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Crystal and Molecular Structure of a Naturally Occurring 
Dinucleoside Monophosphate. Uridylyl- ( 3’-5’) -adenosine 
Hemi hydrate. Conformational “Rigidity” of the Nucleotide 
Unit and Models for Polynucleotide Chain Folding?’ 

J .  Rubin, T. Brennan, and M. Sundaralingam* 

ABSTRACT: The crystal structure of a naturally occurring 
dinucleoside monophosphate, uridylyl-(3 ’-5 ’)-adenosine 
(UpA), has been determined using three-dimensional X-ray 
intensities. UpA crystals are monoclinic, space group P2,, 
with unit cell parameters a = 16.961 (6), b = 12.350 ( 2 ) ,  
c = 11.245 (3) A, a n d p  = 95.88 (2)”. There are two indepen- 
dent molecules of UpA and a molecule of water per asym- 
metric unit. The structure was solved by a combination of 
Patterson, Fourier, and tangent refinement methods. All 
50 hydrogen atoms were located in difference-Fourier maps. 
Structure refinement was carried out by the full-matrix 
least-squares method to a final residual of 4.0z using 3187 
observed reflections. The standard deviations in bond dis- 
tances (angles) range from 0.002 to 0.004 A (0.2’) for the 
phosphodiester groups and from 0.006 to 0.011 A (0.3 to 
0 6’) for the base and sugar residues. The UpA molecules 
exist as zwitterions; the adenine base is protonated at N(l)  
while the phosphate is negatively charged. The molecular 
dimensions of the nucleoside and nucleotide units are gen- 
erally in good agreement with the values found in the corre- 
sponding monomer structures. Similarly, the nucleotide 
moieties are in the preferred conformation as found for the 
mononucleotide structures: anti glycosyl torsion angle and 
gauche,gauche conformation about the C(4’)-C(5 ’) bond. 
All four riboses exhibit the same puckering, C(3 ’)-endo,-C(2 ’)- 
exo (T2), which is one of the two preferred conformations 

I t might be said that modern molecular biology had its 
beginnings when the double helical structure of DNA was 
elucidated by Watson and Crick (1953a). The structure of 
DNA immediately lent itself to an understanding of gene 
replication (Watson and Crick, 1953b). What knowledge we 
have of the secondary and tertiary structures of helical nucleic 
acids (as, for example, A-DNA (Fuller er al., 1965), B-DNA 
(Langridge et al., 1960), C-DNA (Marvin et al., 1961), and 
RNA-11 (Arnott et a/., 1967) has been derived largely from 
X-ray diffraction studies of nucleic acid fibers and of nucleo- 
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found for the sugars. However, the two UpA molecules are 
markedly different in their overall conformations due mainly 
to the differences in the rotations about the P-O(5’) and 
P-O(3’) ester bonds. UpAl exhibits the (-)gauche,trans 
conformation for the phosphodiester group while UpA2 
exhibits the (+)gauche,(+)gauche conformation. Both 
conformations are different from the (-)gauche,( -)gauche 
conformation found for the phosphodiester group in the 
accurately analyzed double-helical polynucleotide structures. 
The conformation of UpA2 provides a model for the forma- 
tion of hairpin loops in polynucleotides as, for example, 
the anticodon loop of tRNAs. The structure of UpA taken 
in conjunction with the available 5 ’-nucleotide structures 
indicates that tertiary folding of a polynucleotide chain is 
achieved primarily through conformational changes in the 
phosphodiester function. The Watson and Crick comple- 
mentary base pairing is not observed in this structure. Rather, 
the crystal structure may be considered as made up of alter- 
nate sheets of self-paired uracil and adenine bases lying on 
the 402 planes with an average separation of 3.4 A between 
planes. Both base-base and base-ribose O(1’) interactions 
are found in UpA. The water molecule, which lies close to 
the plane of the uracil bases, is trapped in a pocket where it 
is hydrogen bonded to five oxygen atoms of adjacent UpA 
molecules. The structure demonstrates both intramolecular 
and intermolecular C-H . . ’ 0  hydrogen bonding. 

side and nucleotide single crystals in combination with model 
building. Detailed stereochemical data on the constituents of 
nucleic acids provide the main basis for constructing molecular 
models of nucleic acids and polynucleotides. Consequently, 
considerable interest has been generated for the study of 
nucleoside and nucleotide crystal structures by single crystal 
X-ray diffraction techniques. Such studies on the monomers 
have resulted in a number of rules governing the stereo- 
chemistry of the constituents of the nucleic acids and poly- 
nucleotides (Sundaralingam, 1969, and references therein). 
In our continuing studies on the structures of the nucleic acid 
constituents, we now report the molecular and crystal struc- 
ture of the naturally occurring dinucleoside monophosphate, 
uridylyl-(3 ’-5 ’)-adenosine, UpA (I). A preliminary communi- 
cation on this work has been published (Rubin et al., 1971). 
An independent study of the same crystal structure has also 
been published (Seeman ef al., 1971). UpA represents an 
essential link between the structural studies of the single 
crystal monomers and the polynucleotide fibers because it 
provides direct information on the conformation about the 
internucleotide 3 ’ , 5  ’-phosphodiester linkage that is present 
in all naturally occurring polynucleotides (Brown and Todd, 
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1952; Dekker et al., 1953). The value of the study of UpA is 
further enhanced by the presence in the crystal structure of 
two independent molecules of UpA having very different 
overall conformations but similar conformations for the 
nucleotide moieties. This information on the apparent con- 
formational rigidity of the nucleotide unit (with respect to  
rotation about the glycosyl bond, the C(4')4(5') bond and 
the C(5')-0(5') bond) and the conformational flexibility 
in the phosph'odiester group provides the basis for a better 
understanding of the stereochemistry of polynucleotides. 

Moreover, the excellent quality of the UpA crystals has 
made possible the measurement of an accurate set of X-ray 
intensities. As a result, we have been able to  refine the atomic 
parameters of the 79 nonhydrogen atoms to about the same 
precision as those of the mononucleotides, and to  locate 
unequivocally the positions of all the hydrogen atoms present 
in the dinucleosides. This has allowed a detailed description 
of the hydrogen-bonding scheme which will undoubtedly be 
also important in understanding the tertiary structures and 
functions of nucleic acids. 

Experimental Section 

Crystal Data. A purified sample of UpA was obtained 
from Zellstoffabrik Waldhof, Mannheim, West Germany. 
The compound crystallized readily from saturated methanol- 
water (4:l) solutions (pH 3.2) forming large clear prismatic 
crystals (Figure 1). Preliminary oscillation and Weissenberg 
photographs indicated the crystal system to be monoclinic. 
The systematic absences, OkO, k = 2n + 1, indicated the space 
group P2,, PZ1/rn being ruled out since the dinucleoside is 
optically active. The cell constants were determined by a 
least-squares refinement of the 28 values of 12 medium-angle 
reflections carefully measured on a diffractometer. The 
relevant crystal data are given in Table I. The experimental 
crystal density was in agreement with the calculated density 
assuming four formula weights of UpA (CL9H2,N,O,,P) in the 
unit cell, that is, two independent molecules of UpA per 
asymmetric unit. However, during the structure analysis two 
water molecules were also located in the unit cell. Therefore 
the asymmetric unit of structure is composed of two UpA 
moletules and one water molecule. 

Three-dimensional X-ray intensity data were collected by 
the 8-28 scan technique with a scan speed of ZO/min on a 
Picker automated four circle diffractometer using Ni-filtered 
Cu radiation (X = 1.5418 A). Approximately 4000 indepen- 
dent reflections were recorded up to Z@,., = 127' using 3' 
scans for each reflection and 10-sec background counts on 

FIGURE 1 : Photomicrographs of a crystal of UpA in two orientations 
showing the crystallographic axis. The approximate crystal dimen- 
sions are0.5 X 0.35 X 0.15 mm. For the X-ray work thecrystal was 
mounted about the a axis. 

either side of the peak. A reflection was considered observed 
if the intensity I > l.Su(l) where u(I) = [I8... + Ib~gdl'/*. 
On this basis there were 3187 observed reflections which con- 
stituted 8OZ of the scanned reflections, and 60% of the total 
available in the sphere of reflection (X(Cu KO) = 1.5418 A). 
The intensities were corrected for the usual Lorentz and 
polarization effects, but neither absorption nor extinction 
corrections were applied. 

Structure Solution. The two independent phosphorus atoms 
in the structure were located through an analysis of gradient- 
sharpened origin removed three-dimensional Patterson 
functions using Eoa - 1 values as coefficients, where E is the 
normalized structure amplitude. The Patterson function of 
the space group P2, contains only one Harker section located 
at D = ' I2 representing the vectors (2x, 22) between each 
atomic position (x, y, z) and its screw axis related one (x, 'I2 + 
y, i). The Harker section of the UpA Patterson function 
computed using all intensity data (Figure 2a) revealed one 
predominant peak at  u = 0.35, w = 0.70. A second Patterson 
map was calculated employing only the higher angle re- 
flections with sin @/A > 0.5. Such a map should indicate more 
strongly the phosphorus-phosphorus vectors due to the 
relatively large X-ray-scattering factors for phosphorus at 
high angles. In fact, the latter technique had been used 

TABLEI: CrystalDatafor UpA. 

Crystal System: Monoclinic 

Unit Cell Dimensions 
Space group: P2, 

a (4) 16.961 f 0.006 
b (A) 12.350 f 0.002 
c (A) 11.245 f 0.003 
0 (deg) 95.88 f 0.02 

Observed density (g cm-3 

Calculated density (g c w 8 )  

1.625 (by flotation in 
CClr&HBr,) 

1 ,626 (assuming four 
formula units of 
CIOH~&OLZP) 

1.651 (4(CLoH,,N7- 
OnP) + 2H20Y 

2, plus a molecule of Number of molecules of UpA 

"The presence of the water molecule was shown in the 

per asymmetric unit water 

difference-Fourier refinement (see text). 
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FIGURE 2: The Patterson-Harker section at c = and the section 
at w = 0 showing the P-P vectors. The positions marked with solid 
circles were assumed as representing the P-P vectors in the initial 
work, while the crosses indicate the P-P vectors generated from the 
final structure. Notice that the final P positions are considerably 
shifted from the initial position. 

succcssfully in the structure determination of puromycin 
(Sundaralingam and Arora, 1969). The Harker peak at  u = 
0.35, w = 0.70 in the Patterson function using the high-angle 
data became even more pronounced while all of the remaining 
peaks in the Harker section were greatly diminished. This 
suggested that the peak a t  u = 0.35, w = 0.70 was due to the 
accidental overlap of the Harker vectors from the two inde- 
pendent phosphorus atoms of UpAl and UpA2. This would 
occur in the special cases where the two phosphorus atom 
coordinates were related by either of the following relation- 
ships: Ax = 0, Az = 0; Ax = 0.5, Az = 0; or  Ax = 0, Az = 
0.5. The first phosphorus atom could immediately be assigned 
coordinates x = 0.175, z = 0.35. The origin along the b axis 
is arbitrary in this space group, and a value of y = 0.25 was 
assigned to the atom. Determination of the relative position 
of the second phosphorus atom required the location of the 
P(l)-P(2) cross vector in the three-dimensional Patterson 
function. The Patterson section of z = 0 gave a very large 
peak a t  u = 0.5 and I: = 0.35 (Figure 2b), which was com- 
patible with the observed Harker overlap discussed above. 
This permitted the determination of the coordinates of the 
second phosphorus atom which were x = 0.675, y = 0.90, 
z = 0.35. 

The two phosphorus positions were used to determine the 
phases of those reflections with E 2 1.5. These phases were 
then refined by the application of the tangent formula (Karle 
and Hauptman, 1956). The E map computed using the refined 
phases clearly revealed the positions of the two independent 
adenine bases, the attached ribose C(1') atoms and the phos- 
phate oxygen atoms. The adenine bases were self-paired 
through the interbase hydrogen bonds N(6)-H. . .N(7). 
However, it was riot immediately apparent if the Watson and 
Crick sites of the bases were involved in the complementary 
pairing. The tangent refinement was repeated using the 30 
atomic positions located at  this stage as the phasing model. 
The resultant E map clearly revealed one of the uracil bases 
and parts of the other uracil base and riboses. It was clear 
a t  this point that the Watson and Crick complementary 
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pairing was absent in UpA. A total of 54 atoms were used in 
subsequent difference-Fourier calculations which revealed the 
remaining nonhydrogen atoms including the water oxygen. 

Structure Refinement. Initially, the structure was refined by 
the block diagonal least-squares method with all 79 non- 
hydrogen atoms having isotropic thermal parameters. This 
was followed by full-matrix least-squares refinement of the 
positional and isotropic thermal parameters of one UpA 
molecule at  a time resulting in an R value of 0.12. The non- 
hydrogen atoms were then subjected to two cycles of full- 
matrix least-squares refinement with anisotropic thermal 
parameters for the atoms; the R value dropped to 0.063. 
The refinement was carried out in four overlapping blocks 
containing the parameters of one nucleotide unit in each 
block because of the limitations in computer storage space. 
At this stage, a difference-Fourier map was computed which 
revealed the positions of 46 of the 50 hydrogen atoms. The 
hydrogen atom positional and isotropic thermal parameters 
were subjected to two cycles of refinement, which was followed 
by two cycles of refinement of the heavy-atom parameters; 
the R was 0.043. Eight of the refined hydrogen atoms were 
removed because they had refined to unreasonable positions. 
A difference-Fourier map, however, revealed the correct 
location of these eight hydrogen atoms in addition to the 
remaining four not found in the earlier difference map. 
Although one of the water and several of the hydroxyl hydro- 
gen atoms appeared in the difference electron-density maps 
somewhat smeared and diffuse due to thermal motion, the 
hydrogen electron-density peak heights (0.4-0.6 e A-3) were, 
in general, about three times as large as background peaks. 

U p  to this stage weights based on counting statistics were 
used in the refinement (Stout and Jensen, 1968). However. an 
error plot of ~ A F ~  cs. ( ~ i F o !  - : F c ~ l )  over different ranges 
of ~Foi indicated that the curve could be approximated better 
by the following Hughes (1941) type of weighting scheme 

1 
if IFo/ > 10.0 and < 45.0, = 1 . 5  

K 

The above weighting scheme was used in the subsequent 
refinements ; eight intense reflections apparently suffering 
from secondary extinction were given zero weight. In  the 
final refinement the shifts in all of the atomic parameters were 
less than two-tenths the esd's. The final R values are 0.040 
for the 3179 observed reflections, and 0.060 for all 4024 
observed and unobserved reflections. The corresponding 
weighted R values are 0.050 and 0.052, respectively. 

Atomic scattering factors used throughout the refinement 
are from Cromer and Waber (1965) (CNOP) and from Stewart 
et al. (1965) (H). 

Results 

The final positional and thermal parameters for the non- 
hydrogen atoms and hydrogen atoms including their esti- 
mated standard deviations are listed in Tables I1 and 111, 
respectively. The thermal vibration ellipsoids of the heavy 
atoms are represented by the drawings in Figure 3. The atoms 
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FIGURE 3 :  The thermal vibration ellipsoids for the nonhydrogen atoms in (a) UpAl and (b) UpA2. The ellipsoids were scaled to include 40z 
probability surfaces, The drawings were made using the ORTEP program (Johnson, 1965). The atom numbering is also indicated (also, see 
text). 

have been labeled according to the conventional numbering 
scheme used for nucleosides. Throughout the text the letters 
U, A, and R have been appended to  the atom labels to 
designate uracil or adenine base and ribose sugars, and the 
numbers 1 and 2 for UpA molecule 1 and molecule 2. The 
bond distances and angles involving the nonhydrogen atoms 
of the four bases, four riboses and two phosphodiester residues 
are shown in Figure 4. The average estimated standard de- 
viations in bond lengths and angles for the various residues 
are given in Table IV. Bond distances and bond angles in- 
volving the hydrogen atoms fall in the usual range for X-ray 
determination and are summarized in Table V. 

Discussion 

Zwitterionic Character of UpA. The location of the hydrogen 
atoms attached to the N(l)  position of the adenine bases 
unequivocally establish that the adenine residues in both 
UpA molecules are protonated by the phosphate protons. 
Therefore, both UpA molecules exist as zwitterions con- 
taining cationic adenine bases and anionic phosphodiester 
groups. All of the known crystal structures of adenine and 
cytosine mononucleotides also exist as zwitterions with 
protonation at N( l )  of adenine (Sundaralingam, 1966; 
Sundaralingam and Jensen, 1965b) and N(3) of cytosine 
(Sundaralingam and Jensen, 1965a). Since the present study 
also indicates that adenine is protonated (pH 3.2), it is 
reasonable to expect cytosine-containing dinucleosides to be 
also present as zwitterions at low pH. 

Molecular Dimensions of UpA. The molecular dimensions 
of UpA are shown in Figure 4. 

Adenine Cations. It has been shown earlier (Sundaralingam 
and Jensen, 1965b; Sundaralingam, 1966) that a protonated 
adenine ring shows marked differences in bond distances and 
angles compared to the neutral species. In particular, the 
bond length of N(l)-C(6) increases while C(6)-N(6) de- 
creases, and concomitantly bond angles N(l)-C(2)-N(3) 

and N(l)-C(6)-C(5) decrease while C(2)-N(l)-C(6) in- 
creases. Such changes are observed in the adenine residues 
of both UpA molecules (Figure 4a). The bond distances and 
bond angles involving the nonhydrogen atoms of the adenine 
bases of UpA molecules 1 and 2 (A1 and A2) are generally in 
agreement with each other and compare favorably to those of 
other N(l) protonated adenine compounds (Rao and Sun- 
daralingam, 1970; Voet and Rich, 1970). 

Uracil Bases. The bond distances and bond angles involving 
the nonhydrogen atoms of the uracil bases of UpAl and 
UpA2 (U1 and U2) are shown in Figure 4a. As with A1 
and A2 the dimensions of U1 and U2 generally agree with 
each other and with those of other uracil compounds (Voet 
and Rich, 1970). It appears that in both U1 and U2 the C(4)- 
O(4) bond distance is slightly longer than the C(2)-0(2) bond. 
At the same time the exocyclic bond angles involving the 
carbonyl group at C(4) are more asymmetric than those in- 
volving the carbonyl group at C(2). The same trend is found 
in other uracil compounds and probably reflects the differ- 
ences in the local environments of C(2) and C(4) rather than 
differences in hydrogen bonding to the carbonyl oxygen 
atoms (Shefter etal., 1969). 

Riboses. The bond distances and bond angles involving the 
nonhydrogen atoms of the four sugar rings are shown in 
Figure 4b. The dimensions of the riboses attached to  the 
adenine base of molecules 1 and 2 (RA1 and RA2) are 
essentially the same, as are those of the riboses attached to U1 
and U2 (RU1 and RU2), and are in agreement with the values 
found earlier (Sundaralingam and Jensen, 1965b). All four 
sugars exhibit C(3 ’)-endo,C(Z‘)-exo ring puckering. In each 
case the two atoms that show the largest deviations from the 
furanose ring plane are involved in the smallest two endo- 
cyclic angles, the smaller of which being involved with atom 
C(2’) that shows the second largest puckering from the five- 
atom plane. There are also cases known where the smallest 
endocyclic angle is associated with the atom that shows the 
largest puckering from the five-atom plane (Sundaralingam, 
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TABLE I1 

POSKTIONK AN0 THERMAL PARAMETERS OF NONHYOROGEN ATOMS I N  UPAl 

A T O M  

N f l 1 A  
C t 2 ) A  
N131A 
C t I  1A 
Ct51A 
C t 6 M  
N161A 
Nt71A 
Cf8 )A  
Nt  9tA 
Nf 11U 
c t 2 1 u  
o t 2 1 u  
N l 3 1 U  
c t 9 1 u  
OtP1U 
C I S I U  
C f 6 1 U  
C t l * 1 A  
Ct2’1A 
Ct3’1A 
C t 4 ’ 1 A  
CtS*1A 
Ot1*1A 
0 t 2 * 1 A  
Ot3.11,  
0t5.11, 
C t l * ) U  
Ct2 ’1U 
C t 3 * 1 U  
c t 4 * 1 u  
C t S * ) U  
o t 1 * 1 u  
Ot2’1U 
O t 3 ’ 1 U  
0 t 5 ’ 1 U  
P I 1 1  
0 1 1  1 
Of111 

X 

3 5 3 9 t  3 1  
3 9 5 2 t  3 1  
4 0 8 4 t  31 
3 7 3 0 t  3 1  
3 3 0 8 t  3 1  
3 1 9 4 t  3 1  
2 8 0 5 t  3 )  
30I6t  2 1  
3 2 8 1 t  3 )  
3 7 2 2 t  2 )  
3 9 8 5 t  31  
3 5 2 1 t  31  
3385 t 31  
3 1 9 2 t  3 )  
33336 4 )  
30356 3 1  
3 8 1 1 t  4 )  
4 1 2 3 t  I )  
41oot  I1 
3 5 2 9 t  I1 
3 4 1 8 t  3 1  
4 1 9 3 t  3 1  
4 1 6 9 t  3 1  
4 5 3 6 t  21  
3 8 7 5 t  I t  
3 2 1 4 t  31 
3 6 3 6 t  2 1  
4 3 9 1 t  3 1  
38701  3 1  
ClrJSt 31  
5 0 2 2 t  3 1  
5 3 9 5 t  31 
5 0 6 7 1  2 )  
I D 8 7 t  2 1  
4 0 3 4 t  2 1  
4 9 6 2 t  2 1  
3 3 5 5 t  1 1  
2 5 9 3 t  2 1  
3 3 7 7 1  2 1  

1 2 

1 0 7 4 7 t  3 1  7 0 4 6 t  3 1  
1 0 5 8 5 t  4 1  8 1 0 6 t  5 )  

9 6 4 4 t  3 1  8 6 4 I t  4 1  
8 8 3 6 t  5 1  7 9 7 3 t  I1 
8 9 0 5 t  4 )  6 8 8 0 t  4 1  
9 9 4 6 1  I1 6 3 4 8 t  1) 

1 0 1 1 5 t  3 1  5 3 1 2 (  9 1  
7 9 0 0 t  3 )  6 4 7 4  t 3 )  
7 2 5 8 (  4 1  7 3 3 7 t  I1 
7 7 5 3 t  3 1  8 2 8 6 t  3 1  
2 0 1 1 t  3 )  2 3 7 2 1  3 1  
2 0 4 4 t  I1 1 3 2 0 t  5 1  
2 8 7 4 t  3 1  7424  4 )  
1 0 7 0 t  4 1  9 1 I t  4 1  

7 7 t  I1 1 4 6 2 1  5 1  
-7434 3 )  9 7 2 t  4 1  

1 2 1 t  4 1  2 5 6 7 t  5 1  
1 0 5 6 t  C 1  2 9 7 9 t  I t  
7 2 6 8 t  4 )  9 3 8 5 t  9 1  
6 9 0 2 t  4 1  1 0 2 6 1 t  4 )  
5 7 0 9 t  4 1  9 9 6 3 t  9 1  
53696 4 1  9 5 I D t  I1 
45081  4 1  8 5 8 6 t  9 1  
6 3 4 5 t  3 1  9 0 6 8 (  3 1  
7 0 3 8 t  4 1  1 1 4 3 8 t  3 1  
5 1 4 3 t  3 1  1099Ot  3 )  
9 8 0 2 1  3 )  7 5 9 0 t  3 )  
3 0 3 7 t  4 1  2 7 8 0 t  4 1  
3 7 8 2 t  I1 3 9 8 0 t  4 1  
5 1 3 3 1  9 1  47426  4 1  
32276 4 1  4 7 0 3 t  4 1  
2 4 9 7 t  5 1  56I,4t  5 )  
2 7 9 2 t  3 )  3 5 3 5 t  3 1  
Y 8 8 3 t  3 1  3 2 8 3 1  3 )  
Y210t  3 1  5 6 5 7 t  3 1  
14554 3 1  5 5 8 5 t  3 1  
50031  1) 6 5 3 2 (  1 1  
91314 3 1  5 9 5 6 1  3 )  
2 8 5 2 1  2 1  6 9 i l t  3 1  

@ll 

3 6 t  31  
3 2 t  21  

356  21  
3 5 t  31  
2 8 4  21  
3 2 t  3 )  
9 4 t  31 
3 4 t  21  
9 2 1  31 
3 6 t  2 )  
3 8 t  2 1  
3 7 t  31  
6 2 t  3 1  
4 I t  3 1  
4 6 t  3 )  
5 3 t  31  
5 2 t  4 1  
4 9 t  4 1  
9 8 t  4 1  
5 3 t  4 1  
3 8 t  3 )  
3 2 (  38 
I 9 t  31  
3 2 t  2 )  

1 0 7 t  51 
5 7 t  31  
4 6 t  2 )  
3 0 1  31 
2 8 t  2 1  
2 8 t  21  
2 9 t  2 1  
4 o t  3 1  
2 9 t  21  
956  2 )  
9 o t  2 1  
4 5 t  21  
3 1 t  1 1  
3 3 t  21  
4 s t  21 

*22 

2 2 t  3 1  
1 8 t  I1 
2 1 t  3 1  
2 6 t  I1 
2 5 t  4 1  
1 9 t  4 1  
2 8 t  4 )  
2 5 t  4 )  
1 6 t  4 )  
2 1 t  3 1  
2 6 (  3 1  
3 3 t  5 )  
3 1 t  3 1  
3 9 t  4 )  
3 9 t  5 1  
3 5 t  3 )  
3 3 t  5 )  
3 7 t  5 )  
2 7 t  4 1  
2 6 t  4 )  
3 7 t  5 1  
2 6 t  4 1  
Z l t  4 1  
2 8 t  3 1  
5 3 t  9 )  
3 4 t  7 )  
2 0 t  3 1  
3 9 t  4 1  
2 6 t  4 1  
3 1 t  I1 
c o t  4 )  
5 4 t  5 1  
5 2 t  3 1  
3 2 t  3 1  
3 3 t  3 )  
4 5 t  3 )  
1 s t  1 1  
3 3 t  3 1  
1 8 t  3 )  

’33 
4 7 t  9 )  
6 6 t  6 )  
5 7 t  5 1  
4 3 t  5 1  
4 3 t  5 1  
5 1 t  5 1  
5 9 t  5 1  
5 1 t  5 )  
546 6 1  
4 o t  I1 
4 5 t  9 1  
5 9 t  6 1  
8 2 t  5 )  
6 1 1  6 1  
6 3 f  6 1  
8 7 t  5 1  
5 3 t  6 1  
4 9 t  5 1  
9 8 t  6 1  
4 1 t  5 1  
3 1 (  5 )  
4 7 t  5 )  
s o t  5 1  
8 8 t  5 1  
4 6 1  9 1  
5 2 t  7 )  
3 7 t  4 )  
9 9 t  5 1  
9 4 t  5 1  
9 2 t  5 1  
3 9 t  5 1  
7 1 t  6 1  
s o t  3 )  
67t  9 )  
5 l t  3 1  
got  5 )  
3 8 t  1 1  
7 6 1  4 )  
6 0 t  4 )  

@12 

- 2 t  2 b  
- 5 t  3 1  
-l( 3 1  

4 t  31 
5 t  3 1  
o t  3 1  
2 t  3 1  

- 3 t  2 1  
- 4 t  3 1  

1 t  2 1  
O f  3 b  

- 5 t  3 )  
- 9 t  3 1  
- 5 t  3 1  

9 t  I1 
-94 3 1  
- 3 t  3 )  

3t 3 1  
l t  3 1  

11f 4 1  
2 t  3 )  

- 3 t  3 1  
6 t  3 )  

-2 (  2 6  
- 1 s t  4 1  

- a t  9 1  
1 1 t  2 1  
- 5 t  3 1  
- 6 t  2 1  
- 3 t  3 1  

o t  3 )  
2 t  I1 
2 t  2 )  

- 7 t  2 1  
- 7 t  2 1  

5 t  2b 
1 t  11 
31 2 1  
64 2 1  

POSITIONAL AND ANISOTROPIC THERVAL PLRAMETEM A R E  x 104 
ANISOTROPIC TEMPERATURE FACTOR I S  OF T H E  FORM EXPt - t  8 1  h2 + . , . 292hk + , , . 
STAN3ARD DCVLATLONS REFER T O  THE LEAST SIGNIFICANT D I G i T S  

1 1  

’13 

-54 31 
- 4 1  4 1  
- 7 t  3 1  

3t  31 
-31 3 1  

5 f  31 
- 5 t  31  
-91 3 )  
-9t  9 )  
- I t  31 

2 t  31  
-61  3 )  

-211 3 )  
-74 3 )  

3 f  4 1  
It 3 1  
o t  91  

-9t  91 
- 1 2 t  4 )  

o t  4 1  
2 t  3 1  

- 1 6 t  3 1  
- 5 t  9 1  
-31 31 
-91 9 )  

61 4 1  
1 t  21  
21 31  

- 2 t  3 )  
1 t  3 1  

- 2 t  3 1  
-8 t  91 

o t  2 1  
-9 t  2 )  

8 f  21 
-111 31 

o t  1 1  
-11 t  21 

4 t  21 

’ 2 3  

9 t  3 1  
2 t  4 1  

- 7 t  3 1  
8( 4 1  

- l t  4 )  
81 9 1  
31 9 1  
34 3 )  
4 1  4 )  
9 1  3 1  

-7t 3 )  
-71  4 )  

31 3 )  
- 1 l t  4 1  

- 5 t  4 )  
- 17 t  31  

7 t  4 )  
8 t  4 1  
7 t  9 )  
2 t  4 1  

- 7 t  4 )  
7 t  4 )  
9t  9 1  

1 3 t  3 1  
2 t  4 1  

- l t  6 )  
o t  3 )  

-61 4 1  
- 8 t  3 )  
- 6 t  3 1  
-21 4 1  

s t  5 1  
-It 3 1  

3t  3 1  
-9 t  2 1  
1 9 t  3 1  

2f 1) 
9t  3 1  

11t 3 1  

1965; Sundaralingam and Jensen, 1965b). In each sugar the 
0(1 ’)-C(4’) distance is longer than the 0(1 ’)-C(1 ’) distance 
as noted previously (Sundaralingam, 1965). 

There are, however, some differences in bond distances and 
bond angles between the two types of sugars, RA1 and RA2, 
on one hand, and RU1 and RU2, on the other. The most 
significant differences involve the glycosyl bond distances and 
the exocyclic angles about C(3’). The purine N(9)-C(1’) 
glycosyl bond lengths (1.461 and 1.464 A) are shorter than 
the pyrimidine N(l)-C(l ) glycosyl bond lengths (1.492 and 
1.494 A) as has been observed previously (Lin et ai., 1971). 
In both RA1 and RA2 the angle 0(3’)-C(3’)-C(4’) is mark- 
edly greater than angle O(3 ’)-C(3 ’)-C(2’), whereas in R U l  
and RU2 the reverse is true. This change is attributable to 
the presence of the phosphate group at C(3’) in the R U  
moieties. In  addition, the C(3’)-O(3’) bond distances of the 
hydroxyl groups in RA1 and RA2 are shorter than those of 
RU1 and RU2 which carry the phosphate group. In general, 
the C-O(H) bonds are lengthened upon phosphorylation 
(Sundaralingam and Jensen, 1965b). The C(2 ’)-O(2’) bond 
lengths also increase in the R U  residues with the presence of 
the adjacent 3‘-phosphate groups. Similar though less signifi- 
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cant differences occur between the RA and R U  moieties at 
the 5 ’  side, ciz., the angles about C(4’) and the C(4’)-C(5’) 
and C(5 ’)-O(5’) bond distances. 

There appears to be additional trends in the differences 
between the adenine and uracil riboses in UpA: the adenine 
ribose rings have smaller C(l  ’)-O(1 ’)-C(4’) bond angles, 
larger 0(1 ‘)-C(4’)-C(3 ’) angles, shorter C(l ’)-C(2 ’) and 
C(3’)-C(4’) bond distances and longer 0(1 ‘)-C(1 ’) and 
0(1 ’)-C(4 ‘) bond distances than the corresponding values in 
the uracil sugars. Some of these latter differences are within 
three esd’s and thus they do  not pass the usual criteria of 
significance. Nevertheless, the trends may be real, reflecting 
the combined effects of pyrimidine and phosphate substitution 
at  C(1’) and O(3’) cs. purine and phosphate substitutions 
at  C(l ’)and O(5’). 

Phosphodiester Groups. The phosphodiester groups are 
negatively charged since the only phosphate proton has been 
transferred to the N(l)  sites of adjacent adenine bases. It is 
believed that the phosphodiester groups of the nucleic acids 
also exist as anions under physiological pH’s, with the im- 
portant difference that in the complementary double-helical 
nucleic acids N(1) of adenine is not protonated. The crystal 



S T R U C T U R E  O F  URIDYLYL-(3'-5')-ADENOSINE 

ATOM 

Nt  1 I &  
C t Z 1 4  
N t 3 1 a  
Ct91A 
e t 5 8 4  
C t 6 ) L  
N t 6 ) A  
N t 7 ) A  

N t 9 ) L  
Nt 1 )U 
C t 2 W  
Ot21U 
N t 3 W  
c t 9 1 u  
o t 9  )U 
c t s 1 u  
C t 6 1 U  
C t 1 * 1 A  
Ct2 '1A 
C t 3 * 1 A  
C t 4 * ) A  
C t S * l A  
O t l * ) A  

0 ( 3 * 1 A  
O t S * 1 A  
C I l * ) U  
C t Z * ) U  
C t 3 * ) U  
C t 4 * ) U  
C t S * ) U  
o t 1 * 1 u  
0 t Z ' ) U  
0 t 3 * ) U  
OtS'1U 
P t 2 )  
O f 1 1  
OtII) 

O t Y )  

c t 8 1 a  

o t z * j a  

TABLE II (Continued) 

P O S ~ T I O N K  AND THERMAL PARAMETERS OF NONHYOROOEN ATOMS I N  UPA2 

X 

1 7 9 1 t  3 )  
1 3 3 6 t  91 
l l 1 O t  31 
14201: 31 
1 9 0 6 t  31  
2 1 1 3 t  31  
2 5 2 5 t  3 )  
21uot  31  
1 7 0 8 t  31 
1 2 8 6 t  31  
1 1 4 7 t  3 )  
1 7 7 4 t  41  
2 1 3 0 t  2 )  
199Ot  31  
1 6 0 5 t  9 )  
1 8 3 4 t  3 1  

9 7 7 t  5 1  
I U S (  4 1  
7 3 3 t  3 1  
- 8 9 t  3)  
- 3 9 t  3 )  
4 7 6 t  31 
9 5 3 t  91 

1 0 2 3 t  21 
- 6 2 9 t  2 )  
- 7 8 0 1  31  
1 4 3 3 t  21 

8 6 0 t  3)  
1 3 6 7 t  3 )  

9 2 9 t  3 )  
6 6 t  3)  

- 4 9 5 1  9 )  
got  2 )  

1 3 1 6 t  2 1  

- 1 8 4 t  31  
1 7 6 2 t  1 1  
1 8 7 8 t  21 
2 4 3 3 t  2 1  

21Q1t 3 )  

i a 2 8 t  21  

1 

5 6 8 6 t  3 )  
5 8 5 2 t  4 1  
6 7 8 4 t  3 1  
7 b 0 9 t  4 1  
7 5 3 5 t  4 )  
6 5 0 2 t  4 1  
6 3 1 2 1  3 )  
8 5 5 6 t  3 1  
9 2 l l t  4 1  
86951  31 

1 0 5 9 4 t  4 1  
104991  5 1  
112974 3 )  

9 4 7 2 t  4 1 
85314 5 1  
7 6 6 4 t  4 )  
8 6 6 8 t  6 )  
9 6 8 7 t  6 )  
91611  4 1  
9 3 1 1 t  5 1  

104764 5 1  
1 1 0 2 5 t  4 1  
1 1 9 9 1 1  9 8  
101971  3 1  

9 2 1 7 t  4 1  
1 0 9 4 9 t  5 1  
1 1 6 7 5 t  3 1  
1 1 7 1 1 t  5 1  
1 2 2 6 7 t  4 1  
1 1 9 4 2 t  5 1  
1 1 9 5 9 t  6 1  
1 1 1 9 7 t  81 
1 1 6 4 3 t  4 1  
1 3 4 0 1 t  3 )  
1 2 6 9 5 t  3 1  
1 0 1 3 8 t  5 1  
1 2 5 5 5 t  1 1  
1 3 5 9 2 t  3 1  
120031  3 1  

3 8 0 7 t  4 1  

Z 

2 8 3 1 t  4 1  
1 7 8 0 t  5 1  
1 3 4 2 t  4 )  
2 0 2 6 t  4 1  
3 0 7 8 t  4 1  
3 5 3 7 t  4 1  
4 5 5 5 t  4 )  
3 5 3 7 t  4 1  
2 7 5 9 t  4 1  
1 8 3 2 t  3 )  
7 5 4 7 t  4 1  
8 9 0 1 t  5 1  
8 8 2 4 t  4 )  
8 7 6 6 t  4 1  
8 3 7 9 t  5 1  
8 8 4 7 t  5 1  
74854  7 1  
7 1 2 1 t  6 1  

8 8 4 t  9 1  
1 2 7 9 t  4 1  
1 7 4 5 t  5 1  

9 0 9 t  5 1  
1 3 9 0 t  5 1  

5 9 4 1  3 )  
2 4 1 (  3 )  

1 8 3 4 t  5 1  
2 4 5 1 t  3 1  
7 2 3 3 t  5 1  
6 3 5 3 1  5 1  
5 1 6 5 t  5 1  
5 9 2 3 t  5 1  
4 6 5 9 t  6 )  
6 6 5 7 t  3 )  
6 5 5 4 t  4 1  
9 2 1 2 t  3 1  
5 6 5 1 1  4 1  
3 4 3 9 t  1 1  
2 8 9 2 t  3 )  
4 1 5 3 t  3 1  

9 0 5 1 t  4 1  

fill 
37t  2) 
964 38 
4 7 4  3) 
2 8 t  21 
2 8 t  21  
2 4 t  21  
3 9 t  21 
344 21 
3 4 t  31  
3 4 1  21 
3 8 t  2 1  
3 8 t  31 
4 2 t  21  
3 9 t  21  
5 9 t  4 1  
7 8 t  91 
7 6 t  61 
5 9 t  4 1  
3 8 t  3 )  
331 31 
2 9 t  31 
3 8 t  31  
5 8 t  91 
S 1 t  21  
3 8 t  21  
9 6 t  31  
4 8 t  21  
3 5 t  3)  
3 4 t  3 1  
2 7 t  2 1  
3 2 1  31 
2 9 t  31 
3 2 t  2 1  
1 s t  21 
3 5 t  21 
6 3 t  3 1  
2 7 t  1) 
9 O t  21 
2 9 t  2 )  

lt8t 21 

structure of UpA provides invaluable information on the 
molecular dimensions of the 3 ' , 5  '-phosphodiester group under 
two different local crystal environments and for two con- 
formations. 

The bond distances and angles involving the two phospho- 
diester groups are shown in Figure 4c. The geometry around 
the phosphorus atoms is a highly distorted tetrahedron. As is 
normally the case those oxygen atoms involved in the phos- 
phodiester linkages show much longer P-0 distances than the 
anionic P-0 bonds (Sundaralingam and Jensen, 1965b; 
Sundaralingam, 1969; Shefter et al., 1969). At the same time, 
the valence angles involving the ester oxygen atoms O(3')- 
P-O(5') are much smaller than those involving the anionic 
oxygen atoms O(1)-P-O(1I). In UpAl the two ester P-0 b?nds 
are significantly different; the shorter value of 1.583 A is 
associated with the (-)gauche conformation ?bout the 
0(5')-P bond, while the longer bond of 1.610 A with the 
trans conformation about the O(3 ')-P bond. In addition, the 
valence angle C(5')-0(5')-P(l) is 5" larger than the valence 
angle P(1)-0(3 ')-C(3 '). The differences are mainly attribut- 
able to the different conformations about the P-0 ester bonds 
and to a lesser extent on the different linkages, 5' US. 3'. 

822 

2 l t  31 
3 7 t  5 )  
3 8 t  4 1  
2 8 t  9 1  
2 9 1  4 1  
3 1 1  4 1  
2 8 t  3 )  
3 3 t  31 
2 6 t  4 1  
2 6 t  3 )  
6 4 t  5 1  
6 2 t  6 1  
6 1 t  4 1  
5 2 t  4 1  
6 0 t  6 1  
5 4 1  4 )  
6 3 t  7 1  
9 4 1  7 1  
2 6 t  4 1  
5 9 1  5 1  
6 7 t  6 1  
344  4 1  
3 1 t  4 1  
2 7 t  3 1  
8 3 t  4 1  

1 3 3 t  3 )  
2 7 t  3 1  
6 1 t  5 1  
1 6 t  9 1  
6 4 t  5 1  
8 6 t  6 1  

1 4 2 t 1 0  1 
1 5 3 t  5 1  

5 1 t  3 1  
6 0 t  3 1  

1 J 1 t  5 1  
2 1 t  1 1  
2 3 t  3 1  
3 9 t  3 1  

6 4 t  3 1  

833 
6 1 1  5 1  
6 5 t  6 1  
5 9 t  5 1  
5 2 i  5 1  
5 1 1  5 1  
6 4 t  6 )  
6 4 t  5 1  
6 3 1  5 )  
5 8 t  5 1  
5 4 t  4 1  
5 9 t  5 1  
5 7 t  51  
8 2 t  4 )  
7 1 t  5 1  
7 2 t  6 1  

1 3 6 t  7 1  
1 1 2 t  9 1  

7 8 t  7 )  
3 7 t  4 1  
5 2 t  5 1  
6 5 t  6 1  
6 3 t  5 )  
6 7 t  6 1  
6 5 t  4 )  
7 0 t  4 1  

1 9 0 1  4 1  
6 5 t  4 1  
6 6 1  5 1  
6 8 t  5 1  
6 0 t  5 1  
7 0 t  6 1  
8 3 t  7 1  
6 1 t  9 1  
95t  5 1  
6 5 t  9 1  

l l t t  6 1  
4 3 t  1 1  
6 9 t  4 1  
7 8 t  9 )  

1 1 7 t  5 1  

812 '13 
2t  2 )  - Y 1  31 

-1t 3 )  -7 t  31 
1 1  3 )  -51  31  
1 t  3 )  -3t  31 

- 1 t  3 )  4 t  31 
2 t  3 1  -7 t  31 
31 21  -1st  31 

- 4 t  3 1  - 1 4 t  3J 
l t  2 1  -rot 31  

-8t 3 1  3t 31 
- 6 t  3 )  81 31 

-14 t  3 )  -5 t  31 
-It 3). 1 7 t  31 
-91 4 1  61 4 1  

o t  4 1  6 t  4 1  
-32t 5, 11 6 )  
-22t 5 )  -54 41 

- 4 t  3 )  -84 31 
-24 3 1  - Y t  3)  
1 2 t  3 )  - 3 t  31 

7 t  3 1  - 1 s t  31 
3t 4 C  -1st 41  
3t  2 1  9t 21 

- 1 t  3 )  -18 t  21 
@ I t  3 1  -24 31 

01 2 )  -1s t  2 1  
- 4 t  3 )  3t 31 
- 6 t  3 )  11t 31 
- 2 t  3 )  2 t  3) 

7 t  4 1  6 t  31 
- 1 t  5)- o t  41 

1 t  3 1  11t 21 
l o t  2 )  1 3 t  31 
1 2 t  2 1  9t  21 

-341 4 1  -3Ot 31 
2 t  1) - l t  11 

-3 t  2 1  a t  21 
ut 2 )  1 t  2 )  

- 6 t  3 1  a t  4 1  

-3 t  2 1  4 t  2 1  

'23 
01 3 )  

- I t  9 1  
4 t  3 1  

-11 4 1  
-2 t  4 1  

31 91  
8 t  3 )  
6 t  31 

- 1 1  4 1  
01 3 1  

- l t  91  
-3t  5 1  

5 t  4 1  
- l t  4 )  

-1ot  5 )  
- 2 t  5 1  
-24 7 1  
-9t 6 1  

I t  31 
34 4 1  

-2t  5 1  
- 4 t  4 1  

26 9 1  
9t 31 

- 1 t  4 1  
-23t  31 

-2t  31 
- 3 t  4 1  
-44 4 )  

94 4 )  
t t  5 )  
74 7 )  
6 t  3 )  

-5 t  31 
1 s t  3 1  
171  5 1  

3 t  1 1  
s t  3 1  

l o t  3 )  

- 8 t  3 )  

In UpA2 the conformations about the P-0 ester bonds are 
the same ((+)gauche) resulting in similar bond distances 
(1.603, 1.607 A) for the P-0 ester bonds. Thus, the linkage 
differences ( 5 '  us. 3') probably contribute to the small 
differences in the valence angles at O(3') and O(5'). In both 
molecules the anionic P-0 bond distances are different, being 
particularly significant in UpA2. 

Molecular Conformation. Stereoscopic views of the mole- 
cular conformation of UpA1, UpA2, and the corresponding 
dinucleoside portion of RNA-11 are shown in Figure 5 .  
A comparison of these conformations is given below. 

Base Planarity. The least-squares planes and atomic 
displacements for the pyrimidine and purine bases are given 
in Table VI. The displacements of atoms from the least- 
squares planes calculated for the nine-membered purine 
systems in A1 and A2 indicate that the adenine bases are not 
strictly planar. The dihedral angle between the pyrimidine 
ring and the imidazole ring is 2.2" in A1 and 2.1" in A2. 
Such noncoplanarity in purine ring systems is not uncommon. 
In A2 the substituent atoms N(6) and C(1') show large 
displacements from the base plane in the same direction. 
The six-membered pyrimidine rings in U1 and U2 are essen- 
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Q" 

123.6 

0(5')A% 

, 4 6 0 3  

FIGURE 4: The bond distances and bond angles in UpA: (a, upper) 
adenine and uracil bases, (b, middle) adenosine and uridine riboses, 
and (c, lower) phosphodiester groups. 
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Table  111 

Positional and Thermal Pa r sme te r s  of Hydrogen Atoms in UpAa 

X 

3S6 
q26 
2 7 6  
2 7 6  
3 2 3  
2 7 9  
3 8 8  
YY9 
44115 
3UY 
2 9 6  
Y5'1 
'(8 1 
4 0 8  
350 
3 U Z  
YYJ 
3 3 J  
382 
5'10 
6 0  1 
5 1 8  
3 9 2  
q 9 0  

1 9 6  
I I 8  
255 
265 
1 b 1  
233 

611 
2 6  
8 1  

- 1  I 
27 
l o  
51 

1 I 2  
- I  2 I  

- 8 9  
8 S  

I 9 6  
I 0 9  
- I 9  
- 5 Y  
- 9 9  
I67 
- 5 9  

I R 3  
2 5 0 

V 

1 1 3 3  
I I I 9  

9 5  I 
1073 

6 5 7  
I 1 7  
-41 
IO5 
7 8 4  
7 3 3  
5 6 7  
5 1 2  
'(33 
1106 
7 8 3  
4 b b  
3 4 2  
3 5 9  
2 7 7  
3 9 2  
2 3 9  
2 6 9  
483 
1 2 7  

5 0 8  
5211 
6 8 2  
5 5 7  
9 8 9  
9112 
8 0 6  
9 8 0  
068 
8 8 6  
0110 
1 9 1  
2 5 7  
2 2 5  
9 1 2  
I36 
I 9 7  
I 7 6  
L O R  
2 6 4  
1 6 7  
1 2 1  
375 
9 6 1  

3 7 9  
3 1 7  

Z R  

683 4 * 1 1  
841) 4.5 
5 0 0  7 . 7  
5 0 4  7 .3  
7 2 3  7-11 

2 1  11.2 
2 9 1  6.1 
3 7 7  4 . 3  
9 8 b  '4.1 

1 0 2 2  Y.8 
9 2 9  5.11 
1030 4.8 

8 2 7  5.8 
8 8 3  5 . 8  

1 1 6 7  9 1 4  
106 '1  9.Y 
200 3.2 
313 q v b  
Y 8 3  9 .6  
5 0 0  Y.5 
5 7 1  Y.7 
6 5 6  7.3 
2 3 7  7 . 0  
630 7 . 0  

2 9 6  Y.5 
1 2 8  9.8 
503 7 . 0  
1182 8.6 
302 6.0 
7 6 2  11.b 
7 1 6  9.9 
6115 4.6 
13 4 . 8  

2 0 0  Y.7 
2 5 9  11.8 

11 5.9  
162 6.0 
84 6 . 1  
112 5.6 

1 0 7  5.6 
816 5.8 
6411 2 . 3  
1187 11.0 
5 3 5  5.0 
3 9 7  6 0 9  
1192 b .9  
608 7.5  
4511 7.5 

9 2 5  6.0 
9 2 5  6.0 

a All hydrogen atom positions were obtained from differ- 
ence Fourier maps and most were refined (see text). Those not 
refined are marked by (-). Positional parameters of hydrogen 
atoms are X lo3 

tially planar (Table VI). In each case the O(4) carbonyl 
oxygen atom is displaced more than O(2). The C(1') sub- 
stituents show the largest displacements which are on the 
same side of the plane as those of the O(4) atoms. 

Ribose Puckering. The displacements of atoms from the 
least-squares planes of the five-membered sugar rings are 
given in Table VII. In all four cases the C(3') atoms are dis- 
placed most followed by the C(2') atoms. The C(3') atoms 
are displaced 0.456 (RAl), 0.584 (RUl),  0.555 (RA2), and 
0.555 A (RU2) from the best four-atom planes on the same 
side as C(5'), and the C(2')'s 0.453, 0.540, 0.519, and 0.536 A, 
respectively, from the next best four-atom planes on the 
opposite side as C(5'). Hence the puckering of the four ribose 
rings may be described as a twist conformation T2 (C(3')- 



S T R U C T U R E 0 F U R I D  Y L Y L - ( 3 '-5 ' ) - A  D E N 0 S I N  E 

TABLE I V :  A Summary of the Estimated Standard Derivatives 
in the Base, Ribose, and Phosphate of UpAl and UpA2." 
- 

0. (A) 
Range Av u (deg) 

Base A1 
u 1  
A2 
u 2  

Ribose RA1 
R U l  
RA2 
RU2 

Phosphate P1 
P2 

0.006-0.008 
0.006-0.008 
0.006-0.007 
0,007-0.011 
0,006-0,008 
0.006-0.007 
0,006-0.008 
0.006-0.010 

0.006 
0,007 
0.006 
0,008 
0.007 
0.007 
0.007 
0.007 
0.004 
0,004 

0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 4  
0 . 2  
0 . 2  

" A summary of bond distances and angles involving 
hydrogen atoms is presented in Table V. 

TABLE v : Bond Distances and Angles Involving the Hydrogen 
Atom." 

~~ 

Bond No. 
Distances Mean Range of Values 

Csp2-H 0 . 9 5  0.86-1 .06 8 
Csp3-H 1.07 0.65-1.18 24 
N-H 0.89 0.77-1.08 8 
0-H 0.97 0.76-1.21 8 
Ow-H 1.01 0.97-1 .05 2 

Csp2-Csp2-H 120 1 1 4-1 25 6 

CsprCsp3-H 108 95-24 36 
0-Cspa-H 111 104-119 8 

Angle 

N-CsprH 119 114-1 30 10 

N-Cspa-H 103 95-109 4 
Csp2-N-H 117 105-1 2 3 12 
Cspa-O-H 105 93-118 8 
H-Ow-H 114 1 

' The average esd's in the distances and angles are about 
0.08 A and 3O, respectively. 

endo,C(2')-exo) which is one of the preferred modes of 
puckering of ribose rings (Sundaralingam, 1969). The torsion 
angles about the ribose ring bonds and other conformational 
angles involving the ribose are given in Table VIII. These 
angles can be reduced to the pseudorotation parameters, the 
phase angle of pseudorotation and the amplitude of puckering 
(P ,  T ~ ) :  RAI (1.9, 31.3"), RA2 (8.6, 36.9'), RU1 (11.4, 38.6'), 
and RU2 (5.6, 38.7'); all these values fall within the ranges 
found for the purine and pyrimidine nucleosides and nucleo- 
tides (Altona and Sundaralingam, 1972). The conformation 
about the C(4')-C(5') bond is gauche,gauche in all four 
sugars (Table VIII) (Sundaralingam, 1965, 1969; Shefter and 
Trueblood, 1965); this is one of the preferred conformations 
for the nucleosides and the only conformation found for the 

TABLE VI:  Deviations of Atoms from the Least-Squares 
Planes of the Bases. 

Atoms A1 A2 Atoms U1 u 2  

N(l)  -0.025" -0.028" N(1) 0.005" 0.007" 
C(2) -0.007" 0.017' C(2) 0.007' -0.006" 
N(3) 0.020' 0.003" N(3) -0.020" 0.013" 
(34) 0.015' 0.017' C(4) 0.021" -0.019' 
(75) 0.018' 0.020' C(5) -0.010' 0.021" 
C(6) -0.001' -0.010' C(6) -0.003" -0.015" 
N(7) 0.024' 0.019' O(2) 0.025 -0.025 
C(8) -0.033' -0.015' O(4) 0.063 -0.093 
N(9) 0.012" -0.023' C(1') 0.133 -0.146 
N(6) 0.002 -0.094 O(1') 0.075 -0.536 
C(1') -0.021 -0.185 
O(1 '1 0.972 0.457 
rms A 0.020 0.018 0.013 0.015 
u(rmsA) 0.004 0.005 0.005 0.006 

" Atoms included in calculation of plane. Equations of the 
planes: Al ,  0.8888 - 0.128Y - 0.4412 = -0.541; A2, 
0.860X + 0.019Y - 0.5102 = 0.878; U1, 0.8578 - 0.156Y 
- 0.4912 = 
-6.200. 

3.862; U2, 0.693X - 0.067Y - 0.7182 = 

TABLE VII:  Deviations of the Atoms (A) from the Least- 
Squares Planes of the Riboses. 

RA1 RU1 

0.005' -0,041" 
0.108' -0.104' 

-0.178' 0.209" 
0 ,  184" -0,239' 

-0.119" 0.175 
0.737 -0.609 
0.135 0.170 
0.005 0.005 

RA2 RU2 

-0.  031" 
-0. 109" 

0 .  203" 
-0.  225" 

0.161' 

0.161 
0.005 

-0.634 

0 .  020" 
0.118" 

-0 .  210" 
0,226' 

-0. 153" 
0.686 
0.163 
0.006 

~ 

' Atoms included in calculation of plane. Equation of the 
planes: RAI,  -0.5188 + 0.003Y - 0.8552 = -12.106; 
RU2, 0.4228 + 0.897Y - 0.1352 = 6.055; RA2, -0.478X + 0.035Y - 0.8782 = -0.908; RU1, 0.214X - 0.968Y - 
0.1332 = -15.055. 

TABLE VIII:  Torsion Angles in the Riboses. 

7 0  9 . 0  4 . 7  6 . 5  8 . 2  
71 -24.9 -26.7 -26.6 -28.0 
7 2  30.7 36.9 35.7 40.2 3T? 
7 3  -26.3 -35.6 -33.1 -32.5 

$00 -67.8 -62.7 -62.3 1 7 ' 0  -67.5 4g.g0( 7 4  10.9 19.2 1 5 . 3  

$00 52.3 54.0 55 .9  
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FIGURE 5 : Stereoscopic views of the molecular conformations of (a, upper) UpAl, (b. middle) UpA2, and (c, lower) corresponding dinucleoside 
phosphate of RNA-I 1, all viewed normal to the adenine plane. 

known 5 '-nucleotides and polynucleotides (Sundaralingam, 
1972a,b). 

Glycosyl Torsion Angles. The torsion angles xcs (Sundara- 
lingam, 1969) about the glycosyl bond N(9)-C(lf) in the 
adenosine portions of UpAl and UpA2 are 48.7 and 35.5", 
respectively, and correspond to the anti (Donohue and 
Trueblood, 1960) orientation of the sugar relative to the 
base (Table IX). These values lie within the range of values 
observed in P-purine nucleosides and nucleotides (Sundara- 
lingam, 1969). The dihedral angle between the five-atom 
least-squares plane calculated for the ribose and the nine- 
atom least-squares plane calculated for the adenine base is 
94.8" for RAl and Al ,  and 87.8" for RA2 and A2. The 
xcS torsion angles about the N(1)-C(1') bond in the two 
uridine moieties of UpAl and UpA2 are 20.3 and 10.3", 
respectively, and correspond to the preferred anti conforma- 
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tion exhibited by P-pyrimidine nucleosides and nucleotides 
having C(3 ')-endo ribose puckering (Sundaralingam, 1969). 
The dihedral angle between the pyrimidine base and the 
ribose is 73.3" for U1 and RU1, and 72.0" for U2 and RU2. 
It is of interest to note that on the average the glycosyl 
torsion angles of the two uridine moieties are 27" smaller 
than those of the adenosine moieties. This difference may be 
due to the difference in the bases and/or to the relative position 
of the bases with respect to the phosphodiester group, ;.e., 
on the 3 ' or 5 ' side. 

Conformational Rigidity of the Nucleotide. Each UpA 
molecule may be considered as made up of two nucleotides, 
a 5'-AMP moiety and a 3'-UMP moiety, each sharing the 
same phosphate group. Accordingly they can be compared to 
the available data on these two classes of mononucleotides 
(Sundaralingam, 1969,1972). 
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TABLE IX: A Comparison of Torsion Angles of UpA, Mononucleotides, and Polynucleotides.' 

UPA 5'-Nucleotides 3'-Nucleotides Polynucleotides 
Bond Conformat ion 

UpA 1 UpA 2 AV Range Av Range Av Range Av 
~~ ~ 

C(1')-N C(3')-endo 48.7(A),20.0(U) 35.5(A),10.3(U) 28 12 to 44 30 4 to 28 16 -1 to 17 11 
- - 34 to 46 41 39 to 45 42 73 to 81 77 

P-O( 5' ) g+ - 83.6 64 to 72 69 61 - - 
t - - b -166 -127 - - 
g- -87.8 - -52 to -80 -68 -65 to -75 -70 -42 to -48 66 

O(5' )-C(5' ) one minimum -168.1 -157.7 -163 149 to -136 -173 - 143 to -162 -179 
C(5')-C(4') gg 52.3(A),54.0(U) 55.9(A),49.9(U) 53 40 to 66 54 43 to 50 46 34 to 69 53 

C(2' )-endo 

- - - gt 171 - 
tg - - - - - - 

C(k1)-C(3') C(3')-endo 93.4(A),90.5(U) 82.7(A),86.8(U) 88 75 to 87 82 82 to 84 83 78 to 83 80 
C(2') endo - - 145 to 153 150 144 to 152 149 141 to 145 143 

C(3')-0(3') one minimum -136.5 -158.0 -147 - -91 to -123 -114 170 to -144 -161 
O (  3' )-P g+ - 84.0 54 to 92 74 68 - 

- -148 t 162.7 b -153 171 
g- - - -69 -63 to -64 -64 -58 to -103 -69 

a The torsion angles for the 3'- and 5'-nucleotides are from Sundaralingam(,1969) and from the following structures 
which have been completed since: guanosine 5'-phosphate trihydrate(Murayama et al. ,1969), deoucytidine 5'-phosphate 
monohydrate(Viswamitr8 et al. ,1971) ,adenosine triphosphate trihydrate(Kennard et al. ,1971), rubidium adenosine 5'-di 
phosphate(F.M.Muller, private cornmication) and disodium uridine 3'-phosphate tetrahydrate(Viswamitra et al. ,1972). 
The trJrsion angles for the polynucleotides are from Sundaralingm(l969) and Arnott(l970) .bWhenever the conformations 
are separated byan energy barrier the average is not pertinent. CThe P-0(5') and P-0(3') angles for the 5'- and 3'- 
nucleotides involve the acid proton attached to the phosphate group. The latter angles are given here to show that 
they are pertinent to the understanding of the actual phosphodiester conformations (Sundaralingam,l969, 1972). 

5'-AMP Moiety. A comparison of the torsion angles of 
the 5'-AMP moieties of UpAl and UpA2 indicate that they 
have similar conformations. The glycosyl torsion angles are 
in the anti range, the conformation about the C(4')-C(5') 
bonds are gauche,gauche and the sugars exhibit C(3 ')-endo,- 
C(2 ')-ex0 ( T2) puckering. Similarly, the known 5 '-nucleo- 
tides show exclusive preference for the anti conformation 
about the glycosyl bond and the gg conformation about the 
C(4'),C(5 ') bond, together with either C(3 ')-endo or C(2')- 
endo sugar puckering (Table IX) (Sundaralingam, 1969; 
Rao and Sundaralingam, 1970 ; Sundaralingam and Abola, 
1972c,d). 

3'-UMP Moiety. The conformations of the two 3'-UMP 
residues of UpA are also very similar, with only small dif- 
ferences being observed in the various torsion angles. The 
largest difference (21 ") occurs in the conformation about 
the C(3')-O(3') bonds and appears to be correlated with 
the difference in conformation about the ester P-O(3') 
bonds (see below). As in the 5'-AMP residues, the glycosyl 
torsion angles are anti, the conformations about C(4 ')- 
C(5') bonds are gg, and the sugars exhibit C(3')-endo,- 
C(2 ')-ex0 ( T2) puckering. A comparison with other 3 '-nucleo- 
tides (Table IX) indicates that these nucleotides also prefer 
the anti glycosyl conformation, the gg conformation about 
C(4 '),C(5 ') bond and either C(3 ')-endo or C(2 ')-endo sugar 
puckering. However, 3 '-nucleotides appear to have more 
conformational flexibility about the C(4')-C(5 ') bond as 
evidenced by the gauche,trans conformation about C(4')- 

C(5') bond as, for example, in 3'-AMP (Sundaralingam, 1966). 
Nucleosides have not been shown here. They are found to 
exhibit all three staggered conformations about the C(4 '),- 
C(5') bond, gg, gt and tg, with a preference for the gg con- 
formation (Sundaralingam, 1965, 1969; Shefter and True- 
blood, 1965). In addition, the nucleosides occur in anti and 
syn conformation about the glycosyl bond with the pyrimi- 
dines showing a strong preference for the anti conforma- 
tion. 

Conformation of the Phosphodiester Groups. It is through the 
phosphodiester group that the 3 '-uracil and 5 '-adenosine 
moieties are linked to form UpA. The torsion angles about 
the P-O(5') bonds in UpAl and UpA2 are -87.8 and 83.6", 
respectively, while those about the P-O(3') bonds are 162.7 
and 84.0", respectively (Table IX). Thus, the phosphodiester 
conformation is (-)gauche,trans in UpAl and (+)gauche,- 
(+)gauche in UpA2. The important observation that the 
four nucleotide moieties of UpA have similar conformations 
has already been noted (Rubin et ai., 1971; Seeman et al., 
1971). The major differences, therefore, in the conformation 
of the two UpA molecules are in the torsion angles about 
both P-0 ester bonds (Figure 6). Likewise UpAl and UpA2 
differ from helical polynucleotides principally in the phos- 
phodiester conformation which is (-)gauche,( -)gauche in 
the latter. Although the conformation about the P-0(5') 
bond in UpAl is (-)gauche as in the helical polynucleotides, 
the conformation about the P-O(3') bond is trans and differs 
by 86" from the average value of the corresponding torsion 
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+,A2 RNfi- I  

FIGURE 6: A comparison of the conformations of the phosphodiester group in (a, left) UpAl, (-) gauche, trans; (b, middle) UpA2. (+)gauche, 
(+) gauche, (c, right) RNA-11, (-) gauche, (-)gauche (see text). A view along the intersection of the 0-I-0 planes. 

~ ~~~ 

TABLE x:  Hydrogen-Bond Distances and Angles.” 

A Symmetry Code - ______ - _ _ -  . __ 
A-H-B (deg) A-H.. . B  for B A-H H . .  . B  A . .  . . B  

Ib 0.77 1.91 2.615 153 
I1 0.80 1.85 2.590 152 

I11 0.83  2.23 2.938 144 
111 0.82 2.20 2.983 159 
111 0.82 1 .91  2.713 165 
I11 0.98  1 .90  2.803 151 

N(3)Ul-H.. .0(2)U2 IV 1 .00 1 .83  2,825 174 
N(3)U2-H.. .0(4)U1 V 1 .08  1 .84  2.910 172 

V 1.21 2.05 3.107 144 
O(2 ’)RA2-H. .Ow IV 1.17 1 .60  2 742 165 

111 0.76  2 30 2.834 128 
0(3’)RA1-Hc.. ’0, 111 0.76 2.49 3.194 155 
O(3 ’)RA2-H. . .0(4)U2 VI 1 .oo 2 27 2.826 114 

IV 1 . 0 3  1 .90  2.857 152 
I 0.94  1 .80  2.635 1 so 

VI1 0.85  2 .43  2.750 103 
VI11 0.85 2.29 3.096 157 

C-H . . .O Hydrogen Bonds 
IX 0.96  2.25 3,181 163 

d 0 .86  2 .31  3.100 152 
C(8)A2-H. . O(5 ’)A2 d 0 .89  2.32 3.092 145 

d I .03 2.17 3.162 160 
d 1.06 2 .13  3.101 161 

_ _ _ _ _ _ _ _ _ ~ _ _ _ ~ ~ ~ - ~ ~ ~ ~  ~ ~ 

C(6)U2-H. . . O(5 ’)U2 

“Symmetrycode: I, x, 1 + y ,  z;II,  x, -1 + J, z;III, x ,  J’, z;IV,  x, -1 + J’, -1 + z ; V ,  x, 1 + J’, 1 + z ;  VI, --x, -1- 

Hydrogen-bonding scheme 
This hydrogen atom is involved in a possible bifurcated hydrogen bond with 

y ,  1 - z ;  VII, 1 - x, - ‘ i2  + y ,  1 - z ;  VIII, -x, - l:’? f y ,  1 - z ;  IX, --x, - I , ’ ,  + J, - z .  
involving water molecule is shown in figure. 
O(2)Ul and 0,. Intramolecular hydrogen bond. 

angle of the polynucleotides (Table IX). On the other hand, 
the conformations about the P-O(5’) and P-O(3’) bonds in 
UpA2 are both (+)gauche and differ by 149 and 161°, 
respectively, from the corresponding average values of the 
helical polynucleotides. 

We have seen that as we proceed from nucleosides to 
3 ’-nucleotides to 5 ’-nucleotides the degree of conformational 

freedom becomes more and more restricted. The structure 
analysis of UpA has provided additional support for our 
earlier findings that the preferred conformation of the 5 ‘ -  
nucleotides can be carried over to the di-, oligo-, and poly- 
nucleotides. The structure of UpA further demonstrates that 
the nucleotide unit can t e  regarded as conformationally 
“rigid” and that the principal flexibility in the polynucleo- 
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FIGURE 7 :  Stereoscopic views of the molecular packing as viewed along the (a, top) a axis, (b, upper middle) b axis, (c, lower middle) c axis, 
and (d, bottom) normal to the 402 crystal planes. 

tide chain resides in the P-0 ester bond1 and the C(3’)-C(4’) 
bond of the sugar. 

Hydrogen Bonding. The overall crystal structure is best 
described as made up of alternate sheets of self-paired uracil 

and adenine bases lying in the 402 planes. This explains why 
the 3,0,2 reflection has the largest normalized structure 
amplitude, (Eel. The intersheet separation is about 3.4 A. 
Various views of the unit cell showing the molecular packing 
are given in Figure 7. Although we were looking with a watch- 
ful eye for the Watson-Crick A-U complementary pairing of 
the bases, it turned out that there was only self-pairing of the 
bases A-A and u-u. The protonation Of the adenine base 
at N(l) does not allow the Watson-Crick A-U pairing scheme, 
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1 I t  is worthwhile to mention that similar rotations about the P-0 
ester bonds of the phospholipids would also be largely responsible for 
the conformational changes of the phospholipids of both biological 
membranes and phospholipid bilayers (Sundaralingam, 1971b). 
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FIGURE 8: The intralayer hydrogen bonding in (a, upper) adenine 
sheets and (b, lower) uracil sheets. The intra- and intermolecular 
C-H ' ' 0  hydrogen bonds are shown by dotted lines. 

although the self-pairing of the adenine bases can occur even 
when N(l)  is not protonated as, for example, in the adenine 
derivative. barbiturate structure (Kim and Rich, 1968). 
The distances and angles involving the hydrogen bonds in 
UpA are given in Table X. The distribution of the donor and 
acceptor hydrogen bonds for each atom of UpAl and UpA2 
is given in Table XI. 

Selfpairing of the Adenines in the Adenine Sheets. In the 
adenine planes each A1 base is paired with an A2 base by 
means of two N(6)-H.. .N(7) hydrogen bonds. The A1-A2 
self-pair is further stabilized by two N(6)-H. . .O-P hydrogen 
bonds. The adenine pairs are interconnected by way of 
N(1)Al-H. . .O(II)-P(l) and N(l)A2-H. . .O(I)-P(2) hydro- 
gen bonds and C(2)A2-H. . .0(2')A2 interactions resulting 
in infinite sheets of hydrogen-bonded adenosine residues 
(Figure 8). The former hydrogen bonds involving protonated 
N(l)  atoms and phosphate oxygen atoms are characteristic 
of nucleotide structures and no doubt owe their strength 
to the ionic character of the donor and acceptor atoms (Sun- 
daralingam, 1966; Sundaralingam and Abola, 1972~).  

A-A Self-pair Has a Diad Axis. The geometry of the A-A 
pair is such that the adenine ribophosphate portions are 
related by a pseudodiad axis with an average deviation of 
0.03 A from true diad symmetry. The adenosine self-pairing 
found in UpA is very similar to that proposed for poly(A) 
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TABLE X I :  A Comparison of the Distribution of Donor and 
Acceptor Hydrogen Bonds in UpAl and UpA2." 

No. of Donor No. of Acceptor Total No. of 
H Bonds H Bonds H Bonds 

Atom UpAl UpA2 UpAl UpA2 UpAl UpA2 
_ _ _ _ ~  _ ~ _ _ _ _ _  

1 1 0 0 1 1 
0 0 0 0 0 0 
2 2 0 0 2 2 
0 0 1 1 1 1 
1 1 0 0 1 1 
0 0 2 1 2 1 
0 0 1 1 1 1 
0 0 20 2 b  2 2 
0 0 2 1 2 1 
1 1 0 1 1 2 
2 h  1 1 0 3 1 
0 0 1 1 1 1 
1 1 1 2 2 3 
0 0 0 0 0 0 
1 1 1 1 2 2 
0 1 0 0 0 1 
1 1 0 0 1 1 
1 1 0 0 1 1 

11 11 12 11 23 22 

The water molecule is apparently involved in five hydro - 
gen bonds, three donor and two acceptor (see Figure 10). 

Including bifurcated hydrogen bonds (see Figure 10). 

(Rich et al., 1961). In UpA, however, each C(8) hydrogen 
atom of the adenine bases is involved in an intramolecular 
hydrogen bond with the O(5') phosphate oxygen atom; the 
C(8). . 'O(5')  distances are 3.11 and 3.09 A, the H . .  .O(5') 
distances 2.33 and 2.33 A and the C(8)-H. . . 0 ( 5 ' )  angles 
152 and 144" in UpAl and UpA2, respectively. The 
C(8). . . 0 ( 5 ' )  distance in the poly(A) model is 3.50 A, 
indicating that no interaction is present. The presence of the 
C(8)-H. . 'O(5')  intramolecular bond in UpA draws the 
phosphorus atoms of each pair close! to each other than in 
the poly(A) model (11.35 cs. 11.89 A). This also results in 
the adenine bases being inclined at 9.5" with respect to each 
other as opposed to 20" in the poly(Aj model. The inclusion 
of C(8)-H. . 0 ( 5 ' )  intramolecular hydrogen bonds in a 
poly(A) model would result in a more compact helical struc- 
ture. The molecular parameters of the adenosine pairs ob- 
served in UpA would provide a more refined model for 
poly(A). Details of this model will be published elsewhere. 

Selfpairing of the Uracils in the Uracil Sheets. The uracil 
bases also exhibit self-pairing with N(3)-H of U1 hydrogen 
bonded to O(2) of U2 and N(3)-H of U2 to O(4) of U1 
(Figure 8). However. they do not possess a diad axis; in- 
stead the uracil moieties are related in an antiparallel fashion 
with paired bases inclined 16.9" with respect to each other. 
The Ul-U2 pairs are interconnected by way of hydrogen 
bonds between uridine ribose hydroxyl groups : O(5 ')RU1- 
H . .  'O(2')RUl and 0(5')RU2-H.. .0(2')RU2. The uracil 
self-pairing found in UpA has not been observed in any 
previous structure. Although the C(6) hydrogen atoms are 
involved in intramolecular hydrogen bonds with O(5') 
atoms, there is no additional hydrogen-bond stabilization 
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TABLE XII: Inter Base Cgntacts and the Inter Ribose-Base 
Contacts Less Than 3.42 A. 

I 
I 
12.07 

I 
I 
I 
I 

Base-Base Ribose-Base 

Distances Distances 
Contacts (A) Contacts (A) 

U1. . . .A2(1)" 
O(4)Ul. . * .C(8)A2 3.087 
O(4)Ul. .. * .N(9)A2 3.244 
C(4)Ul.  * * .C(8)A2 3.384 

U2. . . . A1 (11) 
0(2)U2. . . .N(l)Al  3.337 
0(2)U2. . . .C(2)Al 3.404 
N(3)U2* . * .C(4)A1 3.245 
N(3)U2. * * .C(5)A1 3.283 
0(4)U2. * * 'C(8)Al 3.161 
0(4)U2. . . . N(9)Al 3,348 

RA1. . . .Ul(III) 
0 (1  ')RAl. . . .N( l )Ul  3.201 

C(6)Ul 3.412 

R U l . . . * A l ( I V )  
0(1 ' )RUl.  . . .N(9)A1 3.301 

C(4)Al 3.074 
C(8)Al 3.149 
C(5)Al 3.163 
N(7)Al 3.213 

RA2. . . .U2(V) 
0(1 ' )RA2*. . .N(3)U2 2.899 

C(2)U2 2.919 
0(2)U2 3.171 

RU2. . . . A2(VI) 
0(1  ')RU2. * . .N(3)A2 3 . 1 8 5  

C(4)A2 3.288 
C(2)A2 3.313 

a Symmetry code: I, x, -1 + Y ,  Z; 11, X, Y ,  Z; 111, 1 - 
x, '/z + y ,  1 - 2; IV, 1 - x ,  -'/z + y ,  1 - z; v ,  x, Y ,  - 1  
+ z;VI, -x, '/z + y,  1 - z. 

through the phosphate groups as in the adenosine self-pairs, 
perhaps explaining why poly(U) does not form stable double- 
helical fibers as does poly(A). 

Location and Role of the Water in the Intra- and Interlayer 
Hydrogen Bonding. The adenine and uracil layers are cross- 
linked r;ia hydrogen bonds involving ribose O(2') and O(3') 
hydroxyl hydrogens : O(3 ')RAl-H. . .0(2)U1, O(2 ')RAl- 
H .  . .0(4)U1, O(2')RUl-H.. .0(3')RAl, and 0(3')RA2,- 
H .  . .0(4)U2. Since the adenine bases and the uracil bases 
form alternating sheets, it would have been envisaged that 
the smaller size of the uracil us. the adenine base will create 
pockets in the uracil sheets. Indeed the water of crystal- 
lization was found lodged in the uracil sheets. The water 
serves to interconnect the adenine and uracil layers. Each 
water molecule lies in a cavity surrounded by five oxygen 
atoms with which it makes close contacts (Figure 9). The 
water donates one of its hydrogen atoms to O(2') of RU2 and 
accepts one from O(2') of RA2. The other water hydrogen 
atom is apparently involved in a bifurcated hydrogen bond 
with the O(2) carbonyl oxygen atoms of U1 and U2. There 
appears to be a second bifurcated hydrogen bond between 
the hydrogen atom of O(3')RAl and the oxygen atoms of 
O(2)Ul and water. 

C-H. . .O Interactions. The C-H . . 0 hydrogen bonding 
in UpA deserves special mention because of the recurrence 
and possible importance of such interactions in the chemistry 
of the genetic material. There are several C-H . . .O hydrogen 
bonds observed in UpA, one intermolecular hydrogen bond 
between C(2)A2-H and O(2 ')A2, and four intramolecular 
interactions, each of the latter involving base carbon atoms, 
C(8) in adenosines and C(6) in uracils, and ribose O(5') 

O(2)UI 

0.76 

6 O(2') RU2 

FIGURE 9: A schematic drawing showing the pentacoordination 
about the water molecule. Oxygen atoms 0(2)U1, 0(2)U2, and 
0(2')RU2 are approximately in the same plane as the water mole- 
cule, whereas 0(2')RA2 and O(3')RAl atoms are above and below 
this plane, respectively. It appears that both H(2)W and the hydro- 
gen of O(3')RAI are involved in bifurcated hudrogen bonds; in each 
case one of the two hydrogen bonds is weaker than the other. The 
symmetry code of the atoms are: O(2)Ul x ,  y ,  1 + z ;  0(2)U2 and 

RA1 x ,  y ,  z. 
0(2')RU2 X, - 1 + y ,  Z, 0(2')RA2 -x, - ' 1 2  + y ,  1 - Z ;  O(3')- 

oxygen atoms. In the adenosine moiety of both UpAl and 
UpA2, C(8) donates its hydrogen to the O(5')A of the phos- 
phodiester linkage, while in uridine portions of UpAl and 
UpA2, C(6) donates its hydrogen to O(5')U. These intra- 
molecular hydrogen bonds exhibit approximately the same 
dimensions: C . .  .O distances 3.1 A, H .  . .O distance of about 
2.3 A, and C-H...O angles ranging from 144 to 158 A 
(Table IX). Apparently the presence of the electronegative 
nitrogen atoms N(7) and N(9) on either side of C(8)A and 
N(l) on one side of C(6)U enhances the electronegativities of 
these carbon atoms, thereby making them suitable for hydro- 
gen bonding (Sutor, 1963; Sundaralingam, 1966). Such intra- 
molecular C-H . . ' O(5 ') hydrogen bonds in polynucleotide 
structures may provide additional stabilization to the pre- 
ferred anti conformation of the base and the gauche,gauche 
conformation about C(5 ' ) - 0 ( 5  ') bond for the 5 '-nucleotides 
(see also Sundaralingam, 1971a). It is conceivable that the 
C-H. .0(5') interactions are enhanced in the 5'-phosphoryl- 
ated nucleotides as compared to the nucleosides themselves. 
Although the intramolecular C-H . . .O hydrogen bonds are 
expected to be weak, they nevertheless have an overall 
stabilizing effect on polynucleotide stereochemistry. 

Base-Base and Ribose-Base Stacking Interactions. Each of 
the four independent base residues in UpA is involved in two 
kinds of close interactions: base-base stacking and base- 
ribose O(1') interactions. The former interactions involve 
partial overlap of vertically stacked adenine and uracil 
bases (Figure lo). There are close contacts between the O(4) 
carbonyl oxygen of U1 and the imidazole ring of an adjacent 
A2 base and close contacts between the two carbonyl oxygens 
and the N(3) nitrogen of U2 and the purine ring of an ad- 
jacent A1 base (Table XII). The stacked bases are inclined to 
each other. The dihedral angles are: U1 and A2, 10.1" and 
U2 and Al ,  19.9'. It is interesting to note that neither of the 
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TABLE XIII : Conformations of the Phosphodiester Group in Dinucleosides and Polynucleotides. a 

Fiber Diffraction Investigations‘ 
_______ ~ _ _  

W&C- 
DNA 

Single-Crystal 
Investigations Poly- 

(rl.  dC) 
2’,5 ’-ApUd (Watson B-DNA A-DNA C-DNA RNA-11 (O’Brien Poly(A) 

(Shefter and (Langridge (Fuller (Marvin (Arnott and (Rich 
et ul., Crick. et al., et ul., et ul., e f  ul., McEvan, et ul., 

Conformation about 
the Ester P-0 Bond 

O(5’)-P P-O(3’) UpAb 1969) 1953) 1960) 1965) 1961) 1967) 1970) 1961) 

+g + g  x 2  
+s t 

- g  e 
+ g  t +g 

t t 
t - g  x 

- g  + g  e 
- g  t x1 X X 
- g  - g  X X X X X 

With the 
possible exception of (Watson and Crick)-DNA which was mainly obtained from model-building studies, all other polynucleotides 
shown were studied by a combination of model building and X-ray diffraction. This is an unnatural linkage, but given here for 
comparison. e For steric reasons these conformations are disallowed. 

~ _-__ 
a See also Sundaralingam (1969). The crosses indicate the observed conformation. X1 = UpA1, X2 = UpA2. 

N(6) amine nitrogen atoms of A1 or A2 is involved in stacking 
interactions in contrast to some other adenine nucleotides 
(Bugg et al., 1971). The characteristically small base-stacking 
interactions in conjunction with the predominant base-ribose 

c 0 

r u 

b 
FIGURE 10: The base-base interactions as viewed normal to (a) the 
plane through the AI-A2 self-pair, (b) the U1 base: and (c) the U2 
base. The U1 base lies above the A1-A2 base pair and U2 below. 
Note that there is essentially no base overlap between U1 and A2, 
whereas between A1 and U2 there is considerable overlap. Close 
contact distances are given in Table XI. 
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interactions in protonated bases has been observed previously 
in a number of nucleotide and nucleoside crystal structures 
(Sundaralingam, 1968; Bugg et ul., 1971). Each ribose O(1’) 
oxygen atom is involved in close contacts with atoms of a 
“complementary” base, that is, the O(1’) atoms of RAl  and 
RA2 interact with U1 and U2 bases, respectively, while the 
O(1’) atoms of R U l  and RU2 interact with A1 and A2 bases, 
respectively. A summary of these ribose 0(1  ’)-base contacts, 
many of which are close to or  less than the sum of the van 
der Waals radii of the atoms involved, is given in Table XII. 
Overall, the base interactions in UpA are such that each base 
is involved in a stacking interaction with a base, on one side, 
and a ribose 0(1  ’)atom, on the other. 

Conclusion 

The concept of a rigid nucleotide unit developed here and 
elsewhere (Sundaralingam, 1972b) makes a turning point in 
the history of nucleic acid structural research. This concept, 
which parallels the development of the rigid peptide unit 
(Pauling and Corey, 1953), is expected to have far-reaching 
consequences in understanding conformations of polynu- 
cleotides. The rigidity of the nucleotide unit combined with 
the rotational flexibility of the P-0 bonds permits a speci- 
fic and simple description of unwinding of double-helical 
nucleic acids, for example, during denaturation or replica- 
tion. Furthermore, the tertiary folding of polynucleotide 
chains and the formation of loop regions in molecules 
such as tRNA or rRNA are also most probably achieved 
by rotations about the P-0 ester bonds. A consideration of 
only the three possible staggered conformations about each 
P-0 bond would provide theoretically nine possible con- 
formations for the phosphodiester group (Table XIII). 
The (-)gauche,( -)gauche conformation is by far the most 
preferred, and it is found in practically all of the known 
double-helical polynucleotides (Sundaralingam, 1969). The 
only other conformation for the phosphodiester group that is 
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found in a helical polynucleotide is (-)gauche,trans, e.g., 
C-DNA (Table XIII). It is interesting that the latter con- 
formation is similar to that of UpA1. In contrast, UpA2 
exhibits the conformation (+)gauche,(+)gauche which 
cannot form helical structures, but rather it would lend itself 
to  the formation of abrupt turns in a polynucleotide chain. 
For example, the anticodon loops in tRNAs can be formed if 
the dinucleoside containing the “wobble” base (Crick, 1966) 
and the base adjacent to it on the 5’ side occurs in the UpA2 
conformation. Similarly, a stereochemically plausible anti- 
codon loop can be constructed with the dinucleoside con- 
taining the anticodon base on the 3’ side and the base adjacent 
to it occurring in the UpA2 conformation. The main dif- 
ference between our model of the anticodon and that given 
by Fuller and Hodgson (1967) and Levitt (1969) is that in our 
model the other nucleotides in the anticodon loop occur in 
the preferred rigid conformation described above, while 
Fuller and Hodgson and Levitt have used less preferred con- 
formations for some of the loop nucleotides (see also Sundara- 
lingam, 1972a,b). 

In addition to double-helical conformations the con- 
formations of single-stranded regions of nucleic acids 
will also be of importance in understanding the com- 
plex protein-nucleic acid interactions involved in several 
biological processes. There are many nucleic acid enzyme 
mechanisms which involve the direct recognition and binding 
of single-stranded regions of nucleic acids by protein mole- 
cules. The present study has allowed the prediction of specific 
conformations for localized regions of single-stranded nucleic 
acids. Such regions would exhibit a unique disposition of 
stereospecific binding sites which could be recognized by the 
tertiary structure of the enzyme (Rubin et al., 1971 ; Crick, 
1971 ; Beddell and Sundaralingam, 1972).2 For example, the 
open structure of UpAl could fit into the active-site cleft of an 
enzyme exposing a maximum number of potential hydrogen- 
bonding sites on the base for interaction with the protein side 
chains and main chain. However, many of the base sites would 
not be available for hydrogen binding if the single-stranded 
regions of the nucleic acid existed in a helical conformation 
with stacked bases (Beddell and Sundaralingam, 1972). Some 
evidence for the unstacked conformation of the single- 
stranded regions of the nucleic acids in nucleic acid-protein 
complexes comes from X-ray crystallographic studies of 
substrate binding to enzymes. For instance, the 5 ’methylene 
analog of UpA is bound in the active site of ribonuclease in 
an open conformation (Richards, 1971) similar to  the UpAl 
structure. 
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Purification of Hepatic Microsomal Membranes? 

Robert R.  Weihing,$ Vincent C. Manganiello,$ Rosanna Chiu,f and Alvah H. Phillips* 

ABSTRACT: A method is described for the isolation in high 
yields of apparently intact microsomal membranes. Solutions 
of high ionic strength are used to remove attached ribosomes 
and large amounts of protein, including serum protein, which 
may be adsorbed t o  the outer surface of the membranes. 
Subsequent extraction with dilute sodium deoxycholate tends 
to  release preferentially small quantities of protein probably 
retained within the closed vesicles. Several lines of evidence 

A s attention focuses on the detailed molecular properties 
of biological membranes, it becomes increasingly important 
not only that membranes can be isolated in a highly purified 
state but also that their purification can be achieved without 
altering the properties responsible for their normal structural 
and functional role in the cell. In this regard none of the 
methods commonly used for the purification of hepatic 
microsomal membranes seem to be completely satisfactory. 

Microsomal membranes that are free of attached ribosomes 
and other morphologically detectable cell components have 
been prepared by methods utilizing differential and density 
gradient centrifugation to  isolate the preexisting smooth 
microsomal vesicles (Chauveau et a/.,  1962; Dallner, 1963; 
Glauman and Dallner, 1968). Because of the mild conditions 
of isolation, these methods insure recoveries of relatively 
intact membranes but do  not remove serum proteins appar- 
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suggest that the membranes are relatively free of extraneous 
protein after these purification steps. The isolated membranes. 
in contrast to the originally heterogeneous vesicles from which 
they are derived, exhibit a highly uniform buoyant density. 
This observation supports earlier suggestions that the mem- 
branes of smooth and rough endoplasmic reticulum are 
structurally similar. 

ently contained within the closed vesicles (Peters, 1962) nor, 
with the conditions of low ionic strength normally employed, 
would they be expected to remove adsorbed cytoplasmic 
proteins. 

The membranes of the rough as well as smooth microsomal 
vesicles have been purified by methods utilizing chemical. 
enzymatic, and mechanical treatment to  remove the mem- 
brane-attached ribosomes and the contents of the vesicles. 
As discussed in a review by Dallner and Ernster (1968). seb- 
era1 of these methods (e.g., extraction with EDTA. exposure 
to hypotonic solutions, sonication) do  not appear to be very 
effective. More recently treatment of microsomes with trypsin 
(Omura et al., 1967), 2 hi lithium chloride (Scott-Burden and 
Hawtrey, 1969), or 0.25 M Tris (pH 8) followed by sonication 
(Glaumann, 1970) have been shown to remove membrane 
attached ribosomes. These treatments, however, do  not seem 
to completely release the contents from the vesicles, and Trk  
sonication also does not completely release RNA. On the 
other hand, treatment with 0.26 sodium deoxycholate 
seems to  effectively release both ribosomes and contents 
(Ernster et a!., 1962), and for this reason has been widely 
adopted as a method for purifying the membranes (Omura 
et a/.,  1967) and also for separating and identifying the con- 
tents of the vesicles (Redman, 1967). This treatment, however, 
also releases considerable quantities of phospholipid from the 
sedimenting vesicles and it, as well as trypsin digestion, also 
releases NADPH-cytochrome c reductase and cytochrome bj 
(Ernster et al., 1962), two presumably membrane linked pro- 
teins (Omura er al., 1967). These observations, as well as 


