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Abstract. The non-planar vibration modes of guanine 
and adenine, and their C8-deuterated, N-deuterated 
and perdeuterated analogs have been calculated 
using a valence force field and a set of non-redun- 
dant symmetrical coordinates. Moreover, the effect 
of lSN isotopic substitution in both pyrimidic and 
imidazolic rings of guanine has been studied. The 
calculated wavenumbers are in agreement with the 
published Raman and infrared spectra. The exten- 
sion of the force field to the N9-methylated deriva- 
tives of guanine and adenine bases has also been 
described. On the basis of these calculations one can 
assign the guanine and adenine residue out-of-plane 
modes observed in the 800 - 750 cm-] region in the 
infrared spectra of the mononucleotides and poly- 
nucleotides containing purine bases. 

Key words: Guanine, adenine, vibration modes, nu- 
cleic acids, normal coordinate analysis 

Introduction 

As mentioned in our first paper devoted to the out- 
of-plane modes of pyrimidines (Letellier etal. 
1986a), the 800-750cm -] region in nucleic acid 
infrared spectra results from the non-planar vibra- 
tions of the base residues. In this work our aim is to 
assign the previously published data concerning the 
out-of-plane modes of guanine, adenine and their 
deuterated derivatives. This investigation allows us 
to obtain a reliable force field which will be ex- 
tended to the N9-methylated derivatives. This final 
approach confirms the experimental assignment of 
the above-mentioned infrared bands to the base 
residue out-of-plane modes. 

* To whom offprint requests should be sent 

Theoretical considerations 
Numbering of the out-of-plane modes of the bases 
and their methylated derivatives when the methyl 
group is considered as a rigid unit has been ex- 
plained previously (Letellier etal. 1986a). There- 
fore, guanine as well as its deuterated and methylated 
analogs present 13 non-planar vibration modes, 
while one expects 12 similar modes for adenine and 
its corresponding derivatives. 18 non-planar internal 
coordinates (7 out-of-plane waggings (o.p.w.) and 11 
torsions) are numbered in guanine and 17 similar 
ones (6 o.p.w, and 11 torsions) in adenine. The 5 
superfluous internal coordinates in each of these 
bases have been removed by the numerical proce- 
dures described in our previous work (Ghomi et al. 
1985; Letellier et al. 1986b). 

It is not simple to propose a force field for the 
out-of-plane modes of purine bases because of their 
complex and non-symmetric structures (Fig. 1). This 
problem has been simplified by considering the fact 
that each purine base is formed by rings of pyri- 
midic and imidazolic nature. Therefore, a possible 
force field can be proposed as a superposition of 
pyrimidic and imidazolic force fields which have 
been studied previously (Letellier etal. 1986a; 
Cordes and Walter 1968). In fact, this procedure 
is only possible for the diagonal force constants. As 
can be seen in Table l a, by adjusting a small 
number of cytosine and imidazolic force constants, a 
set of acceptable diagonal force constants can be 
proposed for pyrimidine bases. Unfortunately, this 
procedure does not give a good result for the 
interaction (off-diagonal) force constants which 
should be different in monocyclic and bicyclic bases 
because of their different distributions of ring elec- 
trons. The development procedure of the potential 
energy is similar to that proposed for the pyrimidine 
bases (Letellier et al. 1986a). The off-diagonal force 
constants obtained by a least-squares method are 
shown in Table 1 b. 
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Fig. 1. Representation and atom numbering for 
guanine and adenine molecules 

Table l a  : 

: . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

: Coordinates : Values (md~n.A) 

: : ~uan;ne : adenine : c~tosine : imidazole : 

: : (a) : (a) : (b) : (c5 : 

: wa991n~s : : : : 

: W(C-H) (Py.) : 0.354) : 0.370 : 

: W(N-H) (Py.5= 0.300 : : 0 , 3 0 0  : 

: W(C=O)  : 0 . 3 3 4  : : 0.334 : 

: W ( C - N H 2 )  : 0 . 3 5 5  : 0 . 4 3 0  : 0 . 3 3 4  : 

: W(NH2) : 0 . 0 5 5  : 0 . 0 6 5  : 0 . 0 3 5  : 

: W(N-Cm5 : 0 . 3 3 4  : 0 . 3 3 4  : 0 . 3 3 4  : 

: W ( C - H )  ( i m . 5  0 . 3 5 0  : 0 . 3 5 0  : : 0 . 3 5 0  

: W ( N - H )  ( i m . ) :  0 . 3 3 0  : 0 . 3 3 0  : : 0 . 3 3 0  

: t o r s : o n s  : : : : 

: T(C-C) : 0 . 5 2 0  : 0 . 5 2 0  : 0 . 5 2 0  : 

: T(C-N) (P~.) 0.255 : 0.255 : 0.255 : 

: T ( C = N )  ( P ~ . )  O . & 2 7  : O . & 2 9  : O . & 2 7  : 

: T(C-NH2) : 0.100 : 0.100 : 8.112 : 

: T(C=C5 : 0.520 : 0 . 5 2 0  : 0 . 5 2 0  : 0 . 5 2 0  

: T(C-N5 (im.5: [1,520 : 0,520 : : 0.520 

: T(C=N) (Im.5: 0.570 : 0.570 : : 0.570 

Table 1 a. Diagonal force constants for the out-of-plane vibra- 
tion modes of purine bases and their N9-methylated derivatives. 
W designs an out-of-plane wagging coordinate and T a torsion 
coordinate. Cm: methyl group, im: imidazolic ring. py: py- 
rimidic ring. a: this work, b: cytosine force constants (Letellier 
et al. 1986 a), c: imidazole force constants (Cordes and Walter 
1968) 

Table lb. Non-diagonal force constants for the out-of-plane 
modes of adenine, guanine and their N9-methylated derivatives. 
W designs an out-of-plane wagging coordinate and T a torsion 
coordinate. Cm: methyl group, ira: imidazolic ring. py: py- 
rimidic ring 

l ~ b ] e  l b  : 

: : : a d e n i n e  a n d  i t s  : ~ u a n i n e  and  i t s  : 
: : : c l e r l v a t i v e s  : d e r i v a t i v e s  : 

: Interactlons : : : 
: : v a l u e s  d e v i a t i o n s :  v a l u e s  d e v i a t i o n s =  
= : : = 

: : (mdyn .A5  : ( m d y n  .A5 : 

= : w a ~ i n ~ , t o r s I o n  = = : 

= = : : I 

: : W ( N g - H ) , T ( N g - C 8 )  : - 0 . 1 3 7  : - 0 . 1 3 7  : 
: : : (0.07) : (0.01) : 

: :W(N£-H),T(C4-N95 : 0.137 : 0.137 : 

: : W ( C 8 - H ) , T ( N g - C 8 5  : 0 . 1 5 3  : 0 . 1 5 3  : 
: ." : ( 0 . 0 1 4 5  : ( 0 . 0 )  : 

: :W(CO-H),~(N7=C8) : -0,153 : -0.153 : 
= : = = : 

: : W ( C 2 - H S , T ( N 3 = C 2 )  : - 0 . 1 2 3  : : 

: : : (0.0) : : 

: : W ( C 2 - H S , T ( N 1 - C 2 )  : 0 . 1 2 3  : : 

: :W(C6-N6,T(NI=C&) : 0.056 : : 

: ." : (0.05 : : 

: : W ( C 6 - N 6 ) , T ( C 5 - C 6 )  -0.056 : : 

: :W(Ng-Cm),T(N?-C85: -0.056 : -0.056 : 

: : : (0.0) : (0.0) : 

: :W(Ng-Cm),T(C4-N?): 0.056 : 0.056 : 
: = : : : 

: :W(C&=O6),T(N1-C6): : -0.056 : 

: : : : (0.0) : 

: :W(C6=O6),T(C5-C65: : 0.056 : 

: :W(N1-H),T(NI-C6) : : -0.048 : 

: : : : (0.0225 : 

: : W ( N d - H ) , T ( N 1 - C 2 )  : : 0 . 0 4 8  : 

: : W ( C 2 - N 2 5 , T ( N 1 - C 2 ) :  : 0.056 : 
: : : : ( 0 . 0 )  : 

: :W(C2-N2),T(C2=N35: : -0.056 : 

: ................. : : = 

: torsion,torsion : : : 

: O r t h o  ( P y . 5  = 0 . 0 1 4  ( 0 . 0 5  : - 0 . 0 7 5  ( 0 . 0 )  : 

: O r t h o  ( i m . )  : - 0 . 0 2 7  (C| ,05 : - 0 . 0 2 ?  ( 0 . 0 )  : 

: ................. : = : 

: W(CS-H),W(Ng-H) : 0.018 (0.0) : O.OO& (0.0) : 

: W(NH2),W(C6-N65 : -0.041 (0.0) : 

: W(NH25rW(C2-N2) : : 0.028 (0.OO&) : 
: = : = 



The Wilson GF-method (Wilson etal. 1955) 
has been used for the vibration mode calculations. 
The computational details have been explained else- 
where (Letellier et al. 1986 a). 

Results 

A. Guanine and its deuterated derivatives 

The calculations on guanine and its deuterated 
analogs are based on the geometrical data obtained 
from the X-ray diffraction patterns of guanine 
monohydrate crystals (Thewalt et al. 1971). Vibra- 
tional spectra of guanine (Table2a) and its C8- 
deuterated, N-deuterated and perdeuterated analogs 
(Table 2b) have been studied previously (Delabar 
1978; Delabar and Majoube 1978: Majoube 1984). 
The proposed non-planar wavenumbers observed in 
Raman and infrared spectra are compared to those 
obtained by calculation (Table2a and b). The 
proposed force field accounts satisfactorily for the 
changes observed in the vibrational spectra upon 
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C8- and N-deuteration. The calculated isotopic shifts 
of the guanine vibration wavenumbers upon ~SN 
substitution, as well as for the deuterated analogs, 
have also been reported in Tables 2a and b. The 
comparison between the experimental and calculated 
results (Majoube 1984) confirms the reliability of the 
proposed force field. However, it should be men- 
tioned that the calculation on an isolated molecule 
would not be sufficient in order to explain all the 
experimental data arising from the crystalline sam- 
ples. It is well known that the molecular vibration 
modes can be considerably altered by both hydrogen 
bonding and the crystalline field. Therefore, the 
present calculations should be considered as a first 
step in studying the phonon dispersion of the 
guanine crystals. Graphic representation of the cal- 
culated modes for guanine is given in Fig. 2. 

B. Adenine and its deuterated analogs 

X-ray data for adenine crystals is not available but 
the crystalline structure of 9-methyladenine has 

C6 

886 832 791 772 

576 

~ 2  

190 
Fig. 2. Graphic representation of the 13 out-of-plane vibration modes for guanine obtained by the present calculation. The base 
plane initially perpendicular to the drawing plane has been titled about 10 ° in order to visualize the out-of-plane vibrations. All 
the situations of the base ring during a period of a given vibration mode have been drawn. The calculated wavenumber (cm -l) 
of each mode is also noted. See also Table 2 
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been published (Steward and Jensen 1964). Suppos- 
ing that the geometrical difference between adenine 
and its N9-methylated derivative can be neglected, 
the unknown structure has been obtained by replac- 
ing N - C  by a standard N - H  bond in the 9-posi- 
tion. 

Raman and infrared spectra of crystalline and 
aqueous samples of adenine have been presented 
previously (Lauti6 and Novak 1974; Savoie and 
Jutier 1982; Majoube 1985a). In Table 3 the calcu- 
lated and experimental wavenumbers have been 
compared. Adenine non-planar modes as well as 
their changes upon C8- and N-deuterations have 
been interpreted by the present calculation. The 
assignments based on the potential energy distribu- 
tion (PED) are in good agreement with those sug- 
gested by Majoube (1985). Graphic representation 
of the calculated modes for adenine is given in 
Fig. 3. 

C. 9-methyladenine and 9-methylguanine 

The calculated results concerning 9-methyladenine 
and 9-methylguanine are shown in Table 4. The 
calculated wavenumbers of 9-methyladenine have 
been compared to previously published experimen- 
tal data (Kyogoku et al. 1967; Savoie et al. 1981). A 
good agreement has been obtained. No experimen- 
tal data is available for 9-methylguanine. However, 
the calculated results do allow us to follow the 
changes of adenine and guanine vibration modes 
upon N 9-methylation. 

Discussion 

As in the case of pyrimidine bases, a considerable 
amount of theoretical work has been devoted to the 
study of the planar vibrations of purine bases 
(Tsuboi etal. 1973, 1986; Majoube 1984, 1985a, b; 
Ghomi et al. 1984, 1985: Letellier et al. 1986b, c). In 
contrast, the out-of-plane modes of these bases have 
not been studied so intensively and the published 
investigations are limited to the study of skeletal 
vibrations in which the hydrogen motions are entire- 
ly neglected (Eyster and Prohofsky 1974; Devi 
Prasad and Prohofsky 1984; Ghomi et al. 1984). 

The present calculations follow our recent work 
on the non-planar modes of the pyrimidine bases 
(Letellier et al. 1986a) and propose a similarly ex- 
tended force field for the purine bases. As it is 
detailed above, the quasi-whole diagonal force con- 
stants are transferable from guanine to adenine and 
are obtained by small corrections made on the 
previously published cytosine and imidazole out-of- 

Table2a. Comparison between the calculated and experi- 
mental wavenumbers (cm -1) for the out-of-plane modes of 
guanine. Assignments are based on the potential energy distri- 
bution (PED in %) described upon the internal coordinates. 
Exp. Experimental Raman (R) and infrared (I.R.) peak 
positions of polycrystalline samples (Majoube 1984). Cal. 
Calculated wavenumbers (this work). The vibration mode 
wavenumber shifts due to the 15N-substitution are also re- 
ported in paranthesis. The first number indicates the isotopic 
displacement v(14N-15N) when N1, N2 and N3 are sub- 
stituted. The second concerns the analog displacement but 
upon the substitution on N7 and N9 atoms. W designs an out- 
of-plane wagging coordinate and T a torsion coordinate 

G l l ~ r l  I ne 

. . . . .  ; : 7 . ; _  . . . . .  i . . . . .  . . . . . .  

B85 R 

884 IR (I,-) : 886 

: 8 3 2  

790 ]R  : 791 

778 1R < 2 , - )  : 772 
775 R 

: 6 4 t  

578 ]R : 576 

5UI IR : 510 

: 382 

l 

3 5 6  ]R  : 3 4 2  

: 2 9 2  

l 

2 4 3  I R  ( 3 , - )  : 2 6 6  

2 0 4  R : t 9 0  
I 

: 1 4 6  

( 0 , 2 )  : W ( N g - H ) ( 3 9 ) ;  l ( N 9 - C 8 ) ( 3 5 )  
: l ( C 4 - N 9 ) ( ' 1 4 )  

( 0 , t )  : W ( C 8 - H ) ( 5 1 ) :  T < C S = N T ) ( 2 4 )  

( 6 , 0 )  

g 

: W(N1-H)(68); T(NI-C6)(I;2) 

: ] (C2-N I) (I[I) 

I0,0): W(C2-N2)(24); [(C2-NI)(18) 

: ](C2=N3)(18); 1(N3-C4)(14) 

: [ (NI--C6) (13) 

I,II): W(CB-H)(41)~' W(Ng-H)(24) 

: I(N7-[:5)(16): r(C8=N7)(16) 

:I 

4,0) : W(NII2) (OB) 

t~ 

1,0) : N(C6=0)(66) 

3,0) : W(C2-N2)(45)r I(['2-N3)(14) 

'-' 1 ( N t - C 6 ) ( 1 0 ) ;  F ( C 2 - N 2 ) ( I O )  

1 , 0 )  : l ( C 2 - N 2 ) ( 8 4 )  
g 

( 0 , 5 )  : W < N 9 - H ) ( 3 0 ) ;  I ( N 7 - C b ) ( - 1 9 )  
: ] ( C 8 = N 7 )  ( 1 2 )  

( 4 , 0 )  : I ( C b - [ ; 6 ) ( 2 0 ) r  [ ( N 3 - C 4 ) ( 1 9 )  
: W ( C 2 - N 2 ) ( 1 2 ) ;  W ( N 1 - H ) ( I O )  

,'I 

( 0 ,  I )  : [ ( N I - C & ) ( 1 9 ) ~  1 ( C 2 - N 1 ) ( ' 1 8 )  

# 

( 1 , 0 )  : W ( C 2 - N 2 ) ( 2 0 ) r  T(N7-CS) ( ,16 )  
: W(C6=O) (Ib) 
g 

plane force constants (Letellier et al. 1986a; Cordes 
and Walter 1968). However some alterations should 
be considered in the off-diagonal force constants 
when the N9-methylated bases are taken into con- 
sideration. 

The present calculations take account of the 
spectral changes of guanine and adenine bases that 
occur upon selective deuterations and show the 
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/ 

Fig, 3. Graphic representation of the 12 out-of-plane modes for adenine. The base plane initially perpendicular to the drawing 
plane has been titled about 10 ° in order to visualize the out-of-plane vibrations. All the situations of the base ring during a period 
of a given vibration mode have been drawn. The calculated wavenumber (cm -1) of each mode is also noted. See also Table 3 
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[Vie 

9-methy[guanine 
D D 

\ 

9 -methyladenine 

Fig. 4. Representation of the calculated vibration modes allowing us to assign the characteristic infrared bands observed in the 
800-750 cm -1 spectral region and correlated with the out-of-plane modes of guanine and adenine residues involved in mono- 
nucleotides and polynucleotides. See also footnote of Fig. 2. Me: methyl group; D: deuterium, a Characteristic vibration modes 
calculated in 9-methylguanine and its C8-deuterated, N-deuterated and perdeuterated (C8- and N-deuterated) analogs. See also 
Table 5 a. b Characteristic vibration modes calculated in 9-methyladenine and its C8-deuterated, N-deuterated and perdeuterated 
(C8- and N-deuterated) analogs. See also Table 5b 
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Table 4. Out-o~plane mode wavenumbers (cm- ~) 9 - M e t h y l a d e n i n e  : 9 - H e t h ~ l ~ u a n i n e  

. . . . . .  , . . . .  = . . . . . . . . . . . . . . . . . . . . . . . . . . .  = . . . .  = . . . . . . . . . . . . . . . . . . . . . . . . . . . .  relative to 9-methyladenine and 9-methylguanine. 
E x p . : C a l . :  A s s i s n m e n t s  (PED%5 : C a l . :  A s s i s n m e n t s  (PEDZ)  

= • = : 

8 4 2 ( c 5 :  8 4 8 ;  W ( C 8 - H S ( 5 2 5 ;  T ( N ? - C 8 5 ( 2 5 5  : 8 6 4 :  W ( C B - H S ( 5 4 ) ;  T ( N ? - C S ) ( 2 ~ )  
8 4 1 ( b ) :  : T ( C S = N T ) ( 2 2 5  : : T ( C 8 = N 7 5 ( 2 2 )  

8 4 8 ( a 5 :  : : : 
= = = 

: • : = 

7 9 9 ( b )  7 9 9 ;  T ( C 2 - N 1 ) ( 4 3 5 ;  T ( C 2 = N 3 5 ( 3 0 )  = 
7 ? & ( c ) :  : W ( C 2 - H S ( 1 3 5  7 9 1 :  W ( N 1 - H ) ( & 8 ) ;  r ( N l - C r ) ( l ~ )  
7 9 5 ( a 5 :  : : : / ( C 2 - N 1 ) ( 1 0 )  

= = = : 

7 7 9 :  W ( C 2 - H ) ( 6 3 ) ;  T ( N l = C ~ ) ( 1 5 )  : 
: : T ( C 2 - N 1 5 ( 1 3 )  7 7 4 :  W ( C 2 - N 2 ) ( 2 4 ) ;  T ( C 2 - N q ) ( I ? )  
: : : : T ( C 2 = N 3 ) ( 1 9 5 ;  I ( ) 1 3 - C 4 ) ( 1 4 )  
: : : T ( N 1 - C & ) ( 1 3 )  

6 5 3 :  T ( C 2 = N 3 ) ( 2 8 ) ;  W ( C & - N r ) ~ 2 & ) :  

655(c) : : : 

& 3 7 :  W ~ C S - H ) ( 2 ~ ) ;  T ( C S = N 7 ) ( 2 2 5  : 6 3 8 :  W ( C S - H ) ( 3 1 ) ;  T ( C S = N 7 ) ( 2 5 )  
W ( N 9 - C n : ) ( 1 9 ) ;  X ( N 7 - C 5 ) ( I & 5 :  ~ ( N � - C m ) ( 2 3 ) ;  T ( H 7 - C 5 ) ( 1 6 )  

= : : : 

= : : : 

&50(c) 6 3 4 :  W ( N H 2 ) ( ~ 7 )  : : 
= : : = 

: : : 576: W ( N H 2 ) ( B S )  
= : : = 
= = = 

: : ~ 5 2 1 :  W ( C & = O ) ( 5 8 )  

: : : = 

= : = : 

406: W ( N � - C m ) ( 6 8 5  : 4031 g ( N � - C m ) ( 6 1 ) ;  g ( e 6 = o ) ( l o )  
: : = : 

3 6 5 :  T ( N I = C & ) ( 4 ~ 5 ;  1 ( C 6 - N & ) ( 2 2 5 :  3 8 2 :  W ( C 2 - N 2 ) ( 4 4 5 ;  T ( C 2 = N 3 ) ( 1 3 )  
3 5 5 ( b ) :  : W ( C 2 - H ) ( I 1 5  : : T ( C 2 - N 2 ) ( l O ) ;  T ( N 1 - C & 5 ( 1 0 )  
3 5 4 ( c ) :  : : : 

3 4 0 :  T ( C a - N 6 5 ( 8 4 )  3 4 0 :  T ( C 2 - N 2 ) ( 8 6 )  
: : : = 

= : : = 

2 4 5 ( b ) :  2 3 3 :  T ( C S - C & ) ( 2 2 5 ;  T ( C 4 - N ? ) ( 2 1 5  2 6 5 :  T ( C S - C & ) ( 2 ? 5 ;  T ( N 3 - C 4 ) ( 1 7 )  
: : T ( N 3 - C 4 ) ( I & ) ;  W ( N � - C m ) ( 1 1 ) :  : W ( C 2 - N 2 ) ( 1 3 ) ;  ~ ( N l - H } ( 1 1 )  
: l : : 

= l = : 

2 0 5 ( b 1 :  2 1 9 :  T ( C 4 = C 5 ) ( 2 0 ) ;  T ( N £ - C B ) ( 1 7 )  2 1 9 :  T ( C 4 - N ? 5 ( 2 6 ) ;  T ( N � - C 8 ) ( 2 2 )  
: : T ( C S - C B ) ( 1 4 5 ;  T ( C S = N T ) ( 1 4 )  : : T ( C S = N Z ) ( I & ) ;  T ( N 1 - C & ) ( 1 3 )  
: : W ( C r - N & 5 ( 1 2 5  : : W(N� -Cnt ) (1O5 
I = : : 
= : : = 

: 1 & 4 :  T ( C 2 - N 1 ) ( 2 2 5 ;  T ( C 2 = N 3 ) ( I & )  
: : : : W ( C 2 - N 2 ) ( 1 5 5 ;  T ( C 5 - C 6 ) ( 1 3 )  

: T ( C 4 = C 5 ) ( 1 2 )  = : 
= = 

1 4 2 :  T ( N 7 - C 5 ) ( 2 ~ 5 ;  I ( N � - C 8 ) ( 1 9 5  1 2 6 :  T ( N 7 - C S ) ( 2 & ) ;  W ( C 6 = 0 6 ) ( 1 5 )  
: : T(N3 -C4 ) (14 )  : : T(N � -CS] (115 ;  T (N3 -Cr ) (11 )  

. . . . . .  i :  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  : ;  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Assignments based on the PED (in %) are also 
described. Exp. Experimental data, a: Infrared 
spectrum of oriented single crystals of 9-methyl- 
adenine (Kyogoku etal. 1967). b: Raman spec- 
trum of polycrystalline 9-methyladenine (Savoie 
et al. 1981). c: Infrared spectrum of polycrystalline 
9-methyladenine (Savoie et al. 1981). Cal. Calcu- 
lated wavenumbers (this work). W designs an out- 
of-plane wagging coordinate and T a torsion coor- 
dinate. Cm: methyl group 

Table 5a. Comparison between the experimental 
and calculated results for the characteristic infra- 
red band located around 780 cm -1 and correlated 
to a guanine residue out-of-plane mode. 2'-deoxy- 
guanosine 5'-monophosphate (5'-dGMP) infrared ~ 
spectra (Ghomi and Taillandier 1985). poly 
d ( G - C ) ' p o l y d ( G - C )  infrared spectra (Ta- 
boury etal. 1985). po lyd (A -C)  • d ( G - T )  infra- 
red spectra (Taillandier etal. 1984). A: A form; 
B: B form; Z: Z form. The calculated wavenum- 
bets of 9-methylguanine and its C8-deuterated, 
N-deuterated and perdeuterated analogs (this 
work) are also reported. For assignment see also 
Table 4 

Table 5b. Comparison between the experimental 
and calculated results for the characteristic infrared 
band of the adenine residue located around 
795cm-L 2'-deoxyadenosine 5'-monophosphate 
(5'-dAMP) infrared spectra (Taillandier etal. 
1985), poly d ( A - T ) '  poly d ( A - T )  infrared spec- 
tra (Adam etal. 1985). p o l y d ( A - C ) ' p o l y  
d ( G - T )  infrared spectra (Taillandier etal. 1984). 
A: A form, B: B form; D: D form; Z: Z form. The 
calculated wavenumbers of 9-methyladenine and 
its C8-, N- and perdeuterated are also reported, 
For assignments see also Table 4 

Table 5 a 
..................................................................... : ..................... e ............................... : ................................. 

: C a l c  u l a l c d  "- -" E x P e r  I m c n t  ~ I  E: IP~r  i m e n t  ~ 1  C a l c u l a t e d  

5 ' - ,dGMP :r, o l y ( d S - d C ) . p o l y ( d G - d C ) l p o l y ( d g l - d C ) . p o l y ( d ~ F d q S : 9 - n l ~ . t h y l ~ u a n i n ~ r ~  : P o l : / ( t I D G - d C ) . P o l y ( d O G - d C 5  : ? - m e t : h y l � u a n i r ~ e : C 8 - d e , J t e r a t e d  

in  } t20 i n  [)80 : i n  H20 i n  D20 ", I t ,  H20 i n  [5;-'0 :r,  u r e  N1,N2--  = i n  l l 2 0  i n  O20 : P txre  N l , N 2 - d ~ ' u t e r & e d  
." d e l f t  el" a I: e t l  : 

. . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

7 7 8  7 7 8  : 7 7 8  ( 8 )  778  ( B )  "- 780  ( A )  7i32 ((~) "- 7 7 4  77,f~ ~ 7 7 8  ( 8 )  7 7 8  ( B )  : 7 7 ~  77~  
: 782 ( Z )  784 ( Z )  : 780 ( B )  787 ( [ | )  := = 782  (2 ' )  782 ( 7 )  :: 
: = 7 8 2  ( 2 )  71J4 ( Z )  ,~, =" ~i 

.................. : .......................... = ......................... : .................... = .............................. ~ .................................. 

Table 5 b 
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~-.~P e r  i m e n t  ~ 1  E : ! P e r  t m e n t a l  C a l c , a l  ~ x t ~ ( I  
. . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . .  .- . . . . . . . . . . . . . . . . . . .  = . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5r-dAMP : p o l y ( d A - d T ) . ~ o l y ( d A - d l ) : e o l y ( d A - d C S - P o l ~ ( d O - d ~ ) :  9 - m e t h y l a d e n i r i p : P o l y ( d D S A - d T S . P o l y ( d O 8 A - d T )  :9-nlcLhyl&denlne:C8-deuterated 

In H~O i n  O20 : : n  H20 in  D20 : i n  H20 ~n O?O : P,ar~" Ne',-- : i n  H20 i n  DPO ." p I j F¢  N r - d e u t e r a e d  
: : : d¢iJt er aL ed : = 

795  795  : 795  ( A )  795  (AS -" 79& (A )  79& (05 : 799  799  : 798  ( A )  795  (A )  : 799  799  
795  ~B) 795  { B )  7 9 4  ~B) 796  ( 8 )  ~ : 798  (1~) 795  ( 8 )  : 

: 7 9 6  (D5 796  ( b )  : 795  ( Z )  795  ( Z )  
................ : ........................... ; ............................. : ................... .- .................................. : ............................... 
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ability of  the force field to interpret the out-of-plane 
modes of the purine base residues involved in 
mononucleotides or polynucleotides. 

Recent experimental  results obtained by I.R. 
linear dichroism on polynucleotides showed that the 
bands around 780 cm -1 and 795 cm -1 arise mainly 
from the out-of-plane vibrat ion modes of  guanine 
and adenine residues respectively (Ghomi  etal .  
1984; Chinsky etal .  1984; Taboury  etal .  1985; 
Taillandier et al. 1984, 1985; Adam et al. 1986). It 
should be mentioned that  in the infrared spectrum 
of  B form poly d ( G -  C)" poly d ( G -  C) the guanine 
and cytosine non-planar  contributions are super- 
imposed and give rise to a narrow and intense band 
at 778 cm -1. In the Z form the guanine contribution 
is shifted to the high frequency region and makes  its 
assignment easier. 

Table 5 a shows the position of the guanine non- 
planar mode  observed simultaneously in 5 ' -dGMP,  
poly d ( G -  C)" poly d ( G -  C) and poly d ( A -  C) 
" p o l y d ( G - T )  infrared spectra. This mode  is not 
sensitive to C8-deuterat ion and should, therefore, 
arise from the pyr imidic  ring of  the guanine residue. 
On an other hand, as the m a x i m u m  shift upon N- 
deuteration is not larger than 2 cm -1, the correspond- 
ing mode should not involve the N - H  out-of-plane 
wagging contribution. Similar behaviour  has been 
found for the adenine residue out-of-plane mode  
located around 795 cm -~ in the infrared spectra of  
5'-dAMP, poly d ( A - C ) p o l y d ( G - T )  and poly 
d ( A - T )  • poly d ( A - T )  (Table 5b). 

These experimental  results confirm the location 
of the above-mentioned vibrat ion modes in guanine 
and adenine rings. 9-methylguanine and 9-methyl- 
adenine can therefore be considered as reasonable 
dynamic models for the interpretation of  these out- 
of-plane modes observed in mononucleotides or 
polynucleotides containing guanine and adenine 
bases (Table 5a  and b; Fig. 4a  and b). 

In conclusion, the validity of  the base out-of- 
plane force field detailed here and in our recent 
paper  (Letellier 1986a) has been demonstrated by 
assigning the non-planar  modes of  the pyr imidine  
and purine residues observed in the 800-750  cm -1 
region of the infrared spectra of  mononucleosides 
(tides) or polynucleotides. It will be interesting, in 
the future, to use this force field in the vibrat ion 
mode calculations on the overall motions of  oligo 
and polynucleotides. 
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