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The Crystal and Molecular Structure of Inosine-5’-phosphate
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The crystal and molecular structure of inosine-5-phosphate has been determined by the symbolic
addition method. The crystal obtained from an aqueous methanol solution contains one water and one
methanol molecule per nucleotide and belongs to space group P2,2,2, with a=23-3;, b=4"78s, c=

154, A

, Z=4. The phosphate oxygen atoms are distributed at the two rotational positions around the

P-O ester bond. The torsion angle of the base with respect to the sugar, gen is —20°, in the anti con-
formation. The ribose puckering is C(3")-endo, which is different from the molecule of inosine-5'-
phosphate in the salt crystals. The conformation about the C(4")-C(5°) bond is gauche—gauche. Large
tunnels run through the structure parallel to the b axis. Water and methanol molecules fill the tunnels,

but their positions are considerably disordered.

Introduction

To date there have been reported structure determina-
tions of inosine-5"-phosphate in the sodium and barium
salts (Nagashima & litaka, 1968; Rao & Sundaralin-
gam, 1969). It was reported by Arnott & Hukins (1969)
and Sundaralingam (1969) that the conformational
angles in the monomers of the nucleic acid are con-
fined to narrow ranges, no matter what their environ-
ment in crystals may be. However, the conformations
of nucleotides in the solid state determined by X-ray
analysis and in solution, which were investigated by
means of n.m.r. or o.r.d., are not always in good
agreement with each other (Schrimer, Davis, Noggle
& Hart, 1972; Klee & Mudd, 1967). These differences
in conformation indicate that there is considerable
flexibility in the sugar-base conformation and ribose
puckering.

No nucleotide structure has been solved in both the
ionic and free-acid forms. This paper describes the
structure of free inosine-5’-phosphate and compares it
with that in the ionic forms.

Experimental

Crystallization of inosine-5'-phosphate (5-IMP) from
an aqueous solution was not successful, but good pris-
matic crystals elongated along the b axis were grown
from the boundary of the layers of a methanol and a
methanol-water solution. This freshly formed crystal
contains one water and one methanol molecule per
nucleotide, but the methanol of crystallization was
partly lost on storage at room temperature.

The unit-cell parameters were obtained from preces-
sion photographs taken with Cu K« radiation. The
density was measured by flotation in a chloroform-

tetrabromoethane mixture. Crystal data are listed in
Table 1.

Table 1. Crystal data

Chemical formula CoH13N,OsP.H,0.CH;0OH

Space group P2,2,2,

Unit-cell a=233,, b=478, c=154, A
Density D, =153y, D,=1-535 g cm™3
Absorption coefficient x=21-2 ecm~! (for Cu Ka radiation)

Using Cu Ku radiation, equi-inclination Weissenberg
photographs wete taken for layers 0 to 3 about the b
axis, and 0 to 6 about the ¢ axis. The intensities were
measured on the multiple-film Weissenberg photo-
graphs with a Narumi microphotometer. They were
then corrected for Lorentz and polarization factors and
put on a common scale by correlating the layers. The
dimensions of the crystal were approximately 0-3 x
0-2x 10 mm. In view of the low linear absorption co-
efficient and the small size of the crystal, no absorption
correction was applied. 1873 independent reflexions
were obtained from 2267 reflexions within the range
260 < 165°.

Determination of the structure

Various attempts to solve the structure by the Patterson
method were unsuccessful. The structure was finally
solved by the direct method using the tangent formula.
The starting set of phases are listed in Table 2, where
E is the normalized structure factor.

Using the list of addition formulae involving the re-
flexions given in Table 2, it was immediately found that
the phase difference between the symbols @ and b must
be n and the symbol ¢ must be near 0 or z. Therefore,
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Table 2. Starting set of phases

|E| h k1 7]
2-806 14 0 11 n/2
2:745 15 0 16 0 origin assignment
2277 0 3 12 n/2
2:715 20 0 13 a (£ 7/2)
2-625 8 0 19 b (x7/2)
2-488 4 3 3 ¢
2:258 0 1 3 —n/2 enantiomorph assignment

the following four combinations of the phases of a, b
and ¢ were assigned.

a b c
@) /2 —xf2 0
(ii) n/2 —72 i1
(iii) —xf2 /2 0
(iv) —7/2 /2 n

Each of the four sets of phases was used as a starting
set for the phase refinement of 68 reflexions with
[E|>1-7 by the tangent formula. Two sets were soon
rejected because of high values of the R index (defined

by R:% “Ehlobs - lEhIcalcl/%: |Ehlobs)' The Phase assign-

ment and refinement were extended to involve the 243
reflexions with |E| greater than 1-4.

The correct combination, (iv), was indicated by the
lowest R index and the E map which showed the phos-
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phorus and the remaining eight atoms. The Fourier
map calculated with the phases based on these atoms
revealed all the atoms of the nucleotide except the three
terminal oxygen atoms of the phosphate group. These
oxygen atoms along with that of the water molecule
were found in a subsequent difference electron density
map which showed that each phosphate oxygen atom
is distributed in two positions corresponding to two
different rotational positions of the phosphate group
around the P-O (ester) bond. In this difference map,
disorder of the methanol molecule was also noticed:
the electron densities at the position expected for the
methanol molecule were low and diffused along the b
direction. The most dense position in these diffused
regions was chosen, therefore, for the position of the
methanol oxygen atom M, and the low occupancy fac-
tor, m=0-5, was assigned.

The structure was refined by several cycles of block-
matrix least-squares calculations and the R index was
reduced to 0-108. The weighting scheme used was as
follows:

Yw=0-5 |F,| <50
Yw=10 5-0<|F,| <20:0
Vw=20/|F,| |F,|>200.

A difference electron density map showed a small
positive peak at the W(2) position. We put another
water oxygen atom at this site to form a spiral arrange-
ment of water molecules around the twofold screw axis.

Table 3. Positional parameters in fractional coordinates and their estimated standard deviations in A

X y z
r 0:5199 —0-1661 0-5781
o) 0-4961 —0-1647 0-4826
o(1D) 0-5563 0-0909 0-5903
O(I1I) 0-5488 —-0-4191 0-6062
oI 0-5278 0-0894 0-5187
Oo(1I") 0-5663 —0-1617 0-6503
O(II1") 0-5154 —0-4328 0-5263
0(6) 0-3018 0-7440 0-3197
o(1) 0-3490 —0-3360 0-6056
0(2) 0-2546 —0-1532 0:7260
0@3" 0-3514 0-0582 0-8035
0(5) 0-4609 —0-1076 0-6264
N(1) 0-2215 0-5729 0-3878
N(3) 0-2216 0-2150 0-4928
N(@) 0-3660 0-2879 0-4266
N(9) 0-3176 0-0377 0-5182
C(2) 0-1945 0-4017 0-4441
C(4) 0-2783 0-2088 0-4776
C(5) 0-3094 0-3664 0-4210
C(6) 0-2808 0-5786 0-3706
C(8) 0-3697 0-:0985 0-4880
(1) 0-3015 —-01532 0-5920
C(2) 0-2923 0-0091 0-6747
C(3) 0-3530 0-0130 0-7132
C(4) 0:3740 —0-2791 0-6896
C(5) 0-4381 —0-3229 0-6841
W(1) 0-4564 0-5258 0-3626
W(2) 0-4477 0-7357 0-1920
Mt 0-3762 0-2534 0-1388

m* S(X) S(Y) S(Z)
10 0-002 A 0002 A 0-002 A
05 0-019 0-029 0-015
0-5 0-014 0013 0-017
0-5 0-012 0013 0-016
05 0-015 0-014 0-014
05 0-012 0020 0-015
05 0-016 0-014 0-012
1-0 0-007 0-008 0-007
1-0 0-006 0-006 0-006
1-0 0-006 0-007 0-006
1-0 0-006 0-007 0-006
1-0 0-006 0007 ,  0-007
1-0 0-008 0-009 0-008
1:0 0-008 0-009 0-008
1-0 0-007 0-009 0-008
1-0 0-007 0-008 0-007
1-0 0-009 0-011 0-010
1-0 0-008 0-009 0-008
1-0 0-008 0-009 0-009
1-0 0-010 0-011 0-009
1-0 0-008 0-010 0-009
1-0 0-008 0-009 0-008
1-0 0-008 0-009 0-008
1-0 0-008 0-008 0-008
1-0 0-008 0-008 0-008
1-0 0-008 0-009 0-009
0-5 0-015 0-020 0-017
0-5 0-050 0-067 0-048
05 0-028 0-092 0-038

* Qccupancy factor
t Methanol oxygen atom

A C 30B - 5*
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No conclusive result about the positions of the hydro-
gen and methanol carbon atoms could be obtained
from the difference map. The final atomic parameters
and their estimated standard deviations are listed in
Tables 3 and 4, the observed and calculated structure
factors in Table 5.

Results and discussions

The crystal packing and hydrogen bonding

The packing of the molecules and the probable hy-
drogen bonding are shown in Fig. 1.

A notable feature of the structure is that the two
positions were found for the oxygen atoms of the phos-
phate group. One, consisting of O(I), O(II) and O(111),
takes a eclipsed conformation with respect to the
C(5)-0O(5") bond and the other, consisting of O(1'),
O(II') and O(III'), takes a staggered conformation.
However, it was not possible to determine the manner
of distribution of the phosphate-oxygen atoms on
these positions. Assuming that the phosphate groups
randomly adopt either of the two conformations, close
contacts between the oxygen atoms of the neighbouring
phosphate group in the b direction would occur as
shown in Fig. 2. Thus, if they took the same conforma-
tion, the distance between O(II) and neighbouring
O(III) would be 2:37 A and that between O(I’) and
neighbouring O(I1I') would be 231 A; both are much
smaller than the normal van der Waals contact. It may
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therefore be improbable to assume the same conforma-
tion for these neighbouring phosphate groups.

On the other hand, if we assume a succession of the
alternative arrangement of eclipsed and staggered con-
formations of the phosphate groups along the b direc-
tion, this will give two kinds of reasonably strong hy-
drogen bond between the phosphate groups O(111) and
the neighbouring O(I’) atoms and that between O(III')
and the neighbouring O(1I) atoms. However, this was
not confirmed by the X-ray diffraction pattern since
the diffraction photographs, even though they were
taken for fresh crystals and were heavily exposed,
showed neither evidence for the double repeat distance
along the b direction nor the diffuse scattering showing
the partial order of the arrangement. It is therefore
reasonable to assume that the packing of the molecules
is governed by the base stacking. The bases are stacked
with a separation of 3:275 A along the b axis, but are
tilted about 30° with respect to the (010) plane. The
phosphate oxygen atom O(II') or O(III) is hydrogen
bonded to the adjacent ribose hydroxy group O(3"),
while O(1) or O(III') is hydrogen bonded to the water
molecule.

There are two kinds of hydrogen bond between the
purine rings and the ribose groups of the adjacent
molecule: N(1)---O(3") and O(6)- - -O(2"). N(7) of the
purine ring is hydrogen bonded to the water molecule.
The hydrogen bond lengths in the crystal are given in
Table 6.

Table 4. Thermal parameters and their estimated standard deviations
Temperature factors are of the form T=exp {—10~*(B11h> + faok® + Bo3l* + 2B ohk + 2By 3hi+ 2f13k1)) .

ﬂll ﬁZZ 533 ﬁll ﬂl.’: ﬁl}
P 10 (0) 183 (8) 30 (1) 7(2) 1(1) -4 (3)
o) 33 (3) 1344 (215) 34 (7) 113 (30) —15(5) —90 (37)
o(n 19 (3) 137 (51) 63 (8) 4(11) 2(4) -6 21
OdI11) 11 (2) 201 (36) 64 (8) 20 (10) 1(4) 21 (21)
oI 20 (3) 277 (64) 38 (6) -3 (12) 13 (4) 50 (19)
odr) 9(2) 728 (109) 46 (7) 28 (15) -9(3) —48 (29)
OoI11") 25 (3) 217 (56) 25(3) -2 (13) 44 -24 (17)
0O(6) 20 (2) 325 (35) 41 (3) —5(6) —-8(2) 45 (11)
Oo(1") 14 (1) 173 (25) 28 (2) 17 (5) 0 (1) -3
0(2) 12 (1) 306 (32) 36 (3) —-8(6) 5(1) 11 (10)
o) 15 (1) 261 (29) 24 (2) 12 (5) 1(1) —42 (8)
O(5) 12 (1) 229 (30) 54 (4) 16 (5) 52 44 (10)
N(1) 17 (2) 303 (39) 34 (3) 20(7) —8(2) -11(12)
N(3) 13 (1) 334 (42) 38 (4) 5(7) 0(2) 11 (12)
N(7) 13 (1) 340 (41) 29(3) 9(6) 0(2) 10 (12)
N(9) 11 (D) 236 (33) 21 (3) 7 (6) 0(2) 12 (10)
C(2) 15(2) 357 (51) 37 (4) 14 (8) -5(2) -6 (15)
C(4) 12 (1) 217 (39) 24 (3) 19 (7) —-2(2) —11(11)
C(5) 12 (1) 232 (39) 25(3) 14 (7) —-5(2) —10(13)
C(6) 18 (2) 318 (48) 25(3) 2(8) -7(2) —-20(13)
C(8) 9 (1 348 (48) 28 (3) -2() 0() 12 (13)
C(1") 12 (1) 177 (34) 30 (4 11 (7) 0(2) 13 (12)
C(2) 10 (1) 221 (38) 22 (3) 3(7) 3(2) 6 (11)
C(3") 10 (1) 115 (32) 28 (3) 8 (6) 0(2) on
C4) 10 (1) 124 (33) 25) 3(6) —-2(2) 2(10)
C(5) 8 (1) 244 (39) 38 (4) 4(7) 3(2) 36 (13)
w(1) 20 (3) 621 (105) 59 (8) —-28(17) 14 (4) 33 (30)
W(2) 80 (14) 3595 (375) 217 (33)  —272(70) —4(16) 337 (117)
M 31 (D 6004 (969) 157 (25) =167 (77) 9 (10) 444 (164)
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Table 5. Observed and calculated structure factors
For the reflexions marked with an asterisk were attached the weight other than unity.

» FO FC u Fn fFC n F0FC n FU T u F0 fC M O FC u FO FC H 0 FC “ FO FC H U FU % FO G w 0 ir » 0 FC
15 18 15 7 14 18 13« & 2 6e 38 3/ 5 19 16 14 10 o 19 11 11 7 5 24 2e 16 4 4
16 6 6 8 20 18 7. 24 21 6 18 16 15 1 & 20 24 28 4 6 14 314 Kis 5 2
17 13 e 9 24 24 8 18 11 7 35 24 1he 4 3 21 "9 10 ’ 7 21 3 H R
180 35 36 10 27 24 9 23 2) 8 10 & Kz 3117 22 9 9 7 PPN 2 s s
19 11 131 1t 14 48 100 38 28 9 7 s 16 3 23 15 1% 6 1 v u 3 7 e
o0 14 15 12 10 8 11 11 10 10 26 24 > 8 @& 24 0 8 7 « 8
1010 & 8
23 18 17 14e 34 37 12 1> 16 1 10 A e 5 5 25 6 6 7 1 12 18 3 3 10 21
24 1t 11 16 10 90 13 35 29 12 11w 4« 12 26 A 8 . 15 12 18 4 10 8
% 6 4 17 & 5 IR T S A 8 7 ks 2 4 6 i 7e & 3
26 6 4 w77 15 14 11 14 12 12 7 10 9 0o 6 3 L3 1% 18 19 8 11 10
27 7 7 10e 4 4 leeds s 13 '3 13 A e e 1° 36 32 6 e ¢ 13 11
?8 10 1% 21 5 4 17 8 6 16 6 5 °o 6 S 2 20 20 L3 18 11 12 10 11 ©
2° 7 21 18 17 18 1n. 15 17¢ 4 a mn 8 8 3 26 29 L 19 v 1 & &
Kl: 0 6 21e 4« 19 1 12 8 7 5 13 4 18 4. 51 48 a 20 ) 8 12 & 5
f 20 14 24 4 b 20 18 1/ 19 15 14 140 3 3 50 29 24 [ 21 v 9 13 7 8
2 15 19 280 3 4 5 11 11 20 7 6 X 118 6o 44 a5 s 22 6 & 14 12 1
3 25 20 Koe 012 22 9w 21 % 19 e 7 7 21 14 + 7 s 4 2 45 0 A
PERTERT v 22 % 23 v v 22 10 10 7. 8s 20 2 11 3 e 2z 2 dee 44
S 4 2 109 74 10 10 23 A & 6 5 9 36 39 12 13 4 102y 28 K.l 3
6 24 21 LERCERT] 50 > 8 25 11 12 6 & 2 13 8 2. 31 29 Lo B
7o a3 38 4 18 ae 2 » e XoLs 111 ° a ® 71 3 15 14
- a 2u 23 2 7 L]
8 22 18 5 19 48 27 5 s 0 14 13 ¢ A . s 17 18 3 9 10
° 20 19 6 12 12 P s s 1 5 L 1 e 6 23 22 5 10 10
10 20 16 719 49 K1 e 2 19 18 s & 2 7 3 6 12 10
o272 32 ° 18 18 020 2e EERT IRt 7 . 3 7 6 32 32 8 11 10
12 19 18 10 28 28 10 40 4> a a5 4 3 a e H 9 10 190
3 9 ¥ 1 A 5 2 27 28 5 28 22 6 L3 Se 5 10 I8 18 10 10 s
14 235 22 12 8 8 3 %0 e 6 26 25 5 & [ 112 12 312 8 9
w25 22 15 4 7 FEPYERT] 7 10 10 19 8 o 12 12 11 13 14 13
1 6 5 16 9 11 50 57 34 8 23 2 6 20 7 8 o 6 13 36 16 14 12 11
1?7 6 . 17 14 <4 6v 28 33 9 23 2% < 21 10 10 10 3 14 a [ 1% 19
180 28 28 1 9 9 721 2w 10 14 14 ? 2 7 8 110 4 9 @ 160 5 &
19 1e 1420 18 40 8 1> 15 11 12 9 e 23 7 7 Kotz 21 16 11 11 Rz 5 4
20 a 8 21 H o 19 1¢ 12 12 11 2 2 & o 17 0 1 112 14
22 12 13 23 10 11 10 35 36 13 @ 4 o 5 s 118 12 12 2 1% a7
24 13 14 &.L: 043 11e 3¢ 29 14 8 a ELS S 7 19 14 13 6 5
EA TS 1 10 9 12+ 34 33 15 14 14 n 17 P s 206 e 20 A 6 H xg 1
260 5 4 4 22 49 13 12 v 16 % s e s 5 1% 16 s e 7 [
27 7 8 5 1% 11 22 24 5 14 16 16 18 8 A 2 8 s To1s s s 22 e IR
28 11 12 6 20 18 23 7 7 48 20 70 19 11 10 3o %8 54 > 13 @ s mle 4 3 3080
¥z 00?7 712 0 26 8 16 26 75 21 13 12 . < 18 17 . 1 26 20 13 8 8
1905 @ A 10 7 25 7 7 i3 15 14 22 15 1% M S 23 e e >
2 8 0 10 11 10 260 4 5 18 22 23 23 6 5 s 15 18 10 3 2% 2 1% 4 >
3 110 12 13 0 27 6 5 19 10 9 24 8 7 L . . a 28 23 1 w7
e 25 22 1V 5 4 25 9 g 14 KLz 2 [EETERT] : 5 21 22 Ks 5 %
& 20 20 14 9 1 X,z 4 9 8 3a 38 10 s o1 013 1
6o 30 42 q4 1 7 0e104 114 9s 48 a7 12 7 13 1% 1
7 8 1 w77 1e 91 104 10 14 14 21 31 1 27 8 14 14 2 1 1>
R, 59 37 100 4 3 2e 46 4 1M 1 9 22 9 s 3 12 10
o e 20 18 g6 317 1 12 26 2% 23 10 ] a o >
22 18 2 6 7 4 78 78 1%e 38 %9 24 11 M 5 7 @
11 20 18 220 4 2 5 11 10 1411 1 25 12 7 6 17 17
120 83 31 Kelz 0 g6 6 11 11 150 38 42 K.te 1 13 s o6 v 9
131 s a7 a 7e 36 35 16 o PRt 1e 3 v &
14 22 10 1 8 36 3a 17 0 o 2 78 24 1 3oy
w11 2 1y 3 9¢ 30 3 19 13 qe 3 15 13 8 14 por L
w A 5 T 21 24 106 30 37 19 8 8 FIRTERT] R R A H
17 9 9 PR 114 33 36 20 10 @ 5 & 8 s s w1
197 e & 13 14 120 45 30 21 13 94 6 11 8 S B
20 11 10 6 10 8 13 11 11 22 11 13 7 18 17 " 2e 4 & o s 1
n 86 [ T TR B Y] 23 7 8 s 15 13 AP 10
4 8 7 A 17 16 15 26 e 20 8 6 00 33 3 . o 22 23 3 o 8
26 & 5 9o 18 18 16 14 11 25 7 6 10 8 8 18 3 % 14 4 8 v
KoLz 0 8 1114 ae 17 12 19 11 19 20 3 e 5 6 o
n 712 4 5 48420 57 12 11 10 3 s 17 3t 6 12 10
1e 24 26 15 7 5 19 24 2¢ 13 29 2 . s 1% 12 7 o s
2 6 9 1A 14 43 20 10 e ;2 2 18 19 14 14 1 " 7 17 2 8 11 g
3 22 20 19 15 <4 gy o2 20 10 220 % 3051 48 18 5> 24 s A e 1 >
o388 36 20 8 1 23 ‘¢ “4 723 s e 4o 74 70 16 30 10 . oo 3 10 6 o
5 73 a s 5 23 14 1a pr3 Kegz * 1% %o 29 28 17 7 7 5 10 1% 17 11 11 10
Au37 S8 kz 015 24 4 5 0 A 13 12 4 37 32 2 e 1 Py e v 1z e
7 us 25 16 4 25 10 12 ® DERT NPT 70 28 25 9 9 10 5 12 17 10 13 8
A A 10 3 18 a8 26 6 & 19 2> 27 2 19 10 8 16 27 30. 05 4 4 14 e 14 6 10
e 12 4 13 1Y 2 7 7 20 1wt/ N7 Q@ 25 24 21 s 3 2 14 a0 a3 ke 6 0
w22 20 S 14 ¢ 28 B A 71 14 1s 4 37 20 10 13 12 2 & LI S R E
"oa 22 4 7 5 20 8 7 22 12 13 a 111 11e 4 23 10 11 3 H AR HI 2. 8 %
12 8 3 76 5wz 1r 5 o1 7 96 18 12 25 17 Kotz % 7 Keas 4 & [
13 16 15 R 4 2 012° 180 24 v o A 14 14 37 o 13 13 ; aely s a4 4 s
4 12 10 1112 44 10 59 &7 % 8 > ELERT U 14 25 24 1 a8 H Y 12 11 5 & 3
8 22 22 14 10 92 2060 76 26 12 12 a1 1 6 15 30 39 2 14 14 H 30 i e 10
77 5 18 1 a0 3028 31 27 4 2 1> 32 24 ° 1 3 22 2 - 3112 ks 4 g
W25 28 15 10 A 4 21 17 Kerz 18 13 3 13 17 23 21 a 22 22 LY g X0 34 o 10 10
1915 15 17 7 7 Se 74 7% o 24 71 14 131X 18 12 11 5 28 24 2 A T 1 13 13
20 11 10 10 & 7 60 3% 30 je 37 3% 15 A A 190 $4 35 s 21 20 [ A8 A 2 5 5
2 4 b KLz 016 7e 34 3 2 & 2 1w 5 & 20 13 11 8 31 20 4 7 s 7 13 14 S 8 8
22 g2 23 n 8 g A 2R 10 3 23 22 17 9 A 21 10 10 9 1% 1% % 3 2 o 17 1m « 9 o
%7 114 1 Qs 37 38 4 21 20 1w 9 A 22 o A 10 9 e 4 & 3 10 9 A 5 9 10
24 12 12 2 42 10 30 26 e 39 38 e 8 7 23 8 6 11 37 18 1 2 e KeLr A 2
26 16 10 o7 A < F R P S R T 12 1e % e 4 5 13 30 22 118 16
Le 4 5 5 12048 as S se 2e Sve a4 4 26e 4 3 13 e o 10 8 14 10 22 2 7 7
10 35 36 5 6 & 13 45 a7 8e 37 30 X 114 26 7 8 14 47 47 10 s 4 14010 3on s
2 17 e 588 14s 39 35 9 n 5 & 27 1112 1 12 13 11 10 10 ‘: 1 :x 4 a4 3
6 18 16 ° 19 32 15 11 11 gpe 28 27 v s a4 wez 2 16 6 8 e e un SO
7 23 24 1o e 1 24 22 U0 g > 20 20 a 13 10 17 6 8 [ - 3
As 37 36 12 1 4y AR 5 « 4 112 18 310 10 7, : Le 4 H
e 1 18 14 6 4 HA N o 17 7 20 17 19 & A A fe 36 38 ’
0 6 4 15 18 47 19+ 30 31 A 9 311 1% 200 4 1 T 05 s 1 20 38 °
11 26 26 a7 7 A 26 16 13 ’ 12 4 14 10 21 12 12 3 7 e 2 16 14 KoLt & 4
2 8 8 iz 07 21 11 10 a 10 5 11 10 23 90 10 e o a 3 28 23 oe a4 3
3o 19 108 ¢ 2 11 1 ° ° 6o 28 26 KeLs 3 A 6 & 8 4 18 10 1e 3 4
14 14 12 2 5 3 24 5 5 10 13 7 20 15 7 26 24 0e 30 32 7 0 8 4 14 13 20 5 5
1 88 316 18 55 ¢ g0 14 8e 31 27 8 14 12 1 23 28 8 10 10 s 13 12
w 6 3 PR Y % 5 5 ° 9 10 13 0s 20 35 2 11 o 9 6 4 7 1% 1%
17 11 1e T A 8 27 e o 5 1 o1e 11 15 12 12 3 10 12 16 0 o s 12 1
19 12 12 A an qp 8 4 3 7 e 27 26 1te 27 28 a® 37 33 12 7 A 9 10 10
10 e e 29 6 7 18 1 12 17 16 s 73 22 " 318 10 12 14
v & 8 19 & Kz 14 ’ 13 15 16 13« 51 %0 e ‘o ‘s e 13 1y N5 7
Re A0 56 3 5 00 45 38 10 140 42 42 14 23 26 s 1 ? 17 18 108 s a7 88
Qs A3 A 5 4 1e 85 8> A 1’12 13 15 19 20 13 11 11 8 10 & 2 10 A :: 1:\ H
20 17 6 7 2 17 18 3 16 40 41 16 9 10 1« 7 7 9 i 18 3o 3 4 v e
10e 48 a5 ¢ 1 e3¢ M 115 97 20 21 17 318 19 15 10 11 10 0 17 L33 B S - G
174 a5 4a < 1 S on 55 % 1A 24 25 14 0 8 16 & 8 11 30 le RS
1% 4 3 19 5. 64 A3 T 16 & 5 y0 11 11 170 4 3 M LM
14« 6 5 DN 60 38 32 3 1 20 14 15 20 10 €1 8 5 6 s 8 A 113 12
16 13 k4 . M 7 18 22 2 2a 21 ° 7 21 6 5 19 5 A 12 12 17 ? 18
14 19 10 112 8e 29 23 4« 15 22 6 b 7 8 20 5 & 2 12 2 3 oze 28
170 79 31 9 1n 9e 3% 3% 6 & 23 ? 7 ® 9 KoLz 2 14 ° 7 H 4 12 14
1M 5 e 6 5 10 17 16 4 1% 24 7 7 s 2 121 24 10 L] 4 s 10 9
10 21 2% o 18 11 18 20 5 a4 » 1 7 . 8 2 7 s . 11 . e s 3
20 9 A « 3 12 10 10 Y] 24 9 9 0 3 5 8 LI " 9 ¢a 23
210 4 A 8 19 1318 1e 2 1% 27 5 S 1 4 12 13 ] 2 10 1% 13
22 9 1a 5 3 14 1% 1% 5 5 780 4 5 2 s 7 7 s & 36 12 20 21
28 11 13 7 6 q5 g 0 10 kez 2 3 3 6 8 A F 2 13 7 s
she 8 4 5 4 16 8 6 IS LTI ‘. 7 8 8 e E IR
27 8 7 1 17 17. 26 30 7 s o1t 10 - 8 10
2 6 s 5 7 i8 23 2% 5 70 44 43 s A %7 20 1a 8 %
20 A o 10 o 19 18 17 6 8 7 17 6 6 3 o o 7 21 23 1 8 7 2 18 1A 13 AR ",‘
xka: 0 8 5 8 20 v 10 47 o g jAe 4 % 40 30 a2 8 2t 20 11 6 8 3 M s A
« 28 12 15 19 IO A Y 18 13 13 Koz 118 s 17 16 e 22 33 12 7 8 4 25 2% M 1 17 %
2 19 18 10 22 > 4 19 10 a0 " s & 4 17 15 10e 30 10 13 6 4 % 13 1% N 3 10 9
317 e 3333 33 16 15 20 14 17 1o 1 7 25 22 11 10 U s 4 o o &+ 31 4 T 12 a2
421 s 20023 24 13 6 5 7 s 2 1117 8 13 13 12 2n0 0 18 7 7 7 17 3% 4d e g/ 4 1403
G 52 9% 21 e % 8 6 22 5 s 7 e 20 20 13 13 12 16 &« o 73 24 37 10y " o2 42
6 35 30 9 21 7/ 8 23 4 3 5 8 8 21 22 14 22 23 17« 4 2 * 27 24 w8 99 6 13 11
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Table 6. Hydrogen-bond lengths

The number in parentheses after the second atom in each case
indicates the atomic position as follows:

D x,y,z; 2) x,14+y,z; (3) l—x,—%+y,t-2;
@ 1=x,=3+y,1+%—z; (5) t~x1-p,—1+z

odn: - - - oI (2 2-37% A
odn- - - -O(IIr) (2) 2:66
Oo(IID)- - - O(3") @) 2:72
o(I')- - - - O(11D) (2) 2:76
o(I')- - - - O(IIT) (2) 2:31*
oI’y - --0(3) 4 245
0(6)- - --0(2) 5) 277
N() -+ --0(39) (5) 2-78
w0 ) 2:55
w()- - --O(Il) ) 2-88
W) -+ N(7) 1) 259
W) W(2) (0 283
W)« W(Q) 3) 277
w2)y---M N 2:96
W) M %)) 310

* These hydrogen bonds do not seem to exist.

Large tunnels are seen in the structure along the b
axis. In these tunnels, are situated the water and meth-
anol molecules and hydrogen bonds between the water
molecules form a continuous spiral along the b axis.
The electron densities at the region M where the methan-
ol molecules seem to exist are very diffuse and low but
the distances between W(2) and M are 2:96 and 3-10 A.
We therefore assume the methanol molecules are

[

bound to the water molecules through weak hydrogen

bonds and are loosely trapped in the tunnels so that

the methanol molecules are volatile and can escape

easily from the crystal. It was confirmed by means of
n.m.r. that the methanol of crystallization was

partly lost on storage at room temperature. In fact,

about half seem to have been lost during the data col- -
lection.
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Fig. 2. The molecular packing in the crystal viewed along the
direction of the P-O(5") bond. Hydrogen bonds are shown
by dashed lines and the other close contacts listed in Table 6
are shown by dotted lines.

Bl

Fig. 1. The crystal structure viewed down the & axis, Possible hydrogen bonds are shown by dashed lines,
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The water content may also be variable. These re-
sults indicate that the water and methanol of crystal-
lization play no important role in the construction of
the crystal lattice, although it is interesting that even
such loosely bound and labile methanol molecules are
important in the crystallization, because the crystals
have never been obtained from an aqueous solution.

It was also found that 5'-IMP crystallized from an-
other mixed solution of organic solvent and water, i.e.
an aqueous ethanol or an aqueous acetone solution
etc. These crystals are found to have a similar structure
by the X-ray powder diffraction pattern.

The present crystal has a lower density than the
crystals of other nucleotides, as shown in Table 7, and
the low density reflects the particular feature of the
structure such as the existence of large tunnels filled
with the labile methanol and water molecules.

Bond lengths and angles

The bond lengths and angles of inosine-5'-phosphate
are shown in Fig. 3. The estimated standard deviations
are about 0-02 A for the P-O bond lengths, 0-014 A for
other bond lengths and about 1° for bond angles. Most
of the bond lengths and angles have reasonable values,
and there are no significant deviations from the value
found in the sodium salt crystal.
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Table 7. Densities of nucleotides (g cm™3)

Nucleotide D, D, Reference
5-IMP.H,0.CH;0OH 1-539 1-535 1
5-IMP.2Na nH,0 (n=7~8) 1-62 1-616 2
5-AMP.H,0 1-647 3
5-GMP 3H,0 1-644 1-650 4
5-GMP.2Na.6H,0 1-632 S
3’-CMP (orthorhombic) 1-64 6
3’-CMP (monoclinic) 1-72 1-73 7
3¥-AMP 1-698 8

1. Inosine-5-phosphate (present work).

2. Disodium inosine-5’-phosphate hydrate (Nagashima &
litaka, 1968).

3. Adenosine-5’-phosphate monohydrate (Kraut & Jensen,
1963).

4. Guanosine-5’-phosphate trihydrate (Murayama, Nagashima
& Shimizu, 1969).

5. Disodium guanosine-5-phosphate hexahydrate (unpub-
lished data).

6. Cytidine-3’-phosphate (orthorhombic form) (Sundaralin-
gam & Jensen, 1965).

7. Cytidine-3’-phosphate (monoclinic form) (Bugg & Marsh,
1967).

8. Adenosine-3’-phosphate (Sundaralingam, 1966).

The C(6)-0O(6) bond length and C(6)-N(1)-C(2)
angle indicate that the nucleotide is in a lactam form,
as was found in the crystal of the disodium salt. The
deviations of atoms from the least-squares plane

-
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Fig. 3. The bond lengths and angles in the inosine molecule.
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through the purine ring are listed in Table 8, and show
that the ring is planar within experimental error.

Table 8. Deviations from the purine ring plane

N 0-011 A
CQ) —0012
N(Q3) 0-000
C(4) —0-008
C(5) —0020
C(6) 0026
N(7) —0037
C(8) 0035
N 0-005
0(6)* 0072
C(1")* 0-146

Equation of the plane is:
0-1356X+0:6840Y +0-7167Z=6-857,
where X][a, Y|lb and Z||c, measured in A.

* Atoms excluded from the calculation of the least-squares
plane,

The conformation of the nucleotide

The torsion angles in the nucleotide are listed in
Table 9. Table 10 lists the deviations of the individual
atoms from the least-squares plane through the ribose

Table 9. Torsion angles

C(8) -N(9)-C(1)-0(1) (pe)  —20-2°
C(8) =N(9)—C(1)-C(2" 968
C(4)-0(1)-C(1)-C(2") -55
O(1")-C(1)-C(2")-C(3") 277
C(1)-C(2)-C(3)-C(4" -379
C(2)-C(3)-C(4)-O(1") 357
C(3)-C(4)-0(1")-C(1") —-19:5
N(9)-C(1)-C(2")-C(3") —88:8
N(9)-C(1)-C(2)-0(2") 154-6
0(2)-C(2)~C(3)-0(3") —450
0O(2)-C(2")-C(3")-C(4") 74-8
C(2")-C(3)-C(4")-C(5") 1565
0(3)-C(3)-C(4")-C(5") —84:9
C(5)-C(4)-0(1")~C(1") -145-7
O(1)-C(4)-C(5)-0O(5") (po0) 66-4
C(3)-C(4)-C(5)-0(5") (poc) —523
C(4)-C(5)-0(5")-P (pop) —1558
C(5)-0(5)-P——O() 116:0
C(5)-0(5")-P——O(1I) —132:5
C(5")-0(5")-P——O(III) -76
C(5)-0(5")-P——O(I") 1756
C(5)-0O(5")-P——0(II") —69-3
C(5)-0(5")-P——O(III") 564

CRYSTAL AND MOLECULAR STRUCTURE OF INOSINE-5'-PHOSPHATE

ring. The conformation of the ribose ring is C(3')-endo,
which is different from that found in the disodium salt
but similar to that found in 5-GMP (Murayama,
Nagashima & Shimizu, 1969) and 5'-AMP (Kraut &
Jensen, 1963).

Table 10. Deviations from the ribose ring plane

o) —0030 A
C(1%) 0-029
Cc@2) —0-018
C(3)* 0-600
C(4y 0018

* Atom excluded from the calculation of the least-squares
plane.

The glycosidic torsional angle gy is —19-9°, which
lies in the anti range. But this value is considerably dif-
ferent from the value for 5'-IMP in the disodium salt
crystal. This difference may be due to the ribose con-
formation, i.e. in the case of C(3")-endo, the repulsion
between the hydrogen atoms at the C(8) and C(3’)
atoms would reduce the gy angle. The conformation
about the C(4")-C(5") bond is gauche-gauche. The tor-
sion angle C(4)-C(5")-O(5')-P, pop= — 156°, is some-
what different from the value generally found in
5"-IMP salt crystals (160-170°).
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