ODN-4 0 53 78 100 0 0 0 0
DEYPHRNTHMRT TR | g 40, 25 100 100 100 0 0 0 0
RIZF THEENLLNZEB RS n-ODN [Z A M-ODN AT /LR A% % —k DNA,
i, — AR INBAT LR A N-Me-ODN-1IZZ D7 v A Tida<Ht HIV iEE2 R & 727z,

—hRDNAIZZ D FER CH AR R A RS2 o728,

ZHLTZH, Z2IRS-DNAD A A EHEIT L2 ) H 23eW Tz, IR A S AT T | B3Rl
JEEED ALHERLTH, MUGREZ IEMIZT=4—LTh, LI UTEo THR RN TER, — (KL
VRS TNDDN? EEEARD H DN, HORERITIR R AN LTz, HREOHRY k) =27 L1k
TEAESN-DIL, BE THOIEERRRE THHY T /= F VR AR 7 I4 A MRS (Fig. 9a) &, HIfEIT
HFEY RSN ANE R ARE T IX A MR (Fig. 9b) THD, S-DNAE K TIES-ALDERIZ N =F /L7
VaEETeERAE W, LB IEAETL TWDED T, Vo ORER (7 /= F LK) O B fED & D S
DI A DL RDIRN, ETAN, 9o OCH, OCH,
9aD kI A > TLESTZDN, BRI E D
WRKR T o7z, SALRRERIZOW TS PO Y @_C o B @_C o
VN F VT IV SsDR A G DHEND | L0 TE i j i j
DIRFEDRT HCSy s NI F /LTI - Ss DA A1 © ©

BICE T LA, SIP-NMR CORER TIZZHHD I OCHj, | OCHs |
IRSALDBNERA ELU D Bl o7 (iPr),N /a)\O(CHZCHg)C (iPr)pN~ b)\OCH3

HIVO Fifee iR Ye i IH-9% Fi 7= S8 72 5 R B D
G HIVA ) ATk AS-DNAT L F e 2 g Fig 9 ST )EFNRARET IZ AR (a) & AFIAR
FROO 5 RIS B BHIV S Sy T AR b
AR AR ERFHNCHEL TODERILNI/RD, ZIVTS-DNAREIRLT T AR L THE
THDHIENRHLNI ST, — T, FeDdCHRERY~—1%, MlEIZI T HHIVY A /L ADNADde novosy
A L E T 22800 ZOHHIVARITIT AN AELZ L E T 5FICLDLD THLHLWZERHHNE
7otz Flo, REHEORBBRTIIHELRVEDRDNE VDD, 27FIKLNWTIZIFEHFTH LD
NP 3 Iy s

ORI ZE DM | BEER) fREE 3R 1269 DS-DNADE N - HIME DR S-DNASM-DNA
(28 Dras p2 1 F O A R E N R LS R BMEDIRRED, 5 -KIBlZ T 7V %24 T 5S-DNAD G &%
DAL AL RO OFRFARFFE722 13| S-DNAZ KD HI OB FED 8 >R H N TET,

[#%0iz]
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ZHOL T, L EO MBI LI TR O H > T 1L, WA F R E ST TS LDV G WA O
2720, EOHKMERINCH T — DN DRI IR T2 T T2 A DA R ICH S B R Y F
NTE, BARIZIFEZ T2 REBANSUIESLUIII LRI T F N TERD-T208, 2D,
— R R R IE B & U CRHERIC 2o 72 =28 (bl (Bl = 2810 5) AR A R COMFZE T RIZfE -
BB FERO FEEFATVY 7o2aT U 52D B TIX T VDA AEARD B3R —H T
<IN T LT, 2D, B RS L (BUEOH L) (ICB FLUTRAS L, FORED
BB EEDNDIDINTRY | VIO EFE TIO LI AR T AN TE, IRVIE->THLE, BT
E%h 5.2 TRIo KB EITHEEY  Marzillife A2 #E 1 L T &5 7=Brownt 4. ZonfeE DT
DHF G S a2 VE-> TLIE S o7 Marzillifo A2 . NIH~DO B EE & B Gt 5o TLIE &~ 72 Zon A S W) Ko,

DT AT IZBIEERIZ /201X L DWW ETE O T, RIS KD B S T2 FE N AECTho Tz,

ZOM, IR G E COMIMAETEL M & IBE THIEZ XD LW T, FEDNZEILRDIC
FVWEH T, 223 EBEYN W2 R BERBR LI H 2 Thol-, Hll TR COWF R R A FF
O FAFGEE B TOHEL K, WP FLL TRVIRS> TAHLE WA COATR It~ L LAY
WEHEHZU, BFFE LT, (KRB0 AMED ETHELEZANIEFIZZWERS, ESAIZITH UK
ENRHIVE UZEIH TH R IELI LT FOMRZ BIRNIIIL TWE T UTE RS, Oxokl
THNLFLRWN, HONTHT L OBNHSVD, HXAEZHLZT TEADBLINLEFAL !
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Abstract: Unnatural base pairs (UBPs) provide a powerful tool for development of DNA-
based technologies. Here we describe new design concept for the UBP in which the pairing
selectivity is achieved by isolating the recognition units from the canonical Watson-Crick
position. The validity of this concept was demonstrated with the alkynylated purine and
pyridazine nucleosides bearing additional hydrogen-bonding units (‘pseudo-nucleobases’).
We confirmed that the alkynylated nucleosides exhibit selective and stable pairing through
the hydrogen bonding between the spatially separated pseudo-nucleobases in the DNA
major groove. Moreover, consecutive incorporations of these UBPs dramatically increased
thermal stability of the duplex DNA. The present study showcases the separation of the

recognition modules as a promising strategy for developing new types of UBPs.

1. [FUBHIC

DNAIZPRAFSNT BB RIIMRNAN LR G E I, o~ TEA~EHRES D, ZOAEYF D' MoV
R7 <2 EDRAB FRBLOME A 70T ON | R R O IEXHE R Th D, DNADYA | 4FE5ED
KSR IEA, T, G, CONF O DNEARIE HEBUE THERIREZ, ALT, GECHZNZ IR K ERE S
ZIR T DT LI &> ThREAIRF A “EEHA TR T 5, £7o, AR OMERHMEIL, hom /o123 %
F2WDNADIERE A FREE 5, 2D KRR A2 M8 FE st TR B3 b 7o &3 B 41 e S Y 7 — HL 8K
DNATESCDNADEEZE LT, 4 H ALNDER % e AT 7 /ay — 05y - Jg blg->Tind, ZDH
T, ZNHO2XF4FERAD KIRAIME FLIZ . N TRt 2 Mz 52 812k Bt Ra Itk LA dm
AT KR E S RENERZ IR 2 A0 T AR ZE N B ICHE R L QD AR AR SC T, BETF O A TH At 247
LoD, Fox MBARAHED D772 ik FHE I IR DN T ERHZ W TS 375,
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2. INFCHRRINTEEATERETOEE

N LIRS eid, ZEHDNATE R SCDNADEE R E I T, AT, G-CHEEXTE R L 137 L TR
T LA RSN FERT TH D, BEAFO N THEFHZ, FH A AEARERUCIEE ST KBRS A BIE L%
BRKPES FEc, 4B SEARTUIE FaoeH o RBIS VD (B1) . KB AE AR Fach T, KRR L LI 3 IRMAliAY 72
IKBRE G B — 2 m TR T a7 TSNS, Bl 21X, BennerbDP-ZH FExtx, —EHE IS &
OB R ERUT I T, KRR Fexh SIZ B AR HIITHERE T2 F7o, /R - IBI, KEREADORF—-
T IR T BB PN DA FOKFRE G TEOBRILIERN THIEA R L B2 E /R Bk A T
FRSEDZEITHIL TN, SHIT, MARBIZT &L, FV RO T o F - VRl B LTk
FEAMO N T 2 WG L QDS — 5T BRI R 1T, BKMEAR AR SR Aa i 2R
T HZET, RREICK T HERZME BT 5, - RDDDs-PxHi H %X Romesberg > D dTPT3-dNaM
HEERPIX, 2OREHITHY | BERERICB W OEFICEWVERMEA R T ZENMESIN TN D, &k
(2, RS R IR, R AT K T HENLAE S AR E) HE LT N TR X Th D, AL

CarellbIC K- THATHSAL, BIAIT. 8 (kmmammgs H )
(I A7 DIHE F RS DA T, A b S N ;

L. N - (\N—«o" B ) ’ LL"{N -—N""H_N (\ o"“H—N /NW
RIS T BS Thbo A | D ™S SR S
THEESIL, 77 E~—T 4% N N-H--0 ¥ N_/<N—H----O N N $ N

) ,
FPLLOWELES, MEFOM | 5 NP A s |
- S - NE= =g A ::
RICHAHTHAZENEBIIRENT Bk R OH\/ SR B A 2 3t

W5, Ll BEAF D N TH T,

S5 KT PR 00 SR R0 B 22 T c@ {3 e PN
b ONCRER M RSB 2B | ,«~ J Iy "z’qé’cqﬁlr\"\f
—0 N=
H H

PR L IC BT, FREA R L TUD, N

. . dTPT3 dNaM Ds Px
TR T N T R S s <
OAEAE B liz L, 1 REMGATEESOEEE H5E

3. Av—=J ) =T ITHHEEEE A LIzPu-PE B DERET L=

BEAF D N THEERF D4y FREGHIE 5L, " H
VN F AU Watson-Crick 1246 1 2 47 7 (1 T B H“‘“""%D/ SN
N NHN NN S

T RTHIEIZES T, RRIEIRE L DI I3
FRAEBINTVD LN DD, ZNBITHL, Fox ﬁz/_\\ R— ff?ﬂ Nl
X, AN T ESHEICKEM AT E, o G/ H N g DNA' N=/N--"H_N):/}
Watson-Crick i & (LB 75 AT Il E 352 8%
B2l ZOIHREEFHIE - T, AT LR
RN ETRIKRBRERETER T D22 AR

HITBAC 2 A8 ATAEL 720 M R iR 2 J6 B C J 2 xSy

XHLPL, AMEO KIS B HELT, 7 rEaaien

NRZANTVL (Pu)-TAFRZAEYE DU (P2) QEJZ;%’Q-E”'PZ &
“ = s X EXE

HEXA AL (B2), PUBRUPAT, DI AReeERR o L

KB D RS s 7R AR A ME R 5 7- D R = N
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TV EVE D REERS, 2) KEREREN L THWERRT D720 OFHE e it 5 ) . 2L
) R A A v — 7 L — T ICRLE T A2 DT IV F o AR —H —THERR SN D, 2D X705y Tkt
THZET, R EME LI LRI A WL CEDEB X T, 1o i BHEIEADNAD AV ¥ — 27 /L —7 | ZhL
ELU-BREE, BRI PR T D MR RN HHIFN, BEE R R RS ~D BN A D72 T2
Tho, FEEEITIT, BIEET e/ U TR T 220 E SN TVD2-EUR VB RUR-TI/E DR
U FWLZEIZLEY, 2B PuiBE R (YPu, OPu) EPziA AR (NPz, OPz) DK FEFE A AR I RO
XA RRGET HIE T, AV Y — 7 N — 7B OKFERM AR EREE DA LR TEDHE
HFFLT=,

4. Pu-Pzi5EAZH A ANTZDNADE L

FT, Pu, P8R DT IX A MEZ A LT, PuibiEiRIX, 2-7 427 7 /v vipbaLica—R
TUCHER () L, = F VR TEBRISNIZ2-EVR (2) BERUR-TIU/EUID U758 (3) 2 A D v
VT RO 2SI LR L2 (RF—L1a), S5ONTALEW (4) & (B) =2 ENTIXAMET S
2L T, NPukOPu® DNAGFLATEEM (6) BLON(T) G LT=, —J7, Pza 8k DA pkizix, 7 U —v
(8) LI—KREUE IV ALEM (9) MOEA R LTZC-XIL AT K (10) ZHEF AL L THW = (RF—L41b),
ZOEWETTF =L EVE D ALE Y (11) ~EEHi | SV RBEHINT2-EIR (12) 2BNI2-TI/
UV (13) @ EEN v 7V 7 6t FCRIGEE DI LI LD, NPzEPzd B A EE2L AW (14)
BEOMS) ZHEFLT-, TD%, TNENTIXAMETHZEL T, DNAGEKHTEEA (16) 725 TNZ(17) &L
“o B RRLTZARESEDO T IX AMEIX, DNAREFE G LS VWV CDNAICHAZGA AT,

(a) (b) ™S,

N
HO. 2 d /N‘N h /N‘lN
™S o N Ho N DMTrO. o
s 7T C S =~ N
o
—N  #BEXR-AYD
N oT8S N hy g ™S 7J/7JJ'J OH ™S
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o N —_—
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nyFIVYT

N
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4 3
T
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e\ gy ~ N proms
w4y i Mo ™ oy

= SN
7) N o

|

O__.N(i-Pr); T™MS
™S P

1
o
/A NH, Y 71‘5');;7 Yo e
o ) e
A
[ NN )§
|| M 2 N”SN
' NS (-
Il N A T
N 13 I N,
¢ ] > N
N A DMTrO. N N/J X N j
4 N o Ny DMTrO. N o
DMTrO <1 ) — ! —_— o
N o VTN — DMTrO N0 \
D). 11 O, N(i-Pr), o DM 114
P H OLp NiiPr), TMS
OH 5 O ~en OH ™S .
’ 15 Onen 17

A¥x—L1 (a) PuFEBHERY (b) PzFEBADT 254 MAOEBHER

5. Pu-PzE5EBANIE 3t iz i RE D T4
AR LT-Pu, Pz 8 RO EE TR R RB IS, & iF B8R Z A A TE ZHEADNAD Toffi % thi 452 &
CTREmL7- (E3)., 4E§EDNAEP@X—Y?ﬁﬁi%i“é@G—Ciﬁ%ﬂ@%/S Tnfl1336.6 *CTH-T=, 2T
XL, BEHE FE DS 20 K G B 2 TR R AT BEZ2NPu-OPz 38 L OPu-NPzO A . T EEHDNAD Thfilid%
ALEN3T.8 °CL36.1 "CL7220, RINUME HAHI DL 2B 2 E M ab DT e a b Lic, —J7 T, Hitli
FEAFEFAN 72 NPU-NPZES LOCPu-OPZ G TR, TWfEAME F L7z, ZHHOREFED | BHE SR DK FE i
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L EALL TS AT HEPE DN R g e G-C 366
o 06 — Npyo
MEEiTe, WD, R ELIC 4 PutPz a7
7 04 Pu-"Pz 36.1
xF 9 2 B IRMEA FEAf L 7= ( s — MpuMPz 304
Ep 2 °Pu-°Pz 31.8
" PN CHE PP C | :
. om woo W W e e
U‘Tj’b@fﬁiiﬁﬁ )(TL/ Temp. (°C) ]

T’B TofEASE T L AR )72
Pz AR R LT @R
ZaRlLlc, —J5 T, Pzifigik
TH 2 PzLPzb | AITH T %
BURPER LR ENLD D | 3 Pu, Pz EEAEMARALZEH DNA O TnlE & FREEEAER

A7 Puih BRI BRI 72 1 w0 _

e A R LTz, DD 30
R XD Rk AL & Watson- E’E 20
Crick 172 HEEST ZLICL~>T ) 10
WRRRRMEL BT 520D - - - .

0

L= LY 3] \NZ - X= NPuNPuNPuNPuNPu  °Pu®Pu®Pu®Pu®Pu  °Pu A G T C “P'u A G T C
FIXD*‘*EE/LJ\Z) *%gﬁbb-(b HILE Y= %°z A G T C NPz AG T C NPzNPzNPzNPzNPz  °Pz°Pz °Pz°Pz °Pz

B LT, ®4 Pu Pz EEAORAREERICKHT S TniE

6. Pu-PziE B 1t DR H KX DAEEA
%ﬁf: &:%& §+ Lf:j\ Iiﬂﬁ%jﬁ—@ muﬁ*ﬁ Sequence of the 10 mer DNA
T,G,°Pz,G,G; C;C,"PugCyA,,
KDY 2 B YL L T, "Pu-OPzifi J %t

Conditions: 1 mM ODN in 10
mM sodium phosphate, 150
mM NacCl, 0.05 mM DSS, 5%
D0 in H,O. The NMR
measurement was performed

CENNVEEN TS = VNN s B &
—RIENMRZEJIE LT, S 0Pz3-H1 9pz3-Pyd-H1 Sy G2:H1

NOESY A7 kL DK 35 38 D fik K | = '

R R, ORI, AREAL T

ENHIER ROA ) Fabe Dy yF o s

IS D, BT O RS BLF A7 |
1ETH3DDGONHKEICHRT DL 7T wtn
JLEFBNT, 2DONHIEHSRDT 7T opppy -
DEEINZ, 2095 | OPz3-Hl |

T, BV DU ININHEEH Sk D> o %Pza1  OPzaRydHI ggm Go1 .
FTHY AL 7 MELY | AR 72 J& ; = ;

NPUD T LB I TR AL | é Pa¥
TWHIEN RSN, F2, OPz3-HI1E ----------- @ s <

BT BGHIEED A7 b TR "‘}ﬂ M
NOE MM S 7= 2 L5 NPu-OPZth it mem—| b & noe4 ‘ ANGE

. NPug-H2 ’ NPug opz3 &
SRR I & D LIRS % 7 ; i
FEERZRERL TOWDIENIFFEIN ms Npuopz fsg*-pg_.at =48 DNA O NOESY X <% |~;|,
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“o —J7. °Pz3-Pyd-H1i%, PzOEYRAENHIEIZ R — 27 ThDH, ZOE—ZIZ- DV TNOEBAfRHT
L72&ZAh "PuD 7YV VB EOC-HIEENH IS T 57/ n A’ — 7 3@l S, 2-7I/EY
IV L2-BEVR M DK FERE B TE RS IRREB STz,
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FREA ThLERE R,

7. Pu-PziIE E 5 w48 $0E A LIZDNAD — E FH 12 i DT
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FRAH ) 720Pu-OPz, LT A-CPZHE ekt 2l A IA A T2 856 . —HEHDNAIT KIBICRZEEL LTz, 202 s
P35, NPu-OPZH H o RIRAUE ek L[RIRR . B AR B e BB FIRE T D ZEDIRENT,

WIC, N LA S 7o fid 52 O C Tl 21T -7 (B6a) , =D 5, Al 7eNPu-OPz%27)
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LIWCDY 7 TV HERS @ wl o o
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N 7 4 (N 7 Vi p NH, Vi 20
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FAHEAE A AME DTV BT ER NPU-°Pz °Pu-°Pz A-°Pz 5 0 .
-10
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NPu-°Pz  °Pu-°Pz A-°Pz
N -30
o THEHE FE T o W A g' :}T\g’;’;g’;;ﬁg:g' 318 14.9 14.0 220 o atom %0
FESTZENBEHREEZI LN NN w2 313 265
[ > N - 5/ -TCAXGXTXAG-3'
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RN LT, ZHHPU-PZIE SE kT BIRAYD DL BRI F R A TR T H L RIREIC ke A3 528 T
HEDNADERY L E M2 RIGIZIEINT 5284 R LTz, 2O X7 @m0 BlFRr 2k & B g% @ ke
X, B E DD R E A BSOS EEINADNAT /77 /av—ORRICHE HEE LN,
ST, RN TR T, AV — 7 N —T IR B RE G 2=y M F T 52800, BROWIES
BtEZ ) L CE ARG, 2D HEL S TR FEISH TENE, 774 ~— T A%
VR YA LE T U LT DREREMERL I O EREREALIC D72 WD ATREME N D, BIFE, M IEIRMED M B L
DNARY AT —BIZ L E NI 7E 2 1D TWD, 51 AN LI 2t 2 0A A TERS REMERL I O A1
PRERL | AV — 7 N —TIOKFERE B 2=y Mt 5322 D[ A RL THETZN,

9. HiEF

AT, ALK FZ e E R FEETIC T B & VAL R 2B R 7 a7« 7 RS AT
AR IE T 07T LD XIROLEFITSNELTZ, MD #HH CIEH R T3 KF 0O EABEBHLER
FEFBBIZIT, NMR HIE TIEHRAL R T2 o BB P e T O R R R I2 2 Ke T iAW o2& L
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Abstract: Genome scale DNA synthesis can be performed by high fidelity PCR
amplification and subsequent PCR products assembly. We have developed dNTP analogues
which improve PCR fidelity and chemically modified primers which generate sticky end
DNA fragment to achieve accurate assembly. Deoxynucleotide tetraphosphate analogue
suppressed incorporation of mismatch base and successfully improved PCR fidelity with
Taq DNA polymerase. Two chemically modified primers, post cleavable primer which
generates 3’ sticky end and stop primer which generates 5’ sticky end, were synthesized in
the present work. Both primers could perform DNA assembly and plasmid construction as
accurate as conventional golden gate assembly (GGA). Stop primer achieved DNA
assembly with two folds higher efficacy than GGA. Furthermore, it could generate 50 nt
overhang sticky end on DNA fragments longer than 10 kbp and assemble them to construct

lambda phage genome.

1. ARES

SEMT AACTEFEIZ IO TR RZDNAWT 2 i S LS 3 D E IR O L B 70 D, il 2
(XTI OER T 03B 5T DB R SOLE DB, ZNHEEBIZPCR TG, HAE L7 ) AR —
JVODNAZ B —= T %ATH 2 TR A D R0 <72 D, ZORE, HHIE T 2DNAN R/ DT 24 ThHlA
DIEMENED 3 @#5%H#§<@é_omfﬁéwﬁfkﬂ4#%%&méPdu@éﬁ%fiDmx
NYAZ—E (DNAP) O IEfEMEDREDD — EMR TR EOE RN EZ D, Zo " 7E LFOERIZEL

ﬂﬁﬁ@%ﬁﬁﬁﬂmwﬁ%%éMT%kﬁ\Wﬁ%&%ﬁhw%fﬁﬂﬁk&ofﬁwJﬁ@ﬁﬁdmA
%Hiﬂm%&mmﬁﬁﬂ%ﬁU@&W@ﬂAfwﬁﬁkéik*%%@mmﬁﬁ@@%ﬁﬁﬁ
VXA PREE SR IS &> T RSB A VR L, 22 H BBy Rl £ O AR PE I K> Tl &G 3%, LosL7Ze sl
PRI R DMED R T4 LI T D2 EMN L FRC W A RS 21T O BRICIEREME DO TR L D3 %D,
Nz CHIBREESRE O ITFFE D6 bpDELHIZFER)E L TDNAZ UL 2% H K4 1ES, 6 bpdDfrFAEIX
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Abstract: As is generally known that nucleic acids are molecules with highly dynamic
movement, to track their dynamic movements at the single-molecule level remains an issue
for numerous studies, although the super-resolution localization fluorescence spectroscopy
has brought optical microscopy into the nanoscale and revolutionized our ability to image
biomolecules over the past decades. Herein, we demonstrated a potent method that enables
tracking the dynamics of nucleic acids at the single-molecule level in the time range from
us to ms. We developed this method on the basis of a methodology termed Kinetic Analysis
based on the Control of fluorescence Blinking (KACB). By controlling the triplet blinking
of ATTO 647N with 1,3,5,7-cyclooctatetraene (COT) through triplet-triplet energy transfer
(TTET) reaction occurring between two distinctive sites in nucleic acids, we can gain an
understanding of the corresponding nucleic acids’ dynamic movements by measuring the

TTET kinetics.

1. Introduction

Nucleic acids are highly dynamic molecules. As the carriers of genetic information, inside the eukaryotic
nucleus, the long threads of DNA wrap around histone proteins and form nucleosomes with an appearance of
a string of beads. Nucleosomes further interact with each other and lead to 30-nm compact chromatin fibers.
They are organized into hierarchical structures through loops and topologically-associating domains (TADs)
by an active loop extrusion process mediated by structural maintenance of chromosomes (SMC) protein
complexes.!!! During the interphase of cell cycle, chromatin is dynamically reeled and extruded as loops by
cohesin to contribute to the genomic functions. In the mitotic phase, the highly condensed chromatin fibers
called chromosomes is organized by condensin to ensure the proper separation of sister chromatids. The
hierarchical chromatin organization is vital for gene transcription, expression, regulation and recombination.
Chromosome 3D organization and the mechanism behind the highly dynamic structural changes have been

foregrounded and long fascinated scientists. The combinations of biological, biochemical, and biophysical
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techniques especially single-molecule measurement have been proven to be a powerful approach for more-in-

depth study in the near future.!**

On the other hand, RNAs are known to fold into different 3D structures ranging from secondary stem-loop
structure to complex tertiary and quaternary structures for achieving diverse cellular functions like catalysis,
comprising the building blocks of ribosomes, and gene regulation, in addition to the primary role of
maintaining the genetic information in protein synthesis. Once triggered by specific effectors and/or the change
of the surrounding environment, RNAs dynamically transform between different conformations to perform
discrete biological functions.”) The dynamic sampling of proper conformations is therefore of great
significance for RNAs to function properly.

By measuring the 3D structures of nucleic acids at high (atomic) resolution, the corresponding static
structures can be decrypted, which can provide valuable knowledge on nucleic acids’ functional and regulatory
mechanism. However, in contrast to proteins, the intrinsic heterogeneity of nucleic acids gives rise to great
challenges to the measurement of their structures using techniques such as X-ray crystallography with high
resolution and NMR for longer sequences (over 100 nucleotides).’®) Meanwhile, the static structural
characterization cannot reflect the dynamics of conformational transitions. This is because, usually, the
captured structure images represent a specific state or different conformational states of the same biomolecule.
It should be noted that some methods that aim to both sort the static structure snapshots and extract information
about dynamics by connecting different conformational states are emerging.”) The above-mentioned
challenges of measuring nucleic acids’ 3D structures and the incapability of static structures to revealing
conformational transition dynamics necessitate imaging the real-time conformations and tracking the dynamics
of nucleic acids. Real-time fluorescence assays accommodate the needs. The super-resolution localization
spectroscopy has brought optical microscopy into the nanoscale and revolutionized our ability to image
biomolecules. However, the localization-based super resolution methods are mainly applied to resolve
intracellular structures and spatial information of labelled biomolecules in tissues at a resolution below the
diffraction limit. To track the dynamics of biomolecules including conformational changes and the intra- and
intermolecular interactions, the techniques of total-internal reflection fluorescence (TIRF) spectroscopy,
Forster resonance energy transfer (FRET), and fluorescence correlation spectroscopy (FCS) would be good
fits. These techniques performed at the single-molecule level enable an understanding of the dynamics of
individual molecules that would otherwise be hidden in the ensemble measurement.

It is a universal characteristic in real-time fluorescence assays that the fluorescence signal blinks. The
blinking is commonly undesirable. While in the FCS measurement, fluorescence blinking can be adopted to
reflect the intrinsic properties of biomolecules. This is developed based on the concept that the blinking emitted
from a single fluorophore can be controlled in such a way that the blinking pattern is governed by the intrinsic
properties of biomolecules and at the same time it can be readily detected even under a background
fluorescence. Over the past decade, Prof. Kawai and coworkers have been developing such a methodology that
utilizes the kinetics of photo-induced reactions to extract the information of nucleic acids’ conformations and
the corresponding changes. The photo-induced reactions occur between a fluorophore introduced into nucleic
acids and a control molecule. The changes in nucleic acids’ conformations or the microenvironment would

cause changes in the kinetics of photo-induced reactions. Therefore, a correlation between the both would be
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established. Since the kinetics of photo-induced reaction between a fluorophore and a control molecule is
measured by fluorescence blinking, the methodology is called kinetic analysis based on the control of
fluorescence blinking (KACB). Prof. Kawai gave a thorough explanation of it in this journal, vol. 1,2017. This
methodology has shown success in studying the local conformations and conformational switching dynamics
of single-stranded, double-stranded, hairpin-loop, mismatch, bulge, and triple-helix nucleic acids, and antigen-

(817 In these studies, the fluorescence blinking is controlled by redox reactions (rKACB)

antibody interactions.
or trans-cis isomerization reactions (iK ACB). In this work, we expand the KACB methodology and supply an
additional choice—kinetics of triplet-triplet energy transfer (TTET) reaction—to accessing the dynamics of

nucleic acids.!'8!

2. Method Development

1,3,5,7-cyclooctatetraecne (COT) is chosen as the triplet energy acceptor herein. This is due to the following
reasons: 1) COT reacts with the triplet (T)) state of the fluorophore through TTET and generates no charge-
separated products; 2) COT has a relaxed T state and the energy level is only 0.8 eV; 3) COT’s T state has a
short lifetime, and it dissipates its energy as heat; 4) The intermolecular TTET reaction between COT and the
T, states of normal fluorophores are very fast. The reported TTET constants of COT with some representative
triplet donors such as biphenyl, naphthalene, acridine, pyrene, and anthracene in benzene are on the order of
108—10M-'s!. As a result, COT is such an efficient triplet enery acceptor that depopulates T, and thereby
enhances the photostability of fluorophores.

Apart from for fluorophores’ photostability enhancement, COT herein is also used for controlling the triplet
blinking of fluorophores by TTET. This is achieved through the dynamics of biomolecules (vide infra).

The triplet blinking is measured by FCS. As shown in Scheme 1, when a fluorophore is excited to the singlet-
excited (S)) state, it emits. While the fluorophore repetitively emits upon excitation, it is in the ON state.
Occasionally, via intersystem crossing (ISC) the fluorophore enters the T, state and hence stops emitting, the
state of which is called the OFF state. The T;-involved reactions such as TTET can depopulate T; and brings
the fluorophore back to the emissive state, i.e., the ON state. The transitions between the ON and OFF states
cause the fluorophore to blink, and this is called fluorescence blinking. Ti-induced fluorescence blinking is
called triplet blinking. Once introducing a fluorophore and COT simultaneously into nucleic acids, when the
system enters the OFF state via ISC, if the conformational dynamics of nucleic acids brings the fluorophore in
its T, state into collisions with COT, fast TTET reaction would occur, and this would make the system re-emit
immediately. Therefore, the conformational dynamics of nucleic acids governs the collision between the
fluorophore and COT and thereby the OFF time, zorr. The measurement of zorr would reflect the dynamics of
nucleic acids. By deciphering the fluorescence blinking pattern, i.e., the ON-OFF pattern, 7orr can be obtained.

Herein, Ti-involved TTET reaction is utilized to control the fluorescence blinking. However, most studies
that take advantages of photo-induced reactions to track the dynamics of biomolecules employ the electron or
energy transfer reactions occurring on the S; state of a fluorophore. The S; state normally has a lifetime in the
ns timescale. In sharp contrast, because of the difference in electronic state from the ground state So, the lifetime
of the T state is much longer. It is in the range from ps to ms timescales, which is approximately four to six

orders of magnitude longer than the S; state. Therefore, the long lifetime of T state enables the measurement
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of nucleic acids’ conformational dynamics in a wider time range than that S; state does.

A B C D
ON OFF

>
state Time

A % . s Fluorescence blinkin:
.. o .. ....“. . Nucleic Acids 9

------------- > e —————— : =
ISC OFF (7oe) governs Dynamics l%reﬂects w| ON ON ON

Fast Collisions between Torr
sc_ _ Colision TTET Dye and COT determine OFF OFF
Dynam|cs Time
Utore

Scheme 1. (A) Schematic illustaration of ISC-triggered and TTET-controlled triplet blinking of a fluorophore by COT. It

Excitation
uoissiwg

should be noted that under the adopted deoxygenated conditions, T, is mainly depopulated by COT, rather than by other
pathways such as radiationless decay and energy transfer with molecular oxygen (O>). (B) Schematic illustration of how
to use TTET kinetics to access the dynamics of nucleic acids. (A and B are adapted from ref. 18 with permission from
Angew. Chem. Int. Ed.) (C) The relationships among nucleic acids’ conformational dynamics, collisions between the

fluorophore and COT, and 7orr. (D) Representative illustration of the observed fluorescence blinking pattern.

3. Experiments and Results

First, we verified whether in the presence of COT the triplet blinking of a fluorophore can be controlled by
having collisions with COT. In order to accomplish this, a double-stranded DNA (dsDNA) platform is applied.
In this platform, COT and a fluorophore are spatially separated with each other by a single-stranded DNA
(ssDNA) spacer, poly dA ((dA),) or poly dT ((dT)»), (n =3, 6, or 12) (Figure 1A).

Using ATTO 647N as the fluorophore, we measured the fluorescence blinking of (dA)2-spacer dsDNA in
the presence and absence of COT. The observed 5-fold higher count rate in the presence of COT than that in
the absence of COT demonstrated the role of COT as a triplet acceptor which depopulates ATTO 647N in its
triplet excited state CATTO 647N") (Figure 1B). Moreover, the noticeable triplet blinking component in the
presence of COT corroborated the control of the triplet blinking of ATTO 647N by COT (Figure 1C).

We then investigated how the spacer between ATTO 647N and COT affects the triplet blinking. The results
of fluorescence blinking measurement (Figure 2) indicated that the TTET kinetics between ATTO 647N and
COT is correlated with the conformational dynamics of the ssDNA spacer. As the increase in the length of the
spacer, the increase in the value of OFF time (7orr) was observed. zorr also shows a dependency on the
sequence composition of the spacer. Therefore, the TTET kinetics measured by the triplet blinking of ATTO

647N herein reflects the length- and sequence-dependent conformational dynamics of ssDNA spacer.

A (dA),- or (dT),-spacer dsDNA B spacer = (dA);, without COT c as
N
e — < 4001 T 55T ——{(dn),,-spacer dsDNA with COT
oo /Q 300 9 5 0L .—— (@A),,-spacer dsDNA without COT
a (€, T 200 4 5
o - oo o
5 o © 181
3--nscmccmccmccm—u—g_—u— spacer —u—:li_—u—aaccmcamcnmcc.u‘ 8 0 -; é ;’5 :1 é (’3 ‘7 é 5; 1‘0 §
spacer = (dA), or (dT),, n=3,6,o0r 12 Time (s) S 16
3
w with COT <
T 1.44
X 400 ® without
i 52 T b bk, 3+
A & 200 W' ] Ml M m. gl coT
H S 100 W 5
5 +—+—"r-—77-7———+—+— Z10 . - ! . ‘
3 12 3 1E-5 1E-4 0.001 001 0.1 1
Time (s) Time (s)

Figure 1. (A) The dsDNA platform. (B) Typical fluorescence time traces and (C) FCS autocorrelation curves of (dA)i2-

spacer dsDNA without and with COT. (Adapted from ref. 18 with permission from Angew. Chem. Int. Ed.)
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A B( . Figure 2. (A) FCS autocorrelation curves of
~ L % (un: (dA),- and (dT),-spacer ds DNA (n =3, 6, or 12).
gz_z (::;‘)6 ’ % (dA) (B) Bar graphs of moer obtained in A. (Adapted
%?é f,fiim‘; g e from ref. 18 with permission from Angew. Chem.
3 ﬁd:j’“' % Int. Ed.)

1.0+ " . .
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Using the dsDNA platform, we also tested the triplet blinking when employing other fluorophores including
Cys5, tetramethylrhodamine (TAMRA), Alexa 568, and Alexa 633 as the triplet energy donors. The average
number of photons emitted in each ON state before the formation of T, is a characteristic for a given
fluorophore, while it varies for different fluorophores. In addition, the redox potential and other properties of
T, state differ from one fluorophore to another. The results suggest that ATTO 647N is the optimum choice

under the employed conditions.
Considering that COT is not only a triplet energy acceptor but also a photo-stabilizer that improves the

photostability of ATTO 647N, the triplet blinking controlled by COT was further monitored at the single-
molecule level. Specifically, we extended the method for the detection of a microRNA biomarker—mir-155.
As shown in Figure 3A, a molecular beacon probe is used. It bears ATTO 647N and COT in the hairpin loop
region. More importantly, it undergoes a conformational change upon binding to the target. The conformational
change can be monitored by measuring TTET kinetics between ATTO 647N and COT. We observed a marked
difference in the distribution of 7orr value in the presence and absence of the target molecule 2 (Figure 3C). In
the presence of target molecule 2, the zorr value is about one-half of that in its absence. This suggests the
validity of using the TTET kinetics for the detection of this miRNA biomarker at the single-molecule level.

Figure 3. (A) The molecular beacon

A
; ATIO 647N probe (1, probe) and the microRNA
(probe): Biotin-TEG-5’-GCGATCACCCCTATCAC- COT-GA-T-TAGCATTAAGATCGC-3' . .
biomarker (2, target). (B) Schematic
5'-GCGAUCUUAAUGCUAAUCGUGAUAGGGGUGAUCGC-3'(miR-155 biomarker)
B C illustration of using TTET kinetics to
3
. - a .
Cg‘#;‘%” = 20/ detect target molecule 2 at the single-
T: : 1
- f 215 molecule level. (C) Histograms of
O ’ (TTET) - < 3 .
Lx O 10 torr value measured without and
‘ >
Probe - : - )
Immobilization 5 54 with target molecule 2. (Adapted
Streptavidin
s o 012 ' f f. 18 with permission fi
TEG-Biotn  ATTO 647N (@) 0246 81012141618202204262830  1oM TeL 16 WIth permission irom

Torr (us)

Angew. Chem. Int. Ed.)

4. Conclusion

In Summary, we herein explored controlling the triplet blinking of a fluorophore with COT through TTET
reaction and employ the measurement of TTET kinetics for accessing the conformational dynamics of nucleic
acids. We offer a potent method for studying the conformational dynamics of nucleic acids and detecting the
cancer RNA biomarker at the single molecule level in the time range from s to ms.

TTET reaction requires a Van der Waals contact between the triplet energy donor and triplet energy acceptor.
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This is different from the widely-adopted FRET reaction. FRET is a singlet-singlet energy transfer process,
and it is applicable to the conformational dynamics occurring within 10 nm. Instead, the method of using TTET
kinetics allows studying the dynamics with a smaller distance change in the angstrom scale. Therefore, the
method offered here serves as a complementary method to the widely adopted FRET technique for the study
of conformational dynamics of nucleic acids.

Multi-color single-molecule FRET (smFRET) has been used for studying the dynamics of DNA and

[19,20

proteins.!'>?”) This makes it possible to study the complex dynamics of biomolecules or biological systems that

involves multiple sites and occurs simultaneously. It is envisioned that our method of using TTET kinetics can
also be extended to multi-color single-molecule measurement using FCS. Compared with multi-color smFRET,
the fact that COT does not need extra excitation might provide some simplicity. To clarify this and for the
practical application of this method, for example, in the study of chromosome 3D organization and the

mechanism of DNA loop extrusion, further exploration is expected.
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