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Abstract: The interaction energies of functional groups representing the side chains of amino acid residues
with Cc?*, Ni2t, Cuwt, zr?*, C®*, and Hg" cations were computed with DFT/B3LYP method. Four
coordination geometries, which are most frequently encountered in the metal-binding sites of metalloproteins
and smaller-molecule crystal structures (octahedral, square planar, tetrahedral, and linear), were considered
for each metal ion. The computational strategy consisted of several steps. First, the affinities of studied metal
ions for (HO), site, pre-organized in particular coordination geometry, have been evaluated. Second, the
interaction energy of a single functional group with the transition metal ion of interest has been calculated,
while the remaining coordination bonds were saturated with water molecules. Third, and finally, the effect of
elongation of the amino acid side chain has been calculated. Together, it gives an insight into the molecular
structure of metal-binding sites of metalloproteins and provides an accurate quantification of the affinity and
selectivity of amino acid side chains for the studied metal ions. These two quantities play a key role in the
metal-binding properties of proteins and peptides. The important implications in an area of bioinorganic chemistry
are discussed as well.

I. Introduction transition metals (TM) coordination geometries in the experi-
mentally determined molecular structubéBesides, there have
been attempts to model TM centers by molecular mechénics
and the achievements have been reviewed recently by Cémba.
However, it should be stressed that TM systems (especially those
with partially filled d shells) are challenging even for the
sophisticated quantum chemical theories, which implies that one
cannot expect to obtain the accurate description of their
properties with the force field approach. Therefore, we think
that these studies also belong to the category of semiquantitative
theories.

The quantitative and accurate modeling of TM centers can
be carried out by using high-level guantum chemical methods.
In the past decade, a huge amount of papers dealing with the
theoretical calculations of miscellaneous TM systems have been
published and we refer the reader to the recent revieWs.
Many useful references can be also found in our paper published
recently?® In the next paragraphs, we confine ourselves to the
theoretical studies pertinent to this work.

Interactions of metals with biomolecules belong to one of
the most studied fields in bioinorganic chemistry. The area of
applications of new knowledge ranges from medicinal chem-
istry! through “classical” organometallic chemistry to environ-
ment protection (metal binding biomagsYhe role of metal
ions in the structure and function of proteins, nucleic acids, and
peptide hormones is fundamental, yet often unknown, at the
atomic and electronic level. Nevertheless, the recent achieve-
ments in quantum bioinorganic chemistry fill this gap signifi-
cantly (vide infra).

Of special interest is the metal ion selectivity, defined as the
different affinity of specific ligand for different metal ions,
which often plays a key role in the function and properties of
metal-containing biomolecules. It is a difficult task to evaluate
this quantity accurately, because it is determined by the subtle
variations in the molecular structures and interaction energies
on the background of dominant electrostatic interactions between
the ionic systems.

The explanations of factors determining the specificity of (4) (a) Sigel, H.; McCormick, D. BAcc. Chem. Re<.97Q 3, 201. (b)
metal ion uptake are often based on the qualitative or semi- Martin, R. B.J. Chem. Educ1987, 64, 402.

At ; N i (5) Glusker, J. PAdv. Protein Chem1991 42, 1.
guantitative theories or principles, such as the HSAB (hard and (6) Rulisek L., Vondraek. J.J. Inorg. Biochem1998 71, 115,

soft acids and bases) principle of Parr and Peatsbe Irving— (7) (a) Vedani, A.; Huhta, D. WJ. Am. Chem. Sod.99Q 112, 4759.
Williams series of stability constantsand the abundance of  (b) Comba, P.; Hambley, T. W.; Strohle, Mielv. Chim. Acta1995 78,
2042.
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(1) Handbook of MetatLigand Interactions in Biological Fluids 73, 743.

Berthon, G., Ed.; Marcel Dekker: New York, 1995; Vol. 2. (10) Veillard, A.Chem. Re. 1991, 91, 743.
(2) Sousa, C.; Cebolla, A.; de Lorenzo, Nature Biotechnol1996 14, (11) Cory, M. G.; Zerner, M. CChem. Re. 1991, 91, 813

1017. (12) Deeth, R. JCoord. Chem. (Series: Structure and Bondidgp5
(3) (a) Pearson, R. Gl. Am. Chem. S0d.963 85, 3533. (b) Parr, R. 82 1.

G.; Pearson, R. GI. Am. Chem. S0d.983 105 7512. (13) Chermette, HCoord. Chem. Re 1998 178-180, 699.
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The work in this field can be approximately divided into two  which may be inaccessible or complementary to experiments,
categories: such as reaction energies, transition-state barriers, or electronic
(a) Small molecule(s) interacting with bare TM ions (the properties of the species of interest. The recent results from this
results can be directly compared to the accurate data from gasdield are encouraging.
phase experiments) or TM ions with nonempty coordination  |n the recently published work,we endeavored to establish
sphere (more closely modeling the solution chemistry). To the accurate and efficient computational scheme for the type of
mention some representative examples, interactions of variouscalculations that we carried out in this work, that is the calcu-
TM ions with water molecule(s¥ nitric oxide!” thioethers'? lations of molecular energies and structures of [MgX com-
ammoniat® hydrogen(sf° oxygen(sf! or halogen® have been  plexes, where X is a neutral or charged functional group and
studied. In most cases, at least satisfactory agreement betweethe whole complex possesses ionic character. It has been shown
the theory and experiment has been achieved. It is especiallythat DFT calculations (with B3LYP functional) yield both the
true for the complexes with ionic character (with the smaller accurate reaction energies for the substitution reaction on the
amount of electron transfer between metal ion and ligands) metal ion and accurate molecular structures, both for nonsub-
whose properties can be calculated to a higher level of accuracystituted [Me(HO)]2* and monosubstituted [Me@®),—1X]2*
than those of organometallic compounds. Closely related to our complexes, provided the basis set of at least tripkgaality
work is the study of de Bruin et &% and of Hoyau and  with polarization and diffuse functions on all atoms is used.
Ohanessiaf? In the former one, the authors computed the However, we have presumed that the ground states of TM

geometry and electronic structure of bis-(glycinat@u'-2H,0 complexes are satisfactorily described by a single electron
complex, using DFT/B3LYP method. They reproduced the configuration (Slater determinant).
higher stability oftransisomer, in agreement with the experi- In the subsequent studywe have analyzed complexes that

mental findings. In the latter one, the absolute gas-phasedo not belong to the above category, that is the TM systems
affinities of glycine, serine, and alanine with closed-shelf Cu  wjth the degenerate or quasi-degenerate ground electronic state
ion have been studied theoretically. The authors concentratedand each of its components possessing multireference character.
on the analysis of various conformers and the accurate evaluationt has been shown, on the example of octahedraf*Co
of their energy differences. complexes, that a breaking of the ligand field symmetry caused
(b) The particular model system derived from the metal- py the substitution of water molecule in [Mef8)),]2" complex
containing biomolecules, mimicking, for example, the metal- spjit the originally degenerate molecular states. As a conse-
binding site of metalloproteiff; the part of DNA molecule  quence, the coefficient of the leading configuration in the CAS
interacting with metal iof® or porphyrine systen&. The SCF wave function approaches unity, and the usage of single-
quantum chemical studies of such systems, which constitute thereference methods is justified. Thus, the computational scheme
core of the quantum bioinorganic chemistry, yield the quantities, described above can be used for the calculations of this class

(14) (a) Niu, S.; Hall, M. B.Chem. Re. 200Q 100, 353. (b) Loew, G. of systems as well. Besides, several potential energy surfaces
H.; Harris, D. L. Chem. Re. 200Q 100, 407. (c) Siegbahn, P. E. M.;  (PES) near the equilibrium geometry of [Co®)sX]?" com-
Ellog“hzerggr% ?doAdcfoeg'??? Zeooguls?]q ﬁzé K‘Qe‘?;?gr'g”gvgh?ernmggr plexes have been calculated, which enables the estimation of
200Q 100, 775. @) B A force constants of metaligand bonds.
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Phys. Chem.1993 97, 3765. (c) Akesson, R.; Pettersson, L. G. M.; mentioned computational scheme. In a broader aspect, we
Sandstfm, M.; Wahlgren, U.J. Am. Chem. Socl994 116 8691. (d) believe that methods of theoretical chemistry may ultimately

Akesson, R.; Pettersson, L. G. M.; SandstrdVl.; Wahlgren, U.J. Am. : :
Chem. Soc1994 116 8705 (¢) Paviov, M.; Siegbahn. P. E. M.; Santistro lead to a better understanding of the processes governing the

M. J. Phys. Chem. A998 102, 219. (f) Magnusson, E.; Moriarty, N. W. mechanisms of a recognition and coordination of metal ions in
J. Comput. Cheml993 14, 961. (g) Irigoras, A.; Ugalde, J. M.; Lopez,  biological macromolecules and attempt to add a piece of
X.; Sarasola, CCan. J. Chem1996 74, 1824. (h) Irigoras, A.; Fowler, J. ; i

E.; Ugalde, J. MJ. Am. Chem. So&999 121, 574. (i) Irigoras, A.; Fowler, knowledge in thls_effort. .
J. E.; Ugalde, J. MJ. Am. Chem. S0d999 121, 8549. (j) Johnson, D. A.; The study consists of the following steps:
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Inorg. Chem.1996 35, 4694. (b) Ryde, U.; Hemmingsen, LJ. Biol. Inorg. Chem.1997 2, 567. (c)

(17) (@) Niu, S.; Hall, M. B.J. Phys. Chem A997 101, 1360. (b) Pierloot, K.; De Kerpel, J. O. A.; Ryde, U.; Olsson, M. H. M.; Roos, B. O.
Thomas, J. L. C.; Bauschlicher, C. W., Jr.; Hall, M. B.Phys. Chem. A J. Am. Chem. S0d998 120, 13156. (d) De Kerpel, J. O. A.; Pierloot, K.;

1997 101, 8530. Ryde, U.J. Phys. Chem. B999 103 8375. (e) Siegbahn, P. E. M.; Crabtree,
(18) Jacobsen, H.; Kraatz, H.-B.; Ziegler, T.; Boorman, P.JMAm. R. H.J. Am. Chem. S0d999 121, 117. (f) Siegbahn, P. E. M.; Eriksson,
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Figure 1. The functional groups used as the models of amino acid side ct®ig$O~ (Ser), (b) 5-methylimidazole (His, binding throughe)
(c) CH;COO™ (Asp), (d) CHsS™ (Cys), () CHsCH,CONH; (GIn), (f) CHsCH,COO™ (Glu), (g) CHsCONH, (Asn), () (CHs).CHOH (Thr), ()
(CH3),CHO™ (Thr7), (j) 4-methylimidazole (His, binding throughdy, (k) CHs(CHy)sNH- (Lys), () CH;CONHCH;, (peptide bond oxygen)m()
CH3OH (Ser), ) CH;CONCH;~ (deprotonized peptide bond nitrogen)) CHsCH,SCH; (Met), (p) CHsCsH4OH (Tyr), () CHiCeH4O~ (Tyr™).

square planar, octahedral) with the aim to reproduce the task, and even the thorough discussion of the problem is beyond

experimentally found preferences of the studied TM ions for the scope of this work. An attempt to evaluate them by means

the specific environment. of theoretical chemistry will be subject of a subsequent paper.
(i) The calculation of equilibrium geometries and interaction In the meantime, we refer the reader to the work of Noodleman

energies of model functional groups representing amino acid et al25"i for latest developments in this area.

side chains, peptide bond oxygen, and deprotonated peptide bond In this work, we assumed (depending on the coordination

nitrogen with the studied TM ions. For each of them, all four geometry) the following protonation states of protic functional

coordination geometries will be considered, and the nonbond groups:

interactions between ligands accounted for. The results will be  «octahedral: Cysleprotonated (C§6-); Ser, Thr protonated

analyzed with respect to the metal ion selectivity of the studied (—OH); Tyr both protonated and deprotonated @CksH4OH,

functional groups. It should be mentioned that coordination CHz;CgH40O™),

compounds of the studied TM ions may assume other coordina-  etetrahedral, square planar: Cy3yr deprotonatedSer, Thr

tion geometries as well, but these four have been found to bepoth protonated and deprotonated,

most abundant in the metal-binding sites of metalloproteins. ,jinear: Cys Ser, Thr, Tyr deprotonated.

(iii)The analysis of the effect of an amino acid side chain  aAg for the remainingAspand Glu have been calculated in
elongation, revealing what properties calculated for the model ¢, deprotonated state COO") throughout, because they have
systems are conserved in the metal binding sites of metallo- pKa ~ 4 in noncoordinated form,ys has been deprotonated
proteins. ) o (CH3(CH,)3NHy) since it cannot bind as ammonium cation, and

All of the results will be compared to qualitative and  Hjs has been considered in its neutral form (i.e., with only one
semiquantitative experimental findings, and the above-dlscusse%itrogen protonated). The coordination propertiespeptide
basic concepts of coordination chemistry, because, to the besfygng nitrogenhave been reviewed by Martin and Sigellt
of our knowledge, the direct experimental data for the studied can bind to TM ions only in deprotonated form. From the studied
type of interactions are not available. TM ions, only copper(ll) is known to form tetracoordinate

Due to a large amount of the calculations that have to be complexes withpeptide bond nitrogeras the ligand (none
performed, we have chosen the simplest models for the sidenexacoordinate complexes are known). Nevertheless, it has been
chains of amino acid residues. Each side chain is terminatedigken into account as the ligand for all T™M ions in all
by hydrogen atom, replacing the,@tom of the peptide or  coordination geometries except octahedral.
protein backbone. We have taken into account the metal-  The apove considerations are based on the perusal of Martell
coordinating amino acid residues, that is, side chains containingaples of stability constant8, known experimental i, con-
oxygen, nitrogen, or sulfur as the donor atom. As it has been giant81 of aqua complexes, and knowrKpconstants of the
found by the analysis of experimental structfemost all e functional groups. In all cases, they refer to gH. As
coordination of TM ions in metalloproteins occurs via side ¢an pe seen above, in the case of an uncertainty (i.e., estimated
chains; however, in some rare cases, the peptide oxygen OfbK, constants of the functional group bound to metal ion is about
deprotonated peptide nitrogen has been observed to participate) ‘e computed both protonated and deprotonated forms. Six
in the coordination bond. For the sake of completeness, thoseyepresentatives of the studied systems are depicted at Figure 2.
two have been included in the study as well. At the end, a note should be added about the choice of six

The model functional groups are depicted at Figure 1. TM ions studied here. They were selected because of two

They are divided into two groups: aprotic and protic. Tothe rea50ns; First, their metalloprotein complexes belong to the most
former one belong side chains A6n Gln, Met, andpeptide 5 ndant. Second, these metals are the major pollutants of the
bond oxygento the latter one the rest of thenSer Asp Cys environment. Cadmium and mercury are highly toxic; cobalt,

His, Thr, Glu, Lys Tyr, peptide bond nitrogenThe very nickel, and copper are undesirable in the environment as well.
important question is whether these functional groups are
protonated or deprotonated when coordinated to the TM ion of ggg gig_elﬁ HR.’; l'\\ﬂllartm, R.”thgné. Re. I1382b ,?2, %85. o

i i i i i mith, R. M.; Martell, A. ECritical Stability ConstantsPlenum
interest, o, in p_hysmochemlcal terms, what are th&g\pa_lues. _ Press. New York, 10741989; Vols. 16,

The determination of protonation states of amino acid side chains' (31 gaes, C. F., Jr.; Mesmer, R. Ehe Hydrolysis of Catiopslohn

in the metal-binding sites of metalloproteins is a very difficult Wiley & Sons: New York, 1976.




Theoretical Studies of Metal lon Seledty J. Am. Chem. Soc., Vol. 122, No. 42, 200431

Figure 2. Nonsubsituted [Me(kD).]%" complexes in four different coordination geometriea) gctahedral if = 6), (b) tetrahedralif = 4), (c)
square planam(= 4), (d) linear (= 2) and two examples of the monosubstituted complexes[Z((H20)s(CH;CONH,)]2*, (f) [Zn(H20)3(CHs-
CH,SCH)]?*.

The same holds true for zinc (biogenic element), which becomes  BS3 has been derived from BS2, by addition of diffadanctions

also toxic in higher concentrations. The development of methods for hydrogens, and different sets of polarization functions: 2fg for TMs,
for the selective binding of these metals may ultimately lead to 2df for other heavy atoms, 2pd for hydrogens. The exponents of all
their successful removal from the environment. Presuming that diffuse and polarization functions were used as implemented in Gaussian
this problem can be approached also theoretically, the molecular?®; @nd the described basis sets have been approached vieG(@1

. L . . (BS1), 6-31%#G(d) (BS2), and 6-311+G(2df,2pd) keywords.
design Qf such _Specn‘lc sites .ShOUId nec_essanly start with the For Cc™ and Hg", effective core potentials (ECP) of Stevens and
type of information we are trying to provide here.

co-workerg® have been used (denoted SBKJ). To achieve the consis-
tency with the above-described BS2 and BS3 basis sets used for the
first row TMs, the original valence basis set was further augmented
with the following uncontracted GTO basis functions: diffuse d
functions @(Cd) = 0.075,a4(Hg) = 0.040); and f ¢:(Cd) = 0.775,
as(Hg) = 0.690) and 2fg ¢ (Cd) = 2.0, s (Cd) = 0.3, ag (Cd) =
0.775, ot (Hg) = 1.35, azr (Hg) = 0.35, og (Hg) = 0.69) sets of
polarization functions, corresponding to BS2 and BS3, respectively.
The computational scheme consisted of several steps:
J ) | First, the optimization of molecular geometries of the selected
correlation functionafé with part of the exact Hartreg=ock exchange systems has been carried out at the B3LYP/BS2 level with the angles
energy, has been employed (denoted as B3LYP). at the metal centers fixed at the values corresponding to the given
To ascertain the multiplicity of the ground states of several of the coordination geometry and all other internal coordinates optimized. The
studied systems, the complete active space self-consistent field (CASselected systems were: [Nig8)sX]2* in octahedral, [Zn(H0)sX] 2,
SCF) methotf (with five MOs, composed mainly from d orbitals of  [Cd(H,0)sX]?" in tetrahedral, [Cu(kD)sX]2" in square planar, and [Hg-
metal ion and corresponding number of electrons, in active space) has(H,0)X]2" in linear coordination geometry. According to the previous
been used. work.® these geometries could be considered as the preferred ones by
Three basis sets have been used throughout the calculations, denotethe studied TM ions.
as BS1, BS2, and BS3. BS1 has been 6-31G basis set stored internally Second, all other systems were assumed to adopt the geometry of
in Gaussian 98 both for the first and second row atoms and the first the optimized complexes mentioned above (note that we have at least
row transition metals. It was further augmented by diffuse functions: one optimized system for each of the studied coordination geometries)
(s,2p,d) set for TMs; sp functions for other heavy elements and the and only n metal-ligand distancesn(= 2, 4, 6) optimized at the
single set of polarization functions: f for TMs, and d for other heavy B3LYP/BSL1 level. The only exceptions were octahedrai'Gmd Céd*
elements. complexes, which are in principle Jahmeller unstable, as a conse-
BS2 consisted of the tripl&{TZ) basis set of Watchers and Hay  quence of the degenerate ground state in i@gtigand field symmetry.
for the first-row transition metals (Co, Ni, Cu, Zn), and standard 6-311G Therefore, they have been assumed to adopt the same geometries as
for other elements (H, C, N, O, 3}t was augmented by diffuse and  the corresponding [Ni(kD)sX]?" systems, with all six metalligand
polarization functions in the same way as BS1. distances increased by the experimentally and theoretically found
differences between the ionic radii of €o CU#™, and N#*, in octa-
hedral coordination which ar€0.04 A (C&*) and+0.03 A (Ci¢+).3°
This is a plausible approximation that has been tested in the previous
work on model [Co(HO)sX]%" complexed® and that is a posteriori
justified by the calculated data. The simplification of the computational
scheme (descending to BS1 basis set and the optimization of a limited
number of internal coordinates) reduced CPU time approximately 10
times with virtually no loss in accuracy, which will be demonstrated
below.
Third, the single-point energy calculations of all the studied structures
have been carried out at the B3LYP/BS3 level to obtain the final

Il. Computational Details

All of the calculations were performed with the Gaussian 98 program
suite$?

Almost all the calculations were performed in the framework of
density functional theory (DFT). The three-parameter functional
developed by Beck& which combines the Becke's gradient-corrected
exchange functional and the L.e¥ang—Parr and Voske Wilk —Nusair

(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.;
Head-Gordon, M.; Replogle, E. S.; Pople, J.Gaussian 98revision A.6;

Gaussian, Inc.: Pittsburgh, PA, 1998.

(33) Becke, A. D.J. Chem. Phys1993 98, 5648.

(34) Becke, A. DPhys. Re. A 1988 38, 3098. Lee, C.; Yang, W.; Parr,
R. G.Phys. Re. B 1988 37, 785. Vosko, S. H.; Wilk, L.; Nusair, MCan.
J. Phys.198Q 58, 1200.

(35) (a) Dalgaard, E.; Jgrgensen, JPChem. Phys1978 69, 3833. (b)
Hegarty, D.; Robb, M. A. Mol. Physl979 38, 1795. (c) Siegbahn, P. E.
M.; Almléf, J.; Heiberg, A.; Roos, B. Q. Chem. Phys1981, 74, 2384.

(36) (a) Watchers, A. J. Hl. Chem. Phys197Q 52, 1033. (b) Hay, P.
J.J. Chem. Physl977, 66, 4377. (c) Raghavachari, K.; Trucks, G. \I/.
Chem. Phys1989 91, 1062.

(37) (a) McLean, A. D.; Chandler, G. $. Chem. Phys198Q 72, 5639.
(b) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J188Q 72, 650.

molecular energy of [Me(kD)n-1X]2" complex.

Fourth, the metal ion at the optimized geometry was replaced by
the corresponding ghost atom Bqg and single-point energy calculated
for Bg(H20)a—1X system.

Now, three important points, related to the optimization of molecular
geometry should be discussed.

(i) The use of optimized molecular geometry of [Ntg,0),—1X] 2"
complex for [Mé'(H,0),-1X]?" and optimization of onlyn meta-

(38) Stevens, W. J.; Krauss, M.; Basch, H.; Jasien, RC&. J. Chem.
1992 70, 612.
(39) Marcus, Y.Chem. Re. 1988 88, 1475.
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ligand distances. Although they undoubtedly represent the most
important degrees of freedom in the complex, we still considered it
important to validate this approximation. We made advantage of the
fact that Zi* and Cd" ions have been fully optimized in tetrahedral
coordination geometry at the B3LYP/BS2 level. Therefore, we sub-
stituted Zn for Cd in optimized [Zn(Asn)@#D)s]", [Zn(Ser)(HO)s)?"
complexes, and Cd for Zn in [Cdg®)]?", [Cd(Met)(HO)3]>" and
optimized only four metatligand distances (at the B3LYP/BS2 level)

“SUliand Halas

ligand field (LF)#° From this point of view, the ligands studied

in this work are of the same chemical character as water
molecules. Besides, they contribute only ¥y /4, and/g to

the total ligand field acting on TM ion in [Me(@#D),-1X]%"
complexes. It implies that the energy differences between the
lowest electronic states of different multiplicities should be
approximately the same as in [Mef®),]?" species. The

in each of them. Then the single-point energy calculation has been hexahydrates of Co, and N#* are well-established high-spin

carried out at the B3LYP/BS3 level. In all cases, the computed values
of molecular energies differed by less than 0.1 kwal ! from the

complexes, and the same holds true for their tetrahedral [Me-
(H20)4]2" complexes'® For example, the lowest doublet states

ones obtained after the full optimization of these complexes. Since the of octahedral [Co(kO)s]2" and tetrahedral [Co(}D)4]%" are

difference in molecular geometries of the complexes of TM ions
belonging to the different rows of periodic table is presumably greater

by 16 000 and 20 000 cm higher in energy than the quartet
ground states, respectivel§” These values correspond to the

than the ones belonging to the same row, we consider the aboveenergy difference between tfe and?G atomic statesXE,s_ns)

calculations as the sulfficient validation of the adopted approximation.

(ii) The use of BS1 basis set (instead of BS2) for the optimization
of n metal-ligand distances. To justify this approximation, the metal
ligand distances of four model complexes: [Cu(HCHQDH]?", [Cu-
(NH3)(H20)3]%" in square planar and [Zngd)4]?", [Zn(Met)(H.0)3]?"

in tetrahedral coordination geometry have been optimized both at the

of Co?* ion, which is experimentally found to be 16 543 Tt

We presume, that the LF induced by two,®Hlike” ligands
in linear coordination geometry is too weak to shift atomic
AE_ s ns significantly. To ascertain this point, we carried out
CAS SCF calculations (using BS2 basis set) for model [Me-

B3LYP/BS1 and B3LYP/BS2 levels. Both optimizations yielded almost  (H20)2] 2, [Me(OH)], [Me(H20)(NH3)]**, and [Me(HO)-

equivalent metatligand distances (with averagad| = 0.003 A, and
maximum |Ad| = 0.012 A) and almost negligible differences in

(CH3SH)P+ systems (Me= Co, Ni) in both high-spin and low-
spin states. In all cases, the high spin states have been

molecular energies calculated at the BS1 and BS2 optimized geometriesunambiguously identified as the ground electronic states with

at the B3LYP/BS3 level (less than 0.1 kgabl™?).

(i) The use of restricted optimization procedure with the angles at
the metal center fixed exactly at the values corresponding to the
particular coordination environment. This restriction belongs to the

chosen theoretical model rather than approximation (and virtually does Ni

not save a computational effort). Still, we have compared the results
of the restricted optimization with the fully optimized octahedral nickel-
(1) complexes: [Ni(HO)s(CH;COOH)F", [Ni(H20)s(His)]?t, [Ni-
(H20)s(CH3NH)]?". The full optimization decreased the computed
values of interaction energy by almost the same amount for all three
complexes: 2.2 kcahol™, 2.1 kcaimol ™, 2.6 kcaimol™2, respectively,

and it led to the average deviation of 2 @vith maximum of 9.2) in

the values of EEM—L angles from their ideal values.

With respect to the principal aim of the work, which is the evaluation

the lowest doublets lying by 16 086A.7 200 cn? (for Co?™
species) and lowest singlets (for?Nj by 11 206-13 200 cnt?
higher in energy.

Even more difficult situation is with square planarand

2+ complexes. Applying the quantitative crystal field (CF)
theory, it is expected that energy ogdz orbital substantially
rises as a consequence of strong repulsion between electrons
of metal and ligands, and low-spin state becomes the ground
state of a molecule. The effect is most profound fot'Nfurther
stabilization of a closed-shell singlet over an open-shell state),
and therefore, it can be found in the inorganic chemistry
textbook4? that all square planar complexes of?Niare low-
spin. However, we must keep in mind that this evidence should

of metal ion selectivity, we presume that the described approximations be rigorously translated as “all the existing square planar

are well below the error of the theoretical method itself. Moreover,

complexes of Ni* are low-spin” and that the studied complexes

systematic errors are further corrected by the fact that the calculationsyyith the geometry fixed at the square planar arrangement are

have been carried out for the series of molecules containing chemically

similar ligands.

Throughout the paper, the interaction energy of a single amino acid
residue X with the metal ion Me in the given coordination geometry is
defined as:

En(Me,X) = E((Me(H,0), ;X]*") — E(BA(H,0),_,X) —
(E(IMe(H,0)]*") — E(Ba(H,0),)) (1)

where n

2 (linear coordination geometry), 4 (square planar,

only theoretical models and may not be even global minima on
the PES of the complex (in many cases, tetrahedral coordination
may be preferred). The same reasoning could be repeated for
Cc?t in square planar coordination, and therefax&, s_ys has
been calculated for model compounds of [Meg(hk]2", [Me-
(H20)(OH),], [Me(H20)3(NH3)]12", and [Me(HO)s(CHsSH) "

(Me = Co, Ni) in square planar coordination geometry, at the
CAS SCF/BS2 level. This method is considered to be more
appropriate for this type of calculation, since hybrid DFT
methods may yield incorrect estimates of energy gaps between

tetrahedral), and 6 (octahedral). According to this formula, the computed States with different spin multiplicit§?

interaction energy has been corrected for the nonbond interactions

Surprisingly, we have found that all four model complexes

between neighboring ligands and for a part of basis set superpositionof Co?* and N have high-spin ground states and the lowest

error (BSSE).

I1l. Results and Discussion

Ground-State Multiplicities of the Studied Transition
Metal lons. Three of the studied TM ions- Zn?", Cc?,
Hg?™ — are d%ions, and therefore their complexes are closed-
shell systems with the singlet ground state?Cis d® ion, and
its complexes have the doublet ground state. A more compli-
cated situation is with Gg and NE* ions, which may exist in

their complexes both in high-spin and low-spin states (quartet ed

and doublet for C#', triplet and singlet for Nit). The ordering

doublets (for Cé") are by 11 9068-13 000 cnt! and the lowest
singlets (for N¥") by 9500-12 100 cn1! higher in energy.
Despite a considerable shift IRE, s—ys (4000—-7000 cn1?) in
comparison with the bare Mé ions, the ligand field of the
studied functional groups is too weak to cause the low-spin state
to become the ground state of the molecule. The leading
electronic configurations in CAS SCF wave functions (with
coefficients of 0.940.99) could be approximately described

(40) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistryith
.; Wiley: NewYork, 1980.

(41) NBS atomic energy tables.

(42) Yanagisawa, S.; Tsuneda, T.; Hirao, XX.Chem. Phys200Q 112,

of spin states depends on the strength and symmetry of thes4s.
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Table 1. Affinities Ecm(Me) of Studied TM lons for a Given To demonstrate more clearly their significance, we define
Coordination Geometry, as Defined by Eq 2 (All Values in the relative affinity,E'c(Me), as:
kcakmol™?) ' ’
coordination ' _ 1
geometry Cé" Ni2+ Cuwt Zn2+ C* Hg?* E Gm(Me) - EGm(Me) - /4(EOH(Me) + ETH(Me) +
octahedral —358.9 —414.1 —373.5 —364.0 —305.0 —303.1 Esg(Me) + E;in(Me)) (3)

tetrahedral —293.9 —332.6 —305.0 —301.6 —244.1 —246.6

ﬁﬁgg:e planar:iggzg :ggg:% :fég:g :igi:g :%gg:z :f;’g:% By eq 3,Esm(Me) values have been shifted by addition of

the constant dependent on the TM ion only, such as the average
of relative affinitiesE'sm(Me) over four considered coordination
geometries is zero and the gas-phase stability of bare TM ion
the value without a straightforward chemical significarce
separated fronkgm(Me). We consider the relative affinities to
be more illustrative.

The calculated values d&sm(Me) for each metal ion are

as (3)%(dy2)2(d2)3(0xy) (de—y?)° for the lowest doublet state of
[CoX4]?* square planar complexes,48(dy,)?(d2) (dx) (de—y2)*
for quartet state of [Coq?", (dkp)?(dy)%(d2)?(dyy)?(de-y2)° for
singlet state of [NiX]?", and (d)%(dy)%(d2)?(dx,) (dhe—y?)* for
triplet state of [NiX]2".

Therefore, all the complexes of €oand N#* ions calculated S
in this work have been assumed to have high-spin ground stateSDlOtted in Figure 3,

and we have endeavored to bring enough evidence for this fact Despite the simplicity of the moq|e| which (bes!des using
. . water molecules as the reference ligands) takes into account
in the previous paragraphs.

The Preferred Coordination Geometries: A Theoretical only the first solvation layer, that is, ligands directly bound to

Prediction. We define the affinity of a TM ion for a coordina- the metal on, the results are in good agreement with the
. . empirical evidence. According to the values Bfsm(Me),
tion geometry Gm by the equation:

octahedral coordination geometry is favorable for cobalt(ll) and

_ 24y _ nickel(ll), tetrahedral for cobalt(ll) and zinc(ll), square planar
Eqr(Me) = E([Me(H;0),]™") — E(Baye(H;0)) for copper(ll), and linear for soft metal iorgadmium(ll) and
E(Me2+(BqHzo)n) (2) mercury(ll). Similar results have been obtained by the statistical

analysis of experimental structures deposited in CSD and PDB.
where Gm= OH, TH, SQ, Lin (octahedral, tetrahedral, square A good correlation between theory and experimental evidence
planar, linear)n = 2, 4, 6 (coordination number); Bglenotes obtained with this simple model proves an important and
ghost atom(s) with basis functions left from atom (molecule) encouraging fact that many seemingly complex properties of
Y. Equation 2 represents the BSSE-corrected complexation TM systems are determined by the character and arrangement
(interaction) energy of M& with (H,O), cluster. For the  of the first coordination shell.
definition of Egm(Me), the water molecule has been chosen as  On the other hand, the variety of coordination geometries
the appropriate reference ligand because of several reasons: (iknown for each of the studied TM ions and the above calculated
it is possibly the simplest neutral ligand forming complexes with energy differences (see Figure 3), which are within the range
the ionic character; (ii) it models solvated TM ion; (iii) the of the conformational changes in more complex ligands prevent
interaction energy of a particular amino acid side chain is us from doing rigorous conclusions out of the calculated data.
defined as the energy of substitution of one water molecule in ~ The Interactions of Amino Acid Side Chains with TM
per-hydrated complex (with the minor corrections for nonbond lons. The interaction energies of amino acid side chains,
interactions of ligands, see eq 1). The simple additioE&#- calculated according to eq 1 are summarized in Tabtes. 2
(Me) andEj(Me,X) then yields the affinity of metal ion Me  Accompanying information, the interatomic distances between
for (H20)n—1(X) cluster and opens the way for a different TM ion and a donor atom of amino acid side chatex—and
exploitation of the presented results, based upon the absolutemean interatomic distances between metal ane (1) water
affinities for the metal-binding sites rather than relative ones molecules-dveo(meanj-are listed in Table 6.

(which is the main subject of this work). As can be seen in Tables-3, there are some general trends
The calculated values d&g(Me) are summarized in Table  and evidences common to all coordination geometries, and they
1. will be used as a starting point of the discussion.
E'gm(Me)
80 419 |y
60 =
40 A
— 20 1 1nicy B ciy, C Nil IZnCd " linear
g 0
E T v L) Ll
-5 220 octahedral tetrahedral square planar
~
-40 A
-60 -
i Hg
-80 | [
-100 - Zn
o Ni Cu
-120 -

Figure 3. The calculated values of the relative affinitEsm(Me), as defined by eq 3. Note that negativeed(Me) is used for definition ofY
axis. The more positive (or less negative)isalue, the higher is the affinity of TM ion for that particular coordination geometry.
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Table 2. Interaction Energie$ Ein(Me,X), of Amino Acid Side Chains (AA) with Studied TM lons in Octahedral Coordination Geometry,
Defined by Eq 1, and Relative Interaction Enerdgigs(Me,X)—Listed in Lower Part of Table in ItaliesDefined by Eq 4 (All Values in
kcakmol™?)

TM\AA  Asn Asp~ Cys GIn Glu~  Hisys Hisne  Lys Met PeptO Ser Thr Tyr Tyr  En(Me)
Co** —25.3 —200.4 —-198.2 —28.2 -200.6 —-30.1 —-330 —-19.2 -03 —-285 —-34 -54 -84 -197.8 -69.9
Niz*+ —26.5 —2045 —-202.0 —294 -2048 —-325 —-36.1 —228 -3.1 —-300 —48 -11.3 -—-99 -2006 -—72.7
cwr —-28.1 —209.1 —216.8 —31.1 -209.7 —-37.3 —-416 -30.1 —-115 —-32.1 -55 -12.8 —-14.3 -212.4 -78.0
Zn?* —25.6 —200.6 —197.5 —-28.5 —-200.8 —-299 -33.7 —-19.7 -03 —-289 -39 -10.3 -—-7.6 —1958 -—70.2
Cc* —24.1 —1939 —-1986 —26.8 —194.0 —-28.7 —-324 —-195 —-41 -271 -38 -96 —-6.2 —187.2 -—68.2
Hg?" —24.2 —-199.1 —-2219 -269 -199.3 —-34.8 —-388 —-26.6 —135 —-276 —-41 -10.1 -7.0 —-1956 -—735
En(X) —25.6 —201.2 —205.8 —28.4 —-201.5 —-322 —-359 —-230 —-55 —-290 —-42 -99 -9.0 —198.2
Co?* 446 -130.5 —1283 417 —130.7 398 369 507 69.6 414 665 645 61.5127.9
Niz*+ 46.2 —131.8 —129.3 433 —132.1 402 36.6 499 69.6 427 679 614 6281279
cwt 499 -131.1 —-138.8 469 —131.7 407 364 479 665 459 725 652 6371344
Zn2* 446 —130.4 —127.3 417 —1306 403 365 505 69.9 413 66.3 599 6261256
CcP* 441 —-125.7 —-1304 414 —-1258 395 358 48.7 641 411 644 586 62:6119.0
Hg?t 49.3 —125.6 —148.4 46.6 —1258 38.7 347 469 60.0 459 694 634 6651221

aThe smaller (more negative) values indicate the higher affinity of a substituting functional group for metal (compas@j.to H

Table 3. Interaction Energie$ Ein(Me,X), of Amino Acid Side Chains with Studied TM lons in Tetrahedral Coordination Geometry, Defined
by Eq 1, and Relative Interaction Energigs(Me,X)—Listed in Lower Part of Table in ItaliesDefined by Eq 4 (All Values in kcamol™)
TM\AA Asn  Asp- Cys GIn  Glu Hisys Hisne Lys Met PeptO PeptN Ser Ser Thr  Thr  Tyr Ewn(Me)
Co?™ —38.1 —230.3 —235.3 —41.8 —230.8 —45.3 —48.1 —30.7 —16.4 —43.1 —230.8 —9.0 —258.7 —19.3 —255.8 —231.3 —122.8
Ni2t  —40.7 —234.9 —245.2 —44.6 —235.6 —48.2 —50.9 —34.7 —22.0 —46.1 —237.9 —9.4 —266.7 —20.0 —263.9 —238.8 —127.5
Cw" —44.3 —244.0 —264.7 —48.8 —245.2 —54.2 —57.6 —45.3 —34.3 —50.3 —255.3 —10.7 —279.2 —22.6 —274.8 —258.8 —136.9
Zn?t —37.8 —230.5 —236.0 —41.4 —231.0 —46.2 —48.9 —31.3 —17.2 —42.6 —228.7 —8.6 —254.0 —19.1 —250.2 —227.3 —121.9
C®*  —34.0 —233.0 —236.3 —37.3 —232.7 —42.9 —45.3 —29.7 —20.1 —38.4 —222.7 —7.4 —247.0 —16.6 —243.0 —218.1 —119.0
Hg?t —34.6 —238.1 —257.7 —37.9 —238.0 —49.4 —51.6 —37.5 —32.5 —39.5 —236.8 —8.0 —257.9 —17.9 —254.5 —228.1 —126.2
Ein(X) —38.3 —235.1 —245.9 —42.0 —235.6 —47.7 —50.4 —34.9 —23.8 —43.3 —235.4 —8.9 —260.6 —19.3 —257.0 —233.7

Cot 84.7 —107.5—-112,5 81.0-108.0 77.5 74.7 92.1 106.4 79:7108.0 113.8—135.9 103.5—133.0 —108.5

Ni2* 86.8 —107.4 —117.7 82.9-108.1 79.3 76.6 92.8 1055 8141104 118.1-139.2 107.5—-136.4 —111.3

cuwt 92.6 —107.1 —127.8 88.1-108.3 82.7 79.3 916 102.6 86:6118.4 126.2—142.3 114.3—-137.9 —121.9

Zn?t 84.1 —108.6 —114.1 80.5—-109.1 75.7 73.0 90.6 104.7 79:3106.8 113.3—132.1 102.8—128.3 —105.4

Ct 85.0 —114.0 -117.3 81.7—-113.7 76.1 73.7 89.3 989 80.6103.7 111.6—128.0 102.4—-124.0 —99.1

Hg?™ 91.6 —111.9 -131.5 88.3—-111.8 76.8 746 887 93.7 86-7110.6 118.2—131.7 108.3—128.3 —101.9

a2 The smaller (more negative) values indicate the higher affinity of a substituting functional group for metal (compas&j.to H

Table 4.

Interaction Energie% Ein(Me,X), of Amino Acid Side Chains with Studied TM lons in Square Planar Coordination Geometry,
Defined by Eq 1, and Relative Interaction Enerdgigs(Me,X)—Listed in Lower Part of Table in ItaliesDefined by Eq 4 (All Values in
kcalmol™?)

TM\AA

Asn Asp- Cys

Gln  Glu

HiSN13

HiSNé

Lys Met

PeptO PeptN

Ser  Ser

Thr  Thr Tyr~

Eint(M e)

Co?*

—38.7 —233.7 —234.6 —42.6 —234.5 —44.2 —46.7 —16.9 —14.5 —44.2 —233.5 —8.9 —262.4 —19.6 —254.9 —232.7 —122.7

Ni2~  —38.1 —234.1 —235.9 —42.0 —235.0 —46.9 —49.3 —25.2 —17.3 —43.5 —233.1 —8.7 —266.5 —19.2 —256.1 —235.9 —124.2
CW@' —40.9 —239.4 —247.0 —44.8 —240.5 —51.5 —53.8 —37.6 —25.6 —46.6 —241.4 —9.7 —266.8 —21.7 —261.1 —244.8 —129.6
Zmt  —37.9 —231.0 —234.1 —41.6 —231.6 —46.2 —48.3 —29.9 —16.0 —43.1 —228.7 —8.5 —256.1 —19.6 —249.8 —224.4 —121.7
C* —34.2 —219.6 —234.3 —37.7 —220.1 —43.1 —45.0 —29.3 —19.3 —39.0 —222.8 —7.3 —247.0 —17.3 —241.5 —215.3 —117.1
Hg?* —36.4 —225.5 —260.1 —40.1 —226.4 —52.1 —53.7 —40.9 —33.9 —41.9 —243.7 —7.7 —261.9 —18.7 —258.6 —230.8 —127.0
Em(X) —37.7 —230.5 —241.0 —41.5 —231.4 —47.3 —49.5 —30.0 —21.1 —43.1 —233.9 —8.5 —260.1 —19.4 —253.7 —230.7
Co**  84.0-111.0-1119 80.1-111.8 785 76.0 1058 108.2 785110.8 113.8—139.7 103.1-132.2 —110.0
Niz*  86.1-109.9 —111.7 82.2-1108 77.3 749 99.0 1069 807108.9 1155-142.3 105.0-131.9 —111.7
Cw'  887-109.8-117.4 84.8-1109 781 758 920 1040 83:6111.8 119.9-137.2 107.9-131.5—115.2
zZt 838 -109.3-112.4 80.1-109.9 755 73.4 91.8 1057 78:6107.0 113.2-134.4 102.1-128.1 —102.7
C#* 829 -1025-117.2 79.4-103.0 740 721 878 97.8 7811057 109.8-129.9 99.8-124.4 —98.2
Hg?* 906 —985-133.1 869 —99.4 749 733 861 931 8511167 119.3-1349 108.3-131.6 —103.8

aThe smaller (more negative) values indicate the higher affinity of a substituting functional group for metal (compas@j. to H

(a) The interaction energies of negatively charged residues (b) In the last column of Tables—5 is the average diy-
(deprotonated amino acid side chains) are by an order of (Me,X) over all the functional groups, denotedi&sg(Me). The
magnitude greater than those of the neutral species. This trivialmore negative its value, the greater is the overall affinity of the
fact is a consequence of the gas-phase calculation of moleculamparticular TM ion for the amino acid side chain. The value of
complexes with different charges: in one case, the interaction Ew(Me) is highest for C#&", then follows Nf*, and ap-
energy of dipositive ion with neutral ligand is computed, while proximately at the same level are Znand C&*. As for the
in the other, the interaction of dipositive and negative charge heavier TM ions, C#" is invariably last in this series, while
makes the dominant contribution to the overall interaction Ei(Hg) is approximately equal to that of i in most
energy. However, since we are primarily interested in the dif- coordination geometries. These results are in a very good
ferences between the studied TM ions (columns of Tabiles) 2 agreement with the IrvingWilliams (IW) series of stability
and they are all of the same charge, the described phenomenorronstant$ (applying to the first row TM ions) which are, in
is not an objection to the meaningful analysis of results. turn, determined by the bond strength between the TM ion and
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Table 5. Interaction Energie$ En(Me,X), of Amino Acid Side Chains with Studied TM lons in Linear Coordination Geometry, Defined by
Eq 1, and Relative Interaction Energigs(Me,X)—Listed in Lower Part of Table in ItaliesDefined by Eq 4 (All Values in kcamol™)

TM\AA  Asn Asp~ Cys GIn Glu~ Hisns  Hisne Lys Met PeptO PeptN Ser Thr- Tyr~  En(Me)

Co?* —71.1 —299.1 —304.5 —76.5 —296.8 —81.0 —84.1 —59.1 —50.1 —78.7 —299.8 —322.3 —320.1 —305.0 —189.2
Ni2* —64.5 —297.7 —309.7 —70.3 —297.9 —-81.3 —85.1 —56.2 —44.6 —74.0 —310.7 —324.4 —322.5 —308.4 —189.1
Cuwt —79.6 —316.4 —341.4 —86.6 —317.4 —106.9 —111.2 —83.5 —72.8 —88.9 —339.0 —344.6 —344.0 —341.5 —212.4
Zn?t —60.1 —283.2 —293.9 —65.4 —282.7 —-74.8 —75.7 —51.8 —48.2 —67.8 —287.2 —304.6 —304.7 —276.7 —176.9
CcP* —53.7 —273.0 —287.4 —58.5 —2723 —-68.4 —69.3 —49.0 —47.7 —60.7 —275.5 —292.2 —292.6 —267.9 —169.2
Hg?®  —59.6 —278.9 —309.5 —64.8 —278.4 —-80.9 -81.8 —61.9 —63.7 —67.5 —295.1 —308.0 —308.7 —285.5 —181.7
En(X) —64.6 —291.2 —306.8 —69.4 —289.5 -82.2 —844 —60.1 —-54.3 —71.7 —299.8 —315.5 —315.3 —297.5

Co?* 118.1 —109.9 —115.3 112.7 —107.6 108.2 105.1 130.1 139.1 110.5110.6 —133.1 —130.9 —115.8
Niz* 1246 —108.6 —120.6 118.8 —108.8 107.8 104.0 1329 1445 115%121.6 —135.3 —133.4 —119.3
cwt 132.8 —104.0 —129.0 125.8 —105.0 105.5 101.2 1289 139.6 1235126.6 —132.2 —131.6 —129.1
Zn?t 116.8 —106.3 —117.0 111.5-1058 102.1 101.2 1251 128.7 109.#110.3 —127.7 —127.8 —99.8
CcP* 1155 —103.8 —118.2 110.7 —103.1  100.8 99.9 120.2 1215 108.5106.3 —123.0 —123.4 —98.7
Hg?* 1221 —97.2 —127.8 1169 —96.7 100.8 99.9 119.8 118.0 114.2113.4 —126.3 —127.0 —103.8

aThe smaller (more negative) values indicate the higher affinity of a substituting functional group for metal (compas&j. to H

ligand, presuming that the complexes have the same coordina-section). On the other hand, we presume that no such statement
tion number, geometry and similar character of ligands. More can be a priori made, if also ligands with nitrogen and sulfur

of this principle will be discussed below. are included in the comparison. In this respect, we consider it
(c) In the middle row of Tables-25, the average OEn- a noteworthy finding.
(Me,X) over six studied TM ions, denoted d&5yu(X), is (e) When four considered coordination geometries are

evaluated. Using this quantity, the following approximate order compared with each other, the values-@i(Me,X) are highest

of amino acid side chains according to their affinity to the for linear, followed by tetrahedral and square planar, and
studied TM ions can be derived from the calculated data: smallest for octahedral coordination geometry. It is a conse-
neutral amino acid side chains: HiséN> His(No) > carbonyl guence of the above-discussed greater affinity of the studied
oxygen @Asn GIn, PeptQ > Lys > Tyr (calculated only in OH ligands for TM ions in comparison with water. As has been
geometry)> Thr, Met (most variable with respect to TM ion  mentioned above, the interaction between TM ion and the
and coordination geometryy Ser, deprotonated amino acid  particular functional group contributes approximately Yy
side chains: Ser > Thr- > Cys™ > PeptN~ > Glu™, Asp, (wheren is the coordination number) to the overall interaction
Tyr—. The calculations reproduce the empirical evidence that energy. The effective interaction between the TM ion and a
His is the most common binding residue in metalloproteins and given ligand is therefore weakest for the octahedral and strongest
even correlate with the fact that binding througis(Ne) prevails for linear geometry. Since all the functional groups are,
over His(Nd) which has been explained by its better sterical according to computed interaction energies, better ligands than
accessibility2 However, as follows from the performed calcula- water, it can be expected that their affinities toward the studied
tions, it is also energetically more favorable, contrary to a TM ions will increase in the same direction. As can be seen in
situation in free histidine, in which dis deprotonated first, or ~ Tables 2-5, this fact has been well reproduced by the
equivalently, 4-methylimidazole is more stable than 5-meth- calculations.

ylimidazole. The order in the series of deprotonated amino acid Before exploiting more information from Tables-8 and
side chain affinities should be modified by the estimates of the addressing the key point of the papenetal ion selectivity-
energetic cost of deprotonation of neutral residues. It can be several observations concerning the calculated equilibrium bond
done from the differences in their gas-phase deprotonation distances will be made.

energies or knownk, constants of their free forms. We have The optimized bond distances enable us to calculate the
used the former quantity, because it is consistent with our model mutual ratio of ionic radii of the studied TM ions in their
(since we calculat&n;, not Giy). The calculations have been  coordination compounds. It must be kept in mind that they

carried out at the B3LYP/6-3H1+G(d,p)//B3LYP/6-31#G- represent gas-phase values obtained from the accurate quantum
(d) level and the following values &AEgeprot= AEdeprof H20) chemical calculations. Nevertheless, we believe that it is a very
— AEgeprofXH) obtained: Asp(—43.1 kcaimol™2), Cys(—35.1 instructive parameter and gives the complementary information
kcakmol™1), Glu (—44.3 kcaimol1), Peptide nitroger(—26.1 to the ionic radii obtained from the experimental crystal
kcalmol™1), Ser(—8.1 kcatmol™1), Thr (—13.8 kcaimol™?), structures (where the crystal packing forces cause that the crystal
Tyr (—41.7 kcaimol™t). Therefore, the modified order runs geometry differs from the geometry in solution). Averaging over
approximately asCys > Asp, Glu™ > Tyr~ > PeptN~, Ser, all coordination geometries and studied functional groups, the
Thr~. It perfectly correlates with the evidence tiats, Asp, following ratio (dimensionless) has been obtained:
Glu~, Tyr  are the second, third, fourth, and fifth residues
according to their abundance in the metal-binding $ites. r(Ca?):r(Ni*H):r(Cu):r@zn?):r(Cd™):r(Hg*™") =

(d) The interaction energids(Me,X) are always negative, 1.01:1:1:1.01:1.12:1.15

which means that all these functional groups are capable of

substituting water molecule from per-hydrated complex, if the  Furthermore, it should be noted that bond distances between
effect of the molecular environment is neglected (e.g., confor- TM ions and negatively charged ligands are-6012 A shorter
mational changes in more complex ligands, solvation and than those of their neutral counterparts. It is a consequence of
entropy effects). It is not a very surprising result for the ligands a stronger interaction between systems with opposite charges.
binding via oxygen atoms, because water is smallest of all of It leads to a weakening of the remaining<{ 1) coordination
them and does not contain the functional groups that can act asbonds between TM ion and water molecules. The mean
electron donors for oxygen atoms and strengthen the bond to ainteratomic distance between these two increases by-@.05
metal ion (for a more detailed discussion, see also the nextA.
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Table 6. Equilibrium Metal-Ligand Bond Distances between the Donor Atom of the Amino Acid Side Chain and TM lon and Mean
Interatomic Distances between TM lon and Water Molecules (in It&lics)

coordination metal

geometry ion Asn Asp Cys H,O Hisy Hisne Lys Met PeptO PeptN Ser Ser Thr

Thr Tyr  Tyr-

octahedral C& 2.081 2.038 2.402 2.117 2.132 2.100 2.151 2542 2.073 2.113 2.097 2.131 1.994
2126 2.135 2.164 2.141 2.146 2.144 2.135 2127 2.121 2.124 2.120 2.151
Ni2t 2.040 1.998 2.357 2.087 2.092 2.060 2.111 2.495 2.033 2.073 2.056 2.091 1.954
2.086 2.095 2.124 2.101 2.105 2.104 2.095 2.087 2.081 2.084 2.080 2.111
Cw" 2.071 2.028 2.390 2.112 2.122 2.090 2.141 2.529 2.063 2.103 2.087 2121 1.984
2.116 2.125 2.154 2131 2136 2.134 2.125 2117 2.111 2.114 2.110 2.141
Zn?t 2,049 2.005 2.336 2.124 2.105 2.069 2.124 2.534 2.040 2.108 2.081 2.127 1.942
2.141 2.151 2.220 2.167 2.173 2.171 2.154 2.144 2.133 2.137 2,128 2.172
Cd?* 2.250 2.155 2.485 2.328 2.291 2.260 2.336 2.683 2.240 2.307 2.283 2.318 2.112
2.342 2.362 2.436 2.367 2.371 2.365 2.362 2.345 2.334 2.338 2.331 2.383
Hg?"™ 2.286 2.168 2.423 2.391 2.227 2.194 2274 2576 2.267 2.351 2.317 2.364 2.127
2417 2.465 2.619 2484 2491 2478 2.489 2.425 2.404 2.412 2.407 2.526
tetrahedral C® 1.901 1.889 2.206 2.005 1.973 1.964 2.043 2.371 1.895 1.884 1.970 1.798 1.950 1.803 1.835
2.027 2.032 2.079 2.032 2.033 2.023 2.026 2.031 2.085 2.012 2.080 2.018 2.081 2.071
Ni2*t 1.886 1.876 2.180 2.004 1.942 1.935 2.001 2.328 1.879 1.862 1.947 1.782 1.930 1.783 1.846
2.030 2.047 2.100 2.045 2.046 2.039 2.042 2.036 2119 2021 2.092 2.028 2.091 2.093
Cw" 1.862 1.864 2.205 1.998 1.937 1.939 1954 2309 1.855 1.921 1.890 1.818 1.888 1.826 1.907
2.053 2.074 2.150 2.080 2.083 2.053 2.065 2.059 2.149 2.037 2115 2.046 2.120 2.142
Zn?t 1,908 1.898 2.226 1.997 1.974 1.965 2.039 2.374 1903 1.902 1.973 1.821 1.953 1.821 1.849
2.016 2.023 2.078 2.028 2.029 2.022 2.031 2.019 2.064 2.004 2.059 2.010 2.059 2.043
CcP* 2131 2.218 2.415 2229 2.180 2.176 2.261 2570 2.125 2.098 2.204 2.033 2.178 2.036 2.061
2.250 2.291 2.342 2.268 2.265 2.259 2.272 2254 2319 2236 2318 2.243 2.320 2.296
Hg?"™ 2.177 2.280 2.419 2.282 2.181 2.178 2.267 2555 2.169 2.109 2.252 2.074 2.219 2.076 2.127
2.314 2.386 2.489 2.350 2.346 2.334 2.363 2.320 2453 2291 2444 2305 2.448 2.445
square C& 1.915 1904 2.214 2.032 2.001 1.999 2.054 2423 1925 1.876 2.023 1.796 1.990 1.800 1.824
planar 2.066 2.047 2.145 2.062 2.060 2.078 2.067 2.054 2138 2.029 2114 2.038 2.120 2.106
Nit 1919 1.890 2.231 1.993 1.981 1.983 2.013 2.394 1913 1.897 2.005 1.794 1.977 1.807 1.856
2.026 2.020 2.097 2.026 2.014 2.056 2.047 2.029 2.091 1.985 2.072 2.001 2.077 2.073
Cw" 1912 1.900 2.292 1967 1954 1953 1.988 2410 1.906 1.927 1.969 1.843 1.945 1.851 1.926
1.986 1.991 2.049 1.994 1.992 2.016 2.016 1.990 2.073 1.965 2.047 1.973 2.046 2.097
Zn?t 1.939 1.915 2.244 2.035 1.994 1.994 2.013 2405 1.930 1.899 2037 1.811 1.998 1.821 1.827
2.056 2.052 2.172 2.076 2.073 2.114 2.100 2.059 2.154 2.029 2.130 2.039 2.134 2.102
CP* 2159 2.079 2.422 2246 2197 2197 2.238 2589 2149 2101 2246 2019 2.207 2.032 2.047
2.267 2.274 2.391 2.288 2.285 2.309 2.312 2272 2368 2243 2350 2.255 2.354 2.343
Hg?t 2.175 2.097 2.386 2.294 2.136 2.138 2.179 2511 2157 2071 2.293 2.017 2227 2.025 2.124
2.339 2.365 2.557 2,402 2.396 2.416 2.435 2351 2528 2.293 2494 2319 2504 2.541
linear Cé" 1.815 1.827 2.130 1.930 1.885 1.889 1.971 2.273 1.803 1.851 1.721 1.736 1.756
1.933 1.972 2.026 1975 1.973 1.935 1.971 1.953 1.963 1.990 2.003 1.977
Ni2t 1777 1.800 2.118 1.932 1.910 1.904 1945 2.246 1.776 1.794 1.713 1.719 1.742
1.927 1.920 1.980 1.931 1.929 1.928 1.955 1.926 1.960 1.954 1.958 1.962
Cw" 1.787 1.827 2.148 1.882 1912 1910 1.913 2.249 1.805 1.856 1.797 1.804 1.812
1.890 1.921 1.945 1.908 1.905 1.896 1.925 1.897 1.924 1.921 1.923 1.919
Zr?t 1.799 1.842 2.144 1.868 1.861 1.859 1.945 2.274 1.797 1.815 1.754 1.762 1.781
1.885 1.928 1.967 1.891 1.888 1.889 1.914 1.886 1.962 1.926 1.933 1.961
CP* 2.034 2.080 2.349 2.106 2.071 2.070 2.163 2.485 2.029 2.027 1.977 1.986 2.050
2122 2.178 2.208 2122 2.119 2.120 2.148 2.123 2.180 2.177 2.187 2.262
Hg?t 2.026 2.118 2.346 2.088 2.042 2.040 2.124 2.442 2.022 2.022 1.985 1.998 2.130
2.111 2,196 2.242 2117 2112 2.114 2.162 2.113 2.198 2.186 2.204 2.365

a All distances are in A.

The calculated ratio of ionic

radii tempts us to modify the correct order of interaction energies has been obtained. We do

explanation of the IW series of stability constants. It has been not think it may be an artifact of the calculations and note that
explained by the different ionic radii of the first row TM ions, the reference state is per-hydrated complex, which further
presuming purely ionic nature of metdigand bond. Thus, the  corrects errors that might be otherwise present. We rather put
greater the ionic radius is, the higher are the stability constantsforward the hypothesis that the IW series of stability constants
of that particular TM ion (when comparing TM ions with the is not determined purely by ionic radius and electrostatic nature
same charges). As has been demonstrated above, the calculateaf coordination bonds in complexes, but the covalent part of
interaction energies Eini(Me) correlate exceedingly well with  metal-ligand bond (although being a small contribution to the
IW series, but the same is not true for the calculated ratio of overall interaction energy) plays an important role in determining
ionic radii. There is a good correlation between?GoNi?*, the stability constants. Unfortunately, it cannot be understood
and Zri#" ions, but Cé", for which the highest values 6fEin- in such simple terms as electrostatic interactions of ionic species,
(Me) were unequivocally computed, has the same average radiisince the polarization, exchange, and correlation energy sig-
as NE* and does not suit this explanation. This effect is most nificantly contributes to it. Fortunately, as can be seen above,
pronounced in octahedral €ucomplexes, whose structures high-level quantum chemical calculations performed on simple
were derived from optimized Kif species by increasing metal models of TM centers yields results in good agreement with
ligand distances by 0.03 A. Thus, for reverse order of radii the experimental evidence.
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We have already addressed two factors that help to a selectiveTherefore, all of the observed trends are valid for both isomers.
binding of studied TM ions to a predesigned site: the preference It slightly prefers zZ@* and Cd", but the difference of

for a coordination geometry and the optimum metajand

approximately 2 kcamol~! between these two and other TM

distance. The last and perhaps the most important one is relatedons is almost negligible.

to the differences in the affinities of TM ions for the amino
acid side chains, characterized by the valueEg{Me,X).

Therefore, after analyzing general trends drawn from this quan-

tity in the former part of the discussion, the attention will be
paid to the specific trends that may be observed in Tabtes 2

Lys(3.8; 4.1; 19.7; 13.1) prefers to bind to €dand Hg*
ions by approximately 35 kcatmol™t. They are followed by
Zn?t, and Cdt, and it has lowest affinity for Co and N#*.
According to SF, it has a low selectivity in octahedral and
tetrahedral coordination geometries. However, it discriminates

To separate the contributions that are common to all amino Ce?* and N#* ions to a large extent (that causes a high value

acid side chains (intrinsic qualities of particular TM ion,
determining the above-discussed IW series) figniMe, X) and
make this quantity more illustrative for purpose of studying

of SF) in square planar and linear geometries.
Met(9.9; 12.7; 15.1; 26.5) exhibits similar tendencie€gs .
It invariably prefers Hg", which is followed by Cé&" (with

metal ion selectivity, we have adopted a similar approach as —g, by approximately 4 kcamol~* smaller). By another 5

for the evaluation of the affinities for coordination geometry.
Hence, the relative affinity is defined as:
EreI(Me1X) = Eint(MevX) - I_Eint(Me) (4)

It should be noted that sum & (Me,X) over all functional
groups,E.(Me), is zero. The calculated relative affinities for

each amino acid side chain are listed in lower parts of Tables

2-5, and they will serve as the measures of their selectivity
for the studied TM ions. In physical terms, the eq 4 defines

hypothetical “average amino acid side chain” to be the reference

state for the calculation of interaction energy rather than [Me-
(H20)n]%" complex.
In the next part, the studied amino acid residues will be

discussed separately and the differences between maximum an

minimum from{ E;e(Me1,X), ..., Ee(Meg, X)}, denoted ad\Eer-
(Gm), evaluated for each of them (in all four coordination
geometries). The values afEr(Gm) can be considered as the
measures of the total selectivity of a given residue (selectivity
factors: SF).

AsNn(AE(OH) = 5.8 kcatmol; AE(TH) = 8.5 kcatmol %,
AE(SQ) = 7.7 kcatmol™%; AE.(Lin) = 17.3 kcaimol™?)
exhibits enhanced affinity toward €g Zn?*, and Cd" ions,
followed by NPT, and disfavors Cit and Hg"™ by ap-
proximately 5-10 kcatmol™. According to the SFs, carbonyl
oxygen (present also iGIn and Peptide oxygencould be
classified as the moiety with lower to medium selectivity.

Asp (6.2 kcalmol™; 6.9 kcatmol™1; 12.5 kcaimol™%; 12.7
kcalmol™1) contains negatively charged carboxyl oxygen and
according to HSAB principle should not prefer soft metals{Cd
and Hg"). With the exception of tetrahedral coordination
geometry that we cannot explain, this fact is perfectly repro-
duced by the calculations. It has virtually equal relative affinity
toward the first row TM ions (C&, Cl?", Ni2*, and Zi")
that decreases by approximately 5 koadl~! for CE™ and 7
kcalmol™1 for Hg?". It belongs to the residues with medium
selectivity.

Cys (21.1; 19.0; 21.4; 13.7) is remarkable for its high total
selectivity and high affinity for Hg" (in accord with HSAB),
which is closely followed by Cif. C#* and N#* are disfavored
by approximately 10 kcahnol~! and the smallest affinity is
invariably (in all geometries) exhibited for €oand Zr#* that
lose another 23 kcatmol= in the values oE.

GIn (5.5; 7.8; 7.5; 15.1) as the ligand for the studied TM
ions has the same behavior as already descrissdresidue.

Glu™ (6.3;5.7; 12.4; 12.1) is almost the same ligand\ap .

His (2.1; 6.7; 4.2; 6.3) has surprisingly low selectivity toward
the studied TM ions, despite its very high average interaction
energy-Ein(His)—(vide supra). It should be noted that the
difference in theEi,((Me,X) of His(No) and His(\) remains
almost constant for all TM ions and all coordination geometries.

kcalkmol~! behind is Cé", and then follow three remaining
TM ions, losing approximately another 2 kaabl-! (Cc?*,
Ni2*, Zn?™). According to the values oAE,,, Met belongs to
residues with high total selectivity.

Peptide oxygel@.8; 7.4; 7.0; 15.0) contains carbonyl oxygen
as donor atom and therefore has almost the same coordination
properties a®\snand GIn, measured by the value &

Deprotonated peptide nitrogefm.a.; 14.7; 11.0; 20.3) is a
rare ligand in the metal-binding sites of metalloproteins, since
only copper(ll) ion is likely to deprotonate amide nitrogen of
peptide bond in four-coordinate complexes (we presume that
other divalent ions may deprotonate it in the sites with linear
arrangement). Indeed, the calculations reproduce these excep-

H’onal properties of Cif. The highest value of-Ejx(Me),

discussed in the context of the IW series, is further supported
by the high values of-E;s compared to the remaining TM ions
(only Hg?" in square planar coordination has slightly higher
—Erel). Since, in the series of equivalent complexes differing
by only central TM ion, the deprotonation energy represents
the dominant contribution toky, value of a bound functional
group, we consider the computed valuegg{Me,X) as another
demonstration of an agreement between the simple theoretical
model and experimental evidence. Theoretically (according to
SFs), it has a high total selectivity, which is at the same time
the most variable among the studied TM ions. It can be only
said that the relative affinity oPeptN~ is lowest for Cd".

Ser(8.1; 14.6; 10.1; n.a.) is, according to the values of SF,
a residue with a higher total selectivity. In comparison with
hypothetical “average residue”, it prefers to bind to2Cd
followed by Zr#+ and C&*, then N#™ and Hg", and the last
in the series is CiI. This order is not surprising, since it is
almost the same ligand as water molecule, and thus we obtain
an inverse IW series. It should be noted that we are not certain
about the protonation states of primary and secondary alcohol
groups in four-coordinated complexes and phenol ring in
octahedral geometry at pH 7.

Ser (n.a.; 14.3; 12.4; 12.3) has a negatively charged oxygen
as donor atom, and in accord with HSAB principle prefers to
bind to NPT, Cw", and C@8", followed by Zr#+ (with
approximately 3-5 kcatmol~1 smaller relative affinity) and the
last in the series are Kgand Cd™.

Thr (6.6; 11.9; 8.5; n.a.) has similar coordination properties
asSer, however, in octahedral geometry, it disfavors’Cto a
smaller extent and slightly more disfavorso

Thr~ (n.a.; 13.9; 7.8; 10.0) is almost the same ligan&es,
with the exception of Ni" in square planar coordination
geometry, which is disfavored by 5 keadol~! in comparison
with Ser .

Tyr (5.0; n.a.; n.a.; n.a.) has been computed only in octahedral
coordination geometry. According to SF, belongs to residues
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with low selectivity. The relative affinity is highest for Rt
while all the remaining TM ions are within 2 keatol~! range.
Tyr~ (15.4; 22.8; 17.0; 30.4) has very high total selectivity
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Table 7. Calculated Differences in the Interaction Energi&&egiong

(AEeiong= E(Me,longX) — E(Me,shortX)), Quantifying the Effect of
an Elongation of Amino Acid Side Chain, Computed for All Four
Coordination Geometries (All Values in kealol™?)

(SF). It favors Cd" ion to a great extent (by-510 kcatmol™1 —
in all coordination geometries). It also exhibits tendency to bind coordination

to Ni2t and C38", while C*" is the least likely to be found in geometry AAs.ch. C& N Cwr zr’" Cd” Hg™
the sites containing’yr. octahedral Glu -02 -03 -06 —-02 -01 -0.2
We believe that a different affinity of amino acid side chains f'g :é'g :é'g :2'8 :2'3 :g'z :5;
for the studied TM ions (metal ion selectivity) has been clearly ,\,|yet 26 14 08 14 09 11
demonstrated. It is determined by the electronic structure of
amino acid side chains, for example, its polarizibility, charge tetranedral G(IBIU :g-? :g'g :i'g :g'g 73(‘)'33 730'31
distribution, and character of donor atom. Nevertheless it should Lyg —8:1 —8:9 _12'.2 —8:0 —7:6 —8:8
be stressed that the estimates of metal ion selectivity based on Met 12 -13 -18 -12 -12 -15
Erei(Me,X) only shift the overall equilibrium that is primarily
settled by the intrinsic properties of transition metals (of which 943'¢ planar Gﬁlm :g'g :g'g :é'é :g'g :g'g :g'g
preference for specific coordination geometry and IW series Lys 32 -30 -9.9 -82 —-78 —94
have been discussed). On the other hand, the differences in Met -21 —-27 -28 —-27 —-26 -3.1
relative interaction energies between different TM ions that have linear Gl 23 —02 —10 05 07 05
been shown to be about3 kcatmol~! may sum up to give a GIn 54 -58 -69 -53 —48 -52
total of 20-30 kcatmol™! in octahedral coordination (under Lys —14.2 —17.0 —26.8 —11.8 —11.4 —12.8
the assumption of additivity o) which is encouraging. It Met —-4.0 —-1.0 —46 —43 —40 —4.2

also explains why the metal uptake by more complex molecules
does not always obey the simple rules derived from the behavior
of the smaller ligands.

Elongation of Amino Acid Side Chain. To draw our
theoretical models nearer to the target systemstal-binding
sites of metalloproteinswe have to evaluate the influence of
further elongation of the amino acid side chains on the
interaction energies. Owing to long-range properties of dominat-
ing electrostatic interaction, the absolute value of interaction
energy of TM ion with a surrounding biomolecule will be
different from theEj,((Me,X) energies calculated in this work.
Nevertheless, we put forward the hypothesis that differences in
Eint(Me,X) between TM ions which theoretically define metal
ion selectivity, are determined by local environment of central
TM ion. More precisely, we presume that the selectivity of
particular metal-binding site in metalloprotein will be to a large
extent determined by the binding residues, while the rest of
protein may influence the overall stability of the system or the
kinetics of metal uptake.

IV. Conclusions

described by the IW series (quantified byEix(Me) in this
work) which is not very surprising. The same holds true for
LyqCHsNHy>) residue, but owing to the addition of propyl group
the correlation between IW series and trendAEongis more
pronounced. We think that three complexes with deviations in
AEeiong could be identified:

[Co(Lys)(ED)s]?*, [Ni(Lys)-

(H20)3]%" in square planar, and [Cu(Lys){&)]?" in linear
coordination. At present we have no rigorous explanation for
the source of the observed deviations.

It has been demonstrated that in most cases the elongation
of amino acid side chain does not change the calculated metal
ion selectivities and that the functional groups used in this work
are satisfactory models for the amino acid residues that are part
of protein structure.

In this work, the results of DFT calculations using a large

The thorough discussion of this problem is beyond the scope basis set have been presented. We presume that the data itself
of this work, but the calculations of eight systems in each may turn up to be an invaluable source of information for
coordination geometry have been carried out to address it in antheoretical chemists studying the systems containing TM ions
approximate way. We have compared the interaction energies(€.9., for the construction of more accurate parameters to force
of Asp~ with Glu~, Asnwith GIn, CHsNH; with Lys, and CH- fields, development of hybrid QM/MM methods, etc.), structural
SCH; with Met We defineAEeiong as: biochemists (assignment of initial parameters to crystallographic
or XAS measurements) or may be utilized in different context
than we have done.

We attempted to address three important issues that are
invariably met in the discussions of the selectivity of particular
molecular or supramolecular systems (e.g., metal-binding sites)
for TM ions:

AEelong(Mevx) = Eint(Me’Xlong) — En(Me X0 ()
where Xong = (Glu™, GIn, Lys andMet) and Xshort = (ASp,
Asn CHzNH,, and CHSCH).

The calculated values @EeiondMe, X) are listed in Table 7.

It should be noted that most of the values dEeong are (i) The preference for the specific coordination arrangement
negative which implies the higher affinity of longer functional of ligands. Although factors other than the first coordination
groups for TM ions. It is caused by the positive inductive effect, shell ligands may play an important role in determining this
that is, by the electron-donating properties of alkyl group. quality, we have attempted to characterize it quantitatively by
Because the negatively charged carboxyl group is the leastthe interaction (complexation) energies of TM ions with pre-
polarizable and therefore least influenced by the inductive effect, organized (HO), site Ecm(Me) andE'cm(Me), defined by eqs
it explains why the interaction energies of amino acid side chains 2 and 3). The calculations reproduced the experimentally
containing a carboxyl group do not vary with the addition of observed preference of &g Ni?* ions for octahedral, Cd
methyl group. Also foiGIn(Asn) andMet(CH3SCHg) functional for square planar, 2 for tetrahedral, and Hg for linear
groups (with the exception of [Ni(Met)@D)]>" complex in coordination geometry. The preferred coordination geometry
linear and perhaps [Co(Met)B)s]2" in octahedral coordina-  cannot be unambiguously assigned to2Cdon, but the
tion), the AEeiong is virtually equal for all six TM ions. The  calculations suggest that it is likely to be found in linear and
small differences inAEeiong €xhibit the similar trends as tetrahedral coordinations.
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(ii) The different affinity of TM ions for a particular donor  between TM ion and ligand) plays a non-negligible role in
atom or whole ligand, which has been quantitatively character- determining the energetic stability of the complex.
ized by the interaction energyEi(Me,X) and E(Me,X) As has been mentioned in the Introduction, the computational
defined by eqs 1 and 4) of amino acid side chains, peptide bondscheme used in this work has been well-tested by comparison
oxygen, and peptide bond nitrogen with TM ions. The good with CCSD(T) method, and the role of the basis set has been
correlation between the trends in the computed interaction thoroughly investigated. Therefore, we assume that the possible
energies and the IW series of stability constants has been shownextensions of this work should focus on the chemical model
They have been also in a good agreement with the experimen-rather than the improvements in the computational scheme. In
tally found abundance of amino acid side chains in the metal- the near future, we would like to discuss the cooperative effect,
binding sites of metalloproteins and with HSAB principle. that is, the simultaneous binding of two and more residues
Furthermore, the binding of His througheiKather than N has (which is equivalent to substitution of more than one water
been explained upon the basis of differences in molecular molecule), and its influence on the metal ion selectivity. There
energies of these isomers. The important issue of the metal ionis also an open field in the accurate quantification of the effect
selectivity has been addressed, selectivity factors evaluated forof elongation of amino acid residues, which has been treated in
all amino acid side chains, and their preference for specific TM the approximate way in this work. In the first step, the capping
ion discussed. hydrogen representing the, @tom in our work may be replaced

(iif) The optimum size of the metal-binding site for a given by the small fragment of peptide backbone (e.g..8HCHO
TM ion. It has been quantitatively characterized by the equi- group) in the model functional groups. Another discussion can
librium metak-ligand distances between the functional groups concentrate upon the determination oKgpmicroconstants
representing amino acid side chains and TM ions. By averaging (quantifying the deprotonation of a single donor atom of amino
the optimized metatligand distances, the ratio of ionic radii acid side chain) which would enable to assign the protonation
of studied TM ions has been calculated. We presume that it states in the metal-binding sites at specific pH.
may be closer to the actual ratio in solution than the values Despite the suggested continuations, we believe that the
derived from the crystal structures. Furthermore, the ratio of presented work brings a useful piece of knowledge to the field
ionic radii leads to a modification in the explanation of the of bioinorganic chemistry.
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