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Stereodynamics of Dimer Segments of RNA in Aqueous Solutiont 

M .  M. Dhingra,i Ramaswamy H. Sarma,* C. Giessner-Prettre, and B. Pullman” 

ABSTRACT: Arguments are presented which show that con- 
formations I1 and 111 proposed by Lee and Tinoco [Lee, C.  H., 
and Tinoco, I., Jr. (1977), Biochemistry 16, 54031 for ribo- 
dinucleoside monophosphates in aqueous solution are unten- 
able. It has been shown that ribodinucleoside monophosphates 
exist in aqueous solution as an equilibrium blend of the clas- 
sically recognized right-handed stack (g-g-), loop stack 

S e v e r a l  theoretical calculations (Perahia et al., 1974; Kim 
et al., 1973; Govil, 1976) and X-ray diffraction studies (Hin- 
gerty et al., 1975; Seeman et al., 1976; Rubin et al., 1972) have 
shown that ribodinucleoside monophosphates (see Figure 1 for 
nomenclature) principally display two stacked conformations. 
In the right-handed stacked conformation, x1 and x 2  are anti, 
the ribose rings are 3E, $1 and $2 = 60°, 41’ N 210°, 4 = 
180°, w‘ N 290°, and w N 290’. In  the left-handed loop 
structure the conformational details are same as above, except 
w’ N 80’ and w E 80’. N M R  studies from this laboratory and 
that of Danyluk (Lee et al., 1976; Ezra et al., 1977, Cheng and 
Sarma, 1977a,b; Dhingra and Sarma, 1978a,b) agree with 
these theoretical projections and solid-state findings. However, 
recently, Lee and Tinoco (1977) have suggested the existence 
of three different stacked conformations in aqueous solutions 
for dinucleoside monophosphates which differ in the magnitude 
of w’, w, @’, and one of the sugar geometries. Their conforma- 
tion I is same as the traditional right-handed stack. The con- 
formation I1 differs from the loop structure in the magnitude 
of w’ and w ,  which are reported to be 30’ and loo’, respec- 
tively. Conformation I11 is a new stacked one in which X I  is 
anti, x 2  = loo’, the sugar of the Np- residue is 2E and that of 
the -pN residue is 3E, 41’ = 260°, and $2 = 60’, 4 = 180’, 
w’ = 50’. and w = 220’. 
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(g+g+), skewed (g+t), and extended arrays. In order to de- 
termine the effect of EA base on the conformer distribution in 
the equilibrium blend, detailed ring-current calculations were 
performed and the isoshielding curves for €A were derived. Use 
of these curves vis-a-vis dimerization shift data indicates that 
introduction of €A perturbs the equilibrium blend which causes 
an increase in the population of skewed (g+t) arrays. 

Untenability of Conformation III .  In addition to the unusual 
torsion angles in conformation 111, one notices that 3E sugar 
pucker is coupled to a high value of x 2  (100’). In view of this, 
we have been compelled to examine the feasibility of this 
conformation vis-a-vis the N M R  data. From the torsion angles 
supplied by Lee and Tinoco (1 977) and from the known bond 
lengths and bond angles of nucleic acid structures from X-ray 
data (Hingerty et al., 1975; Seeman et a]., 1976; Rubin et al., 
1972), we have derived the atomic coordinates for conforma- 
tion 111. These coordinates were used to construct the per- 
spective of conformation 111 (Figure 2) using ORTEP i l .  In 
developing our arguments, we have used ApA as an example, 
and it should be emphasized that the nature of the base does 
not affect the arguments presented. A comparison of Figure 
2 with that of conformation 111 in Figure 7 of Lee and Tinoco 
(1977) shows important differences. In  order to check the 
validity of their N M R  arguments, as well as to check the extent 
of base parellelism and overlap, we have calculated the cylin- 
drical coordinates z ,  p6, and ps for ApA in conformation 111. 
In Table I are given the cylindrical coordinates z ,  ps, and p6 
for the N p  residue from the center of the five- and six-mem- 
bered rings of the -pN residue. In Table I1 are given the same 
coordinates for the -pN residue with respect to the Np- residue. 
Inspection of the magnitude of z for the base carbons, H-2 and 
H-8 clearly indicates no base parellelism and substantial tilt 
between the bases. The magnitude of p5 and p6 for base carbons 
and base protons further reveals no overlap between the 
bases. 

The argument advocated by Lee and Tinoco (1977) for the 
presence of conformation 111 is the observation of upfield di- 
merization shifts for H-5’, H-S’, and H-4’of the Np- residue 
by the -pN residue. Inspection of Table I clearly shows that the 
magnitudes of cylindrical coordinates for H-4’, H-5’ and H-5” 
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5 ' )  

(g-,g-) (9+,9*) 
F I G U R E  1: Conformational nomenclature. 

T A B L E  I :  Cylindrical Coordinates p ~ .  p 6 ,  and z i n  Angstroms for 
the Various Atoms on the Np- Unit with respect to the -pN Unit in  
Conformation 111. 

atom, z D <  06 6,calcd dnLalcd (6, + d , W d  

H-I '  
H-2' 
H-3' 
H-4'" 
H-5'0 
H-5"0 
H-2 
H-8 
C-2 
C-4 
C-5 
C-h 
C-8 
0-1' 

4.4 2.7 2.6 0.10 0.25 0.35 
5.1  2.4 0.4 0.15 0.37 0.51 
4.6 1.3 1.9 0.25 0.28 0.53 
2.3 0.4 2.2 1.58 0.37 I .95 
1.2 1.7 1.0 0.05 6.89 6.94 
2.3 2.0 2.2 0.31 0.37 0.68 
6.8 6.6 6.0 0.0 0.0 0.0 
3.1 4.4 2.5 0.0 0.3 0.3 
6.3 6.3 5.4 
5.0 5.0 3.7 
4.7 6.1 4.6 
5.4 7.3 5.8 
3.7 4.7 3.0 
2.8 2.1 I .4 sterically not allowed domains 

f' Values of i, p i .  and ph for these atoms are sterically not allowed 
domains. 

T A B L E  11: Cylindrical Coordinates p 5 ,  p 6 :  and z in Angstroms for 
the Various Atoms of the -pN Unit with respect to the Np- Unit in 
Conformation 111. 

atoms : ps 1)6 6gcalcd 6gcalcd (65 + 66)calcd 

H-I '  1.5 8.7 10.5 -0.02 -0.02 -0.04 
H-2' 2.9 9.3 10.9 -0.02 -0.02 -0.04 
H-3' 1.3 9.2 10.4 -0.02 -0.02 -0.04 
H-4' 0.8 9.9 11.4 0.0 0.0 0.0 
H-5' 2.1 8.3 9.7 -0.02 -0.02 -0.04 
H-5" 1.4 9.4 10.6 -0.02 -0.02 -0.04 
H-2 1.3 5.7 7.8 -0.06 -0.05 -0.1 1 
H-8 3.0 7.6 9.0 -0.02 -0.02 -0.04 
c - 2  1.7 5.3 7.4 
C-4 2.1 6.1 7.9 
c-5 2.9 5.1 6.8 
C-6 3.1 3.9 5.9 
C-8 2.9 6.8 8.4 

and 0-1' of Np- are such that they occupy sterically forbidden 
domains. According to Giessner-Prettre et al. (1976), steric 
contacts prevent any atom of another group from occupying 
the region of space 0 I Iz I  I 3 A, 0 I p < 4 A. 

At first, we attempted to remove the bad contacts by using 
a value of 55' for w', 215' for w and 280' for 41' (vide infra 
for the experimental value of 41'). A perspective of this 
structure is shown in Figure 3b, and the cylindrical coordinates 
z ,  p5, and ph were derived for this conformation. The data 
showed that several atoms still occupy sterically forbidden 
domains, rendering this conformation unattainable. The atoms 
of the Np- residue which occupy sterically forbidden domains 
along with their cylindrical coordinates a re  listed on the 
right-hand side of Figure 3b. 

We have further attempted to eliminate bad steric contacts 
by varying o' from 40' to 80' and w from 190' to 230". In this 
conformational search, the experimentally determined value 
of 41' = 277 (Lee and Tinoco, 1977) was used, and the rest of 
the torsion angles were maintained to those proposed by Lee 
and Tinoco (1977). In the conformation space searched, we 
were unable to locate a domain in which all the bad contacts 
were eliminated. Perspkctives of some of these conformations 
are shown in Figure 3a,c,d. Also given are the cylindrical 
coordinates for atoms of the Np- residue in sterically forbidden 
domains. In addition, we have attempted to generate sterically 
allowed conformations using the best obtained w'w combina- 
tions by decreasing the unusually high value of x2 (100') 

employed by Lee and Tinoco for a 3E sugar pucker. The value 
of x 2  was at  first decreased to 80' and then to 50°, and this did 
not remove bad contacts (Figure 4a,b) 

Based on the above. as well as on the plethora of theoretical, 
X-ray, and NMR work cited a t  the beginning, one has to 
conclude that conformation 111 proposed by Lee and Tinoco 
( 1  977). as well as those in the ranges of w' 4Oo-8O0, w 190- 
230' while maintaining Lee-Tinoco torsion angles for the 
backbone, is not allowed for dinucleoside monophosphates. 

Untenability of ConfornTation II. From the given torsion 
angles in Lee and Tinoco ( I  977) and X-ray data on nucleic 
acid structure, we have derived the atomic coordinates for 
conformation 11, and the ORTEP I I  projection of it is shown in 
Figure 5 .  The cylindrical coordinates are given i n  Tables 111 
and IV.  The data indicate sterically nonallowed domains for 
certain atoms, but they a re  just at  the border of being nonal- 
lowed and, hence, can be approximated to allowed domains and 
ring-current effects can be computed. The problem with con- 
formation I1 is that the arguments presented by Lee and Tinoco 
( 1  977) for the existence of this conformation, viz., the upfield 
shifts of the H-2' of -pN and the H-3' of Np- residues, are 
wrong. The data in Table 111 indicate that H-2' of the -pN 
residue will be shielded, as has been indicated by Lee and Ti- 
noco (1977). The authors indicate that H-3' of Np- in con- 
formation I1 will be shielded, but the data in Table IV show 
that the coordinates for H-3' of Np- are such that this proton 
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FIGURE 2: ORTEP 11 projection of conformation 111 of Lee and Tinoco (1977). The ribose of Np is 2E and that of -pN is 3E. The remaining torsion angles 
are: X I  = 40°, 91’ = 260°, w’ = 50°, w = 220°, @z = 180’. $2 = 60°, xz = loo’, and $1 = 60’. In  the computer output there was a covalent bond between 
the H-5’ of Np- and the C-4 of the adenine of -pN. A bond was drawn by the program because the distance between the above atoms was less than 1.67 
A. This bond has been removed from the above figure for clarity. 

TABLE 111: Cylindrical Coordinates p5, p6,  and z in Angstroms for 
the Various Atoms of the -pN Unit with respect to the Np- Unit in 
Conformation 11. 

H-I’ 5.4 3.0 4.5 0.00 0.00 
H-2’” 2.8 2.7 4.4 0.16 0.10 
H-3” 2.8 2.8 4.9 0.09 0.10 
H-4’ 5.0 4.6 6.6 0.00 0.00 
H-5’ 5.7 4.4 6.4 0.00 0.00 
H-5” 4.1 4.9 6.9 0.00 0.00 
H-2 5.4 5.0 4.4 0.00 0.00 
H-8 4.1 1.2 3.1 0.25 0.12 
C-2 5.1 4.0 3.3 
C-4 4.7 1.8 2.1 
C-5 4.4 1.9 0.9 
C-6 4.5 3.3 1.6 
C-8 4.2 0.3 2.2 

0.00 
0.26 
0.19 
0.00 
0.00 
0.00 
0.00 
0.37 

” Values of z, p5, and p 6  for these atoms represent sterically not 
allowed domains. 

will experience deshielding. For the above reasons, confor- 
mation I1 is untenable. 

Since conformations I1 and I11 are untenable, the observed 
shift trends for the H-3’, H-4’, H-5’, and H-5” of the Np- 
residue and that for the H-2’ of the -pN residue should be ra- 
tionalized. We have indicated elsewhere (Lee et al., 1976; Ezra 
et al., 1977; Sarma and Danyluk, 1977; Dhingra and Sarma, 
1978b)  that these shift trends, as well as a large number of 
other shift trends, are easily rationalized on the basis of a 
conformational blend of right-handed stack (g-g-, i.e., P3, 
Kim et al., 1973),  loop stack (g+g+, Le., AI, Kim et al., 1973), 
and skewed and extended arrays (e.g., g+t, i.e., SI,  tg+, i.e., A2, 
Kim et al., 1973).  We address below only those shifts attributed 
to conformations I1 and 111. 

Upfield Shift of H-5’ and H-5‘‘ of the Np-  Residue in 
PUPU and PYPU Dimers. The upfield shifts of H-5’ and H-5” 
of the Np- residue range from 0.440 to 0.009 ppm for H-5’ and 
from 0.238 to 0.024 for H-5” (Table V).  These shifts cannot 
originate from g-g- conformers because the protons are far 
removed from the -pN residue. Examination of the seven 
possible conformations for ribodinucleoside monophosphates 

TABLE IV: Cylindrical Coordinates p5, p6,  and z in Angstroms for 
the Various Atoms of the Np- Unit with respect to the -pN Unit in 
Conformation 11. 

atoms z p5 p 6  65calcd 6gcalcd ( 6 5  + 66)ca1cd 

H-1’ 3.9 4.9 6.7 0.00 0.00 0.00 
H-2’ 1.5 3.8 5.7 -0.10 -0.10 -0.20 
H-3’ 1.6 4.3 6.4 0.00’ -0.08 -0.08 
H-4’ 2.9 6.7 8.8 0.00 -0.02 -0.02 
H-5’ 3.9 6.6 8.7 0.00 0.00 0.00 
H-5” 2.2 6.6 8.6 -0.03 -0.03 -0.06 
H-2 3.6 4.7 5.0 0.00 0.00 0.00 
H-8 4.2 3.1 5.1 0.00 0.00 0.00 
C-2 3.8 3.6 4.1 
C-4 3.9 2.4 4.0 
C-5 4.3 1.2 2.8 
C-6 4.4 1.7 2.0 
C-8 4.2 2.3 4.4 

~~ 

a This atoms lies right a t  a zone in which shielding and deshielding 
zones are changing. No data for this are given by Giessner-Prettre et 
al. ( I  976). However, it is obvious that this atom will experience either 
negligible effect or a slight deshielding. 

TABLE V: Dimerization Data in Parts per Million at  20 ‘C for the 
H-3’, H-4’, H-5’, and H-5” of the Np- Residue for Dimers Taken 
from the Microfilm Supplied by Lee and Tinoco (1977).” 

dimer residue H-3’ H-4’ H-5’ H-5” 

cApcA 
ApcA 
APA 
cApG 
APG 
GpcA 
GPA 
UpcA 
UPA 
cApU 
APU 
CPC 

CAP- 0.159 0.203 0.192 0.131 
Ap- 0.166 0.264 0.309 0.166 
Ap- 0.110 0.097 0.009 0.024 
CAP- 0.165 0.228 0.202 0.200 
Ap- 0.1 1 1  0.116 0.069 0.058 
Gp- 0.177 0.276 0.341 0.218 
Gp- 0.098 0.114 0.056 0.081 
u p -  0.122 0.252 0.440 0.238 
Up- 0.085 0.086 0.133 0.121 
CAP- 0.130 0.000 -0.075 -0.003 
Ap- 0.123 -0.006 -0.103 0.034 
CP- 0.106 -0.030 -0.057 -0.007 

We have been informed by Dr. Lee that some of the data in the 
microfilm were wrong and he has supplied us the corrected data. These 
corrected data were employed in Table V. 
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a 

b 

H4 I 2.4 

H5 ' 1.2 

H5" 2.5 

H8 2.5 \- 

P 5  

0.3 

1 . 9  

2.4 

4.3 

1.7 

0.6 

1.9 

06 

2.4 

1 .e 
2.9 

2.2 

0.9 

1 . 5  

1.9 

!- 4 ;  = 277" I 
\ 

P S  P 6  

H 4 '  2.3 0.5 2.5 

H5' 1 . 6  2.2 1.8 

H5" 3.1 2.4 2.5 

H8 2 .3  4.1 2.2 

C8 2.5 4.4 2.7 

0 1 '  2.2 1 . 5  1 .3  

/*- 
/-- 

w 2  = 5 5 "  

w = 215" 

= 280" C 4 '  2.8 0.6 1.6 

C 

C 5 '  2.6 2 .0 1.7 

z 35 C 6  

H4 '  2 . 3  0 . 4  2.4 

H5'  

H5"  

H8 

C8 

01 ' 

C4 ' 

C5' 

1.8 

3 .3  

2.4 

2.5 

2 . 2  

2.8 

2.8 

2.1 

2.2 

4.2 

4 . 5  

1.6 

0.5 

1.9 

1 . 4  

2 .1  

2 . 5  

3.1 

1.6 

I .6 

1.2 

\ 

z 3 5  0 6  
d 

H4' 2.4 0.3 2 . 3  

H 5 '  2.2 2.1 0.7 

H8 2.4 4.3 3 . 1  

0 1 '  2.2 1.8 2.1 w '  = 80" 

w = 1900 

$1 = 2770 

FIGURE 3: (a,b) These figures illustrate the effect of changing u', w, and on conformation 111. In a, o' = 40°, o = 230°, and $1' = 277'. In b, W' 

= 55', w = 2 1 5 O ,  and $I '  = 280'. On the right-hand side of the figures are given the cylindrical coordinates z ,  p5 and p6 for atoms of the Np- unit  which 
occupy sterically forbidden domains. (c,d) These figures again illustrate the effect of changing o, w', and $ 1 '  as in Figure 3a. In c, w' = 65' and w = 
205'. In d, w' = 80' and u = 190'. The data on the right-hand side are the coordinates of the atoms which occupy sterically forbidden domains in  the 
Np- unit. 

(Kim et al., 1973) suggests that g+g+ (A , ) ,  g+t (SI), and tg+ 
(A2) conformations (Figure 6a,b,c) may account for the 
shielding of these protons. We have derived the cylindrical 
coordinates and the projected shieldings for these protons in 

these conformations, and these are given in Table VI. The data 
clearly indicate that in the g+t conformation H-5' and H-5" 
protons of the Np- residue will experience substantial shielding 
from the ring-current field of the base at the -pN residue 
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0 5  06 

H4 '  2.2 1.0 3.1 

H5' 2.8 1.2 1.0 

01' 2.1 1.9 2.8 

C4' 2.8 0.9 2.7 

\ 

/ 
U 

wI E 80" 

w = 1900 

mi 277" 

X ,  = 40" Y X Z  = 80" Z P S  P6 

H4' 1.4 2.0 4.0 

01 '  1.5 2.4 3.7 

C4' 2.1 2.1 4.1 

b 

w '  = DO". w = 190" 

I $ '  = 277" 

X 1  = 40". X, = 50" 

FIGURE 4: Effect of changing x 2  on the conformation in Figure 3d. In a, x 2  = 80"; in b, x z  = 50". Again, data on the right-hand side provide the coor- 
dinates of atoms residing in sterically forbidden domains in the Np- unit. 

P 

FIGURE 5: An ORTEP 11 projection of conformation II of Lee and Tinoco 
(1977). The riboses of both nucleotidyl units are 3E. The remaining torsion 
angles are: XI = 20°, $1 '  = 205", w' = 30°, w = looo, $2 = 180°, $2 = 60°, 
x2 = 40", and X I  = 60°. 

b C 
FIGURE 6: ORTEP 11 projections of (a) g+g+ (w' = 80°, w = 80°, AI),  (b) 
g+t (w' = l l O o ,  w = 215", SI), and (c) tg+ (w' = 1806, w =, 80° ,  A2) 
conformations. In all projections the riboses of both units are 3E and tor- 
sions about x ,  $, @' and occupy classical domains. 

(Figure 6b). The data in Table VI further reveal that contri- 
bution to the shielding of H-5' and H-5" of Np- from the tg+ 
conformation is negligible and that from g+g+ is relatively 
small. Hence, the observed shielding of H-5' and H-5" of the 
Np- residue in PUPU and PYPU dimers can be reasonably 
interpreted to  originate from a mixture of g+g+, g+t, and tg+ 

arrays in which g+t predominates; otherwise, one has to invoke 
the unreasonable assumptions such as nearly 100% g+g+ 
conformer plus minor contributions from the skewed g+t ar- 
rays. The calculations in Table VI have been performed 
employing Remin-Shugar (1972) assignments for H-5' and 



5820 B I O C  H E M  I S T R  Y D H I Y G R i  F T  i l  

TAI3I.F VI: Cylindrical Coordinates z ,  ps, and p6 in Angstroms and Projected Shielding in Parts per Villion for H-5’ and H-5”  of thc \ p -  
Residue in Various Conformations. 

cylindrical coordinates projected shielding 
conformation proton P i  o h  6 5  hh 6 5  + h(, 

g+g+ (0’ = g o o ;  0 = 800) H-5’ 6.5 3.0 1.8 0. 10 0.00 0. I O  
H-5“ 5.0 3.5 . i 3  .. 0.0x 0.00 0.08 

g+t (o’= I 10’; w = 215’) H-5’ 4. I I .2  2.X 0.27 0.22 0.49 
H-5”  3. I 1 .5 3.5 0.38 0.06 0.44 

tg+ (w’  = 180O: w = 800) H-5‘ 7.3 3.8 5.7 0 .03  0.00 0.03 
H-5”  5.7 3.4 5.4 0.05 0.00 0.05 

g-g- (0’ = 285’; o = 295’) H-5‘ 5.9 5.0 6.9 0.00 0.00 0.00 
H-5” 4.4 5.5 7.5 0.00 0.00 0.00 

T A B L E  vii: Internuclear Distance r in Angstroms between the H-5’ and H-5” of the  Np-  Residue and t h e  ?’-OH and 3’-OH of the - p N  
Residue and Phosphodiester Oxygens in  Various Conformations. 

conformation proton 2’-OH 3-‘OH phosphate (0) phosphate (0) 

g+g+ ((..’ = 800: 0 = 800)  H-5’ 6.4 3.9“ 6.2 5.9 
H-5” 5.4 2.90 4.8 4.7 

g+t  ( w  = 1 10”; 0 = 21 S O )  H-5’ 7.8 8.0 

tg+ (0’ = 180”: 0 = 800) H-5‘ 9.5 7.4 

g-g- (o’ = 2,350: = 2950) H-5’ 10.9 9.9 

H-5” 6.4 6.4 

H-5” 8.3 6.4 

H- 5‘’ 10.0 8.7 

6.3 
5.0 

5.0 
3.5“ 

5 .  I 
3.6 

5.4 
4. I CJ 

6 .  I 
4.9 

5.8 
4.3 

‘I Distances are close enough to H-5’ and H-5” of Np- to cause deshielding 

H-5”. The data indicate that H-5’ is shielded more than 

In fact, Lee and Tinoco (1977) argue that H-5’ is more 
sensitive to dimerization than H-5” and present this as evidence 
for conformation 111 which we have shown to be untenable. 
Examination of the data in Table V indicates that, in all cases, 
H-5’ is not shielded more than H-5”. For example, in ApA and 
GpA, it is the H-5” which undergoes larger shielding; in tApG, 
both H-5’ and H-5” are shielded to the same extent. This 
nonuniformity exists in the shielding pattern of €3-5’ and H-5” 
of the Wp- of the various dimers because they are highly sen- 
sitive to small variations in w’, w ,  and x2. For example, in  the 
g+t conformation shown (Figure 6b), w’ = I IOo, w = 21 5 ” ,  and 
X? = SO”,  and this results i n  the shielding of H-5’ shown in 
Table VI .  If w’ = 1 I S ” ,  w = 200”, and x2 = 70°,  the H-5” will 
be shielded to a considerably larger extent than H-5’. In ad- 
dition, the observed magnitude and direction of the shifts of 
H-5’ and H-5” of Np- can be affected from the shielding/ 
deshielding originating from the 3’-OH of the -pN residue and 
the phosphate oxygens, and this is discussed in the next sec- 
tion. 

Dowxfield Shifts of H - 5 ’  and H - 5 ”  of the Np-  Residue in 
PYPY and PUPY Dimers. When a pyrimidine occupies the 
-pN residue, one always detects a small, but real, downfield 
shift of H-5’ and H-5” of the Np- residue (Table V) .  These 
downfield shifts originate from, again, a blend of g+g+, tg+, 
and g+t conformations. Because the pyrimidine at the -pN part 
has very little shielding effect (Giessner-Prettre et al., 1976), 
the deshielding exerted by the 3’-OH of the -pN residue as well 
as the phosphate oxygens becomes apparently dominant and 
manifests as deshielding effects (see Table VI1 for distances). 
In PUPU and PYPU dimers, even though these deshielding 
effects are present, they are masked by the strong shielding 
effect of the purine at  -pN. A dramatic example of these 

H-5” 
countereffects is provided by the data for H-5’ and H-5” of the 
Np- residue in tApU and UptA (Table V ) .  

L’pfield Shifts of H - 3 ’  of the iVp- Residue in All Dimers. 
Inspection of Table V reveals that i n  all dimers, irrespective 
of the nature of the base at  the Np- and -pN parts. the H-3’of 
the Np- residue has undergone shielding upon dimerization. 
In  those dimers in which -pN is a purine, one can attribute part 
of the shifts to ring-current effects from an adjacent residue 
in g-g- and gfg+ conformers. However, the very important 
observation is that these upfield shifts of H-3’ of Np- are 
generally independent of whether -pN is a purine or a pyrim- 
idine and, hence, a sizable contribution should originate from 
nonbase sources. This peculiar behavior of H-3’ of Np- was 
first observed by Cheng and Sarma ( I  977a,b), who showed 
that the shielding of H-3’ is associated with the transformation 
of a relatively freely rotating 0-3’-P bond in the 3’-mononu- 
cleotide to a phosphodiester linkage in the dimer. Dimerization 
and formation of the phosphodiester linkage would introduce 
some constraint about 0-3’-P torsion, and flexibility becomes 
limited to certain domains. It was specifically pointed out 
(Cheng and Sarma, 1977a,b) that transformation of a freely 
rotating 0-3’-P bond in the monomer to the g- domain in the 
dimer (w’ = g- as in g-g- conformation) will cause shielding 
of H-3’ of Np-. The observed upfield shifts of H-3’ of Np- 
(Table V), irrespectice of the nature of the base on either ends. 
indicate that upon dimerization the 0-3’-P ( w ’ )  bond of the 
dimer occupies g- domains as, for example, in a g-g- con- 
formation. Obviously, the magnitude of the shift will be de- 
termined by the occupied local domain in the g- conformation 
space about w’as well as by the percentage population of such 
conformers. 

Upfield Shifts o f the  H - 4 ’  of the Np-  Residue. The data in 
Table V indicate that in PUPU and PYPY dimers the H-4’of 
the Np- residue undergoes significant shielding. On the other 
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FIGURE 7: This figure illustrates the position of the phosphate group with 
respect to H-4’ in 3E+’ and 2 E ~ + ‘  conformations. 

hand, in PUPY and PYPY dimers, this proton shows no sig- 
nificant dimerization shifts. The major effect on 6 H-4’ upon 
dimerization originates from a shift of 2E@+’ 3E+-’ equi- 
librium. It is known that purine 3’-mononucleotides predom- 
inantly exist in the *E@+’ (60-65%; data from Lee and Tinoco, 
1977) conformation, but upon dimerization the population of 
3E+-’ becomes predominant (60-70%; data from Lee and 
Tinoco, 1977) in PUPY and PUPU dimers. Inspection of the 
perspectives in Figure 7 clearly reveals that a shift from the 
*E++’ to the 3E+-’ conformation removes the deshielding 
phosphate group from the vicinity of H-4’ of Np-, and this 
causes the H-4’ shift to higher fields. The variation of the 
theoretically calculated chemical shift of the protons of the 
ribose of 3‘-AMP as a function of 4’ (Giessner-Prettre and 
Pullman, 1978) (Figure 8a,b) clearly demonstrates the sensi- 
tivity of the H-4’ chemical shift to the magnitude of 4’. In- 
terestingly, pyrimidine 3’-mononucleotides display 40-45% 
(data from Lee and Tinoco, 1977) preference for 2E@+’, Le., 
the pyrimidine 3’-mononucleotides have, to begin with, on the 
average about 55-60% the population of the 3E4-’ confor- 
mation, and upon dimerization in PYPU and PYPY dimers 
no substantial shifts of *E++’ - 3E4-’ take place. The average 
population of 3E@-’ conformers in PYPU and PYPY dimers 
is about 65% (data from Lee and Tinoco, 1977). This explains 
the lack of any significant shielding of the H-4’ of the Np- 
residue in PYPU and PUPU dimers. 

Shift Trends of H-2'ofthe -pN Residue upon Dimeriza- 
tion. Data in Lee and Tinoco (1977, microfilm) indicate that 
in the collection of molecules examined the H-2’ of -pN 
undergoes dimerization shifts in the range of +0.355 ppm in 
ApA to -0.030 ppm in UptA. In GptA, the effect is negligible 
(0.002 ppm). Primarily two factors can affect the shift of H-2’ 
upon dimerization. (1 )  Dimerization and formation of a g-g- 
stacked array in PUPY and PUPU dimers can cause an upfield 
shift of H-2’ of -pN. This originates from the ring-current ef- 
fect of the purine at  Np-. For example in ApA, this effect could 
be as much as 0.13 ppm (Dhingra and Sarma, 1978a). In- 
spection of the data in Lee and Tinoco (1977, microfilm) shows 
that the H-2’of - p h  in GptA has undergone no shift; in UpA 
and CpC, the shifts are to the high field by 0.147 and 0.1 32 
ppm, respectively; but in UptA it has undergone a slight shift 
to low field. Obviously, a second factor other than ring currents 
of the Np- residue influences H-2’of -pN. (2) This factor has 
to do with the change in x2 upon dimerization. One cannot 
realistically project the direction and magnitude of the shift 
of 6 H-2’ of -pN due to change in x without the knowledge of 
actual x values in the monomer and dimer. N M R  data indicate 
that for both dimers and monomers x2 is in the anti domain 
and that x2 undergoes reduction upon dimerization, but actual 
magnitudes are unknown, and this creates serious problems 
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FIGURE 8: Variation of the chemical shift of ribose protons against @in  
3’AMP: (a) 3E; (b) 2E. The 6’ follows the notation of Sundaralingam. 

to clearly explain the shift trends of H-2’ of -pN. A few ex- 
amples are illustrated below under conditions in which sugar 
pucker is 3E: (a) suppose that the value of x in 5‘-AMP is 70” 
and upon formation of ApA x 2  becomes 40” and this will cause 
shielding of H-2’; (b) on the other hand, a substantial change 
from 60” to 20” will have no effect on H-2’; (c) but a change 
from 40” to 20” will cause deshielding. This information is 
taken from Giessner-Prettre and Pullman (1977). From the 
above discussion it is obvious that one cannot use the dimeri- 
zation data on H-2’ alone effectively to obtain information 
about the spatial configuration of oligonucleotides. 

Conformational Properties of  t A p t A  and Other Dimers 
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FIGURE 9: (a) Intermolecular shielding (As)  due to the ring current in 
tA (in a plane 3.4-A distant from the molecular surface). (b) Intermo- 
lecular shielding values (A@ due to the sum of the ring-current effect and 
of the atomic diamagnetic susceptibility anisotropy in cA (in a plane 3.4-A 
distant from the molecular surface). 

Containing tA .  It has been shown above, using ApA as an 
example, that the dimerization shifts of various protons for 
both the nucleotidyl units of the dimers can be accounted for 
by the presence of an equilibrium blend of g-g-, g+g+, g+t, 
and tg+ conformers in aqueous solution. A comparison of the 
dimerization data of tA-containing dimers with that of the 
parent dinucleoside monophosphates shows that the dimeri- 
zation has substantially large effects in many of the EA-con- 
taining systems, particularly for the base protons af the Np- 
residue and H-5’ and H-5” protons of the -pN residue (Tables 
V and VII).  For example, in tAptA, the H-2 and H-8 of ptA 
undeigo a dimerization shift of 0.34 to 0.32 ppm, whereas the 
corresponding’shifts in ApA range from 0.1 1 to 0.24 ppm 
(Table VIII) .  In UptA, the H-5’ and H-5” of Up- are shielded 
by as much as 0.44 and 0.24 ppm, respectively, whereas the 
corresponding shifts in UpA are only 0.13 and 0.12 ppm (Table 
V).  These differences in dimerization data between the parent 
and tA  containing dimers may arise from the following sit- 
uations alone or ih combinations: (1) The ring-current fields 
of t A  are  significantly different from that of A. (2) The con- 
f6rmational equilibrium among the various proposed stacked 
and extended arrays is perturbed by the introduction of tA. (3) 

TABLE VIII :  Dimerization Data in Parts per Million at  20 OC for 
H-5’, H-5” and the Base Protons of the -pN Residue for Dimers 
taken from the Microfilm Supplied by Lee and Tinoco ( I  977). 

H-2- H-8- 
dimer residue H-5’ H-5” (H-5) (H-6)  H-10 H - l l  

tApcA -ptA -0.249 -0.1 12 0.338 0.324 0.228 0.231 
AptA -ptA -0.186 -0.052 0.082 0.222 0.225 0.255 
ApA -PA -0.246 -0.048 0.114 0.244 
tApG -pG -0.220 -0.105 0.301 
ApG -pG -0.220 -0.086 0.208 
GptA -ptA -0.178 -0.083 0.083 0.208 0.222 0.219 
GpA -PA -0.217 -0.057 0.084 0.170 
UpeA -PEA -0.158 -0.103 -0.058 0.102 0.014 0.041 

tApU -pL‘ -0.218 -0.075 0.388 0.280 
ApU -pU -0.199 -0.055 0.374 0.263 

UpA -pA -0.122 -0.026 0.020 0.065 

Introduction of €A causes significant changes in certain key 
torsion angles and overall molecular topology. 

In order to help us to distinguish among the above possi- 
bilities, we have calculated the isoshielding curves for EA using 
methodology described earlier (Giessner-Prettre and Pullman, 
1970; Johnson and Bovey, 1958; Waugh and Fessenden, 1957; 
Giessner-Prettre and Pullman, 1965, 1969; Giessner-Prettre 
et al., 1976). The results are expressed as a set of isoshielding 
contours in parts per million for the €A base at  a z value of 3.4 
A. This is shown in Figure 9a. In  addition, we have also cal- 
culated the shielding contours due to the sum of the ring-cur- 
rent effect and the atomic diamagnetic susceptibility anisot- 
ropy in tA  in a plane 3.4-6 distant from the molecular surface. 
This is shown in Figure 9b. In  order to simplify the use of 
ring-current surfaces, the shielding from each of the three rings 
of EA is presented in a series of graphs in which the value of Iz I 
(vertical distances from the base planes) ranges from 0 to 8 h; 
and p (the radial distances from the center of the ring) from 
0 to 10 A (Figure loa-c). This type of representation has al- 
ready been published for the normal nucleic acid bases 
(Giessner-Prettre et al., 1976). 

A comparison of the isoshielding curves for tA and A 
(Giessner-Prettre et al., 1976) shows that the addition of an 
extra five-membered ring (N- 1-N-6) in EA significantly alters 
the ring-current effects of the six-membered ring. For example, 
in A, the maximum shielding of I .40 ppm is projected for the 
six-membered ring when p = 0 and z = 3.0 A. I n  tA the cor- 
responding number is 1.05 ppm. On the other hand, for the 
five-membered ring (N-7-N-9) of tA, there is a slight increase 
in the overall shielding effect. 

It has been shown elsewhere (Lee et al., 1976; Ezra et al., 
1977) that the dimerization data on H-5’ of the -pN residue 
is a clear monitor of the presence of g-g- phosphodiester 
torsions in ribodinucleoside monophosphates. This has been 
explained as due to the deshielding effect of the 2’-OH of the 
Np- residue. In  the g-g- conformation, the oxygen of this 2’- 
hydroxyl group comes near to H-5’ of the -pN residue by about 
2.5 h; when the sugar pucker is 3E for both the nucleotidyl 
units. The data in Table VI11 indicate that in all the dimers 
examined the H-5’ of the -pN residue undergoes substantial 
deshielding. This suggests that all dimers show significant 
population of g-g- conformer. In addition, the data indicate 
that in tAptA and ApA the H-5’ is deshielded almost to the 
same extent which clearly suggests that both nucleic acid 
systems have comparably the same population of g-g- con- 
former. The presence of g-g- stacked arrays will also be re- 
flected in the dimerization shift data for the base protons. It 
is important to emphasize that only in the g-g- stacked array 



R I B O D I N U C L E O S I D E  M O N O P H O S P H A T E  C O N F O R M A T I O N  V O L .  1 7 ,  N O .  2 6 ,  1 9 7 8  5823 

PI  

a 

b 

C 

0 
P r ~ M  
p: 9.0 

P = h O  

-0.05 

0 

FIGURE 11: A perspective of sAptA in the g-g- conformation (w' = 285'. 
w = 2 9 5 O ,  XI = 2 5 O ,  x2 = 40°). The rest of the torsion angles are those in 
Figure 4. 

FIGURE 10: Intermolecular isoshielding curves (As)  of the three rings 
of 1-N6-ethenoadenosine as a function of I z I ,  the vertical distance from 
the base plane: (a) p.5 in angstroms is the radius from the center of the six 
membered ring; (b) p5 in angstroms is the radius from the center of the 
five-membered ring (N-7-N-9); (c) ps' in angstroms is the radius from 
the center of the five-membered ring (N-1-N-6). 

the base overlap and base separation permit the base protons 
to experience ring-current upfield shifts, Le., the observed 
upfield shifts of the base protons essentially reflect the presence 
of gag- stacks. In the g+g+ loop stack, the base separation is 
too large to result in any ring-current shifts for the base pro- 
tons. In order to determine the molecular topology of tAptA, 
we have made a search in the g-g- conformation space which 
will account for the observed dimerization shifts. The meth- 
odology employed is described in detail elsewhere (Dhingra 
and Sarma, 1978a,b; Cheng and Sarma, 1977a). Using this 
methodology and the ring-current profiles in Figure 10, as well 
as using all the previous reported torsion angles except for X I ,  
x2, o', and o, we have arrived at  the preferred g-g- confor- 
mation. In this conformation, w' = 285', w = 295O, X I  = 25', 
and x2 = 40'; the perspective of this conformation is shown 

in Figure 11 and it is very similar to that derived for ApA 
(Dhingra and Sarma, 1978a). The derived cylindrical coor- 
dinates, the projected shieldings, and the observed shieldings 
in parts per million for the base protons of the cAp residue in 
this conformation are given in Table IX. The data indicate that 
there is an agreement between the projected and observed 
shifts, except for H-8. In order to account for the shift of H-8 
proton, we have made an intensive search in the g-g- confor- 
mation and found that when o' is changed to 300°, o to 290°, 
and x 2  to 4 5 O ,  the projections for H-8 proton agreed with the 
observed value, but the remaining base protoris experience only 
a very small shielding effect (Table IX). Similarly, for the -ptA 
residue, no single conformation could explain the observed 
dimerization shifts for the base protons. However, a blend of 
conformers, in which the various torsion angles (o', a, X I ,  and 
x2) are f.5' off from the conformation arrived at  from the 
dimerization shift data for the cAp- residue, could reasonably 
explain the observed dimerization shifts for the base protons 
(Table X).  

Hence, the observed dimerization data for the base protons 
of both the residues in tAptA can be explained based on an 
average conformation in the g-g- domain in which w' ranges 
from 285' to 300' and w = 295 f 5 ' ,  X I  = 25' f 5, and x2 
= 4 5 O  f 5'. It is very difficult to determine whether a local 
domain (285' to 300') foro'  and fluctuations in other torsion 
angles exists in the g-g- conformation space for ApA. This 
is simply because in ApA the bases are not large enough and 
the protons in the bases are not sufficiently separated in space 
to monitor minor fluctuations in the geometry. 

Even though ApA and tAptA have comparable populations 
of g-g- conformer, a clear difference exists in the population 
distribution of loop stack and skewed and extended arrays. We 
have shown before that the skewed array g+t will manifest in 
the substantial shielding of H-5' and H-5" of the Np- residue 
(Table VI). The data in Table V show that these protons have 
undergone a shielding of 0.192 and 0.131 ppm, respectively, 
in tApeA, whereas the corresponding values in ApA are 0.009 
and 0.024 ppm. This observed difference is not due to differ- 
ences in the ring-current fields between adenine and CA be- 
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TABLE IX: Cylindrical Coordinates z ,  p 6 ,  p 5 ,  ~ 5 ' ~  in Angstroms and Projected Shieldings in Parts per Million for the Base Protons of the 
tAp- Residue in the g-g- Conformation Space.a 

cylindrical coordinates projected shieldings obsd shielding, 
proton Z P6 P S  P S I a  66 6 5  65' &otal fiobsd 

conformation: w' = 285'; p1 = 25'; w = 295'; x2 = 40' 
H-2 4.1 1.8 3.1 4.1 0.28 0.06 0.05 0.39 0.409 
H-8 4.8 5.1 3.2 5.9 0.00 0.06 0.00 0.06 0.324 
H-IO 4.5 2.6 4.9 2.3 0.20 0.00 0.25 0.45 0.449 
H-11 4.4 3.8 4.1 1.2 0.06 0.00 0.43 0.49 0.534 

conformation: w' = 300'; X I  = 25'; w = 290'; x2 = 45' 
H-2 4.0 3.5 4.1 5.5 0.06 0.02 0.00 0.08 
H-8 4.6 3.1 2.2 4.0 0.05 0.20 0.05 0.30 
H-10 3.2 3.6 5.4 4.6 0.05 0.00 0.00 0.05 
H-11 3.0 3.6 5.1 3.1 0.05 0.00 0.10 0.15 

'OC' = oc(Nt - NA). 

TABLE x: Cylindrical Coordinates z ,  p 6 ,  p ~ ,  p ~ '  in Angstroms and Projected Shieldings in Parts per Million for the Base Protons of the -ptA 
Residue in the g-g- Conformation Space. 

cylindrical coordinates projected shieldings obsd shieldings, 
Droton Z Oh 0 5  05' 66 6 5  6 5 '  &"IS1 6nh-d 

H-2 4.6 
H-8 4.9 
H-10 4.4 
H-11 4.4 

H-2 3.4 
H-8 5.1 
H-10 3.0 
H-11 3.3 

H-2 3.3 
H-8 4.8 
H-10 3.0 
H-11 3.3 

3.5 
3.0 
4.5 
4.8 

3.4 
2.9 
4.3 
4.6 

3.3 
3.0 
5.2 
6.0 

conformation: w' = 285"; X I  = 25'; w = 295'; x2 = 40' 
5.6 2.8 0.06 0.00 0.13 
1.9 5.0 0.08 0.20 0.00 
5.9 2.4 0.00 0.00 0.23 
5.2 2.9 0.00 0.00 0.12 

conformation: w' = 285'; X I  = 25'; w = 290'; x2 = 50' 
5.5 2.9 0.06 0.00 0.13 
1.9 4.9 0.10 0.15 0.00 
5.8 2.2 0.00 0.00 0.35 
5.1 2.1 0.00 0.00 0.25 

conformation: w' = 300'; X I  = 25'; w = 290'; x2 = 45' 
4.9 1.4 0.06 0.00 0.40 
1.4 4.8 0.10 0.25 0.00 
5.8 3.3 0.00 0.00 0.08 
5.6 4.1 0.00 0.00 0.02 

0.19 0.338 
0.28 0.324 
0.23 0.228 
0.12 0.23 1 

0.18 
0.25 
0.35 
0.25 

0.46 
0.35 
0.08 
0.02 

TABLE XI: Cylindrical Coordinates 2 ,  p 6 ,  p ~ ,  ps' in Angstroms and Projected Shieldings in Parts per Million for H-5' and H-5'' of the CAP- 
Residue in Various Conformations. 

cylindrical coordinates projected shielding 
conformation Droton 2 06 05 OS'' 66 6 5  65'' 6 t 0 t n l  

~~~~ ~~~~~~ ~~ 

g+g+ (w' = 80'; w = 80') H-5' 6.4 4.8 3.0 1.0 0.02 0.10 0.00 0.12 
H-5" 4.9 5.3 3.5 1.4 0.0 0.08 0.00 0.08 

g+t (w' = 110'; w = 21 5') H-5' 4.1 2.8 1.2 3.1 0.18 0.35 b.03 0.56 
H-5" 3.1 3.5 1.5 4.8 0.06 0.45 0.00 0.5 1 

tg+ (w' = 180'; w = 80 ') H-5' 1.2 5.1 3.8 6.5 0.03 0.00 0.00 0.03 
H-5" 5.6 5.4 3.4 6.2 0.05 0.00 0.00 0.05 

PS' = p s ( N i  - N 6 ) .  

cause the extra five-membered ring (N-  1 -N-6) has very little 
shielding effect on H-5' and H-5" of the Np- residue in the g+t 
conformation. This is evident from an examination of the cy- 
lindrical coordinates and the projected shieldings in Table XI. 
This means that in tAptA there is a significantly larger fraction 
of the g+t conformer compared to ApA. A perspective of AptA 
in the g+t conformer is shown in Figure 12. The lack of sig- 
nificant shielding of H-5' and H-5" of the Ap- residue of ApA 
(Table V) enables us to conclude that no significant amount 
of g+t conformer is present in ApA. 

A comparison of the dimerization shifts for H-5' (Table 
VIII) of AptA and ApA indicates that introduction of tA for 

the base of the -pN residue causes a decrease in the population 
of g-g- stack, while a comparison of the dimerization shifts 
of H-5' and H-5" protons of Np- residues in AptA and ApA 
(Table V) clearly indicates that introduction of tA  causes a 
substantial increase in the population of the g+t conformer; 
Le., in going from ApA to the AptA, the g-g- population de- 
creases while that of g+t increases. A comparison of the di- 
merization data for GpA and GptA indicates that the intro- 
duction of tA  in the -pN residue destabilizes the g-g- con- 
former and increases the population of the g+t array. Similarly, 
the data for tApG and ApG (Tables V and VIII) indicate that 
they have comparable g-g- populations, but in the tA ana- 
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accurately the fraction of each one of them. Introduction of 
tA either at  the 3’ or 5’ end causes a shift in the equilibrium, 
generally increasing the population of skewed (g+t) arrays. 
Examination of the nucleotide sequence of tRNAPhe (Brennan 
and Sunderalingam, 1976; Stout et al., 1976) indicates that 
the segment comprising residues 36 and 37 may be approxi- 
mated to AptA and GptA. The data discussed in this paper 
clearly show that the introduction of tA  in the parent dimers 
ApA and GpA causes a decrease in the g-g- population with 
the concomitant increase in the g+t skewed arrays. This ob- 
servation suggests that a t  least in aqueous solution one of the 
probable roles of the Y base in t R N A  may be to introduce a 
backbone conformational change. 

It is pertinent to point out that in all of these calculations for 
the projected shieldings only the firmly established ring-current 
effects of the bases are taken into consideration. There a re  
other through space magnetic (diamagnetic susceptibility 
anisotropy) and electric-field (polarization) effects that may 
contribute to the observed values of chemical shifts in nucleic 
acids. The local diamagnetic anisotropy effect of the base is, 
a t  most, 0.2-0.3 ppm at intermolecular distances (Giessner- 
Prettre and Pullman, 1976), and this type of contribution due 
to the ribose part of the molecule will have some importance 
only for the regions of the space close to the oxygen atoms. The 
electric field or polarization effect, which is very sensitive to 
the orientation of the C-H bond with respect to the direction 
of the electric field created by the polarizing groups a t  the 
proton studied, will be of some importance only for a few 

FIGURE 12: A perspective of cApcA in the gft  conformation (w’ = 1 lo’, 
w = 215’, = 50’). The rest of the torsion angles are those in Figure 
5. 

logue the population of the g+t conformer increases. Com- 
parison of the matched pair tApG and GptA gives insight in 
regards to the ability of tA to disturb the conformational 
equilibrium, depending whether it is located either at  the 3’ or 
5’ end. When tA  is moved from the 3’ to the 5’ end, the g-g- 
population increases (Table VIII)  and the g+t population de- 
creases (Table V). In general, the comparison of the tA-con- 
taining dimers with the corresponding parent dimers in the 
PUPU system clearly suggests that the introduction of tA  ei- 
ther a t  the 3’ or 5’ end causes a significant increase in the 
population of skewed g+t arrays, the increase being larger when 
the replacement occurs a t  the 3’ end. 

In the case of mixed dimers, for example, in going from UpA 
to UptA, the H-5’ and H-5” protons of the Np- residue (Table 
V) undergo substantial shielding (6 H-5’ = 0.44 ppm, 6 H-5” 
= 0.24 pprn), clearly indicating a significant increase in the 
population of the g+t array. Such large upfield shifts for the 
H-5’ and H-5” protons of the Np- residue have never been 
observed before. The data, for the various PYPU and PUPY 
dimers examined, indicate that the introduction of tA either 
a t  the 3’ or 5’ end causes an increase in the g-g- population. 
In  addition, as stated before, in these systems the introduction 
of tA  a t  the 3’ end causes a substantial increase in the g+t 
population. N M R  methodology does not enable us to deter- 
mine whether EA a t  the 5’ end in PUPY dimers as in tApU will 
have the same effect because of the lack of a ring current from 
the pyrimidine moiety (Lee et al., 1976). 

Relevance to tRNA Conformation. The present study, as 
well as the large number of theoretical and N M R  studies 
(references given earlier), has enabled us to conclude that all 
the ribodinucleoside monophosphates exist in aqueous solution 
as an equilibrium blend of stacked (g-g-, g+g+), skewed (g+t), 
and extended arrays, and no methodology exists to compute 

protons of the dimers. The ring-current effects are the largest 
single effect, and the consideration of these effects alone should 
give agreement at  the level of 0.1 to 0.2 ppm. 
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Resonance Raman Studies of Hepatic Microsomal Cytochromes P-450: 
Evidence for Strong T Basicity of the Fifth Ligand 
in the Reduced and Carbonyl Complex Forms? 

Yukihiro Ozaki, Teizo Kitagawa,* Yoshimasa Kyogoku, Yoshio Imai, 
Chikako Hashimoto-Yutsudo, and Ryo Sato 

ABSTRACT: Resonance Raman spectra have been measured 
for cytochromes P-450 purified from liver microsomes of 
phenobarbital-treated rabbits (PB P-450 and PB P-448) and 
of 3-methylcholanthrene-treated rabbits (MC P-448). In the 
reduced state, all three cytochromes P-450 exhibit Raman 
spectra of ferrous high-spin type but show the so-called “oxi- 
dation state marker” (band IV) at  unusually low frequencies, 
indicating extensive delocalization of electrons from the iron 
d, orbital to the porphyrin n*(ep) orbital and, consequently, 
the strong A basicity of the fifth ligand of the heme iron. The 
reduced C O  complexes of the cytochromes P-450 also exhibit 
band IV a t  markedly lower frequencies than CO complexes 

C y t o c h r o m e  P-450 (P-450)’ is a generic name for a family 
of protoheme-containing proteins that are widely distributed 
in nature and catalyze a variety of monooxygenation (hy- 
droxylation) reactions of metabolic importance. The reduced 
CO complex of this class of hemoproteins exhibits the Soret 
absorption band a t  about 450 nm, a wavelength which is ap- 
proximately 30 nm longer than that observable for usual fer- 
rous protoheme-CO complexes (Sato et al., 1973). This and 
other spectral anomalies of P-450 disappear when it is con- 
verted into the catalytically inactive form called cytochrome 
P-420 (P-420) by various treatments (Sato et al., 1973). 
Currently, extensive efforts are being made to elucidate the 
structural basis of the spectral anomalies of P-450 by both 
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chrome P-420; Hb, hemoglobin; Mb, myoglobin; EPR, electron para- 
magnetic resonance; NMR,  nuclear magnetic resonance; MCD, magnetic 
circular dichroism; CM, carboxymethyl. 
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of hemoglobin and myoglobin. These anomalies observed for 
the reduced form and CO complex disappear upon conversion 
of the cytochromes to the catalytically inactive form called 
cytochrome P-420. Oxidized PB P-450 shows a Raman spec- 
trum which is characteristic of typical ferric low-spin heme 
compounds, whereas those of PB P-448 and M C  P-448 are of 
the ferric high-spin type. PB P-450 is also clearly distin- 
guishable from the two P-448 preparations in the reduced state. 
The reduced form of cytochrome P-420, produced by laser il- 
lumination, exhibits two sets of Raman lines and, therefore, 
seems to be a mixture of both high- and low-spin species. 

physicochemical and coordination chemical approaches. 
It has been shown that synthetic protohemin complexes 

having a thiolate anion (RS-) and an arbitrary nitrogenous 
base as axial.ligands to the heme iron display electron para- 
magnetic resonance (EPR) spectra that are closely similar to 
that exhibited by P-450 in the ferric low-spin state (Collman 
et ai., 1975; Koch et al., 1975; Tang et al., 1976; Ogoshi et al., 
1975). Model experiments have also provided evidence that 
the heme in the substrate complex of oxidized P-450 is in the 
pentacoordinated high-spin state possessing a thiolate anion 
as the fifth ligand (Collman et al., 1975; Tang et al., 1976). 
These conclusions are being supported by Mossbauer (Koch 
et a]., 1975) and magnetic circular dichroism (MCD) studies 
(Dawson et al., 1976). Nuclear magnetic resonance ( N M R )  
(Keller et al., 1972) and Mossbauer spectra (Sharrock et  al., 
1973) of the substrate complex of reduced P-450 have sug- 
gested that its heme iron is in the ferrous high-spin state. It has 
further been reported that synthetic ferrous protoheme com- 
plexes having a thiolate anion, but not a nitrogenous base, as 
a ligand trans to CO exhibit the unusual Soret absorption band 
characteristic of the CO complex of reduced P-450 (Stern and 
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