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A conformation for 2'-O-methylcytidine (C IoH15N3Os) has been established by X-ray diffraction analysis. 
The compound was synthesized by methylation of cytidine with diazomethane. It crystallizes in space group 
P2~2~2~ with a = 8.742 (5), b = 8.673 (4), c = 31.537 (15)/i, Z = 8. The structure was solved by direct 
methods and refined to an R of 6.9% for 2488 observed reflections. The two independent molecules have 
similar conformations with C(2')endo-C(3')exo puckered furanose rings oriented anti to their bases. The 
orientation of 0(5 ') about C(4')-C(5') is gauche-gauche in each molecule. The methyl group in molecule 1 is 
disordered with two possible staggers: ~[C(1 ')-C(2')-O(2')-CO(2')] = 95 and 156 °. In molecule 2 only the 
st = 168 ° stagger was observed. The structure has implications for ribonucleic acid conformations in the 
nucleus and cytoplasm since 2'-O-methyinucleotides are present, albeit to a minor extent, in tRNA's, 
mRNA's, rRNA's and HnRNA's. 

Introduction 

Modified nucleotides, methylated in the 2'-hydroxyl 
position of the fl-D-ribose, occur in both nuclear and 
cytoplasmic ribonucleic acids (Barrel & Clark, 1974). 
C(2')-O-Methylcytidilic acid is found at the 5'-end of 
the anticodon loop of several tRNA sequences (Yosiha, 
1973; Dube, Marcker, Clark & Gory, 1968; Raj- 
Bhandary, Chang & Stuart, 1967; Dudock, Katy, 
Taylor & Holley, 1969; Hersh, 1970). There is evidence 
that 2'-O-methylation might be a factor in the cellular 
mechanism for processing ribonucleic acid molecules. 

Novikoff hepatoma poly(A) containing mRNA 
molecules have one or two 2'-O-methylnucleotides 
linked by a 5 ' -5 '  pyrophosphate bond to a 5'-terminal 
7-methylguanosine (Desrosiers, Friderici & Rottman, 
1975). The 2'-O-methylation can occur with any of the 
four common nucleotides and the structure for most 
eucaryotic mRNA 5'-termini may be represented as 
mTGS'ppp5'(Nmp)lorzNp. 2'-O-methylated constit- 
uents are present in the blocked 5'-terminal struc- 
tures of  heterogeneous nuclear RNA of mouse L cells 
(Perry, Kelley, Friderici & Rottman, 1975), several 
viral mRNA's (Wei & Moss, 1975; Furuichi, Morgan, 
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Muthukrishnan &. Shatkin, 1975; Moyer, Abraham, 
Adler & Banerjee, 1975) and low molecular weight 
nuclear RNA's (Reddy, Ro-Choi, Henning & Busch, 
1974). However, Newcastle disease virus mRNA 
(Colonno & Stone, 1976) and the tobacco mosaic virus 
genome (Zimmern, 1975; Keith & Fraenkel-Conrat, 
1975) lack 2'-O-methylnucleotides in their 5'-end se- 
quences. 

The resolution and quality of  X-ray data from 
crystals of  large nucleic acid molecules is not usually 
good enough for atoms to be identified in electron den- 
sity maps. Thus, it is from high-resolution single-crystal 
analyses of  their components, like 2'-O-methyl- 
cytidine, that conformation is revealed in detail and 
useful model-building information is gained. 

Experimental 

Cytidine (Miles Laboratories) was methylated by treat- 
ment with diazomethane and purified on Dowex I(OH-) 
columns (Rottman & Heinlein, 1968). Crystals were 
obtained after eluting the column with 30% aqueous 
methanol and concentrating the chromatographically 
homogeneous fraction to about 0-5 M at 37°C under a 
vacuum for 24 h. The large crystals of  OMC which 
formed suggested tetragonal symmetry. They were 
square based pyramids, although the base was some- 
what extended indicating the underlying orthorhombic 
symmetry. 
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A crystal was mounted on a Picker four-circle X-ray 
diffractometer FACS-1 system with Zr-filtered Mo K(~ 
radiation (/l = 0.70926 ,~ for ct,) and the data were 
collected to 20 < 60 °. 3986 reflections were collected 
from the unique portion of  the reciprocal lattice. The 
reflections were measured with a 0/20 scan or three- 
circle setting. A 20 range of  1-2 ° was used plus a dis- 
persion correction at higher resolution to correct for the 
separation of  the Ka~ and Ka 2 lines. The scan speed 
was 1 o min-~ with high and low background counts o f  
20 s each. 

12 well-centered reflections were obtained and the 
cell constants and orientation matrix refined by least 
squares (Busing & Levy, 1967). In order to obtain more 
accurate cell dimensions only reflections with 20 > 33 ° 
were used. This enabled the centering to be done on 
Ka~ only. The results o f  the refinement are given in 
Table 1. The Lorentz, polarization and background ef- 
fects were corrected for. The standard deviation in the 
intensities was determined from the counting statistics 
with a 2% allowance for beam instability. All reflec- 
tions for which I /o < 3 were considered unobserved, so 
that only 2488 reflections were used. 

Initial Cu Ka  precession photographs indicated 
either an orthorhombic or tetragonal space group. In 
order to resolve the ambiguity precession photographs 
were taken with Mo Ka radiation. These showed that 
the correct symmetry was orthorhombic and the space 
group P2,2,21. The observed density from a flotation 
gradient was 1.450 g cm -3. This indicateo two 
molecules of  OMC per asymmetric unit (as was expec- 
ted from the pseudosymmetry), with water molecules 
absent. The actual structure determination showed no 
evidence of  water molecules and the calculated density 
was 1.428 g cm -3. 

In order to collect a high-resolution data set, Mo Ka 
radiation was used to measure reflections at 20 > 50 °. 
A crystal 0-35 x 0.40 x 0.30 mm was used to obtain 
greater intensity at the highest resolution. The linear ab- 
sorption coefficient was so small (1.25 cm -~) that this 
size was considered acceptable. Statistical tests were 
performed on the data to investigate the pseudo- 
symmetry. Firstly, an R was calculated between hkl 
and khl reflections to determine the extent of  the 
pseudosymmetry. This resulted in an R of 22% com- 
pared with about 5% for symmetrically equivalent 
reflections. Secondly, the statistical distribution of  the 
normalized structure factors (or E's) showed no hyper- 

Table 1. Crystal data 

Space group P2,2 ~2, Formula C~oH 15N 305 
a = 8. 742 (5) ~ Z= 8 
b = 8.673 (4) Do = 1.450 gcm -3 
¢ = 31-537 (15) Dc = 1.428 
Crystal size 0.35 x 0.40 x 0.30 mm 
# = 1.25 cm -1 

centricity due to pseudosymmetry (Stout & Jensen, 
1968). 

Solution o f  the structure 

Direct methods were then applied with MUL TAN (Ger- 
maN, Main & Woolfson, 1970). The correct set of  
phases was obtained with 236 E 's  > 1.7 by restricting 
the number of unique phase relations to 1650 with a 
probability o f  0.75. The set with the highest figure of  
merit (1.06) lowest residual (20.0) and relative 
minimum in 7'0 was considered correct. An E map in- 
dicated all 36 non-hydrogen atoms. The two molecules 
are related by a set of  pseudo equivalent points given in 
Table 2 in addition to the P212~2, symmetry. This in- 
volved a translation along x, y and z of  I and an ap- 
proximate 90 o rotation about z. 

The structure was refined with the program S F L S  
(supplied by G. Reeke). Full-matrix isotropic refine- 
ment reduced R to 16%. A difference map was 
calculated to determine i f  any water molecules were 
present. No large peaks could be detected except one 
peak of  approximately 1 e ~-3 fairly close to the 
methyl C of  molecule 1. 

The structure was next refined anisotropically and 
this reduced R to 12% by blocking the matrices into 
four groups each containing a ring of  the structure. The 
position of  the methyl C of  molecule 1 was highly 
elongated in one direction and because a peak of  1 e 
/~-3 was still observed in the difference map this methyl 
group was considered to be disordered. To determine 
the H positions a difference map was calculated. All 
the geometrically fixed H atoms could be selected, 
reducing R to 9%. The H atoms not fixed by geometry 
were found in the next difference synthesis which 
reduced R to 6.9%. 

Although the absorption coefficient was small it was 
decided to apply this correction, because the crystal 
(max 0.4 mm) was large. The program used was 
ACACA (Wuensch & Prewitt, 1965) to which a Gaus- 
sian integration table was appended with a grid of  
4 x 4 x 4. A secondary extinction parameter was also 
included in the refinement with a value o f (1 .2  + 0.2) x 
10 -~ and yielded a small but observable improvement 
in the residuals. 

Table 2. P212121 equivalent points, pseudo-equivalent 
points 

P212,2 , (1) x 
(2) ½ - x 
(3) { + x 
(4) -.v 

Pseudo-equivalent points 
X 

+ .l' 

y 2 

--) ' { + Z 
½-), - z  
½ +), ½-z 

.1' 7. 

l - x  1 + z 
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Tab le  3. O M C  c o o r d i n a t e s  a n d  t e m p e r a t u r e  f a c t o r s  

The coordinates are fractional (× 104; for H x 103) and the temperature factors are in the form: 

exp[ -(b1~h 2 + b22k 2 + b3J 2 + 2bj2h k + 2b13hl + 2b23kl)]" 

The bii are multiplied by 105 with the standard deviation corresponding to the last position, lsotropic temperature factors are given as 
exp [-B (sin 0/Jt)21. CO(2')A and CO(2')B have occupancies of 0.66 and 0.34 respectively. 

Molecule OMC 1 

x y z bll b22 b33 bl2 b j3 b23 

N(4) -491 (6) -287 (6) 896 (1) 208 (9) 173 (8) 107 (5) -77  (16) -24  (3) -19  (3) 
C(4) 225 (5) 573 (5) 1201 (I) 125(6) 120(6) 91 (5) -39(11)  1 (3) -9 (3)  
N(3) 1079 (4) --240 (4) 1477 (1) 141 (5) 101 (5) 94 (4) 1 (10) -11 (2) -5  (2) 
C(2) 1890(5) 564(4) 1782(1) 102(5) 80(5) 113(5) 2(10) 3(2) 1(2) 
N(1) 1715(4) 2148(4) 1809(1) 97(4) 89(4) 86(4) 1 (8) -11 (2) 7(2) 
C(6) 796(5) 2923(5) 1527(1) 125(6) 62(6) 97(5) 23(11) -9 (2)  0(2) 
C(5) 53(5) 2166(5) 1223(1) 127(6) 115(7) 98(5) 3(12) -15(3)  8(3) 
0(2) 2715 (4) -151 (3) 2035(1) 156(4) 115(4) 148(4) 18(8) -36(2)  13(2) 
C(1 ') 2426 (5) 2991 (4) 2159 (I) 115 (5) 77 (5) 70 (4) - 2 4  (10) 7 (2) 7 (2) 
C(2') 3726 (4) 4093 (5) 2040 (1) 84 (5) 108 (6) 74 (4) 0 (10) - I  (2) 7 (2) 
0(2') 5139(4) 3328(5) 2016(1) 118(4) 296(8) 148(4) 165(11) -11 (2) -22(3)  
CO(2')A 5592 (10) 2821 (10) 1604 (3) 5.6 (0.3) 
CO(2')B 6332 (21) 3676 (21) 1814 (5) 5.6 (0.5) 
C(3') 3646(5) 5247(5) 2402(I) 113 (6) 137(7) 84(4) -108(12) 1 (2) 12(3) 
O(3') 4243 (5) 4580 (5) 2782 (I) 153 (6) 224 (7) 89 (4) - 136 (12) -24  (2) 18 (2) 
C(4') 1921 (5) 5383 (5) 2472 (1) 105 (5) 135 (6) 78 (4) -45  (12) 3 (2) -10  (3) 
C(5') 1068 (6) 6668 (6) 2241 (2) 157 (8) 140 (8) 120 (6) 46 (15) 0 (3) - 17 (3) 
O(5') 1310 (4) 6582 (3) 1793 (1) 189 (5) 113 (4) 109 (4) 20 (9) - 7  (2) 2 (2) 
O(1 ') 1299 (3) 3909 (3) 2353 (1) 97 (3) 120 (4) 102 (3) -36  (7) 12 (1) -5  (2) 

x y z B x y z B 

HIN(4) --119 (8) 21 (8) 84 (2) 9 (2) HC(3') 423 (5) 632 (4) 236 (1) 4 (1) 
H2N(4) - 8  (5) -168 (6) 87 (1) 6 (1) HO(3') 500 (6) 454 (8) 277 (2) 7 (2) 
HC(6) 77(4) 380(4) 158(1) 1(1) HC(4') 171(5) 540(5) 280(1) 4(1) 
HC(5) -59(5)  282(4) 105 (1) 4(1) HIC(5') -13(8)  660(7) 231 (2) 11 (2) 
HC(I')  280 (3) 228 (3) 235 (I) 1 (1) H2C(5') 172 (5) 775 (5) 235 (1) 5 (1) 
HC(2') 349 (3) 462 (3) 178 (1) 1 (1) HO(5') 142 (7) 785 (7) 162 (2) 9 (2) 
Molecule OMC2 

x y z bll b22 b33 b~2 bl3 b23 

N(4) 2317(7) 2600(8) 3344(2) 129(7) 285(11) 111 (5) 40(16) -8 (3)  50(3) 
C(4) 3116 (5) 2030 (5) 3664 (1) 93 (5) 168 (7) 86 (5) 52 (11) - 4  (2) 17 (3) 
N(3) 2380 (3) 1182 (4) 3956 (1) 75 (4) 167 (6) 98 (4) 17 (10) 0 (2) 16 (2) 
C(2) 3176 (4) 509 (5) 4278 (1) 66 (4) 133 (6) 100 (4) 20 (10) 8 (2) 7 (3) 
N(1) 4756 (3) 783 (4) 4305 (1) 57 (3) 136 (5) 85 (3) 16 (8) 4 (2) 17 (2) 
C(6) 5496 (5) 1662 (5) 4006 (1) 66 (5) 131 (6) 96 (5) 6 (10) 2 (2) 16 (3) 
C(5) 4744 (5) 2292 (6) 3684 (1) 91 (5) 165 (8) 87 (5) - 9  (11) 10 (2) 28 (3) 
0(2) 2551 (3) -318 (4) 4545 (1) 84(3) 189(5) 131 (3) -28(8)  13(2) 40(2) 
C(l ')  5620(4) 143(4) 4672(1) 72(4) 109(6) 73(4) 35(10) 6(2) 19(2) 
C(2') 6666 (4) -1208 (5) 4564 (1) 72 (4) 103 (5) 67 (4) 25 (9) 7 (2) 2 (2) 
0(2') 5795 (3) -2564 (3) 4573 (1) 127 (4) 125 (4) 124 (4) -48  (8) 25 (2) -1  (2) 
CO(2') 6495(8) -3844(8)  4403(2) 224(11) 179(11) 191 (10) -107(21) 60(5) -5 (5 )  
C(3') 7892 (5) -1020 (5) 4907 (1) 91 (5) 141 (7) 83 (4) 80 (11) 5 (2) 3 (3) 
0(3') 7307 (4) -1584 (4) 5306 (1) 175 (5) 190 (6) 71 (3) 129 (11) 11 (2) 26 (2) 
C(4') 8066(5) 681 (5) 4947(1) 100(5) 160(7) 75(4) 40(12) -8 (2 )  -14(3)  
C(5') 9297 (5) 1481 (7) 4686 (2) 86 (5) 185 (9) 117 (6) -86  (13) -7  (3) -25  (4) 
O(5') 9194 (3) 1075 (5) 4246 (1) 95 (3) 217 (6) 96 (3) -30  (9) 3 (2) - 1 (2) 
O(1 ') 6579 (3) 1330 (3) 4823 (1) 85 (3) 138 (4) 102 (3) 84 (7) - 4  (1) -19  (2) 

x y z B x y z B 

H1N(4) 287(5) 327(5) 315(1) 4(1) H3M 687(8) -338(9)  417(2) 10(2) 
HZN(4) 165 (9) 276 (10) 334 (3) I1 (3) HC(3') 877 (4) -164 (4) 485 (1) 2 (1) 
HC(6) 655 (5) 179 (5) 403 (1) 4 (1) HO(3') 733 (7) -247 (6) 532 (2) 8 (2) 
HC(5) 520(5) 296(5) 350(1) 4(I)  HC(4') 836(4) 111(5) 523(1) 4(I)  
HC(I')  495 (4) -51 (4) 487 (1) 3 (1) HIC(5') 937 (5) 257 (5) 477 (1) 3 (1) 
HC(2') 720 (5) -115 (5) 429 (1) 4 (1) H2C(5') 1029 (6) 160 (6) 482 (1) 6 (1) 
HIM 561 (6) -322 (6) 410 (2) 6 (1) HO(5') 955 (11) 30 (I0) 435 (3) 16 (4) 
H2M 566 (7) --465 (7) 443 (2) I0 (2) 
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H1N(4) H2N(4) J 

I O(47 
a(3)// "C ( 5 ) ~  HC(5) 

I O(2)~C(2) C(6) HC(6) 
"~/,~ 

\/,,<i 
HC0' HC(3') 

H10(5') C(4 z) ~0(3') O(~/~IM 

HO(5') ~ / ~H0(4,) !(3,7 00(2'7 / \  
H3M H2M 

H20(5') HO(~3 ') 

The final R for the observed reflections is 6 .9%; for 
all the data it is 8.1%.* The final shifts were all less than 
the standard deviations. The coordinates are given in 
Table 3, while Fig. 1 explains the labeling system. 

Results 

(a) OMC1 and OMC2 are similar but not identical 

Because o f  the presence of  pseudotetragonal sym- 
metry it was expected that the two molecules might be 

* A list of structure factors has been deposited with the British 
Library Lending Division as Supplementary Publication No. SUP 
32228 (39 pp.). Copies may be obtained through The Executive 
Secretary, International Union of Crystallography, 13 White Friars, 
Chester CHI INZ, England. 

Fig. 1. Labeling nomenclature for OMC. Table 4. Conformational-angle definitions for OMC 

To resolve the disorder o f  the methyl group o f  
molecule 1, a difference map was calculated after the 
entire group was deleted from the structure factor z P 
calculation. The map showed two peaks of  2 and 1 e ¢, 
A -3 separated by about 1.2 A. This could be explained r (0) 
by allowing the methyl group to occupy two staggered r (l) 
positions, both permitted stereochemically. The r (2) r(3) 
previous average methyl-group position eclipsed the H r (4) 
o f  C(2') in the ribose. When the disorder was included ~ 
in the refinement the population factors for the two "' 
sites were constrained to be p and 1 - p .  The popula- (Arnott, 1970) 
tion distributions were found to be 66 and 34% and the 
two positions then became staggered and displayed x 

O 
reasonable geometry, c 

T'S 

Angle Atoms 
(Sundaralingam, ! 973) 

O(1 ')-C( 1 ')--N(1 ')-C(6) 
C(5')-C(4 ')-C(3 ')-O(3 ')  
O(5')-C(5')--C(4')-C(3') 
C(4')--O( 1 ' )-C( 1 ')-C(2')  
O( 1')--(2( l ' ) -C (2')-C(3 ') 
C( 1 ' ) -C(2 ' ) -C(3 ' ) -C(4 ' )  
C(2')-C(3')-C(4')--O(1 ') 
C(3')--C(4')-O(1')-C(1 ') 
C(1 ' ) -C(2 ' ) -0(2 ' ) - -C0(2 ' )  
C (3 ' ) -0 (2 ' ) -0 (2 ' ) -C0(2 ' )  

C(2')--C(l')--N(1)--C(2) 
C(5')-C(4')--C(3')-O(3') 
O(5 ' )-C(5 ' )-C(4 ' )-C(3 ' )  
same as above 

Table 5. Observed conformational and sugar torsion angles for OMC 

Standard deviations are given in parentheses. 

(a) Observed contbrmational angles 

X (Arnott, 1970) p, a 

OMCI 112.9 (4) 151.5 (4) 

OMC2 107-9 (4) 151.1 (4) 

(b) Sugar torsion angles for OMC 

r (0) r (1) 

OMC 1 -- 15.7 (4) 33.8 (4) 
OMC2 -18.1 (4) 34.0(3) 

55.9 (5) 95.0 (5) A 
156.0(10) B 

51-6 (6) 167.9 (4) 

r (2) r (3) r (4) 

--37.8 (4) 29.9 (4) --9-0 (4) 
--37.1 (4) 27-7 (4) --6.2 (4) 

C(2') 
C(3') 
C(5') 

(c) Deviations in A of C(2'), C(3') and C(5') from the plane defined by O(1 '), C(4') and C(I ') 

OMC 1 OMC2 

-0.404 -0.456 
+0-227 +0.154 
-1.253 -1.239 

(A) 66% occupancy. 
(B) 34% occupancy. 

-151.6(5)  
-90.7  (11) 
-79-6(5)  

P 

174.8 
170.2 
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very similar. This turned out to be the case as can be 
seen from Tables 4 and 5 where the conformational 
angles of the two molecules are listed. Both bases are in 
the anti orientation and their X" angles are within the 
range for other structures possessing C(2')endo sugar 
conformations (Sundaralingam, 1973). Both ribose 
moieties have the C(2')endo-C(3')exo twist confor- 
mation and a pseudorotation parameter P like that of 
other structures in the same class (Altona & Sun- 
daralingam, 1972). The deviations of C(3'), C(2') and 
C(5') from the plane defined by C(1 ')-O(1 ' ) -C(4 ' )  are 
given in Table 5. Both 0(5')  atoms are gauche-gauche 
with respect to O(I ')  and C(3'). Both methyl groups 
adopt staggered configurations. The a = 95 and 156 ° 
conformers of  the methyl group are observed with a 
statistical distribution in molecule 1; only the a = 168 ° 
conformer is observed in molecule 2. 

(b) Bond distances and angles 

A summary of the bond distances and angles is given 
in Figs. 2 and 3. None of the bond lengths deviate 
from standard values. For clarity, ribose H angles are 
not given in the figure but are listed in Table 6. (A num- 
ber of  H atomic and methyl-group positions involved 
anomalous bond lengths and angles. However, since 
disorder was present and since the H atoms were 

H H 

116~)~03(5) 
/ ~ 6  g(6} 

11 sp~)Jj2~8~ t3g2(6) 

1195~(3)1 ~g.1(3) 129.7 1128! 3) 

11,63{51 
,-,r,,~ H..o6o(8} o ~ H  

J 
128B) m 1~7e) 

1343(5],~,1:~/'3(6) 

'Fo0 ' "  1Sc3) ,, 

122.1(3)] 1-18./X3) 1213 T12.0(2J 

1./,8915) 

C'(I') 
(b) 

Fig. 2. Bond lengths and angles for cytosine moieties in (a) OMC 1 
and (b) OMC2 with standard deviations given in parentheses 
estimated from least squares. 

located in difference maps we considered these results 
to be presentable.) 

A half-normal probability plot was computed (De 
Camp, 1973; Abrahams & Keve, 1971) to detect any 
significant conformational differences between the 
two molecules (Fig. 4b,d). With only non-hydrogen and 
non-methyl bond lengths, bond angles and confor- 
mational angles only small differences were noticeable. 
When the analysis was repeated with all interatomic 
distances less than 4.65 ,/k, the differences were 
more pronounced with a maximum A P (the number of 
standard deviations separating two observations) of 
38.4 for the O(2)(cytosine) to O(2')(ribose) distance. 
The large A P's were from O(2'), 0(2) and to a lesser 
extent N(4), C(4) of  the base. This can be traced to the 
angle 2" which differs by 5 ° and significantly affects 
O(2'), 0(2) interatomic distances. Other differences of 
9.9, 8.4, 8.2 and 8.1 for C(2')-O(1') ,  O(3')-O(1') ,  
C(1')-O(2') ,  and O(2 ' ) -C(3 ' )may  be due to the 4.6 ° 
difference in pseudorotation parameter P. The differ- 
ences from N(4) and C(4) may be due to slightly modified 

H 'm~b~ / 
\o96(31 /k'~3m)~""- 

:Yt: i~1 , H 

v l~3g(s) \ ~  f-~/I07(7} H 

/ i 15w.) 

H 
(a) 

H 

H .O~ 4°I(s) C- i oi(6) H 

~z.89(5) 1oa 3(3)~m,(3) H \ 
H 

H 

H 

(b) 

Fig. 3. Bond lengths and angles for ribose moieties in (a) O M C  1 
and (b) O M C 2  with standard deviations given in parentheses es- 
timated from least squares. 
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Table 6. Hydrogen ribose bond angles 

Standard deviations are given in parentheses. 

OMCI OMC2 

HC(I')-C(I')-N(1) 108 (2) 113 (2) 
HC(I')-C(I ')-O(I ') 110 (2) 122 (2) 
HC(I')-C(I')-C(2') 108 (2) 93 (2) 
HC(2')-C(2')--C(3') 109 (2) 106 (2) 
HC(2')-C(2')-C(I ') l I0 (2) 116 (2) 
HC(2')-C(2')-O(2') 112 (2) 109 (2) 
HC(3')--C(3')-C(2') 117 (2) 112 (2) 
HC(3')-C(3')-O(3') 106 (2) 105 (2) 
HC(3')-C(3')--C(4') 115 (2) 119 (2) 
HO(3')-O(3')-C(3') ! 10 (5) 112 (4) 
nl  C(5')--C(5')-H2C(5') 118 (4) 74 (4) 
H1C(5 ')--C(5 ')-O(5') 110 (3) 120 (2) 
H IC(5')-C(5')-O(4') 110 (3) 110 (2) 
H2C(5')-C(5')-C(4') I02 (2) 116 (3) 
H2C(5')--C(5')--O(5 ') 105 (2) 121 (3) 
HO(5')--O(5')--C(5 ') 114 (3) 78 (7) 
HC(4')-C(4')-O(1 ') 102 (2) 109 (2) 
HC(4')-C(4')-C(3') 108 (2) 118 (2) 
HC(4')-C(4')-C(5') 112 (2) 98 (2) 
H 1M-CO(2')-H2M * 86 (4) 
n 1M-CO(E')--H3M 57 (5) 
H2M-CO(2')--H3M 130 (6) 
H 1M-CO(2')-O(2') 72 (2) 
H2M--CO(2')--O(2') 102 (4) 
H3M-CO(2')-O(2') 97 (5) 

• OMC 1 does not have values for these hydrogen atoms since 
the electron density was too difficult to interpret because of 
disorder. 

Table 7. Close interatomic contacts 

Position: P212~2, equivalent points from Table 2 with unit-cell 
translations along each axis as indicated. Molecule: refers to 
contact molecule as OMCI or OMC2. Angle: apex angle of 
hydrogen bond (A-H. • • B). 

Contact 

(a) OMC 1 close interatomic contacts 

N(4)-H 0(3') (2) 0,0,- 1 2 2.94 143 
N(4)-H 0(5') (4) 1,-1,0 2 3.38 172 
N ( 3 )  H-O(5') (1) 0,-1,0 1 2.94 162 
0(2) H--O(3') (4) 1,--1,0 1 2.73 157 
0(3') H-N(4) (1) 0,0,0 2 2.99 173 
O(5') H-N(4) (4)0,0,0 2 3.32 144 
O(5')-H N(3) (1) 0,1,0 1 2.94 162 
O(3') 0(2) (4) 1,0,0 1 2.73 157 
O(5') (intra) H-C(6) (1) 0,0,0 1 3.31 167 

(b) OMC2 close intermolecular contacts 

N(4)--H 0(3') (1) 0,0,0 1 2.99 173 
N(4)-- H 0(5 ') (4) 0,-- 1,0 1 3.32 144 
0(2) H--O(5') (1) -1,0,0 2 3-31 128 
0(2) H-O(3') (3) -1,-1,1 2 2.74 170 
0(3') H-N(4) (2) 0,0,0 1 2.94 143 
0(5') H--N(4) (4) 1,0,0 1 3.38 172 
O(5')-H 0(2) (1) 1,0,0 2 3.31 128 
O(3')-H 0(2) (3)0,-1,I 2 2.74 170 
O(5') (intra) H-C(6) (I) 0,0,0 2 3.36 156 

Distance Angle 
Position Molecule (,/~) (o) 

intermolecular hydrogen bonding. For  molecule 1 the 
N ( 4 ) - H . . .  0 (3 ' )  angle is 143 and N ( 4 ) - H . . .  0 (5 ' )  
172 °, while molecule 2 is reversed geometrically 
with N ( 4 ) - H . . . 0 ( 3 ' )  173 and N ( 4 ) - H . . - 0 ( 5 ' )  
144 ° . To estimate the reliability of  the standard devia- 
tions a final analysis was done with only bond lengths 
and angles and O(2'),  O(2), N(4) and C(4) removed. 
The slope o f  this curve was 2.3 and m a x i m u m A P  was 
4.7, indicating that the standard deviations are under- 
estimated by a factor of  two. 

(e) All intermolecular hydrogen bonds are between 
bases and sugars 

One of the striking features of  the crystal structure is 
the absence o f  any base-base  hydrogen bonds. A list o f  
hydrogen bonds is given in Table 7. All hydrogen 
donors and acceptors, except O(1')  and O(2'),  are in- 
volved in hydrogen bonds. We speculate that 0 (2 ' )  is 
not involved since it is blocked by the presence of  the 
methyl group and this may  be significant in native 
R N A  interactions. The packing (Fig. 4a,c) indicates 
that each molecule shares eight intermolecular 
hydrogen bonds or four unique hydrogen bonds per 
molecule. Although some of  these bonds are quite long, 
the observation of  H atoms adds to their credibility. 

(d) lntramolecular hydrogen bonding 

The only intramolecular hydrogen bond that may  be 
present is between C ( 6 ) - H  and 0(5 ' ) .  Although this 
bond is quite long (3.3 A) it is nearly linear. A close 
van der Waals contact between C(6)--H and O(1')  can 
be detected in both molecules but the angle 
C ( 6 ) - H  • • • O(1 ') is only 100 o 

(e) Little base stacking 

There is little perceptible base stacking at about the 5 
/~, level (Fig. 4a,c). The molecules are involved in so 
many base-sugar interactions that base stacking does 
not appear to be energetically favored. 

(30 The base planes of the asymmetric unit make an 
angle of 68 o 

The best mean-square planes defined by the six atoms 
of  the cytosine rings are given in Table 8 with the ob- 
served deviations from planarity. The amino group ap- 
pears to deviate significantly from the plane o f  the ring. 
From the pseudosymmetry the two molecules are 
related by a translation of  ] of  the unit cell along each 
axis and a rotation of  about 90 ° about e. This is only 
approximate and the true rotation of  the base planes is 
68 ° . From this relation the bases are approximately 
20 ° from being perpendicular to each other but they 
are physically separated by ribose moieties. 
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(a) (c) 

OMC1 

, j  

Nr 

(b) (d) 

Fig. 4. (a) The eight molecules of the unit cell with the borders of the a and c axes shown. Some minor base parallelism can be seen 
but is at over 5 /~. (b) Unique contents of the asymmetric unit with disorder of OMCI methyl shown. Hydrogens are deleted for 
clarity. (e) Hydrogen-bonding scheme with all contacts less than 3.3 /~ for O. - • N and O. - • O contacts only. (d) OMC 1 and OMC2 
shown in the same orientation incllcatmg structural similarity. 

Discussion 

The crystal structure of  cytidine (Furberg, Petersen & 
Romming, 1965) revealed the molecule in a C(3')endo 
puckered state while our study has shown 2'-O-methyl- 
cytidine to be in the C(2')endo puckered state as is 3'- 
O-methylarabinofuranosylcytosine (Birnbaum, Dar- 
zynkiewicz & Shugar, 1975). But the latter has 0 ( 5 ' )  
gauehe-trans about C(4 ' ) - -C(5 ' )  compared with 
gauche-gauche for this study. This and the analysis of  

2'-O-methyladenosine (Sundaralingam & Prusiner, 
1973) demonstrate that ribose methylation does not 
prevent the furanose ring from adopting any of  the 
commonly observed sugar puckerings. Many  stabiliz- 
ing interactions observed in recent t R N A  structural 
analyses (Ladner, Jack,  Robertus, Brown, Rhodes, 
Clark & Klug, 1975) involved hydrogen bonds from 2'- 
hydroxyl groups. The donor potential of  this group is 
removed upon methylation, which may thus impose 
significant tertiary structural limitations. 
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Table 8. Least-squares planes o f  cytosine in crystal 
structure of  OMC 

The best planes are determined by the six ring atoms of OMC 
IO(2), N(4), C(I') not includedl. 

(a) OMC1 0.78001x' + 0.11088y' - 0-61586z' + 2.13462 = 0. 

Atom deviations from plane in A 

N(4)  +0.031 C(2)  +0.016 C(5)  +0.004 
C(4)  +0.011 N(I) -0.002 0(2) +0.020 
N(3) -0-020 C(6) -0-008 C(l ') --0 118 

(b) OMC2 0.15980x' -0.87171y' -0.55389z' + 7.40373 = 0. 

Atom deviations from plane in A 

N(4) +0.043 C(2)  +0.014 C(5)  +0.007 
C(4)  +0.001 N(I) --0.007 0(2) +0.047 
N(3) -0-011 C(6)  -0.004 C(1 ') -0.073 
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