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Abstract: Nucleobases in DNA and RNA are important building blocks of the genetic codes and are
critical in transferring genetic information. In general, nucleobases have many tautomers; but in DNA and
RNA molecules they are mainly presented in the most stable forms. Uncommon tautomers can cause mis-
pairing of base pairs to form irregular structures of DNA and RNA that lead to spontaneous mutations
during replication. Thus, systematic studies of nucleobase tautomers are very important in understanding
the structures and the characteristics of DNA and RNA. This review summarizes the experimental and
theoretical studies in the literature and our density functional calculations on all the nucleobase tautomers.
The relative energies of nucleobase tautomers and the structures of their lowest-energy tautomers from our
calculations are in good agreement with the experimental values in the literature. In addition, we also
summarize the information of electron affinities, ionization potentials, and proton affinities of nucleobases
reported in the literature.
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Fig.1 All the tautomers of uracil and their relative energies calculated by B3LYP/6-31++G(d,p)
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Fig.2 All the tautomers of thymine and their relative energies calculated by B3LYP/6-31++G(d,p)
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Fig.3 All the tautomers of cytosine and their relative energies calculated by B3LYP/6-31++G(d,p)
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2009 4, Vogt 55 7 A FI| F AUAH i 7 A7 S 52 5000 5 T
A AT BRAE A AR RS i 4544

SCHR A7 AR 22 06 1 JIEE A S A AR AR AT R B %
LS H VB, SRR 1 B T 5 7 A HE HF/
6-31G~* B3LYP/ccpVDZ. ® BP86/QZ4P.™ RI-MP2/
TZVPP." MP2/aug-ccpVDZ. > CASSCF(4/4)/6-31G **
CCSD/aug-cc-pVDZ” L K&z MCSCF(12,10)/DZP™ 4.
BP86/QZAP. ™ MP2/6-311++G(d,p). ™ RI-MP2/TZVPP"
PL & MCQDPT2/MCSCF14™ 5511 5 )5 vE 3 1 A1 57
P Al B A BE 5 S M 44, A3 BT A2 S My A fig e bE AL
SRR S B B 5 29.3-33.5 kI - mol !, i Z W A7-AE

— AN Ol 263.8 kI -mol ! [ E 22, 1990 4F, Karplus
1 Wiorkiewicz-Kuczera™ ] | HF/4-21G % A1 fl1 A3
SRR I S5 R AT T A IR, T AT B PR Bl
P, I 5 i B i P G B, R R 22 it B A 1) 21
ARG AT AT S A AR TR IR S T A R IS
IR I 5T B B 20 ARG A7 7 AL A3 PR R4 1
I T IEE. 2004 4, Hanus %5 7§ T RIMP2/TZVPP
THE T AR IR RS S R R R AR e B, 1930 T A3
SERIVRRT A2 SR A 7E DMSO ¥ R 7K 35 T 468 ]
REAEAE I 4518, 2007 4, Kim 25 3 — 090 T Al
A3 FITA2 JRWE A S A AE K VI AR S R Ak AL
HE. 2010 4%, Aidas 5 7 F H DFT/MM J7 iEA 40 T it
WEHA 1) N R BC A g e P i, 30 AR A3 4 4
TEGE R 5 500 294 83% 41 17%.

FATAI ] B3LYP/6-31++G(d,p) J7 2 Ko} fit N2
BT 144 SR R JL A 45 i FIAR X e B dEAT T 1H 5,
TEVHR I R R e T E SRR R IE, 45 KA1 T K
4, T AR B 1) S K e 1 A5 O RS AL A
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P, LU 25505 R vy NOH S5 A4 (<A FlL 1 A7
SN 5 PR SBT3
25 DOEK

5 e i S R R AL, 1 I AR S ) A
(RIAERT AR 1 52 43 F P AL ER A5 5 e 5 K. 31 H A
1k, [ BR FAT IR 22 00 T S W0 B AR S5 ) 44 (1) S 56
7%. B 4E 1980 4, LeBreton A& 1E# W9t 7 S 4H
T I N AT VEAS B R S S R H FR e ARG
T e, RIAE AR RIE-NTH AR (G1) 2 51
WA B e TR e A6 4. Niir 45 %78 1999 £ H12001 443
SR T 38 T PR SR VA A ) K A 1) A R 3
5 2 61 HL S (REMPI) G i, K Ah-28 4h(UV-UV) Al
21 A1 -2 A WL PR 1% (IR-UV double resonance spec-
troscopy), & H T #IL-NOH(G2). FkHE-NTH(G1) i
BE-NOH(G3) 3 A~ 57 k44 2001 4, Piuzzi %6 * il il &
W S ) AR TR S8 SO0 SIE UG, [ A S5 7 06 I B
J oy F R A H 4 A T AR GL. G2 R I -
NOH- Ji 2(G4) = Tt & 0% 7 K 4. 755 Nir 25 A\ AH
LBIFFE A, Mons 55 “1E SE 73 1 RS 14 F T
SIS A7 7E G1 G2+ G3 DL K BE-NTH(GS) Y Fl 57

H
\N/
N
/ 7
— |
H
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H

~
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AB,0.81eV

Fap . JK P A IF 1) 2 2 ) A0 1% P 34755 em ™!
U T AR AN Fi5 A G3 S 4, HL )i Sk A 2 FR i
AN A G5 A G3 SR 4A. 2006 4F, Choi F1 Miller® %& T
R 28 0 2 AN KR T 1R S5 A 2T A MO O 1 S5,
44 MP2 )5 7% LA} 6-311++G(d,p) Fl aug-cc-pVDZ
S, R G1.G2.G3 Al G4 & B4 S5} /K A7 7.
%% Choi M Miller J &, Mons 25 ¥ 36 22 B A AH 1 15
B L R LA 38 5 O T F S (R2P) 6 i 5537 7
AN G1. G5 H HE-NT7H- TV 22 - i 2 (G8) K H: e =X
(GO) SRR, A NI AT A, R W28 KL e A A () g
I e T AR E AL A ) e &, HIE 2 R IAFAE
T WO 258 b, AR AT REE BT SR &
LT B A S ) A AR 1 Pt FR I 5% 2009 4,
Zhou %% ¥l i BLAS R ANVUV) G LB AR FIY T 1

Tl A Tl 2645 2 1) A A A AR K WA [, 57— Fh il
%733 T G1.G2.G3.G4 FIl G5 B IE A 5k 44
Ji P 2 TR 3 T G6 Al G8 M S Ak, £
B THE I I, A LS DR S e B AR
SERJRIEAT T WF5T. 1990 4F, Sabio 25 *FI| ] 2f- & %

H H H H H H
~y ) ~y i ) W
N \N N H \N H
5 6\11\1 Vi =4 [N ‘ Y Vs ‘ N ‘ N
H— H— H— H—
N : 3}\ N /k \N )\ N )\ \N )\
N H N H N H / N H N H
L H

imino-cis-N1H-NSH
Ad, 0.56 eV

imino-trans-N1H-N7H
A5, 0.74 eV

H\ /H

N

N/H N/H H H\N
\N e H\N . NN N N \NﬁN
— L %I& —_ /w%ii —A L
N H h]l H N Jmino- H/ N H Z H
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N/H H\N H N/H H H\N
\ \
<0 AL T ST
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4 RRIZN B E I SRR 853 B3LYP/6-31++G(d,p) it BRI R RE 2
Fig.4 All the tautomers of adenine and their relative energies calculated by B3LYP/6-31++G(d,p)
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U0 1) 36 AN HAR S A AR AT Tk S R BoR
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S5 K6 LG T S5 40 E 11K 4.2 kT - mol . 1999 4F,
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Fig.5 All the tautomers of guanine and their relative energies calculated by B3LYP/6-31++G(d,p)
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e ATIA ) B3LYP/6-31++G(d,p) /7 13 ) 1 W
FITAT 36 A M A J LA 45 R RIATG e Bt AT T 75,
FEV S RE P IS T F RRERIRLIE, 45 R T
5 iR R G A AR AE A b R IR RE B &5
LARESE Wi R 2 E St

3 HETFFEFgE

T AZ R B AE 2 ARk 2, I He AT BB Al
FLA K, 81 G BR W (~1.5% 107> C »m), i R 5 g (~
1.5x10® C+m), JEMERE(~2.3x10 % C-m),” Kt HL 1
455 B TR HE 73 b W R A% R B B 28 1 =
BT o R — AR BRI B R O B
(1) R P 2 240 5 B B - AH LG L A 0. DRt
S I6 I A 1 PR 1 2 AR — A 1 A R 4 (dipole-
bound) M} JE A/ HL - 3 4 (valence-bound) 1) HE ¥ 5 il
fE(EA).” 1996 4F, Desfrancois &5 ' ) ] i & L5 HL i
s 2 P A i A8 110 SIS0 5 92 DN A5 PR W W g i s
IE AR P2 08 (1) EA {1 43 3 2 (54+35) (68+20). (12+
5) meV. [F]4F, Bowen /N >l i T FR W e R g i s
WE (1) FL 7 RE G, 73 20 & AT BA 23 31 R (93+7)
(69+7) meV. 1998 4F, Schiedt 25 |5 T 234y T
W% SR ¥4 1 IR PR W WE I i s v A B P i g C1 1 C2
S KGR (1) T IO B ' FL T BB S, &5 R R e AT EA
{153 ) A (86+£8) (62+8) (230+8). (85+8) meV. Hl itk
V15477 11, Dolgounitcheva 25 * 71 515 21| R 5 g 671125
T 1 4 B e 7 I B 6 (ADE) A 3 1 5 B 8 (VDE)
A1 57 meV. Wesolowski 25 * iz ] B3LYP/TZ2P++J5
X T DNA A RNA 5 [ H o FRe EAT T 1k
B, 132 ULTCL A FI G I 4 # i 155 R B 43 )
0.19.0.16.—0.02.—0.17 F10.07 eV. Li %5 "X I B3LYP
WL R T ILS S 2 IR LT T 545 3 DNA K&
RNA TJE 1) HL T2 RIREIU T ) UST>C>A>G.

R B AR A S B A R B H R R g
(EAYHHls ™ mai TR 1.

4 MERE

H% R B 5 F1) FEL 5 2 DNA Bk RNA 43152 314 5
07 AU T 2, DRI T e AT L S Re A AR
I % 5 21 & Y. Hush Fl Cheung™ 118 5 3l i ik
G HL T BT ST A4 T AL R DR R A — 2
fie, 2 J5 Orlov &5 i ik UM Hh IR OGS0 & 5T S 46
MAS T RZ R B W 2 — e o s e, A AT 45 511
3k 7 R N A R 1 M R PR A B 2 o AR A TR AR TR

31 DNA K RNAMEER BT HMEE(EAs)
Table 1 Electron affinities (EAs) of the DNA and RNA
nucleobases

Nucleobase EA(expt.)/meV EA(theo.)/eV

uracil ~ 93+7 ” 54+35°" 86+8* 85+15™ 57% 020% 0.19*

thymine  69+7 ** 68420 " 62+8 * 0.22% 0.16™
cytosine 230+8 **85+8 " -0.05* -0.02*
adenine 12£5 -0.35% -0.17*
guanine -0.75% 0.07*

*amino-0xo-N1H (C1); "amino-hydroxy-cis (C2)

%2 DNA K RNAFEHI B EFE(Ps)
Table 2 Ionization potentials (IPs) of the DNA and RNA

nucleobases
Vertical IP/eV Adiabatic IP/eV
Nucleobase
expt.” theo. expt.” theo.
uracil 9.50 9.547 9.32

thymine 9.14 890" 10.33' 8.87 8.57'" 885'
cytosine 894 8.60'" 8.82' 8.68 841" 874
adenine 8.44 824" 8.58'™ 826 7.93' 8.18'
guanine 824 790" 8.04'™ 777 744" 7.66'

3L, Sevilla %5 ' K H T MP2/6-31+G(d)//6-31G* Jj
AT B I T A AR R4 ARl 2 RE S S0 45 R
49— 3. Hutter £ Clark'"' 5k ] B3LYP/6-31G(d) J5 V2
X DNA IS LB REEAT T0HE, e B 45 R
EL 5286 {7 1% 0.20—0.34 eV. Ledo 25 " FI) ] AM1 £ 4
B J7EVE ST R R E 1) 6 S e R A RE BE 11 6
A SRR AR IRV (1) 8 AN S A A LA B By REE A (1) 15 A
S RGP IR LR BE. AT 2 R Sk s [ — ok B
PP HL 2 e 22 I ZITE 0.7 eV LLA.

HH A% R T 35 1) P, 25 6 1) 512 56 1 AN B {E (3L
ik 7 o1 K ] P3/MBPT(2)/6-311G** J5 ¥, Sk ' o
K ROMP2/6-31+G(d)//ROHF/6-31G* Jj ¥, SCHR ™
% H] B3LYP/D95*//UHF/6-31G* J5 1) s 45 T3 2
.

5 [RFFEFgE

K% BB 35 1 04k I N 71 2 5E DNA — I3 g 45
T4 A S Y. LA B WA 5 S8 AR S R rp ki A
LA, W E S AT R SR AR R LAk AR
2% 55 5 THI I RIE 7 8 41 B 21 L Atk P 45 R 1979
4F, Meot-Ner it 75 Jik 1 5 iy e 135 43 b 1 F A
) ST RS B)) 2 D e T I I e e
W 1A () S F- S . Lias'™ 7F 1984 4F5%F DNA Bl 1)
JEF SR FIREHEAT T8 0 AT 1) &, %A =22
I 58 AR AAE N T3 B SN 1~ F A R AR
J& B R 2 53R 43 Greco &5 I ] i 00 B
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%3 DNA K RNAFEAIR T EFIGE(PAs)
Table 3 Proton affinities (PAs) of the DNA and RNA

nucleobases
PA/eV
Nucleobase
expt. theo.
uracil 8.86 " 8.80 '
thymine 9.15'  9.05'" 9.06'™ 9.05' 8.97'
cytosine  9.75' 970" 9.80'" 9.84* 9.93'7 992
adenine 9.74'™  9.69'™ 9.72'% 9.79'7 9.78 '*
guanine ~9.67'™ 9.86'° 9.79* 9.99'7 9.95'*®

*The result was calculated using MP2/6-31+G(d,p).

213 BE(MIKE) i B 5557 0l 72 T DNA g 22 1) )i+
SRHIRE, 193] T & 0504 5T 58 MR 0 HERf 25 AL, B
& 11 % J7 1M, Colominas,” Podolyan,'™ Russo'” LA A
Chandra' % 73 5 5% JH] MP4/6-311++G(d,p)//MP2/6-
31G(d)« MP2/6-311++G(d,p)//MP2/6-31+G(d,p)» VWN/
TZVP LA} B3LYP/6-31+G(d,p) 25 Jj ikt 54533 T
DNA B S (15 7SR R R, AT 45 35 5 S g0 (i
h AR R DR (A% P B S L1 53 AR e 114 S5 36 {1 3
WML TR3 .

6 SLETIRE

T AT I A% 1 T Jik A S g A (1 552 565 R 24
WHEFT R BT T 2538, BRI 7T 2 W JR I 0E
I i i AT 13 A HAR S A AR, AL 1A AR
Pk, 44 Z 32 L RRIR 44 2- 3R FE-4- B L S R A
4 A 2-F e -4- 12 B AR S R A, T S 5T S P AN UE
SET 2,4- A 2-FR - K -4- R AE-N3H L K 2-Fk
FE-4-F2 I A-NTH = Fp 544 4408 20F7 5. STk
UG PR g 5 23 B AR S A AR EAT T VSRR R 4, T
SEfr b s e AT 14 N AR A AL SEEG AT CUE
SEC U W W A7 AE S R ISR AE-NTH(C ) & - FE -t
(C)RIE % - [ - FRIE(CA) =l S AL A4, BRERS JL
A 144 B AR SR A, DA 9256 O UF S8 A7 7045 RN v
NOH(A1) 24 FE-N3H(A2) Rl & FE-NTH(A3) = Fl 7744
A BB IT T ks B M ST 36 S AR AL A, T
S AT Tk SE SIS A7 AR B IE-NTH(G1) Bk
FE-NOH(G2). K5 BE-NOH(G3)- 4 liE-NOH- Jz 1\, (G4)-
B HE-NTH- W 2 - 2 (G8) S F Js2 X (G6) 7 44 k. Jir
A K% BRI B AR S ) A PR RS P P A BR O v A
i e R ZUHOR T BT IR 7 VR AR A, AR S b 2 bl
5 JIT Kb IR B (1) AR AT AN [R). R WUk, e & EE S
I I, BR T S WG A A R B B e S E (1)
e KL A 35 Sy LR U e A . 1T 0 T B I R A
FIAR(G2) FI B EE-NTH i (G 1) 7k g & F 22 1l 3k

W/, JUT S T 5 1. 78 5 0 AF 98 B 4T 00 4 5 45
(R EEA b, FRATTIE R %5 B3 R 7 10 A% R ik 2k B
B Re B AR REAT T KRG MR, IF
P e AT AT B8 BT B A AT RE (1) B AR S A AR AT
THER. R, AR v 5 A5 R S Sok T 2 A sk
WAGHEAT T LB, TH 45 B 5 S At B — 3, A
I, FATTUH S5 A 280 (A% TR W 11 A% S A A4k (1) &6
o) AH X R B I HE R 2 v AE B, T R AT R
TR . DNA\RNA 73 AL B E S 2% A 1iE %) 3
HR T A DA% R B 1) HL SR R e L HLBS BB BT 10K
MR FLEAT T 2708,

T A R O % R 3 A e g A (1) WF 9
LT THRRME LRSS &E." 2 KA
W) B AR EAE T B R AT S A A B AL R
ZA WO AN ) A AR DT L. B H AT ks
FEC A% PR S S5 A 11 AT L B R A R0 1) DNA
53 A5 R AR A BEEAT 1 20 2 i LB A5 7 1T G
AN NG RE . BEAE S R AR MBS T ST VA I
e, AZBRIHHE 1) HAL S K6 A4 S SL i) J 1Y) DNA
J RNA 5 T 1AM EE 22 M R] A 25 25 A 1) 13
AI BE2E O ATV I 4 AL
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