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Abstract: Ab initio calculations were performed on gas-phase calcium and magnesium dications chelated with
various anionic pyrophosphate speciesPD;2~, HP,O;*~, and BO;*~. The cleavage of the pyrophosphate

into a metaphosphate and an orthophosphate complexed to either calcium or magnesium was also investigated.
The studied isomerization reaction of the mefayrophosphate complexes can be written asH\P,O7]N 2

— [POs*M-HNPOyJN-2 where M= Mg, Ca, and N= 0, 1, 2. Geometries for the complexes were optimized

with the self-consistent-field (SCF) level of theory, and the total energy for each system was subsequently
calculated with the second-order MghePlesset perturbation (MP2) method using 6-&** basis functions

for the H, O, and P atoms and valence doubleasis functions polarization augmented with a diffuse function
(pvDZz+) for the Mg and Ca atoms. Zero-point energies (ZPE) and entropies were calculated with the SCF
harmonic frequencies from which enthalpies and Gibbs free energies were also estimateab ifhi®
isomerization energies of all of the calcium-containing complexes were positive and had a large contribution
of correlation, while those of the magnesium-containing complexes were negative and had a significantly
lower contribution of correlation. These calculated gas-phase isomerization energies may provide an explanation
to the observation that pyrophosphatases utilize magnesium complexes as substrates for the hydrolysis of
pyrophosphates but do not utilize calcium complexes.

1. Introduction source of bioenergy were misleadingdb initio calculated
harmonic frequenciés reveal that the force constants between
the phosphorous atoms and the bridging oxygen in pyrophos-
phates are relatively low. Rather, it has been proposed that the
difference in hydration energies of the reactants and products
of the hydrolysis accounts for the available free energy. Early
experimental results obtained calorimetriciftyr the hydrolysis

of various pyrophosphate species led to the above proposal, and
there is also qualitative evidence from a recent numerical
simulatiori® that indicates significant differences in the hydration
SIayers of pyrophosphate and its ultimate hydrolysis product,
orthophosphatei.€., phosphoric acid).

A general feature of the enzymes involved in the hydrolysis
fo the ®P—O—Pinkage is their requirement for divalent metal
ions for activation, and their recognition of the metal ions
complexed with PR or ATP, as substrates, being magnesium
the essential activator of membrane-bound enzyhiéas well
as regulator of their catalytic properti€s15 There is also
ample evidence suggesting that a magnesiomtaphosphate

(7) Ma, B.; Meredith, C.; Schaefer, H. &. Phys. Cheni995 99, 3815.

The primary molecular structures which store and transmit
energy in living biological systems contain tH&—O—PO
linkage. The most important bioenergetic molecule, adenosine
triphosphate (ATP), contains this linkage as does the inorganic
molecule pyrophosphate (or diphosphate). Pyrophosphage (PP
can be a significant energy donor in procaryotes and eucaryotes
either being formed by decomposition of ATP to adenosine
monophosphate (AMP) or, in some cases, even replacing ATP
as the main bioenergetic molecule. Though there are difference:
between PPand ATP, there are enough similarities for
pyrophosphate to be regarded as a prototype for modeling ATP
chemistryl~> However, the size of pyrophosphate and the
environment in which its hydrolysis naturally occurs make it
more amenable to experimental and theoretical evaluation.

The release of energy by pyrophosphates occurs during
hydrolysis which is accompanied by the breaking of fRe
O—PLinkage. It is now clear that earlier theofestesting to
the strength of the phosphoretsxygen bond itself as the
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intermediate (MgPQs™) is formed at some point during pyro-
phosphate hydrolysi$,and proposed reaction mechanisms must
account for this.

Recent extensivab initio studies have examined the gas-
phase hydrolysis of pyrophosphate and its aniéhand the
effect magnesium imparfs. These studies have led to a

proposed reaction mechanism for the magnesium catalyzed

hydrolysis of gas-phase dianionic pyrophosphate, consisting of
the following four stepg:

H,O + Mg®" + H,P,0,” — H,0 + Mg:[H,P,0,] (1)
H,O + [Mg-H,P,0.] — H,O + [PO,-Mg-H,PQ,] (2)
H,O + [PO,Mg-H,PO,] — [H,PO,-Mg-H,PO,] (3)

[H,PO,Mg-H,PQ,] — Mg®" + 2H,PO, (4)

It is interesting to note that the calculated orbital energies of
the magnesiumpyrophosphates indicate that the metal creates
stability; without the complexation to magnesium, the;@-
and RO+~ anions are predicted to be unstable in the gas-phase.

The complexation of the pyrophosphates to magnesium
produces, or enhances, asymmetry of theOPbond lengths
forming theP—O—POlinkage and some bending of it. Using
the elongated PO bond as the reaction coordinate leading to
the magnesiummetaphosphate isomer in reaction 2, it was
found that its calculated activation barrier 43 times larger
in the absence of M. It was therefore proposed that the Mg
induces a strain that lowers the activation barrier, and the
elongated PO bond was termed “activated”. Isomerizations
as reaction 2 were predictem be spontaneous in the gas-phase
for the neutral and monoanionic species, ‘MgP,0; and
[Mg-HP,O7]~, and essentially thermoneutral for the dianion,
[Mg-P,07]>~. The magnesium dication has a relatively small
ionic radiug® (0.65 A), andab initio calculations have shovin
that Mg?+ exhibits “tight” coordination throughout the isomer-
izations. The “intrinsic coordination requirements” of Mg
have been attributed as the force driving the isomerization of
Mg—pyrophosphaté.
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phosphate into pyrophosphéfe The presence of Cahas even
been observed to inhibit several types of pyrophosphatagés.

The calcium dication has a larger ionic raditi®.99 A) and
greater polarizability than the magnesium dication (which is
reflected in their computed values for hardn&sge 2+ = 31.4
eV < ymg?* = 47.6 eV). The coordination of the hydrated ions
is also different; magnesium coordinates six water molecules
in a regular octahedron, whereas calcium can coordinate up to
seven water molecules in a more spherical affayhough the
resultant pyrophosphatase activities affected by @ad Mg+
can be in part attriuted to both their differing atomic charac-
teristics and coordination properties, an understanding of the
structural and energy differences of calcitrand magnesium
pyrophosphates and their isomerization products is needed to
elucidate pyrophosphatase selectivity.

The study presented in this paper is #ieinitio investigation
of the isomerization of three metapyrophosphates to their
metaphosphate (RO) containing counterparts:

M-H,P,0, — PO,;M-H,PO, (5)
[M-HP,0,]” — [PO;M-HPQ,]~ (6)
[M-P,0,]*” — [PO;M-PQ,|* (7)

where M= Mg, Ca.

The hypothesis is that the gas-phase reactions should reflect
aspects of enzymatic catalysis behavior, and therefore noticeable
differences between thab initio calculated molecular energies
and structures of the magnesium and calcium complexes should
appear.

2. Theoretical Methodology

All electronic energies and harmonic vibrational frequencies
were determined with the use of the GAUSSIAND4uite of
programs. Because the standard bas® 6e81+-G** used in
previous calculations does not support Ca, the basis set utilized

The pyrophosphatase that has been the most extensively, this work was composed of a combination of functions from

characterized bin vitro experimental methods is the membrane-
boundRhodospirillum rubrunthromatophore. The chromato-
phores of this photosynthesizing bacteria exhibit high specificity
in their requirement of magnesium for enzyme activatfoamd,

as in other pyrophosphatases, their use of magnespymo-
phosphate complexes as substrate, whereas other dications witl
a similar ability to be bonded to pyrophosphates do not promote
hydrolysis'2~15 For example, Ca readily forms complexes

with pyrophosphate at concentrations comparable to those of

Mg2*. (In fact, the ability of polyphosphates to chelate either
Mg?*, or C&", was exploited in earlier decades as a detergent
additive to prevent “soap-scum” formatid?). However, C&"
does not produce appreciable hydrolysis of With membrane-
bound Rhodospirillum rubrumchromatophores at any tested
molarity* Even in the presence of the enzyme activated by
Mg?", the complex Ce€PR2~ does not act as a substratand
supports very limited exchange of isotopically marked ortho-

(16) Westheimer, F. HChem. Re. 1981 81, 313. Westheimer, F. H.
Sciencel987, 235 1173.

(17) Ma, B.; Meredith, C.; Schaefer, H. B. Phys. Chem1994 98,
8216.

(18) Chang, RChemistry Random House: New York, 1981; p 245.

(19) Butler, I. S.; Harrod, J. Anorganic ChemistryBenjamin/Cummings
Pub. Co.: New York, 1989; p 168.

the 6-3%G** basis for elements H, O, and P and functions
from the valence doublé&-quality with polarization bas?$
(pvDZ) for Mg and Ca. The functions centered on Mg and
Ca were further enhanced with the diffuse functions for Mg
F]rom the 6-38-G** basis, which will be denoted with a+*”,

to yield a basis of similar design as those utilized in eadier
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1588.

(25) Frisch, M. J.; 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 94, Revision C.3; Gaussian,
Inc.: Pittsburgh, PA, 1995.

(26) (a)Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972
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Gordon, M. S.; DeFrees, D. J.; Pople, J.JAChem. Physl982 77, 3654.
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initio studies’81917 The pVDZ basis was obtained from the
Extensible Computational Chemistry Environment Basis Set
Databasé®

The d-type functions were composed of six primitive Gaus-
sians (and therefore contain an exsréunction). Thef-type
functions were comprised of linear combinations of primitive
Gaussians to yield seven functions per atom.

Geometry optimizations were performed with the above

described basis set with the SCF method. The order of these

stationary-point structures was subsequently classified with
calculated SCF harmonic frequencies from an analytically
determined hessian. All reported equilibrium geometries cor-

respond to structures in which the hessian eigenvalues are

positive indicating a potential energy surface that is positively
curved in all directions. The coordinates of each complex were

referred to their respective centers of mass, with the axes aligned

to affect diagonalization of the moment-of-inertia tensce. (
the Principal Moments of Inertia frame: PMI). The structural
variations between the complexes were quantified with the root-

J. Am. Chem. Soc., Vol. 120, No. 24, 18985

121°

H

Figure 1. Mg-H.P.O; and CaH.P,O; complexes. The structural
differences stem from the distinct coordination properties of the cations,

mean-square differences of their coordinates in their respectivereflected in the distances to the oxygens they coordinate, whereas the

PMI frames.

Single point energy calculations using Mgtid?lesset second-
order perturbation theory (MBPT(2> MP2) were then

pyrophosphate geometry does not change appreciably.

sthe bridging P-O bond of the proton-free moiety is longer
than the other (1.7 A vs 1.5 A), and tflB—O—PClinkage is

performed on the SCF-optimized geometries to evaluate electronb ent &121°);

correlation contributions to the electronic energy. The following
compact notation will be used to denote the total molecular
energy and the geometry optimization method used with the
above described basis set: SCF//SCF and MP2//SCF.

Further calculations were made for the calcigpyrophos-
phate complexes, up to the fourth-order perturbation theory,
including single, double, and quadruple excitations (MP4SDQ).

Other basis sets were used to check the reliability of the MP2
results for the calciumpyrophosphate complexes: pvDZ
without diffuse functions on all atoms; pvVDZ augmented with
the diffuse functions of 6-3tG**, on all atoms, and a basis
set without diffuse functions, composed of 6-31G** on H, O,
and P, and pvDZ on Ca.

Estimates of the zero-point energy (ZPE) and the entropy
were computed with the harmonic approximation with SCF//
SCF frequencies. A correction for thermal energy was made

othe six nonbridging oxygens are in a staggered arrangement
as viewed along an axis connecting the phosphorous atoms;

othe metal is coordinated to three oxygens, one of which is
located within the moiety containing the two hydrogens and
lies in the plane containing the befi®—O—POlinkage.

The MgH,P,O; complex has previously been studied with
ab initio methodology,® and the structures determined in this
present study match them well.

The most notable differences between the-MgP.O; and
CaH,P,07 equilibrium geometries are the oxygemetal bond
distances. The C® bond distances are consistently longer than
the MgO bonds by~0.4 A. This value corresponds to the
difference in the mean radii of the first hydration shells of
calcium and magnesium ioR$. The overall structure of the
CaH,P,0; complex can be viewed as a version of the
Mg-H2P,0O7; complex in which the metal is further distanced

to get an estimate of the enthalpy at room temperature. Thefrom the PR

free energies were then determined as the differeA¢ =
AH — TAS

3. Results

Summaries of thab initio determined equilibrium geometries
and energies for the isomerization of the neutral, monoanionic,
and dianionic calcium and magnesiumpyrophosphates follow
in the next three subsections.

3.1. Neutral Complexes. The equilibrium geometries of
the Mg H,P,O7 and CaH,P,0; complexes determined with the
SCF level of theory are structurally similar. The equilibrium

The RMS difference between the MgpP,O; and the
CaH,P,0; complexes is 0.45 A. The displacement of the
heavier calcium from the RPelative to magnesium’s position
in its complex contributes the most to this difference: When
only the PRportions of the two complexes are considered, the
RMS difference is just 0.12 A.

The isomerization products of the calcitnand magnesium
pyrophosphates, REMg-H,PO, and PQ-CaH,PQ,, are also
structurally similar (RMS= 0.38 A). Their equilibrium
geometries are depicted in Figure 2. The two hydrogens remain
attached to the moiety that becomes the orthophosphate
coordinated to the central metal by the two proton-free oxygens.

geometries are depicted in Figure 1 and correspond to structuresThe metaphosphate is also coordinated to the central metal by

in which
sthe two hydrogens are located on the same moiety;

(28) The Extensible Computational Chemistry Environment Basis Set

Database, Version 1.0, has been developed and distributed by the Molecula

Science Computing Facility, Environmental and Molecular Sciences
Laboratory which is part of the Pacific Northwest Laboratory, P.O. Box

999, Richland, WA 99352, and is funded by the U.S. Department of Energy.
The Pacific Northwest Laboratory is a multiprogram laboratory operated
by Battelle Memorial Institute for the U.S. Department of Energy under

contract DE-AC06-76RLO 1830. Contact David Feller, Karen Schuchardt,
or Don Jones for further information.

two oxygens so that the metal has four total ligands in a
tetrahedral configuration. As in the metalyrophophate
complexes, the C® bond distances are longer in the isomer-
ization products than are the Mg bonds £0.4 A); this

'corresponds again to the difference in the mean radii of their

first hydration shells.

The most significant differences between the neutral cal-
cium— and magnesiumpyrophosphates are evidenced by their
calculated isomerization energies. Due to a very large contribu-
tion of the correlation effects, the isomerization of thetG:8,0;
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Figure 2. Products of the isomerizations of the neutral complexes. H

The structural differences stem from the distinct coordination properties Figure 3. [Mg-HP,O7]~ and [CaHP,O;]~ complexes. The structural

of the cations, reflected in the distances to the oxygens they coordinate.differences stem from the distinct coordination properties of the cations,
reflected in the distances to the oxygens they coordinate [lFh®—

Table 1. Calculated Isomerization Reaction Enthalpies, Entropies, pOangle is consequently larger for the complex with calcium.
and Free Energies d=298.15 K for the Neutral Complexes

reaction AESSF AEMP? AESSE AH® AS AG® 0 1R !
CaHP,0; — —-11.6 289 -1.8 16.9 154 12.3 \ 1'9/‘&
PQO;-CaH,PO, Q\
Mg-H,P,07 — —10.5 0.2 —-14 -10.6 114 —140 / Mg P
PQOsMg-HPO,
a All energies and enthalpies are in kcal/mol, and entropies are in
cal/(mol K). The AES®F was computed at the SCF//SCF level of
theory. TheAEQAPZ is the contribution to correlation energy calculated 0
at the MP2//SCF level of theory. TheE5SE and AS were computed 2sA
within the harmonic approximation. The enthalpiasi® include a \ 234 H
thermal correction foil = 298.15 K. g
/ T
Ca [

complex is endothermic, whereas the isomerization of the

Mg-H2P,O7; complex is exothermic. Moreover, the gas-phase _. . o -
. ization of MeH,P,0y is spontaneous, but the isomer- Figure 4. Products of t_he isomerizations of the monoanionic com-
ISsomeriza 227 ' plexes. The structural differences stem from the distinct coordination

ization of the CaH,P,0; complex is not. The isomerization  hroperties of the cations, reflected in the distances to the oxygens they
reaction enthalpies, entropies, and free energies are summarizedoordinate.

in Table 1.

3.2. Monoanionic Complexes.The equilibrium geometries  metaphosphate by two oxygens, to attain a total of four ligands
of the [Mg-HP,O7]~ and [CaHP,O;]~ complexes determined in a tetrahedral configuration. The @xbond distances in the
with the SCF level of theory are structurally alike; they are also isomerization products are0.3 A longer than the analogous
similar to the geometries of the neutral complexes: Mg-O bonds. Once again, the behavior of the catiorygen

sthe bridging P-O bond of the proton-free moiety is longer distances is the same as that found for the hydration shells of
than the other (1.7 As 1.6 A) and the—O—PLlinkage is the metal cation, though the difference is somewhat shorter.
bent (133 for [Mg-HP,O;]~ and 138 for [Ca-HP,O7]); As for the neutral complexes, the calculated isomerization

sthe six nonbridging oxygens are in a staggered arrangementenergies resulted significantly differerent: The isomerization
as viewed along an axis connecting the phosphorous atoms; of the [CaHP,O;]~ complex is endothermic and nonspontane-

sthe metal is coordinated to three oxygens, one of which is ous, whereas the isomerization of the [##ig.O;]~ complex
located within the moiety containing the hydrogen, and lies in is exothermic and spontaneous. The corresponding enthalpies,
the plane containing the bef—O—POlinkage. entropies, and free energies are summarized in Table 2.
The equilibrium geometries are depicted in Figure 3. 3.3. Dianionic Complexes.Several equilibrium geometries

The calculated RMS difference between the equilibrium for the [Mg-P,O7]>~ and [CaP,07]>~ complexes were deter-
geometries of the [MgHP,O;]~ and [CaHP,O;]~ complexes mined with the SCF level of theory, indicating conformation
is 0.35 A, the most notable structural differences being the shift isomerization. In addition to the conformers in which the six
of the center of mass due to the heavier calcium and consistentlynonbridging oxygens are in a staggerred arrangement as viewed
longer CaO bond distances relative to the Mgbonds by~0.3 along an axis connecting the phosphorous atoms (similar to the
A. These differences constitute the main contribution to the equilibrium geometries of the neutral and monoanionic com-
value of the RMS difference. The calculated RMS difference plexes), other equilibrium geometries were found in which the
between the PRportions of the complexes is 0.15 A. six nonbridging oxygens are in an eclipsed arrangement. The

The isomerization products are also structurally similar (RMS staggered and eclipsed conformers of [RgD/]>~ and
= 0.37 A). The equilibrium geometries are depicted in Figure [Ca-P,O;]>~ are depicted on Figures 5 and 6, respectively.

4. The hydrogen remains attached to the moiety that becomes The staggered dianionic complexes of the calciurand
the orthophosphate coordinated to the central metal by the twomagnesium-pyrophosphates share several common structural
proton-free oxygens. The central metal also coordinates thefeatures:
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Table 2. Calculated Isomerization Reaction Enthalpies, Entropies, Table 3. Calculated Conformer Interconversion Reaction

and Free Energies d= 298.15 K for the Monoanionic Enthalpies, Entropies, and Free EnergieS & 298.15 kK
Complexe’ SCF MP2 SCF ° °
: o o pon - - complex AE;"" AE;° AEje AH®° AS  AG
reaction AET AETT ABpe AH® AST AG CaP,07 117 48 05 -73 —47 -59
[CarHP,O7~ — —-126 414 -12 287 10.7 255 staggered— eclipsed
[POs-CaH.POy - Mg-P-02~ 3.0 —-29 0.1 0.0 =31 0.9
[Mg-HP,07]~ — -55 -23 -11 -79 8.6 —105 staggered— eclipsed
[POsMg-HPQ)~ PO;CaPO2" -123 -0.8 -0.1 -13.1 6.3 —15.0
a All energies and enthalpies are in kcal/mol, and entropies are in 2x2—-1x3
SCF ' POsCaPO2~ -28 —-04 0.0 —-32 49 —-47
cal/(mol K). The AE;~" was computed at the SCF//SCF level of 5, 3—-1x3
theory. TheAEY"? is the contribution to correlation energy calculated ~ POyMg-PO2~ -63 13 -02 -50 67 -7.0

at the MP2//SCF level of theory. Th&ESSE andASwere computed  2x2—1x 3

within the harmonic approximation. The enthalpi&si® include a - - - - .
thermal correction folf = 298.15 K. a All energies and enthalpies are in kcal/mol, and entropies are in

cal/(mol K). The AES" was computed at the SCF//SCF level of
theory. TheAEM" s the contribution to correlation energy calculated
at the MP2//SCF level of theory. Th&E5er and AS were computed
within the harmonic approximation. The enthalpi&si® include a
thermal correction foil = 298.15 K.

A 15 1.6 A), and thelP—O—POlinkage is bent (140 for
[Mg-P,07]%2~ and 157 for [Ca:P.07]27);

othe metal-ion is coordinated to three oxygens.

It is worthwhile to note that, in the [M#.07]2~ complex, the
metal lies in the plane containing th#&—O—PO linkage.
However, the equilibrium geometry of the staggered f@a;]>~
complex has a structure where the metal does not lie in the
plane containing théP—O—PClinkage.

The calculated RMS differrence between the staggered
conformers of [MgP,07]2~ and [CaP,0;]%" is 0.34 A. The
most notable structural differences occur in the angles of the
(P—O—POlinkage, 17 larger for the latter, and in the metal
oxygen bond distances;0.4 A longer also for the latter. In

o this case, exclusion of the metal atoms does not reduce the RMS
Figure 5. Staggered equilibrium geometries of the [Wg07]>~ and difference; it is even slightly larger for the Pfortions of the
[Ca-P,07]>~ complexes. The absence of intramolecular hydrogen- complexes: 0.35 A.
bonding allows for_ IargeEPfoE’Elangles. The structuralhdifferences The [Mg-P:07]2~ and [CaP,0;]2>~ complexes also exhibit
_stem frqm the distinct coordination propertlgs of the cations, reflected some basic structural differences from their monoanionic and
in the distances to the oxygens they coordinate. neutral counterparts. In the neutral and monoanionic magne-

Mg sium—pyrophosphates, the elongated® bond occurs opposite

the moiety coordinated by two oxygens, whereas in the dianionic
complexes it occurs opposite the moiety coordinated by one
oxygen. The unique structure of the [MR§O;]?>~ complex
compared to its neutral and monoanionic counterparts was also
noted in an earlier study.

The staggered dianionic &R and MgPR complexes were
found to isomerize to their eclipsed conformers by rotation of
one PQ group relative to the other R@roup. The confor-
mational isomerization reaction enthalpies, entropies, and free

energies are summarized in Table 3. The interconversion of
Q the staggered and eclipsed conformers of {RI@]%" is almost
234 ~ AN thermoneutral, with the staggered conformer being slightly more

favorable energetically. However, the [®a07]2~ complex
favors the eclipsed conformer by about 5 kcal/mol.

The eclipsed calcium and magnesiumpyrophosphate di-
anionic complexes also share several common structural features
with each other:

° othe six nonbridging oxygens are in an eclipsed arrangement

Figure 6. Eclipsed equilibrium geometries of the [MO7*~ and as viewed along an axis connecting the phosphorous atoms;

[Ca-P,07]?~ complexes. The tighter coordination induceg a be_nt onthe  ihe P-O bonds of théP—O—PLlinkage are essentially equal

[P~O—Prangles, as compared to the staggered configurations. The, jonqih (1.7 A), and the linkage itself is bent (13%or

structural differences stem from the distinct coordination properties of o 2.

the cations, reflected in the distances to the oxygens they coordinate.[Mg°P207] a_lnd 140_f0r [CarP2O7]%7); .

othe metal is coordinated to four oxygens, and the metal lies

sthe six nonbridging oxygens are in a staggered arrangementin the plane formed by the bed®—O—POlinkage.

as viewed along an axis connecting the phosphorous atoms;  The RMS difference between the structure of the eclipsed
«one of the bridging PO bonds is longer than the other (1.7 [Mg-P,07]2~ and [CaP,07]2~ conformers is 0.25 A the primary
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Figure 9. The 2x 3 equilibrium configuration is unique to the complex
with calcium, reflecting the “looser” coordination of €a compared
to that of Mg+.
Table 4. Calculated Isomerization Reaction Enthalpies, Entropies,
P A 2& and Free Energies at= 298.15 K for the Dianionic Complexgs
23
\O— reaction AESSF AEYP? AESSE AHY AS AGP
TN ° [CaP,O % — -78 819 -09 734 16.7 684
[POxCaPQi,,
27 —_— . - . - . . . - .
Figure 7. The global minima found for the products of the isomer- [Mg-P.O7], . 59 2.0 1.3 3.7 156 -10
izations of the dianionic complexes: thexl 3 configurations. The [PO3'M29'PO4]1X3
structural differences stem from the distinct coordination properties of [CaPOr]g — . 4.5 827 -13 866 154 820
the cations, reflected in the distances to the oxygens they coordinate. [POs*CaPQy;,,
[Mg-P,07% — 122 -34 -12 86 121 50
0 [PO-CaPQy;,,
22 . [Ca-P,02 — 6.7 775 -14 844 170 793
N [POsCaPQ2,
P —~ a All energies and enthalpies are in kcal/mol, and entropies are in
T cal/(mol K). The AES" was computed at the SCF//SCF level of

theory. TheAEM"?is the contribution to correlation energy calculated
at the MP2//SCF level of theory. Th&E5sf and AS were computed
within the harmonic approximation. The enthalpi&si® include a
thermal correction foll = 298.15 K.

o are 0.37 A. The unique third conformer of [pOaPQO;]2"
264 has five coordinating oxygens: two from the metaphosphate
228 moiety and three from the orthophosphate moiety (see Figure

- 9). ltis denoted by “2< 3". The relative energies are presented
P P in Table 3.

The multitude of conformers found for the dianionic metal
pyrophosphates and their isomerization products slightly com-
plicates determination of reaction energies. However, both the
1 x 3 and 2 x 2 isomerization product conformers were

Figure 8. Products of the isomerizations of the di-anionic complexes,
in the 2 x 2 configurations. The structural differences stem from the
distinct coordination properties of the cations, reflected in the distances

to the oxygens they coordinate. assumed to arise from staggered calciumnd magnesium
pyrophosphates reactants. All isomerizations are predicted to
differences being th&@P—O—PLlinkage angles, 9larger for be endoth_ermic. The only one predicted to be spontaneous is
the latter, and the longer @a bonds (by~0.3 A). The RMS the reaction from staggered [N@Oﬂz,_ to the 1 x 3
difference of the pyrophosphate portions alone has a much lowerconformer, AG® = —1.0 kcal/mol, in disagreement with a
value of 0.12 A. previous value &f 1.8 kcal/mol. However, both numerical

Several conformers were also found in the isomerization values are in the limits of accuracy of the method, so the
products of the dianionic complexes. Two conformers for theore.tlcal prediction is stlllllcon3|s.tent: the reaction should be
[POsMg-POsJ2~ and three conformers for [RECaPOs]2~ were re_:ve_rsw_)le. The most S|gn|f|canF differences found between_the
located. The two conformers for the magnesium complex are dianionic calcium- and magnesiumpyrophosphates are their
structurally analogous to two of the calcium-complex conform- calculated isomerization energies: Though at the SCF//SCF
ers. These two shared structures involve the central metal inlével of the theory they have similar values, the very large
coordination to four oxygens but with varying contributions from  difference in correlation energy at the MP2//SCF level predicts
the metaphosphate and orthophosphate moieties (see Figures & Very unfavorable isomerization of [@407]*". The isomer-
and 8). The first structure, denoted by ¥13”, is coordinated ization reaction enthalpies, entropies, and free energies are
by one oxygen from the metaphosphate moiety and three SUmmarized in Table 4.
oxygens from the orthophosphate. It is the global minimum
for both cations, and in the case of magnesium it corresponds
to the geometry found previously. The second structure, Although the hydrolysis of pyrophosphates in living cells is
denoted by “2x 2", is coordinated by two oxygens from both a complicated process mediated by enzymes under very
of the metaphosphate and orthophosphate moieties. The calciuntontrolled conditions, an attempt to model this reaction with
containing complexes consistently have metatygen bonds the use of theoretical chemistry tools can provide revealing
~0.3 A longer than those of the magnesium complexes, againinsight into the molecular mechanism of the destruction and
resembling the difference between the hydrated ions mean-radii.formation of the diphosphate bond. Thé initio theoretical
The calculated RMS differences between the calcium and approach is particularly useful in characterizing the effects of
magnesium complexes for both thex13 and 2x 2 conformers interactions between distinct molecular systems and functional

4. Discussion
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groups involved in the hydrolysis process because it permits complex. This proposal is based on the high resolution (2.0
isolation of the reactants from other reaction participants. The A) X-ray determined structure of a soluble pyrophosphate from

isomerization reactions (egs-%) for the neutral, anionic, and

the budding yeassaccharomyces cerisae3! Furthermore, the

dianionic complexes were chosen to evaluate differencescorresponding mechanism of hydrolysis should involve two
between the effect of complexation of pyrophosphate with more metal ions and several water molecules in an arrangement
magnesium and calcium. These isomerizations probably rep-quite different from bulk water. The theoretical approach can
resent the rate-determining step for pyrophosphate hydrolysisyield valuable information to discriminate the effects of
because metaphosphate readily reacts with aqueous media tooordination by two metal ions, or the effects of substituting

yield orthophosphaté
Theoretical studies oin vacuo anionic species should be

the cation, as in the present study.
Structural changes were found to occur in the equilibrium

carefully reviewed because anions can have low ionization geometries for the catierpyrophosphate complexes and their
potentials and can be unstable with respect to the lower chargedjsomerization products when calcium replaced magnesium. The

or neutral, forms. In arab initio calculation, the use of a
localized basis sete(@., LCAOS) runs the risk of confining

structural differences can be generalized by noting that mag-
nesium exhibited “tighter” coordination. That is, magnesium

excess electron density within the molecular frame when it was found to consistently form shorter bonds with the coordi-
would otherwise occupy diffuse orbitals indicating an ejected nating oxygen ligands; this is consistent with the differences in

electron(s). Previously publisheab initio calculation§ that

the first hydration shells of calcium and magnesi#fmThe

included diffuse functions in the basis set have predicted that longer CaO bonds, which can be attributed to calcium’s larger
otherwise unstable pyrophosphate anions in the gas-phase ar@nic radius, resulted in distortion of the Péhelator relative
stabilized by complexation to magnesium. This prediction was to its structure in the magnesiunpyrophosphates. However,
based on the value of the HOMO eigenvalues. In this current the distortion affected by the calcium upon;RRs moderated

round ofab initio calculations on magnesiumand calcium-

by hydrogen-bonding in the neutral and monoanionic complexes;

pyrophosphate isomerizations, the gas-phase stability of thethis is evidenced by the greater divergenc&fnO—PLlinkage

dianions MgP,0O72~ and CaP,O;2~ was confirmed by perform-
ing UHF//UHF/6-31-G**(H,0,P),pVDZ+(Mg,Ca) calculations

on the lower charged species. For all cases, the dianion wasO—P =
lower in energy than both the monoanion and neutral forms,

angles between complexes of calcium and magnesium with
fewer, or no, hydrogens avaliable to form weak bortlsIP—
Leurat Smone 173)- The stabilization of the pyro-

phosphate structure by hydrogen bonding is also apparent in

with the following sequences (the numbers in parentheses arethe computed RMS differences of the jPportion of the

the relative energies, in kcal/mol):

(staggered) MgP,0,> (0.0) < Mg-P,0,” (29.4) <
Mg-P,0, (228.6)

(eclipsed) MgP,0,%~ (0.0) < Mg-P,0, (13.4) <
Mg-P,0, (251.3)

(staggered) G®,0,° (0.0) < CaP,0, (3.3) <
CaP,0, (218.0)

(eclipsed) CeP,0,% (0.0) < CaP,0, (35.7)<
CaP,0, (218.0)

It is therefore physically meaningful to study the isomerization
of metal-pyrophosphate aniomsvacuoto gain insight into the
reaction mechanism of hydrolysis.

Some further validation of the use of vacuo results for
insight into biological system behavior is provided by evidence
of a relatively anhydrous microenvironment within the active
site of the enzymé%3° However, it should be kept in mind

complexes (RM&ura= 0.12 A, RMSnono= 0.15 A, RMS; =
0.35 A).

Because one of our most important findings, the difference
in free energies between the isomerizations of-\grophos-
phates and Capyrophosphates is due to the differences in the
correlation contributions; further calculations were performed
to check the validity of the results. To confirm the convergence
of the correlation energy, we performed calculations at the third
(MP3//SCF) and fourth (MP4SDQ//SCF) orders of the perturba-
tion theory for the SCF-optimized complexes with calcium. The
amount of correlation captured at the MP3 and MP4SDQ levels
resulted a small fraction of that captured at the MP2 level (see
Supporting Information). To evaluate the cause of the differing
extent of correlation energy captured at the MP2//SCF level,
the geometries of the isomerization reactants and products of
one of the dianionic conformers

[M-P,0;)2,— [POM-PQJ% ;. where (M= Mg, Ca)
were reoptimized at the MP2 level; these dianionic systems were
examined because their electron-rich nature amplifies correlation
energy effects. The amount of correlation energy captured at
the MP2//MP2 level for the optimized geometries of the

that the active site creates an electrostatic field and that thermalcomplexes with both calcium and magnesium are approximately
and electronic fluctuations can account for the lowering of the the same (see Supporting Information). The computed

activation energy of hydrolysis, or synthesis, of pyrophosphate.

Since no structure for the membrane-bouRdodospirillum
rubrumchromatophore is known, the structure of its active site

(SCH-MP2)//IMP2 isomerization energies for the dianionic
complexes exhibit the same trend as those computed at the
(SCH-MP2)//SCF level: The numerical value for the complex

and the electrostatic field it imparts are unknown. In this same With magnesium does not change appreciably (2.8 kcalisiol
vein, acid dissociation constants for aqueous pyrophosphatethe previous 3.9 kcal/mol) and for the complex with calcium it

indicate that the M¢P,O-2~ complex is the most abundant at

is still positive and large, though it becomes significantly smaller

the pH levels of biological systems. Nevertheless, it has recently (30-4 kcal/moles the previous 74.1 kcal/mol). In terms of

been proposed that the true substrate is the neutraiPg;

(29) Dewar, M. J. S.; Storch, D. MRroc. Natl. Acad. Sci. U.S.A985
82, 2225.

(30) Warshel, A.; Agvist, J.; Creighton, Broc. Natl. Acad. Sci. U.S.A.
1989 86, 5820.

structure, the MP2-optimized geometries have the anticipated
longer bond lengths than do the SCF-optimized geometries.

(31) Heikinheimo, P.; Lehtonen, J.; Baykov, A.; Lahti, R.; Cooperman,
B. S.; Goldman, AStructure1996 4, 1491.
(32) Keese, R. G.; Castleman, A. \M.Am. Chem. So4989 111, 9015.
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What is significant is that the metabxygen bonds in the As previously stated, the structural differences between the
calcium complexes are elongated ®0.1 A, while those in complexes of calcium and magnesium are dominated by the
the magnesium complexes are elongated by less than half thainherent coordination properties of their ions; these coordination
amount (less than 0.05 A). In other words, the SCF and MP2 properties are maintained in all complexes, independently of
equilibrium geometries for the magnesium complexes more the pyrophosphate’s charge. Therefore, it can be expected that
closely coincide in structure than for the calcium complexes. they will prevail even within the active site of the enzyme. Even
The correlation energy for the isomerization products of the though the CePR complexes may be structurally similar to the
latter is smaller than for the other computed complexes. Mg-PR complexes, the differences in coordination seem to

From the amount of correlation energy captured, it is not determine the differences in the energies of the isomerization
immediately clear whether the MP2 method is equally applicable reactions.

to both the magnesium and the calciumpyrophosphate These results reveal that the proposed divalent metal cation
system. However, the norm of the correction to the wave jssisted reaction mechanism for the gas-phase isomerization and
function for the calcium and magnesium complexes are very sypsequent hydrolysis of the pyrophosphate anioes feac-

similar in value indicating that the second-order method should tjons 1-4) are consistent with observed pyrophosphatase
be reliable in comparing the two systems. selectivity.

To further confirm that the MP2//SCF results are sufficiently

accurate to enable conclusions to be drawn, various basis sets Acknowledgment. This research was supported by the NSF
were used to perform MP2 single-point calculations for all U.S.A—CONACyT, Mexico, Cooperative Science Program’
_caIC|urT_1 co_mplexes._ The contrlt_)unons of correlation to their o der Grant INT-931326, and by DGAPA-UNAM, Grant IN-

isomerization energies are consistently large and positive (368112896. Part of the calculations were performed with the

Supporting Information). D computers of DGSCA-UNAM.
Thus we can have confidence on the most significant

differences found between the studied calciypgrophosphates
and their magnesium counterparts, their isomerization reaction

enthalpies anq Energies, 3|gn|f|cantly higher for the former. with various basis sets (12 pages, print/PDF). See any current
Therefore the isomerizations of calcibipyrophosphates are A .
masthead page for ordering information and Web access

highly endothermic and nonspontaneous in the gas-phase, .
) T ; instructions.

whereas the isomerizations of magnesitypgrophosphates are

more likely to occur. JA972715G
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Fock, MP2, MP3, and MP4SDQ energies axigMP2 computed



