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Abstract. By calculations based on the Wilson GF- 
method and using a valence force field, the vibra- 
tion modes of 5'-dGMP have been assigned. Good 
agreement was obtained between the calculated and 
experimental results corresponding to the Raman 
and infrared spectra of 5'-dGMP. The calculations 
can also predict the displacement of infrared bands 
observed upon selective deuteration on C8 and 
simultaneously on the C 8, N 1 and N 2 atoms of the 
guanine ring. In order to preserve the harmonic 
approximation of the potential field, the redundancy 
between the internal coordinates is entirely removed 
using a B./? matrix-product diagonalization proce- 
dure. In this treatment the local symmetry of diffe- 
rent constituents of the molecule is taken into consi- 
deration, thus avoiding extensive linear combina- 
tions of internal coordinates. 

The extension of these calculations to the guano- 
sine-moiety involved in the double helix structures 
of DNAs allowed us to reproduce a certain number of 
the characteristic guanine vibration modes altered by 
the B ~ Z transitions of poly(dG-dC)'poly(dG-dC) 
and d(CG)3 • d(CG)3. 

Key words: Normal coordinate analysis, 5'-dGMP, 
DNA, guanosine, poly(dG-dC)'poly(dG-dC) and 
d(CG)3 • d(CG)3 

Introduction 

In recent years, the vibrational spectra of the nucleic 
acids, expecially those of DNA, have been exten- 
sively studied. Because of the conformational flexi- 
bility of DNA most of these studies have concen- 
trated on the changes in Raman and infrared spectra 
as a function of the DNA structure (Pohl et al. 1973; 
Thamann et al. 1981; Taillandier et al. 1981; Pilet 
and Leng 1982; Nishimura etal. 1983; Benevides 

* To whom offprint requests should be addressed 

and Thomas 1983; Chinsky etal. 1984; Taboury 
et al. 1984). The interpretation of these spectra ob- 
viously requires a good knowledge of the base and 
phosphate-backbone vibration modes. From a theo- 
retical point of view, finding a force field which 
faithfully reproduces all of the characteristic infra- 
red and Raman bands needs a substantial investi- 
gation, because the number of force constants is 
always several times larger then the number of 
available experimental frequencies. Thus, the pro- 
blem should be resolvable by studying the vibration 
modes of the different components appearing in the 
overall DNA macromolecular structure. The calcu- 
lation of the vibrational spectra corresponding to the 
mononucleosides or mononucleotides can be con- 
sidered as a first step in attaining this goal. 

Our purpose in this paper is to study the vibra- 
tion modes of 2'-deoxyguanosine 5'-monophosphate 
(5'-dGMP). The present work was possible because 
of the recent calculations on guanine and guanine- 
residue vibration modes (Majoube 1984; Majoube 
1985) and those corresponding to tetrahydrofuran 
(Eyster and Prohofsky 1974 a). 

To test the validity of the force field obtained for 
5'-dGMP,-we have tried to use it in the case of the 
guanosine-moiety found in right handed (B form) 
and left-handed (Z form) poly(dG-dC)'poly(dG-dC). 
It was found that the geometry change correspond- 
ing to the B ~ Z transition can be considered to b.e 
responsible for the appearance of some characteris- 
tic Raman lines and infrared bands involving the 
guanine moiety vibrations. 

Theory 

The vibration mode calculations are based on the 
Wilson GF-method (Wilson et al. 1955). This matrix 
procedure, which is developed within the frame- 
work of the harmonic approximation of the poten- 
tial field, gives rise to a secular equation for the 
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molecular movement of the following form: 

G F L  = L A ,  (1) 

where G is the kinetic matrix and F reflects the 
interatomic interaction matrix involving the har- 
monic force constants. L represents the eigenvector 
matrix including the atomic displacements and A the 
diagonal matrix of which the element 2, is propor- 
tional to the square of the i-th mode wavenumber, v, 
(2, -- 4 ~2 C 2 V2t)" 

The B matrix relates the column matrix, R 
(internal coordinates) to the column matrix, X (car- 
tesian displacements) according to the equation: 

R = B X .  (2) 

The G matrix can be expressed as: 

G = B M - '  B ,  (3) 

where M is the atomic mass diagonal matrix. 
It is known (Mills 1969) that the harmonic ap- 

proximation is valid if the vibration modes are cal- 
culated on a non-redundant basis of 3N-6 coordi- 
nates (N: number of atoms). Otherwise the first- 
order terms of the potential energy do not all vanish 
and the force constants are consequently not har- 
monic. The existence of redundant coordinates leads 
to the G matrix singularity. It can be shown (Gusoni 
and Zerbi 1968) that G matrix diagonalization gives 
as many null-eigenvectors as the number of redun- 
dant internal coordinates. In the case of low-sym- 
metry molecules, such as 5'-dGMP, the geometry 
dependent part of the G matrix, i . e . B .  B matrix 
product, reflects the same singularity. Thus, by diag- 
onalizing B ' /~  and eliminating the eigenvectors 
relative to the null-eigenvectors, one obtains a set of 
3N-6 non-redundant coordinates, S, related to the 
redundant internal coordinates, R, by the inter- 
mediate of the orthogonal U matrix (Gusoni and 
Zerbi 1968): 

S = U R .  (4) 

Using Eq. (4), the secular equation (Eq. (1)) may 
be written as: 

Gs Fs L s  = L s A s .  (5) 

This equation is based on the S coordinates and 
gives 3N-6 vibration mode frequencies. Each mode 
is characterized by a normal coordinate Q, (i = 1, 
.... 3N-6) which is expressed as a linear combina- 
tion of the S coordinates: 

Q = L~ 1 S, (6) 

where L¢  is the inverse of the L s  matrix. 
Obviously, the potential energy distribution 

(PED) calculated from Eq. (5) is expressed in terms 
of the independent S coordinates. 

As there are 35 atoms in 5'-dGMP, one expects 
3 x 35 - 6 = 99 vibration modes. Neglecting the 13 
out-of-plane modes corresponding to the guanine- 
residue which are not considered in this work and 
will be explained in a forthcoming publication, our 
calculations have been performed on a set of 
99 - 13 = 86 independent S coordinates. 112 internal 
coordinates are numbered in 5'-dGMP (37 stretch- 
ings, 65 angular bendings and 10 torsion coordi- 
nates). So 112 -  86 = 26 superfluous coordinates 
may be removed. To perform this, we have written a 
computer program which treats the redundancies in 
polyatomic molecules. The input includes the atomic 
cartesian coordinates and the definition of redun- 
dant internal coordinates for constructing the B . /~  
matrix product. The output contains the non-redun- 
dant S coordinates which are the linear combina- 
tions of the internal coordinates (Eq. (4)). In order 
to calculate the B and /~ matrices, the geometrical 
data for 5'-dGMP, found from X-ray patterns of 
disodium deoxyguanosine-5'-phosphate tetrahydrate, 
were used (Young et al. 1974). In order to avoid 
numerous, non-useful expressions for the S coor- 
dinates the redundant coordinates have been treated 
separately in the guanine-residue, the sugar and in 
the tetrahedral sites. The 86 coordinates thus 
obtained ($1 . . . . .  $86) are listed in Tables 1 a, b, c. 

To evaluate the F-matrix, a series of calculations 
based on the planar vibration modes of the nucleic 
acids bases involving the guanine-residue have been 
reported by Tsuboi etal. (1973) using a Urey- 
Bradley force field (UBFF). Recently, Majoube 
(1984) has performed a normal coordinate analysis 
of in-plane guanine modes using both UBFF and 
the simplified valence force field (SVFF). The cal- 
culated results which show the advantage of SVFF 
in comparison with UBFF (SVFF takes into account 
the ~-electron delocalization in the molecular ring) 
are supported by some valuable Raman and infra- 
red data on polycrystalline guanine and its deute- 
rated and ~SN-substituted analogs. Majoube then 
extended his calculations to 9-methylguanine in 
which the methyl-group is considered as a rigid unit 
whose mass is concentrated on carbon (Majoube 
1985). In this work we have employed Majoube's 
SVFF force constants. 

As far as the sugar is concerned, we assume that 
the valence force field obtained for tetrahydrofuran 
and its deuterated analogs (Eyster and Prohofsky 
1974a) is also valid for the 2'-deoxyribose found in 
5'-dGMP. It should be mentioned that tetrahydro- 
furan presents a planar ring and belongs to the C2,, 
point group (Eyster and Prohofsky 1974a), while the 
5'-dGMP sugar has an O l'-endo, C4'-exo conforma- 
tion with overall Cl-symmetry (Young et al. 1974). 



Table l a. Expressions for the non-redundant S co- 
ordinates relative to the guanine-residue. As B . / ~  
does not depend upon the atomic masses, the same 
coordinates are used in the calculations of  the 
vibration modes of  the 5'-dGMP deuterated ana- 
logs. In this table: v designates a stretching coordi- 
nate and 5 a bending one. Only the major contribu- 
tions are reported 
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: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

: GUANINE-RESIDUE : 

: COORDINATES ASSIGNMENTS : 
: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  :: 

' $1 ~ ( C 1 ' - N 9 )  9 1 Y C Q s l d l c  b o n d  s ~ r e t c h  

52 : ~ ~CD-H) CD-H s ~ r e ~ c h l n 9  

E)3 : v ( 0 6 = 0 & )  C&=O ~ t r e ~ c h l ~ 9  ~, 
. 

: $4 V ( N 1 - H )  N1 -H  : , t r e t c h  i n 9  : 

: Sb v ( C 2 - N 2 )  DR-N; '  s t r e t c h l n ~  : 

$6 0 .  707 N H 2 - s y m a l e t  r I c s t  r e t  c h  I n~ : 

$7 : Q.707 t R l - 1 2 - A n t l s ~ m n l e t r l c  s t r e t c h b n s :  
: : : 

: $8 :-0.475 NH2-:~c ~ssor In~ : 

: $9 : ' D . 6 6 4  NHD- r ' ock  I n3 : 

: S IO - 0 . 5 9 9  

• S I i : - 0 .  3 7 8  

$12 " 0 . 3 8 2  

S ' 3  [J. o69 " 

q l .  : 0 . 5 9 8  "* 

: S1S : 0 . 4 6 4  

- DIG , - D . 5 7 8  " 

S I . '  ' - 0  .~,28 
: : = 

: $10 : - 0 . 4 , L  ~: 

: $19 : C.~51  

: 520 : - 0 , 4 2 8  v ( C 4 - N g )  + 0 . 4 1 7  v ( C 2 = N 3 )  - O . 3 8 &  v ( N 7 = C 8 )  

: $21 :~0.387 ~ (N7C811) ~ 0 . 3 9 0  ~(N7CSNg)- 0.3~7 ~ (C5(,&06) 

: $22 : 0 , 3 8 5  v ( C 4 - N g )  + 0 . 2 8 4  ~ ( N 3 C 4 N g ) + O . 3 3 8  v (CD=N3> :: 

: $23 : 0 . 5 3 5  ~ ( N O C 2 N 2 ) - 0 . 3 4 ~  ~ ( N 1 C 2 N 2 ) + 0 , 2 8 2  ~ ( C 1 ' N 9 C 4 1  

: $24 : 0 . 2 2 0  ~ 1 C 5 N 7 C 8 ) - 0 . 2 8 8  ~ ( N 1 C 2 N 2 ) - 0 . 2 0 ~  ~ ( C I ' N g c 4 )  

: $25 : 0 . 4 4 4  v ( N I - C 2 )  - 0 , 4 O O  ~ ( C 8 - N 9 )  - O . 2 8 &  ~ ( C 1 " N 9 C 8 )  

: 92-  ~, : - 0 . 4 3 2  ~ (CGN1H)  + 0 . 3 1 4  ~(C.°N1H)  + 0 . 3 0 9  ~ ( ,N3C4Nq)  

: $27 : 0 . 3 ~ 5  ~ ( C 2 N I H )  + 0 . 3 1 4  ~ ( N l C 2 N 3 ) - O . 3 1 3  ~ ( C 4 C ~ C & )  

$2~, 0 , 3 3 8  ~ ( N i C 2 N 3 ) + U . 3 0 1  v ( C 5 - C G )  - 0 . 2 6 2  v ( C 2 = N 3 )  

: r;2¢' : - 3 . 4 9 8  v ( N 7 = C 8 )  + 0 . 3 0 1  ~ t C 5 C 6 0 6 ) - 0 . 2 7 1  v ( C 2 : N 3 )  
. . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

g v ( N 2 - } - I ) +  v ( N 2 - H ' ) ]  

t- v ( N 2 -  H ) -  v ( H 2 - H ' )  1 

~ ( C 2 N 2 H )  - 0 . 3 3 8  ~ ( C 2 N 2 H ' ) 4 0 . 8 1 3  ~ ( H N 2 H ' )  

~ ( C 2 N 2 f l )  4 0 . 7 4 3  ~ ( S 2 N 2 H ' ) - O . O 7 9  ~ ( H N 2 H ' )  

v ' ( C D - N T )  " 0 . 4 1 2  v (N3 - -CR)  " 0 . 2 9 0  $ ( C 1 " N 9 S 8 )  

~ ( C 6 N 1 H )  + 0 . 3 7 3  $ (C2N1H)  ~ 0 . 2 7 3  $ (CDCRC&} 

V ( N 3 - C 4 ;  - 0 . 3 3 5  v ( C D - C 6 )  + 0 . 2 8 1  ~ (C2N1C6)  

V ( N ~ - C & )  + 0 . 3 9 6  V ( N 3 - C 4 )  + 0 . 2 8 2  V ( C D - N 9 )  

V ( N I - C 2 )  + 0 , 4 1 7  v ( C D - N g )  ÷ 0 . 2 8 1  v ( C 4 = C 5 )  

l ( C 2 = N 3 )  ~ 8 . 4 5 2  v ( C R = C 5 )  - 0 . 3 0 1  v ( C 5 - N 7 )  

v ( C D - C & )  - 0 ° 3 2 7  P ( C 5 - N 7 )  - 0 . 3 1 3  v ( C 4 - N 9 )  

( C 2 N 1 C & ) - 0 . 3 2 0  ~ ( N 1 [ , 6 0 & ) - 0 , 3 2 1  ~ ( C 5 C 4 N 3 )  

~ ( C 1 ' N 9 C 8 ) + 0 . 4 0 2  ~ ( N g C D H ) - O . 3 3 5  ~ (N7CDNg)  

(NZCDH) - 0 . 6 0 6  ~ ( N g C 8 H ) + O , 2 6 1  ~ (C5N7C8)  

The complementary force constants are listed in 
Table 2. Their initial values are from Eyster and 
Prohofsky (1974a, b). As the phosphate-group in 
5'-dGMP has C3~,-symmetry and is thus completely 
different from the same group included in nucleic 
acid chains (Eyster and Prohofsky 1974b), the cor- 
responding force constants have been refined by a 
least-squares method in order to improve the agree- 
ment between the experimental and calculated re- 
sults. 

To resolve the secular equation (Eq. (5)) the 
NCTB program was used (Shimanouchi 1968). Fre- 
quencies of the 86 normal modes of 5'-dGMP have 
been calculated by introducing the atomic cartesian 
(Young et al. 1974) and the U-matrix of Eq. (4) 
(Table 1). 

Results 

A. 5'-dGMP and its deuterated derivatives 

Raman spectra of 5'-dGMP at 30 °C have previously 
been published (Small and Peticolas 1971). The 

main peaks of these spectra are reported in Table 3. 
Infrared spectra of amorphous 5'-dGMP and its 
deuterated analogs have been disctissed recently 
(Taboury etal. 1984) and are shown in Fig. 1 
between 1800 and 600 cm-. 1. The calculated frequen- 
cies and assignments of the vibration modes cor- 
responding to 5'-dGMP, 5'-dGMP-d 1 (C8-deute- 
rated analog) and 5'-dGMP-d4 (C8, N1 and N2- 
deuterated analog) are listed in Tables 3 and 4 
and compared to the experimental results. Due 
to the nature of the vibration modes, we present 
the calculated results for four distinct spectral 
regions: 
1800-1200cm -~ spectral region. Most of the ob- 
served Raman and infrared peaks are due to the 
guanine-residue in-plane vibration modes. The in- 
tense infrared band at 1697 cm -1 involves mainly 
the v (C- -0 )  stretching and NH2-scissoring modes. 
It is not affected by C 8-deuteration but N 1 and N 2 
deuteration leads to a displacement of about - 1 1  
cm-1 of this band, as predicted by the calculations 
The 1660cm -~ infrared band is not resolved in 
5'-dGMP and 5'-dGMP-d4 spectra (Fig. 1) and has 
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: SUGAR 
: ..... : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

ASG~ GNME NTS : : C30RDINATF.S :; 

G3O : v ( C I ' - H )  C I " - H  s t r e t c h t n ~  ;: 

: $31 : 0 . 7 0 7  [ v ( C 2 ' - H ) +  ~ ( C O ' - U ' ) 3  CH2-syn~metr lc  s t r ~ t c h : r , ~  ': 

: $32 :3.737 [ v(C2'-H)- v ( C 2 " - H ' ) ~  CH2 sntlsitmmetrlc ~tr~tchln~J:: 

: $33 : v (CG' -FD C 3 ' - H  s t r e t c h l n ~  ': 

: S34 v ( C 3 " - 3 3 " )  C 3 ' - 0 3 '  s t r e t c h  lne ,: 

: 335 V ( C S ' - H )  C 4 ' - H  stretch ~ns ': 

$36 0 . 4 7 5  ~ ' ( C 3 ' - C 4 " )  - 3 . 4 2 0  V < C 2 " - C 3 " )  . 0 . 3 1 6  ~ ( 0 1 ' C 1 " N 9 )  

$37 i - 0 . 4 5 6 ~  { C 2 " C 1 ' N 9 ) + 0 . 3 1 4  ~ ( C 2 " C I " H )  - 0 . 3 1 2  u ( C I ' - C 2 " )  

: G38 : 0 . 5 0 3  ~ ( C 2 " C 3 " 0 3 ' ) . 0 . 3 4 7  ~ ( C 4 ' C 3 ' H ) - 0 . 3 3 8  ~ ( C 2 " C 3 " H )  ',: 

: S39 : 3 . 4 3 8  ~ ( 0 1 " C 4 " C 5 ' ) + 0 , 4 2 3  v ( 0 1 ' - 0 1 " ) + 0 . 3 ~ 2  v ( C 4 ' - 0 1 ' )  ,: 

$40 C).464.~ ( H C 2 " H )  + 0 , 3 4 6  V ( C 1 " - C 2 " ) - 0 , 3 3 2  ~ ( C 1 " C 2 " C 3 " )  :: 

541 : 3 . 4 4 6  ~ (C3"C- ' * ' F I )  - 0 . 3 4 9  v ( 0 2 ' - 3 3 ' ) - 3 . 3 2 7  ~ ( H C 2 ' H )  

• " G42 : 0 . 3 6 2  ~ ( C S ' C G ' H )  - 0 . 3 3 1  ~ ( C 2 ' C 3 " 0 3 ' ) + 0 . 3 0 0  ~ ( C 2 " C [ ' N 9 )  

: G43 : 3 . 4 5 3  ~ ( 0 1 " C 4 " H )  - 3 . 3 7 8  ~ { 0 3 ' C 4 ' C 5 ' ) ÷ 0 . 3 0 2  v ( C 4 " - 0 1 ' ~  

: $44 : - 0 . 3 7 &  v ( C I ' - 0 1 " )  + 0 , 3 6 0  ~ ( N g C I ' F I )  +0.3-* '3  ~ ' ( C 4 " - 0 1 "  

: $45 : 0 . 3 6 8  ~ ( C 2 " C 3 " H )  - 0 . 3 6 2  ~ ( C G ' C 2 " H )  4 "0 .353  ~ ( C I ' C 2 " H )  

S4& : - 0 . 3 9 9  ~ ( C S ' C G ' U )  - 0 . 3 4 8  ~ ( 3 1 ' C 1 ' H )  + 3 . 2 9 6  ~' I C S " - O l ' )  :: 

: S47 1 - 0 . 5 3 9  ¢ ( C 3 " - C 4 " )  - 0 . 3 3 0  ~ ( C 3 " C 4 " C 5 ' ) 4 3 , 2 8 3  ~ ( C 2 " C 3 ' 0 3 " )  
: .- ., 

: G48 : 0 . 4 2 2  ~ i (FIC2"H)  - 0 . 3 8 5  ~ ( C 3 " [ , 4 " H >  4 0 . 3 3 1  ~ ( C , 2 " C I ' H )  

: G49 : - 0 . 3 6 5  ~ ( 0 1 ' C 4 " F I 1  - 3 . 3 3 3  ~ ( C 2 ' C 3 ' C 4 ' ) + 0 . 2 8 2  ~ ( C 2 " C 3 ' H )  

: $00 : - 0 . 3 2 9  ~ ( C 1 ' 0 1 ' C 4 ' ) - 0 . 3 1 3  ~ ( 0 1 " C 4 " C S ' ) - G . 2 8 8  ~ ( C 1 ' C 2 " } 1 )  
: : # 

851 :-3.476 ~ ( N g C I " H )  ~0 .415  ~ ( 0 3 " C G ' H )  + 0 . 4 0 8  ~ ( C G " C 2 " H )  

S52 : - 3 . 3 3 6  ~ < C 2 " C I " H )  - 0 . 3 3 1  ~ ( C 3 " C 4 ' C 5 " > + 3 . 3 0 7  ~ ( C 5 ' 5 4 ' H )  

: $53  0 . 3 ? 8  & ( C I " C 2 " H )  - 0 , 3 , 3 6  ~ ( C 2 " - C 3 " >  - 0 . 3 1 2  ~ , ' (04" -01  '~  

: $54 : 0 . 4 5 1  ~ ( C 2 " C 3 ' H )  -0.439 ~ ( 0 5 " C 4 " H )  +0.34b ~ ( H C 2 " H )  

: 355 : 0 . 4 1 7  ~ ( C G ' C 4 " H )  - 0 . 4 3 0  ~ ( 0 4 ' C 3 " 0 3 ' ) - 0 . 2 6 1  ¢ ( C 4 " - 0 1 ' )  

$56 : - 0 . 4 3 ~  ~ ( 0 3 " C 3 ' H )  4 3 . 3 7 3  ~ ( 0 1 ' C 4 ' H )  - G . 3 7 7  ~ ( N g C I ' H )  

: $57 - ' - 0 . 3 6 7  ~ ( C G ' C 2 ' H )  - 0 . 3 6 0  , $ ( 0 1 ' C 4 ' C 5 " ) + 3 . 3 1 1  ~ ( 0 1 ' C I ' H )  

: $58 : 0 . 4 3 4  v ( 0 2 ' - C 3 " )  - 3 . 3 9 2  ~ ( C 1 " - C 2 " )  + 0 . 2 6 4  ~ < 0 3 " 0 4 " [ , 5 ' )  
: .. ,, 

: $59 : 3 . 4 9 3  v ( 0 1 ' - C 2 ' )  4 3 . 4 3 3  t ' ( C 2 ' - C 3 ' )  + 0 . 2 6 3  ~<32"C,  1 'N91  

: ~J60 : - 0 . 3 3 5  '.' < C 3 ' - C 4 ' 1  - 3 , 2 8 9  ~ ( C I ' - C O ' )  + 0 , 2 8 " .  ~ ' ( C 2 " - C 3 ' )  

Table lb.  Expressions of the non-redundant S co- 
ordinates relative to the sugar. In this table: v de- 
signates a stretching coordinate and ~ a bending 
one. Only the major contributions are reported 

!A A 

k~ 

xJJ - • 

• 

1800 1500 12HH g00 om- 

Fig. 1. Infrared spectra of 5'-dGMP and its deuterated deriva- 
tives. 5'-dGMP (bottom), 5'-dGMP-d 1 (C8 deuterated) (mid- 
dle) and 5'-dGMP-D4 (C8, N 1 and N 2  deuterated) (top) 

a pyrimidic character. Its shift upon selective deu- 
terations is negligible. The 1604 and 1580cm -1 
bands involve both pyrimidic and imidazolic modes 
of guanine. The localization of the modes respon- 
sible for the 1535 and 1482cm -1 infrared bands, 
found in Raman spectra at 1542 and 1489 (Table 3), 
has been discussed in detail by several authors 
(Small and Peticolas 1971; Taboury etal. 1984). 
These calculations show that these bands include 
both the pyrimidic and imidazolic contributions. 
Their dependence on 6 (C 8-H) bending vibrations is 
proved by their relatively large shift upon C8-deu- 
teration. The three bands at 1360, 1325 and 1260 cm -~ 
involve the puric vibrations. Finally, the infrared 
band at 1412 cm -1 (1421 Raman) is assigned to the 
6(C-H) bendings and that at 1235cm -1 to the 
skeletal vibration modes of the sugar ring. 



Table l e .  Expressions of the non-redundant S co- 
ordinates relative to the C5' and PO 3 tetrahedral 
sites in 5'-dGMP and the other coordinates involved 
in the calculations of  the vibration modes. In this 
table: v designates a stretching mode, 6 a bending 
one and E is relative to a torsion coordinate 
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: . . . . .  l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,: 

: C5 ' -TETR AHEDR ON 'I 
: . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

: C00RDINA~ ES : ASSIGNMENTS 
: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i: 

$61  : u ( C 4 ' - C 5 " )  C4" "C5 "  s t r e t cn  i n z  ; 

: $62 v(C5"-05") 05'-05" ~ s t r e t c h l n s  

S~3 : 0 . 7 0 7  [ ~ (C5 " -H )+  v (C5 " -H~ ) ]  C5 'H2  symmetric sti-EtchlnS~: 
: : 

: $64 0.707 [ v(C5"-H)- ~ (C5'-H')] C5'H2 ~ntlSy~im÷,trlc stretchln~', 

: $65  : 0 . 2bO  [ ~ (C4"C5 'H )+  ~ (C4 "C5"H ' ) -  ~ (05 "C5 'H ) -  6 (05 'C5 'H ' ) J  
: : 05  • -wags [ n~  
= : i~ 

: S66  0 .250  [ ~ (C4"C5 'H ) -  ~ (04 ' 05 "H ' ) -  ~ (05 "C5 'H )+  ~105 ' 05 "H ' ) 3  
: : C5"-twlst In~ 

$67 0.250 [ ~ (C4'C5'H)- 6(04"C5"H') ~ ~ (05"05'H)- 6(05'C5"H'~3 :: 

: : C5"-rock in~J :: 

: $68  0 .220  [ -  ~ (C4 'C5 "H ) -  ~ (C4 'C5 "H ' ) -  ~ 105 "05 ' 1 -1 ) -  ~ ( ' 05 "C5 'H ' )  
: : +4.000 6 (HC5"H')3 C5'-sc Issor I n s  

569 0.189 [ 4 . 7 9 2  ~i (C4'C5'05')-I.018 ~(C4~C5"FI)-1.819 ~ (C4'C5"H'P 

: : -1.019 ~ ( 05 'C5 'H )  -I,019 ~ (05 'C ,5 ' 5~ )  - ~ (HC5 'H ' ) ]  
: : C5'-bend In~ . 
: . . . . .  : ...................................................................... 

: : PO3-TETRAHEDRON ,: 
: . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

: 870 : v(P-05') P-05 ~ stretch,a .' 

: $71  : 0.577 [ ~ (P -01 )+  ¢ (P -02 )+  v(P-03)] PO3-syn,m~trlc s t r e ,  t ch l n~  :: 

: $72  0.408 L2 V (P -01 ) -  V (P -02 ) -  v (P -03 ) ]  PO3-de~JenErate sLr~tchlns, 

873 0.707 [ ~ (P-02)- ~(P-03)] PO3-dege'nerlte stre~,:h~n~ ': 

: $74 : 0.388 [ - 1 . 1  ~ ( 05 'P03 ) -1 .1  ~ (05 "P01 ) -1 .1  6 (05"P02)* 6101POq / -  :: 

: : ~ (02P03 )  + ~(01P02)] PO3-symmctric (le{or~,,,~tJon 

: $75  : 0 . 408  [. 2 . 0  ~ <01P03 )  - ~ ( 0~P03 )  - ~ ( 01P02 ) ]  :: 

: : P03 -dege r , e ' r a t e  de['ornl~t, or, :: 
076  0 . 7 0 7  Z ~ ( 02P03 )  - ~ (O1P02 ) ]  :: 

S 7 7  0 .408  C 2 .0  ~ ( 05 'P03 ) -  ~ ( 05 "P01 )  - ~ ( 05 "P02 )3  
: : P03-de~ener&t~ rot~t I on : 
: $78 : 0,707 [ ~ (05"P01)- ~ (05"202)] ': 
: . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ,, 

: : OTHE"R C00R0 ]  UATES 
: . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  :: 

: $79  : ~ (C I ' -N9 )  ~l~¢osldlC t o r s i on  : 

: 080 v (03'-H) 03 " -H  s t r e t ch l n~  

: $81  ~ (C3 "03 'H )  C3 " -03 " -H  bend ln -~  ': 
: : i: 

: $82  : ~ (C3 ' - 03 " )  C3 " -03 "  torsion : 

: 583  : t ( 04 " - - 05 ' )  C4 " -05 "  t o r s i on  

: 584 f (C5 " -05 ' )  85 " -05 "  t o r s i o n  

$85 : r (05'-P) 05 ' -P  torsion 

: $86 : ~ (C5'05'P) C5'-05"-P bendlnJ ,: 

Table 2. Complementary force constants of 5'-dGMP. 
(a) The initial values corresponding to the calculations 
on poly(rA)'poly(rU) (Eyster and Prohofsky 1974b). 
(b) Present work. The guanine-residue force constants 
are from Majoube (1985) and those corresponding to 
the sugar are those adopted by Eyster and Prohofsky 
(1974 a) for tetrahydrofuran 

: SIRL ICM F .C. VALUE Qnd~n/A) s L~ NF). F.C. V~L 0[ (inclyll,A) " 

: ( ~ )  ( b )  : ( a )  ( b )  : 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

I< (C3"--03") 4.745 4./45 : If(C-C-N) 1.508 1.500 : 

: K (C5 ' - 05 "  ) 4 . 342  4 .342  : I I (O "  C -N )  t . 163  1 .363  
: : : 

: K(C4"-Cb') 4,652 4.6,',2 'i H(C- O-P) 1.496 1.4(76 

K(P -Ob ' )  6 , 02 (P  0 )  A .310  H (05 "  F -0 )  1 . 61P (O-P=O)  1 .612  

: N (P -O)  7 .80 (P=0 )  6 , 50  : H (O-P - 'O )  1 .71)  I (O -P "O)  1 .409  : 

: 1 (103 ' -F I )  b .  5 '34  : H (CLV-O :V -  I t )  0.530 : 

: ST .81 .  F .C .  VALUE (mdyn /A )  : S1 .BEND.  F .C .  VALUE (mdyn )  : 
: : : 

." ( ~ )  (b) : ( ; , )  ( b )  :: 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~i 

: C-0 ,O-P  0 .325  0 .30  ~ C -N ,O-C-N  [ I . 347  0 . 3 4 7  :' 

: 05 ' -  r ' ,O -P  [ I . 3 [ )  : C N ,C -C -N  0 .347  

: P-O ,P -O  0.60 : C-O,C-O-P  0.246 0 .246  : 

: : O-P,C-O-P [1.255 0.055 : 
..................................... : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

: BEN [ ) .BEND.  F .C .  VALUE (mdy r l /A )  : TOROION F .C .  VALUE (mdyn .A )  r 

: (a) Ib) : (a) (b) : 

: N -C -O ,  C -C -O  -0 .041  - 0 .041  : Y (C I " -N )  0 . 50  0 .100  '-' 

: : Y(C-  C )  0 . 021  0 .010  

: : ~ (C-0) 0.010 0.010 : 

: Y(P-O) 0.007 0.037 :: 
: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  r 
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: . . . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . .  = . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

: - 1  : : 

: EXP~RIMENTAL(cm ) - 1  : ASSIGNMENT.= ;  : 
: . . . . . . . . . .  : . . . . . . . . . .  : C A L C U L A T E D ( c m  ) :  ( P O I E N T I A L  E N E R G I E  D I . ~ I I B U T I O N  %) : 

: I N F R A R E D  : R A M A N  : : 
: . . . . . . . . .  .- . . . . . . . . . .  : . . . . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

: : : 1700  : £3 (44 )4$11 (31 )  : 

1697 (vS ) :  = 

: : : 1698  : S8 (&3 )+85 (12 )  

1 6 6 0 ( s h ) :  : 1 6 6 6  : $8 (23 )+817 (15 )+826 (14 )4823 (11 )+818 (11> :  

: l & 0 4 ( s )  : 1619  : S l1 (23 )+S19 (17 )+817 ( t 2 )  

z 1580 (sh ) :  1579  1586  827 (34 )+85 (12 )+S18<18 )  

: : = : 

: 1535<$ )  : ! 542  : 1528  8 1 0 ( 2 7 ) + S 1 9 ( 1 9 ) + $ 1 7 ( 1 2 ) + S 2 7 ( 1 2 )  

1482 (m)  : 1489  : 1480  : 826 (47 )+819 (30 )  

: 1412 (w )  : 1421  : 142B  : 851 (10 )+$42 (10 )  
: : : : : 

1385 (sh ) :  : 138&  : $28 (16 )+51 (14 )+~11 (13 )  : 
: : : : 

: : : : : 

: 1360 (= )  : 13&£  : 1371  : 326 (13 ) ' 820 (12 ) *811 (18 )  ; 

: : : 1 3 2 6  8 6 6 ( 9 0 )  

: 1 3 2 5 ( s h ) :  1 3 2 7  : : : 

: : : 1318  : S19 (17 )+$21 (12 )÷S48 (12 )  

: 12&0 (~ )  : : 126& : S18 (10 ) *812 ( t 0 )+S19~10~  : 

: 1235 (= )  : : 1230  : $49 {21>+£44 (16>  

: : : : 

= 1175 (Sh~ :  1177 : ] ~78  : $44 (31 )+551 (~0 )  

: : 1141  : $ 9 ( 3 8 ) ÷ 5 1 1 ( 1 1 )  
: 1135 (~ )  

: : : 11~ ' 8  : $72 (~ ' 0 )~S6~ (101+~ ;34~101  : 

1 0 8 5 ( s )  : 1 0 8 6  : I 0 8 3  : S 7 3  ( 7 5 )  
: : : : 

: lO& l  1 0 5 5  $54 (19 )+S65 (1& )~S~ ,1 (12 )  : 

: : 1033  : 1035  : 865 (23 ) *S&Z< lS )+S&2 ( !O )  : 

: : 1 0 0 5  1 0 1 4  : 8 6 5 ( 1 4 > + $ & 2 < 1 2 )  

: 973 (s )  979  979  : $71 (33 )+838 (10 )  

l = = 

: 905 (w )  : 928  : 904  : S10 (14 )+$5 (18 )+$12 (13 )~887 (18 )  : 

865 (w )  : 856  : 865  844 (25 )+8~3 (19 )+557111 )+$41~10 )  
= : : : 

: : : = 

802 (m)  : 828  870120 )+853 (19 )+834 (10 )  
: : : : : 
: : : : 

: 778(m)  7 8 8  

: : : : 

: 725 (m)  : : : : 

: &?O(~ )  : : 7 1 4  8 t5 (18 )+824 (14 )+853 (18 )  

: : : : = 

: &38 (~ )  : 634  : $12 (28 )+S17 (14 ) *G~9 (12>  ': 

: : &14  : S~1 (12 )+$38 (11 )~853 (18 )  : 
: : : : 

: 5 8 4  : 

5 5 5  8 3 6 ( 2 6 ) + 8 7 8 ( 1 5 ) 4 8 7 4 ( 1 1 )  

: 505  : 815(20)+S16(17)+813(17)+S~ '4 (10 )  
: = : : 

: : 499  : : 

: : : 486  : 576  12~ )  

Table 3. Comparison between the experimental 
and calculated wavenumbers (cm-1) of 
5'-dGMP. R (Raman): Small and Peticolas 
(1971); I.R. (Infrared); (vs): very strong, (s): 
strong, (m): medium; w: weak and (sh): shoulder. 
The expressions of the S coordinates are re- 
ported in Tables 1 a, b and c 
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Table4. Comparison between the experimental and calcu- ated at 973 (I.R.) or 979 (R) cm -~ reveals a coupling 
lated wavenumbers (cm -1) of 5'-dGMP-dl (C8-deuterated) between PO~-symmetric stretching and sugar vibra- 
and 5'-dGMP-d4 (28, N1 and N2-deuterated). See footnote tions. This region includes two weak infrared bands 
of Table 3 

at 905 and 865 cm -~, assigned to the guanine and 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

5, . . . . . . . . .  5 ........... sugar modes, respectively• ......... : ....... : .................. : ......... : ....... : .......................... 

EXP. : CAL. : ASSIGNMENTS : EXP.  : CAL. : ASSIGNMENTS 

IR : : (PE~ %) : IR : : (PED z) 
........ : ....... : .................. : ......... : ....... : ......................... 

: 1700 : 53 (64 )+511 (31 )  : 

1697(vs): 1698 

1660(ni) : 1666 

1605(m) : 1619 

1585 (m)  : 1583  

1523 (~ )  : 1510  

14&O(m)  : 1465  

: 1433  

1420 (w )  1421 

" t 380 (sh ) :  1384  

1368 (m)  : 1371 

13151w)  : 1325  

' 1120 (~ ,h ) :  1180  

lO85(vs): 1883  

975(s) : 978 
: 

8651w)  8 6 5  

8021m)  827  

778(m) 

7341w) 

69o(u1 : 712  

: S81631+251121  : 

16861vs )  

: 851221+817 (141+  : 1660 (sh )  
: $261141+8181111+  : 

: 823 {111  

= = 
: 811123 )+5191171+  1685(sh) 

: S17 (121455 (11 )  : 

: $27 (46 )+551141 .  : 1585 (m)  
: 523 (10 )  

:$18(221+52&(181+ : 1528(m1 

:517(131 

:526(441+519(281 : 1468(m) 

: 842118 )+556 (111+  : 1430 (m)  
:$54(181 

: 821 (12 )÷517 (18 )÷  : 
:523(121 

:~28(14)+811(141+ : 

:$28(131 

:826(121+$20(121* : 

: 811 (11 )  l 
= 

:866(491*546(121 

: : 1215  
: 1broad )  

: 

1688  8314 '? )+8111271+581121  
: 
: 

l o68  519 (191+52511615818 (141+  
: 8111111+531111  

1601 017 (241+823 (221+527 (151  ~ 
: 811 (18 )  

= 
1589  , 85 (34 )+8~7 (27 )  

1510  : 5181231+51o (121*517 (11  ~ 
: 523 (10 )  

1460  : 5191331+8~61321  

1432  : 8421181+5561121+554 (101+  
851(181 

• 1418  : 8231181+8171111+5481101  

1325  : S6&(49 )~5461 !3 )  

1185  88121 )+844 (111  

:S78(18)+562(10>+ 
:534<101 : : 

:373(76) I085(vs): 

:571(361÷838(101 : 975(s) 

:84~(251+558(20)+ 8~,5(w) 

:857(111 

: 5531171+578114 )  : 802(n11 

: : 778{m) 

: : 7241w) 

:824(1314553(131~ : 698{w) 

: 515<12 )+$1J1101  : 

1120 {sh ) :  1112 : 872 ( I 91÷844 (111  

[ 023  [ 8731651  

978  1871 (371+838 (101  

865  : $44 (221+55311o )+5571181  

837  ~853 (16 )+870 (15 )  

719  ~814 (20 )+853 (~0 )+$12 (~0 )  
: 

850-600cm -1 spectral region. The low frequency 
base and sugar vibration modes give rise to the less 
intense absorption bands in this region. The broad 
band at 802 cm -~ (undeuterated) is attributed to the 
v(P-O5') stretching mode coupled with the sugar 
vibrations (Fig. 1). The infrared bands at 690 and 
638 cm -1 are assigned to the planar vibration modes 
of guanine. The former, observed at 683 cm -1 in 
Raman spectra, is attributed to the breathing mode 
of the guanine-residue. The latter, which includes 
the 6(C 8-H) bending coordinate in its PED (Table 2), 
disappears completely upon C8-deuteration. The 
calculations fail to predict the infrared bands at 
778 cm -l and 725 cm -l. We think that they both 
arise from the out-of-plane cyclic vibrations of 
guanine. Both of them are unaffected by deuteration. 
It should be mentioned that a similar band, situated 
at 778 cm -1 in the B form and 784 cm -1 in the Z 
form of poly(dG-dC) • poly(dG-dC) infrared spectra, 
is assigned to the non-planar vibration modes of the 
guanine-residue on the basis of our former calcula- 
tions (Ghomi et al. 1984). 

B e l o w  6 0 0 c m - L  Only two Raman bands at 584 
and 499 cm-~ are present in this spectral region. The 
present calculations permit us to interpret them as 
arising from the sugar-phosphate and base-residue 
vibration modes. 

B. Guanosine-moiety in B and Z forms of DNA 

Taking account of the good agreement between the 
experimental and calculated results in 5'-dGMP, we 

1200- 850 cm -1 spectral region. The infrared spectra 
in this region mainly consists of an intense, broad 
and badly resolved band peaking at 1085cm -], 
with an important shoulder at about 1135 cm -~ in 
5'-dGMP and at ~ l l 20cm -] in the deuterated 
analogs. Results of the calculations indicate that the 
two components of this band should arise from the 
degeneracy removal in PO3-degenerate stretching 
modes. However, a certain number of the vibration 
modes masked by this band have been observed in 
the Raman spectra (Table 3). These bands situated 
at 1061, 1033 and 1005 cm -1 have been assigned to 
the sugar vibration modes. The intense band situ- 

. . . . . . . . . . . . . . . . . . . . . . . .  have tried to test the force field obtained in the case 
of the guanosine-moiety found in right and left- 
handed poly(dG-dC)'poly(dG-dC). A dynamical 
model consisting of a guanine associated with a 
2'-deoxyribose molecule limited to its O 3' and O 5' 
terminals has been taken into consideration. In order 
to construct the B and G matrices corresponding to 
the B form, the coordinates of the wrinkled B DNA 
(Arnott et al. 1983) were used. For the Z form, the 
crystalline coordinates of the Z/-form (Wang et al. 
1981) have been introduced• The redundancy was 
entirely removed (see Theory), and the force field 
was supposed to be invariant whatever the confor- 
mation (B or Z) studied. The calculated wave- 
numbers, particularly those corresponding to the 
guanine-residue are compared to the Raman (Pohl 
etal. 1973; Thamann etal. 1981; Benevides and 
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CAL CUt hI~ D 

: EXPERIMENI AL = ASSIGNMENI (P~ b %> : 
: .............. = ............ : ............ : ..... : . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  : 

: (~) : <b) : (c) : <d) : (e) : l= 

1 ,574 (0 .35 )1  1574 (0 .4& ) :  l b 7 6 ( 0 . 6 0 ) 1 :  I b75 :  1575 (n1>  1560  $27< ;22 ) - ; $8 (22>~  :~ 

: : : : = : ~ I L l {  ID )  ,, 
: : : .- : 

: 15 :1L l<0 . [ } 4 ) :  1 , 53 :1 (0 .04> I  1530 ( [ ) . 20 )=  152 f l (m )=  1528  $17 (34 )+S5 (  16 )+  

: ; : : : : $8  (14 )4S I1 (13 )  : 
: = 

• : : : : : 

1487 (0 .751 :  148b (O .&9 ) :  1480 (1 .0>  14Of~:  1408  : 1481  S11 (30 ) ' bS19<24 )  
= : : = : ( ,.,11 ) : 
= : = : : : 

138 [ )<0 .17 )=  1385 (0 .1 )  : 1374<m) :  1375  £1 (3b>~S :~0 (11 )  

." : = : : 1: 

681 (0 .28> :  681 (0 .26 ) :  682 (0 .3 )  682 :  &~ [ I  b 15 (2,~i )  = S24  (20 )  = 

Table& Comparison between the experimental and 
calculated wavenumbers (cm -l) corresponding to the 
guanosine-moiety in B-DNA. In parenthesis the rela- 
tive intensities are noted. (a) Raman spectrum of 
aqueous poly(dG-dC) .poly(dG-dC)  on 0.1 M NaC1 
(Thamann et al. 1981). (b) Raman spectrum of aqueous 
d(CG)3" d(CG)3 in 0.1 MNaC1 (Thamann et al. 1981). 
(c) Raman spectrum of poly(dG-dC).poly(dG-dC) in 
0.1 M NaC1 (Pohl et al. 1973). (d) Raman spectrum of 
poly(dG-dC) '  poly(dG-dC) in 0.1 M NaC1 (Benevides 
and Thomas 1983). (e) Infrared spectrum of the thin 
films of poly(dG-dC) 'poly(dG-dC)  (Taboury et al. 
1984). The expressions of the non-redundant S coordi- 
nates are reported in Table 1 a 

: CALCUt AIED :1 

EXPERIN[NI AL : A~iSIGNiIL NIS 

: : <PED X) 
...... : ............. : .......... : ............ = ..... : ............ : ................ =: 

: <~) : (b) : (c) : (d) ~ (e) = (f') ~ = 

: : : . : : : : 

: 1 , 574 (0 .39> :  1580 (0 .L I7 ) :  1~72<0 . ' , . 13 ) :  1 ,~8 [1 (0 .~D :  I b78 :  1580<sh ) :  1,571t Sb (23 )+  
: : : : : : : S lY (  i9)~1 : 
: ; : : : $27 ( l& )  : 
= : : : : : : : 

: : . : : : : : 

l b33 (0 .12 ) :  163b (O .12 ) :  i 530<0 .11 ) :  L538 ( [ 1 . 2 ) :  : 1527<m)  : l b20  $17 (2& ) -~ :  
: : : : : : : $27(17>~1: 

: : : : : : $8<12)~ : 

: : : : : : : S19(10) : 
: : : ; : 

1485 (D .71> :  1482 (0 .&8 )=  1481 (8 .75 )=  1487<  1 .0 ) :  1483 . "  1482 ( ' : , h ) :  1484  S l1 (37 )+~ I  
: = = : ." = : $ 1 9 ( 1 & ) 4 ~  
: : : : : S23 ( I 1 )  II 

: : : : : 

= : = : : : ~ = 

: 1358 (0 .30 ) :  135b (0 .30 ) :  1368<0 .2 )  13& [ ) ( 0 . 3 ) :  13bb=  1364 (m)  1359  521 (15 )+ :  
: : : ; = = : SI(12)~ : 

: : : : : $27(I0) : 

: : : = : : 

1320 (0 .&3 ) :  132C1 (0 .57 ) :  1326 (0 .18 ) :  13111 (0 .811  13161  1318 (m)  . 1311  £20 (11 ) { : :  
: = : : : = = S I 1 < 1 0 )  :: 
: : = : : 

: : : : : .- = : 

: 625(0. 19> : 62b(0.27) : 62~'I(0.3) : 627(0.4): &25: 630 $24< I'~)~ :, 

= : : : : : : $17<11 )  =: 
; = : : $15<1B)  := 

Table& Comparison between the experimental and 
calculated wavenumbers (cm - l )  corresponding to the 
guanosine-moiety in Z-DNA. In parenthesis the rela- 
tive intensities are noted. (a) Raman spectrum of 
crystalline d(CG)3- d(CG)3 (Thamann et al. 1981). (b) 
Raman spectrum of aqueous poly(dG-dC).poly(dG-dC) 
in 4 M NaC1 (Thamann et al. 1981). (c) Raman spec- 
trum of aqueous d(CG)3.d(CG)3 in 4 M  NaC1 (Tha- 
mann etal. 1981). (d) Raman spectrum of aqueous 
poly(dG-dC) '  poly(dG-dC) in 4.4 M NaC1 (Pohl et al. 
1973). (e) Raman spectrum of aqueous poly(dG-dC) 
• poly(dG-dC) in 4 M  NaC1 (Benevides and Thomas 
1983). (f) Infrared spectrum of thin films of 
poly(dG-dC) .poly(dG-dC) (Taboury et al. 1984). The 
expressions of the non-redundant S coordinates are 
reported in Table 1 a 

Thomas 1983) and infrared (Taboury etal. 1984) 
peak positions for the B and Z forms (Tables 5 and 
6). The comparison was made only for the bands 
situated below 1600 cm -I which should not consid- 
erably be affected by the base-stacking effect. It is 
shown that the calculated results are capable of ac- 
counting for the behaviour of the characteristic in- 
frared and Raman bands altered by the B -* Z con- 
formational transition. 

Discussion 

In a former publication (Ghomi et al. 1984), it was 
shown that a modified Urey-Bradley force field 
could account for the changes of certain infrared 
and Raman bands in DNA's undergoing the B ~ 
transition. In our dynamic model, formed by CpG 
and GpC sequences, the hydrogens were neglected 
and the force constants were supposed to be in- 
variant whatever the conformation (B or Z) studied. 

The most important conclusion of these preliminary 
calculations was that only the predominant factor of 
the conformational change, i.e. variation in torsion 
angles, was responsible of the modification in the 
shape of the vibrational spectra. 

In the present work, which considers the hy- 
drogens, a valence force field was used in order to 
give a more faithful representation of the observed 
vibrational spectra. The 5'-dGMP force field, adapted 
by taking account of the experimental data on this 
molecule, has been applied in the case of the 
guanosine-moiety in B and Z forms of poly(dG-dC) 
poly(dG-dC). The good agreement between the ex- 

perimental and calculated results, justifies the idea 
that the force field does not depend upon mono- 
nucleoside conformation. On the other hand, this 
theoretical study permits us to classify the vibration 
modes which are conformation sensitive and espe- 
cially those modified by the B --* Z structural transi- 
tion. In 5'-dGMP, a low anti guanine-residue 
(ZcN -- 236.9 °) is associated with a 2'-deoxyribose 
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with an O l ' -endo,  C4 ' -exo conformation (Young 
et al. 1974). In the wrinkled B form, the X-ray 
patterns are in agreement  with a high anti guanine 
(ZcN = 286.3 °) connected to a C2'-endo sugar (Arnott 
et al. 1983). The choice of  the crystalline ZI form 
geometrical  data instead of those relating to the 
Zl / - form (Wang et al. 1981) is due to the inability of  
the latter form to account for the dichroic infrared 
spectra (Pilet and Leng 1982). Indeed the Zn confor- 
mat ion failed to predict the angle between the 
transition dipole momen t  of  the PO~ symmetric  
stretching mode  and the double helix axis (Taillan- 
dier etal .  1983). However,  the geometrical  differ- 
ence between the Z1 and ZH forms, occurring princi- 
pally in the phosphodiester  chain, becomes com- 
pletely negligibe in regard to the guanosine-moiety,  
The ZI form considered here presents a base syn 
conformation (XcN = 66.7 °) with a C3 ' -endo sugar 
(Wang et al. 1981). The characteristic bands of  the 
guanine-residue observed at ~ 1580, ~ 1535 and 

1480 cm -~ in 5 ' -dGMP are also observed in B and 
Z form spectra (Tables 3 - 6 ) .  The shift of  the last 
two bands upon C 8-deuteration in 5 ' -dGMP (Table 
4) and their alteration upon Co 2÷ metal- ion binding 
at the C 8-site of  the guanine-residue (Taboury et al. 
1984) are in good agreement with the calculated 
assignments for the corresponding vibrat ion modes. 
The guanine-residue 1385 cm -I  band observed in 
5 ' -dGMP,  involving the C I ' - N 9  glycosidic bond- 
stretch, is one of the infrared bands most sensitive to 
base conformation. The corresponding mode situated 
at 1374 cm -1 in the B form (Table 5) is shifted to 
1354cm -1 in the Z form (Table6) .  The guanine- 
residue breathing mode  at 690 cm -1 (Nishimura 
et al. 1984) should be considered as a Raman  charac- 
teristic line altered by the same conformational  
transition. The corresponding mode  at 685 cm -1 in 
the B form is found at 625cm -1 in the Z form 
(Tables 5 and 6). The calculated results account for 
this change and are in good agreement with the 
experimental  assignments made by Nish imura  et al. 
(1983). 

In conclusion, the guanine 1374 cm -~ band (B 
form) shifted to 1354cm -1 (Z form), involving 
mainly the C l ' - N 9  stretching coordinate, induces a 
relatively important  dipole moment  variat ion and 
can be considered as a good marker  in recognizing 
the B and Z forms by infrared spectroscopy. In 
contrast, the breathing character of  the guanine- 
residue 685 cm -~ mode  (B form) shifted drastically 
to 625 cm -~ (Z form), makes its observation in 
infrared spectra difficult, but causes a strong varia- 
tion of  the electronic polarizability. This is why Pohl 
etal .  (1973) and Thamann  etal.  (1981) in their 
original work on R a m a n  spectra of  the low and high 
salt forms of p o l y ( d G - d C ) . p o l y ( d G - d C )  and 

d (CG)3- d(CG)3 presented this mode  as an excellent 
marker  for the right and left handed structures. 

To follow the general ideas presented above, a 
theoretical work based on the changes of  the vibra- 
tion modes of D N A  chains as a function of all 
possible values of  the conformational  angles, is now 
in preparation. The results obtained will permit  us 
to classify the conformational  transition dependent  
vibration modes in mononucleosides and phosphate-  
backbone. 
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