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To obtain a deeper understanding of metal ion selectivity exhibited by different sites in biomolecules, the
interactions of selected transition metal (TM) ions with model functional groups are further studied. The
hypothesis is proposed that complexation energies of TM ions in metal-binding sites of a general formula
[MX ]?* can be estimated from the interaction energies of these ions with model functional grtsipadk

the quantitative evaluation of the cooperative effect. This effect is defined as the nonadditive part of the
substitution energy of two functional groups for two water molecules in an PP+ complex (reference

state) in comparison with the sum of the substitution energies of the respective monosubstitutions (defining
the interaction energy of )X The model functional groups used for the evaluation of the cooperative effect
are OH™, H,S, SH™, HCHO, HCOO, NH3, and CHNCH,. Four coordination geometries (linear, tetrahedral,
square planar, and octahedral), six transition metal iong"(Qdi>*, CW?*, Zr?*, Cd", Hg?"), and all
combinations of the above functional groups are taken into account. To ascertain the plausibility of the
hypothesis, complexation energies of TM ions in several model complexeg{Mete calculated and compared

with their estimated values. It is shown that the consideration of the cooperative effect (i.e., the three-body
Xi-+*M-+-X; interaction term) is both essential and sufficient to yield the estimates that deviate, on a relative
scale, by less than 2% {85 kcal moft?) from the calculated values. Finally, it is shown that the estimated
(calculated) complexation energies of TM ions in metal-binding sites of two metalloproteins, carbonic anhydrase
and carboxypeptidase A, are in a very good agreement with the experimentally determined stability constants.

I. Introduction diminished; consequently, the accumulated experience should
bring the theoretical calculations closer to biochemically relevant

. ! TM systems in near future. Recent advances in the field are
ecules (metalloproteins, peptides, DNA, RNA mol_ecules, t_et_c.) well-documented in excellent reviews.
represent one of the fundamental aspects exploited by living ) ) o )
organisms in performing their essential tasks. The role of TM  One of the mostimportant properties of bioinorganic systems
ions in the structure and function of these systems is indispen-iS the relationship between molecular structure and energetics.
sable, though often unknown at the atomic or electronic level. Molecular structures can be efficiently studied by atomic
Hence, many experimental and theoretical studies have beerfesolution experimental techniques, but they do not provide any
carried out to elucidate the mechanisms of metalloenzyme actionénergy values. Thus, it is very tempting to complement
(including transition-state structures and proton and electron bioinorganic experiments with energy evaluations, which can
transfer)! structural aspects of metal-binding sifeand the be presently achieved by state-of-the-art QM calculations that
energetics of biocatalysfsFrom a conceptual point of view,  provide unique insights into the reaction energetitansition-
most of these studies deal with a single model system mimicking state barrier§ stability of different conformers or isometsr
a real metal-binding site and derive its properties from an preferred binding sites in biomolecul®and yield the estimates
analysis of quantum chemical data. of more general concepts such as the reaction pathway and metal

On the other hand, there are numerous stddiealing with ion selectivity.

the interactions of a series of ligands with TM ion(s) or a series |t js the latter phenomenon that is the subject of this series

of TM ions interacting with small ligand(s). Their goal is a better of articles. There are three factors that determine the specificity
understanding of the differences in the chemical behavior of ¢ 5 given metal-binding site for a particular TM idhthe

TM ions, though they may sometimes suffer from the limited

size of the model system, which complicates the comparison

V|_‘|"th other th?n lst(r)]p:nsncated gfatsh-phase tﬁxgenment?lt_dat?.ing in metat-ligand bonds for a specific TM ion. The first factor
owever, we le€l that because of the growth of computational ¢ een addressed recektlpy a careful analysis of the

power and improvements in quantum chemical methodology experimental structures of metal-binding sites in metalloproteins

In recent years the gap between these two approaches ha%’md smaller molecule crystal structures, which enabled us to

- - assign the preferred coordination geometries for each of the TM

* Corresponding author. E-mail: lubos@uochb.cas.cz. Tel and Fax: . . . .
+420-2-20183292. ions and to evaluate the abundance of amino acid (AA) side
fPart 1: J. Am. Chem. SoQ00Q 122, 10428. chains in the metal-binding sites of the metalloproteins. The
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The interactions of transition metal (TM) ions with biomol-

coordination geometry, the size of the preformed cavity in more
complex ligands, and the affinity of functional groups participat-
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second factor can be derived either from the experimental bond
distances (ionic radii of TM ion&j or from the quantum
chemical calculations (equilibrium metdigand distances).

The third factor, and probably the most difficult one to
address, is the different affinities of the particular ligand for
different TM ions, which is often based on qualitative or
semiquantitative theories or principles such as the HSAB (hard
and soft acids and bases) principle of Parr and Pe#tso
the Irving—Williams (IW) series of stability constant8.Nev-
ertheless, we believe that a quantitative evaluation of the affinity
is feasible only with accurate quantum chemical calculations
on model systems, which is why a reliable computational
scheme for the calculations of TM complexes containing metal
ligand bonds with ionic character has been propd8dtihas
been tested both for the complexes with nondegenerate grounc
electronic states (both closed- and open-shell systems) and fot
the species with degenerate or quasi-degenerate ground state 4
(such as [CoX?" in octahedral coordination geometdy)in O>. )
these studies, the DFT/B3LYP method has been shown to yield | ' e f
substitution (reaction) energies of 0.5 kcql miaccuracy Whe.n Figure 1. Structures of six representative complexes studied in this
compared to reference CCSD(T) calculations, but at least &fiple- work: (a) [M(NHs)(CH.NCH3)J2+, (b) [M(H 20)(HCHO)(OH)J, the
basis sets with polarization and diffuse functions on all atoms trans isomer(c) [M(H :0)(HCHO)(OH)]J*, the cis isomer(d) [M(H 20)-
should be used. (NH3)(SH)I, (&) [M_(H_ZO)Z(HZS)(SH)]*, the trans isome(f) [M(H20)-

Using this scheme, the interaction energies of AA side chains (HzS)(SH)I", the cis isomer.

(capped with hydrogen atoms) with the selected TM iong{Co
Niz*, ClPf, Zn?*, Cdf?, Hg’") have been calculated and between the interaction energies of X and Y groups when they

published in the preceding article of the sefféBour coordina- 0 1hound simultaneously to M and the interaction energies of
tion geometries (octahedral, tetrahedral, square planar, andy and Y

linear) have been taken into account for each TM ion, and AA . - . .
side chains have been classified according to their affinity and (iii). Comparison of the stabilities of cis and trans isomers
selectivity toward these TM ions. The interaction energies and of s_quare-planar and octahedral complex_es.
the selectivity factors were calculated as the substitution energies (iv). Calculations of model “persubstituted” [MX n]**
of one water molecule in the coordination sphere of TM ions complexes with all water molecules in the reference complex
(cf. eq 2 below). Naturally, the question arises of how these [M(H 20)n]*" replaced with either AA side chains or simple
interaction energies and affinities are modified upon the groups representing them (to test the validity of the
simultaneous replacement of two or more water molecules, thathypothesis formulated above).
is, if certain combinations of AA side chains enhance the (v). Comparison of the estimated (calculated) complex-
specificity of the particular site or diminish it. ation energies with the experimentally determined stability
Therefore, in the present study, we discuss the effects of theconstants for metal-binding sites of two metalloproteins—
simultaneous binding of two and more AA side chains to a carbonic anhydrase and carboxypeptidase A.
particular TM ion,which also provides additional important The AA side chains are represented by seven model functional
information about the calculated interaction energies and groups: HS (model for Met and protonated Cys), SH
selectivity factors derived from monosubstituted [MQ@h—1X]2" (deprotonated Cys), Ng{deprotonated Lys), HCHO (carbonyl
species? We postulate a hypothesis that knowledge of the oxygen of Asn, GIn, peptide bond oxygen, and protonated Asp,
interaction energies of functional groups representing AA side Glu), OH~ (deprotonated Ser, Thr, Tyr), HCOGQdeprotonated
chains and estimates of the cooperative effect (nonadditivity of Asp, Glu), and CHNCH: (His). This choice is a compromise
interaction energies upon the disubstitution) yield the relative between three factors: (i) computational accuracy, (i) selection
affinities of general [MX{]2* metal-binding sites to a high degree  of the functional groups representing AA side chains (ideally it
of accuracy (X is a combination of AA side chains in a should be whole side chains with hydrogens substituted for C

particular coordination geometry). carbons of the peptide backbone or with the JMHCHO
Description of the Systems.The study consists of the fragment as its model), and (iii) the number of combinations

following steps: from the set of the selected functional groups (ideally, all
(i). Calculations of the equilibrium geometries and mo- combinations should be calculated, which amountg;ti(n +

lecular energies of monosubstituted [M(HO),-1X]?* com- 1) systems for disubstituted complexes). We have decided to

plexes in each coordination geometryThe obtained values  fulfill conditions (i) and (iii), that is, to achieve the high level
are used for the definition of the interaction energies of of accuracy with B3LYP/6-31++(2df,2pd)//B3LYP/6-3%
individual functional groups with M (for X= AA side chain, G(d) model chemistry and explore all the combinations of the
these interaction energies have been published in the precedingnodel functional groups. Thus, we obtained 28 disubstituted
article18 but because the functional groups used in this study complexes for each of six TM ions in each of six coordination

are different (smaller), this step must be included). arrangements (four coordination geometries and two isomers,
(ii). Calculations of the equilibrium geometries and mo- cis and trans, in §quare-planar and octahedral coordination
lecular energies of the disubstituted [M(HO)n-2XY]2* geometry), amounting to a total of 1008 systems.

complexes.The obtained values are used for the definition of  In Figure 1, several representatives of the studied systems
the cooperative effect. This effect is defined as the difference are depicted.
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A note should be added about the broader perspective of thisapproximation and has been carefully tested in the previous work
work and selection of the ions. TM ions studied in this work on model [Co(HO)sX]?* complexes’ As for the usage of
are both abundant in metal-binding sites of metalloprotins equilibrium geometries of ZT complexes for other TM ions
and the major environmental pollutants (at least, in higher and by optimizing only the metaligand distances, it has been
concentrations). This study characterizes the affinities of generalshown that it causes errors of less than 0.1 kcal il the
mononuclear metal-binding sités,which can be used, for  values of the interaction energies of simple ligatts.
example, for the molecular design of highly specific pepfiéles Third, the single-point energy calculations of all of the studied
for efficient removal of these metals from the environment.  structures have been carried out at the B3LYP/BS2 level to

obtain the final molecular energies of [M{&),—2XY]%"
Il. Computational Details complexes.

Fourth, the metal ion at the optimized geometry has been
replaced by the corresponding ghost atomyBand a single-
point energy was calculated for B{H20),-2XY systems.

A short note should be added about the described scheme.
By introducing the coordination geometry constraints, we are
correlation functionaf® with part of the exact HartreeFock Iﬁgyg?c\;\éﬂf r:l?;tn::;ogftltwgigrﬁgluecxt.ulr_?ovmv:zer;%vt;egng :frzrs”sy
exchange energy, has been employed (denoted as BSLYE’). that this constraint belongs to the chosen chemical model

Two basis sets have been use.d throughout the ,CalCUIat'on,Sbecause the target structure represented by our model systems
denoted as BS1 and BS2. BS1 is the 6-31G basis set that iSg e metalloprotein in the specific coordination geometry. Then,

stored |nternallyr|]n ?aussmn 98 p(_)th for th? first- and s?cokr:d- the ligands may be kept at the given coordination geometry by
row atoms and the first-row transition metals. BS1 was further o gt ctural constraints in the biomolecule that may prevent

augmented by diffuse functions: the (s, 2p, d) set. for TMs, sp its collapsing into the minimum found for the small model
functions for other heavy elements and the single set of systems.

polarization functions, f for TMs, and d for other heavy “1pqughout this article, the interaction energy of functional

elements. . i ) groups X and Y binding simultaneously to the metal ion M in
BS2 consisted of the triplé{TZ) basis set of Watchers and 5 given coordination geometry is defined as

Hay?® for the first-row transition metals (Co, Ni, Cu, Zn) and
the standard 6-311G for other glements (H, C,N, O®S2 _E (M, X, Y) = E(M(H,0), ,XY] 2+) _
was augmented by the same diffuse functions as was BS1, with oy
the further addition of s functions for hydrogens and the E(Bdy(H,0), .XY) — (E(IM(H,0),]"") — E(Bay(H,0),)).
following sets of polarization functions: 2fg for TMs, 2df for Q)
other heavy atoms, 2pd for hydrogens. The exponents of all of
the diffuse and polarization functions were used as implementedwheren = 2 (linear coordination geometry), 4 (square planar,
in Gaussian 98, and the described basis sets have beeretrahedral), and 6 (octahedral). According to this equation, the
approached via 6-38G(d) (BS1) and 6-31+G(2df, 2pd) computed interaction energy includes the correction for the
(BS2) keywords. nonbonding interactions between ligands and a part of the basis
For Cd* and Hg", effective core potentials (ECP) of Stevens Set superposition error (BSSE). ForYH,0 in eq 1, we obtain
and co-worker® have been used (denoted SBKJ). To achieve the interaction energfin(M, X) of a single functional group
consistency with the above-described basis sets used for theX With M. On the other hand, replacing all water molecules
first-row TMs, the original valence basis set was further with different functional groups (AA side chains), we obtain
augmented with the following uncontracted GTO basis func- interaction energies of TM ions with persubstituted sites, denoted
tions: diffuse d functionso(g(Cd) = 0.075,04(Hg) = 0.040); asEin(M, Xy,...,Xn). o
f (o(Cd) = 0.775,a5(Hg) = 0.690): and 2fgdy (Cd) = 2.0, Eint(M, X) and Ei(M, X, Y) are then used as the defl_nltlon
ot (Cd) = 0.3, 0g (Cd) = 0.775,a1¢ (Hg) = 1.35, 05 (Hg) = of a qugnﬂty centrgl to this WorkAE?oop(M, X, Y), which
0.35, oy (Hg) = 0.69) sets of polarization functions, corre- duantitatively describes the cooperative effect,
sponding to BS1 and BS2, respectively.
The computational scheme consisted of several steps: First,-AECOOP(M' X, Y) = En(M, X, Y) = (B(M, X) +
optimization of the molecular geometries of allZrtomplexes Ein(M, Y)) (2)
(both mono- and disubstituted species) have been carried out
at the B3LYP/BS1 level, with the angles at the metal centers ~DimensionlescoodM, X, Y)
fixed to the values corresponding to the given coordination
geometry and all other internal coordinates optimized. PeoodM: X, Y) = AE oM, X, Y)I(IE(M, X)| +
Second, all other systems were assumed to adopt the geometry IE«{(M, Y)]), (2a)
of the optimized ZA" complexes, and only metal-ligand
distancesi{= 2, 4, 6) were optimized at the B3LYP/BS1 level. quantifies the nonadditive part of the mainly electrostatic
The only exceptions were octahedraPCand Cd" complexes, interaction between TM ions and ligands.
which are, in principle, JaknTeller unstable as a consequence A note should be added about the spin multiplicities of
of the degenerate ground state in id@gligand-field symmetry. complexes calculated in this work. Three of the TM ions?'Zn
They have been assumed to adopt the same geometries as d6d?™, and Hg", are dO ions ; therefore, their complexes are
the corresponding [Ni(kD)sX]2" or [Ni(H20)4XY] 2" systems, closed-shell systems with singlet ground states**Qs a
with all six metal-ligand distances increased by the experi- ion, and its complexes have the doublet ground state. As for
mental and theoretical differences between the ionic radii of Co*" and N#*, they were shown to have high-spin ground states
Co*", CU#T, and NPT in octahedral coordination geometries that in the types of complexes and coordination environments that
are +0.04 A (C@*) and+0.03 A (C&#").2 It is a plausible are the subject of this worl Therefore, all properties of €b

All the calculations were performed with the Gaussian 98
program suité® and in the framework of density functional
theory (DFT). The three-parameter functional developed by
Becke?* which combines the Becke gradient-corrected exchange
functional and the LeeYang—Parr and Voske Wilk —Nusair

int
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TABLE 1: Interaction Energies, Ei(M, X), of Model Functional Groups with TM lons Defined by Equation 12b

coordination geometry (CG) TM\f.g. 19 H.CO HCOO CHoNCH; NH3 OH~ SH-
linear (Lin) Co* —12.6 -21.9 —295.2 —-51.4 —-33.1 —319.2 —291.6
Niz+ —6.6 —13.8 —291.8 —455 —26.0 —318.9 —294.9
cuwr —-21.5 —28.0 —309.7 —63.5 —38.9 —334.4 —324.0
Zn?t —10.0 —10.0 —278.5 —45.2 —27.8 —306.9 —284.4
CcP* —-12.1 -8.7 —266.6 —41.6 —26.4 —293.8 —277.7
Hg?* —23.0 -9.7 —267.6 —53.6 —35.1 —306.3 —297.6
tetrahedral (TH) Ct 5.3 -5.0 —-221.3 —24.5 —16.6 —260.7 —227.7
Ni2* 2.5 —6.7 —225.9 —28.1 —18.9 —266.3 —235.4
cuwr -3.2 -9.1 —234.3 —35.6 —23.6 —275.5 —251.6
Zn?t 4.1 —4.2 —222.0 —24.7 —17.6 —257.8 —228.8
C+ 0.2 —4.1 —214.4 —23.5 —-17.1 —249.5 —228.4
Hg?" -8.3 —-45 —221.0 —30.1 —22.0 —258.5 —247.4
square planar (SQ) Co 7.6 —6.6 —226.6 —23.6 —-14.6 —251.4 —219.7
Ni2* 6.5 —4.2 —226.0 —25.7 —15.8 —261.8 —220.6
cuwt 1.9 —-45 —231.4 —29.9 —19.9 —255.6 —229.8
Zn?+ 5.7 —-4.38 —224.8 —24.0 —16.2 —251.9 —225.3
Ctt 15 -4.1 —214.0 —22.5 —16.2 —243.8 —225.2
Hg?" —-8.4 -35 —218.9 —30.5 —23.7 —258.7 —248.5
octahedral (OH) Co 12.1 0.5 —191.1 —10.6 -10.0 —2225 —191.3
Ni2* 9.9 -1.8 —196.0 —16.3 —12.7 —223.2 —195.1
cwt 6.2 -2.9 —199.5 —21.8 —-17.6 —235.8 —207.3
Zn?+ 115 -0.3 —191.9 —13.6 —10.6 —223.0 —-192.3
CPt 7.5 —-0.8 —186.1 —13.8 —11.0 —216.9 —193.4
Hg?" 1.8 -1.3 —191.2 —19.6 —15.3 —231.0 —214.7

a All values are in kcal mol'. » The smaller (more negative) values indicate the higher affinity of a substituting functional group for the TM
ion (compared to that of D)

and N?* complexes were calculated for the quartet and triplet ~ (b) On the other hand, the values &Ec.odM, X, Y) for

ground states, respectively. anionic ligands and linear coordination geometry are (with a
_ _ few exceptions) positive and of nonnegligible magnitudes, which
[Il. Results and Discussion means that the substitution of the second functional group for

The Cooperative Effect: Interaction Energies.The coop- H.0 is less favorable than that of the first. It is a consequence
erative effect is defined (see eq 2) as the nonadditive part of of the fact that the second functional group does not compete
the interaction energy of functional groups X and Y (i.e., the for TM ions with n water molecules of the first coordination
energy of substitution of two water molecules in perhydrated SPhere butwithi{— 1) water molecules and the already-bound
[M(H ,0),]2* complexes) with a given TM ion. Therefore, we first functional group (whose binding is stronger than that of
have calculated the interaction energies of model functional Water, as can be judged from the negative values of the

groups (OH-, H,S, SH-, HCHO, HCOO~, NH3, CHsNCH,) interaction energies of the functional groups listed in Table 1);
with the TM ions first. The results of these calculations are therefore, the magnitude of its effective interaction lowers. This
summarized in Table 1. effect is most pronounced in linear coordination geometry and

There is very good agreement between the published valuesfor the complexes containing two anionic functional groups. In
of the interaction energies of whole AA side chains with the the former case, the strength of interaction of a TM ion with a
TM ions!® and those of simple functional groups representing Particular ligand (approximately equivalent tm, wheren is
them in this work. Therefore, the discussion concerning the the coordination number) plays a key role and makes all the
monosubstituted complexes and computed data in Table 1 issubstitution energies (and also cooperative effect) larger in

not repeated in this article. comparison with those of other coordination geometries. In the
Then, the interaction energi&.(M, X, Y) were computed latter case, it is caused by the fact that the interaction between
for all 1008 disubstituted species, and the valueABfoo(M, a TMion and an anionic ligand is higher, in vacuo, by an order

X, Y), a key quantity of this work, were calculated according ©Of magnitude in comparison with that of the neutral ligands.
to eq 2. They are summarized in Table 2. Because of limited Then, from the same reason as that discussed above, the binding

space and the minimum of 1008 numbers that must be presented9f the second anionic ligand is less effective. The interatomic

we decided not to include explicitly the values&f(M, X, Y) distance between the metal and the first ligand increases
Or PeoodM, X, Y) in tabular form. Both of these quantities could ~ (electrostatic weakening) by 0.68.10 A, and the charge

be easily calculated from\EcoodM, X, Y), Ein(M, X), and transfer from the ligand to the metal decreases (covalent
Eind(M, Y). contribution). However, it should be remembered that although

As can be seen in Table 2, there are noticeable trends in theAEcoodM, X, Y) is large in the case of two anionic groups, its
values ofAEcodM, X, Y), and they will be used as the starting  relative valuepeoodM, X, Y), is quite moderate, in most cases
point of the discussion. about 0.03 (3%). Still, the calculations suggest that the chemical

(a) For neutral ligands and coordination geometries other thanbehavior of the metal-binding sites containing negatively
linear (i.e., for coordination numbers > 4), the values of charged functional groups is less predictable from quantum
AEcodM, X, Y) are below 2 kcal molt (see Table 2) for 205  chemical calculations performed for isolated systems. In this
out of 300 systems (68%), which means that the cooperative context, we remind the reader that there is some discussion in
effect is rather small in these cases, implying that the specificities the literaturé® concerning the applicability of negatively charged
of metal-binding sites containing onheutral residues can be  ligands as models of deprotonated AA side chains. It has been
derived from the interaction energies of AA side chains with pointed out that the effects in which negatively charged residues
hydrated TM ions with reasonable accuracy. participate may differ considerably in vacuo, in protein environ-
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TABLE 2: Calculated Changes in Interaction Energie$ upon the Simultaneous Binding of Two Functional Groups X and Y,
AEcooM, X, Y), Defined by Equation 2, in Four Coordination Geometries (All Values in kcal mol?).p

SQ_Eq
linear Th (trans)
Co?™ Ni?* CwW" Zn*t Cd" Hg?* Co?" Ni?t Cw' Zn?t CkPt™ Hg?™ Cot Ni?t Cw" zZm?*™ Cd* Hg?t

H,S, H.S 115 25 153 33 35 6306 04 41-07 03 23-15 —-24 -04 03 19 87
H.S, HCO 104 19 143 15 14 1.9 03 15 5401 03 03 04 -11 00 01 0.4 0.5
H,S, Imi¢ 143 54 197 54 52 86 13 15 72 07 17 42 04 00 13 21 3.0 938
H,S,NH 130 33 153 33 32 55 07 15 66 08 14 31 0443 19 21 33 104
H,S, SH 194 128 254 152 150 210 34 56 90 46 6.2 128 —-29 22 20 42 126
H,CO,H,CO 118 37 204 29 33 64 08 33 40 04 0501 13 -09 -05 10 06 -01
H,CO, Imi 134 100 228 40 42 72 05 25 58 04 07 08 32 16 26 16 D5
Imi, Imi 187 104 269 74 70 108 29 43 130 29 37 64 51 42 58 54 55 126
NH3,H,CO 115 25 144 13 13 19 09 20 49 03 05 05 16 02 1.7 05 06 09
NHa, Imi 141 77 172 38 37 61 20 22 80 19 25 44 22 11 24 36 41 113
NHs, NH3 130 26 131 20 20 34 1.4 11 6.4 1.3 1.8 32 1401 19 3.0 4.1 11.8
OH~, H;S 20.0 138 258 145 138 184 41 63 121 52 59 981 -15 -34 -29 -12 72
OH~, H,CO 189 108 299 78 70 72 45 83 105 45 49 537 38 -36 -02 01 03
OH~, Imi 289 226 403 18.0 176 232 10.8 17.0 240 109 110 149 46 123 80 96 93 190
OH~, NH3; 16.1 82 197 72 78 112 1.8 6.4 10.0 1.7 28 587 —-18 —-43 —-34 —-15 8.2
OH~, OH~ 456 429 637 258 29.2 37.7 355 340 43.0 226 235 30.0 155 33.0 143 220 213 404
OH-, SH- 61.0 619 89.2 413 433 548 347 399 550 286 301 387 17.1 209 16.3 26.8 281 505
SH-, H,CO 193 117 261 78 70 79 40 6.0 105 43 46 524 -106 -54 —-1.0 -1.0 -14
SH-, Imi 31.2 254 43.7 211 20.8 28.3 9.7 126 24.2 9.8 109 1668 —-53 45 6.7 7.3 16.8
SH~, NH3 178 103 222 98 104 153 26 36 115 29 42 885 —-71 -03 31 46 136
SH-, SH™ 731 77.1 1119 542 558 69.7 409 539 59.2 340 372 506 175 128 209 309 350 600
HCOO,HCOO 56.0 52.7 675 39.2 381 414 219 26.7 384 220 217 283 183 11.8 285 158 101 180
HCOO, Imi 319 243 409 211 19.7 249 95 115 229 101 10.1 1487 -6.1 141 12 —-26 55
HCOO, H,S 216 13.7 273 154 144 1738 42 6.5 114 50 56 91 32 30 7.0 4.4 54 120
HCOO,HCHO 225 152 275 107 88 86 35 55 83 37 37 463 —-148 29 —-63 —-105 —-94
HCOO, NH3 30.2 108 206 90 90 122 30 47 107 33 38 66 03 01 25 08 25 96
HCOO-, OH~ 59.6 48.1 80.0 33.1 33.3 382 213 243 349 195 190 251 141 173 147 147 173 240
HCOO, SH™ 67.0 62.1 100.2 47.2 465 526 26.7 306 428 260 266 350 180 11.8 21.8 21.7 224 327

SQ_Anti OH_Eq OH_Anti

(trans) (cis) (trans)

Co?™ Ni** Cw" Zn?* Cd* Hg®™ Co&"™ Ni?t Cwh zZn?™ ChPt Hg?™ Co?™ Ni?t Cwt zZm?t Cd™ Hg?™

H,S, H.S -1.0 -1.0 15 -04 0.1 0.8-22 -05 08 -08 02 20-19 02 12-04 —-03 —-17
H.S, H.CO -05 -08 11 08 1.2 27-28 00 17-04 02 01-24 05 10-02 0.2 -01
H,S, Imic 0.7 05 40 04 0.9 12-41 04 24 -02 07 33-31 09 25-03 -0.1 -26
H.S, NH; -0.4 01 26 0.1 0.4 05 28 08 29 01 11 34 58 08 403 —-02 —-26
H,S, SH 0.5 19 64 28 35 71 16 43 51 12 29 6.6 17 19 %30 —-23 -50
H.CO, H.CO 0.1 09 01 08 0.6 02-29 08 10-02 02 04-09 07 15 06 1.0 06
H,CO, Imi 1.3 04 11 09 0.7 0.1-42 11 08 -06 —-05 -04 —44 13 29 01 02 13
Imi, Imi 2.6 34 52 06 04 -21 —-49 22 74 19 25 69-55 21 4.0-03 —-0.1 —4.0
NHs, H.CO -03 -03 07 10 11 16-25 04 16 -05 00 01-18 10 13 03 07 01
NHa, Imi 14 12 42 02 07 -03 24 19 59 16 21 5307 21 33-02 0.0 -40
NHa;, NH3 -0.5 03 23 00 01 -08 30 13 59 11 17 47 39 16 1705 —-04 -43
OH, H.S -78 -15 -35 -54 -47 -25 -37 -10 08 -35 -15 37 23 30 58 14 1311
OH-, H,CO 26 117 04 19 1.2 08 58 70 95 64 63 73 10 24 42 17 20 24
OH~, Imi -0.1 86 47-10 -11 -17 6.1 101 16.3 100 103 178 25 74 106 28 28.1
OH~, NH3 -92 -31 -57 -92 —-79 —-77 39 54 121 57 6.8 144 25 48 6107 —0.3 —49
OH~, OH~ 0.7 149 63-42 -14 26 389 357 510 366 351 508 274 252 327 133 13.1 100
OH~, SH™ 70 111 143 3.6 6.8 157 343 339 494 331 328 49.0 257 26.2 350 148 149 150
SH-, H,CO 2.7 05 05 28 21 16 09 30 26 11 11 02 03 29 34 16 20 14
SH-, Imi 6.4 88 124 5.1 5.0 69 24 70 111 62 6.8 133 17 73 86 04 -902H
SH~, NH; 21 37 74 12 2.2 44 21 35 53 22 32 81 15 43 384 -32 -638
SH-, SH™ 9.4 40 200 9.0 136 265 304 302 427 306 328 527 256 250 333 13.0 134 1738
HCOO,HCOO 124 6.4 227 10.0 4.0 82 115 147 206 123 125 187 7.2 109 135 70 73 79
HCOO", Imi -25 -76 107 -33 —-79 —-47 00 48 86 31 33 80 12 71 85 42 40 11
HCOO, H,S 5.0 51 95 56 5.2 65-1.3 08 28-03 15 48 16 41 62 24 25 10
HCOO,HCHO -6.2 —142 25 -6.6 —11.2 -109 -25 -01 14 -10 -0.7 0.1 -29 00 -05 -1.1 -0.7 —-0.9
HCOO", NHs; 5.0 55 82 42 3.6 25-26 -02 32 -18 -10 28 07 38 44 10 1.2-18
HCOO, OH~ 105 153 131 7.6 6.6 7.3 157 181 248 190 176 26.6 14.0 165 203 107 97 7.2
HCOO", SH™ 186 144 248 191 182 222 183 20.1 258 19.7 199 295 157 186 233 126 12.0 117

aThe negative (positive) values indicate the enhanced (diminished) affinity of disubstituted site for a particular TM ion (compared with the
coordination in the monosubstituted sitefror octahedral and square-planar coordination, both cis and trans isomers are caltlrgited.

CH3N=CH2.

ments, and in water. Although the results we present seem toappropriate in (and only in) the comparative studies concerning
support this notion, we believe that their usage as models of the series of identically charged TM ions, as is done in this
deprotonated AA residues is fully justified and possibly more work.
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TABLE 3: Comparison of Stability of Cis and Trans Isomers of [M(H ;0),-2XY]?" Complexes in Square-Planar (SQ) and
Octahedral (OH) Coordination Geometries, Defined asAE is-trans = E([IM(H 20)n-2XY]2")cis — E(IM(H 20)n-2XY]2")trans?

SQ OH

Ct N Ccw  zZnt  C®  Hg* C&*  Ni*  Cw@t ozt CPt Hg?
H,S, HS 02 -04 —11 2.0 3.0 94 -01 -05 —-01 —0.2 0.6 4.6
H,S, HCO 04 -07 -14 -14 -13 -32 -08 -1.0 03 -07 -05 —02
H,S, Imi -01 -03 -23 1.9 2.2 89 -10 -05 0.0 0.3 1.0 6.8
H,S, NHs 02 -06 -13 2.5 34 110 -02 —06 1.1 0.2 1.1 6.8
H,S, SH- 00 -13 -07 2.2 3.6 80 -34 -08 0.6 0.2 2.3 8.8
H,CO, H,CO 08 -—22 -12 01 -02 -03 0.2 1.1 1.8 0.3 0.2 0.9
H,CO, Imi 1.8 1.2 1.4 0.5 02 -13 0.5 00 -19 -06 -03 -17
Imi, Imi 3.0 1.4 1.6 5.6 5.0 14.9 0.8 0.3 3.6 2.3 2.8 11.8
NHs, H,CO 1.1 0.0 04 -13 -09 -13 -08 —08 02 -08 —06 0.0
NHs, Imi 0.7 02 -14 3.8 3.4 120 31 -02 2.7 2.0 2.3 10.2
NHa, NHs 1.6 0.3 0.2 47 48 141 —0.2 0.4 4.9 3.0 2.7 10.8
OH-, H.S -14 -13 -17 2.0 2.5 92 05 1.6 0.5 1.2 2.1 9.5
OH-, H,CO -31 -58 -22 -13 -15 -11 02 -03 0.7 0.3 0.7 1.6
OH-, Imi 2.1 09 —0.1 8.1 8.5 19.4 1.7 0.7 3.8 5.0 5.5 16.7
OH-, NH; 0.2 0.9 0.5 5.9 5.8 15.6 05 -0.2 5.1 5.5 5.7 17.5
OH-, OH~ 11.8 14.7 38 226 221 359 2.7 1.5 9.4 108 125 290
OH-, SH 8.5 80 -04 207 214 343 5.1 43 109 120 127 271
SH-, H,CO -23 -54 05 -02 03 —11 2.0 1.3 0.6 0.8 0.6 0.4
SH-, Imi 06 55 —0.1 8.3 8.1 14.4 0.7 -02 2.6 5.5 6.0 15.3
SH-, NH; 03 -31 —09 8.0 7.4 134 05 -0.7 1.7 6.0 6.1 14.6
SH-, SH- 9.2 9.5 1.3 214 219 334 -10 -05 3.7 92 120 267
HCOO", HCOO 2.6 2.2 2.3 2.2 3.3 6.5 3.2 2.5 5.9 3.5 42 8.4
HCOO", Imi 0.7 0.5 1.9 3.2 3.1 7.7 2.1 1.2 3.5 2.0 1.9 8.1
HCOO", H,S -09 -09 -15 -06 —02 4.1 0.2 00 -0.2 0.4 1.4 5.3
HCOO", HCHO -12 -1.7 -07 -08 —07 01 -02 —07 1.3 -04 —04 0.6
HCOO", NH; -06 -14 -17 0.2 15 8.5 05 -0.1 2.5 0.9 0.9 6.7
HCOO", OH- 1.5 0.1 2.5 45 6.8 14.1 4.9 4.8 7.6 95 109 200
HCOO", SH- 4.9 3.0 2.5 6.9 8.3 13.3 8.6 7.8 87 115 127 206

2 The negative (positive) values (kcal m#l indicate the higher stability of the cis (trans) isomer.

(c) The positive values oAE:,0(M,X,Y) are highest (on (M, X, Y), the cooperative effect is lowest for formaldehyde as
average) for C&" and are followed by those for Bt This the model for the carbonyl oxygen in AA side chains, followed
effect is most pronounced in linear coordination geometry (with by H,S, NH;, CH3sNCH,, and the anionic residues HCOQ
a maximum of AEceodM, X, Y) = 111.9 kcal mot? for OH —, and SH in the order given. However, this order may
[Cu(SHY)). It indicates that the cooperative effect tends to change if the relative scale is employed (i.e., if the above values
modify the overestimated differences in the interaction energies, are divided by the average interaction energy of each functional
Eint(M, X), of single functional groups with the TM ions, which  group that can be obtained from Table 1); therefore, this
have been shown to correlate with the IW series of stability information is qualitative.

constantd® For example, the average interaction enerdigs, Because of the enormous number of studied systems, it is
(M, X), over all amino AA side chains in linear coordination virtually impossible to explain all of the calculated values of
geometry are-212.4 and-169.2 kcal mot* for Ci?* and Zi#T, AEq0dM, X, Y) at the electronic level. Besides, in most cases,
respectively. However, because of the approximately two-fold the differences in interaction energies are too small to prevent
larger cooperative effect exhibited by €uin this geometry, any meaningful analysis based upon the changes in electron

the difference in the interaction energies of two “average” AA densities accompanying the charge transfer from the ligands to
side chainsEin(M, AA 1, AA;), will be substantially less than  metal, the polarizabilities of the ligands, etc. Neither can we
2 x 43.2 kcal mof! (~86 kcal mot?); in fact, they will think of any equation that would account for the computed
probably remain at the former value. For the qualitative values in a simple, concise form. In the context of this article,
explanation of this modification of the IW series, the same the numbers (values okEcodM, X, Y)) themselves are of
reasoning as above can be applied: the stronger bonding of theutmost importance because they represent three-body terms in
functional groups to TM ions (Cti > Hg?* >...) induces the the interaction energies of TM ions in a general metal-binding

larger cooperative effect. site, Eini(M, X4,...,%), and enable us to estimate the specificity
(d) There are quite remarkable differences in the magnitude of a general [MX]%" site for the TM ions, as will be shown
of the cooperative effect for cis and trans isomers of'Hghis below. In the next subsection dealing with the stability of cis

phenomenon will be explained in the section concerning the and trans isomers, we present an example of the analysis of the
stability of cis and trans isomers of the complexes with square- electronic distribution in complexes with ionic character that
planar and octahedral coordination geometries. helps to explain some of the observed trends.

(e) Seven functional groups representing AA side chains can  Comparison of the Stability of Cis and Trans Isomers.
be classified according to their susceptibility to the cooperative Because both the cis (equatorial) and trans (antipodal) isomers

effect as well. If we define&l_Ecoop(Y) as the average dfEcoor of disubstituted complexes were calculated in square-planar and
(M, X, Y) over all six coordination arrangements, six TM ions, octahedral coordination geometries, their molecular energies can
and seven functional groups X, then we obtaiBc.o(Y) = be directly compared, and trends in their thermodynamic stability
4.3, 3.6, 7.0, 4.0, 14.4, 16.1, and 18.1 kcal Mdior H,S, can be established. The values ME¢is—ans defined simply
HCHO, CHNCH,, NH3, HCOO —, OH —, and SH™, respec- as AEgs—tandM, X, Y) = E(M(H20)-2XY]%Nsis —

tively. According to these average absolute valued\Bfoor E(IM(H 20)n-2XY]?")yrans are summarized in Table 3.
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prefers the cis position with respect to all six ligands) can be
observed. Qualitatively, this stability can be explained by the
tendency of mercury(ll) to prefer linear coordination geom-
etry1213.18To provide a more rigorous explanation, the same
analysis as that for zinc(ll) systems has been performed. As
can be seen in Figure 2c and d, there is the analogous charge
transfer from ligands to metal as described above, but it is much
higher for thetrans[Hg(H20),(OH),] complex (in comparison
with the equivalent zinc(ll) system) and approximately the same
for the cis isomers of &t and Hg". It effectuates further
lowering of the molecular energy of the trans isomer and the
increase in the value AE;is trans

(c) The exceptions to the trends described above are copper-
(I1) complexes in square-planar coordination geometry. The
AEcis—wans Value is close to zero, even for species with two
negatively charged ligands. Again, this fact can be explained
on the basis of charge transfer. The differential maps of electron
density for [Cu(HO)(OH),;] complexes are depicted in Figure
2e and f. Whereas for closed-shefl®systems the charge
transfer is along the MO bonds, for copper(ll) molecules, the
electrons of the ligands can be accommodated in partially filled
d orbitals. Thus, a resulting map of electron density becomes
symmetric, and the energies of the cis and trans isomers%f Cu
square-planar systems are equal.

We believe that these analyses help us to understand some
of the observed trends and illustrate the possibilities of how
these effects can be explained at the electronic level (as has

Figure 2. Differential maps of total electron densitiepgr =

P(IM(H20)(0H)z]) — p(Ba(H0)(OH)2) — (p(M(H 20)2") — been mentioned in the previous subsection). However, similar
o(Bq(H:20)4)), of six complexes in square-planar coordination geom- analyses can be successfully employed only if the energy
etry: (&) M = Zn, trans,(b) M = Zn, cis,(c) M = Hg, trans,(d) M = differences accompanying the processes are relatively large, at
Hg, cis,(e) M = Cu, trans(f) M = Cu, cis. least 10 kcal moit.

As can be seemAEqs uans iS in most cases below 2 kcal Persubstituted [MX,]2" Complexes as Realistic Models of

mol~1, which implies that both isomers have approximately Metal-Binding Sites. So far, we have calculated the interaction

equal stability. Still, there are several noticeable trends and €nergies of AA side chains with TM ions and the changes in
exceptions. these energies when the seco_nd fl_JnctlonaI group replaces a water
(a) The first effect that can be observed in almost all systems Molecule from the first coordination shell of a TM ion. In all
is the higher stability of the trans isomers of charged ligands coordination geometries, the reference state is the perhydrated
(OH-, HCOO", SH") and to a lesser extent, of GNCH, complex [M(HO):]** (n= 2, 4, 6), and the interaction energy
(which is the strongest Lewis base from neutral ligands). We 1S defined as the energy of subslt|tut|on.of the respective number
presumed that this effect could be explained on the basis of Of water molecules. It is almost impossible to carry these model
purely electrostatic repulsion between the charged ligands, whichcalculations further, that is, to calculate all combinations of tri-
is approximately 1.4 times higher in the cis position. However, @nd tetra- (for tetrahedral, square-planar, and octahedral geom-
the situation is quite different. WhereAs s yansis about 20 €try), or even penta- and hexa- (for octahedral geometry)
kcal mol for charged ligands in square-planar coordination Substituted complexes with today’s computational power. For
and 10 kcal mot! for those in octahedral coordination, the €xample, the number of chemically distinct trisubstituted
AE'8;¢_ansvalue for ligands without a TM ion is considerably ~ complexes [M(HO)sXYZ] 2* for a single TM ion in octahedral
below 10 kcal mot in square-planar coordination. For example, coordination geometry (and for the set of seven functional
AE s rand BGzn, OH™, OH™) = 4.2 kcal mot? at the B3LYP/ groups that is used in this work) would amount to 280 (cf. 56
BS?2 level or 3.6 kcal molt at the MP2/BS2 level. When  for disubstituted species). Therefore, it remains for us to
looking for alternative explanations, the differential maps of demonstrate how quantitative knowledge of the cooperative
the [Zn(H0)x(OH);] complex in cis and trans configurations ~ €ffect significantly improves the estimated valuesEgk(M,

were analyzed and compared with the reference [Z0(H2* X1,....%n), that is, the relative affinities of the studied TM ions
complex. As can be seen in Figure 2a and b, there is toward a persubstituted metal-binding site. This demonstration
considerable charge transfer from two Olgroups, which is done in two steps.

causes an increase in the electron density along theQHiT In the first step, the calculations &m(M, X4,...,Xn) were

bonds (and a decrease in the electron density along the remainingarried out for seven model [M#¢" complexes (three in
two Zn—OH; bonds), with its maximum approximately 0.2 A tetrahedral, three in square-planar, and one in octahedral
from zinc. It is obvious that this charge transfer is more effective coordination geometry), in which all;Xigands belong to the
for the trans configuration and causes the lowering of molecular set of seven functional groups studied in this work. The same
energy of the trans complexes with two negatively charged computational scheme was used again. The only exception was
functional groups with respect to the cis isomers. that the systems were not assumed to adopt the geometry of
(b) In both square-planar and octahedral coordination geom- zinc(Il) complexes (with the subsequent partial optimization of
etries, the higher stability of the trans isomers of2Hg  only n metal-ligand distances), but all internal degrees of
complexes (with the exception of the®lO ligand that slightly freedom other than the angles at the metal center (fixed at the
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TABLE 4: Calculated Interaction Energies, Eint(M, X1,..., X, calcd), of Persubstituted Sites Containing Ligands X..., X, with
TM lons, Defined by Equation 1, Compared with Their Estimated Values,Ein:(M, X3,..., X5, est), Defined by Equation 3

ce ligands

interaction energy

co Niz+ cwr Zne* CeP Hg?"

TH  HCHO, NHs;, OH-, SH-

HCHO, NH;, SH™, H.S

Imi, H,O, OH", SH™

SQ HS, NHs, Imi, OH-

H2S, NH;, OH~, OH~

H2S, OH", H,CO, HCOO

OH H.S, NH, Imi, OH™, SH, HCHO

Eini(calcd)
ZEin(Xi)
Eini(est)
AE(calc—est)
Eint(calcd)
ZEin(Xi)
Eini(est)
AE(calcd—est)
Eini(calcd)
ZEin(Xi)
Eini(est)
AE(calcd—est)
Eini(calcd)
ZEin(X))
Eint(est)
AE(calcd—est)
Eini(calcd)
ZEin(Xi)
Eini(est)
AE(calcd—est)
Eini(calcd)
ZEn(Xi)
Eini(est)
AE(calcd—est)
Eini(calcd)
ZEin(Xi)
Eini(est)
AE(calcd—est)

—472.6 —481.9 —492.2 —472.4 —460.9 —478.3
—510.0 —527.3 —559.9 —508.2 —499.2 —532.4
—485.8 —494.2 —508.7 —487.1 —475.6 —500.5

13.2 12.3 16.5 14.7 14.7 22.2

—235.5 —2455 —264.0 —232.4 —232.1 —254.2
—244.0 —258.5 —287.6 —246.3 —249.5 —282.2
—238.1 —248.3 —263.6 —239.9 —240.8 —267.7

2.6 2.8 —-0.4 7.5 8.7 13.5

—470.0 —477.9 —490.5 —466.5 —458.4 —475.9
—512.9 —529.8 —562.6 —511.3 —501.5 —535.9
—485.3 —495.0 —511.0 —486.7 —475.5 —500.9

15.3 17.1 20.5 20.2 17.1 25.0

—273.8 —279.9 —286.2 —271.4 —262.0 —285.6
—282.0 —296.8 —303.5 —286.4 —281.0 —321.2
—289.4 —293.6 —301.8 —287.1 —279.2 —303.6

15.6 13.7 15.6 15.7 17.2 18.0

—503.3 —509.7 —505.8 —503.3 —487.1 —511.3
—509.8 —532.9 —529.2 —514.2 —502.3 —549.4
—526.5 —528.8 —532.4 —522.7 —505.6 —532.5

23.2 19.1 26.6 19.4 18.5 21.2

—464.8 —468.1 —461.4 —454.3 —442.2 —450.8
—476.9 —485.5 —489.6 —475.7 —460.3 —489.5
—473.1 —477.2 —477.6 —469.2 —455.6 —474.8

8.3 9.1 16.2 14.9 13.4 24.0

—4055 —403.3 —429.0 4048 —401.2 —432.1
4218  —4392 —479.2 4283 —4284  —4801
—404.9 —403.8 —4243 —406.9 —402.2 —4357

—0.6 0.5 —-4.7 2.1 1.0 3.6

aSums of interaction energies of ligands with TM IoB&;(X;) are listed as well (all values in kcal md). ® CG = coordination geometry, TH
= tetrahedral, SG= square planar, Ol octahedral

d

Figure 3. Optimized structures of five persubstituted complexes:
[Zn(HCHO)(NHs)(SH)(H:S)I*, (b) [Zn(HCHO)(NHg)(OH)(SH)] in
tetrahedral,(c) [Zn(HzS)(NHs)(OH)(OH)], (d) [Zn(H2S)(NHs)(CH;-
NCH3)(OH)]* in square-planar,(€e) [Zn(OH)(SH)(H:S)(HCHO)-

(NH3)(CH3NCHy)] in octahedral coordination geometry.

It should be mentioned that there is no rigorous explanation
for the factor ofl/, in eq 3. It simply determines the weight
with which the cooperative effect is included in the calculation
of Eine(M, X1,..., Xy, est). The factot/,; has been found to yield
the best estimates &n(M, X4,..., X,) and probably effectively
incorporates the role of higher contributions (many-body
interaction terms that can be obtained from tri-, tetra-, etc.
substituted complexes, if it were possible to perform these
calculations).

The results of the calculations are summarized in Table 4.

In octahedral coordination geometry, the difference between
Eint(est) andEn(calcd) ranges from-4.7 to 3.6 kcal moil. In
tetrahedral and square-planar coordination geometries, the values
of Ein(est) are systematically shifted with respect to those of
Eini(calcd). Because we are primarily interested in the relative
values of Ep(M, Xai,..., X,), the difference between the
maximum and minimum ofAE(calcd-est) for a given system
is the most important gauge of the quality of the presumed
hypothesis. The values @fac—est = |miny[AE(calcd-est)]—
maxu[AE(calcd-est)] are 9.9, 13.9, 9.7 (tetrahedral systems),
4.3, 8.1, 15.7 (square-planar systems), and 8.3 kcaf~mol
(octahedral system) and can be considered to be the measure

values corresponding to a particular coordination geometry) wereof the accuracy of the estimated valuesEgf(M, Xi,..., Xy).

fully optimized. The complexes are depicted in Figures-8a

and 4c and e.

Because the seven model complexes contain one or two anionic
ligands and a large cooperative effect is expecteddiscussion

The computed interaction energies were then compared toabove), we presume that they belong to the systems for which

their estimated counterpartSin(est), calculated according to

the equation

En(M, X;,..., X,, est)= Z E.. (M, X)) +

Y ABgodM, X;, X). (3)

it is more difficult to estimate the values &f(M, X1,..., Xn).

For this reason, we consider the agreement between the
calculated and estimated values of complexation energies to be
satisfying and presume that the above values.gf-.stwould

be at the upper limit of the difference betweag(calcd) and
AE(est). Moreover, slightly higher values @f; st calculated

for tetrahedral coordination geometry are caused by mercury-
(1) complexes that are shifted by-@ kcal mol* with respect
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TABLE 5: Comparison of Calculated Interaction Energies, Ein(M, X4,..., X,), Defined by Equation 1 for Small (S) and Large
(L) Representations of Three Metal-Binding Sites: [M(Lys)(Cys)]™ in Linear, [M(His)(Ser)(OH)(Cys 7)] in Tetrahedral, and
[M(Met)(Ser~)(Asn)(Asp~)] in Square-Planar Coordination Geometry?

ligands Cé* Niz*+ cwt Zn?* CPt Hg?*

L: Lys, Cys Ein(L) —326.3 —331.7 —364.0 —320.7 —310.5 —336.8

S: NHs, SH- Ein(S) —306.9 —310.6 —340.6 —302.4 —293.7 —317.4
Eint(L)/Eine(S) 1.063 1.068 1.069 1.061 1.057 1.061

1.06FE;(S) —326.2 —330.2 —362.1 —321.5 —312.2 —337.4

En(L) — 1.06F(S) -0.1 -15 -1.9 0.8 1.7 0.6

L: His, Ser, OH, Cys Ein(L) —478.0 —484.8 —497.3 —473.6 —463.5 —481.8

S: Imi, HO, OH, SH™ Ein(S) —470.0 —477.9 —490.5 —466.5 —458.4 —475.9
Eint(L)/Eine(S) 1.017 1.014 1.014 1.015 1.011 1.012

1.014E(S) —476.6 —484.6 —497.4 —473.0 —464.8 —482.6

Ein(L) —1.014Ei(S) -1.4 -0.2 0.1 —-0.6 1.3 0.8

L: Met, Ser, Asn, Asp Ein(L) —474.4 —476.6 —472.3 —462.3 —445.2 —454.8

S: H,S, OH, H,CO, HCOO™  Ei(S) —464.8 —466.8 —461.4 —454.3 —442.2 —450.8
Eint(L)/Eine(S) 1.021 1.021 1.024 1.018 1.007 1.009

1.016*Ein(S) —472.4 —474.5 —469.0 —461.8 —449.5 —458.2

Ein(L) —1.016%Ei(S) -2.0 -21 -3.3 -0.5 4.3 3.4

a All values are in kcal moft.

to the the values of the other five TM ions, which we point out
because at least in the first stage, this fact can be introduced
empirically into the calculations oEp(Hg, Xi,..., X, for
tetrahedral coordination. As has been mentioned above, if all
of the ligands in the persubstituted site were neutral and the
coordination number was at least 4, the complexation energies
could be approximated by the sum of the interaction energies
of the individual ligands. However, as can be seen in Table 4,
this is not the case for the complexes with anionic ligands, and
the explicit consideration of the cooperative effect significantly
improves the estimated values in comparison withthg(X;)
terms (two-body interaction terms).

Let us briefly summarize the previous paragraphs. We have
shown that the interaction energies of the TM ions witfsites
that are preorganized into certain coordination geometsg (X
belong to the set of seven simple ligands used for the evaluation
of the cooperative effect) can be estimated from knowledge of
the interaction energies of individual functional groups with TM
ions, Ein(M, X), and of the cooperative effecEcoodM, Xi,
X;) with reasonable accuracy if the relative scale is applied.

In the second step, the correspondence between the interactiol
energies calculated for two representations of metal-binding sites
is studied. In the first (small) representation, the AA side chains Figure 4. Three pairs of corresponding model systems used for the
are represented by simple ligands from the set of sevencomparison of small and large representations of metal-binding sites
functional groups, whereas in the second (large) representation;n metalloproteins: (&) [M(NH3)(SH)I" and (b) [M(Lys)(Cys)]* in
whole AA side chains (capped by hydrogens) are used. For linear, (c) [M(CHsNCH)(H,0)(OH)(SH)] and(d) [M(His)(Ser)(OH)-
example, the side chain of Met is depicted bySHn the small (ﬁya)]t 'g tetr:hecj;‘:"" (&) M(H ZS)(OT)(%CO)(';F:OP)] and (f)t
representation and by GBH,SCH; in the large representation. M(Met)(Serj(Asn)(Asp)] in square-planar coordination geometry.
Three pairs of corresponding model systems are [M{k&H)[+ the important observation is that their ratios remain almost
and [M(Lys)(Cys)]* in linear (denoted as pair 1 and depicted constant over the six TM ions (1.057.069 for pair 1 in linear,
in Figure 4a and b), [M(CBENCH,)(H,O)(OH)(SH)] and 1.011-1.017 for pair 2 in tetrahedral, and 1.00%.024 for pair
[M(His)(Ser)(OH)(Cys)] in tetrahedral (pair 2, Figure 4c and 3 in square-planar coordination geometry)EJf(S) is scaled

d), and [M(H:S)(OH) (HCO)(HCOO)] and [M(Met)(Ser)- by the average oEix(L)/Ein(S), we obtain values that differ
(Asn)(Asp)] in square-planar coordination geometry (pair 3, by —1.9 to 1.7 (Lin),—1.4 to 1.3 (TH), and-3.3 to 4.3 (SQ)
Figure 4e and f). kcal mol! from the computed values &in(L). Therefore, a

The same computational scheme as that used in the previousrery nice linear relationship between the two representations
step has been adopted (i.e., full optimizations for all systems, has been established (for €dand Hg" in square-planar
with only the angles at the metal center fixed at the particular geometry, namely, the [M(Met)(Se(Asn)(Asp )] complex and
coordination geometry). The only exceptions were linear the corresponding small representation, the agreement is slightly
systems, [M(NH)(SH)T*, [M(Lys)(Cys)]", where the angles  worse (see the last row of Table 5), which might be caused by
S—M—N at the metal center (18Dhave been optimized, as the more complicated binding modes of carboxylate residites).
well. The resulting structures only slightly deviate from linear What are the consequences of this finding? Let us suppose
coordination geometry (SM—N = 173—177). The calculated that the target structure is a real metal-binding site in a
interaction energies for all systems are listed in Table 5. metalloprotein in a given coordination geometry. The specificity

As anticipated, the values d (L) and Ei(S) differ, but of a given site is determined by the differences in the stability
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constants of individual TM ions (i.e., bGP for the process (M, X, Xj) are applied. The second problem with this strategy
of desolvation of the TM ion, its subsequent in vacuo com- stems from the propagation of computational errors that are
plexation in the metal-binding site, and solvation of the entire present in each value d&(M,Y) and En(M, X,Y). If the

[metal-biomolecule] complex AG® = AG%%esory + AGC + calculated value of the denominator in eq Ex(M, Xi)| +
AG%q1)). AG%%esoivis the quantity inherent to each TMion and  |Ein(M, X))|, is close to zero, thepeoodM, Xi, Xj) can be quite
is independent of the particular site. On the other ha@ls, large, owing to the inherent computational error-@L kcal

of the entire complex can be considered to be constant (for themol™1) in each of the calculated values. Then, |[Ei{(M,Y})|
given site) in series of TM ions with the same charge and + |En(M,Y))|) for a large representation (whole AA side chains)
coordination number. Therefore, if we are interested in the differs from zero, the error in the estimatéd.,odM,Y,Y))
relative specificities (i.e., the differences in the binding of value can be enormous.
individual TM ions in the particular site)AG® could be Because we consider the agreement between the estimated
reasonably approximated G%,. Furthermore, if the entropy ~ and calculated values of complexation energies and the cor-
contributions are considered constant, which is a plausible respondence between the small and large representations of a
approximation, and if the above conditions are fulfilled, then particular metal-binding site to be the most important findings
AGY%, is equal (allowing for a constant) #8ES%, the in vacuo of this work, the whole procedure for estimating the complex-
complexation energy of the TM ion in the site. The comparison ation energies of the ions in general metal-binding sites will be
of small and large representations demonstrates that for the giverbriefly recounted:
site En(M, X1,..., Xy) can have a linear relationship witkE0,, (i) Represent a metal-binding site in a metalloprotein by a
a value unattainable by any experiment or quantum chemical complex [MX,]2", where all the Xs belong to the set of seven
calculations. This presumption has been ascertained to the levekimple functional groups (OH, H,S, SH~, HCHO, HCOO,
of representing the metal-binding site in a protein with full AA  NHs, and CHNCH,), and assign the target coordination
side chains. Taking into account all these considerations, thegeometry.
effects of the environment (solvation, protein bulk) on the values (i) From the data in Table 1, calculate the sum of the
of the relative affinities are negligible. On an absolute scale, interaction energiesXE(Xi), for all ligands (for R-OH
which is especially applicable to anionic ligandsG° will residues, represented by,®| the interaction energy is
significantly differ from AE®,, but they will be in a linear Zero).
relationship for the series of TM ions discussed in this article (i) For all pairs of the participating functional groups,
(although coefficients may differ from site to site). calculate the sum of the energies quantifying a cooperative
Moreover, it has been demonstrated that the estimatégof ~ effect, AEc,0dM, X, Y). These values are to be found in Table
(M, Xj,..., Xn) for small representations can be calculated to 2. Add this value ofAEc., multiplied by the factorf = 1
good accuracy from the values of the interaction energies of (linear) or; (tetrahedral, square-planar, and octahedral coor-
individual functional groups with TM ions and quantitative dination geometries) t&E;(X;) calculated in (ii), and obtain
knowledge of the cooperative effect, thus a large number of the estimates of the complexation energies of TM ions in this
metal-binding sites can be readily scanned for their selectivity site with a relative accuracy-515 kcal moft, which is the

toward the six TM ions from our data. average error bar that has been found for seven model systems
It should be noted that we have also tested the secondcomputed in this work.
alternative route to accurate estimate€gf(M,Y 1,...,Yn). The (iv) For further refinement of these values, data listed in
values ofEn(M,Y1,...,Yy, est) are calculated according to the Tables 2-5 in the preceding articlécan be used. These Tables
equation contain the interaction energies of the whole AA side chains
with the TM ions and yield information that may be used to
En(M, Y,,..., Y, est)= Z E. (M, Y, +f Z Peoop discern small differences in the binding of AA residues
[ <] represented by the same simple functional groups (e.g., His

(M, X, X)(IEnM, Y)) | + [E(M, YD), (4) bound by N and Ne, Asp vs Glu, or AA side chains containing
a hydroxyl group (Ser, Thr, Tyr)).

wheref = 1 for linear and"; for other coordination geometries Comparison of the Complexation Energies of the TM lons
(see the discussion above);'srare whole amino acid side  with the Stability Constants in the Metal-Binding Sites of
chains, and Xs are the corresponding functional groups from Metalloproteins. To ascertain the credibility of the computed
the small representations (e.g.2S1for Met, HCHO for Asn  data and further verify the above hypothesis about the linear
and GIn, etc.). In this way, it is assumed that the cooperative relationship betweeAE%,; andAG?, we correlated the estimated
effect is (on a relative scale) equivalent for small and large or calculated complexation energies with experimentally deter-
representations of amino acid side chains. However, this mined stability constants of TM ions in metal-binding sites of
approach has yielded worse results than the above- describednetalloproteins. The relevant experimental data can be found
strategy. We can think of two reasons. First, when using a small for carbonic anhydrase (C&)and carboxypeptidase A (CP-
representation, all the ligands (including nonsubstituted water DA).33 Because the stability constants were measured in aqueous
molecules) are approximately the same size, and the complex solution, the reference state for each metal ion is its hexahydrate
as the model of a more complex metal-binding site, is well- complex, [M(HO)s]2". The hypothetical process of the com-
balanced. On the other hand, when we use the interactionplexation of a particular TM ion in an (X site is then

energies of whole amino acid side chai&g:(M,Y), acquired (schematically)

from the calculations of [M(0)n-1Y]2" complexes, they may ot ot

be exaggerated for large functional groups such as Lys and Tyr M(H0)e™ 35~ [M(H,0)” + (6 — mH,0
(induction effect of alkyl or aryl groups) because the remaining

n — 1 water molecules are small ligands and the complex is IM(H,0).J*" + nX — nH,0 2~ [MX J#

not well-balanced on the side of the ligands. Then, the
cooperative effect, calculated for a small representation, does The values ofAE; can be found in Table 1 in the preceding
not improve the deficiency, even if the relative valuepgby article of the seriesHon(M) — Ecm(M)),*8 whereasAE; is the
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TABLE 6: Comparison of the Estimated (Calculated) charge transfer from ligands to a metal ion. This finding is
,\C/Iomrl)'gxac}!on Ef‘erg'?s_rw'thl\}lhe ﬁtab'“ty. Corestatr)lts for noteworthy because the higher stability of the trans isomers of
etal-Binding Sites of Two Metalloproteins—Carbonic the complexes containing anionic ligands is often explained
Anhydrase and Carboxypeptidase - . . ;
purely on the basis of the electrostatic repulsion of the ligands.

carbonic anhydrase carboxypeptidase A We have shown that it is the above-described charge transfer
TMion  AE(kcalmol?)  Ke®  AE(kcalmol?)  Kex? that is the basis of this phenomenon. This part of our work can
Cot —2483 7.2 —123.8 7.7 be pursued further and analyzed in more detail, but because it
Niz* —237.3 9.5 —124.7 9.9 is not the main focus of this article, we have restricted it to
Cwt —258.1 11.6 only three representative pairs of complexes.
Zn?t —248.9 105 —139.1 10.2 (iii) It has been shown that the complexation energies of TM
Cet —237.1 9.2 —147.9 11.0

ions in a persubstituted metal-binding site of a general formula
[MX]2" (Xi's are simple ligands representing AA side chains

2 Ref 32.P Ref 33 (the values for cupric complexes are not available). — QH =, H.S, SH~, HCHO, HCOO™, NHs, CHsNCH,) can

be estimated to a good accuracy from the interaction energies
of these functional groups and the quantitative knowledge of
cooperative effect.

(iv) Very good correspondence between small (vide supra)
and large (Xs are whole AA side chains) representations of
metal-binding sites has been established, which implies that a
very large number of mononuclear metal-binding sites contain-
ing TM ions can be readily scanned for their selectivity toward
these ions from the computed data.

(v) Good correlation between the complexation energies of
TM ions in metal-binding sites of carbonic anhydrase and
carboxypeptidase A and the experimentally determined stability
constants of TM ions in these sites has been found, which
implies that metal ion selectivity is determined, to a great extent,
by the local structure and energetics of the particular metal site.

in the metal-binding site of carbonic anhydrase is reproduced. The advantage of the adopted mc_)del Is that a very Iar_ge
number of systems have been studied, and their interaction

We would like to use these results as supporting evidence forenergies have been compared. This model enabled us to

our hypothesis that the complexation energies of a series of TM X . .

: . . calculate the energy-derived properties on a relative scale and
lons with the same charge are, to a great extent, determined byalso resulted in the cancellation of errors in the computational
the structure of the first coordination sphere and to demonstrate rocedures. We believe that only in this way can manp rincioal
that data published in this article can provide the entire P ; Y y Y princip

- - h . - ' obstacles (e.g., different relative permittivities in vacuo, in
community of bioinorganic chemists with rough estimates of biomolecules, and in water solutions, which makes the direct
the relative order of stability constants of the TM ions in ’ y

mononuclear metal-binding sites of metalloproteins. extrapolatiqn of ab inito rt_esylts to realistic chemical systems at
least questionable) be eliminated.

On the other hand, it must be stressed that the model is limited
to mononuclear metal-binding sites in biomolecules because the

(i) The cooperative effect accompanying the simultaneous structures of polynuclear TM systems are determined to a large
substitution of two functional groups for water molecules in extent by the character of metahetal bonds. Furthermore, the
reference perhydrated [M@®),]2" complexes and the non-  model does not consider any steric restrictions upon the side of
additivity in corresponding physical quantities, namely, the ligands (e.g., the fact that AA side chains binding to TM ions
interaction energies, have been quantitatively evaluated. Thisin metalloproteins are linked by a polypeptide chain). However,
effect is often mentioned as playing a nonmarginal role in many it has been shown by quantum chemical calculations that this
chemically important systems (not only TM complexes), but to so-called entatic effect is not so important for the chemical and
our knowledge, we present the first systematic study that physical properties of metal-binding sitede; therefore, we
considers a large series of TM ions and biologically relevant pelieve that our conclusions (metal ion selectivities) can be

ligands. The effect is fairly small (less than 2 kcal m9lfor transferred to a metalloprotein sites without a great loss of
neutral ligands and coordination geometries other than linear, accuracy.

which means that the complexation energies of TM ions in
neutral metal-binding sites can be estimated from the published = Acknowledgment. This work was supported by projects
interaction energies of individual AA side chains with TM ions. LNOOA032 (Center for Complex Molecular Systems and
However, the effect is of a nonnegligible magnitude for Biomolecules) and Z4055905 and grants 203/01/0832 (GA CR)
negatively charged ligands and linear coordination geometry, and A4055103/01 (GA AV CR). CPU time on Origin 2000 at
which has been explained by the effective strength of the MU Brno (project MetaCentre) and NEC-SX4 at CHMI (grant
interaction between TM ions and ligands. This finding implies no. LB98202, project INFRA2 of MSMT CR) is gratefully
that the usage of force-field approaches (including, in most of acknowledged. We also thank one of the referees who brought
their functional form, only two-body nonbond interaction terms) to our attention two experimental papers dealing with the
for studies of the energetics of TM systems is erroneous. stability constants of carbonic anhydrase and carboxypeptidase
(ii) The stabilities of cis and trans isomers of complexes in A,
square-planar and octahedral coordination geometries have been
calculated, and the observed trends have been explained on the Supporting Information Available: The geometries of all
basis of the changes in electron distribution accompanying the complexes (1236 systems) optimized according to the

Hg?* —260.3 215 —192.0 22.0

interaction (complexation) energiin(M, Xi,..., X,) whose
calculation or estimation is the central subject of this work. The
straightforward application of this scheme to the tetrahedral (His,
His, His, OH™) site in CA (with AE, estimated) and the linear
(His, SH ™) site of CPDA (withAE; calculated) leads to the
results summarized in Table A = AE; + AE).

It can be seen that the experimentally determined order in
stability constants (HJ > CW2+ > zZn?t > Cd**, Ni2t> Co?**
for CA; Hg?t > Cd*+ > Zn?™ > Ni2t> Co?*" for CPDA) is
qualitatively well-reproduced by theory (Fig> Cw?™ > Zn?*
> Co?" > Cd, Ni?t for CA; Hg?™ > CP™ > Zn2+ > Ni2t>
Cc?t for CPDA), with only one exception of a €bion in the
CA site whose complexation energy is slightty§ kcal mol?)
overestimated. Quite remarkably (considering the simplicity of
the model system), even the equal stability of'Nand Cd*

IV. Conclusions



3866 J. Phys. Chem. A, Vol. 106, No. 15, 2002

described procedures at the B3LYP/BS1 level and their
molecular energies in hartrees computed at the B3LYP/BS

level (for both [MX,]2" and [BguXn]2" systems). This material
is available via the Internet at http://pubs.acs.org.
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