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4-thiouridine crystallizes from butyric acid in the form of yellow needles, monoclinic space 

group P2 j with a = 10.136 (3), b =  4.843 (2 ), c =  11.257 (3) A, ß  =  93.91 (5) °. The crystal structure 
was solved on the the basis of 895 X-ray counter data using direct methods and refined to a 
reliability index of R =  5.6%. 4-thiouridine is in the anti conformation, the torsion angle 
0(1')-C(1')-N(1)-C(6) being 26.5°. Pseudorotation parameters Tmax = 41.1° and P = 15.7° refer 
to C(3')-endo (3E) envelope form of the ribose. The conformation about the C(5')-0(5') bond is 
gauche, gauche.

The present structure is compared with the previous one, crystallized from water as 
sesquihydrate and existing as the syn conformer (W. Saenger and K. H. Scheit, J. Mol. Biol. 50, 
153-169 (1970). The influence of crystal packing forces on flexible molecules such as nucleosides 
is discussed.

Introduction

/?-4-Thiouridine (s4 U), the sulfur analog of uri­
dine (U), is a minor constituent of tRNA [1-4]. 
Owing to its particular physical and chemical prop­
erties, it has attracted considerable interest and has 
been the subject of studies in relation to tRNA and 
concerning the general behaviour of s4U as substi­
tute for U in biological systems [5-13].

NM R data have demonstrated that s4U and its 
5'-phosphate occur preferentially in the anti form in 
aqueous solution [14-19], similar as other pyri­
midine nucleosides and nucleotides. When crystal­
lized from water as sesquihydrate, however, it 
adopts the unusual syn form [13] which in the 
pyrimidine series has been only observed in a few 
rare cases with either the base substituted in 6 -posi- 
tion [2 0 , 2 1 ] or with the ribose moiety modified 
[22,23].

As s4U • sesquihydrate in the crystalline state 
displays a unique conformation, it was of interest to 
find out whether crystallization from another sol­
vent would produce the generally preferred anti 
form and if so, what would be the structural dif­
ferences of the two conformational isomers.
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Experimental

s4U was dissolved in butyric acid in the hope to 
obtain crystals of a specific s4U • butyric acid com­
plex as model system for nucleoside protein inter­
actions. The yellow, needleshap crystals grown after 
slow cooling of such a solution, contained however, 
only s4 U. Systematic absences of X-ray reflections 
OkO with k odd indicated space group V21; relevant 
crystallographic data were measured on an auto­
mated four-circle diffractometer, using Ni-filtered 
CuKa radiation, 2 6/6  scan mode with maximum 
2 6  =  120°. Absorption correction was not applied. 
Crystallographic data are given in Table I. The 
crystal structure was solved by direct methods [24] 
and refined by full matrix least squares. Hydrogen

Table I. Crystal data for 4-thiouridine.

Formula c 9h 12n 2o 5s
Space group P2,, monoclinic
Lattice constants a = 10.136(3) A

b =  4.843 (2 ) A
c = 11.257(3) A
ß  = 93.91 (5)°

Volume of unit cell 551.3 A3

Molecular weight 260.25
Density £>caic = 1-568 g/cm 3
Z 2
F (000) 272
Number of measured data 895
2 0 max 1 2 0 °
/^-factor 5.6%
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Results and Discussion

The molecular conformation of s4U in the present 
crystal form is anti. In Fig. 1, the two syn [13] and 
anti forms are displayed and in Table III, bond 
angles and distances computed from entries in 
Table II a, b are compared. As already discussed 
[13], the main differences are found in bond angles 
around atoms C (l')  and N (l) because they are 
directly influenced by the close contacts occurring 
between 0 (2 ) and ribose atoms if the uracil hetero­
cycle is in the syn orientation. I.e. angles around 
C(10 and N (l)  in the anti form are “normal”, those 
in the syn form are widened, compare C (2 ')-C (l')- 
N (l) and C (l')-N (l)-C (2), Table III. A noticeable 
difference one can also observe for the 0(3 ')-C (3 ')- 
C(2') angle. Otherwise, bond angles and distances 
are similar in the two conformational isomers of 
s4 U.

The torsion angles, (Table IV), however, differ 
greatly, especially / Cn , defined by 0(1')-C(1')-N(1)- 
C(6 ), is -8 7 .1 °  in syn [13] but 26.5° in the anti 
form. Further, the ribose puckering modes are 
different, with pseudorotation parameters [25] 
Tmax = 41.0°, P =  34.2° for syn corresponding to a 
C (}')-endo, C(4')-exo (3 T) twist pucker and for anti, 
T m a x  = 41.1°, P =  15.7° refers to an ideal C(3')-endo 
(3E) envelope form. Differences in puckering modes 
are also clear from Fig. 1 and from the deviations of 
atoms from the plane defined in Table V. The 
orientations about the exocyclic C(4')-C(5') bonds

Table ü. Positional and thermal parameters. Standard deviations in the least significant figures are given in parentheses. 
Thermal parameters are in the form T =  exp [ -  2 7T2 (C/ 11 h2 a*2 +  U22 k2 b*2 +  U33 P c*2 + 2 U12 h k a* b* +  2 U13 h I a* c* 
+ 2 U23k 16 *c*)]. (a) Nonhydrogen atoms (all values are x 104). (b) Hydrogen atoms.
Table II a.

Atom x /a y /b z /c U l l U 22 U 33 U23 U 13 U 12

N (1) -  353 (4) 5324(13) 7130 (4) 116(19) 249 (24) 299 (23) 17 (24) 34(18) 22  (2 2 )
C (2 ) 649 (5) 5512(15) 6344 (5) 173 (24) 353 (30) 221 (24) -5 1  (28) 69 (21) -4 7  (25)
N (3) 1686 (4) 3726(13) 6582 (4) 162 (21 304 (25) 223(21) 43 (23) 62(19) 34 (22)
C (4) 1867 (5) 1965 (16) 7508 (5) 137 (24) 286 (28) 283 (26) -  10 (27) 4(21) 16 (25)
C (5) 816(6) 1911 (17) 8312(5) 236 (26) 451 (31) 293 (26) 92 (28) 78 (23) 25 (27)
C (6 ) -  242 (6 ) 3581 (17) 8093 (5) 254 (26) 399 (30) 250 (26) 64 (28) 92 (22) 16(28)
0 (2 ) 597 (4) 7125(11) 5517(4) 258(20) 350 (25) 328 (21) 93 (23) 90(18) 26 (2 1 )
S (4) 3213(1) 23 (6 ) 7658 (1) 238 (8 ) 412(10) 373 (9) 61 ( 10) 50 (7) 114 (9)
C (10 -  1505 (6 ) 7182(15) 6874 (5) 177 (24) 348 (30) 289 (26) -  35 (27) 64 (22) 55 (26)
C (2 ') -  2580 (6 ) 5882 (15) 6061 (5) 167(24) 392 (30) 192 (24) -3 1  (26) 40 (21) 50 26)
C (3') -  3489 (6 ) 4583 (15) 6966 (5) 175 (23) 262 (29) 305 (26) -  35 (26) -18(21) -  30 (25)
C(4') -3440(6) 6809 (16) 7919 (5) 185(24) 327 (28) 269 (26) -  7 (27) 86  (2 2 ) 93 (25)
0 ( 1 0 -2061 (4) 7772(11) 7979 (4) 207 (19) 341 (23) 300 (20) -  117(21) 75(17) -  7 (20)
0 (2 ') -  3227 (4) 8116(11) 5434 (4) 212(19) 381 (24) 279 (20) 102 (2 1 ) 55 (17) 49 (20)
0 (3 0 -  4792 (4) 4242(12) 6403 (4) 208(20) 456 (27) 453 (22) 44(23) -75 (18) - 5 6  (2 1 )
C (50 -  3758 (7) 5904(17) 9155 (6 ) 308 (27) 532 (33) 367 (28) 95 (29) 168 (24) 164 (29)
0 (5 0 -  3028 (5) 3507 (13) 9511 (4) 500 (24) 490 (26) 287 (21) 35 (23) 117 (20) 133 (25)

Fig. 1. Schematic views of syn (a) and anti (b) forms of 
the s4U molecule. The plane C(r)-0(1')-C(4') is per­
pendicular to the plane of the paper.

atoms bonded to C, N and 0(5 ') were located from 
difference Fourier maps but those attached to 0 (2 ') 
and 0 (3 ') did not show up as clearly and were 
therefore omitted.
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Table D b.

Atom x /a y /b z /c U

H (3) 2291 3910 6094 500
H (5) 864 659 9042 500
H (6 ) -8 8 2 3446 8552 500
H (10 -1198 9067 6471 500
H (2 ') -2286 4607 5386 500
H (3') -2912 2749 7360 500
H (40 -4096 8367 7570 500
H (50 -4643 5164 9133 500
H (50 -3614 6958 10072 500
H(5") -2998 3199 10277 500

are gauche, gauche in both cases, with relevant 
torsion angles given in Table IV.

In the crystal structure of uridine, two molecules 
(denoted U(A) and U(B)) are found in the asym­
metric unit [26]. Both of them are in the anti con­
formation with glycosidic torsion angles / Cn and 
pseudorotation parameters P  and Tmax:

U (A )*c n = 1 8 .3°, w  =  40.4°, P = 3 .7 ° ;
U (B )zcn  =  24.3°, Tmax =  42.4°, P  =  13.8°.

Comparison with s4U shows that anti-s4U is very 
similar to U(B).

Table HI. Atomic distances (A) and bond angles (° )  in 
4-thiouridine.

Atoms syn[13] anti

Distance Angle Distance Angle
A-B-C A-B A-B-C A-B A-B-C

N(l)-C(2)-N(3) 1.382 115.3 1.396 114.5
C(2)-N(3)-C(4) 1.381 126.7 1.373 127.7
N(3)-C(4)-C(5) 1.373 114.5 1.349 115.3
C(4)-C(5)-C(6) 1.433 119.8 1.445 119.0
C(5)-C(6)-N(l) 1.346 122.5 1.353 122 .2
C(6)-N(l)-C(2) 1.370 120.8 1.372 121.1
0(2)-C (2)-N (l) 1.221 123.4 1.214 122 .2
S(4)-C(4)-N(3) 1.662 121.4 1.656 120.4

C(10-C(20-C(30 1.535 102.2 1.512 101.9
C(20-C(30-C(40 1.558 100.5 1.553 100 .6
C(30-C(40-O(10 1.534 103.4 1.519 104.0
C(40-O(10-C(10 1.434 109.6 1.470 109.1
O(10-C(10-C(20 1.413 107.6 1.429 107.4
O(20-C(20-C(10 1.416 106.0 1.426 105.8
O(20-C(20-C(30 1.416 109.7 1.426 111.1
O(30-C(30-C(20 1.409 114.8 1.435 109.0
O(30-C(30-C(40 1.409 114.3 1.435 1 1 2 .2
C(50-C(40-C(30 1.511 118.4 1.514 116.4
C(50-C(40-O(10 1.511 108.7 1.514 108.1
O(50-C(50-C(40 1.439 113.2 1.419 110.9
C(10-N(l)-C(2) 1.466 120.6 1.487 115.7
C(10-N(l)-C(6) 1.466 118.2 1.487 123.1
O(10-C(10-N(l) 1.413 108.8 1.429 107.7
C(20-C(10-N(l) 1.535 119.2 1.512 112.9

The crystal packing patterns of s4U in the syn  [13] 
and anti (Fig. 2) forms are reminiscent of each other 
because separation into hydrophilic and hydro- 
phobic zones is observed. The former zone is built 
up of riboses (and water of hydration in syn-s4U) 
which are hydrogen bonded to each other and to 
N(3), S(4), and the latter are formed by heterocycles 
stacked nearly perpendicular to the stack axis in 
syn-s4U but at an angle 44.3 0  in anti-s4U, leading to 
a corrugated sheet structure in that case.

The stacking interactions in thiouracil derivatives 
have been summarized in [27]. A consistent picture 
emerged showing (a), that S can be involved in 
hydrogen bonding as well as 0(2) or 0(4) and (b), 
that stacking overlap of adjacent bases is such that S 
interacts with N (l) or N(3). A similar pattern is also 
observed in anti-s4U (Fig. 2) where S(4) accepts

Table IV. Torsion angles in syn- and anti 4-thiouridine.

syn [13] anti

C(10-C(20-C(30-C(40 33.1 38.9
C(20-C(30-C(40-O(10 -  40.6 -  38.4
C(30-C(40-O(10-C(10 33.3 23.6
C(40-O(10-C(10-C(20 -  11.3 2 .0
O(10-C(10-C(20-C(30 -  14.9 -  26.0

N(l)-C(10-O(10-C(40 -141.7 -119.9
N(l)-C(10-C(20-C(30 109.4 92.6
N(l)-C(10-C(20-O(20 -135.7 -151.3

O(20-C(20-C(30-O(30 43.9 44.7
O(20-C(20-C(30-C(40 -  79.1 -  73.4
O(10-C(10-C(20-O(20 100.0 90.1

O(30-C(30-C(40-C(50 -164.0 -154.1
O(30-C(30-C(40-C(50 75.7 87.1
C(10-C(20-C(30-O(30 156.2 157.0

C(20-C(30-C(40-C(50 -160.8 -157.2
C(50-C(40-O(10-C(10 159.9 148.0
C(30-C(40-C(50-O(50 65.7 49.1
O(10-C(40-C(50-O(50 -  51.7 -  67.5
O(10-C(10-N(l)-C(6) -  87.1 26.5

Table V. Atomic distances from the plane C (l')-0 (r )-  
C(40 in syn and anti 4-thiouridine.

syn anti

C(10 0 .0 0 .0
C(20 0.286 -0 .050
0 ( 2 0 -0 .969 -  1.435
C(30 0.819 0.591
0 (30 0.676 0.155
C(40 0 .0 0 .0
C(50 0.491 0.763
O(1 0 0 .0 0 .0
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Fig. 2. A stereoscopic view of the crystal 
structure of anti-s*\J viewed along b. Hy­
drogen bonds are indicated by open lines.

Fig. 3. Overlap projection of the s4U heterocycles and 
their orientation with respect to the unit cell.

hydrogen bonds from 0 (3 ')  and is located close to 
and over N(3) of the neighbouring heterocycle, as 
found in the crystal structure of arabino-4-thio- 
uridine [27], The 0 (2 ) oxygen, however, does not 
accept a hydrogen bond. As indicated in the stack­
ing diagram (Fig. 3), base-base contacts only in­
volve bonds C(2)-0(2) and C(4)-S(4) but hetero­
cycles practically do not overlap. A futher inter- 
molecular interaction is found in the close contact of 
2.999 (9) A between (partially negatively charged) 
0 (2) with (positively charged) C(2) of an adjacent 
base, and this 0 (2 ) atom is not involved in hy-

TableVI. Interatomic distances in hydrogen bonds for
4-thiouridine (anti).

N(3)-0(2') 2.855
S(4)-0(3') 3.263
S(4)-0(5') 3.289
0 (20 -0 (30  2.835

drogen bonding. Short intermolecular contacts are 
summarized in Table VI.

Conclusions

The two different crystal structures of syn and 
anti s4 U, one containing water of hydration and the 
other not, show that packing forces can substantially 
influence the three-dimensional structure of a 
nucleoside. This should be kept in mind if  crystal- 
lographic data of a flexible molecule are interpreted 
in structural terms. In the nucleoside series, however, 
where a vast body of data, both from crystallo- 
graphic and from spectroscopic studies is available 
and preferred conformational ranges are known, 
such rare conformations as s>tj-s4U  demonstrate the 
flexibility of a molecule and help to recognize 
extreme cases and conformational transitions. If the 
correlation of sugar pucker and angle distortion 
with syn-anti interchange are concerned, a more 
complete picture of the structural properties of s4U 
and other nucleosides can be drawn.

Up to the present time, there are no quantitative 
theoretical data relating energetical characteristics 
of crystal packing forces with intrinsic properties of 
bigger biological molecules. The promising theoret­
ical investigations of amides, carboxylic acids and 
other simpler model compounds [28] can be ex­
tended in future on nucleosides. A consistent appli­
cation of Force Field Methods and Monte Carlo 
techniques to isolated molecules, and molecules 
influenced by crystal forces as well as free in 
solution, is the urgent task.

s4U constitutes a good experimental basis for 
further theoretical investigations.
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