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Figure 1a
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Unmodified dNTP: R=0H
Modified NTP (dNTP,): R=NH,
Figure 1c¢
C o PCR, primer extension
Replication with dPaTP, dDSTP,, dATP),
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Pa DNA sequencing
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Figure 2a

a _ dN'TP
primer
5'-AC TATAGGGAGGAAGA(

3'-TATTATGCTGAGTGATATCCCTCCTTCTNTCTCGA
termp35N-1 (N=Ds or naiural bases)

dN'TP
primer '/
5'-ACTATAGGGAGCTTCT

3'-TATTATGCTGAGTGATATCCCTCGAAGANAGAGCT
temp35N-2 (N=Pa, Pa or natural bases)

Figure 2b
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Figure 2C
C

107 dPaTP/dDsTPy/native dNTPs (dATPy)
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Figure 2d
d KF exo*
5'-%p-ATAATACGACTCACTATAGGGAG
3! —TATTATGCTGAGTGATATCCCTCCTTCTDSTCTCGA
+23 +29 +35
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o
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Figure 2e
e 51 -32p - ATAATACGACTCACTATAGGGAG —— 3
3'-TATTATGCTGAGTGATATCCCTCGAAGANAGAGCT
23 +29 +33
Template N = Pa Template N=T
KF exo” KF exo™ KF exo KF exo*
5 o z % ] 4 % n % 4 z
ANTPS 8 B % < 0 0 & « e g < « a Q< <
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23-merpe - P
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Figure 3a
a -
5 91-mer D SAG T b
GPaTCA '
~ 81-mer O
DNA1 ‘LKF exo
. 150-mer DNA sequencing
S CDSAGT — 3 (with dPa ' TP: Fig. 3c)
GPaTCAl 5  (without dPa' TP: Fig. 3g)
$PCR
' Y YoT DNA sequencing
5 Shene ——» (with dPa ' TP: Fig. 3d-f)
et 5 (without dPa ' TP: Fig. 3h and 3i)
Figure 3b
b DNA1 DNAcont1

0O 5 10 0 5 10 cycles

Figure 3¢

C PCR 0 cycle, Sequencing with dPa’ TP
ATTACATGCGCTGGCACTTGCCCGTACGGCGGTTGCACTAGATGATGGGGAC CGGCT
10 20 30 50

UL l WY 1 hm ‘11 th“ l‘l



Figure 3d
(] PCR 10 cycles, Sequencing with dPa’ TP

Figure 3e
£ PCR 10+10 cycles, Sequencing with gPa’ TP

Figure 3f
f PCR 10 cycles without the Ds & Pa substrates. Sequencing with dPa’ TP

GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG

I H m By H hm ll h

Figure 3g
g PCR 0 cycle, Sequencmg without dPa’ TP

Figure 3h
h PCR 10 cycles, Sequencing without dPa’ TP
GGCACTTGC

Figure 3i
i PCR 10+10 cycles, Sequencing without dPa’ TP
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Figure 4a

a

5'-ATAATACGACTCACTATAGGG
3'-TATTATGCTGAGTGATATCCCTTAGGGCTCNTCAC

ternp3SN-3 (N=°S,A aor G) +1 +13 +17
T7 RNA polymerase
1 mM natural NTPs
l 0,1or3mMPaTP orPa'TP
[+32PIGTP or [a-32P)ATP 37°C, 3h

32p.Labeled 5' ~GGGAAUCCCGAGN'AGUG
l RNase T, —»(Fig. 4c)

32P._abeled Gp* x 2 +Ap* x 1+ N'p* x 1
—(Fig. 4d)

Figure 4b

b

5'-ATAATACGACTCACTATAGGG
3'-TATTATGCTGAGTGATATCCCTCGAAGGGANACTC

termp35h.4 {N=Pa, Pa'Tor C) +1 +13 +17

T7 RNA polymerase
l 1 mM natural NTPs

0,10r3mMDsTP
[+32PJGTP or {a-2PJUTP, 37°C, 3h

32p.t abeled 5 ' -GGGAGCUUCCCUN ' UGAG
l RNase T, —~(Fig. 4¢)

32p.iabeled Cp* x 2+ Up*x 1+ N'p*x 1
—= (Fig. 4d)
Figure 4c¢
C Template (N) Ds A Pa Pa' C

Unnatural NPT (1 mM) Pa Pa' nonenone Ds none Ds none none
Relative vield (%) 29 28 8 100 9t 30 71 33 100

R e A
17-mer —| b= P oo WD . WIN
b =
s -
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Figure 4d
d N=Ds N=4a N=G
PaTP 1 mM PaTP 1 mM PaTP 1 mM
T Ap PB ‘
O s . ¢ - »
O [
- C
20" 0 ¢ s o °
| I i
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Figure 4e
e N=Pa N=T N=_
DsTP 1 mM DsTP 1 mM DsTP 1 mM
F
Dsp
Q . *
- O O ® ® ®
& Cp 9 ®
T Gp Up ] ]
——M= 2nd
Figure 5a
a Template DNA11 DNA12 DNAcontd DNA13 DNA14 DNAcontd
Transcript '
(tRNA anticodon) CUPa' CPa'A CUA CUDs CDsA CUA
Triphosphates 3mM 3mM 3mM 3mM 2mM 2mM 2mM 2mM
Unnatural NTP  Pa' Pa' none Pa’ Ds Ds none Ds

Relative yield (%) 93 88 100 96 78 86 100 72

tRNA oy g , .

1 2 3 4 5 8 7 8
Figure 5b
b DNA12 DNA12 DNAcont4
[0-32P)ATP labeling  [a-S2PJUTP labeling  [a-"2PJATP labeling
Pa'TP 3 mM Pa'TP 3 mM Pa'TP 3 mM
Pa'p
Ap
O ¢ - / v L
O ® ° ®
- C
2 OF O * e 9 . ’
e |
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Figure 5¢
C DNA13 DNA13 DNAconi4
[o-32P]ATP labeling  [0-22PJUTP labeling  [o->2P]ATP labeling
DsTP 2 mM DsTP 2 mM DsTP 2mM
rAp Dsp
O ® Y * - ®
) O ® ) ®
o O Cp O @ ® 9 L] L 2
T Gp up J
—= 2nd
Figure 5d
d Anticodon GCUPa' CuDs CUA CPa’A  CDsA CUA
Amincacyiation{min) 0 30 0 30 0 230 0 30 0 330 0 30
Aminoacytated {RNA
\"". i o LowiEmir
/‘“ mﬂ-’ e VI T oy e
Uncharged tRNA

1 2 3 4 5 & 7 8 9 10 M1 12
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Figure &
150-mer dsDNA fragmenis
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Figure 7a

Sequences of chemically synthesized DNA fragments.

Fi (91-mer)
5-GAAATTAATACGACTCACTATAGGGTTAACTTTAAGAAGGAGATATACCATG
GGCTCCAAGAAGCCGGTCCCCATCATNIN;N;N . NsGCAACCGC

F2 (81-mer)
5-TTTCACACAGGAAACAGCTATGACCCGGGTTATTACATGCGCTGGCACTTGC
CCGTACGGCGGTTGCNN;NgNgN 1t ATGATGGGG

F3 (66-mer)
5-GAAATTAATACGACTCACTATAGGGTTAACTTTAAGAAGGAGATATACCATG

GGCTCCAAGAAGCC

F4 (47-mer)
5-pGGTCCCCATCATN|NaNINNsGCAACCGCCGTACGGGCAAGACGCAGCGCG

F35 (61 -mer)
5-pGGGGTTCTCATCATCATCATCATCATTAATAACCCGGGTCATAGCTGTTTICC

TGTGTGAAA

F6 {71-mer)
S-TTTCACACAGGAAACAGCTATGACCCGGGTTATTAATGATGATGATGATGAT

GAGAACCCCCGCGCTGCGT

F7 (50-mer)
5'-pCTTGCCCGTACGGCGGTTGCNgNINgNoN o ATGATGGGGACCGGCTTCTTGGA

GC

F8 (53-mer)
5 pCCATGGTATATCTCCTTCTTAAAGTTAACCCTATAGTGAGTCGTATTAATTT

c

F9 (67-mer)
3.GATAATACGACTCACTATAGGTGGGGTTCCCGAGCGGCCAAAGGGAGCAGA

CTNN:NsNN:TCTGCCGTC

F10 (60-mer)
3-TmGmGTGGTGGGGGAAGGATTCGAACCTTCGAAGTCTGTGACGGCAGANN,

NgNoN gAGTCTGCTC (Tm=2"-0O-methyithymidine, Gm=2'-0-methylguanosine}

Primer 1 (5'-primer for sequencing and PCR, 25-mer)
S-GAAATTAATACGACTCACTATAGGG

Primer 2 (3'-primer for sequencing and PCR, 24-mer)
S TITTCACACAGGAAACAGCTATGAC
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Figure 7b
Sequences of chemically synthesized DNA fragments.

F11 (66-mer}
5-GAAATTAATACGACTCACTATAGGGCCAACCAGAAGAAGGAGACAGACCAA

GGGCACCAAGAAGCC

F12 (47-mer)
5'-pGGACCCCAACAA CANGAGCAACCGCCGAACGGGCAAGACGCAGCGCG

F13 (61-mer)
5-pGGGGAACACAACAGCACCAACAGCACCAACAACCCGGGACAAAGCAGCAA

CCAGGGAGAAA

F14 (53-mer)
5'-CCTTGGTCTGTCTCCTTCTTCTGGTTGGCCCTATAGTGAGTCGTATTAATTIC

F15 (50-mer)
5'-pCTTGCCCGTTCGGCGGTTGCTCNTGTTGTTGGGGTCCGGCTTCTTGGTG
C

F16 (71-mer)
S-TTTCTCCCTGGTTGCTGCTITGTCCCGGGTTIGTTGGTGCTGTTGGTGCTGTTIG

TGTTCCCCCGCGCTGCGT



12/84

Figure 8
0% DNAcont1 in DNA1
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Figure 9

DNA1: PCR 300 uM dDs TPy, dPaTP, dATP, dGTP,. dCTRP dTTP
&) PCR 0 eycle, Sequencing with dPa+ TP

ATTACATGC GCTGGCACTTGCCCGTACGGCGGTTGCACT GATG ATGGGGACLGGLCT
10 20 g 50

i hm.lﬂnnmm ATy ‘11 mu.rh“.

b PCR 10 gycles, Sequencmg with dPa TP

ATTACATGCGCTG TTGCCCGTACGGCGGTTGCA GATGATGGGGACCGGCT
1 20 40

ATTACATGCGCTGGCACTTGCCCGTACGGCGGTTOGCACTAGATGATSGGGACCGGCT
16 20 10 40 50

T PCR 10+10 cyctes, Sequencing without dPa- ™

ATTACATGCGCTGGCACTTGCCCGTACGGCGGTTGCACTAGATGATGGGGACCGGCT
10 20 30 40 50

Wil HUH““HI AT
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Figure 10
a
32p_abeled 5'primer S-primer
Ol —
o~ £
DA e DNA1
I-primer 3P jabeied 3'-primer

2P abeled 5-primer 32P-labeled 3'-primer
PCRcyckes 1 3 5 1015 1 3 5 10 15

150-mer » ( i . o Ribd

primer B

b

P japeled 5'-primer S-primer
O R e o
o o
DNAcontf — DNAcontt )
F-primer Pjabeted 3'-primer

32p.|abeled 5-primer  ¥P-labeled 3'-primer
PCReydes 1 3 5 1015 1 3 5 10 15

150-mer & - i gl s e

primer b= |
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Figure 11

91-mer {Ds)+81-mer (Pa) fot 1
—» 150-mer dsDNA by KF DNA2
PCR 0 eycle, Sequencing wﬂo &Pa’ TP

CGGTTGCACAAGATGATGGGGACCGGCT
30 40 50

PCR 10 tycles, Sequencing wio dPa’ TP

CGGTTGCACAAGATGATGGGGACCGGCT
i0 40 50

migincorporation ~1%
after 10 gycles

PCR 10+10 cycles, Sequencing wo dPa’ TP

CGGTTGCACAAGATGATGGGGACCGGCT
30 40 50

§ miincomporation ~5%
afier 10+10 cycles

91-mer {Ds)+81-mer (Pa) Jot 2
-r 1 50 -mer dsONA by KF DNA2

% guenam w/o dPa’ TP

COCGTTGCACAAG ATGATGGGGACCGGET
30 40 50

PCR 10 cycles, Sequencing wio dPa’ TP

CGGTTGCACAAGATGATGGGGACCGGCT
30 40 30

misincorporation <1%
after 16 eycles

PCR 10+10 cycles, S_e_q_{endgg wio dPa- TP

CGGTTGCACAAGATGATGGGGACCGGET
36 40 54

misincorporation 5-10%
sfler 10+10 cycles

81-mer (Ds}+81-mer (Pa) lot3
—» 150-mer dsONAby KE DNA2
PCR 0 cycte, Sequencing wic dPa’ TP

CGGTTGCACAAGATGATGGGGACCGGCT
30 40 50

PCR 10 cycles, Sequencing w/o dPa- TP

CGGTTGCACAAGATGATGGGGACCGGCT
30 40 5¢

misincorporation ~1%
after 10 cycles

PCR 10+10 cycies, Sequencing wio dPa’ TP
CGGTTGCACAAGATGATGGGGACCGGCT

30 40 50
misincorporaion ~10%

after 10+10 cycles

d |47-mer (Ds}+50-mer (Pa}

~» 174-mer dsDNA by ligation BNM
PCR 0 cytle, Seqiuencing wio dPa’ TP

CGGTTGCACAAGATGATGOGGACCGGCT
30 40 50

PCR 10 cycles, Sequencing wio dPa’ TP

CGGTTGCACAAGATGATGGGGACCGGCT
30 40 50

misincerporation ~1%
after 10 cycles

PCR 10+10 cycies, Sequendm wio dPa’ TP

CGGTTGCACAAGATGATGGGGACCGGCT
30 20

misincorporation 2-3%
sfter 10+10 cycles
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Agarose Gel for DNAT and DNAcont1 (150 bp)

{ 94°C 30 sec - 45°C 30 sec - 65°C 4 min ] x 10 cycles (Vent DNA polymerase 4 units/100 )

300 uM dATP,, dDsTP,, dPaTP, dGTP, dCTP, dTTP

DNA1

cycies
0 § 10
e
ST 153

[ 84°C 30 sec - 45°C 30 sec - 72°C 1 min | x 10 cycles (Vent DNA polymerase 1 unit/ 100 pi)
cycles

200 uM dATP, dGTP, dCTP, dTTP

0

cycles
5 10

DNAcont 1

0

1981 51131

5 10

DNAcontt

- .

Agarose Gel for DNA3-10 (174 bp)

[94°C 30 sec - 45°C 30 sec - 65°C 4 min | x 10 cycles (Vent DNA polymerase 4 units/100 uf)

300 uM dATP, , dDsTP,, dPaTP, dGTP, dCTP, dTTP

DNA3

DNAB

DNA9

cycles

¢ 10

RTTIF

cycles

0 10

| 1 ?i“.; @)

ﬂes

0 10
DNA4

235

cycles

0 10

DNA7 h

20 11}

gcles
0 10

LY

DNA10

SEA N

ity 370t

cycles
0 10

DNAS
22012)
gz_c_!es
010
DNAS )

30 (13
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Figure 13

g1-mer o o 150-mer
S— JCTDR0 T KF (ex0*) CIDs
t—— ry— 5 (€

DNA2 a PCRO cyele, Sequencing with dPa’ TP

b PCR 10 cycles, Sequencing with aPa- TP

ATTACATG C-%CTGGCACTT%C CCGTACGGCGGTTG CACAAGATGATGGGGACCGGLT
1 2 30 4] 50

i
C PCR 10+10 ey i TP
AT TACATGC-’CI]CTGGCACTT%C CCGTACGGCGGTTGCACAAGATGATGGGGACCGGCT
1 2 i0 4 50

b
d,:’ [} cycias without ihe tnaatial sihsiales prniencingwith dPar TP
ATTACATGCGCTGGCACTTGCC CGTIACGGCG-GTTGCAC.:SGATGATGGGS'EACCGGCT
10 20 30

A

€ PCR 0 ¢yele, Sequencing withou dPa’ TP
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Figure 14

s.aa-rm-r 47-mer B$1-mmr ligaﬁon |
bt e R
S%mer ME Ti-mer

DNA3 @ PCRO cydle, Sequencing with dPar TP

ACCCCCGEGCTGCGTCT TGCCCGTACGGCGGTTGCACT GA‘TGATGGGGACCGGCT-
19 20 30 50

b PCR 10 cydies, Sequencing with dPa’ TP

ACCLLLGCG CTGCGTCTTG(fCCGTACGGCGGTTGCACT%{?ATGATGVGGGACCGGCTi
10 20 klij 50

“lmm“m.amhn.anHhH "l“t“u I“(ul

C PCR 10+10 cycles, Sequencing with dPa’ TP
AC CCCCGCGCTGCGTETTGCCCGTACGGCGGTTGCACTNGATGATGGGGACCGGET
10 20 30 4( 50

f PCR 10 cycles, Sequencing without dPa’ TP

ACC CCCGCGCOTGCGTCTTGCCCGTACGGCGGTTGCACTA%ATG-ATGGGGACC GGET
20 3¢ 4 50

§ PCR 10+10 cycles, Sequencing without dPa TP _
ACCCCCGCG{:OTGCGTCTTGZ%CCGTACGGC:!(‘BGTTGCACTA%ATGATGGGG?CCGGCT
0

“-hnn“mhliiﬂhl“d.mm“l Y
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Figure 15
see-mer A7-mer 61-mer Iigaﬂon 5 1Td-mgr @
sa-mr -E‘- ?1-m|r

DNA4 a PCRO orle Sequencing with dPa’ IP

ACCCCCGLGCTGCGTCTTGCCC GTACGGEGGTTGCAC AAGATGATGGGG ACCGGET
0 20 30 0 50

“llnnhlml“hhll milhl“ l

ll“t“nl“hll
b PCR 10 cycles, Sequencing with dPa’ 1P

. ACCCCCGCGCTGCGTCTTGCCCGTACGGCGGTTGCACAAG&TGATGGGGACCGGCT
4{)

l“hun“lml“hIm Lhml“»il

-

“Mhu“ml
€ PCR 10+10 oveles, Sequencing with d

ACCCCCGCGCTGCGTCTTGCCCGTACGGCGGTTGCACAAGATGATGGGGACCGGCT
10 2 30 50

J“nn.-“n..lhmm 1 [:ml“ lu“unnn hw |

- ] - . e} L] R -t o
ACCCCCGCGCTGCGTCTTGCCCGTACGGCGGTTGCACTAGATGATGGGGACCGGCT
20

f PCR 10 cygie equencing without dPa’ IP
ACCCCCGCGCTGCGTCTTGCOCCGTACGGCGGTTGCACAAGATGATGGGGACCGGCT
30 50

“humll'm_d}m“nl s,

cing without dPa’ TP
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Figure 16

5 B6-mer

53-mar

4 7-mer 81-mer Bgalion St 174-mer —
‘-E" 5 GDsTC
S-m T4-mes

DNAS5S a PCRO cycle Sequencing with dPa’ TP

GATATACCA;}(')GGGCT CCAAZ%AA'GC CGGTCS%C CATCATC AGTGCAACCG CSCGT ACGG
©_adl 0

1 & '
C PCR 10 cyck wilhout the unnaiural subsirales Se quencing with dPa- TP
GATATACCATGGGCT CCAAZGAAGC CGGTCCCCATCATCTAGTGCAACCGCCGTACGE
10 0 30 440 50

A o o A
d PGR 0 cycle, Sequencing without dPar TP

GATATACCA 'IG'GGG CTCCAAZ%AAG C:CGGTC;:&C CATCATC A:Q]GTGCAAC CGS%CGTAC GG
1

e PCR 10 cydes Sequencing without dPa’ TP
GATATACCAY T!GGIG CTC CAA?AA GICH CGGTC%IC CATCATCAAGTGCAA CCGCCGTACGG
50




oy

Figure 17
BE&-mer
L
&£3-mer 50-m

&7-mer

21/64

3‘!4!‘!9_1" ligation 174-mer
-3 5

PCR 0 cycle, Sequencing without dPa TP

GATATQC—CATGGGCTCCAA%AAGCCGGT C3C CCAT CATCTQ&;‘I‘GCAACC Ggﬁ CGTACGG
) 0
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Figure 18

s M papy 11 SR .8

T Tl
DNA7

€ PCR 10 cycles wilhaut the unnatural subsirales, Sequencmg with dPa TP
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Figure 19
s 88-mer 47-mer 81-mer ligation s 1 74-mer %

E ] s. 51
A3mier me 4-mer

DNABS a PCRO cycie, Sequencing with dPa: TP

AC CCCCGCGI%TGCGTCTTGZ%C CGTACGGC;SG TTGCAA CC%ATGATGGG GACCGGC Tr
0 4 50

d PCR 10 cydes without the unnatural substrates. Sequencing with dPa TP
ACCCCCGCGCTC-CGTCTTGZ%CCGTACGGCgaGTTGCAACCGAITG.»\ITGGGG?GCCGGCT

%
“humm _llllxhh llmnlllﬂxhllll!“ul!“x*l

f PCR 0 cycles, Sequencing without dPa TP aller the treatment with the PCR buffer

AC CCCCGCGCTGCGTCTTGC CCGTACGG CGGTTGCAAACGATGATGGGGAC CGGCT,
30

“lmmllmmm L T—

g PCR 10 oycles, Secpencing without dPa+ TP
A CCCCCGCGCTGCGTCTTGCCCGTACGGCGGTTGCA AACEATGATGGGGQ)C CGGCT




24/64

Figure 20

5 88-mer _:g-mor 31-mer ligaﬂon % 174-mer
———F
e T—T 5 m s

DNAS a PCRO cycle

Tismer

PCR buftar




Figure 21
DNA11-14 or DNAcont4

Transcription

Aminoacylation

Fig. 5d
Figure 22

(@)

PP g

¢ e 9 o
R-P-0-F-0-B—
6 & o

|
R=Q ar NH;
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T7 RNA polymerase
with DsTP or Pa’ TP

Tempiate

Anticodon
NN3sNag

DNA11
DNA12
DNA13
DNA14
DNAcont4

CUPa-
CPa‘A
CUDs
CDsA
CUA

E. coli 30 fraction
{RTS-100, Roche)
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Figure 24a
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'H NMR (270MHz, DMSO-d,) spectra of compound 6 and 11.
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(6)

(7.0-9.0 ppm}
H2

HS He

(11}

H2

_ 1L J‘L

glon

i M

r—rﬁfjrrf.[‘erﬁFrTﬁ '_rJ‘TI

B. 8.50 8.25

725

TvrIYrvﬁ

T.10

'H NMR (270MHz, DMSO-4,) spectra of compound 6 and 11.

Figure 24c¢

17 (8%)
H2 wrad 2 (4%)
1 3'(3%)
‘D T T ﬂ'! lT I [y {T | R ‘V—_'T T { v T Iﬁ T T r ;7 T T T
H2 (8%)
1" irrad
4' (2%) 2" (7%}
| Y
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1D NOE spectra of compound 6 in DMSO-d,.
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Figure 24d

A

1" (10%)

H2 irrad
2' (5%)

H2 (9%}

1 irrad 2-OH (8%)

|

T A E T L 13 j T
1D NOE spectra of compound 11 in DMSO-d;.
Figure 24e

4' (3%}

I
8
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2 S3ITEA

=322 2

—-—— B 876
— 83117
—— 70 804
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M-

13C NMR (75MHz, DMSO-dg) spectrum of compound 6.
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Figure 24f
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ec

L100

L120

- T
(6) T J ralve
c8 { 5?5"
" L .
cb : —
C»c—-\
C-a"' o
4 H8
N i;' b |
cs” | P
I
. 7 s 5 s 3 2

2D HSQC spectrum of compound 6.

Figure 24

_h__u_j__‘__._“_a\__u_ -

- ! - a0
- . - 60
° .
= |~ =
d 80
a e
(Y B 4{; .
l' { treo
120
GEfree
-‘ atb - 140
e s [
LA h
e e
T T T T THTTYTeTY
8 7 [3 5 4 3 2

2D BMBC spectrum of compound 6.




31/64

Figure 24j
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Figure 25e
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Figure 38d
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Figure41
82-6. DEAE Sephadex ion-exchange column elution patterns, ESI-MS spectra, and
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Figure43a
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Figure 44b
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Figure 44d
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Figure 44e
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Figure 45
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Figure 47
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Figure 48
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Figure 49
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