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Stereoehemistry of Nucleic Acid Constituents. 
III. Crystal and Molecular Structure of Adenosine Y-Phosphate Dihydrate (Adenylie Acid b) 

BY M. SUNDARALINGAM* 

Department of Biological Structure, University of Washington, Seattle, Washington, and Children's Cancer Re- 
search Foundation, Children's Hospital Medical Center, and Harvard Medical School, Boston, Massachusetts, 

U.S.A. 

(Received 30 December 1965) 

The crystal structure of adenosine Y-phosphate dihydrate, H14C10NsO7P.2H20, has been solved with 
three-dimensional integrated Weissenberg intensities. The crystals have space group P2~ and the fol- 
lowing lattice constants: a = 9"939 + 0"005, b = 6"343 + 0.002, c = 11.896 + 0.005 /~ and B = 92 ° 13' + 3'. 
Approximate x and z coordinates were obtained from the results of Brown and co-workers. The y 
coordinates were determined from molecular models and successive structure factor and Fourier cal- 
culations. Refinement was by the method of full-matrix least squares. P, O, N and C atoms were re- 
fined anisotropically and the H atoms were refined isotropically. The final R index is 4.3 %. Average 
standard deviations in atomic positions are: P, 0"0009/~; O, 0.003 ,~; N, 0-004 A,; C, 0-005/~ and 
H, 0"06 A. 

One of the water molecules displays a planar, nearly trigonal hydrogen bonding pattern, while the 
the other is involved in a highly distorted tetrahedral hydrogen bonding scheme. H(O2') is simul- 
taneously involved in two hydrogen bonds, one of which is an intramolecular hydrogen bond to the 
ester oxygen 0(3'). The structure also exhibits a C ( 8 ) - H ' ' '  Ow hydrogen bond. The nucleotide exists 
as a zwitterion with N(1) of the purine protonated by a phosphate proton. The angle between the base 
and the ribose planes is 55 ° with the glycosidic torsion angle ~0cr~ = -3"9 °. C(Y) of the ribose is dis- 
placed by 0.562 A from the plane of the remaining ring atoms and on the same side as C(5'). The 
orientation of the C(5')-O(5') bond is unusual in that C(5')-O(5') is trans to C(Y)-C(4') and gauche 
to O(1')-C(4'). 

Introduction 

Brown, Fasman, Magrath, Todd, Cochran & Woolf- 
son (1953) showed that the structure of adenylic acid 
b (Fig. 1) was that of adenosine 3'-phosphate. From 
elementary chemical analysis Brown & Todd (1952) 
found that the nucleotide crystallized with 1.5 mol- 
ecules of water; thus this value was assumed in the initial 
X-ray work. Since the nucleic acid components exhibit 
a variety of conformations, it was necessary to carry 
out the present three-dimensional structural analysis 
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Fig. 1. Chemical formula of adenosine Y-phosphate. 

of Y-AMP* to elucidate its stereochemistry completely. 
A further point of interest is that to date no detailed 
study of a 3' purine nucleotide with the fl glycosidic 
(C-N) linkage has been reported. Moreover, informa- 
tion of the phosphate-Y-sugar conformation would be 
helpful in postulating probable conformations for 
polynucleotides. The only other 3'-phosphates that have 
been so far investigated are the pyrimidine nucleotide 
3 '-CMP (Alver & Furberg, 1959; Sundaralingam & 
Jensen, 1965a) and vitamin B~2 (Hodgkin, 1964). The 
latter differs from 3 '-CMP and 3 ' -AMP in that it pos- 
sesses an c~ glycosidic linkage. 

Experimental 

Two suitable crystals for this investigation were crystal- 
lized from aqueous solution. The crystals have mono- 
clinic symmetry and the space group is P2x. Unit-cell 
dimensions were kindly measured by Mr Larry Sieker 
on a Picker X-ray diffractometer; they are: a--9.939 
+ 0.005, b = 6.343 _+ 0.002, c = 11.896 + 0.005/~ and f l=  
92 ° 13' + 3' (Cu K e =  1.5418 A,). The calculated density, 
assuming two molecules of chemical composition 
HI4C10NsO7P. 2H20 per unit cell, is 1.698 g.cm -3, 

* Abbreviations used are: adenosine 3'-phosphate, 3'-AMP; 
adenosine 5'-phosphate, 5'-AMP; cytidine Y-phosphate, 3"- 
CMP; fl-adenosine-2'-fl-uridine 5'-phosphate, AUP, 
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which may be compared with the observed density of 
1.66 g.cm -3 for Y-CMP. Since only two crystals were 
isolated, the density of Y-AMP was not measured, but 
it will be seen later that the structural solution un- 
equivocally demonstrates the presence of two mol- 
ecules of water of hydration. 

Undimensionally integrated (at right angles to the 
direction of translation by camera) equi-inclination 
Weissenberg photographs from the two crystals, one 
mounted about b (levels hOl to h5l) and the other about 
c (levels hkO to hkl0) were collected by the multiple- 
film technique, using Cu Ke radiation. Intensities were 
measured with a recording microdensitometer by trac- 
ing the spots on the films at right angles to the direction 
of integration (Jensen, 1954). Within the linear re- 
sponse range of the film, area (planimetered) under the 
trace is proportional to the intensity. After subjection 
of the intensities to Lorentz and polarization correc- 
tions, the b-axis and c-axis reflections were merged 
together. Altogether 1411 observations were made; 
this constituted about 85y0 of the total possible in the 
reflecting sphere. 

Determination of the y coordinate 

Approximate x and z atomic coordinates were meas- 
ured from the published figure of the (010) projection 
(Brown et al., 1953). It should be pointed out here that 
the a and c axes have been erroneously interchanged 
in their figure. Trial y coordinates of the structure were 
determined from a molecular model based on the struc- 
tures of Y-AMP (Kraut & Jensen, 1963) and 3'-CMP. 
Initial structure factor and Fourier calculations, using 
all of the observed structure amplitudes, suggested that 
the y coordinates of some of the atoms were grossly 
misjudged. It was apparent that large adjustments in 
the torsion angle ~0cN (Donohue & Trueblood, 1960; 
Sundaralingam & Jensen, 1965a) and the conformation 
about the C(4')-C(5') linkage had to be made. There- 
fore, it was thought expedient to perform the next 
structure factor calculation with only the atoms in the 
phosphate group and the '1.5 water molecules'. The 
half water was taken to be that oxygen atom (ignoring 
the hydrogen atoms) which had a lower electron den- 
sity in the (010) projection (Brown et al., 1953). The 
corresponding Fourier synthesis, computed from the 
calculated phases and the observed amplitudes, showed 
a large number of electron density maxima. Care was 
exereiged in agsigning atomic positions because the 
space group symmetry produced several spurious atoms 
which were mirror-related to the true structure. How- 
ever, keeping in mind the possible structure variants 
in this nucleotide, it was possible to assign positions 
to the rest of the non-hydrogen atoms. 

Refinement of the structure 

Three cycles of full-matrix least-squares refinement 
with individual atom isotropic temperature factors gave 
a discrepancy index R (R=[ZIFoI-[FcI/,SIFol] x 100, 

where IFol and IFcl are the observed and calculated 
structure amplitudes) of I l K .  The least-squares 
weighting was essentially that of Hughes (1941), where 
/w=14/IFol, Fo> 14; I/w=l.0,  IFol< 14. The value of 
4Fmtn was arbitrarily fixed at 14. The refinement indi- 
cated that the temperature factor of the half molecule 
of water was substantially lower than the average 
temperature factor of the structure. At this stage a 
difference Fourier map demonstrated a positive elec- 
tron density with a shape of a double camel hump at 
the site of this water molecule, and the position as- 
signed to the water molecule occupied the depression 
in this hump. This phenomenon was interpreted as 
primarily due to insufficient scattering matter at the 
half water site. Therefore, in the ensuing least-squares 
refinement cycle the full complement of scattering for 
this water oxygen atom was given and the resulting 
temperature factor was now comparable to that of 
other atoms in the structure. Further refinement was 
carried out with anisotropic temperature factors, and 
a difference electron density map was then calculated. 
The map showed the positions of several of the hyd- 
rogen atoms in the structure and had no abnormality 
in the electron density in the region of the water mol- 
ecules. Subsequent least-squares refinements and dif- 
ference Fourier maps revealed all of the hydrogen 
atoms in the structure and their positions were in ac- 
cord with the stereochemistry of the molecule. The 
hydrogen atom positional coordinates and individual 
isotropic temperature factors were also refined, with 
the use of first the scattering factors of McWeeny 
(1951) and then those of Stewart, Davidson & Simpson 
(1965). The scattering factors of C, N, and O were 
from Berghuis, Haanappel, Potters, Loopstra, MacGil- 
lavry & Veenendaal (1955), and that of P from Free- 
man & Watson (1961). In the final least-squares cycle 
the shift in each atomic parameter was less than one- 
tenth of the error of that parameter. The final R value 
is 4.3%, excluding 12 intense low order reflections 
which were suspected to be affected by secondary ex- 
tinction and consequently were given zero weight in 
the refinement. Observed and calculated structure fac- 
tors are listed in Table 1. 

Results and discussion of the structure 

The atomic positional and thermal parameters together 
with their estimated standard deviations obtained from 
the least-squares refinement are presented in Tables 2-5. 
The average estimated standard deviations in positional 
coordinates are as follows: P 0.0009, O 0.003, N 
0.004, C0.005 and H 0.06 A, and are generally a 
few per cent better than those of Y-CMP (Sundaralin- 
gam & Jensen, 1965a). The only major difference in 
the two studies is that in Y-CMP the refinement was 
performed with separate level scale factors, while in 
3'-AMP a single experimental scale was employed. 

There are two molecules of water of crystallization 
per nucleotide and not 1.5 as previously reported 
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Table 1 .  Observed and calculated structure factors ( ×  10) and phase angles in millicycles 
The extinguished reflections are asterisked, and were given zero weight in the refinement. 
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Table 2. Positional coordinates with estimated 
standard deviations of non-hydrogen atoms 

ported for this angle. In current models of deoxyribo- 
nucleic acid this angle is about 90 ° . 

x/a y/b z/c 
P 0.13420 (9) 0-56500 (0) 0.22303 (8) 
0(6) 0.01466 (28) 0.62045 (60) 0.15005 (26) 
0(8) 0-13290 (29) 0.63032 (64) 0.34212 (25) 
0(7) 0.16576 (34) 0-32103 (63) 0.22155 (26) 
0(3") 0-25693 (27) 0-67564 (62) 0.16087 (23) 
0(9) 0"14566 ( 3 5 )  0"09162 ( 6 9 )  0"03956 (27) 
O(10) 0.33728 (32) 0-45479 (69) 0.47980 (25) 
0(5') 0-48655 (31) 1.16817 (66) 0.36267 (28) 
O(1') 0.59424 (26) 0-83655 (59) 0-23965 (24) 
0(2') 0"47315 ( 3 3 )  0"62726 ( 8 4 )  0"02223 (24) 
N(1) 0.90013 (34) -0.01632 (69) 0.21459 (27) 
N(3) 0-76062 (35) 0.23997 (70) 0.12471 (27) 
N(7) 0.80749 (38) 0.39270 ( 7 1 3  0.41395 (28) 
N(9) 0"69906 (31) 0"51035 (61) 0-25762 (25) 
N(6) 0.97434 (37) -0.01460 (76) 0.40225 (30) 
C(2) 0.83257 (36) 0.06762 (96) 0.12481 (32) 
C(4) 0.76106 (37) 0.32963 (74) 0.22795 (29) 
C(5) 0-82693 ( 3 9 )  0.25808 ( 8 4 )  0.32493 (33) 
C(63 0.90301 ( 3 7 )  0"07268 ( 9 3 )  0-31890 (32) 
C(83 0.73125 (40) 0"54191 (92) 0.36921 (31) 
C(I') 0.62254 ( 3 9 )  0"65131 ( 8 1 )  0.17968 (30) 
C(2") 0"49004 ( 3 6 )  0"55669 ( 9 3 )  0"13459 (32) 
C(3') 0"39065 (38) 0-66313 (84) 0"21152 (31) 
C(4') 0-45171 (36) 0.87911 (80) 0.23299 (30) 
C(5') 0'41036 (43) 0'98112 (82) 0'34077 (35) 

(Brown & Todd, 1952). The nucleotide exists in the 
characteristic zwitterion form with N(1) of  the base 
protonated by one of the phosphate protons. A similar 
finding was made by Kraut & Jensen (1963) in 5'-AMP 
and by Shefter, Barlow, Sparks & Trueblood (1964) 
in AUP. In the pyrimidine nucleotide, 3'-CMP, N(3) 
of  the cytosine ring was found to be protonated (Sun- 
daralingam & Jensen, 1965a). 

The angle formed by the sugar and base planes is 
55 ° . This is lower than other values previously re- 

Base 
The torsion angle ~cN, as defined by Sundaralingam 

& Jensen (1965a) is - 3 . 9  °, and the low value is char- 
acteristic for the purine nucleosides and nucleotides with 
the 3' puckering of the sugar. Larger values for this 
angle are generally assumed by these compounds when 
the sugar displays 2' puckering. 

The plane of  the amino group is twisted through 
17.4 ° from the purine plane. The atoms comprising the 
purine ring are planar, but the substituents N(6) and 
C(I') are significantly displaced, 0.033 • and 0.084 A 
respectively, on the same side of the purine ring. The 
ribose carbon atom, C(I'), is out of the adenine plane 
by nearly 0.1 A, and the glycosidic C(I')-N bond makes 
an angle of about 3.5 ° with the base plane. Higher 
values for this angle have been observed in some other 
purine derivatives, viz. 5'-AMP (Kraut & Jensen, 1963) 
and deoxyadenosine (Watson, Sutor & Tollin, 1965). 
It may be noted that the phosphorus atom in 3'-AMP 
is 4.3 A from the base plane, while in 5'-AMP it is 
only about 1 ~, and in 3'-CMP it is approximately in 
the plane of the base. 

Bond lengths in the adenine cation (Fig. 2) are gen- 
erally in very good agreement with those found in the 
adenosine residue of  AUP (Shefter, Barlow, Sparks & 
Trueblood, 1964; and personal communication). The 
exceptions are N(9)-C(8) and C(I')-N(9), which are 
1.395 A and 1.446/~ respectively in AUP (cf. Fig.2). 
These differences are attributable to the differences in 
the rotation angles about the bonds C(I')-N(9) and 
O(I')-C(I') in the system -C(8)-N(9)-C(1')-O(1')-  
C(4')-. Apparently, rotation about single bonds invol- 
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Table  3. Anisotropic thermal parameters (Bt~) and estimated standard deviations of  non-hydrogen atoms 
The expression used for the temperature factor is exp [ -  (h2B1 ! -t- k2B22 -k- 12B33 + 2hkB12 + 2hlBl 3 + 2klB23)] 

Btt B22 B33 Blz B13 B23 
P 0.00396 (9) 0.00760 (39) 0.00401 (7) 0.00073 (15) -0.00049 (6) -0.00057 (13) 
0(6) 0.00558 (29) 0-01210 (129) 0.00578 (23) 0.00127 (43) -0.00138 (20) 0.00003 (38) 
0(8) 0.00635 (30) 0.01675 (125) 0.00456 (21) 0.00157 (47) -0.00023 (20) -0.00283 (40) 
0(7) 0-00947 (37) 0.00802 (135) 0.00581 (25) 0.00435 (52) -0.00126 (23) -0.00040 (41) 
O(Y) 0.00481 (28) 0.01351 (110) 0.00462 (21) 0.00113 (45) -0.00102 (19) 0.00126 (38) 
0(9) 0-01160 (42) 0.01322 (135) 0.00570 (24) 0.00324 (63) -0.00145 (25) -0-00137 (47) 
O(10) 0.00849 (36) 0-01414 (118) 0.00485 (22) 0.00197 (53) -0.00025 (22) -0.00033 (44) 
O(5") 0.00700 (33) 0.01093 (116) 0.00691 (27) -0.00057 (50) 0.00051 (23) -0.00324 (46) 
O(1") 0.00436 (27) 0.00867 (108) 0.00564 (22) -0-00016 (41) -0.00014 (19) -0.00136 (38) 
O(2') 0.00905 (39) 0.04064 (200) 0.00340 (23) 0-00671 (70) -0.00076 (22) -0.00013 (50) 
N(1) 0.00572 (33) 0.00859 (131) 0.00397 (24) 0"00076 (49) -0.00002 (22) -0.00091 (40) 
N(3) 0.00614 (35) 0.01133 (136) 0.00342 (22) 0.00140 (51) -0"00068 (22) -0.00108 (42) 
N(7) 0.00847 (42) 0.01123 (148) 0.00360 (23) 0.00186 (58) -0.00122 (24) -0.00110 (41) 
N(9) 0.00481 (31) 0.00780 (140) 0.00318 (22) 0.00145 (43) -0.00062 (20) 0.00009 (35) 
N(6) 0.00705 (39) 0.01322 (150) 0-00483 (26) 0.00294 (56) -0.00231 (25) 0.00038 (45) 
C(2) 0.00560 (37) 0.01249 (155) 0-00439 (28) 0.00046 (72) -0.00041 (24) 0.00021 (59) 
C(4) 0-00548 (37) 0.00299 (137) 0.00358 (25) 0.00012 (51) -0.00013 (23) 0.00007 (42) 
C(5) 0.00460 (36) 0.00900 (140) 0.00444 (27) 0.00153 (55) -0.00060 (26) -0.00080 (49) 
C(6) 0.00545 (36) 0.01211 (149) 0.00432 (26) 0.00017 (70) -0.00049 (24) 0.00095 (58) 
C(8) 0.00713 (41) 0.01507 (167) 0.00344 (26) 0.00180 (69) -0.00085 (26) -0.00134 (55) 
C(I') 0.00603 (39) 0.00871 (144) 0.00309 (25) 0.00120 (57) 0.00044 (24) 0.00075 (45) 
C(2') 0.00536 (35) 0.01048 (149) 0.00453 (27) 0.00097 (68) -0.00081 (24) -0.00094 (58) 
C(3') 0.00510 (37) 0.01094 (144) 0.00364 (26) 0.00021 (58) -0-00075 (24) 0.00014 (49) 
C(4') 0.00444 (36) 0.01070 (157) 0.00367 (26) -0.00020 (56) 0.00025 (24) 0.00041 (47) 
C(5') 0.00719 (46) 0.00791 (159) 0.00479 (30) -0.00020 (62) 0-00036 (29) -0.00113 (52) 

Table  4. Positional coordinates with estimated 
standard deviations of hydrogen atoms 

x/a y/b z/c 
H(N1) 0.956 (6) -0-156 (14) 0.196 (5) 
H(2) 0.839 (9) -0.015 (10) 0.044 (4) 
H(N6) 0.966 (6) 0.022 (12) 0.467 (5) 
H(N6') 1.038 (5) -0.109 (12) 0.378 (4) 
H(8) 0.701 (7) 0.672 (15) 0.415 (6) 
H(I') 0.683 (4) 0.679 (9) 0.115 (4) 
H(2') 0.468 (5) 0.390 (11) 0.139 (4) 
H(Y) 0.389 (5) 0.596 (10) 0.281 (4) 
H(4') 0.439 (4) 0.973 (8) 0.172 (3) 
H(5') 0.419 (7) 0.898 (15) 0.407 (6) 
H'(5') 0.312 (5) 1-019 (11) 0.334 (5) 
H(O5') 0.428 (6) 1"250 (11) 0.401 (5) 
H(O7) 0"143 (6) 0-256 (15) 0"139 (5) 
H(O2') 0.386 (7) 0.637 (15) 0.012 (5) 
H(O10) 0.263 (7) 0.481 (14) 0.446 (6) 
H(OI0') 0.364 (6) 0.573 (15) 0.542 (5) 
H(O9) 0.089 (4) 0.115 (9) - 0-006 (3) 
H(O9') 0.186 (6) -0.040 (15) 0.033 (5) 

Table  5. Hydrogen atom temperature factors, using (a) 
Me Weeny and (b) Stewart, Davidson & Simpson scat- 
tering factors, compared with those of the non-hydrogen 

atoms (c) to which they are attached 
(a) (b) (b) - (a) (c) (b) - (c) 

H(N1) 3.2 (1.5) 5-8 (1.7) 2.6 2.4 3-4 
H(2) 0.5 (0.9) 2.4 (1.0) 1.9 2.4 0.0 
H(N6) 2.1 (1.1) 3.9 (1-3) 1.8 2.8 1.1 
H(N6") 1.4 (1-0) 3.5 (1.2) 2.1 2.8 0.7 
H(8) 4.5 (1.7) 6.1 (1-9) 1.6 2.7 3.4 
H(I ')  0-2 (0.8) 1-9 (0.9) 1.7 2.3 -0 .4  
H(2') 1.1 (1.0) 3-2 (1.1) 2.1 2.5 0.7 
H(Y) 0"8 (0"9) 2-5 (1"0) 1"7 2"2 0"3 
H(4') -0 .3  (0-9) 1.5 (0.9) 1.8 2.1 - 0 . 6  
H(5') 3.6 (1.6) 5.9 (1.9) 2.3 3.1 2.8 
H'(5') 1.8 (1.1) 3.7 (1.2) 1.9 3.1 0.6 
H(O5') 1.2 (1.1) 3.4 (1.3) 2.2 3"2 0.2 

Table  5 (cont.) 

(a) (b) (b ) - (a )  (c) (b)- (c)  

H(O7) 3.2 (1.4) 5-8 (1.7) 2.6 2.9 2-9 
H(O2') 2-9 (1-4) 5.7 (1.8) 2.8 3-5 2.2 
H(O10) 3.0 (1-3) 5.5 (1.6) 2-5 3.5 2.0 
H(O10') 3-4 (1.4) 5.6 (1.6) 2.2 3.5 2.1 
H(O9) - 0.1 (0.8) 1-8 (0.9) 1.9 3.8 - 2.0 
H(O9') 3-7 (1.5) 5.9 (1-7) 2.2 3.8 2-1 

r ing  he te ro -a toms  car ry ing  lone pai r  e lectrons has  an 
influence on the b o n d  distances and  bond  angles (Sun- 
da ra l i ngam,  1965; A l t o n a  & Sunda ra l i ngam,  1966). 
The  b o n d  lengths of  Y - A M P  ( K r a u t  & Jensen,  1963) 
are on an average  a b o u t  0.02 A grea ter  than  tha t  found  
in 3 ' - A M P .  This d iscrepancy appears  to be indicative 
o f  possible er rors  in the cell d imensions  o f  Y - A M P ,  
which  were measu red  photographica l ly .  

Ribose 

The r ibose r ing is puckered  with C(3')  displaced by 
0.562 A f r o m  the best  f o u r - a t o m  plane of  the fu ranose  
ring, and  on the same side as C(5') .  The  roo t -mean-  
square  d i sp lacement  o f  the a toms  fo rming  the plane 
is 0.015 A. The pucker ing  of  the r ibose when described 
as a twist  of  the C(2 ' ) -C(3 ' )  bond  relative to the plane 
C(1 ' )O(1 ' )C(4 ' )  is C(3')-endo-e(2')-endo, where C(Y) 
and  C(2')  are displaced by 0.620 and  0.075 A respect-  
ively on the same side as C(5') .  Therefore ,  this precise 
analysis  establishes the fact  tha t  the la t ter  c o n f o r m a t i o n  
is indeed a possible mode  of  pucker ing  o f  the fu ranose  
r ing and  lends suppor t  to the pucker ing  observed in 
ca lc ium thymidy la te  (Trueblood,  H o r n  & Luzzat i ,  
1961; Sunda ra l i ngam,  1965). The differences in the 
r ibose c o n f o r m a t i o n  are best seen when one considers  
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the conformation angles (as defined in Fig.3) about 
the ring bonds. For 3'-AMP these angles are: 

{oo(a')-,.c(x') = - 3 " 0  °, ¢c( t ' ) - , .c(z ' )= - 19"7 °, (,0c(z')-,.c(3") 

= 3 3 . 9  °, ¢c(3 , )_ , .c (4 , )=-36.6  ° and ec(4,)._,.ou,)=24.8 °. 

The conformation angles of the type H - C - C - H ,  
abbreviated as H-H,  in the carbohydrate residue are 
as follows: H(I ' ) -H(2 ' )=  79 °, H(2')-H(3')= 50 °, H(3')- 
H(4 ' )= - 167 °, H(4')-H(5') = 178 ° and H(4')-H'(5') = 
59 ° . In the absence of substitution effects these con- 
formation angles would be correlated with their spin 
coupling constants obtained from proton magnetic 
resonance spectra (Karplus, 1959). Jardetzky (1960, 
1961, 1962) and Lemieux (1961) have had some suc- 

cess in applying the above correlation to assign specific 
conformation of the furanosides in solution. The H-H 
conformation angles obtained in the solid state may 
prove useful in understanding substitution effects on 
the Karplus (1959) equation. 

The conformation angle O(2')-C(2')-C(3')-O(3') is 
43 ° while those in 5'-AMP and Y-CMP are 53 ° and 
- 4 8  ° respectively. It is of interest to compare the con- 
formation angle O(3')-C(3')-+C(4')-C(5') in 3'-AMP 
(83°), 5'-AMP (76 °) and 3'-CMP (151°). The above 
angles imply that only furanose rings that exhibit C(3')- 
endo* puckering as in 3'-AMP and 5'-AMP, or C(2')- 
exo puckering as in sucrose (Brown & Levy, 1963; 
Sundaralingam, 1965), can lend themselves to the for- 
mation of the Y,5'-cyclic phosphates. 

An uncommon conformational feature of the ribose 
moiety is that the orientation of the C(5')-O(5') bond 
with respect to the ring bonds C(4')-O(1') and C(4')- 
C(Y) is gauche and trans respectively with conforma- 
tional angles O(1')-C(4')-+C(5')-O(5') and C(3')-C(4') 
---~C(5')-O(5') of 56.7 ° and -171.7 ° respectively. The 
only other known compound that displays the above 
conformation is deoxyadenosine (Watson, Sutor & Tol- 
fin, 1965; Sundaralingam, 1965). 

The rotation of the C(5')-O(5') bond about the C(4')- 
C(5') bond appears to have an influence on the exo- 
cyclic angle C(3')-C(4')-C(5'), for in the gauche-gauche 
conformation of C(5')-O(5') this angle averages about 
117 °, while significantly smaller values are acquired for 
the gauche-trans conformation, as found in this work 
(114.3 °) and in deoxyadenosine (113.7°), and in the 
trans-gauche conformation as in 5'-fluoro-2'-deoxy-fl- 
uridine (114.6 °) (Harris & Maclntyre, 1964). 

Although the bond lengths in the rlbose (Fig.2) 
resemble those found in similar compounds, there are, 
however, a few notable differences in the bond angles, 
which probably is a consequence of the differences in 
the ribose conformation. For instance, the angle O(I ' ) -  
C(4')-C(Y) of 103.1 ° and O(1')-C(1')-C(2') of 108.6 ° 
are markedly different from each other, the former 
being the largest reported value and the latter is the 
smallest. Likewise, the internal angles involving C(2') 

* C(Y)-endo means C(Y) is displaced on the same side of the 
best four-atom plane as C(5'), while C(2')-exo means C(2') is 
displaced on the opposite side, 

.319 

' ~ ~ ~ 9 "  ~.38'~ A :~ 

1477~ 
1 5 2 6 ~  1.516 

1134/,~ gYh'~ 

7 125 2~ ( &  11o ,_~ 

!~22 

Fig.2. Bond lengths (~,) and bond angles (°) involving the 
non-hydrogen atoms. Solid lines indicate the positions of 
the double bonds in the ground state structure. The average 
estimated error in the different bonds is: P-O 0.003 A, 
C-O 0.005 N, C-N 0.006 A and C-C 0.006 A, and that of 
the angle is 0.3 ° (0-1 ° for the angles involving P). The small 
errors in the cell constants do not significantly affect the 
estimated errors in the bond length. 

~-3 

Fig. 3. The conformation angle ¢, for example, of the bond 2-3 
is here defined as the angle made by the projection of the 
bond 3-4 relative to the bond 1-2 when viewed in the direc- 
tion of the bond 2 --+ 3; positive angles are measured clock- 
wise from the near bond (1-2) to the far bond (3-4). 
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and C(3') are significantly different. Both the exocyclic 
angles associated with C(3') are greater than the ideal 
tetrahedral value, while one of the exocyclic angles 
involving C(2'), namely C(1')-C(2')-O(2') of 106.1 ° is 
not only significantly less than the tetrahedral value 
but is less than any of the reported values for this angle. 

Phosphate 
The estimated standard deviation in the P-O bond 

is about 0.003 A, and thus from Fig. 2 we can see that 
all of the four P-O bondsare different from each other. 
The agreement between the P-O bond lengths as found 
here and in similar phosphate groups is unsatisfactory 
(Sundaralingam & Jensen, 1965b). 

Of interest is the comparison of the phosphate con- 
formation in Y-AMP and Y-CMP. In both compounds 
the proton on the phosphate oxygen has been located 
and this permits us to compare the conformations of 
the chain -C(Y)-O(3')-P-O-H, as shown in Fig. 4. The 
conformation (gauche) angle O(Y)-P---~O(7)-H is about 
the same in both the cases (ca. -70°), but the confor- 
mation of C(Y)-O(Y)--~P-O(7) is distinctly different, 
about - 7 7  ° (gauche) in Y-AMP and about 171 ° (trans) 
in Y-CMP. The former may be designated as the folded 
(gauche-gauche) conformation and the latter the semi- 
folded (gauche-trans) conformation. A literature survey 
of the known phosphates reveals the fact that they fall 
into one of the two conformations cited above, ir- 
respective of whether the proton is substituted by a 
carbon, as in the phosphodiester anion, or not (Sun- 
daralingam, to be published). The conformation angles 
formed by the P-O(Y) bond with respect to the sugar 
ring bonds C(Y)-C(4') and C(Y)-C(2') are -91  ° and 
158 ° in Y-CMP, and -123  ° and 121 ° in 3'-AMP. The 
latter values are similar to those found in vitamin B12 
(Hodgkin, 1964). 

Hydrogen atoms 
The use of McWeeny scattering factors for hydrogen 

results in anomalously low temperature factors for the 
hydrogen atoms, (cf. columns (2) and (5), Table 5; see 
also Jensen & Sundaralingam, 1964; Sundaralingam 
& Jensen, 1963). But the more recent f~r curve of 
Stewart, Davidson & Simpson (1965) produces hydro- 

o5' 
c' 5', ot~i 

3'-CMP 3'-AMP 

Fig.4. Comparison of the conformations of the ribophosphate 
residues in 3'-CMP and 3'-AMP. Note the differences in the 
rotation angle about the P-O(3') bond. 

e," 

gen temperature factors which are generally greater 
than those of the heavy atoms to which they are at- 
tached (Jensen, 1965), and in agreement with expecta- 
tions (column (3), Table 5). Even now, three of the 
hydrogen atoms possess temperature factors which are 
less than their associated heavy atoms. The reason for 
this behavior is not obvious and may well be due to 
inaccuracies in the measured intensities. However, the 
scattering factors from both the above sources produce 
practically identical values for the covalent bond lengths 
involving the hydrogen atoms. In fact, the individual 
differences in the bonds obtained from the two scat- 
tering factors are less than 0.1a of the hydrogen co- 
ordinate. Bond lengths and bond angles involving the 
hydrogen atoms obtained from thef~  curve of Stewart 
et al. are shown in Table 6. The composite Fourier 
map obtained after subtracting the scattering due to 
the non-hydrogen atoms is illustrated in Fig. 5 which 
clearly shows all of the hydrogen electron densities. 

Hydrogen bonding 
An interesting scheme of three-dimensional hydro- 

gen bonds holds the molecules rather firmly in the 
crystal lattice (Figs. 6 and 7). Hydrogen bond lengths 
are presented in Table 7, and hydrogen bond angles 
are shown in Table 7 and Fig.8. When symmetry 
related atoms are involved the specific symmetry opera- 
tion is shown in square brackets. The ribose 5' hydroxyl, 
the water hydroxyl O(10)-H(O 10'), and the atoms related 
to these by the screw axis at ½, 0, ½ form an infinite 
hydrogen-bonded fourfold helix (Fig.6). The water 
oxygen atom 0(9), within the error of determination 
of the hydrogen atoms, forms a trigonal planar system 
of hydrogen bonds, two O - H . . .  O and one O - H . .  • N. 
One of the H - O . . .  H angles is close to the tetrahedral 
value, 111 o, while the other, 133 °, is considerably larger. 
The sum of the hydrogen bond angles around 0(9) is 
358 °. Nearly planar trigonally disposed hydrogen bonds 
for water molecules were first reported by Jeffrey and 
his associates in barbituric acid dihydrate (Jeffrey, 
Ghose & Warwicker, 1961) and cytosine monohydrate 
(Jeffrey & Kinoshita, 1963). The O - H . . . O  hydrogen 
bonds involving the other water oxygen, O(10), are 
geometrically similar to the hydrogen bonds involving 
0(9), except that O(10) is engaged in a fourth hydrogen 
bond, ( C - H . - .  O) (see below). 

C - H . . .  O hydrogen bond 
Sutor (1963) has summarized the evidence for the 

existence of C - H . . . O  hydrogen bonds in the solid 
state. In Y-AMP the presence of the electronegative 
nitrogen atoms N(7) and N(9) on either side of C(8) 
enhances the electronegativity of this carbon atom, 
thereby making it suitable for hydrogen bonding, 
which is evidenced by the short H(8). . -  O(10) distance 
of 2.24+0.06 A. A value considerably less than the 
sum of the van der Waals radii for oxygen and hydro- 
gen (2.60 A). It may be noted, however, that the C(8)... 
O(10) distance of 3.262 A is greater than the van der 
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Waals  contact distance (3.10 A). Therefore, it is im- 
portant  to locate hydrogen atoms to help decide 
whether one is confronted with a van der Waals  con- 
tact or a hydrogen bond. 

The phosphate  oxygen atoms O(6), 0(8)  and ribose 
oxygen atoms 0(2 ' )  and 0(5 ' )  form a pattern of hydro- 
gen bonds similar to that described for 3 ' -CMP (Sun- 
dara l ingam & Jensen, 1965a). However, in 3 ' -AMP, 
0(7)  of  the phosphate is involved in only a donor  hyd- 

rogen bond, viz. P - O - H . . .  O - H  (Fig.6) which is the 
shortest in the structure, 2.619 A. The monovalent  an- 
ionic phosphate monoester  group always forms a very 
short hydrogen bond that involves the hydroxyl group, 
suggesting that  the O - H  is highly polarized; other 
examples are 3 ' -CMP, P - O - H . - - - O - P  2.532 A and 
5 ' -AMP, P - O - H .  • • O--  P 2.525 A. The latter hydrogen 
bonds are even shorter than that found in 3 ' -AMP 
probably because of  the phosphorus atoms at both  

Table 6. Bond lengths and bond angles &volving covalently bonded hydrogen atoms* 

O(7)--H(O7) 1.09 A N(6)-H(N6') 0.92 ,~ 
O(9)--H(O9) 0.78 C(2) -H(2) I. 10 
O(9)--H(O9') 0-94 C(8) -H(8) 1.03 
O(10)-H(O10) 0.85 C(I')-H(I') 1.01 
O(10)-H(O10') 1.10 C(2')-H(2') 1.09 
0(5') -H(O5') 0.89 C(Y)-H(Y) 0.95 
O(2") -H(O2') 0.87 C(4')-H(4') 0-95 
N(1 ) -H(N 1 ) 1" 10 C(5')-H(5') 0-98 
N(6) -H(N6) 0-81 C(5')-H'(5') ] -02 

P------O(7) --H(O7) 111 ° N(9) -C(I')-H(I') 106 ° 
H(O9)--O(O9)-H(O9') 114 C(2')-C(I')-H(I') 110 
H(O10)-O(10) -H(O10') 112 O(2')-C(2')-H(2') 110 
C(5')---O(5')--H(O5') 102 C(1')-C(2')-H(2') 124 
C(2') ---O(2')--H(O2') 103 C(3') -C(2')-H(2') 105 
C(2) ---N(1) --H(N1) 115 O(Y)-C(Y)-H(Y) 111 
C(6) ---N(I) --H(N1) 122 C(2')-C(3')-H(Y) 112 
C(6) ---N(6) --H(N6) 120 C(4')-C(3')-H(3') 106 
C(6) ---N(6) --H(N6') 113 O(1 ')-C(4')-H(4') 104 
H(N6) -N(6) --H(N6') 126 C(Y)-C(4')-H(4') 114 
N(1) ---C(2) --H(2) 117 C(5')-C(4')-H(4') 111 
N(3) ---C(2) --H(2) 117 O(5')-C(5')-H(5') 106 
N(7) ---C(8) --H(8) 122 O(5')-C(5')-H'(5') 107 
N(9) ---C(8) --H(8) 125 C(4')-C(5')-H(5') 116 
O(I')---C(I ')--H(I') 113 C(4')-C(5')-H'(5') 110 

H(5')-C(5')-H'(5') 107 

* Average estimated standard deviation in the bonds is 0.06/~ and in the angles is 4 °. 

(09') t ~  

H(07) 

H (02') 
H(2'} 

H(I') 
,if2) 

H(NI) 

H (5 , )~H(4 ' .~)  

H'(5') 

. . . . . . .  

~ H(OIO') 1 

\ 
H(N6) J 

N6') 

Fig. 5. A composite difference Fourier synthesis showing the hydrogen atoms. Contours plotted at intervals of 0"05 e.~ -3, begin- 
ning at 0"1 e,~ -3, 
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ends of the hydrogen bond. There is another short 
hydrogen bond (2.695 A) in the structure, involving 
N(1) of the base and the phosphate oxygen 0(6). Note 
the proton transfer from 0(6) to N(1). This type of 
hydrogen bond is so characteristic of the nucleotides 
that it can be employed as a constraint in proposing 
packing models for these compounds. 

The amino hydrogen H(N6') participates in a nearly 
linear hydrogen bond with 0(8) of the phosphate in 
an adjacent unit-cell, N-H.  • • O 2.856 A. It is not clear 
whether the other amino proton is hydrogen bonded 
to N(7) of a neighboring molecule, since the N-H.  • • N 
distance is 3.016 A and the N - H . . . N  angle is 105 °. 

H(O2') probably is simultaneously involved in an 
intramolecular hydrogen bond to the ester oxygen 
O(3'), H(O2') . . .O(3')=2.22+0.06 A and O(2 ' ) . . .O 

(3')=2"776 A, and a hydrogen bond to N(3) at l - x ,  
½+y, - z ,  0(2') . . .N(3)=2.941 A. 

lntramolecular distances 

The closest C . . . O  intramolecular distance in the 
structure is 3.143 A, involving the base atom C(2) at 
x, 1 +y, z, and the ribose ring oxygen O(1') (Table 8). 
The latter atom appears to show a tendency to form 
close contacts with neighboring base atoms, rather than 
participate in hydrogen bonding. On the other hand, 
pyranose ring oxygens are noted for displaying intra- 
molecular hydrogen bonding. Shefter & Trueblood 
(1965) recently reported a very short contact (2.74 A) 
between the ribose ring atom O(1') and an adjacent 
base atom C(4), in the crystal structure of barium 
uridine-5'-phosphate. Although such interactions are 

t 
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)~... "oi,o), ~ " ~ 8  H(OIO "" ) N(T) 

"""" :.':" ~::~ H(OIO ) "" 
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Fig.6. The (010) projection of the structure, illustrating the hydrogen bonding scheme; the reference molecule is indicated by 
solid lines. 
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Fig.7. A view of the structure along one half of the c axis. Note the ribose ring oxygen pointing towards the adjacent base. 

\ 
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Fig. 8. Some of the bond angles involving the hydrogen bonds. 

unlikely to occur in the Watson-Crick double helices 
of DNA (Crick & Watson, 1954; Langridge, Marvin, 
Seeds, Wilson, Hooper, Wilkins & Hamilton, 1960) 
and ribonucleic acid (Spencer, Fuller, Wilkins & 
Brown, 1962; Langridge & Gomatos, 1963; Tomita & 
Rich, 1964), nonetheless they may play a role in stabi- 
lizing certain conformations of the non-double helical 
regions of transfer ribonucleic acid. 
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Table 7. D•tances and angles involving hydrogen bonds 
"Ihe numbers in square brackets indicate the symmetry related atoms, and those without square brackets belong to the reference 

molecule (Table 2). 

[1] x, y, z [7] x, -- 1 +y, z 
[2] l --x,  ½+y, --z [8] - - l + x ,  y, z 
[3] l - x ,  -½+y ,  --z [9] - - l + x ,  l+y ,  z 
[4] 1 - x ,  ½+y, 1 - z  [10] --x, ½+y, --z 
[5] x, 1 +y, z [11] 2 - x ,  ½+y, 1 - z  
[6] 1 +x,  y, z [12] 1 - x ,  --½+y, 1 - z  

0(6) O(9)[10] 2"717 A N(6) 0(8)[7] 2"856 A 
0(6) H(O9)[10] 1"97 H(N6') 0(8)[7] 1-97 
0(9) O(7)[1] 2"610 O(2') N(3)[2] 2"941 
0(9) H(O7)[1] 1"56 H(O2") N(3)[2] 2"25 
O(5') O(10)[4] 2"856 N(6) N(7)[11] 3"076 
O(5') H(O10')[4] 1"93 H(N6) N(7)[11] 2"76 
O(5') O(10)[5] 2"758 N(3) 0(9)[2] 3" 131 
H(O5') O(10)[5] 1 "88 N(3) H(O9')[2] 2"40 
O(10) 0(8) 2"791 C(8) O(10)[4] 3"262 
H(O10) 0(8) 2"01 H(8) O(10)[4] 2"24 
N(1) 0(6)[7] 2.695 O(2') O(3') 2.776 
H(N1) 0(6)[7] 1.61 U(O2') O(3') 2.23 

P 0(6) ------H(O9)[10] 
0(6) - - - - -H(O9)[10]  -O(9)[10] 
O(7)------H(O7) ........ 0(9) 
H(O7) - - - -0(9)  - - - - - -H(O9)  
H(O7) - - - -O(9) - - - - - -H(O9 ' )  
O(5') - - - - -H(O5')  O(10)[5] 
H(O5')----O(10)[51---H(O10)[51 
H(O5')----O(10)[5]---H(O10')[5] 
C(5') -----O(5')  - - - - H ( O  10')[4] 
H(O5')----O(5') - - - - -H(O 10')[4] 
O(5') - - - - -H(O 10')[41-O(10)[4] 
H(O 10')[4]-O(10)[4] ---H(8) 
H(O 10)[4] -O(10)[4] ---H(8) 
H(8)-----O(10)[4]---H(O5')[12] 
C(8) - - - - - -H(8)  -----O(10)[41 

152 ° 
163 
157 
111 
133 
167 
109 
137 
104 
113 
141 
103 
105 
80 

174 

O(10) --H(O 10) --0(8) 154 ° 
N(1)---H(N1) ---O(6)[71 168 
N(6)---H(N6')---O(8)[7] 162 
H(N6')-O(S)[7]---P[7] 118 
O(2') --H(O2')---N(3)[2] 100 
H(OE')-N(3)[2]---C(4)[2] 140 
H(O2')-N(3)[2]---C(2)[2] 96 
O(2') --H(O2")---O(Y) 121 
N(3)---H(O9')[2]-O(9)[2] 135 
C(2) - - -N(3)-  H(O9")[2] 110 
C(4) - - -N(3)- - - -H(O9' ) [2]  118 
N(6)---H(N6) ---N(7)[11] 106 
H(N6) -N(7)[11]--C(5)[I 1] 117 
H(N6) -N(7)[11]--C(8)[6] 116 

0(1') 
c(5') 
0(6) 
0(7) 
c(2) 
0(6) 
o(3') 
o(2') 
0(53 
o(9) 
o(8) 

Table 8. The shortest intermolecular distances* 

C(2)[5] 
O(10)[4] 
C(4)[8] 
C(6)[8] 
0(9)[6] 
C(2)[9] 
0(9)[5] 
O(2')[2] 
N(9)[5] 
N(1)[81 
N(7)[4] 

3"143/~ 0(8) N(6)[41 3"388 .~ 
3"233 O(10) N(7)[4] 3.395 
3.286 C(5') H(O10')[4] 2.660 
3-298 H(O2') C(2)[2] 2.710 
3.313 H(O10') C(5)[4] 2.762 
3.372 H(I') 0(9)[2] 2.612 
3.185 O(2') H(4')[3] 2.675 
3.263 0(9) H(2)[2] 2.693 
3.307 H(O10') N(7)[4] 2.697 
3.340 H(O5") H(O10)[5] 2.304 
3.378 

* See Table 7 for designation of numbers in square brackets. 
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The crystal structure of 1-phenyl-2-(2-pyridyl)ethanedione-l,2 has been determined from three-dimen- 
sional intensity data and refined by the least-squares method with anisotropic thermal parameters. 
The positions of all the hydrogen atoms were found by a three-dimensional difference Fourier synthesis 
and included in the refinements. The crystal is monoclinic, space group P21/c, a= 11.45, b=6.55, 
c=14.60A and B=90"4 °. The molecular configuration is quite close to that of 2,2'-pyridil, 1,2-di- 
(2-pyridyl)ethanedione-l,2. The molecule consists of two planar parts, one of which contains a pyridine 
ring, a carbonyl group and its adjacent carbon atom, and the other contains a phenyl group, a carbonyl 
group and its nearest carbon atom; the angle between the two planes is 88-1 °. The carbonyl oxygen 
of the phenyl part of the molecule is shifted from the plane by 0.1 A. The characteristic feature of the 
crystal structure is plane-to-plane parallel stackings formed by pairs of pyridine rings and phenyl planes. 
The difference between the melting points of the present crystal and 2,2'-pyridil is discussed in terms 
of the difference in their crystal structures. 

Introduction 

The crystal structure of 1,2-di-(2-pyridyl)ethanedione- 
1,2 (pyridil) (II) has been reported by two of the present 
authors (Hirokawa & Ashida, 1961). The mode of 
packing of the molecules in the crystal is unique; in 
short, it shows a plane-to-plane stacking made by 
four almost parallel pyridine rings, with interplanar 
distances corresponding to the normal van der Waals 
contact. The molecular conformation of 1-phenyl-2- 
(2-pyridyl)ethanedione-l,2 (hereafter called PPED) (I) 
is supposed to be similar to that of pyridil; however, 

~ J  

O O 
i~/ ~ /  

Q i 0 
I 
i 

I i 

(I) PPED (II) Pyridil 

"'"OH 
J ~ J  

HO,, 

(II1) Pyridoin 


