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The binding of the most common metal cations of cytoplasni,(Na”, K*, Mg?" and C&") to a model
molecule having an intramolecular hydrogen-bonding netwarnkginositol-2-monophosphate, was studied
using first principles. A strong correlation between the conformation of metal inositol phosphate complexes

with the type of metal cation, degree of deprotonation state, and the surrounding environment has been observed.

On the basis of the hydrogen-bonding network analysis of the cation-phosphate compléketn@(®R)R),
the alkali cations show little effect on the conformational preference while the conformational preference for

the binding of the alkaline earth cations is pH-dependent and solvent-dependent. For example, these calculations

predict that M§"—Ins(2)R° and Mg*—Ins(2)R?~ favor the 1a/5e form while Mg —Ins(2)R!~ favors the
5a/le conformation. The €a-Ins(2)R2~ complex prefers the 1a/5e conformation in the gas phase and in a
nonpolar protein environment, but inverts to the 5a/le conformation upon entering the polar aqueous phase.
The binding affinities of the cations and thE pvalues for the cation-phosphate complexes are derived from
thermodynamical analysis.

Introduction between cations and phosphate groups and hydrogen-bonding
Within natural biological systems, there exist important metal Network within biological systems. _

cations such as the monovalent alkali cations' (INa", K*) Furthermore, to understand the chemistry and structures of

and the divalent alkaline earth metal cations @¥ignd C&"). metal cations interacting with phosphate groups and a hydrogen-

All of these Lewis acidic metal centers are chemically well- bonding network, a rule of thumb is to study those motifs
suited to influence fundamental cellular processes and play vital Provided by nature in existing systems. In this paper, we report
bio-functional roles within and outside the cell such as triggering the fundamental interactions and binding strengths between
cellular responses and being involved in cell metabGsdue HBN and metal cations via a phosphate group. We choose a
to their different affinities and interactions with basic nitrogen Mmodel system, Ins(2)Pwhich includes the fundamental struc-
or oxygen donor ligands. Metal ions, as a common feature in tural features of such systems in order to explore the effect of
folding of proteins, DNA, and RNA, have a special relationship cations on the hydrogen-bonding network between the phosphate
with the phosphate group, RO, to stabilize nucleic acids by ~ group and hydroxyl groups. We have observed and quantita-
mediating electrostatic repulsion between negatively chargedtively analyzed a strong correlation between conformation and
phosphate$® Particularly appealing is that these cations affect the degree of deprotonation foryoinositol 2-monophosphate
the intramolecular hydrogen-bonding network and cause con- (INs(2)R),® shown in Figure 1. It is one of the important
formational changes that can provide new methods for studying Participants in the role that phosphates play in biological and
DNA and RNA® The functions of the second messenger and €nvironmental chemistry.This model system allows us to
the phosphalated membrane structures are not clear at thdnvestigate the hydrogen bonding and other electrostatic interac-
molecular level. In biological systems, the phosphate group is tions between these functional groups and metal ions at every
usually not isolated as a functional group of a large molecule. State of deprotonation. The intramolecular hydrogen-bonding
Accordingly, the phosphate group is often involved in an and the interactions with cations are critical to many biological
intramolecular or intermolecular hydrogen-bonding network functions. The results from our model systems will help to guide
(HBN). Experimental data show that cations directly contact accurate simulations of proteins, RNAs and membrane structures
oxygen atoms in the phosphate moiety, especially when theythat interact with cations at different pH.

are buried inside a protefif Not much is known about the The understanding of the coupling between metal cations and
binding strength of different metal ions to such phosphate groupsthe phosphate group within HBN can help decipher the
within hydrogen-bonding networks and the reorganization of biological mechanisms involving these species. For example,
hydrogen bonds caused by electrostatic interactions. Neverthe-Li™ can produce a lowering ahycinositol concentration in
less, there is no systematic investigation into the interactions critical areas of the brain by interacting with the substrate,

. . inositol monophosphate, omycinositol monophosphatase
:Eggifgﬁ%ﬂ"ﬁaﬁgﬁ’lrié E;)T;'(')Sr;l pyang@Ianl.gov, rebrown@mtu.edu. (j\p) and result in the inositol depletion hypothesis for bipolar

# Laboratoire de Pharmacochimie Moleculaire. disorde®°There is still much controversy surrounding the issue

§ Michigan Technological University. about the competition betweenfLand Mg" in the proposed
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Figure 1. myolnositol 2-monophosphate (Ins(2)Ran adopt two chair conformations. One conformation, on right, is with the phosphate group
in the axial position and the five hydroxyl groups in equatorial position (1a/5e). The other conformation, on left, is with the phosphate group is
equatorial while the five hydroxyl groups are axial (5a/le).

mechanisms for the pharmacological action of lithium salts in previous work? the dominate species in both the gaseous and
bipolar disordet! myoInositol phosphates and inositol phos- aqueous phases assumed the 1a/5e conformation for all degrees
pholipids play an essential role in signal transduction in of deprotonation, Ins(2)P, Ins(2)R'™ and Ins(2)F2". In this
biological systems via mediating €ahomeostasi&?13 Ca*, work, these studies are extended to include the complexes
which is required for the activity of phospholipase C, interacts formed between these species and the most common metal
with negatively charged residues and with phosphate moietiescations of cytoplasm, b, Na*, K*, Mg?*, and C&*. In this
of the phosphorylated inositol at the active sites. Magnesium current work, we only consider the directly bounded complexes
and calcium are the most versatile metal cofactors in cellular without including the solvation shells of the cations. As a
biochemistry, playing both intracellular and extracellular roles. consequence, we do not discuss the complexes that have water
For example, Mg" and C&" have been recruited to cleave the molecules or other solvent molecules bridging the cations and
phosphodiester linkages due in part to their ability to lower the the inositol monophosphates.
pKa of coordinated water, creating the active hydroxyl nucleo-
phile. Additionally, Mg™ and C&" also function in biological
membranes to neutralize charge on phosphorylated head-group
of lipids.

First-principles studies provide a valuable tool for under-

In order to clarify the various species discussed in this
work, we use the following notation. We use the notation
®OH to refer to the hydroxyl group at position on the ring.

The accepted ring numbering system is given in Figure 1.
! : . . For example !OH means the hydroxyl group on carbon 1 of
tslizgglrr]r?ettgle iztrzgcégrr?[)l(;oxr:essfr%ll'ws :ir;? ;l;ngélfnwﬂritggbtgtzziﬂf inositol ring. The effect of cations on the relative stability
insight into the metal ion-carrier interactions through theoretical E}?&?izgtézeis: tztaV;/r?]scgfn ff’hrgf?tﬁg.';Stivgaéﬁgrg@ndwiaﬁfe) ;\::S
modeling. As a prototype for studying the cation-coordinated notation, Ins(2)(1a/5e), to refer the la/5e cor.1formation of
complexes, we examined the structures and binding affinities the neu’tral species In’s(Z)Fand Ins(2)P-(5a/1e) for the

of complexes of Ins(2)Pwith metal cations. Our attention is 5a/le conforr$1ation of the partially deprotonated form
focused on the following aspects: (1) how do different metal Ins(2)P-. Th ion. Nt—I pz o 5){;/1 P il b q
cations change the structure/hydrogen-bonding network of myo- ns(2)P~. The notatlon,_ ns( )_H( €), wil be use to
inositol monophosphate, (2) what is the relative binding strength re_fer to both the alkali af?d alkaline earth catloq complexes
of the alkali/alkaline-earth cations to Ins(2)R3) what is the with the Sa/le conformation of the neutral species InS(2)P

. rorm . ? MEUHe
pH-dependence of metal ions complexes, i.e., for each cationVNere (';/' IS arkall_kah cauﬁn (Cior Na 02';3 W?‘enn equa:s
what are the differences and similarities of their interactions © 1 and an alkaline earth cation (Rgor ) whenn equals

with the different deprotonation states, {M-Ins(2)R°, M —

Ins(2)R1", MM —Ins(2)R2), (4) what are the solvation effects The binding energies for these complexes in both conforma-
including nonpolar and polar solvents, and (5) how do different tions have been computed via the following equation. The
cations affect the Ig,? interaction energies (i.e., the binding energies) of the metal
cations with themyainositol monophosphate are calculated as
Computational Methods the energy difference between the free energy of the optimized

cation-monophosphate complex and those of the cation and the

Density functional theory is now commonly applied to .
y y y app optimized monophosphate:

biological systems, as it has been shown to reliably reproduce
experimental data at a reasonable computational *écRhe
Becke three-parameter hybrid functional combined with the Lee, BE = Ewni—ms@p, ~ Eqnszp) ~ Eunr)
Yang, and Parr correlation functional, (B3LYP)18 was
employed in this work. The calculations were carried out using
the 6-31G(d) basis sets which includes diffuse and polarization Eq—ins2p,) IS the energy of a complex of Ins(2)Bnd a cation
functions. In previous work on similar systems, the basis set
superposition errors (BSSE) were found to be small and were
omitted heré® 20 Harmonic vibrational analyses were per- Eqnsizp IS the energy of Ins(2)P
formed at the same level to confirm that each structure was a v
minimum on the potential energy surface and to determine the
enthalpy and free energy of each structtr@he vibrational The myainositol phosphates easily dissolve in water due to
analyses were carried out on all optimized structures to get thethe existence of hydroxyl and phosphate groups. The reactions
thermo-chemical contributions to the energy and entropy from of the myoinositol phosphates usually happen on the surface
the vibrational, rotational and translational degrees of freedom or buried within the protein, and the chair-to-chair inversion
at standard state conditions, i.e., 298.15 K and 1 atm. for some members has been observed experimentally under
For Ins(2)R, there are two possible chair conformations, i.e., aqueous environmeft?® Thus, how the solvent affects the
the 1la/5e and 5a/le conformations, as shown in Figure 1. Fromconformation is an important issue to clarify. In our calculations,

BE is the binding energy for each cation

Equn+ Is the energy of the cation
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Figure 2. Thermodynamic cycle used to evaluat&,pvalues by = AG9+ AAG,
absolute method.

where,n = 1, M"" is Li*, Na", and K*; n = 2, M"" is Mg2"

and C&".
we studied the solvation effects by using the polarized con-
tinuum model (PCM), which was developed by Tomasi and co- AG,=G°((A — |v|“+)g‘) + G° (Hg+) — G°((HA — |v|"+)g)
workers?4-28 Recent studies show that the implicit solvent
model provides reasonable agreement with the experimental AAG,= AGJ(A — M"™")7) + AGIH™) — AGIHA — M™)
observables for systems involving intramolecular hydrogen
bonds between hydroxyl and phosphate gratiis$® We Given the dissociation free energy in water, thé, pf the
restricted our solvent phase calculations in this report to the metal cation complexes can be calculated by using the following
optimized geometries in the gas phase because we are invesequation:
tigating the direct binding interactions between cations and the
phosphate group within a hydrogen-bonding network. Especially pK,= AGJ2.30RT
when complexes are buried within a protein, the geometries
usually do not have much flexibility. In this case, the possible Results and Discussion
best way to understand the solvation effects is to simulate the
solvent as a surrounding continuous medium with a certain
dielectric constant. In addition, the geometry optimizations for
these charged complexes entail convergence problems using th
implicit model, which is not surprising due to the subtle
electrostatic interactions between the charged groups with the
solvent medium. But the implicit solvent model can offer some
understanding of how solvation effects the binding energies for
those directly bound complexes in protein and water. We need
to point out that the equilibrium position of the metal cation is
sensitive to the environment. These binding energies might be
different from those for the fully optimized solvated geometries.
An additional step could be to use explicit solvent molecules
for first solvation shell and to do ab initio molecular dynamics,
which can simulate the hydrogen bonds and coordination
interactions with good accuracy. This research is currently in
progress.

1. Gas-Phase Geometries of the M—Ins(2)P, Complexes.

The geometrical parameters for the optimized structures of the
geutral and deprotonated forms of Ins(2)#s well as their
complexes with the alkali and alkaline earth cations are listed
in Table 1.

1.1. M—Ins(2)RPC. The la/5e conformation of Ins(2fP
forms a unidirectional hydrogen-bonding network (HBN) within
the molecule to take advantage of hydrogen-bonding cooper-
ativity. When this neutral structure interacts with the monovalent
cations: Li", Na", and K', the dominate interaction is the
electrostatic attraction between the positively charged cation and
the partially negatively charged oxygen atom in phosphoric acid
group. These alkali cations bind in a monodentate fashion and
do not affect the hydrogen-bonding network formed within the
la/5e conformation of Ins(2)® The binding distances between
the cations and oxygen atom in the phosphoric acid group are
1.728, 2.098, and 2.485 A for tj Na*, and K respectively.

A dielectric constant of 78.39 was used to represent water 1o smaller cation binds to Ins(gfFmore tightly due to the
media, and a dielectric constant of 4.9 (chloroform) was used g, 1ier ionic radii of the metal cations (LD.60 A, N& 0.95

as a representative value for protein interidrdt has been R, K+ 1.33 A, Mg* 0.65 A, C&" 0.99 A). Compared to the
shown that the frge energy of solvatlorl can be accurately y,noyalent alkali metal ions, the divalent alkaline earth cations
computed also using ;£§4|n-vacuo optimized geometry at the Mg?" and C&* bind to Ins(2)R%(1a/5e) multidentately and
same level of theor§232'3¢ For the SCRF method, the radius  j,q,,ce much larger conformational changes. They can form
of each atom in the moleegule was calculated_usmg the united (.qantate bonds with the oxygen atoms of the hydroxyl groups
atom topological mode*® For the two possible thermally  ,, the 1 and 6 positions@H and®OH) and the phosphoric
accessible conformations (1a/5e and 5a/le), we investigated the, ;4 group at the 2-position. Phosphate ligands exhibitQa

influence of these cations by fully optimizing each complex  jntermyclear distances that range between 2.26 and 2.39 A, while
of Ins(2)RY, Ins(2)R™, and Ins(2)E~ with the cations (LT, Mg—O distances range from 1.91 to 2.02 A.

Na’, K, Mg", C&") at the B3LYP/6-3+G(d) level. Al Therefore, the intramolecular hydrogen-bonding network
ca!culat|ons were carried out with the Gaussian 2003 program (intra-HBN) is disrupted by the cations via breaking the
suite? hydrogen bond betweefOH and!OH and the one between
Cations could significantly affect the abSO'Utﬁap/alueS of the phosphate group aﬁd)H, a|though a re|ative|y Stronger
acids by balancing the negative charge and changing thehydrogen bond betweeiOH and50H is formed. Due to the
conformation. Our calculations follow the thermodynamic cycle  strong interactions with the divalent cations, the three hydrogen
shown in Figure 2: the solute molecule (aCId) is taken out of bonds invo]ving theéOH and*OH groups Opposite the cations
solution and dissociated in a vacuum and then the fragmentsare significantly stretched and weakened. The cooperativity of
are finally reinserted into solution. In our calculation, the value the intra-HBN is diminished due to the breakup of the
of AGYH") = —264.0 kcal/mol is used to obtain th&pfor unidirectional hydrogen bonding interactions.
complexes of Ins(2)Pwith metal cations. Generally speaking, the interactions with the metal cations
The free energy of dissociation in solution can be decomposedlead to a much larger conformational change in the 5a/le
into the corresponding free energy for the reaction in the gas- conformation than in the 1a/5e conformation. The intra-HBN
phase AGq, and the sum of the free energies of solvation for is destroyed in the M —Ins(2)R%5a/le) complexes. Multi-
each species dentate cation-oxygen coordination bonds are formed even for
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TABLE 1: Conformations of Myo-Inositol 2-Monophosphate and Its Anions with Cation$

Li*

(9S/8T)
Jd(Z)sur

(91/8%)
Jd(Z)sur

(3S/2T)
L 1d(Z)sur

(B1/8S)
L1d(Z)sur

(5S/BT)
LLd(Z)sur

©1/7S)
Ld(Z)sur
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TABLE 1: (Continued)

(9S7eT)
Jd(Z)sur

(O1/85)
Jd(Z)su]

(9578T)
d(@)sug

CITASY)
Ld(2)sug

O%/eT)
Ld(2)sur

(91/%5)
Ld(2)sy]

apP, O, C, and H atoms are gold, red, gray, and white, respectively. Alkali (alkaline earth) cations are purple (green). The hydrogen bond lengths
are blue and coordination bond lengths are green. The stretched OH bonds are shown in pink.
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the monovalent cations tj Na, and K" due to the accessible
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fair to say that alkali cations could assist the intramolecular

distances to the oxygen atoms of the phosphate group and theproton transfer. The binding pattern of Ktgand C&" are

10H, 20OH groups. Both LT and Na form tridentate coordina-

similar in terms of forming multidentate coordination bonds and

tion bonds with these oxygen atoms, which are about 0.3 A decreasing the stretché®H bond back to a normal length
longer than the monodentate coordinating bonds in the l1a/5eresulting in a longer hydrogen bond. Similarly, due to the
complexes. In a similar fashion, the alkaline earth metal cations, localization of metal cations to the phosphate group, the

Mg?" and C&", bind to the Ins(2)P(5a/1e) forming multiden-

hydrogen-bonding network is more similar to that for bare Ins-

tate coordination bonds with average lengths of 2.04 A and (2)P2~(1a/5e).

2.41 A,
1.2. M —Ins(2)P1~. As opposed to the M—Ins(2)R%(1a/

The intra-HBN is mostly left intact with a small conforma-
tional change in the complexes of'MIns(2)R?(5a/le) due

5e) complexes, all metal ions including the alkali metal and to the localization of alkali cations on the fully charged
alkaline earth cations are tridentately coordinated with one phosphate group. Alkali cations bind to the phosphate group

oxygen atom from théOH group and two oxygen atoms from

only bidentately. Thus the charges at the metal cations are locally

the phosphate group including the phosphoester oxygen. Theneutralized by the phosphate group. Consequently, the hydrogen-

unidirectional intra-HBN in Ins(2)P~(1a/ 5e) is conserved in

bonding network of the 5a/le conformation of Ins(@@)Pis

each metal cation complex for the reason that the metal cationsconserved in these complexes. Because of the charge compensa-
are trapped more locally to the phosphate group with the increasetion from the alkali cations, the hydrogen bond between the

of the negative charg&Vith higher charge on the phosphate

phosphate group aniDH is considerably weakened giving a

group, less involvement of the hydroxyl groups is needed to normal hydroxyl bond foPOH within the complexes of M—
compensate the charge on the metal cations. Increasing théns(2)R?-(5a/le). For Mg" and C&", both the 1a/5e and 5a/
radius of the metal cations enhances the intra-HBN. For le conformations form tetradentately bonded complexes. Sig-
example, the shortest hydrogen bond between the phosphatenificant interactions occur between the cations and the

group anc®OH in the intra-HBN is 2.069, 1.837, and 1.738 A
corresponding to the [ff Na, and K complexes, compared to
2.360 and 1.936 A for My and C&*. A larger metal cation

phosphoester oxygen atom, the phosphorus atom,'@h¢
oxygen atom and the two Oatoms on the phosphate group.
The higher the charge on the phosphate group, the more the

leads to a stronger intra-HBN since a longer coordination bond cations are localized near the phosphate group resulting in less
length imposes less stress when forming multiple coordination interaction of the cations with the rest of the intra-HBN. Within

bonds. The coordination bond lengths for Mgnd C&" are

the complexes with the 5a/le conformation, the alkaline earth

slightly shorter than those within the neutral complexes, due to cations enhance the intramolecular hydrogen bonding interaction
the larger negative charge on the phosphate group and resultingo form fairly short hydrogenn bonds of 1.594 and 1.582 A.

stronger electrostatic interactions with the cations.

To form the M"—Ins(2)R'~(5a/le) complexes, the binding
pattern for Li" is very similar to that for Na and K* with the
same tridentate configuration as in theMins(2)R~(1a/5e)

This significantly lowers the system energy and possibly causes
the complex to be more stable than for the corresponding la/
5e complex.

2. Energetics of the MT—Ins(2)P; Complexes.The gas-

complexes. However, the coordination bond distances arephase binding energies, zero-point energy (ZPE) corrections and
different. The original intra-HNB is partially perturbed in order ~ Gibbs free energies of M—Ins(2)R are summarized in Table
to form the cation-oxygen coordination bonds. The intra-HBN 2. The binding affinities and Gibbs free energies in water and
of Ins(2)R1~ is again diminished in the metalated complexes. chloroform are also listed in Table 2 as well. Table 3 shows
The same hydrogen bonds amoi@H, SOH and30OH groups the relative stabilities of the 1a/5e and 5a/le conformations for
are formed in all alkali cation complexes. The coordination each M*—Ins(2)R complex.
bonds become longer with increasing cation radii.?Mgnd In general, for each conformation of Ins(2)Rt each
C&" form one more coordination bond in-Ins(2)R1~(5a/ deprotonation state, the binding energies with metal cations are
le) than in Mt —Ins(2)R'"(1a/5e), in a fashion similar to the  ordered as M§ > Ca&t > Lit > Na* > K*. The smaller
complexes of the alkaline earth cations with Ins(23&/1e). cation bonds to Ins(2)Pmore tightly in terms of affinity
These coordination bonds have lengths similar to these in thestrength. For each cation, these calculations predict that the
la/5e complexes and are somewhat shorter than those formedinding energy increases with increasing charge on the phos-
in the complexes with the neutral complexes?"MIns(1)P- phate group, i.e., the increase in the degree of deprotonation
(5a/le). Therefore, the complexes of the alkaline earth cationssuch that Ins(2)2~ > Ins(2)R™ > Ins(2)RC. Essentially,
have higher binding affinities for the 5a/le conformation than electrostatic interactions dominate the binding in these sys-
for the 1a/5e conformation of Ins(2)P. tems. Smaller ions give shorter metdéiband distances and
1.3. Mt —Ins(2)P2". The intra-HBN is mostly conserved in ~ generate greater iefion, ion-dipole and ion-induced dipole
the complexes of M—Ins(2)R? (1a/5e). The hydrogen bond  interactions.
between the phosphate al@H groups is significantly shortened 2.1. M —Ins(2)PC. For the stable structures of the'™
within the complexes of M—Ins(2)R? (la/5e) compared to  Ins(2)R° complexes, the dominant electrostatic interaction is
the bare molecule Ins(2)P (1a/5e). At same time, the length-  between the cation and the partially negatively charged oxygen
ening of the!OH bond decreases from™Lto Na" to K*. Due atoms of the phosphoric acid group. For the monovalent cations,
to the two short bonds formed between land the phosphate  Li™, Na*, and K", the binding energies are58.98,—43.98,
oxygen and théOH oxygen with lengths of 1.78 Aand 1.79 A and —32.49 kcal/mol, respectively, to form W-Ins(2)R%1a/
respectively, the proton transfer frof®H to the phosphate  5e) in the gas phase, whereas the binding energies 6878,
group proceeds without an energy barrier withirf £ins(2)- —47.54, and-33.85 kcal/mol for M—Ins(2)R%(5a/1e). Obvi-
P12~ (1a/5e). ThéOH bond is stretched to 1.037 A in the Na ously, the cations actually bind to the 5a/1e conformation more
Ins(2)R2~ complex with the hydrogen bond length of 1.558 A,  strongly. For each chair conformation of ‘MIns(2)R?, the
while theOH bond is stretched to 1.033 A in the"KIns(2)- binding order is L > Na" > K*. The binding affinities for
P12~ complex with a hydrogen bond length of 1.573 A. It seems Li+ are about 39% higher than for Nand those for Naare
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TABLE 2: Binding Energies of Myo-Inositol 2-Monophosphate and Its Anions with Cations (kcal/mol}
metal cations L Na* K* Mg?* Ccat
M —Ins(2)R° (1a/5€e) AgEse —58.98 —43.98 —32.49 —211.05 —141.10
AgEge+ ZPE —57.86 —43.35 —32.10 —209.79 —140.25
AyGge —50.96 —36.34 —25.60 —200.26 —131.00
AwEge —16.42 —15.20 —13.71 —51.29 —23.11
AwGee —4.31 —=2.77 —1.50 —38.37 —10.19
AcEse —24.08 —19.62 —15.69 —96.54 —54.64
AGge —16.97 —-12.27 —8.55 —88.26 —46.47
M —Ins(2)R° (5a/le) AgEge —68.78 —47.54 —33.85 —214.43 —141.35
AgEge + ZPE —67.85 —47.45 —33.70 —213.57 —140.82
AyGge —60.65 —41.28 —26.49 —204.76 —132.56
AvwEge —19.80 —14.49 —15.37 —55.17 —26.41
AwGge —10.57 —3.98 —4.50 —45.07 —16.35
AcEge —27.79 —19.48 —17.04 —99.38 —56.32
AGge —22.60 —13.64 —10.52 —93.13 —50.24
M —Ins(2)RY™ (1a/5e) AgEse —151.72 —128.08 —111.10 —377.34 —295.74
AgEge+ ZPE —149.51 —126.72 —109.91 —375.43 —294.07
AyGge —141.76 —118.80 —102.25 —366.97 —285.72
AwEge —22.25 —21.08 —19.55 —64.91 —33.49
AwGge —9.46 —8.08 —6.12 —51.48 —20.77
AcEge —51.79 —43.85 —38.77 —145.96 —98.28
AcGge —44.08 —36.07 —30.62 —137.67 —90.55
M —Ins(2)R (5a/le) AgEge —154.04 —129.87 —107.36 —395.01 —300.17
AgEge+ ZPE —152.19 —128.39 —106.23 —393.19 —299.38
AyGge —144.79 —119.79 —98.14 —383.88 —290.92
AwEse —21.41 —19.35 —18.21 —77.37 —40.27
AwGee —11.41 —6.98 —4.87 —66.00 —29.44
AcEge —53.03 —44.18 —37.06 —162.70 —105.05
AGge —47.25 —36.55 —28.82 —155.71 —98.85
M —Ins(2)R2 (1a/5e) AgEse —244.97 —209.62 —186.85 —562.46 —458.90
AgEge + ZPE —242.52 —208.80 —186.27 —560.22 —457.60
AgGge —235.13 —201.49 —179.33 —552.08 —449.66
AwEge —26.97 —23.51 —21.70 —78.90 —36.30
AwGge —14.13 —11.44 —9.57 —66.41 —24.51
AcEge —80.35 —65.53 —57.98 —206.48 —140.82
AGge —72.44 —58.59 —50.96 —198.65 —133.69
M —Ins(2)R2~ (5a/le) AgEse —241.35 —209.93 —185.15 —564.17 —473.31
AgEge + ZPE —237.68 —207.30 —182.99 —560.76 —470.19
AyGee —230.50 —199.91 —176.03 —551.82 —461.25
AwEse —29.51 —24.22 —18.92 —72.48 —37.06
AwGge —21.41 —16.45 —11.55 —63.90 —29.54
AcEge —83.44 —69.91 —59.40 —208.83 —153.51
AGge —74.72 —61.58 —51.36 —199.28 —144.75

a AgEge is the binding energy in gas phase, axgEse + ZPE is the binding energy, including zero-point energy correctdg@ee is the binding
Gibbs free energy change in gas phase. The subscripts of w and c refer to the binding energy in water gnb§pdclively.

TABLE 3: Energies Difference between Ejase — Esand
Conformation, with Effect of Cations (kcal/mol)?

kcal/mol for bare Ins(2)P. This is probably due to the extra
stability induced by the higher binding energies of the alkali

cations Ins(2P Lit  Na' Kt  Mg?t Cca&' cations with the 5a/le conformation. FortlLiNa", to K* in
INs()R® AgE —7.56 —3.00 —325 —544 —3.42 —6.56 that order, the energy difference between two chair conforma-
AWE —811 —-473 -881 —6.45 —4.23 —4.81 tions of the complexes approaches that for bare Ins{2)ée
AE  —628 -257 —642 -4.93 -3.43 —4.60 to longer coordination bonds and weaker interactions with the
Ins(2R~ AL —6.17 —-298 -352 —9.05 12.36 —0.88 intra-HBN
AvE 853 -9.37 -10.26 -9.86  3.93 —1.74 Intra-HBN.
, AE 672 548 638 -843 1002 0.05 In general, the divalent cations bind to Ins(Z)Rwvith
Ins(2)R*"  AE 456 -854 -460 —6.61 -—3.21 949 approximately four times the binding energies of the monovalent
AWE —753 -500 -6.82 —10.31 —13.95 —6.77 tions b their | h tin | ion-dinol
AE -802 -58 -455 —751 —658 3.7 cations because their larger charges result in larger ion-dipole

interactions. The strength of the iedipole interactions should
correlate with the magnitude of the dipole moments of Ins(2)-

about 37% higher than for K For each cation, the binding Fi’- C&" binds with lower free energy gain than Rig*®™!
affinity difference between binding with thela/se and 5a/le These calculations predict that the binding energy forMg
conformations decreases with the increase of cation radii with about 50% higher than for €ain the MZJ“:m.S(Z)HO com-
values of 9.80, 3.56, and 1.36 kcal/mol respectiully for,Li ~ Plexes (1a/5e and 5a/le). Both Mgand C&" bind to Ins(2)-

a2The same notation is used as in Table 2.

Na" and K'.

For the alkali cation complexes, the™Ins(2)R%1a/5e)
complexes have lower total energies than the-Nhs(2)R°-
(5a/1e) complexes. The relative stability between the two chair binding energy difference between the two chair conformation
forms of the cation complexes (M-Ins(2)R%1a/5e) vs M —
Ins(2)R%(5a/1e)) drops to 3.00, 3.25, and 5.44 kcal/mol for the Mg?t—Ins(2)R° to 0.25 kcal/mol for C& —Ins(2)RC. The
Li™, Na, and K ion complexes correspondingly from 7.56 dominate conformation for the divalent cation complexes is the

P;%(5a/le) somewhat more strongly than to Ins(2)Ba/5e)
because the Rt—Ins(2)R%5a/1e) complexes have one more
M2+—O coordination bond. Similar to the alkali cations, the

complexes is predicted to decrease from 3.38 kcal/mol for
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Figure 3. Energies difference betweek;fse — Esand conformations.
la/5e conformation with energy differences<8.42 and—6.56 2.3. Mt —Ins(2)P?~. As expected, the binding energy of
kcal/ mol for Mg?™ and C&", respectively. M™—Ins(2)R?" is is predicted to be much higher than for the

2.2. Mt—Ins(2)R!~. The binding energy of M—Ins(2)- corresponding complexes™WIns(2)R° and M —Ins(2)R1-,
P,1~ is predicted to be much higher than for the corresponding with the same binding order for both chair conformations:?Mg
complexes M*—Ins(2)RC due to stronger iorion interactions > Ca&"t > Lit > Na" > K™,
involving the negatively charged deprotonated phosphate group. The binding energy for Liis about 16% higher than for Na
But similar to Ins(2)R®, the binding order is Mg > Ca&*" > and N4 is about 12% higher than for Kwith Ins(2)R2-(1a/
Li™ > Na" > K* for both thela/5e and 5a/le conformations. 5e). The corresponding numbers are 15% and 13% with Ins-
These calculations predict that for the complexes with Ins(2)- (2)Pi2~(5a/le). For each alkali complex, the 1a/5e conformation
P,1~(1a/5e), the binding energy for Liis about 18% higher  of M*—Ins(2)R2" is more stable than 5a/le conformation of
than that for N& and the binding energy for Nds about 15% M*—Ins(2)R%~ based upon the stronger binding to the la/5e
higher than that for K. These numbers change to 19% and conformation.
21% for the complexes with Ins(2)P(5a/le). For each of the The M#*—Ins(2)R%™ binding energies are the highest among
alkali cation complexes, M-Ins(2)R'~(1a/5e) and M—Ins- all systems studied. And these systems are stabilized by the
(2)P1~(5a/ 1e), the 1a/5e conformation complex is more stable. enhanced hydrogen-bonding network within both chair confor-
The energy difference between the complexes of the two chair mations. But the relative stability of the two chair conformations
forms are 2.98, 3.52, and 9.05 kcal/mol respectively for,Li  has changed. Before combining with the calcium ion, the
Na*, and K", compared to the energy difference 6.17 kcal/mol dominate chair form for bare Ins(2P is the 1a/5e conforma-
between the two chair forms of bare Ins(&P tion which is 4.56 kcal/mol lower than the corresponding 5a/
Except for K, the binding energies for most cations are 1e chair form. For Mg, the binding energy with Ins(2)P (5a/
higher for the 5a/l1e form than for the 1a/5e form. These model 1e) is slightly higher than that with Ins(2P(1a/5e) by 1.71

calculations predict that the binding energy for the¥gation kcal/ mol. Combined with the energy difference between the
with the 5a/le conformation is 17.67 kcal/mol higher than for two chair forms of bare Ins(2)P, the Mg+—Ins(2)R2-(1a/
the 1la/5e conformation. Consequently, the?Mgins(2)R1~ 5e) is the stable structure. Since?Cadinds to Ins(2)2(5a/

(5a/le) complex is more stable than thedtgins(2)RY~ (1a/ le) with a much higher energy (14.41 kcal/mol) than to
5e) complex by 12.36 kcal/ mol even though Ins@2)P(5a/ Ins(2)RZ~ (1a/5e), the 5a/le conformation of the complex has
le) is less stable than Ins(3}P (1a/5e) by 6.17 kcal/mol. This  a lower energy by 9.49 kcal/mol in the gas phase. However,
is because an additional ¥ig—O coordination bond is formed  the relative stability depends on the environment as shown in
within Mg2*—Ins(2)R1~(5a/le); Md@" is tetradentated rather  Figure 3, which will be discussed in next section. As a
than tridentated as in Mg—Ins(2)R~ (1a/5e). As aresult, the  consequence, during the deprotonation process from In8(2)P
dominant conformation changed from la/ 5e to 5a/le for the — Ins(2)R™ — Ins(2)R2~, the calcium ions could cause a
complex of Ins(2)P~ with the Mg?t cation. Similar analysis ~ conformation change (1a/5e 5a/l1e) and thus when in a low
shows that the binding energy of €as higher for Ins(2)F-~ dielectric environment induce a signal transduction.

(5a/le) than for Ins(2)~ (1a/5e) by 4.43 kcal/mol. Therefore, Examination of the Mulliken charges retained by the alkali
the two chair forms complexes with &ahave almost the same  metal ion in these complexes shows that, for the-Nhs(2)R
energy (0.88 kcal/mol difference) due to the formation of one complexes, Li retains less charge (0.3D.75e) than Na
more C&"—O coordination bond and fewer hydrogen bonds in (0.77~0.96e) and K (0.86~0.96e). For the MI"—Ins(2)R

the C&"—Ins(2)R'~(5a/le) complex. systems, Mg" (0.70~1.25e) retains less charges than’Ca
This data indicates that a chair conformation inversion could (1.5~ 1.73e). These results confirm the electrostatic nature of
happen during the deprotonation process from Ingf2)je the bonding but also demonstrate that there is some covalent

Ins(2)R™~ in the presence of the alkaline earth cations, as shown component in the M —Ins(2)R interactions, especially in the
in Figure 3. Consequently, this conformational change may Li* and Mg" systems. This result is consistent with the
generate a signal for transduction. It should be pointed out herepolarizing power #r?) of metal cations, whereis the charge
that this interaction, as mentioned previously, involves direct of cation and is the ionic radii respectively. In these systems,
binding between the cations and Ins@2)®hich raises the the shorter Li—O and Mg@"—O0 bond distances allow the metal
guestion as to whether the same phenomena would be observen to more effectively withdraw electron density from the
with the fully solvated cations having stable solvation shells. coordinating oxygen atoms on Ins(2)Ehus reducing the charge
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retained by the metal ion. This in turn causes more perturbationaqueous environment. This strong coupling between the con-
to the cooperative HBN centered on the cyclohexane ring.  formational change and the environment is of fundamental
The ZPE corrections for these complexes could be neglectedimportance for biological processes.
since their net contributions are very small. A comparison of  Due to the insolubility of Ins(2)Pin a nonpolar solvent at
AEge and AGge in Table 2 reveals that the binding for all of  any deprotonation state, no experimental observation is available
these metal cations are energy driven and thermodynamicallyto compare to the solvent dependence predicted here. It is
favorable even thoughhSge is always negative as expected extremely hard to design experiments to investigate solvent
(AGge is always negative but has smaller absolute value than dependent properties and avoid the solvation shell effects of
AEge.) metal cations at same time. Carefully designed experimental
3. Solvation Effects.The dielectric properties of the environ-  verification of these results for the Mgand C&" is needed,
ment plays an important role in the process of the metal cationsbecause the simple aqueous solution brings in many other
binding to Ins(2)k. The predicted free energies and binding unavoidable interactions which can dramatically affect the direct
energies for metal cations binding to inositol phosphate are listedinteractions between the cations and hydrogen-bonding network.
in Table 2. We studied the gas phase € 1), protein Although microwave (MW) spectroscopy and gas electron
encapsulated sites as characterized by an approximate dielectridliffraction (GED) could be used to measure intramolecular
constant € = 4.9 for chloroform, CHGJ), and fully solvent- hydrogen bonds at low pressure, it is very difficult to detect
accessible sites, i.e., aqueous solutiers(78.39). the interactions within a one-to-one pair of a cation and a
In the gas phase, the binding reactions could happen with hydrogen-bonding system. Under such circumstance, theoretical
high free energy decrease resulting in high binding energies. calculation is the best option to identify these subtle interactions.
This is due to the strong attractive Coulombic interactions The continuum method used here gives the direct interactions
between the oppositely charged metal cations and the phosphatéetween the cation and phosphate group with none of the
group. With the increase of the dielectric constant for the solvent, intervening water molecules usually associated with the hydrated
the magnitude of the binding energy for each cation with both cation. In order to accurately reproduce the behavior of the
chair forms of Ins(2)Pdecreases significantly. The Gibbs free complexes in water or other molecular solvents, the next step
binding energy in the gas-phase could be more than 10 timeswill be to explicitly include the hydration shell along with the
larger in magnitude than in a polar solvent such as water, which PCM procedure for all of the systems studied here. Molecular
has larger effects than a nonpolar solvent. For all of the cations dynamics calculations would help to understand the pathway
studied here (Lfi, Na", K*, Mg?" and C&"), their complexes  of binding including the displacement of the metal cation
with Ins(2)R?, Ins(2)RY~ and Ins(2)~ all have binding solvation shells. However this requires ab initio molecular

energies in the following order: dynamics or a force field which can accurately reproduce the
interactions between hydrogen bonds and cations.
AgEBE(M"+ — Ins(2)P)> AcpcisEae(M™ — 4. pKa f'01[| Compcliei:()es:TheI instantaneousiq of a gi\rl]t_anh _
Ins(2)P)> A M™ — Ins(2)P group is influenced by its electronic environment, which is
(2)P)> AwareFael (2)P) determined by its conformation, state of deprotonation and
n=12 counterions. K, prediction is still an issue for biomolecular

simulations because there are multiple sites that can deprotonate

A low-dielectric cavity enhances the electrostatic interactions or protonate/2-44 An additional complexity can arise when
between the metal cations and the oxygen atoms in the mobile counterions are added that cause more complicated
phosphate group and its vicinal hydroxyl groups. As a result, jnteractions and conformational changes.
those metal cations thermodynamically prefer inner-sphere \when calculating the i, we assume that the chair confor-
binding over the outer-sphere complexes. In a solvent-exposedmation of the complexes remain unchanged upon deprotonation.
environment with a hlgh dielectric constant, the b|nd|ng occurs Even with the poss|b|||ty that deprotonation may Change the
with much smaller binding energies by the reason of the high re|ative stability of the conformations, we assume that the
hydration effect between cations and solvent molecules resulting conformation is not changed during the process of deprotonation
in a diminuation of the direct electrostatic and +etipole because the deprotonation process is much faster than the more

interactions. Normally, the polar solvent induces a bigger complex multistep ring inversion. TheKp is defined by the
entropy component than a nonpolar solvent, as shown in fojlowing:

Table 2 by the difference between tiddEge and the corre-
spondingAGge. PK,,

For each deprotonation state of Ins(2)fhe effects of  [M"" —Ins(2)R™ —[M — Ins(2)R]™™ * + H*
solvation on the complex are in the order of L& Na© < K* T
and Mg+ < Ca&*. Because of the comparatively stronger M= 0—pK.; n=1,MisLi",Na", and K"
binding and relatively smaller volume of the‘Land Mg+ )
complexes, they are affected least by the solvent molecules. M= —1 7 PKZ; n=2,Mis Mg*" and C&"

The solvent can affect the thermodynamically preferred
conformation of the Cd—Ins(2)R?~ complex. In the gas-phase, As shown by the calculated data in Table 4, the presence of
the 5a/le conformation complex is more stable with a free the metal cation assists the deprotonation of Ins(ByRgiving
energy difference 9.49 kcal/mol as discussed above. If the a smaller K, than that for the uncomplexed Ins(2)FSince
complex is buried inside a protein, the conformation preference the cations stabilized the charge on the deprotonated phosphate
is still 5a/1e but with a much smaller value of 3.77 kcal/mol. group, the values for,1 decrease from 0.36 t00.44,—0.47,
But when the complex is surrounded by water, the conformation and —0.35, respectively, for Lfi, Nat and K*, and to—1.83
preference returns to 1a/5e with a relatively large free energy and —1.39, respectively, for Mg and C&*.
difference of 6.77 kcal/mol. That means that essentially all  In a similar fashion, cations also increase the dissociation of
(>99.9%) of these molecules go through a chair inversion if the second proton by compensating the increase in the negative
the environment is changed from a nonpolar environment to an charge that results from the second deprotonation. In the same
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TABLE 4: p K, Values of Ins(2)R neglected. The metal cation binding process is driven by the
M™—Ins(2)R° — M™—Ins(2)R: — enthalpy gain rather than the entropic contribution.
M —Ins(2)RL M —Ins(2)R2 Of all the cations studied here, the divalent alkaline earth
(pKal) (pKa2) metal ions, Mg" and C&", stand out as showing exceptional
1a/5e Sa/le 1a/5e Sa/le behavior. The conformational preference for metal binding is
pH dependent and solvent dependent. For examplé! Mgs-
U2r  —om osi a3 185 (2PPand Mg —Ins(2)Rz- favor the la/Se form while Mg—
Na“—Ins(2)P —0.47 —0.08 3.48 203 Ins(2)R*~ favors the 5a/le conformation. TheaIns(2)R%~
K*—Ins(2)P —-0.35 0.38 3.47 2.51 complex prefers the 5a/le conformation in the gas phase and
Mg*—Ins(2P ~ —1.83 —3.22 1.46 4.05 protein environment, which inverts to the 1a/5e conformation
Ca'—Ins2P ~ -1.39 185 342 3.67 upon entering the aqueous phase. This may help explain the
aThe predicted iais 4.05 since the 5a/le conformation is predicted unique biological role that these cations play in signal trans-
to be more stable. duction.
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