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Abstract: NMR spectroscopy and computational studies show that phytic acid undergoes pH- and ion-
dependent conformational inversion from the 1ax/5eq form to the 5ax/leq form. The kinetics and energetics of
the conformational inversion process are discussed. © 1999 Elsevier Science Ltd. All rights reserved.

Molecules that can be induced to undergo large changes in molecular shape rapidly and in a concerted
manner are useful as molecular switches, sensors, transport carriers, and allosteric receptors. Some inositol
phosphates, including myo-inositol hexakisphosphate (phytic acid, IP) undergo pH-dependent conformational
inversion from the 1ax/Seq form to the 5ax/leq form.'? Below pH 9.0, phytic acid exists in the sterically-
unhindered 1ax/5eq form and above pH 9.5 in the sterically-hindered 5ax/leq form. Complete ionization of
phytic acid to the dodecanionic form is necessary for conformational inversion to occur (the pKa of the three
least acidic protons are between 9.0 and 9.5)." The inversion to the sterically-hindered Sax/ leq form is believed
to be due to complexation with metal ions which reduces electrostatic repulsion thereby stabilizing the
sterically-hindered form.' To ascertain the energetics of the conformational switching process, we conducted
experimental (NMR spectroscopy) and theoretical studies. Here we report on the effect of counterions on the
conformational switching of phytic acid and on the kinetics and energetics of the conformational inversion
process using dynamic NMR spectroscopy and molecular modeling.
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Fig.1: The conformational interconversion of phytic acid between the lax/Seq and 5ax/ leq forms between
pH 9.0-9.5.

(A) The pH-dependent NMR spectra showed dramatic broadening of NMR resonances between pH 9.0 and
9.5, thus suggesting that the 1ax/5eq and 5ax/leq forms are in dynamic equilibrium (Fig. 1)." The presence of
both conformations is revealed upon cooling the sample to about 5 °C, whereupon resonances characteristic of
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both conformations are evident. The rate of conformational inversion and the activation energy of the process
were determined by dynamic NMR spectroscopy.3 The temperature-dependent NMR spectra at pH 9.3
indicated that the coalescence temperature, T, for resonances H1/H3, H5, and H4/H6 was 15 °C.* Random
delay exchange spectroscopy at 1.0 °C (Fig. 2) was carried out to assign resonances and to determine the
difference in chemical shifts. The Av of protons 1 and 3, 4 and 6, 2, and 5 were determined, and the exchange
rate and AG” were calculated using the Bloch equation and the Eyring equation.’ The average AG* was 54.8 +
0.8 kJ/mol. (B) The effect of alkali metal ions on the conformation adopted by phytic acid was investigated.
Comparison of the spectra of phytic acid in the presence of different alkali metals at acidic pH (about 5.0),
showed small changes in the chemical shifts of protons, but no significant changes in coupling constants were
observed. This indicated that at pH 5.0, phytic acid adopts the 1ax/5eq form regardless of the counterion
present. At pH 11 however, whereas the exclusive presence of the 5ax/leq form was observed in the presence
of Na’, K*, Rb", and Cs”, in the presence of Li" ions the exchange-broadened spectrum was observed and this
persisted up to pH 13.0. This indicates the inability of Li" ions to complex and thereby stabilize the Sax/leq
conformation; this inability may be due to the larger hydrated radii of Li*. To estimate the differences in the
activation energy of the conformational inversion process, the T (at pH 9.1) was determined in the presence of
different alkali metals. T, and therefore the activation energy, increased as follows: Rb* and Cs* (<0 °C), K"
(10 °C), Na* (15 °C), and Li* (>55 °C). The trend in T, paralleled the increase of hydrated radii, Rb* ~ Cs*
(228 A)>K" (232 A)>Na" (2.76 A)> Li* (3.40 A). The results suggest that the ability of alkali metals to
facilitate the conformational inversion of phytic acid decreases with the size of the hydrated ion. (C) When
tetrabuty]l ammonium hydroxide or tetramethyl ammonium hydroxide was used as the counterion, the 1ax/5eq
conformer of phytic acid was the only one observed in the NMR spectrum up to pH 12; no NMR characteristics
of the 5ax/1eq form were evident.
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Fig. 2: Random delay exchange spectroscopy (EXSY)® of IPs at pH 9.2 with attached 'H spectra. Protons
of the 1ax/5Seq conformer are indicated above the resonances and protons of the 5ax/ leq form,
below.
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Molecular modeling studies were compieted for both the 1ax/Seq and 5ax/1eq conformations of phytic acid.
Initially, Monte Carlo conformational searches were performed with the AMBER® force field using
MacroModel’, to determine the thermally accessible minimum energy conformations. Further conformational
studies were then conducted with AM1, PM3, and DFT-B3LYP/6-31g(d) quantum mechanical methods and the
AMBER* force field method, using the Gaussian 94° and MacroModel packages. The GB/SA method available
in the MacroModel package was used to estimate the solvation energies. (A) For the fully protonated phytic
acid, all methods predicted that, in vacuum and in aqueous environments, the 1ax/5eq conformation was more
stable than the Sax/leq form (Table 1). This result is consistent with experimental data above. (B) In the
dodecanionic form, all methods agreed with experimental results in predicting that the 5ax/leq form was more
stable than the 1ax/Seq form in vacuum. In aqueous solution, the PM3 and DFT methods predicted that the
5ax/leq form was more stable (in agreement with experimental results), whereas AMBER* and AM1 predicted
that the Tax/5eq form was more stable (Table 1). (C) For the relative stabilities of the two conformations, the
NMR results agree with the PM3 and DFT-B3L YP/6-31g(d)//PM3 methods in all cases. For the dodecanionic
species in aqueous solutions the AMBER* and AM1 methods showed disagreement with experimental results,
suggesting that they may not be as reliable methods for such highly charged species. (D) NMR coupling
constants predicted by MacroModel for the most stable 1ax/5eq and 5ax/1eq (Fig. 3 & 4) conformations

Table 1:
Energy minimizations of myo-inositol hexakisphosphate conformers
In Vacuum (kJ/mol) In Water (ki/mol}
Compound
DFT w/ B3LYP/ AMBER* PM3 AMI1 AMBER* AMBERY// AMBER®*//

6-3 1g(d)//PM3 PM3] AMI
Fully Protonated 1P,
lax/5eq -10745144.4 995.5 -6269.7 -4083.8 -1169.7 -8374 -827.9
Sax/leq -10744978.3 -926.2 -6232.4 -3966.7 -11273 -760.9 <7110
AE (166.1) (69.3) 37.4) (117.1) (42.3) (76.6) (117.0)
Dodecanionic IP¢
Tax/5eq -10712527.9 12686.3 7820.1 9751.8 -6531.5 -4807.4 -5238.4
Sax/leq -10712625.7 12456.1 7767.8 9678.2 -6528.5 -4981.4 -5233.3
AE (-978) (-230.2) (-52.3) {-73.5) 3.0 (~174.0) (5.1
aE" {-117.0) (59.2)

The numbers in bold indicate the conformer of lower energy.

AE  Energy difference between Sax/leq and 1ax/5eq conformations (AE = Egsaviep — Egtessseq)
AE' Energy difference between Sax/leq and lax/Seq conformations, with AMBER* solvation energies calculated at PM3 and AM ptimized g ies

Fig. 4. PM3 Optimized 1ax/5eq myo-1P Fig. 5: PM3 Optimized Sax/leq myo-iP;
(P=Phosphate groups) (P=Phosphate groups)
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compared well with experimental data. For the 1ax/5eq conformation (Fig. 3), J12 =J,3=2.0 £ 0.2 Hz, expt.
1.7 Hz, predicted; J34 = J16 = 9.6 £ 0.2 Hz expt., 9.6 Hz predicted. For the 5ax/leq conformation (Fig. 4), J; 2=
J;3=2.2 0.2 Hz, expt., 2.4 Hz predicted; J4 5= Jss= 1.7 £ 0.2 Hz, expt., 0.7 Hz predicted. (E) The theoretical
DFT predictions of large energy differences between the conformers at the pH extremes agree with the
experimental results that there is no interconversion between the 1ax/Seq and 5ax/1eq conformers, except at
intermediate pH of 9.0 - 9.5.

In summary, allosteric behavior of phytic acid is described. Changes in pH and counterions induce large
changes in the molecular shape of the molecule. Molecular modeling predictions were consistent with NMR
spectroscopic observations and provided information about the energies of the different conformers.

Acknowledgement
We are grateful to the State of Michigan Research Excellence Fund for their financial support. We also thank Drs. R. Pandey, G.K.
Podila, and Mr. Kermit Johnson (Michigan State University) for valuable technical discussions.

References and Notes

1. Barrinetos, L.G.; Murthy, P.P.N. Carbohydrate Res. 1996, 296, 39-54.

2. Bauman, A.; Brown, R,; Dettman, R.; Melien, A.; Pandey, R.; Podila, G.K.; Xiang, K—H.; Murthy, P. Workshop on the
Biochemistry of Plant Phytate and Phytases. Ed. Rasmussen, S., Kluwer Academic Publishers, Copenhagen, Denmark (In print).

3. Friebolin, H. Basic One- and Two-dimensional NMR Spectroscopy. 1993, VCH Publishers, New York, pp 291-298. The rate
constant of exchange, k, at the coalescence temperature T, was calculated from the modified Bloch equation, k =2.22Av, where
Av is the difference in chemical shifts (in Hz) of a particular proton in the two conformers at slow exchange. The free energy of
activation, AG*, is calculated according to the modified Eyring equation, AG* = 19.14 T [10.32 + log(T¢ /)] J/mol. In the chair-
to-chair interconversion of a 6-membered ring, the formation of an intermediate (boat form) is involved. The rate constant k is the
rate of exchange of protons from an equatorial site to an axial site or vice-versa. Once the molecule reaches the boat form, there is
an equal probability that the intermediate will revert back to the initial chair form, or continue on to the inverted conformation. As
the experiment measures the rate of chair-to-chair interconversion, the probability of the reverse step can be accounted for by
doubling the rate constant k.

4. This coalescence temperature, T¢, which is the lowest temperature at which the peaks coalesce into broad bands, was determined
by monitoring the NMR spectra as a function of temperature.

5. Patt, S. Magnetic Moments Online 1999, Vol. 1V, 3. The sweep width in both the F, and F, dimensions was 1355.7 Hz. A total of
128 t, increments, each consisting of four transients with a relaxation delay of 4 s between successive transients, were obtained. A
shifted Gaussian window was applied in both dimensions. The data matrix was expanded to a 1024 x 1024 real matrix.

6. Gaussian 94 (Rev. E.2), Frisch, M.1.; Trucks, G.W.; Schlegel, H.B.; Gill, P.M.W.; Johnson, B.G.; Robb, M.A .; Cheeseman, J.R.;
Keith, T.; Petersson, G.A.; Montgomery, J.A.; Raghavachari, K.; Al-Laham, M.A; Zakrzewski, V.G.; Ortiz, J.V.; Foresman, J.B.;
Cioslowski, J.; Stefanov, B.B.; Nanayakkara, A.; Challacombe, M.; Peng, C.Y.; Ayala, P.Y.; Chen, W.; Wong, M.W.; Andres,
J.L.; Replogle, E.S.; Gomperts, R.; Martin, R.L.; Fox, D.J; Binkley, J.S.; Defrees, D.J.; Baker, J.; Stewart, J.P.; Head-Gordon, M.;
Gonzalez, C.; Pople, J.A., Gaussian, Inc., Pittsburgh PA, 1995.

7. MacroModel V6.0: Mohamadi, F.; Richards, N.G.J.; Guida, W.C.; Liskamp, R.; Lipton, M.; Caulfield, C.; Chang, G.;
Hendrickson, T.; Still, W.C. “MacroModel- An Integrated Software System for Modeling Organic and Bioorganic molecules using
Molecular Mechanics” J. Comput. Chem. 1990, 11, 440-467.



