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Crystal Structure and Modelling Studies of myo-Inositol 1,2,3-Trisphosphate
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The crystal structure of sodium tetra({cyclohexylammonium) myo-inositol 1,2,3-trisphosphate is found in the chair
form with the three phosphate groups adopting the more stable equatorial-axial-equatorial conformation.

Phytic acid (1, myo-inositol hexakisphosphate) has potential in
the prevention and treatment of a range of cancers, and these
properties may be attributed to its ability to bind Fe3+ and
divalent cations.! myo-Inositol 1,2,3-trisphosphate 2 has re-
cently been discovered? in mammalian cells at concentrations of
1-10 umol dm—3 and hypothesised also to have a role in iron
chelation.3# To test this proposal, we have recently described
the synthesis and iron binding studies of 2.5:6 The results show
that 2 resembles phytic acid in its ability to chelate iron and
behave as an anti-oxidant,>¢ and to act as a siderophore by
promoting iron-uptake into Pseudomonas aeruginosa.b

Several other naturally occurring inositol trisphosphates also
have interesting biological properties, for example, myo-
inositol 1,2,6-trisphosphate’ and the second messenger, myo-
inositol 1,4,5-trisphosphate.® However, X-ray structural in-
formation is not available for any inositol trisphosphate; indeed
only two crystal structures of myo-inositol phosphates have
been reported. myo-Inositol 2-phosphate monohydrate was
found to exist in a slightly distorted chair conformation with the
phosphate ester axial and all the hydroxy groups equatorial.?
Phytic acid, either in the crystalline form as the dodecasodium
salt or bound to deoxyhemoglobin, adopts a chair conformation,
with five of the phosphate groups (1-, 3-, 4-, 5- and 6-)
surprisingly in axial positions.10:!! In the dodecasodium salt, the
phosphate groups were stabilised by bridging sodium ions and
hydrogen bonded water molecules which could account for its
unusual conformation. NMR studies of this salt form in solution
support the 5-axial/l-equatorial structure, but as the free acid,
the five phosphate groups adopt equatorial positions, with the
conformational change occurring at pH 9.4, triggered by a
deprotonation.!2 Raman spectroscopic studies show that the
hexacalcium salt adopts the 1-axial/5-equatorial conforma-
tion,'2 which is also seen in the crystal structure of hexa-
(cyclohexylammonium) myo-inositol hexasulfate.!> We were
fortunate to obtain crystals of the natural product 2 which were
suitable for X-ray crystallography. Of importance to iron
binding properties, especially as 1 can adopt different con-
formations, it was of interest to establish whether the three
phosphate groups of 2 adopt either an equatorial-axial—
equatorial or an axial-equatorial-axial conformation in the
solid state.

The crystal structure of the sodium tetra(cyclohexylammo-
nium) salt} of 2 also contains seven molecules of water and a
molecule of methanol in the asymmetric unit (Fig. 1).§ The
myo-inositol ring possesses the expected chair conformation
with 1-axial/5-equatorial oxygen positions, in contrast to 1 with
its unusual 5-axial/l-equatorial conformation.!9-1! The inositol
ring and phosphate groups have bond distances and angles
(Table 1) that are consistent with those of myo- inositol
2-phosphate.? The inositol ring is only slightly distorted from an
ideal cyclohexane chair, the presence or absence of phosphate
groups making little difference {asymmetry parameters,
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AGC,[C(1)-C(6)] = 0.47, AC{[C(3)] = 0.48}.17 The ions and
solvent molecules are linked by numerous hydrogen bonds.
Terminal oxygen atoms of phosphate groups are the best
acceptors, receiving up to three hydrogen bonds each. The
oxygen atoms of methanol and most water molecules also
function as hydrogen bond acceptors. Every inositol hydroxy
group donates a hydrogen bond, all four cyclohexylammonium
groups donate three hydrogen bonds each, and donation of most
water hydrogen atoms is observed. Geometric data for hydrogen
bonds involving atoms of compound 2 as both donors and
acceptors (Table 2) are in good agreement with surveyed data.!8
The O(15C)-H(15C)---O(14A) intramolecular interaction be-
tween phosphate groups is particularly short and strong. One of
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Fig. 1 ORTEP drawing'¢ of myo-inositol 1,2,3-trisphosphate and sodium
cation, showing the labelling scheme for non-H atoms (water, methanol and
cyclohexylammonium cations are omitted for clarity). Thermal ellipsoids
are drawn at the 50% probability level.

Table 1 Bond lengths (A) and angles (°) for myo-inositol 1,2,3-tri-
sphosphate (e.s.d.’s)

C(O1)-C(02) 1520 (7)  C(O1)-C(06)-C(05)  109.3 (4)
C(01)-C(06) 1528 (7)  C(02)-C(01)-C(06)  112.4 (4)
C(02)-C(03) 1522 () C(02)-C(03)-C(04)  111.7 (4)
C(03)—C(04) 1531 (7)  C(03)-C(02)-C(01)  108.9 (4)
C(04)-C(05) 1505 (7)  C(04)-C(05)-C(06)  112.1 (4)
C(05)-C(06) 1529 (7)  C(05)-C(04)-C(03)  109.3 (4)
C(01)-0(09) 1441 (6)  O(07)-C(03)-C(02)  108.7 (4)
C(02)-0(08) 1437 (6)  O(07)-C(03)-C(04)  112.7 (4)
C(03)-0(07) 1.423 (6)  O(08)-C(02)-C(03)  109.5 (4)
C(04)-0(12) 1426 (6)  O(08)-C(02)-C(01)  110.5 (4)
C(035)-O(11) 1412 (7Y O09)-C(01)-C(02)  110.7 (4)
C(06)-0(10) 1410 (7)  O(09)-C(01)-C(06)  108.0 (4)
0(07)-P(13) 1622 (4)  O(10)-C(06)-C(01)  111.0 (5)
O(08)-P(14) 1619 (4)  O(10)-C(06)-C(05)  111.1(4)
0(09)-P(15) 1.606 (4)  O(11)-C(05)-C(06)  111.2 (5)
P(13)-O(13A)  1.517(4)  O(11)-C(05)-C(04)  109.6 (5)
P(13)-O(13B) 1508 (4) O(12)-C(04)-C(03)  111.5 (4)
P(13)-0(13C) 1510 (@)  O(12)-C(04)-C(05)  107.8 (4)
P(14)-O(14A)  1512(4) COD-O09)-P(15)  120.1 (3)
P(14)-O(14B) 1506 (4) C(02)-O(08)-P(14)  122.6 (3)
P(14-0(14C) 1497 (4)  C(03)-0(07)-P(13)  121.3 (3)
P(15)-O(15A)  1.486 (4)

P(15--O(15B)  1.495 (4)

P(15)-O(15C) 1556 (5)
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Table 2 Selected hydrogen bonding in myo-inositol 1,2,3-trisphosphate (e.s.d.’s)

d(0--OY/A d(O-H--OyA a(O-H--0)/° Symm. accep.«
O(10)-H(10)--O(13A) 2.766(6) 2.13(7) 161(9) =X, =Y. 1 —
O(1 -H(11)--O(13B) 2.754(6) 2.03(6) 178(6) %— X, -Y, 1 -
O(12)-H(12)7-O(13A)  2.685(6) 1.87(9) 175(7) i Y. Z
O(15C)-H(15C)--0(14A)  2.553(7) 1.69(7) 160(6) X.Y,Z

@ Symmetry operation to be applied to the acceptor atom. # Calculated hydrogen position based on electron density and subjected to rotating group

refinement.

the inositol hydroxy groups adjacent to phosphate forms an
intramolecular hydrogen bond but the other two hydroxy groups
prefer intermolecular bonding to phosphate. The sodium cation
is surrounded by six oxygen atoms: one from phosphate, the
hydroxy O(10), three from water and one from methanol.

The protonation sequences of myo-inositol 1,4,5-trisphos-
phate and related compounds have been analysed by poten-
tiometric and 3'P NMR measurements.!9 It was suggested that
vicinal phosphate groups repel each other to minimise charge
interactions: This brings the phosphate groups into close
proximity with neighbouring hydroxy groups, resulting in
hydrogen bonding and a reduction in the phosphate basicity.
This is verified in the crystal structure of compound 2 by the
intramolecular hydrogen bonding between the O(12) hydroxy
and O(13A)—P(13) phosphate group (Fig. 1 and Table 2) and by
the existence of sodium cation coordination to O(13C)-P(13)
even after treatment with Dowex-H*.% The first protonation site
of fully ionised myo-inositol 1,4,5-trisphosphate was estimated
to be shared between the phosphate groups at positions 4 and
5.1% The first protonation site of myo-inositol 1,2,6-trisphos-
phate, with three vicinal phosphate groups, was also suggested
to be stabilised by strong hydrogen bonding.?® The intra-
molecular hydrogen bond between the neighbouring P(15) and
P(14) phosphate groups of compound 2 (Fig. 1) adds support to
proton sharing, and accounts for the high sixth pKa value of
myo-inositol 1.2,3-trisphosphate.t

Optimisation of the two chair conformations of myo-inositol
1,2,3-trisphosphate (fully ionised) using semi-empirical mol-
ecular orbital calculations with AM1 parameters{ in MOPAC?!
gave heat of formation values of —173.9 kcal mol—! (l-axial/
S-equatorial) and —151.3 kcal mol—! (1 cal = 4.184 J) (5-axial/
1-equatorial), which confirms that the equatorial-axial-equa-
torial orientation of the three phosphate groups is the more
stable conformation.
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Footnotes
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1 A solution of the hexasodium salt of 2 was passed down a column of
Dowex 50-X8 (H* form) to give the monosodium salt, attributable to the
low pKa of the first ionisation: for phytic acid this pKa (at C-2)is 1.1.'4 The
pH was adjusted to 11 with cyclohexylamine, and acetone was added to
crystallise 2. The P(15) phosphate group is only half ionised due to the high

sixth pKa value of 9.56.'5 For phytic acid, the highest pKa value!4 (at C-3)
is 12.0.

§ Crystal data tor 2: (CeH,4N+)sNa+CcH,00,5P3°—6.5H,0-CH;0H, M
987.41, triclinic, space group P1, a = 12.355(2), b = 14.803(2), ¢
15.101(2) A, & = 102.90(1), p = 112.57(1), y = 93.38(1)°, V' = 2453.6(6)
A3 Z = 2,D = 1.336 (calc.), 1.319 (meas.) g cm~3, i = 0.209 mm—'.
Atomic coordinates, bond lengths and angles, and thermal parameters have
been deposited at the Cambridge Crystallographic Data Centre. See
Information for Authors, Issue No. 1.

9 AM1 calculations were performed through CHEMX with GNORM = 0.5
and CHARGE = —6. Initial structures were adapted from crystal structure
geometry.
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