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Aluminum(lll) Interactions with the Acidic Amino Acid Chains
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We have performed an ab initio study of aluminum(lll) cation with the aspartic and glutamic amino acid
residues, i.e., the carboxylate group. Density functional theory methodology was used, and the covalent and
noncovalent interactions were analyzed using natural bond orbital theory. First we have investigated the
smallest functional moiety of these amino acids, the carboxylate anion. Additionally, we have sequentially
introduced two methyl groups to more accurately represent the aspartic and glutamic acid chains. We have
compared these data with the nontoxic metal cation, e.g., magnesium(ll). Our calculations demonstrate that
aluminum(lll) binds much more tightly to the ligands than magnesium(ll) and the addition of the methyl
groups leads to stronger bonds, though the effect of the second methyl group is less than that of the first.

1. Introduction with these biologically relevant ligands, no ab initio work
Over the past several years, after numerous negative aspeCtgxploring these critical features has yet appeared in the literature.
of aluminum biological activityywere reportéd! the presence Our hope in this investigation is not only to elucidate binding
of aluminum in biological systems has gr;lined in interest characteristics in these complexes but also to provide detailed
significantly. Most of these works concern aluminum toxicity data (s.;ee Suppor‘ung Information) tha.t.mqy be useful to develop
In general .the toxic effects of aluminum result from its; force fields for aluminum, thereby facilitating molecular model-
competitioﬁ with other metal ions in enzymes and protéins. ing S‘.tUdies that may be helpful to study the biotoxicity of
As the aluminum ion substitutes at the normal metal binding aluminum. . . . .
site, the function of the protein changes and alters the To understand better the interactions of aluminum(lll) with
o any relevant biological peptide, it is important to analyze first
metabolism of the cefl.and consequently gravely affects the the interactions of the metal with the amino acids. In the present

organism. MacDonald and Martin showed that the functions K he h tudied the bindi " ¢ - !
of magnesium(ll) more than any other metal are affected by work e have studied he binding properties o mggnesmm(_ )
and aluminum(lll) with the acidic amino acid chains aspartic

the competition with aluminum(l11§:1° S . :
The nervous system is especially susceptilile humans. anq glutamlg aqu. Todo SO, first we ha\{e reduced the amino
acids to their simplest functional group, i.e., the carboxylate

Alzheimer’s disease, dialysis encephalopathy, and Parkinson-anion To extend the anplicability of this study. we have also
dementia complex of Guam are some examples of maladiesintrodijced the corres oFr)f(;Iin me)tlh | groups tg,re resent more
linked to aluminum(lll) interference. Recently, Fasman’s group P 9 y! group P

reported two mechanisrisor aluminum(lll) interactions with %icglsraiglctgiij'gig:_?'%g(?izf alumtgr?ﬂ?;gisd’ I.s'zggn%no
the Neurofibrilar peptide (NF), in which aluminum may bind acid cphain has been rfa resentedgin the anior{ic form because
to carboxylate residues, forminigtrachain complexes, or to P

: : . . both amino acids i§'s are lower than the physiological pH.
E:\eo;;égonlated residues of the NF, whéreerchainbonds are With the data provided on this work, a better understanding

In addition to magnesium(ll), iron(lI¥f and calcium(lI33-1° of the interactions between the aluminum(lll) cation and the
are also susceptible to competition with aluminum(lil). Size carboxylate containing residues will be obtained, along with

similarity is a dominant factor over the charge identity concern- data that should be useful in the creation of force field

ing metal ion competitioR:1® Thus, aluminum(lll) substitution parameters for the aluminum(ill) cation.

for magnesium(ll), calcium(ll), or iron(lll) in physiological 2 Methods

settings is possible. Magnesium(ll) is the simplest metal that ="

competes with aluminum(lll). Thus, in this work we focus on All calculations were carried out with the GAUSSIANG4

the competition between magnesium(ll) and aluminum(lll).  package. Density functional methods have proven to give
The interactions of some metals with biologically relevant excellent results in most chemical systethsyith results

model ligands have been studied with ab initio methods, e.g., comparable to those given by CPU intensive electron-correlation

magnesium(ll), calcium(ll), cadmium(ll), and zinc(My-1° In methods. However it frequently overestimates bond dissociation
these works, the amino acids are reduced to their functional energie$2 The hybrids of HF and DFT theories increment the
groups, i.e., HCOOfor glutamic acid and aspartic acid, @bt accuracy of the dissociation energy as was validated by Johnson

for serine, CHSH for cysteine, etc. Magnesium(ll) metal ion et al?* The Becke proposed hybffti(B3), combined with the
has also been studied in model protein environment with correlation functionals reported by Lee, Yang, and P&(lrY P)
different bioligands, again representing the amino a®ids. has been chosen for this work.

Despite the quantity of these relevant theoretical works and the An all-electron 6-31G split valence basis set was used for
extensive experimental study concerning aluminum interacting each metal, and the relativistic compact effective core potentials
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Figure 1. (a) Bidentate binding of the metal with the ligand. (b)
Unidentate binding of the aluminum(lll) cation with the ligand.
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TABLE 1: Geometrical Figures of the X—OOCY Complexes

Which Maintain the Symmetry of the COO—X Cycle,
Where X = Al, Mg, and Y = H, CH3, and CH,CH3

Y X X-0 c-0 goco

H 1.270 130.0

Al 1.809 1.311 114.8

Mg 1.963 1.292 119.3

CHs; 1.272 128.8
(staggered isomer) Al 1.788 1.332 112.2

Mg 1.944 1.304 117.2

CH,CHs 1.273 128.7
(staggered isomer) Al 1.813 1.318 113.3

Mg 1.942 1.305 117.0

TABLE 2: NBO Charges of the X—OCCY Complexes That
Maintain the Symmetry of the COO—X Terminus, Where X
= Al, Mg, and Y = H, CH3, and CH,CH3

Y X X (0] C

of Stevenset al?” were used with their corresponding 31 split H —0.844 0.702
valence basis sets for all other atoms. The basis set for each Al 2.349 -0.734 0.776
atom was augmented with a diffuse sp-set of functions and a Mg 1.767 —0.847 0.721
polarization set of p- and d-functions. We shall refer to this  CHs —0.842 0.841
basis as DA*. (staggered isomer) Al 2.295 —0.766 0.933
To analyze the interactions of the aluminum(lll) cation with Mg 1944 -0870  0.890
the carboxylate residues, natural bond orBitainalysis was CH,CHs —0.844 0.841
performed on the polyatomic wave functfmsing the NBO (staggered isomer) Al 2.145 —0.756 0.932
Mg 1.748 —0.874 0.894

prograni® of the GAUSSIAN package. This method localizes
the molecular orbitals and provides data that are in good

agreement with the concepts of Lewis structures and the basic

Pauling-Slater-Coulson picture of bond hybridization and
polarization. For a good review of NBO and its applications,
see the review article by Reed, Curtis, and WeinR8ld.

The MOLDEN, visualization of molecular and electronic
structure, prograf was used for the depiction of the molecular
orbitals (see Figures-27).

3. Results and Discussion

Our first representation of the acid amino acids corresponds
to the functional group of the acid chain, the carboxylate anion.
We have studied the interactions of this anion with two metal
cations: magnesium(ll) and aluminum(lll). Then we have

by 15.5 with a final value of 114.8 to accommodate the
bidentate bonding.

For the magnesium complex there are numerous signals of
weaker metatoxygen bonding. The MgO bond length at
1.963 A is 0.154 A longer than the AID bond (the covalent
radius of magnesium is only 0.12 A larger than that of
aluminum), and the effect of complexation on the @ bond
length is much smaller; the-€0 bond is lengthened by only
0.029 A in the magnesium case. Clearly, to support bidentate
bonding theJOCO angle must shrink substantially from its
value in the free anion, but there again the magnesium cation
causes less effect than the aluminum cation, the firdICO
angle being 1193

Previous calculations by Garmer and Grésteported an

added methyl groups to represent more accurately the aspartiavig—O distance of 1.94 A, at HF level of theory, with a 6-631G-

acid and glutamic acid amino acid chains. All the Cartesian
coordinates and NBO charges of the isomers of the metal-
containing complexes discussed below along with the relevant
frequencies of the XOOC cycle are available as Supporting
Information.

A. X—HCOO~ Complexes. According to the Becke3LYP

(2d) basis set for magnesium(ll) cation and SBK-31(2d) for the
ligand atoms, and geometry optimizations performed with fixed
ligand geometries. A slightly more recent work by Deerfield
Il et al20 reported a distance of 1.933 A calculated at the HF/
6-31++G** level of theory. Additionally, we have performed
MP2/6-3H+G** calculations with the magnesiurrcarboxy-

level of theory using the basis set described above, thelate complex. This level of theory predicted a value of 1.982
carboxylate anion has@, symmetry with C-O bond lengths A for the Mg—0 bond length, while the B3LYP with the basis
of 1.270 A and aJOCO bond angle of 130°3 In terms of described above estimates a bond length of 1.963 A. From this
charge location, the NB® analysis reports the following:  result we consider that our standard level of theory reproduces
—0.844 e of charge on the oxygen atoms and.702 € of these systems with reasonable accuracy.
charge on the carbon atom. An interesting comparison between the two cases can also
The metals we have studied present two different orientations be made by examining the natural charges as given by the NBO
when binding to the carboxylate anion, unidentate and bidentate,analysis (see Table 2). The aluminum(lll) cation in complexing
the former being much higher in energy. The different structures with the carboxylate anion has a final natural charge-2f349
characterized in this section are shown in Figure 1, and the e”, decreasing the negative charge on the oxygen atoms to
important geometrical parameters are given in Table 1. —0.734 e, and increasing the positive charge on the carbon
In the case of bidentate bonding, the metal, both oxygens, atom to+0.776 €. The magnesium(ll) cation receives only
and the carbon form a planar cycle wi@, symmetry. For —0.233 e worth of charge from the anion upon complexation,
the aluminum complex, the AIO bond distance is 1.810 A.  a charge transfer only slightly more than one-third that seen in
There are significant changes in the geometry of the HCOO the case of aluminum(lil). Also of note in the M@DOCHT
fragment owing to this bonding to the cation. The G bonds complex is that the negative charge on the oxygen atoms is
lengthen by 0.041 A to 1.311 A and th&OCO angle shrinks actually increased upon complexation, though only very slightly
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Figure 2. HOMO orbital of the carboxylate"OQOCH) anion, which Figure 4. 7a orbital of the Mg-OOCHT complex (HOMO-2),
corresponds to the oxygen in-plane p-lone pairs. showing donations from the in-plane oxygen lone pairs to an empty
s-orbital of the magnesium.

Figure 3. 7a orbital of the AI—OOCH?+ complex (HOMO 2), ’

showing donations from the in-plane oxygen lone pairs to an empty Flgure 5. 2b1 orbital (HONIO 3) which is out of the ©C—0O plane.

s-orbital of the aluminum. In this orbital, donation of the carboxylate-system into an empty

aluminum p-orbital is observed.

(—0.847 €), and the positive charge on the carbon atom

increases slightly te-0.721 e. In examining the molecular  also, but the stabilization is minimal and the orbital that

orbitals for these systems, we find that the main HCQ@@tion corresponds to Figure 7 is, in this case, the HOMO while the

interaction originates from the HOMO of the HCO@noiety HOMO of the aluminum complex is the out-of-plane oxygen

(Figure 2), which is one of the two in-plane oxygen lone pair lone pair orbital.

orbitals. Donation is from this molecular orbital into the empty =~ The NBO analysis agrees with this picture. It reports one

s-orbital of the metal cation. This is easily appreciated through bond between the aluminum atom and each of the carboxylate’s

inspection of Figures 3 and 4. The relative stregth of the oxygen atoms. The bonds are formed by an in-plang sp

interactions is also evident in these figures, the aluminum casealuminum hybrid and the oxygen in-plane p-orbitals. These

(Figure 3) showing much larger metal participation than the orbitals are centered mainly on the oxygen atoms, but they also

magnesium case (Figure 4). have a participation from aluminum of 11.75% which is enough,
Other interactions between the two fragments can also beaccording to the NBO program, to be reported as a bond.

found. Figures 5 and 6 demonstrate the donation from the Examining the second-order interactions, the most energetic are

m-system of the HCOO fragment into an empty p-orbital of  between the A+O bonding orbitals and their opposite AD

the metal. These two figures are out-of-plane cuts along the antibonding orbitals, each of these having energy of 13.75 kcal/

C—M axis with the oxygen atoms above and below the plane. mol.

Again it is obvious that the aluminum(lll) cation attracts more ~ The NBO analysis localizes thesystem of the carboxylate

electron density than does the magnesium(ll) cation. In the anion showing a lone pair on ;0and a C-O, z-bond.

aluminum case, yet another interaction is worthy of note. The Donations from these localized orbitals into the out-of-plane

second in-plane oxygen lone pair molecular orbital is stabilized p-orbital of aluminum have energetic values of 7.73 and 8.21

by donation into the in-plane p-orbital of aluminum (see Figure kcal/mol, respectively, giving a numerical value to the—

7). This interaction can be found in the case of magnesium p-orbital donation witnessed in Figure 5. The interactions
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Figure 8. Staggered (a) and eclipsed (b)-X®OCCH; isomers.

participation of the metal is not large enough for these to be
considered bonds in the NBO report.

More evidence of weaker MgOOCHT interaction is that
the donation from €0, 7 bond into the magnesium p-orbital
has an energy of only 2.31 kcal/mol, and the @nt-of-plane
lone pair donation contributes only 2.22 kcal/mol (corresponding
values were 8.21 and 7.73 kcal/mol in the aluminum complex).
Also the oxygen in-plane lone pair donations to the magnesium
in-plane p-orbital has an energy of only 2.71 kcal/mol. All of
these interactions are weaker their corresponding interactions
in the aluminum complex.

Following the molecular orbital and NBO analysis, it is
certainly expected that the aluminum(lll) interaction with the
carboxylate anion would be much stronger than that of mag-
nesium(ll). While the magnesiuatarboxylate interaction
energy is —364.37 kcal/mol, the aluminum(lll) interaction
energy is—710.21 kcal/mol. Garmer and Gresh also reported
a binding energy for the MgOOCHT complex of—362.7 kcal/
mol, which agrees with ours.

Another type of binding between aluminum(lll) cation and
the carboxylate anion was also found, where the metal cation
binds only to one oxygen of the carboxylate. This bond length
is 1.698 A and has an angl@AIOC of 156.2. There is a
charge transfer to the aluminum atom of aproximately ine
this isomer. The natural charge on aluminum atom in this

Figure - 2y (HOMO-1) orbital of the AL-OOCHZ* complex, unidentate case i$-2.089 e. The oxygen that binds the

demonstrating a donation from the second in-plane oxygen lone pair @luminum atom has a natural charge-6£.046 &, while the
orbital into an aluminum in-plane p-orbital. other oxygen only supports a charge3.162 €. The carbon

atom has a natural charge #0.768.

between the two in-plane oxygen lone pairs with the empty  According to the NBO theory, the AIO bond in this
p-orbital of the aluminum atom have values of 3.27 kcal/mol monodentate complex is@bond between the s-orbital of the
each. aluminum and an oxygen in-plane p-orbital. The contribution

In addition to these interactions that are observed by looking of the aluminum in this bond is 31%, while its contribution
at the MO’s, some other interactions are reported by the NBO was around 11% per bond for the bidentate complex. The
analysis such as a donation from the. o orbital to the opposite second-order interactions are important in this complex and
0o antibonding orbital, as a consequence of the localization stronger than they were in the bidentate case. The most
of the AI-OOC cycle, where each bond donation contributes important donation is that of the,, _ to theog._ orbital with
5.32 kcal/mol. Finally, the NBO analysis reports interaction an energy contribution of 35.30 kcal/mol. The donation from
between both Al-O bonding orbitals and the-€H antibonding one of the oxygen’s in-plane lone pairs to an empty aluminum
orbital, with an energetic contribution of 8.52 kcal/mol. in-plane p-orbital has an energetic value of 29.17 kcal/mol. This

For the magnesium complex, the NBO analysis does not showoxygen lone pair also donates some charge tefhe, orbital,
any bond per se between the magnesium(ll) and the carboxylatecontributing 26.72 kcal/mol. The binding energy of the
moiety. Instead the NBO analysis reports that magnesium(ll) unidentate binding is only 26 kcal/mol lower than the aluminum-
and carboxylate units are held together by second-order interac<{lll) bidentate binding mode; it has an energy of 684.41 kcal/
tions, which are in accordance with the molecular orbitals mol.
described above. The most important interactions are donations B. X—— OOC—CHs. A methyl group was added to the
from the in-plane oxygen p-orbital lone pairs to the magnesium carboxylate anion for the appropriate simulation of the side chain
empty 3s-orbital with a energy contribution of 20.92 kcal/mol. effect of the aspartic acid amino acid. Then the interactions
These interactions are analogous to those that are given-&3 Al with the metal cations were studied, and the various complexes
bonds in the AIOOCHE" case except that in this case the encountered are shown in Figure 8.

Figure 6. 2b; orbital (HOMO-3), which is out-of the ©C—0 plane.
In this orbital, donation of the carboxylate-system into an empty
magnesium p-orbital is observed.
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Two structures have been characterized at the B3LYR/DZ  unsubstituted case, though the chang2.(°) is a bit less than

level of theory, both withCs symmetry. One shows an eclipsed it was in the Al case<2.6°).

structure between one of the oxygens with respect to one of The NBO analysis, as it did at the previously studied
the methyl hydrogens, and the other staggered. These structuresomplexes, only reports a bond per se between the aluminum-
are nearly energetically degenerate with a difference of less than(ll) cation and the ligand, not between the magnesium(ll) cation
0.1 kcal/mol. However, at the employed level of theory, the and the ligand. According to the NBO model, the different
staggered isomer presents one small imaginary frequency (32 isomers of the present complex present few differences. The
cm 1) implying that the structure is a transition state for methyl only remarkable point is that the oxygens of the ring lose their
group rotation. symmetry in the eclipsed isomer. However, their contributions

The geometrical and energetic aspects of both structures are’€ very similar, and also similar to the staggered isomer. Thus,
very similar; the main difference is the loss of the equivalence 2gain, we will stick to the staggered isomer in our analysis.
of the oxygens at the eclipsed structure. ThusGheymmetry The aluminum contribution in the AIO bond is slightly
of the COO residue is lost. In the eclipsed isomer, thedC ~ larger than it was in the AOOCH3" complex, with an average
bonds differ by only 0.001 A and the NBO charge distribution Participation of 12.18%. The second-order interactions are also
on the oxygen atoms differ by 0.009.e The COO residue of ~ Important in these complexes. The strongest ones are the
the staggered isomer maintains the symmetry, where th®@ C  interactions between thex o and the opposite’, _, orbital,
bond distance is 1.272 A and the charge of the oxygem842 with a contribution close to 13 kcal/mol. As we saw before,
e". TheJOCO angle is the same for both isomers (12B.9  the NBO analysis localizes thesystem, and the second-order
When compared to the simple carboxylate anion, these interactions stabilize this complex by about 16.45 kcal/mol

structures show minor differences caused by the substitutionsumming ther and out-o_f-plane Ion(_e pairs do_nation_s_to _the
of the terminal hydrogen with a methyl group. TREOCO empty out-of-plane p-orblta! of alulmlnum.. This stabilization
angle shrinks a bit, and the-@ bonds are very slightly is 0.51 kcal/mol more than it was in the simple carboxytate

lengthened. The negative charges of the oxygen atoms areAI complex. . . I
minutely lower, but the carboxylate carbon atom supports a The C-C bond also participates in stabilizing the complexes,

positive charge 0.139 egreater when the methyl substitution by facilitating the polarization _Of elect_ron density. The-c
is made. bond donates some electronic density to each ofdfey
. . antibonding orbitals, with an energetic contribution of 3.65 kcal/
Two different isomers were also located for each metal

complex, with the conformations analogous to those of the CH (r:noor:'.[ribETii:%Fgmaggkéﬁngflnt%ealso E)?)(;]ecil;;les oigirtg\(las e\l/si;;:]r%nlc
COO ligand. In the case of aluminum complexation, the A0 9 '

eclipsed isomer is now the transition state and the staggeredhlgher energet!cgl contribution: 11.52 kcal/mol in the staggered
. L : . . complex. A similar effect was observed between the o
isomer the minimum. However, the difference in energy is

negligible, and the imaginary mode of the eclipsed isomer has g?_?ging anc: thegcﬁg antitt;]onding ortpitals ?f.btht.e A}O?
a frequency of only 37cm~1. Thus we conclude that the methyl compiex, but here the energetic contribution 1S farger.

group is essentially a free rotor. For magnesium complexation, hApart of the X-O bolnds, t/r;\e s_ami trends are observeg_ a;[
it turns out that both eclipsed and staggered isomers are locallN® Magnesium complex. Again the magnesium s-orbita
participation is not large enough to be reported as a—Kig

minima and again energy differences are negligible. For . ;
simplicity we will discuss the characteristics of the staggered bond, and the MgO connection appears in the second-order

isomers that maintain symmetry in the ring. Electronic and interactions. As 'ghey Were in the MOOCHT complex, the_
geometrical structure difference are minimal between isomers, oxygen p-lone pair orbital donations to the Mg empty 3s-orbital

and their charges and Cartesian coordinates are available in thé'® th.e most important. The two oxygen in-plane p-Io_ne paur
Supporting Information donations contribute a total of about 40 kcal/mol, while this

. contribution was close to 42 kcal/mol at the unsubstituted
The effect of the methyl electron donor group makes the anion complex. These oxygen lone pairs also donate some density

bind more strongly to the metal cation owing to the polarization i, ihe magnesium in-plane empty p-orbitals, with an energetic
energy. Thus the binding energy for aluminum and magnesium o ntribution between 2.70 and 2.30 kcal/mol.

are —741.91 and-375.25, kcal/mol, respectively, 30 and 10 pginayy, we mention that the €C bond also contributes
kcal/mol stronger than the previously describee-GOCH slightly stabilizing these complexes, but since there is no

bonding. Reflecting the binding energy increase, theX  |5calized Mg-O bond in the NBO report, the interactions are
distances shrink and the-® bonds lengthen. The AIO bond reported to occur directly with the magnesium atom. The

distance is 0.009 A shorter than in theADOCH# complex. ; . ; .
. . . magnesium 2s-lone pair donates electronic density to;
The C-O bond distance for the staggered isomer is 0.021 A antibonding but only contributes 1.42 kcal/mol, and d@%i

longer than in the simpler complex. bonding orbital interacts with the magnesium empty 3s-orbital
The charge distribution of the AIOOC cycle changes slightly  contributing just 1.68 kcal/mol.

in comparison with the Atcarboxylate complex. The main C. X—~ 00C—CH,CHs. Finally we have added a second
difference is observed at the carbon atom which increases inmethyl group to simulate more completely the glutamic acid
charge by+0.157 €, with a new charge o0f-0.933 €. The amino acid chain. Various structures were found for each metal
aluminum and both oxygens gain some negative charge, with complex, and only the most interesting ones are shown in Figure
final values 0f+2.295 and—0.766 €. 9 while other rotomers of the terminal methyl group are left
Similar geometrical trends were observed for MgOC- out. All of these conformers are nearly energetically degenerate,

CHzI complexes. In this case, both isomers are stationary their energy differences being less than 1.0 kcal/mol.

points. The G-O and Mg-O distances in the staggered The isomer that maintains th@,, symmetry of the OOC
complex are 1.304 and 1.944 A, respectively, again longer andterminus will be referred to as conformation A. This isomer
shorter than the same bonds in the unsubstituted case. Théras one imaginary frequency, which corresponds to rotation of
JOCO bond angle is also slightly smaller than it was in the the CHCHjs chain around the €C bond. Conformers B with
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TABLE 3: Second-Order Interactions of the AlI-OOCY?2*
Complexes That Maintain the Symmetry of the COO-X
Cycle, Where Y= H, CH3, and CH,CH3

interactions H CH CH.CHs
OA-0—" On_o 13.75 12.78 13.95
ON-0— On_o 13.75 12.78 13.95
Conformation A Conformation B Conformation C Oa-0™ OS*Y ggg 1125 iigj
i i i OA-0 " Oc_y . . .
Figure 9. The three different conformations of XO00CCHCH; 7Te-0— Nalsutorend 773 786 5.62

complexes(Conformation A) The oxygen atoms are staggered with o
the hydrogen atoms of the central carbon. (Conformation B) One oxygen n(ozp"”‘i""'a”f MU 3Pout ot pand gé% igg gg?
atom is eclipsed with the terminal carbon. (Conformation C) One  9A—°7 9c-o ' ' '

i i i Opl-0 — 0270 5.32 4.73 4.57
oxygen is eclipsed with a hydrogen of the central carbon. oy — 0o 337 365 420
Cs symmetry and C with onl\C; symmetry are local minima Ocy — Oa_o 3.37 3.65 4.20
and lie 0.4 and 0.1 kcal/mol below conformer A, respectively.  MOznpand ~ Nl pin piand gg; g-gi i-;ﬁi

These three energetically quasi-degenerate isomers suggest that "Ornd — AP
the carboxylate group is rotating more or less freely around the TABLE 4. Second-Order Interactions of the Mg—OOCY*+

C—C axis. Complexes That Maintain the Symmetry of the COG-X
As we have done in the previous section, we will focus again Cycle, Where Y = H, CH3, and CH,CHs

on the isomer that keeps tklz, symmetry at the COO terminus interactions H CH CH,CHs
in order to compare the results Wlth. the prewously mentioned Nommam — Mg 20.92 19.93 20.12
complexes. The Cartesian coordinates of all isomers are (O piand — N(Mgz5) 20.92 19.93 20.12
available as Supporting Information. The geometric charac-  7c—o— Nmgspoucorpiand 2.31 2.01 1.94
teristics of these complexes are very similar with those of the  Nopnpend — Nivgss) 222 2.02 221
previously studied amino acid chains. The effect of adding a = NOzupand ~ NMgzs) 2.82 2.80 2.84
second methyl group follows the pattern set by the inclusion of E(Mgzs)_f’nn‘Mg35’ i'gg i'gg i'%"
the first methyl group to the carboxylate anion. The NBO n(ciiYs)_,gﬁlgas) 052 142 133
charges are given in Table 2, where it can be seen that the charge n(ozg:m.p.an R —C:r'i(Mggpom.m.p.ana 271 2.54 2.59
distribution is very similar to that at the previous complex. NOaPinpiand — N(MPoutof piand 271 2.54 2.59

The interaction of the metals with the glutamic acid amino
acid chain results in the analogous three complexes for each ofstudied systems, are nearly isoenergetic with a negligible energy
the metal cations. One stable isomer with all positive frequen- difference (leSS than 0.5 kCﬁl/mOl) and are transition states for
cies and two stationary points with one imaginary frequency rotation of the CHCHs chain around the €C axis.
each were located. All these isomers are, again, essentially Again, we focus our discussion into the isomer with
energetically degenerate lying within a range of 0.15 kcal/mol. conformation A, which maintains the symmetry at the Mg
The minimum Corresponds to the previousiy described confor- (e]e]e ring. In this case, the effect of the inclusion of the second
mation A, which maintains th@Zu Symmetry of the XOOC methyl group is not as important as it was at the aluminum
cycle. The other two isomers have one imaginary frequency complexes; the geometrical patterns we have been following
corresponding to rotation of the aliphatic chain around thedC ~ SO far are nearly unchanged in comparison with the-Mg
bond axis. All of these complexes have very similar geometrical OOCCHLI complex. The change of the natural charges is also
features, which may be found in the Supporting Information. Smaller than that in the aluminum complexes.

The addition of another methy| group increases the amount The second-order interactions of this Complex are shown in
of charge transferred to aluminum (see Table 2) and changesTable 4, and comparing with the previous complexes interac-
the geometrical features of ADOCH;Z" to values that are tions, we see that these interactions are almost unchanged
closer to the AFOOCHZ2* complex. There is a significant ~Whether we compare with the MgQOCHT or the Mg~
increase of the AFO bond lengths, changing from 1.788 Ain  OOCCHCHs3 complexes. The most remarkable difference
the Al-OOCCH;3+ complex to 1.813 A in this AFOOCH;,- is that there are new small second-order interactions in which
CHs[3* complex. Despite the elongation of the-AD bond, each oxygen sp-in-plane hybrid donates some electronic density
the insertion of this new Cigroup promotes stronger bonding 0 an empty magnesium sp-in-plane orbital, having an energy
between the aluminum(lll) cation and the glutamic acid amino contribution of 1.33 kcal/mol each.
acid acid chain. This bonding has an energetic value@#4.03 Itis clear that the effect of the second methyl group is not as
kcal/mol, 12.12 kcal/mol stronger than the-ADOCCH3". important as it was for the aluminum complexes comparing both

NBO analysis of the present complex follows a behavior the geometrical and natural charge trends. The effect is also
similar to that of the previously analyzed aluminum(lil) cation much smaller in the binding energy between the magnesium-
complexes. The second-order interactions are shown in Table(ll) cation and the glutamic acid amino acid chain. This energy
3. The most notable differences being that Whlledi’ﬁe,oa has a value of-376.36 kcallmol, which is Only 1.1 kcal/mol
0% _o donations are similar to those in the -ADOCH- stronger than that of the magnesium(ll) cation complex with

3" complex, theoa o — o, are closer to the At the aspartic acid amino acid chain.
OOCCH;[#" complex. Additional interactions can be found in
the Supporting Information.

Finally, we have located three different isomers with the In this work, we have studied the interactions between the
previously described A, B, and C conformations of magnesium- aspartic acid and glutamic acid amino acid residues, with the
(I) cation interacting with thee OOCCH,CHjz ligand. In this aluminum(lll) and magnesium(ll) metal cations. First we
case, we have only one minimum, which corresponds to the studied the interactions between the smallest functional group
conformation C. The other two isomers, as in the previously of both amino acids (the carboxylate anion) with both cations.

4, Conclusions
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After that, we sequentially introduced methyl groups to simulate (4) Williams, R. J. PCoor. Chem. Re 1996 149, 1-9.

more accurately the complete acid chain of the aspartic acid (Loégén?iggag"iiéﬁigxs'% C.; Chappell, J. S.; Philips, M. Nature
amino acid and the glutamic acid amino acid chain. The ") Goyer, R. AAnnu. Re. Nutr. 1977, 17, 37.

additional methyl groups are essentially free-rotor systems, and  (7) Meiri, H.; Banin, E.; Mical, R.; Rosseu, &Rrog. Neurobiol 1993
our analysis focused on isomers with higher symmetry. The 44 89-121. _ _ , _ o
Supporting Information contains complete geometry and vibra- , . e(s?:) ,\Bl'er\‘fvhf}'(';”f'lgéé'“m'”“m in Chemistry Biology and Medicine
tional frequency data for each stationary point located in this " (9) Macdonald, T. L.; Humphreys, W. G.; Martin, R. Sciencel987,
study. Itis our hope that these data will assist the development286, 183-186.

of improved force fields for molecular dynamics investigations 159103 Macdonald, T. L.; Martin, R. BIrends Biochem. Sc1988 13,

of aluminum biOtOXiCit.y- - (11) Hollosy, M.; Shen, Z. M.; Perzel, A.; Fasman,®oc. Natl. Acad.
The addition of a first methyl group stabilizes both metal sci. U.S.A1994 91, 4902-4906.
complexes, but this effect is significantly larger for the alumi- _ (12) Battistiuzzi, G.; Calzolai, L.; Messori, L.; Sola, Miochem.

. Biophys. Res. Commuh995 206, 161-170.
num(lll) complex. The addition of a second methyl group ('B’ Nachshen. D. AL gen_aphysi0|1984 83 541964,

sltab.ilizes the complexgs yet again, but the effect is reduced  (14) Koening, M. L.; Jope, R. SI. Neurochem1987, 49, 316-320.
significantly, especially in the case of magnesium(ll). (15) Meiri, H.; Shimoni, Y.Br. J. Pharmacol 1991, 102, 483-491.
We have also performed the NBO ana|ysis on these com- (16) Ganrot, P. OEnviron. Health Perspectl986 65, 363-441.

. . (17) Garmer, D. R.; Gresh, N. Am. Chem. S0d.994 116, 3556.
plexes. The NBO analysis locates a bond between the alumi (18) Gresh, N.; Stevens, W. J.: Krauss, MComput. Chenl995 16,

num(lll) and the three different ligands but characterizes the g43.
magnesium bonding as due the second-order interactions. The (19) Gresh, N.; Garmer, D. R.. Comput. Cheml996 17, 1481.

participation of the metal in the bonding is increased as methyl _ (20) Deerfield Il, D. W.; Fox, D. J.; Head-Gordon, M.; Hiskey, R. G.;
> Pedersen, L. GProteins1995 34, 5054.
groups are added, as do the energetic values of the second- “(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
order interactions. 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.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
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