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%o 2O DNA I ALMIZER L7287 ik & lAaiadk, 20 N DNA 2SEY OBIEEROIRE Y
AT L THHHEE - @G - FERTHEET VUL, CTFEE2ML 3 L1125 ) BEEROILED TR 2
% (Figure1) 8, Venter 5D N TAWYTIX, RIREIO AFHIHOIEILTDNA ZE5K L TWAEHA, 2212
NIIEREZINZ 52 L TEIUL, DNA R RNA OGS THLX 7 LA F F (FE - ) R—-A -
) VRS T HEEROWEAL) oA T IR, ATOT I Beagt sy v HEEYH
FTENTREIC R Do T72, NTOHEIEN 2 AW EERPEEON L, S, HEROKKE D DNA O
JENT ClE R 2 20 o 728 72 7 00 F- AR AR R BUCHERE DS S 012 o TE TV B, D EHITA
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HEZGRERMET 5,
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(Figure 1) .
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Figure 1. Expansion of the genetic alphabet by an unnatural base pair.
The complementarity of the natural A-T (A-U in RNA) and G-C base pairs is a principle mechanism of genetic
information flow. Introduction of an unnatural base pair (X-Y) into DNA provides a new biotechnology, allowing the
site-specific incorporation of functional components into nucleic acids and proteins.
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Figure 2. Replication mechanism involving an unnatural base pair.
DNA polymerase binds to the partially double-stranded DNA between a primer and a template DNA. The substrate,
dYTP, is incorporated into the protein-DNA complex. When the Y base correctly pairs with the X base in the template,

the 3-hydroxy group of the primer DNA attacks the o position of the substrate phosphate, resulting in the formation
of the phosphodiester bond and the release of the pyrophosphoric acid.
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Figure 3. The natural A-T and G-C base pairs.

Since the distances between the glycoside positions of the pairing bases are always around 11 A, DNA forms several
types of regular double-helices. The Kool group has shown the importance of the shape complementarity between
pairing bases in replication.

1995 4E, Eric Kool 5 1%, k& £ 2 5N TV OKEREED, RYIHEEZDLE» &) H
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Figure 4. Kool's unnatural base pairs.
The Kool group synthesized an unnatural Z-F pair, mimicking the shapes of the natural A-T pair. The non-
hydrogen-bonded Z-F pair functioned in replication with high selectivity, showing the importance of the shape
complementarily rather than hydrogen bonding between pairing bases in DNA polymerase reactions.
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Figure 5. Benner’s unnatural base pairs.
The Benner group developed unnatural base pairs, such as isoG-isoC and Z-P, with different hydrogen bond donor-
acceptor patterns from those of the A-T and G-C pairs. The Z-P pair functions in PCR amplification. Although the
selectivity of the isoG-isoC pair in replication is not high because of the keto-enol tautomerization, the isoG-isoC pair
can be used in PCR by using A-T® in place of the A-T pair.

Benner 5 OWFFEIZ L 0, ATIEEXFIC & 2 EBIEROILRFEAMNGEBVE T - 7225, S5 ORPD
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VIV UDSMICHYG) I2AFVHEZBERT S & TisoC DEEMIIEPVUETBESND, TRTD
isoC DV KRR 7 Ly FIRIZKBHEF T a3y FIEGD B —= a kORI ) RE T /2 ViR
577 0 U MENOREAL R EXHRE SN TS 2, LTI, isoC D3 fLIZ= M ukAEALTE
OEEWZ S HITEDHNS T L % Benner 525G L TW5 3,

2005 4F, Benner 513, isoG D7 b - T/ — VO EEREOMBEZ RET 272012, RIRFERO T
AHWLRDDIZ, 2D MERAATICEEEZ /2 2-F4 T (T5) 2 HWEHE%#% 272 (Figure
5 2%, AFYEFIIMERTLINL 77 VTV T =V AEENRKENWC L ETO b U ZEEE LTO
MEPET T2 R0, TS L/ = VIO isoG & IFHERNF 2 LIZL {2 b T Kool 5D
WEFOFENTHLZHIRO T 4 v 74 Y 7 %2FHALZZLDTH LA, BEIZ 1988 412 Harry Rappaport
PREBOME TG D 6 O FEDRDLYIZA F 7 &7z NTHESF ORI ZHEL T 5,
Rappaport D N T3EHx}; % PCR Tl L 7285 135S, Benner H D A-TS #E3x) & is0G-isoC % #lAE
b7 NI ORIEPCR THHEAET 5 2 &b h o 7224, JlH O A-THHE %2 v % & is0G-isoC
HEHHR O PCR BT 2 &R (fidelity-per-round, 1 WO L0 128175, $Hdo AT
L CHIMATHESI D AT NEEE) ERBBRETH L0, ATSHEESFEZH VL Z EI2XD
is0G-isoC HEFER O FIRVEIL 08 % AEEE F Tl b L7ze LA L, ALIEER OEIREDT 98 % FE1E TH
%L 20 MOBENZ X0 RIS 172 DNA B2 IE A THRZE 25 67 % AR (0.98 @ 20 3= 0.67)
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(Figure 6) 20, Z#H DNA HCZ o HCAHMIE ST A-T IS L 0 d BZEMEIEL, 207w
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Twb, 22 THOITHEENIC 100 ED EOBUKIEIE 25T - AL, BEE TR A A TR
DS E D72 233, £ LT, 2009 4F, PCR THERES % 5SICS-MMO2 & 5SICS-NaM Hi 3kt 2 1E ) H
L7z (Figure 6) 3, PCR |23} % 5SICS-NaM 3@ % O #IRVEL, N TIEEHH T O RATRIEZE DAL
TN IKAGFET 205, O BEWLDTI98%ITEL 720 185 DORH)D PICS-PICS MRt 3 A352E &9
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Figure 6. Romesberg’s unnatural base pairs.
The Romesberg group developed PICS, the first replicable self-pair. Then, they screened an unnatural hydrophobic
base library, and discovered the highly selective 55ICS-MMO2 and 5SICS-NaM pairs. They also studied polymerase
mutation for better incorporation of the PICS-PICS pair.
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Figure 7. Hirao’s unnatural base pairs.
We developed several unnatural base pairs by combining the designed concepts of hydrogen-bonding patterns,
shape complementarity with steric hindrance and electrostatic repulsion, and hydrophobicity. The Ds-Px pair
exhibits high fidelity and efficiency in PCR amplification.

x-y WHAFIZEETHHTE 5 2 e Db o 7zhy, KRR oE R & WIS 2 L mEMRIELTL
DL ahotzo TOHBHD 1 DL LT, xD6MOY XF)IVT I/ I HHxd ) & Tt 7 a2k
LTOEEC 2> TLEY, DNAH TR T AELEGEL RO TLE) I EEZON, £
72, DAFNT I BT I EXAFIVEGBENENAEET 20T, L TEHERETE 20
CELMETH S, FIT, VAFAT IV ETFHEORCERRICEERZ L 2 LI L7
T2 Rt L7oAg 5, FooVEPRWEREZ L5632 2% h > 72 (Figure7)o 29 L TR L7
2-73/-6-Q2-F =) 7)) ¥ (s) Ly ALHEESIZREOMEDL EA), yOsS I ERES
A LB DS TRNA A TE D X ) 127% o 72 840, sy IEIANIFIERCHHAEL, NG
BB E AWy Y7 EAENRE TTRNARY 27 —VOmEREMAEGDLELZ EI2LD,
NLYEE s B A LRI DNA 225 mE 4R CALT I /B B-a3—FFus ) #8ALLY v
378 (Ras & V7327 H) OARIZ 2002 FEIZHI L7237, AT s 1E, x &0 & T 2%hR0IHER:
T5, TNEsDOMDOF ATy TOANDT NEONARBEEIIINZ T, F47zrDA 47
TLTOr NELOBOFENZRELREL CWDLLEEZLND,

MG LR CHRET 2 sy N THo T, HHICHVWZDIIH L 2207z, sy M2 HA L7
DNA Z#RIZ LT, TN NTIEEROFEE (dsTP & dyTP) MR 72/ TPCR 2179 &, 10
A 7 VR T AT 0 50% B DKL B X b o T L o720, TS sy M OB
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BB B BEINVED 5B CTH 572072 (095 D 10 Fe =~ 0.6) . + 2 CALIEIETSOIIRD 7 1 >
FA VTR ELICES LTHARED . BHEOT) VEELIYVIEIREL Bo2s IZHLT, v
D6 BRMEOMMIELIIRNEBE S, 22T, 5 BEMEO AT (imidazolin-2-one, z) 2%
25T L2z (Figure7) o & 512, KEMEAMEOBIRIECHE T2 B HICR> AR, &
AL THHEDP LIS RBIER O EELTLE ) DT, FNOOEHEESES AT S
DB 2, 29 LCRlENL 723855 x 28 Ds-Pa 35K CTH 5 (Figure7) 9. Pald, R AT —¥ &
OBFBERLT D202, CUVIDVVHEED 27 EORDYIZT VT FERZHFLTWD, &2
AW OFHEFOMEIX, Ds [ THOHM#KZ Ds-Ds M AERPIZAELTLEY) o7
Romesberg & @ PICS-PICS 35 3:xf O E & [AAkIZ, #% DNA O Ds I2x) L C Ds DB HHLY 3A F
NC Ds-Ds MR SN L &, HEPZOHMMETIETF>TLE-L. L L ZofMER, el
DIBROFER P ELR VFRT LT EDTE, MMRETHRRIIBEONZX 7 LAY FZ) YBRO y AL
D) VEEOIKEEREAST IV HICEE b S Ds D -7 I K=Y VB (Figure7) %5 &, #HHIC
B2 Ds-Ds iR OB 22 S5NE T Edbhrolze TOEMIZHE L CIBERITVwLE A
THDLD, -7 I P2 VBETEEO=) YEREL D ST AANEIEL 25 L LB, BRO

T4y T4 7HNLT, M DNAHFD Ds IZH L TDs DFEE LD b Pa OFEZID AR T <
kb X972, Ds-Ds Mt & A-Paifidixt 2 B 72002, Ds & A DIEEIZy- 7 I FZ) VERMEE v,
Pa & ZOMORKEEIL DL EITHFEO=Y) VAT V5 Z L2128, 99%LL o #IR T PCR
ZW[HE & 3 % Ds-PadfidExt % 2006 SEICRIFEL72% ADy-T7 I FZ) VBREHWAZ LI2X D,
A DNA O PalZxtd % A (dATP) DORLE-7ZHD AR ZRER LS TIFL I A TET,

ZOyT3IFRE) YERRE, OMEBPNEORN 7 LAY F=D VEBROAGHEEZREL L9
ELTBRICER SNz RO SMOBIR )Y Y EEORBRRKISE X7 Lty Fo 3 Ak
WO EZFFNATE) E LT, COMMEEZET VB 7KTUIELZEZS, BINETYET
INZE) UEEBELNSZ LR R L7,

Ds-Pa 3K IR EC O B VBRI CRBE L, B2 B W C IR BUIK R EALETIE %
WZEPHLNII R o7, LAL, FERE T, Ds-Palidiid, v 73 F=U VEREEZ WA DT,
BHEOMEIEL 25 2 L RMBBNANOERZ: EIRILCICHPEE L 2 b Lo 2R - 7o #
STy 73 FZE) VEARELEE LW ATHEEN OB D7 F9° A-Pa i O Z <
72002, PaDTIVT ke FEX = FuFIIE X272 Pn k%G - B L7: (Figure7) ¥, Zhickly, =
FOEOMERTE AD I MOZERTOBENRKISIZL Y APa T OB EL TS5 &
WTE, S 512 Ds-Ds HiHt & 1) & Ds-Pn MM OTZHRIZ % @ 2 72012, Pniidio 4 1270
Vo VEREASETEZOBHKELYEHO T, BT 2HEERR) 2 7 —EhoEER#RA T v M
B AEFRET I /R E DAY v 3 v FHEER @b EE72 %, 29 LT 2009 FIZHZFE S
7- Ds-Px MK (Figure7) Ey- 7 3 F=2U VEBAZ LB L &5, o N TLIERR % HAA 72 DNA
1% 40 1 7 )V PCR T 10 O 8 FAERREEICHINE L, HIIE S 4172 DNA H1121d Ds-Px ¥EFE4 25 97% Lk
EES Tz, 2L Ds-Px 3EE O 1 MOHEHIZ BT 2 FIREAT99.9% L ETHD Z L ZIRL
B I N TV ATHEIES O R Cla i d w2 "3 AT Ch 4, BE, SHIZPCR DS
a2 b L, 5094 7 VP ED PCR b UREIC 2 1), RIRFBEI IS WEIRE A F 2 A THEE
R B AT D0d S,
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@ &0 - ATEEMOGA

KE TR ERAEYFOFFIED CNTIRIEG ORRFHERBEICER e Y TR L7z 20204
ZEDORIHEBRENTIE, HRRPEE, &2VIEHRD TR NTIEES7HIES NS L) 12> T
E72o INHOEARD S, DNA OBIZFHROILIRATTREIZ 2 0, HEROBRFHIBE R FAfrr 5, #r
72 I BEREIE R O 2 IR R & & /8 7 BT 2 RN A A HAl ORI ST BBIC 2 o CT& 72 &
72, BRREEII BT A AR O, FICHE T AEEROIIRO 7 1 v 7 1 ¥ 7 OEEER
E BEWERN LT 70 =TI XD WEROKI O B DT TIbh 6 % dp o 7272 R A 155
NB Ik olzs SHITKARTHI L2 N R0 & 13 R 2 2 B o2t & i BFE S b X9
I27% 1) (Figure8) *#-4 ANT#MZFON)T—2ardEHRELOOH %,

Kool’s size-expanded base pairs

XA T A xT
H CH3 H CHs
N Sy—HT N—H-----0
¢ Yo
Ny..--H—N /N
/N N \]/./N\ /N N-----H—N
ribose NJ 4 ribose  ribose n—/ >/"NH ribose
o]

Matsuda’s exocyclic hydrogen-bonding base pairs

Im-N°  Na-ON Im-ON  Na-N©
H
l

,H/N

O

Figure 8. Other unnatural base pairs.

A TN LI oS e 12 (3t 2: 22 o 7245, DNA %2 RNA O BEREVERE 55 038 A A3 w]
HEIC 2 o722 &0 6, RO EGIERAL 384 R LiE 94350 I N2 HEREME: RNA @ J5) #04# 1& O 1
B ot32, PCRREL ¥ 27— U — 3 7% 82K 5 @IE T 35 2 E~OInHHhE S Tw
Ho NTHEHERICE O BEERSZILELTCALTY I VB ¥ X BIEAT 2 5FET T 72058 E
B zd A2 L% FERLLAXVOANLY v BEBROMEENLEAH, CNEFTOAL
WHX OWZEDIT L A EDPRBENTOEWERTD - 7208, BAEITHANOILHFZEICE ) 2D
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BHbo 41%I% Venter 5D NTHINE DR NTIEFES ZEAL, EEEREILRT LI LI2X), AH
WHER T A F — OEAHRAEEROBI 2 EHEEANDISHRED O S 5 73 % IR 7280 O A58 7%
EMFIR VT B NIRRT 535 b0 LS b,

BhEEER

Synthesis of nucleoside derivatives of Ds *¥

Cl
ON A (a)
»
H,NT N
1
PPP
(o]
2 2 9
R-P-0-p-0-p—
o o [e]
O~ O
R= 0" or NH NC P
ot 10 (dDsTP) 9 7 |, 8(dDs-amidit
N DMTrO.
4 \
N
H OH OH OH OH OAc OAc OH OH
4 13 14 (DsTP)

Reagents and abbreviations: (a) dichlorobis(triphenylphosphine)palladium, 2-(tributylstannyl)thiophene, DMF;
(b) palladium on carbon, sodium borohydride, ethanol, ethylacetate; (c) formic acid; (d) NaH, 2-deoxy-3,5-di-
O-p-toluoyl-a-D-erythro-pentofuranosyl chloride, CH;CN; (e) NH;, methanol; (f) 4,4'-dimethoxytrityl chloride,
pyridine; (g) 2-cyanoethyl tetraisopropylphosphordiamidite, tetrazole, CH;CN; (h) acetic anhydride, pyridine,
then dichloroacetic acid, dichloromethane; (i) 2-chloro-4H-1,3,2-benzodioxaphosphorin-4-one, dioxane,
pyridine, tributylamine, bis(tributylammonium)pyrophosphate, DMF, then I,/pyridine, water, NH,OH (for
triphosphate), I,/pyridine, NH,OH (for y-amidotriphosphate); (j) tetra-O-acetyl-B-D-ribofuranose, chloroacetic
acid. Tol: toluoyl, DMT: 4,4'-dimethoxytrityl, Ac: acetyl.
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Synthesis of nucleoside derivatives of Pa )
R R R R
R / \_ H J\ H J\ H J\ H
Tol—0. N
/N\ H @ ° ° & b HO o N @ owTo o N (g owTo o N
H o
Tol—0 OH OH o_ O
R=H or propyne NCT \F"/ dPa-amidite
N
R
2 ¢ 9 [y M \f Y
CIRS S S
OH dPaTP
R R
R I\ H o 0 o N\ H
HO. N ‘0-P-0-P-0-P—0 N
/ N\ H . @ o o © b & o ° 0
H o
OH OH OH OH
R=H (15) R=H (17) R=H (19, PaTP)
R= propyne (16) R= propyne (18) R= propyne (20)

Reagents and abbreviations: (a) NaH, 2-deoxy-3,5-di-O-p-toluoyl-a-D-erythro-pentofuranosyl chloride, CH;CN;
(b) NH;, methanol; (c) 4,4'-dimethoxytrityl chloride, pyridine; (d) 2-cyanoethyl N,N-diisopropylaminochloro-
phosphoramidite, diisopropylethylamine, THF; (e) 1,8-bis(dimethylamino)naphthalene, POCl;, trimethyl
phosphate, then tributylamine, bis(tributylammonium)pyrophosphate, DMF; (f) NaH, CH;CN, then 2,3,5-tri-O-
benzyl-D-ribofuranosyl chloride; (g) BBr;, dichloromethane. Tol: toluoyl, DMT: 4,4'-dimethoxytrityl, Ac: acetyl.
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FinwX TCIBERR

$F£4E Benner 5SOATEEX

NH, (0]
_ Isoguanine CHs 5-Methyl-2-thiouracil
)N\ | )'N 100mg 10,500 4 | NH 109 15,000 [ 25g 29,700 M
NN [10370] g [M0994]
H H H

5% Romesberg 5OATEE

Br 2-Bromo-3-methoxynaphthalene
19 6,800 [
OCHjz [B3403]

F6E TESOATEEX

CHy B 3-Bromo-5-methyl-2-pyridone | 1 o Pyrrole-2-carboxaldehyde
| 19 8,300 [ 5g 28,800 A N E';_H 59 4,500 [ 25g 12,900 [
NT 0 [B3350] H [P1246]

BhERER

fHs GHo 0
CHs—N  N—CH, 3R‘\ o OCH,CH,CN
o (CHZCHL_ P CH(CH,
o/

Pdl
; 0
3
1,8-Bis(dimethylamino)- Bis(triphenylphosphine)- 2-Chloro-4H-1,3,2-benzo- 2-Cyanoethyl
naphthalene palladium(ll) Dichloride dioxaphosphorin-4-one N,N,N',N"Tetraisopropyl-
192,700 M 5g 7,800 H 194,800 § 59 14,800 4 59 5,900 4 25g 16,800 M phosphordiamidite
259 24,500 [ 259 57,700 [C1210] 1g 7,300 [ 5g 21,800
[B1018] [B1667] [C2228]
o
c CHgO c—ci 0 N
OH CH3O—P—0OCH; k _N
| N
Cl OCHjg H
OCH,
Dichloroacetic Acid 4,4'-Dimethoxytrityl Chloride Trimethyl Phosphate 1H-Tetrazole
259 1,600 [ 5009 6,400 1 5g 4,100  25g 12,300 H 259 1,700 4 5009 5,600 H  5g 7,000 M 25g 19,600 M
[D0308] [D1612] [P0O271] [T1017]
Palladium 5% on Carbon (wetted with ca. 55% Water) 59 4,000 § 259 12,200 [ [P1490]
Palladium 10% on Carbon (wetted with ca. 55% Water) 595,900 F§ 25g 15,500 [ [P1491]
Sodium Borohydride 100g 5,700 FH 500g 14,900 4 [S0480]
Sodium Hydride (60%, dispersion in Paraffin Liquid) 100g 3,900 M [S0481]

COMICHIXIVAY R, RUVFTF FEREEREZWMORITVNET BHA VS VAFOTZSBRIIEE L,
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http://www.tokyokasei.co.jp/product/bio-chem/B0O09.shtml






