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NUCLEOSIDES & NUCLEOTIDES, 13(6&7), 1507-1515 (1994) 

DRASTIC DIFFERENCE I N  G:A BASE PAIRING 
B ~ E N  TWO CONSECUTIVE G:A MISMATCHES AND A SINGLE G:A MISMATCH IN DNA# 

Masato Katahira, Mayumi Kanagawa, and Seiichi Uesugi* 
Department of Bioengineering, Faculty of Engineering, 

Yokohama National University, Tokiwadai 156, Hodogaya-ku, 
Yokohama 240, Japan 

ABSTRACT: Our previous study has demonstrated that "sheared" G:A base 
pairs are formed for two consecutive G:A mismatches o f  
d(GGACGACATC):d(GATGGAGTCC) [Katahira et al. (1993) Nucleic Acids Res., 
21, 5418-54241. We report NMR studies of d(GGACGCATC):d(GATGAGTCC) 
where the central two consecutive G:A mismatches are replaced by a 
single G:A mismatch. A drastic change was found on the mode of the G:A 
base pairing. Another kind of G:A base pairing, presumably a "head to 
head" G:A base pair, is formed in the single G:A mismatch. Additionally, 
asymmetric thermal stabilities of the base pairs along the duplex were 
observed. 

INTRODUCTION 

G:A mismatch base pairing is drawing great attention because the 
formation of G:A base pairs is suggested in some ribozymes and the 
structure derived from this base pair could play a crucial role in their 
enzymatic In DNA, several different types of G:A base 
pairs have been observed: "Head to head" G(anti):A(anti), 
G ( G )  :A(=) , 7  G(syn) - : A ( a n l ; i )  , 6 i 8  and "sheared" G ( G )  :A(anti)19g-13 
base pairs. 

3-6 

Our previous study by NMRI3 has demonstrated that sheared G:A base 
pairs are formed in both d(GGACGAGTCC)2 (duplex 1) and 
d(GGACGACATC):d(GATGGAGTCC) (duplex 21, the base sequences of  which are 
modeled after a hammerhead ribozyme and a small metall~ribozyme.~~'~~ 
Base sequence dependency of G:A base pairing has been discussed, and it 

# T h i s  paper is dedicated to Dr. Morio Ikehara on the occasion of his 
70th b j  rthday. 
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1508 KATAHIRA, KANAGAWA, AND UESUGI 

h a s  been c o n c l u d e d  t h a t  t h e  p r e f e r a b l e  s e q u e n c e  f o r  t h e  f o r m a t i o n  o f  t h e  

s h e a r e d  b a s e  pa i r s  i s  a PyGA s e q u e n c e . 1 3  

I t  h a s  been s u g g e s t e d  t h a t  t h e  i n t e r s t r a n d  s t a c k i n g  i n t e r a c t i o n  i n  
t h e  G A : G A  segment  s t a b i l i z e s  t h e  s h e a r e d  G : A  b a s e  p a i r s .  Here we have  

s t u d i e d  G : A  b a s e  p a i r i n g  o f  a DNA d u p l e x ,  where t h e  c e n t r a l  two consecu-  

t i v e  G : A  m i s m a t c h e s  a r e  r e p l a c e d  b y  a s i n g l e  G : A  m i s m a t c h :  d(GGACG- 

CATC):d(GATGAGTCC) ( d u p l e x  3). I t  was found t h a t  a d r a s t i c  change o f  G : A  

b a s e  p a i r j n g  i s  c a u s e d  by  t h i s  r e p l a c e m e n t .  I n  d u p l e x  3, t h e  s h e a r e d  G : A  

b a s e  p a i r  i s  n o t  formed.  Another  k i n d  o f  G : A  b a s e  p a i r i n g ,  presumably  

t h e  "head t o  head" G : A  b a s e  p a i r ,  i s  formed.  A d d i t i o n a l l y ,  asymmetr ic  

t h e r m a l  s t a b i l i t i e s  of  b a s e  pa i r s  a l o n g  t h e  d u p l e x  i s  found.  

The numbering f o r  t h e  r e s i d u e s  of  d u p l e x  3 i s  as f o l l o w s .  

1 2 3 4 5 6 7 8 9  

G G A C G C A T C  Scheme I 

C C T G A G T A G  

18 17 16 15 14 13 12 11 10  

MATERIALS AND METIIODS 

The o l i g o m e r s  f o r  d u p l e x  3 were s y n t h e s i z e d  w i t h  a DNA s y n t h e s i z e r  
( A p p l i e d  n i o s y s t e m s  Co. 1 ,  and p u r i f i e d  as d e s c r i b e d  p r e v i o u s l y . 1 6  F o r  

t h e  NMR measurement of non-exchangeable  p r o t o n s ,  a l y o p h i l i z e d  sample 

was d i s s o l v e d  i n  20 mM p h o s p h a t e  b u f f e r  (pH 6.0-7.0) c o n t a i n i n g  0 .15  M 

NaCI. The s o l u t i o n  was l y o p h i l i z e d  a g a i n  and t h e n  d i s s o l v e d  i n  0 . 4  m l  of 

D20 (99.96%). The d u p l e x  c o n c e n t r a t i o n  was 2 mM. For  measurement of  ex- 
c h a n g e a b l e  p r o t o n  s p e c t r a ,  a H20:D20 m i x t u r e  ( 1 9 : l )  was s u b s t i t u t e d  f o r  

DZO. DSS was u s e d  as an i n t e r n a l  c h e m i c a l  s h i f t  r e f e r e n c e .  

N M R  spectra  were a l l  r e c o r d e d  a t  285-305 K w i t h  a Bruker  AM-400 N M R  
s p e c t r o m e t e r .  P h a s e - s e n s i  t i v e  NOESY17 and  IIOIIAHA18 s p e c t r a  were r e c o r d e d  

by the t ime-propor t  i o n a l  p h a s e - i n c r e m e n t  method." The m i x i n g  times f o r  

NOESY wcre 80, 1 0 0 ,  200 and 300 ms, and m i x i n g  time f o r  IlOllAMA was 40 

ms . Thc repct  i 1.i o n  d e l a y  was 2.0 s .  Two-dimensional  s p e c t r a  were r e c o r d -  

c t l  wi t t i  450 1 I jncremeni , ;  160 f r e e  i n d u c t i o n  d e c a y s  of  2 K d a t a  p o i n t s  

per incrcmcni. were c o l l e c t e d .  The tl  and t2  d a t a  were a p o d i z e d  w i t h  a 
~ / 3 - s h i f t c d  s i n e - b e l l  f u n c t i o n .  The t l  d a t a  were z e r o - f i l l e d  t o  1 K 

p o i n l  s .  O n e - d i m e n s j o n a l  s p e c t r a  i n  H20 w e r e  a c c u m u l a t e d  w i t h  a 1-1 

p u l s c s  scquer rce ,20  and  NOE d i f f e r e n c e  s p e c t r a  were o b t a i n e d  a s  d e s c r i b e d  

prev ious ly"  w i t h  i r r a d i a t i o n  times of  100 and 300 ms. 
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G:A BASE PAIRING IN DNA 1509 

RESULTS 

F T G .  1 shows t h e  one-d imens iona l  '11 NMR spec t rum of  d u p l e x  3 i n  H20 

(p l l  6 . 5 )  a t  2x5 K .  The r e s o n a n c e s  of  imino p r o t o n s  have been  a s s i g n e d  

s e q u e n t i a l l y  b y  t h e  u s e  o f  N O E  e x p e r i m e n t s ,  a s  d e s c r i b e d  

p r e ~ i o u s l y . ' ~ ~ ~ '  I t  i s  n o t a b l e  t h a t  no imino p r o t o n  r e s o n a n c e  i s  ob- 

s e r v e d  i n  t h e  r e g i o n  around 10  ppm, w h i l e  t h e  two imino p r o t o n  r e s o -  

nances  of' t h r  G r e s i d u e s  i n v o l v e d  i n  t h e  s h e a r e d  G : A  b a s e  p a i r s  have  
been  o b s e r v e d  a t  9 . 8 9  ppm and 10.19 ppm i n  t h e  case of  d u p l e x  2 .  13 

The resonances of non-exchangeable protons of duplex 3 have been 

a s s i g n e d  s e q u e n t i a l l y  by a n a l y s i s  of two-dimens iona l  N O E S Y  and HOBAHA 

s p e c t r a  i n  D20 i n  t h e  same way a s  r e p o r t e d  f o r  o t h e r  D N A  

d u p l e x e s  , '3*16921-23  u s i n g  p r e v i o u s l y  e s t a b l i s h e d  methods .24-30 As an 

exilmple, FIG.  2 shows a n  e x p a n s i o n  of t h e  N O E S Y  s p e c t r u m ,  i n d j c a t i n g  t h e  

s e q u e n t i a l  a s s i g n m e n t s  of  111' and lI6/HX t h r o u g h  t h e  H 1 '  ( i - I ) - 1 1 6 / H 8 ( i ) -  

111'(i) c o n n e c 1 , i v i t i e s .  I n  t h e  same way,  H 2 ' ,  HZ", 113' a n d  H4' w e r e  

a s s i g n e d ;  1 h e  a s s i g n m e n t s  w e r e  a l l  s e l f - c o n s i s t e n t  and  c o n f i r m e d  by  

IlOllAllh spectra  ( d a t a  n o t  shown) .  'The a s s i g n m e n t s  are  summarized i n  TABLE 

1. 

I t  s h o u l d  be  n o t e d  1,hat t h e  1 1 8 ( 1 ) - H l ' ( i )  N O E s  f o r  G5 and A14 are 
much weakcr t h a n  thc C115(i)-CHG(i) N O E s ,  i n d i c a t i n g  t h a t  t h e  b o t h  r e s i -  
dues  t ak r  on nnt,i conformat  i o n s .  Another  p o i n t  i s  no r e m a r k a b l e  i n t e r -  

s t r a n d  NOE c r o s s  p e a k  i s  o b s e r v e d  i n  F I G . 2 .  T h i s  w i l l  b e  d i s c u s s e d  

l a t e r .  

DISCUSSIONS 
Difference in G:A base pairing between duplex 2 and duplex 3; the effect 
of the replacement of two consecutive G:A mismatches by a single G:A 
mismatch. 

Four d i f f e r e n t  types of  b a s e  p a i r i n g  have been o b s e r v e d  f o r  G:A 

mismatches  i n  b o t h  t h e  c r y s t a l  and s o l u t i o n  s t a t e s ;  ( a )  "head t o  head" 

G ( a )  : A ( - ) ,  ( b )  G ( W )  : A ( = ) ,  ( c )  G(syn) : A ( W ) ,  a n d  ( d )  

" s h e a r e d "  o r  " s i d e  by  s i d e "  G ( = ) : A ( a ) .  I n  t h e  syn c o n f o r m a t i o n  t h e  

€ 1 8 ( i ) - I i l ' ( i )  d i s t a n c e  i s  - 2 . 6  1, w h i c h  i s  c o m p a r a b l e  t o  t h e  C H S ( i ) -  

C H G ( i )  d i s t a n c e  ( 2 . 4 6  w ) ,  w h i l e  i n  t h e  anti' c o n f o r m a t i o n  t h i s  d i s t a n c e  

i s  - 3 . 8  i, w h i c h  i s  g rea t e r  t h a n  t h e  C H 5 ( i ) - C 8 6 ( i )  d i s t a n c e . 3 1  The 

€ 1 8 ( i ) - t I l ' ( i )  NOEs f o r  G5 and A14 are  much weaker t h a n  t h e  CH5(i)-CHG(i)  

N O E s  (F IG.  2 ) .  The NOESY spec t rum shown i n  FIG. 2 i s  r e c o r d e d  w i t h  a 
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G2 T16 

F I G .  1. ' 11  NMR spectrum o f  t h e  d u p l e x  3 a t  285 K (pH 6 . 5 )  w i t h  t h e  
ass ig i iments  o f  thc imino  p r o t o n  s i g n a l s  i n d i c a t e d  by 1,he r e s i d u e  num- 
bers .  For  t h e  G 5  a s s i g n m e n t ,  see t h e  t e x t .  

- 7.0 

- 7.5 

- 8.0 

t l i t  I I I I I I 
6.0 5.5  

PPM 

FTG. 2 .  E x p a n s i o n  o f  t h e  NOESY spcctriim of d \ i p l e x  3 o b t a i n e d  w i t h  a 
m i x i n g  time o f  300 ms i n  1) 0 s o l u t i o n  a t  293 K (pH 7 . 0 ) .  The l i n e s  show 
t h e  1 1 1 '  ( ~ - l ) - l l 6 / l l 8 ( ~ ) - l l l  ' j i )  c o n n e c t i v i t i e s .  The i n t r a r e s i d u e  c r o s s  
p e a k s  a re  1 aliel ed. 
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G:A BASE PAIRING IN DNA 1511 

TAB1,E 1.. '11 chemical s h j f t s  f o r  duplex 3 a t  293 K (pll 7 . 0 ) . "  

RESTDUE Ii6/118 iiZ/tl5/CIl3 HI ' 112 ' 112" if3 ' 114 ' IMINO/AMINO 

G 1 7 .80  5 .62  2 .48  2 .67  4 .80  4.19 
G2 7 .81  5 . 4 8  2.68 2.77 4 .99  4.32 12 .83  
A 3  8 .19  7 .83  6 . 2 1  2 .68  2.88 5 .04  4.46 
c4 7 . 1 5  5 .24  5 .47  1 .58  2.03 4 .77  4 .01  6 . 6 1  8 .03  
G 5  7 .95  5 .98  2.78 2.78 4 .98  4.38 12.83b 
C6 7 . 2 3  5 .36  5 .58  1 .82  2 . 3 1  4 .77  4.15 
A 7  8 .35  7 .60  6 .24  2 .72  2.92 5.00 4.44 
T8 7.09 1 . 4 2  5 .88  1 .90  2.39 4 .77  4 .08  1 3 . 6 3  
C9 7 . 3 8  5.28 6 . 1 3  2.27 2 .27  4 .53  3 .93  

GI 0 7 . 8 8  5 .65  2.56 2 .75  4 .87  4.22 
A 1 1  8 . 2 8  7 . 8 3  6 .25  2 .76  2 .94  5 .03  4 .44  
T12 7 .07  1 . 3 3  5 .66  2 .27  1 .89  4 .81  4 .12  13 .45  
G13 7 .72  5 .19  2 .45  2 .59  4 . 9 3  4 .22  12 .52  
A 1  4 8 . 1 2  7 .76  6 .00  2.86 2.86 5 .03  4 .38  
G I 5 7 .57  5 .80  2 .48  2 .68  4.89 4 .37  12.77 
1'1 6 7 .22  1 . 2 9  5 .99  2.12 2 .48  4.82 4 .18  13 .69  
C17 7 .49  5 .62  5 .96  2 .18  2 .47  4 .78  4.11 6 .94  8 .47  
C1 R 7 . 4 7  5 .42  6 .12  2.27 2 .27  4 .53  3 . 9 3  

a At. 285 K (pi1 6 . 5 )  fo r  imino protons. '' See thc tcx t  for  d e t a i l .  

r e l a t ive ly  long m i x i n g  time of 300 ms i n  order t o  help the assignment 
procedure. The in t ens i t i e s  of  cross peaks i n  F I G  2 m i g h t  not r e f l ec t  the 

corresponding distances due t o  a spin diffusion e f f ec t  caused by the 

long m i x i n g  time. Therefore the NOESY spectrum w i t h  the short  mixing 

time of 80 ms was examined, and i t  was confirmed tha t  H8-HI' N O E s  f o r  G5 

and A14 a r e  d e f i n i t e l y  much weaker than the  CH5-CH6 N O E s  ( d a t a  not 

shown). I n  f a c t ,  the H 8 - H l '  distances calculated on the basis  of the 

in t ens i t i e s  of  the cross peaks i n  the NOESY spectrum w i t h  the  mixing 

time of 80  ms by us ing  geometr ica l ly  f ixed  CH5-CH6 d i s t ance  a s  t he  

in te rna l  reference distance are  3 . 7  for  both G 5  and A14. Thus (b )  and 

( c )  are  excluded as  the G : A  base pa i r  of duplex 3. 
Our previous study has demonstrated tha t  sheared G : A  base pa i r s  a re  

formed i n  duplex Z.13 Because of the "side by side" arrangement of G and 

A b a s e s ,  c h a r a c t e r i s t i c  i n t e r s t r a n d  NOEs have been observed i n  t h e  

cent ra l  G : A  mismatches. These NOE cross peaks have appeared i n  the same 

area  a s  FIG.  2 .  However, t hese  i n t e r s t r a n d  NOEs a r e  n o t  observed i n  
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1512 KATAHIRA, KANAGAWA, A N D  UESUGI 

d u p l e x  3. Thus ( d )  i s  e x c l u d e d  as t h e  G : A  b a s e  pa i r  of  d u p l e x  3. I n  t h e  

c a s e  of  d u p l e x  2 ,  t h e  imino  p r o t o n  r e s o n a n c e s  of G o f  t h e  G:A mismatches  

have a p p e a r e d  i n  t h e  h i g h  f i e l d  r e g i o n ,  9 . 8 9  ppm and 10 .19  ppm, which 
h a s  i n d i c a t e d  t h a t  t h e  imino  p r o t o n s  of  G are n o t  i n v o l v e d  i n  t h e  hydro-  

gen b o n d j n g .  Appearance of t h e  imino  p r o t o n  r e s o n a n c e s  i n  t h e  h i g h  f i e l d  
r e g i o n  i s  a n o t h e r  c h a r a c t e r i s t i c  f e a t u r e  o f  ( d ) ,  where a n  amino p r o t o n  

ins1,ead o f  a n  imino  p r o t o n  o f  G is i n v o l v e d  i n  t h e  hydrogen b o n d i n g .  

D i s a p p c a r a n c e  of r e s o n a n c e s  i n  t h e  h i g h  f i e l d  r e g i o n  (FIG.  1) s u p p o r t s  

t h e  i d e a  t h a t  ( d )  can  b e  e x c l u d e d  f o r  d u p l e x  3. Thus ( a )  remained  a n  

o n l y  p o s s i b l c  G : A  b a s e  p a i r  which i s  c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l  

d a t a .  

The o n l y  d i f f e r e n c e  o f  t h e  b a s e  s e q u e n c e s  b e t w e e n  d u p l e x  2 a n d  
d u p l e x  3 i s  t h e  r e p l a c e m e n t  o f  two c o n s e c u t i v e  G:A mismatches  i n  d u p l e x  

2 by a s i n g l e  G : A  mismatch i n  d u p l e x  3. T h i s  d i f f e r e n c e  gives a d r a s t i c  

c h a n g e  i n  b a s e  p a i r i n g .  The s h e a r e d  G : A  b a s e  p a i r i n g  i n  d u p l e x  2 i s  
d e s t r o y e d  b y  t h e  r e p l a c e m e n t ,  a n d  a n o t h e r  k i n d  o f  G : A  b a s e  p a i r i n g ,  

presumably  t h e  "head t o  head" G : A  b a s e  p a i r ,  i s  formed.  T h i s  d r a s t i c  

change c a n  b e  r a t i o n a l i z e d .  It  h a s  been  p r o p o s e d  t h a t  t h e  s h e a r e d  G : A  

b a s e  p a i r s  i n  t h e  GA:GA segment are s t a b i l i z e d  by t h e  i n t e r s t r a n d  s t a c k -  

i n g  Because of  t h e  " s i d e  by  s i d e "  a r rangement  o f  

t h e  G and  A b a s e s  i n  t h e  GA:GA segment ,  one G s t a c k s  o v e r  t h e  o t h e r  G i h  

t h e  o p p o s i t e  s t r a n d  and one A s t a c k s  o v e r  t h e  o t h e r  A i n  t h e  o p p o s i t e  

s t r a n d  a t  t h e  c o s t  o f  o r d i n a r y  i n t r a s t r a n d  s t a c k i n g  between G and  A. 
T h i s  i s  a k e y  f a c t o r  f o r  t h e  s t a b i l i z a t i o n  o f  t h e  s h e a r e d  G : A  b a s e  

p a i r i n g .  When t h e r e  i s  o n l y  one G : A  mismatch ,  t h i s  i n t e r s t r a n d  s t a c k i n g  

i s  i m p o s s i b l e  even i f  t h e  s h e a r e d  b a s e  pair  i s  formed f o r  t h e  s i n g l e  G : A  

mismatch.  The key f a c t o r  f o r  t h e  f o r m a t i o n  o f  t h e  s h e a r e d  b a s e  p a i r i n g  

i s  l o s t  i n  d u p l e x  3.  T h e r e f o r e  d r a s t i c  change  of  b a s e  p a i r i n g  i s  i n e v i -  

t a b l e  upon t h e  r e p l a c e m e n t  o f  two c o n s e c u t i v e  G : A  m i s m a t c h e s  b y  a 
s i n g l e  G : A  mismatch.  

O b s e r v a t i o n  of  t h e  comple te  Hl'(i-l)-116/118(i)-I11' ( i )  (FIG.  2 )  and  

f 1 2 ' / f f 2 " ( i - l  ) - f1~~€l8( i ) -112 ' /112 ' ' ( i )  ( d a t a  n o t  shown) c o n n e c t i v i t i e s  a l o n g  

t h e  d u p l e x  i n d i c a t e s  t h a t  a "bulged-out"  s t r u c t u r e  i s  n o t  l i k e l y  f o r  t h e  

G : A  mismatch i n  d u p l e x  3 .  A l t h o u g h  t h e  " h e a d  t o  h e a d "  b a s e  p a i r i n g  

seems t o  b e  o n l y  p o s s i b l e  b a s e  p a i r i n g  of  d u p l e x  3, i t  i s  h a r d  t o  i d e n -  

t i f y  b a s e  p a i r i n g  unambiguously due t o  t h e  t h e r m a l l y  u n s t a b l e  c h a r a c -  

t e r  of d u p l e x  3. The imino p r o t o n  r e s o n a n c e s  shown i n  FIG. 1 have  been  
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G:A BASE PAIRING IN DNA 1513 

assigned on the basis of sequential NOEs except for G5. Judging from 
peak intensities in FIG. 1, it is apparent that another resonance is 
overlapping on G2 resonance. This overlapping resonance is tentatively 
asslgned t o  G 5 .  The resonance position, 12.83 ppm, is similar to those 
observed for the imino proton resonances in the "head to head" G:A base 
pairs.' ' 5i11 The overlapping resonance is thermally unstable. When the 
temperature is raised, this resonance disappears first due to the proton 
exchange with water. The unstable character of the resonance makes it 
difficult to observe the NOEs involving this resonance, which hinders 
the decjsive assignment of this resonance and unambiguous identification 
of  the base pairing. 

In spite of this ambiguity, it is still clearly demonstrated that 
the replacement of two consecutive G:A base pairs by a single G:A base 
pair causes the drastic change of  G : A  base pairing from the sheared base 
pairing to another base pairing. It is very interesting that the confor- 
mation of the G:A mismatch is highly sequence dependent. 
Asymmetric thermal stabilities of base pairs in duplex 3.  

Unexpected leature of duplex 3 is found on the thermal stability of 
each base pair in the duplex. The stability of each base pair was exam- 
j ned by mon i tori ng disappearance of  imino proton resonances on raising 
the temperature. The stabilities of base pairs decrease in the following 
order: 15G, 16T > 2G > 1 2 T ,  13G > 5G, 8T. This result indicates that 
the base pairs of the left segment of duplex 3 in Scheme I (Gl-C4:G15- 
C 1 8 )  are more stable than those of the right segment (G5-C9:GlO-A14). 
Thus the thermal stability is asymmetric in duplex 3. Usually the sta- 
bility oP a base pair depends on the distance from the termini of the 
duplex. An inner base pair is more stable than an outer base pair. Thus 
the stability is almost symmetric even in a non-self-complementary 
sequence. In fact the nearly symmetric s abilities of the base pairs are 
observed in the case of duplex 2 (unpubl shed results). What is observed 
for duplex 3 is rather exceptional. It is supposed that the unstable 
central G : A  base pair in duplex 3 causes the asymmetric thermal stabili- 
t i e s  of the base pairs. 
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