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NUCLEOSIDES & NUCLEOTIDES, 15( 1-3), 585-598 (1996) 

COMPARATIVE STUDIES OF THE THERMODYNAMIC STABILITIES 
BETWEEN SHEARED A:G AND WATSON-CRICK A:U(T) BASE PAIRS IN RNA AND DNA# 

Masato Katahira, Jun-ichi Saeki, Mayumi Kanagawa, Masashi Nagaoka 

Department of Bioengineering, Faculty of Engineering, 
and Seiichi Uesugi* 

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

ABSTRACT: Thermodynamic parameters for duplex formation were determined 
from CD melting curves for r(GGACGAGUCC)2 and d(GGACGAGTCC)2, both of  
which form two consecutive 'sheared' A:G base pairs at the center 
[Katahira et al. (1993) Nucleic Acids Res. 21, 5418-5424; Katahira et 
al., (1994) Nucleic Acids Res. 22, 2752-27591. The parameters were 
determined a lso  for r(GGACUAGUCC)2 and d(GGACTAGTCC)Z, where the A : G  
mismatches are replaced by Watson-Crick A:U(T) base pairs. Thermodynamic 
properties for duplex formation are compared between the sheared and the 
Watson-Crick base pairs, and between RNA and DNA. Difference in the 
thermodynamic stability is analyzed and discussed in terms of enthalpy 
and entropy changes. The characteristic features in CD spectra of RNA 
and DN4 containing the sheared .4:G base pairs are also reported. 

INTRODUCTION 
Since the discovery of  ribozymes, studies to elucidate how ribo- 

zymes exert their enzymatic activities on the basis of their structures 
have been carried out.'-'' It has been suggested that an A:G mismatch 
base pair is formed in some ribozymes and that the structure derived 
from this base pairing could play a crucial role in their enzymatic 
activities .I2 7 ' 3  

First we have demonstrated14 that the unique 'sheared' A:G base 
pairs12915-24 are formed in the DNA duplexes, d(GGACGAGTCC)2 and d(GGAC- 
GACATC):d(GATGGAGTCC), the base sequences of which are modelled after 
both a hammerhead ribozyme25 and a lead ribozyme.26 In the case of 
d(GGACGCATC):d(GATGAGTCC) where the central two consecutive A:G mis- 

*This paper is dedicated to Dr. Yoshihisa Mizuno on the occasion of 

75th birthday. 
his 
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5 86 KATAHIRA ET AL. 

matches of d(GGACGACATC):d(GATGGAGTCC) are  r e p l a c e d  by a s i n g l e  A : G  

mismatch,  011 t h e  o t h e r  hand,  a n o t h e r  k i n d  of  4:G b a s e  p a i r i n g ,  presuma- 

b l y  a "head t o  head" A : G  b a s e  p a i r , 2 7 - 2 9  o c c u r s . 3 0  Thus,  sequence  de-  

pendent  polymorphism of  t h e  s t r u c t u r e  of  t h e  A : G  b a s e  p a i r  i s  o b s c r v e d .  

S e c o n d l y ,  we have d e m o n s t r a t e d  t h a t  t h e  s h e a r e d  A : G  b a s e  p a i r s  a r e  

formed i n  r(GGACG.lGL'CC)2, t h e  f i r s t  s i x  b a s e s  of which a r e  i d e n t i c a l  t o  

t h o s e  of part  of  t h e  hammerhead r i b o z y ~ n e . ~ '  T h i s  work t o g e t h e r  w i t h  t h e  

one by T u r n e r ' s  group32 have s t r o n g l y  s u g g e s t e d  f o r m a t i o n  of  t h e  s h e a r e d  

A : G  b a s e  pairs  i n  hammerhead r ibozymes .  Q u i t e  r e c e n t l y  t h e  s h e a r e d  A : G  

b a s e  p a i r s  have been found i n  t h e  c r y s t a l  s t r u c t u r e  of a hammerhead 

r ibozyme by McKiAy' s group.  33 

4s t h e  n e x t  s t e p ,  i t  i s  i m p o r t a n t  t o  evaluate t h e  thermal  s t a b i l i t y  

o r  t h e  unique  s h e a r e d  A : G  b a s e  p a i r  i n  o r d e r  t o  assess i t s  b i o l o g i c a l  

r o l e .  As mentioned above ,  we have a l r e a d y  s t u d i e d  t h e  s t r u c t u r e s  of  

~ ( G G A C G A G I J C C ) ~  ( r \ : G - R N A )  c o n t a i n i n g  a p a r t i a l  sequence  of  t h e  r ibozyme 

and a c o r r e s p o n d i n g  DNA v e r s i o n ,  d(GGACGAGTCC), ( A : G - D N A ) .  A d i f f e r e n c e  

between t h e  K N A  and DNA d u p l e x e s  i n  t h e  s t a c k i n g  i n t e r a c t i o n  i n v o l v i n g  

t h e  i n v e s t i g a t e d  

t h e  thermodynamic p r o p e r t i e s  of t h e  two dupJexes .  As c o n t r o l s ,  r ( G G A C U A -  

G U C C ) ,  ( . 1 : 1 - R U A )  and d ( G G A C T A G T C C ) *  (A:T-J )hA)  were a l s o  s t u d i e d .  Th? A : G  

mismatches i n  t h c  c e n t r a l  two b a s e  pa i r s  a r c  r e p l a c e d  by s t a n d a r d  Wat- 

son-Cr ick  . 4 :U(T )  b a s e  p a i r s  i n  t h e s e  d u p l e x e s .  The number o f  hydrogen 

bonds f o r  t,he c e n t r a l  two b a s e  p a i r s ,  two hydrogen bonds p e r  b a s e  p a i r .  

i s  n o t  changed by t h e  r e p l a c e m e n t .  The thermodynamic p a r a m e t e r s  were 

dc te rmined  from C1) m e l t i n g  c u r v e s  f o r  t h e s e  f o u r  d u p l e x e s .  The thermo- 

dynamir p a r a m e t c r s  a r e  compared between RNA and D N A ,  and between t h e  

s h e a r e d  A : G  b a s e  p a i r s  and t h e  s t a n d a r d  Watsori-Crick A : U ( T )  b a s e  p a i r s .  

D i f f c r c n c e  i n  t h e  thermodynamic p r o p e r t i e s  i s  a n a l y z e d .  

s h e a r e d  A : G  base p a i r s  i s  p o i n t e d  out . '3 '  Here we have 

A d d i t i o n a l l y ,  t h e  CD s p e c t r a  of t h e  f o u r  d u p l e x e s  are compared 

toge1,ht:r w i t h  t h o s e  of d(GG1CGACATC) :d(GATGGAGTCC) arid d(GGACGCA'TC) : 

d(( ;ATGAGTCC).  The c h a r a c t e r i s t i c  f e a t u r e s  of' t h e  CD s p e c t r a  o f  t he  

n ing  t h e  s h e a r e d  A : G  b a s e  p a i r s  are p o i n t e d  o u t .  

MATERIALS AND METHODS 

4: G-KhlA,  4 :  L-Dhi 4 ,  d ( G G 4 (  G A C 4 T C )  : d(GA'I'GGAG1'CC) and d(GGACGCl'rC) : 

d((;4TGhGTCC) werc p r p p a r e d  p r c v i o u s l y . 1 4 . 3 0 , 3 1  A : T - l ) h 4  was s y n t h e s i z e d  
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THERMODYNAMIC STABILITIES OF BASE PAIRS 587 

21 0 250 300 330 
Wavelength (nm) 

-5 
210 250 300 330 
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FIG. 1. (a) The CD spectra of A:G-RNA (dotted line), A:G-DPjA (solid 
line) and d(GGACGACATC):d(GATGGAGTCC) (broken line) at 20 " C at the 
strand concentration of 50 , u M .  (b) The CD spectra of A:U-RNA (dotted 
line), A:T-DNA ( s o l i d  ljne) and d(GGACGCATC):d(GATGAGTCC) (broken line) 
at 20 ' C at the strand concentration of 5 0  yM. 
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588 KATAHIRA ET AL. 

u i t h  a D \ 4  i q n t h c s i / e r  (model :392, Appl ied  Hiosystems C o . )  and p u r i f i e d  

i n  t h e  imc mann(1r. \ : L - R N 4  wai i y n i h e s i L e d  manual ly  by t h e  s o l i d - p h a s e  

phoiphordrnidi t e  me1 hod u s i n g  o-rii t r o b c n i y l  groups  f o r  2'-OH p r o t e c t i o n  

and p u r i f j c d  as d e s c r i b e d  p r e v i o u s l y . 1 3  

Each ol igomer  u a i  d i s s o l v e d  i n  20 mY sodium phosphate  b u f f e r  (pH 

7 . 0 )  c o n t a i n i n g  0 .15  M NaCl. Oligomer s t r a n d  c o n c e n t r a t i o n s  were v a r i e d  

over 100-fol tl r;inge. The s l  rand r o n t . e n t r a t i o n s  uere d e t e r m i n e d  from 

high I ernperaturc  a b s o r b a n c c  a t  260 nin u s i n g  t h e  known b a s e  c o m p o s i t i o n s  

oI' tlic oljgomers and t h e  p u b l i i h e d  e x t i n c t i o n  c o e f f i c i e n t s  of  the i n d i -  

\ i (1 i i r i l  nucleosi(it,i  a 1  260 

CD i p c c t r a  m d  thermal  CI) m e l t i n g  c u r v e s  were r e c o r d e d  w i t h  a .JASCO 

.J 720 s p e c t r o p o l a r i n i e t e r  i n t e r f a c e d  w i t h  an NEC PC-9801 FX p e r s o n a l  com- 

pii1c.r ~j th 0 . 1  (TI and 1 . 0  cm c - c l  I s .  The t e m p e r a t u r e  o f  the s o l u t i o n  was 

riiisvd from 5 T t o  8.5 C a t  t h e  r a i e  o f  1 C/niin. Changes i n  CD i n t e n -  

s i t ?  w c r r  moni tored  a t  around thr  I miix o f  each  spec t rum a t  5 C ,  a t  262 

rim l o r  2 : G - K P I l  a n d  A : U - K " I ,  at 270 nm f o r  4 :G- I )NA,  and a t  280 nm f o r  

A:l' D 1 l .  The m e l t i n g  t e m p e r a t u r e s  ut.re d e t e r m i n e d  by u s e  of  t h e  d e r i v a -  

1 ivr.5 o f  t h e  melting r u r v e i .  

I'herniodyriarnic p a r a m e t e r s  f o r  duplex  f o r m a t i o n ,  A H0 and  A S o ,  were 

dr l r rmir ied  by two methods.  l i i  t h r  method ( I ) ,  s l o p i n g  b a s e  l i n e s  are  
o b t i l i n e d  i i b  i I l u i t r a t e d  i n  F I G ,  2 ( a ) .  An e q u i l i b r i u m  c o n s t a n t ,  K ,  a t  a 

( v r t < i i n  ternperat i i rc  i s  calculated iii f o l l o w s :  

K - [ J ) ] / [ S 1 2  = b . ( a + b ) / 2 C , . . a 2  

, w h f ~ r ~  rrl i s  i l  t o t a l  5 t r a n d  c o n c c n i r a t i o n ,  [ I ) ]  and I S ]  are  t h e  concen-  

i rdi i o n i  o f  d o i l b l ( >  arid i i n g l e  s t  r a n d s ,  r c ~ s p e c t i v e l y ,  and a and b are  
\ / i i ~ i l c ' i  inciicatcci i n  ~ I L .  ~ ( a ) .  ~ ~ o t s  of r c c i p r o c a l  t e m p e r a t u r e  ( T - ' )  

t t ' rsui  thr l o g a r i t h m  of  tht ,  c q u i l i b r j u m  c o n s t a n t  ( logK)  were f i t  t o  

t'quilt i o n  1 

2 .30R' logK A @ / T  - AS' equat  i o n  1 

, nlit.re K-1.<)9 ('(11 . i r io I - '*K- ' .  Lntha lpy  arid e n t r o p y  changes  o b t a i n e d  front 

I ' i t s  o f  i n d i v i d u < i l  m e l t i n g  c u r v e s  a t  d i f f e r e n t  t o t a l  s t r a n d  c o n c e n t r a -  

t ion5  u c r c  a L c r a g e d .  In t h c  mcthod ( 2 ) ,  p l o t 5  of  r c c i p r o c a l  m e l t i n g  tem- 

prrdi iir" c o n c e n t r a t i o n  

( ~ o g ~ ~ )  \ \?re  f i t  

(Tm-' ) ver iu i  the l o g a r i l  hrn of  the t o t a l  s t r a n d  

t o  equal  ioi~-2:"'*"' 
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FIG. 2. (a) The CD melting curve of A:G-KNA at 262 nm at the strand con- 
centration of  100 f i M .  Sloping base lines and the definitions of a and b 
are indicated. (b) The plots of reciprocal melting temperature (Tm-') 
versus logarithm of the strand concentration (1OgcT) for A:G-RNA. ( c )  

The same plots for A:G-DNA. 

RESULTS 

CD spectra of A:G-RNA, A:G-DNA and d(GGACGACATC):d(GATGGAGTCC), all 
of which have been demonstrated to form the sheared A:G base pairs,14931 
are shown in FIG. l(a). CD spectra of A:U-RNA, A:T-DNA and d(GGACG- 
CATC):d(GATGAGTCC), all of  which do not form the sheared A:G base 
pairs,30 are shown in FIG. l(b). It is noted that three spectra in FIG. 
l(a) are very similar. 
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590 KATAHIRA ET AL. 

Thermodynamic parameters f o r  duplex formation, A H 0  and A S o ,  were 

determined by two methods as described i n  YATERIALS AND METHODS. An 

example of CD melting curves i s  shown i n  FIG.  2 ( a ) .  Sloping base l i n e s ,  
and a and b ,  which are  used i n  the  method (l), are  a l so  shown. Examples 

o f  loga- 

rithm of  the s t rand concentration (l0gCT) for  A:G-RhA and A:G-DYA are 

shofiri i n  F I G .  2 ( b )  arid ( c ) .  The, s trand concentrations a re  varied over 

1 0 0 - f o l d  range ( c a .  1 . 5  by-230 BY). I n  the case of  A:T-DNA, data were 

r o l l w t c d  f o r  the strand concentrations higher than 15 BY, bccauscl i t  

wa5 f o u n d  tha t  t h i s  oljgomer forms a hairpin s t ruc ture  a t  low strand 

conccntrations.  Thii  will be discussed l a t e r .  The thermodynamic parame- 

t e r s  determined by the two methods agreed w i t h i n  about 10%.  

t h e  p l o l s  of  reciprocal  melting temperature ( T m - l )  versus the 

l'hc thermodynamir parameters determined by the method ( I )  and ( 2 )  

f o r  the four duplexes a re  l i s t p d  on TAHLF 1 and 2 ,  respect ively.  O n  the 

b a i i i  of these parameters, t h e  f r ee  energy changes a t  37 C ,  AGO,,, a re  

ra lculatcd and l i s t r d  on TABLt  I and 2 .  The  melting temperatures, Tm, a t  

I h t ,  s trand concentrations of  100  f i M  and 17 ,uV arc  calculated by the 

( ' q u ~ i t  i o n  2 using the, determined thermodynamic parameters on  Table 2 and 

I i i t 4  on TAt3l  E 3 .  The melting tmpera tures  obtained experimentally a t  

tlir strand c*onccJntration of  100 L L M  are  a l s o  l i s t e d  on TABLE 3.  4ddi-  

t ional ly ,  th t  mcl t i  rig temperatures o f  the corresponding Lane's duplexes, 

)2 and d ( C C A C T A G T G G ) 2 ,  a t  17  

art' I i i l e d  on TkBLE, 3 for  reference.  This w i l l  be discussed 

1atc.r. 

DI SCUSS IONS 

Comparison of thr CD spcctra between the duplexes containing the sheared 

A:G base pairs and those which do not contain the sheared A:G base 

pairs. 

b 1 L .  1 ( i i )  ihows ('1) ippctra  of  the K V A  and DNA duplexes which 

c . o n l i l i n  the  sheared A : G  base pa i r s .  I t  should be noted tha t  the s t ruc-  

turcs o f  the A : G  mismatches a t  the cent ra l  two base pa i r s  of  these 

duplcxcs a rc  es tabl ished t o  be the sheared type by the NMR s t ~ d j e s ' ~ ~ ~ ~  

pr ior  t o  the CI) analyses .  P I G .  l ( b )  shows CD spectra  of  the RNA and DKA 

duplPxcs ~ h i c h  do n o t  roritain the sheared A : G  base pa i r .  Two duplexes, 

r(GGACU$GUCC)2 and d ( G G A C T A G T C C ) 2 ,  fo r  FIG. l ( b )  a re  the Watson-Crick 

veriions of  r(GGAC(;AGUCC)2 and d ( G G A C G A G T C C ) 2  fo r  FIG. l ( a ) ,  respective- 
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THERMODYNAMIC STABILITIES OF BASE PAIRS 591 

TABLE 1. Thermodynamic parameters derived from the method (1) for duplex 
formation of the four oligonucleotides 

AH"(kca1 mol -') AS' (cal mol -'* K -') AG",,(kcal mol-' ) 
A:G-RNA -77.4 -21 6 -1 0.4 

A:G-DNA -58.6 -1 62 -8.38 
A:U-RNA -1 20 -337 -1 5.5 
A:T-DNA -76.6 -21 5 -9.95 

TABLE 2. Thermodynamic parameters derived from the method (2) for duplex 
formation of the four oligonucleotides 

AH"(kca1 mol -') AS' (cal mol -'* K -') AG",,(kcal mol -') 
A:G-RNA -89.0 -25 1 -1 1.2 
A:G-DNA -58.3 -1 60 -8.70 
A:U-RNA -1 28 -359 -1 6.7 
A:T-DNA -77.2 -21 8 -9.62 

TABLE 3. Experimental (exp.) and calculated (calc.) melting temperatures 
(Tm) for the four duplexes 

Tm ec, 
100 y M (exp.) 100 y M (calc.) 17 y M (calc.) 17 f l  M a (calc.) 

A: G - RNA 56.6 57.5 53.2 49 
A:G-DNA 54.3 54.0 47.6 52 

A: U-RNA 65.5 66.3 63.1 
A:T- D NA 54.6 53.7 48.9 50 

al . 
Calculated from thermodynamic parameters in reference 38. 
Experimental values taken from reference 37. 

b 

a The melting temperatures of the corresponding duplexes reported by Ebel et 

C 
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l y .  The th i rd  duplex for  FIG.  1 

matches, while the th i rd  duplex 

mismatch, which r e su l t s  in format 

revea I ed by NMR . 

KATAHIRA ET AL. 

a )  contains two consecutive A : G  mis- 

for  F I G .  l ( b )  contains a s ing le  A : G  

on of  a non-sheared A : G  base p a i r ,  as 

It i s  rcmarkable tha t  the duplexes containing the sheared A : G  base 

pairs  exhibi t  very s imilar  CD spectra .  Maxima a t  around 280 nm and 262- 

272 r im,  and minimum a t  around 243 nm are  the i r  common fea tures .  This i s  

i n  s t r i k i n g  contrast  t o  the f ac t  tha t  the three spectra  i n  F I G .  l ( b )  do 

n o t  resemble each o ther .  I t  i s  suggested tha t  some s t ruc tura l  character 

of the duplexes containing the sheared A : G  base pa i r s  i s  re f lec ted  on 
the CD spec t ra .  Thus CD spectra  give an i n i t i a l  clue t o  the s t ruc tures  

of A : G  mismatches, although i t  i s  dangerous t o  deduce the s t ruc ture  from 

the ('1) spectra  alonc. 

Reliability of the determined thermodynamic parameters. 
Thc thermodynamic parameters derived from the two methods fo r  the 

f o u r  duplexes agreed within about 10%.  This guarantees that  the bimolec- 

u l a r ,  two s t a t e  model i s  a reasonable approximation for  the t r ans i t i on  

of  the duplexes s tudied.  Otherwisc, the discrepanry in the parameters 

derived by the two methods should be f o u n d . 3 9  

4s shown i n  'I 'AHIF. 3 ,  the melting temperatures calculated by the 

cquation-2 using the determined thermodynamic parameters on T4RLE 2 iit 

the strand concc.ntration of' 100 ~ 1 1  agree well w i t h  the observed cxperj-  

mental mclting teniperatures w i t h i n  0 . 9  C .  This i s  a l so  an indicat ion 

that  the determined parameters a re  r e l i a b l e .  

Very of ten ,  o n l y  the melting temperatures a t  a r e r t a i n  strand 

concentration arc  published i n  l i t e r a t u r e s ,  instead o f  the thermodynamic 

parameters. T h u i  such a calculat ion o f  the melting temperature a t  a 

cer ta in  strand concentration i s  required in order t o  compare our data 

w i t h  o thers '  . 

The formation of a hairpin structure of A:T-DNA at low strand concentra- 
t ions - 

I t  was found exceptionally f o r  \ :T -DY$ tha t  the meltirig tempera- 

turps become independent of the strand concentrations i n  the low con- 

centrat ion rang(' ( <  4 u k l ) .  This indicates tha t  a hairpin s t ruc ture  i s  
dominantly formrd fo r  A:T-D?I4 a t  low strand concentrations.  Thercfore CD 

melting curves recorded a t  s t rand concentrations higher than 15  ~ L Y ]  were 

used t o  determine the thermodynamic parameters for  duplex formation of 
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THERMODYNAMIC STABILITIES OF BASE PAIRS 593 

A:T-DNA. Under such strand concentrations, plots of the reciprocal 
melting temperature versus the logarithm of the strand concentration can 
fit to a straight line, and the parameters derived from the two methods 
agreed within about 10%. This guarantees that the determined parameters 
are those for duplex formation of A:T-DNA. 
RNA duplexes are more stable than the corresponding DNA duplexes. 

As mentioned above, the thermodynamic parameters derived from the 
two methods agreed within about 10%. Therefore the values on TABLE 2 and 
3 which were der ved from the method (2) will be cited in the following 
discussions for simplification. It should be noted that the following 
discussions are completely valid even if the values on TABLE 1 derived 
from the method 1) are used. 

A:U-RKA is more stable than the corresponding A:T-DHA by 7.1 
kcal.mo1-' in terms of AGO,, (TABLE Z ) ,  and by 14.2 " C in terms of the 
calculated melting temperature at the strand concentration of 17 B M  

(TABLE 3). The situation is the same when the central two Watson-Crick 
A:U(T) base pairs are replaced by the sheared A:G base pairs. That is, 
A:G-RNA is more stable than the corresponding A:G-DNA by 2 . 5  kcal.mo1-l 
and 5.6 ' C, respectively. 

The RNA duplexes are stabilized more than the corresponding DNA 
duplexes regarding the AHo term (-128 V.S. -77.2 kcal-mol-' for the 
A:U(T) species and -89.0 V.S. -58.3 kcal.mo1-' for the A:G species). 
This could be due to the better stacking interaction achieved generally 
in RNA of the A form than in DNA of the B form.38 The extra hydrogen 
bonding involving 2'-OH in RNA might also be responsible. On the other 
hand, the RNA duplexes are destabilized more than the corresponding DNA 
duplexes the 
A:U(T) species and -251 V.S. -160 ca1.mol-l.K-l for the A:G species). 
The restriction of the conformational freedoms of sugar moieties imposed 
by 2'-OH in the RNA duplexes could explain this.38 After all, the great- 
er stability of the RNA duplexes is brought by the AH' terms surpassing 
the ASo terms. 
Difference in the decline in the thermodynamic stability caused by the 
replacement of the Watson-Crick A:U(T) base pairs by the sheared A:G 

base pairs between RNA and DNA. 

regarding the ASo term (-359 V.S. -218 cal.mol-"K-l for 

When the central two Watson-Crick base pairs o f  A:U-RNA are re- 
placed by the sheared A:G base pairs, resulting in A:G-RNA, the thermo- 
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dynamic s t a b i l i t y  o f  the. duplex declines by 5 . 5  kcal.mo1-I and 9 . 9  C i n  
terms o f  and the calculated melting temperature a t  the strand 

concentration of  17 1-1 PI ,  respectively (TABLES 2 and 3 ) .  By the replace- 

rncnt, kcal.mol-' 

( - 8 9 . 0 - ( - 1 2 8 ) ) .  On the other hand, the K k A  i s  s t ab i l i zed  regarding the 

A S o  term by 108 ~ d l . m o l - ~ . K - '  ( - 2 5 1 - ( - 3 5 9 ) ) .  Tota l ly ,  the R N A  i s  desta- 

b i  l i7rd dur. t o  t h v  d e s t a b i l i ~ i n g  A H o  term surpassing the s t ab i l i z ing  

AS() ~ e r m  i)y I tie replacemeni . 

the K h A  i s  des tab i l ized  regarding the A H o  term by 39 

The degree o f  decline i n  the thermodynamic s t a b i l i t y  caused by the 

rcplacemcnt of  the two Watson-Crick A:T base pa i r s  by the sheared A:G 

base pairs  i s  much l c s s  for  thc D k A  duplex than for  the RUA duplex. That 

i s ,  4 : G - I ) \ 2  i s  l e s s  s tab lc  than A:T-I)hA j u s t  by 0 . 9 2  kcal.mo1-l and 1 .3  

( in lerms of  and thc calculated melting temperature a t  the 

i t rand concentration o f  17 1 ~ 4 .  respect ively.  The trend o f  the  e f f ec t  

of the replacement i s  s imilar  t o  that  observed i n  the RkA. By the re-  

placement, the I lV4  i s  destabi l ized regarding the A H o  term by 18 .9  

kcal .mol-l ( - 5 8 . 8 - ( - 7 7 . 2 ) ) ,  and s tab i l ized  regarding the A S o  term by 58 

r a l  .mo l - l  . K - '  ( 1 6 0 - ( - 2 1 8 ) ) .  The destabi l iLat ion caused by the replace- 

m r , r r t  c~oncernirrg t h e  A H 0  term i s  l e s s  i n  the DYA than i n  R N A  ( 1 8 . 9  v . s .  

39 kcal.mol- ') ,  \Itrich i s  the redson why the decline o f  the thermodynamic 

s t a b i l i t y  caused by the replacement i s  much l e s s  i n  the  UY4 duplex. 

The d i f fc rencr  i n  thc degree o f  decline in the thermodynamic s t a -  

bil  i t y  caused by the replacement between R I Y Z  and D N 4  can be well ra t ion-  

a l i ~ e d  on t h e  bas i s  of  our previous s t ruc tu ra l  s tudies  of  A:G-RYA and 

I : G - I ) Y 4 . 1 4 9 ' 3 1  The same sheared 1:G base pa i r s  a re  formed i n  b o t h  cases .  

However, the s tacking interact ions involving the sheared 4 : G  base pa i r s  

arc  d i f f e ren t .  I1 i s  poor for  1:G-RYA, while for  A : G - D N A  i t  i s  a5 good 

as that  observed i n  the standard B form Dh,4 w i t h  Watson-Crick base 

pa i r s .  Thus the larger  decline i n  the s t a b i l i t y  fo r  the RNA may be due 

t o  the poorer s tacking in te rac t ion  brought by the replacement. 

I n  t h i s  sec t ion ,  the large decline of  the thermodynamic s t a b i l i t y  

by the replacement for  the R N I  has been s t ressed .  However, i t  should 

a l s o  be noted tha t  1:G-RNA i s  s t i l l  more s tab le  than A: ' r -DNA and A:G- 

Dk n . 
The r a t i o  A H O / A S o  i s  nearly ident ica l  for  the f o u r  duplexes 

studied (359+5K). Such enthalpy-entropy compensation has been observed 
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THERMODYNAMIC STABILITIES OF BASE PAIRS 595 

and has recently been interpreted in terms of the components of the 
thermodynamic parameters. 38 9 4 1  The phenomena seem to be general. 
Comparison with other studies. 

This is the first study where the stability of the sheared A:G base 
pair is evaluated systematically in terms of the thermodynamic parame- 
ters. Comparison is made between KNA and DNA, and between the sheared 
A:G base pairs and the Watson-Crick A:U(T) base pairs. It is important 
that the structures of the A:G base pairs in A:G-RNA and A:G-DNA have 
already been established by NMR studies. Very often thermodynamic 
studies of the A:G mismatches were carried out without a knowledge on 
the structures of the base pairs. 

Available thermodynamic data on the sheared A:G base pairs are not 
so systematic in this context.15724p39940942 The only systematic data 
which can be compared with our data to some extent are reported by 
Lane's group. The thermodynamic parameters for r(CCACGAGUGGI2 and 
r(CCACUAGUGG)2,38 and the experimental melting temperatures for d(CCAC- 
GAGTGG):! and d(CCAC'I'4GT(;G)2 at strand concentration of 17 pM and salt 
concentration the 
sheared A:G base pairs are formed in r(CCACGAGUGG)238. Their se- 
quences are very similar to ours. The sequences of  the two residues at 
both ends are  interchangrd. In order to make comparison, the melting 
temperatures at the strand concentration of' 17 pM are calculated on the 
basis of the published  parameter^^^ and listed on TABLE 3. 

of 0.1 M37 are published. And it is established that 

When the melting temperatures are compared between our duplexes and 
Lane's duplexes, common features are found. A:U-RNA is the most stable 
among the four duplexes, and its stability decreases when the A:U base 
pairs are replaced by the sheared A:G base pairs. The stability of the 
A:T-DNA, on the other hand, does not change a lot by the replacement. 
Thermodynamic parameters of A:G-DNA and A:T-DEIA are not determined for 
their duplexes. Therefore detailed analysis and discussion concerning 
the background of  the behaviour o f  the melting temperatures are not 
possible in their cases. 
Possible formation of the sheared A:G base pairs in RNA such as ribo- 
zyres . 

As noted above, in spite of the decline in the thermodynamic sta- 
bility caused by the replacement of' the Watson-Crick A:U base pairs by 
the sheared 4:G base pairs, A:G-RNA is still more stable than A:T-DNA 
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596 KATAHIRA ET AL. 

and  A:G-DNA. T h i s  s u g g e s t s  t h a t  t h e  s h e a r e d  A : G  b a s e  p a i r s  c o u l d  b e  

formed s t a b l y  i n  R h 4  s u c h  as r i b o z y m e s ,  a n d  c o u l d  p l a y  some b i o l o g i c a l  

r o l e .  
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