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We have employed correlated ab-initio and density functional theory (DFT) calculations to elucidate
the selectivity of the interactions between chelators, which include —N—(CH,—CO0O"), fragments
and which coordinate di- and trivalent transition metal atoms and amino acids, with electron donor
residues (histidine, cystein, methionine). The aim of the study is to initiate compilation of a database
for such interactions based on the results obtained from the calculations. We found that an optimal
(reliable and yet not too computationally damaging) approach for obtaining accurate interaction
energies between chelators and amino acid residues involves an equilibrium geometry calculation
atthe DFT/6-31G* (for C, N, O, S, H atoms)/VTZ (for metal atoms) level of theory followed by a MP2
energy calculation performed at the DFT equilibrium geometry with the aug-cc-pVDZ|VTZ basis
set. The most accurate interaction energies were obtained when the water molecules belonging to
the first coordination sphere were included in the calculations. Also, accounting for the zero-point
vibrational energy correction and the basis set superposition energy correction aided the accuracy
of the calculations. The interaction energy calculations performed for the chosen set of chelators,
metal ions (Zn**, Co?*, Fet, Ni*, Cu2*, Pd2*, Cd2+), and amino acid residues allowed us to
elucidate the selectivity of the interactions.

Keywords: Chelator, Selectivity, Transition Metals, Hystidine, Cystein, Methionine, 1DA
Quantum-Chemical Calculations.
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1. INTRODUCTION

main attention in the present work is paid to two systems:
IDA (iminodiacetic acid)-Cu(Il), which has a high affinity

The main target of this work is the interaction between to histidine® 715119 and NTA (nitrilotriacetate)-Ni(IT),

F101LHY HOHV3IS3H

metal-loaded chelators and amino-acids-carrying residues
that are able to form strong bonds with d and/or f metal
ions. There is growing interest in these systems due to
their importance in numerous applications such as: pro-
tein immobilization and purification,'® DNA immobiliza-
tion,® and the development of nanoscale biosensors,% 4
and electronic devices.’ !¢ The basic idea of the applica-
tions is combining of unique physical and mechanical
properties of the nanoscale materials with specificity and
sclectivity of the intermolecular interactions of biclogical
molecules.

Although the number of possible combinations of var-
ious chelators, metal ions, and amino acids is large, the

*Author to whom correspondence should be addressed.
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which is able to coordinate multihistidine tags.' - 10-15.20-22
Other less frequently used chelators and metal ions are
ADA (N-(2-acetamide)-iminodiacetic acid),”? DPA (di-
(2-picolyl) ~ amine),’*?” TREN  (tris(2-aminoethyl)-
amine), %30 Zn(I),» 731 Fe(ID),* Co(IT),7-11:23.29-31
Pd(ID), Cd(II),*> Mn(I),>° Zr(IV),”® Hf(IV),® as well
as some lanthanides (Sm, Eu, Gd, Th, Ho, P1r).3*% In
spite of the numerous experimental studied of the metal
loaded chelators the theoretical investigations of these
systems are very limited. Taratiel et al.*® applied multi-
configurational perturbation theory (CASPT2) to study
the ferromagnetic coupling in systems including transi-
tion metals and TREN. Also the electronic spectra of
the ligated IDA-Cu complex were studied by means of
the configuration interaction (CIS) method.*” The lack

doi:10.1166/jctn.2006.006 1
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of balance between the available extensive experimental
studics and the limited theoretical studies may be due
to several reasons which have hampered application of
computational methods to study chelator systems. First,
only high level quantum chemical methods accounting
for electron correlation energy are adequate to describe
the interactions in the transition metal containing chelat-
ing systems. Secondly, these systems are usually large
and they take significant amounts of computer time to
calculate, Thirdly, the influence of the solvent should be
taken into account in the computational model in order to
adequatcly describe these systems. As a result the detailed
information about selectivity of the interactions between
chelators and ligands (amino acid residues are among the
most frequent ligands) has not been obtained using the
computational methods at adequate levels of theory.

Recently we presented an ab-initio computational
approach directed towards building a data base of immobi-
lized ligands targeting proteins.®® The interaction between
histidine and IDA chelator attached to the gold surface and
loaded with different divalent metal ions was studied using
the Density Functional Theory (DFT) method. We found
that the strength of the interaction is neither very sensitive
to removing the gold surface from the calculated model
nor to removing the alkyl chain connecting the chelator to
the surface.

The main goal of the present work has been to deter-
minc the selectivity of intermolecular interactions in the
chelator-metal-amino acid complexes for the most com-
mon chelators and the commonly used transition metals.
To achieve this goal we first determined which quan-
tum chemistry methods are capable of correctly predict-
ing the selectivity of the interactions between chelators
containing transition metals and the amino acids residues.
To accomplish that we performed a series of test cal-
culations of the interaction energies for some chelators,
metal atoms (Zn>*, Cd**, Fe?*, Ni?*, Cu?*, Pd**, Cd*t),
and amino acids (histidine, cysteine, methionine which are
modeled by imidazole, CH,CH,SH and CH,CH,SCH;,
respectively). Next, based on the results of the calcula-
tions, we determined the optimal level of theory which is
the least computationally expensive yet able to correctly
predict the interaction energies. In this analysis we per-
formed calculations using various methods (DFT, MP2,
MP4), as well as basis sets (Ahlrichs’ VTZ, Stuttgart RSC
1997 ECP) for metal atoms and the 6-31G*, aug-cc-pVDZ,
aug-cc-pVTZ basis sets for C, N, O, S, H. Another issue in
the analysis was to select a realistic molecular model for
the studied systems to be used in the calculations. In the
process of identifying such a model calculations were per-
formed for simple chelator-metal-amino-acid systems, as
well as for systems including up to 34 water molecules sol-
vating the complex. Additional calculations have also been
performed for solvated chelator systems using the Polar-
izable Continuum Model (PCM) representing the aqueous
cnvironment.
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Table I. Basis sets used in calculations.

Basis set Atoms: Atoms: Fe, Ni, Atoms:
abbreviation CNOSH Co, Cu, Zn Cu, Zn, Pd, Cd
BS1 6-31G* Ahrlich’s VTZ —

Refs. [42]-[44]  Ref. [48]
BS2 aug-cc-pVDZ Ahrlich’s VTZ —

Refs. [45]-[47]
BS3 aug-cc-pVTZ Alulich’s VTZ —

Refs. [45]-[47]
BS4 6-31G* —_ Sttutgartt RSC 1997

ECP Refs. [49, 50]

2. COMPUTATIONAL DETAILS

The geometries of the studied systems were first fully
optimized at the DFT level of theory. The DFT calcu-
lations were carried out with the three-parameter density
functional, usually abbreviated as B3LYP, which includes
Becke’s gradient exchange correction,® the Lee, Yang,
Parr correlation functional*® and the Vosko, Wilk, and
Nusair correlation functional.** The geometries of sev-
eral selected systems were also optimized at the MP2
level. Next, harmonic frequency calculations were per-
formed for the equilibrinm DFT geometries and the fre-
quency results were used to account for the zero-point
vibrational energy (ZPVE) correction. Additionally, sin-
gle point energy calculations were performed at the MP2
and MP4 levels of theory for the DFT geometries and
at the MP4 level for the MP2-optimized geometries. In
the calculations we used four basis sets denoted as BS1,
BS2, BS3, and BS4, respectively. They are described in
Table 1. We used the Ahlrichs’ VIZ and the Stuttgart
RSC ECP 1997 basis sets since they are available for
most of the transition metal atoms. Calculations were
also performed for the complexes with addition of one
to seven water molecules. To more accurately account
for the solvation effects we also employed the PCM
method.”*>* All interaction-energy calculations were per-
formed with accounting for the BSSE correction using
the standard counterpoise correction method.> All calcu-
lations were performed using the Gaussian 03 quantum
chemistry package.>

3. RESULTS AND DISCUSSION
3.1. Lowest Energy Electronic States

The common problem in a computational study of transi-
tion-metal-containing compounds is finding their lowest-
energy electronic states. In the present calculations we
first needed to determine the lowest-energy electronic state
of the metal ion chelated in a particular moiety. This
determination involved comparing the energies of the sim-
ple neutral IDA-Me(II) systems (Fig. 1) containing differ-
ent metals. Thus, for each metal complex we performed
calculations for three electronic states: singlet, triplet,
and pentuplet for systems with even number of electrons

J. Comput. Theor. Nanosci. 3, 1-10, 2006
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Fig. 1. Structure of the metal-containing chelator iminodiacetic acid
(N—blue, O—red, C—grey, H—white).

(Me = Fe(Il), Ni(IT), Zn(1I), Pd(TT), Cd(I1)), and doublet,
quadruplet, and sextuplet for systems with odd numbers
of electrons (Me = Co(Il) and Cu(1l)). The energies were
calculated for geometries fully optimized at the B3ALYP/B1
(Me = Fe, Co, Ni, Cu) and B3LYP/B4 (Me = Cd, Pd)
levels of theory. The resulting energies are collected in
Table II. We found that the electronic states with the lowest
energies are all singlets for the Zn, Pd, and Cd complexes;
all doublets for Cu complexes; all triplets for Ni com-
plexes, all quadruplets for Co complexes, and all pentu-
plets for Fe complexes. We were not able to determine the
energies for the sextuplet states of the IDA-Co and IDA-
Cu complexes since these systems are not stable. Next we
verified the results by performing additional calculations
for each system using the CIS/BS1 method. The obtained
multiplicitics were used in further calculations for all met-
als except Fe. For Fe we found that addition to the IDA-
Fe(IT) system of a ligand may change its lowest-energy
electronic state to a triplet.

3.2. Level of Theory and Basis Set Variations

As we stated above, our aim in this work is to develop
a database for the chelator-metal-protein interactions.

Table I1.
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Fig. 2. Structure of the IDA-Cu-IM complex.

Accomplishing this task requires performing numerous
calculations. Thus in the first step of the study we focused
on determining an optimal strategy for such calculations.
By ‘optimal’ we mean as accurate as possible yet not (0o
computationally expensive. More specifically we needed to
chose an approach including a quantum chemical method
and a basis set which are capable of providing accurate
structures and harmonic frequencies (which are necessary
for accounting for ZPVE correction) of the studied com-
plexes, as well a method/basis set combination which is
capable of predicting accurate interaction energies calcu-
lated for the geometries obtained in the first step. In the
analysis we compared the accuracy of the B3LYP/BS1
and MP2/BS1 methods for geometry optimization, and the
accuracy of the B3LYP, MP2, and MP4(SDQ) methods
with different basis sets listed in Table I in the interac-
tion energy calculations. The calculations were performed
for the IDA-Cu-IM complex (Fig. 2). Imidazole (IM) in
this complex models the histidine side chain.®® The inter-
action energies were calculated for the following process:
IDA-Cu + IM — IDA-Cu-IM. The interaction energies
(BSSE and ZPVE corrected) obtained in the calculations
are collected in Table III.

As seen from Table III, the interaction energies calcu-
lated for the B3LYP/BS1 and MP2/BS1 geometries are

Energies (a.u.) of different electronic states at fully optimized structures of the IDA-Me(I1) complex calculated at the B3LYP level of theory.

The 6-31G* basis set was used for C, N, O, and H atoms. Ahlrich’s VTZ basis was used for Fe, Co, Ni, Cu, and Zn atoms. The Stuttgart RSC 1997

ECP basis set was used for Pd and Cd atoms.

Multiplicity
Metal 1 2 4 5 6
Fe —1892.7343378 — —1892.7705146 — —1892.7964271 —
Co — —2011.8371255 —2011.8414357 - N/A®
Ni —2137.3795124 — —2137.3875483 — —2137.2382451 —
Cu — —2269.5490731 —2269.3866848 — N/A®
Zn —2408.4217231 — —2408.3246363 — —2408.1712338 —
Pd —756.9491239 — —756.9249084 — ~756.7733393 _—
Cd —796.8170353 — —796.7765345 — —796.6356741 —

?System is not stable. Energies calculated for IDA-Co and IDA-Cu sextuplet states using quadruplet (IDA-Co) and doublet (IDA-Cu) geometries are —2011.6702938 and

—2269.1587814 a.u., respectively.

J. Comput. Theor. Nanosci. 3, 1-10, 2006

310114V HOHVY3IS3H



RESEARCH ARTICLE

Selectivity of the Chelator-Protein Interactions: A High Level Quantum Chemistry Study

Table ITI. Interaction energies (kI/mol, ZPVE, and BSSE
corrected) obtained for the IDA-Cu(II)-Im complex at different
levels of theory using different basis sets.

Geometry
Method B3LYP/BS1 MP2/BS1
B3LYP/BS1 —121.72 —123.43
B3LYP/BS2 —128.27 —-129.25
B3LYP/BS3 —128.43 —129.58
MP2/BS1 —147.75 —145.34
MP2/BS2 —158.06 —154.49
MP4/BS1 —145.67 —143.65

similar and the results do not depend much on the method
and on the basis set used in the calculations; the difference
is only about 1-3 kJ/mol. This value is within the standard
error of the B3LYP method. This indicates that the B3LYP
method is able to predict structures with similar accuracy
as the MP2 method which is much more computationally
cxpensive than B3LYP. Thus we concluded that the MP2
optimization can be avoided and replaced by the B3LYP
optimization. In Table IV we compare selected structural
parameters of the IDA-Cu-IM complex obtained at the
B3LYP/BS1 and MP2/BS1 levels of theory. It can be seen
that the geometries predicted by both methods are very
similar. The differences are within 0.02 A for the bond
lengths, 0.5 degrees for the bond angles and 3 degrees for
the dihedral angles. This confirms the ability of the B3LYP
method to accurately predict the geometries of chelator-
transition metal complexes.

Unfortunately the lack of experimental data on the IDA-
Cu-IM structures precludes direct comparison between the

Table IV. Selected structural parameters (angstrom and degrees)

of the IDA-Cu-Im complex fully optimized at the B3LYP/BS1 and
MP2/BS1 levels of theory. Atom numbering is shown in Figure 2.

Method
Parameter B3LYP/BS1 MP2/BS1
Bond lengths
Cu-N, 2.025 2.000
Cu-0,, 1.907 1.894
Cu-0,, 1.914 1.899
Cu-N,g 1.975 1.963
C,5-0y 1.307 1.313
Ci5-Oy 1.307 1.314
Angles
Ny-Cu-O,, 85.89 86.10
No-Cu-0,, 85.70 85.91
N,5-Cu-0O,, 95.13 94.82
Ny5-Cu-0,, 93.31 93.22
C15-05-Cu 114.95 114.84
Ci5-0,,-Cu 114.96 114.93
Dihedrals
No-Cu-0,,-C s 17.61 15.69
N,-Cu-0,,-Cy4 —17.86 —15.70
Np5-Cu-0,4-C5 —163.94 —167.09
Nys-Cu-0,,-Cy 163.73 167.09
044-C,5-0,5-Cu 175.82 178.49
0,,-C5-0,,-Cu —175.31 —178.19
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Fig. 3. Structure of the ADA-Cu-IM complex.

observed and the predicted structures. However we can
use the available results of the X-ray diffraction study of
the ADA-Cu-IM complex (ADA = N-carbamoylmethyl-
iminodiacetic acid)®* which is similar to the IDA-Cu-IM
complex (Fig. 3) to make a comparison. In the comparison,
the geometry of the ADA-Cu-IM complex was fully opti-
mized at the B3LYP/BS|1 level of theory and the calculated
structure, as well as the experimental data are presented
in Table V (only for the Cu environment). As it is seen,
both sets of parameters are in good agreement. It should
be remembered that the observed structure is disturbed by
strong intermolecular interactions in the solid ADA-Cu-
IM. The mean differences for the bond lengths and for the

Table V. Selected structural parameters (angstrom and degrees)
of the ADA-Cu-Im complex calculated at the B3LYP/BS1 level of
theory. Atom numbering is shown in Figure 3.

Parameter Observed® Calculated

Bond lengths
Cu-Oy 1.943 1.926
Cu-N,, 1.960 1.976
Cu-0y 1.964 1.926
Cu-N, 2.040 2.058
Cu-0p, 5.3 2.407

Angles
0,-Cu-N,, 98.03 95.33
0,-Cu-Oy4 162.45 164.83
0,5-Cu-N,, 94.55 93.03
0,-CuN, 83.80 84.27
0,-Cu-0,, 103.25 103.68
N,,-Cu-O,, 93.25 92.74
0,,-Cu-Oy 88.12 86.49
N,-Cu-O,, 82.56 79.45

J. Comput. Theor. Nanosci. 3, 1—10, 2006
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bond angles calculated for the whole set of the structural
parameters are 0.02 A and 1.4°, respectively. The compar-
ison demonstrates that the B3LYP/BS1 method is capable
of accurately predicting the geometries of chelated transi-
tion metal systems.

On other hand the data presented in Table III demon-
strate that the interaction energy significantly depends on
the method and the basis set used in the calculations.
Increasing the basis set size from BS1 to BS2 gives a low-
ering of the energy by 6.55 kJ/mol at the B3LYP level and
by 10.31 kJ/mol at the MP2 level. However further increas-
ing of the basis set to BS3 leads only to a small energy
change. The difference between the interaction energies
calculated at the B3LYP/BS2 and B3LYP/BS3 levels of
theory is only 0.16 kJ/mol. This demonstrates that the BS2
basis set (aug-cc-pVDZ for hydrogens and second row
atoms; Ahlrich’s VTZ for metal atoms) is adequate for the
calculations performed in this work.

The comparison of the interaction energies (Table III)
obtained at the different levels of theory (B3LYP, MP2,
MP4(SDQ)) demonstrates an important difference between
the B3LYP and MP2 calculations. MP2/BS1 and MP2/BS2
interaction energies are lower than the corresponding
B3LYP energies by 26.03 and 29.79 kI/mol, respectively
(for the B3LYP/BS1 geometry). On the other hand the
same difference between MP2/BS1 and MP4(SDQ)/BS1
interaction energies is only 2.08 kI/mol. It means that
the accuracy of the MP2 method is probably sufficient to
predict correct interaction energies in the chelator-metal-
amino acid complexes.

In conclusion, we can say that the optimum approach
to study the energy selectivity of the interactions between
transition-metal-containing chelators and amino acids
needs to include: (a) a geometry optimization performed at
the B3BLYP/BS1 level of theory, (b) a single-point energy
calculation at the B3LYP BS1 geometry performed at the
MP2/BS2 level of theory. Further increasing of the basis
set size or utilization of a more precise computational
method is likely to lead to an insignificant increase of the
accuracy of the calculated energies at the expense of a
considerably larger use of computer resources.

3.3. Models

Next issue which needed to be addressed in the study was
choosing an appropriate molecular model to realistically
describe the chelating process. The main problem here was
accounting for the influence of the solvent (water) on the
interaction energy between the chelator and the amino acid
residue. To solve this problem we tested several models, We
started from the simplest one which corresponded to the gas
phase interaction. Next we gradually increased the level
of complexity of the model by: (i) explicitly adding water
molecules and increasing their number, (ii) accounting for
the presence of the solvent using the continuum-model cal-
culations, (iii) combining the approaches (i) and (ii).

J. Comput. Theor. Nanosci. 3, 1-10, 2006
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Table VL. Interaction energies (kJ/mol) calculated at the B3LYP/BS1
level of theory for the IDA-Cu-IM complex using Models 1-5.

IDA-Cu-IM IDA-Cu-W
(Models 1-3) or (Models 1-3) or
IDA-Cu-IM-6W IDA-Cu-W-6W
(Models 4-5) (Models 4-5) AEnsw
Model 1 —121.72
Model 2 -121.72 —69.29 —52.43
Model 3 —90.59 =57.37 —33.25
Model 4 —130.89 —=73.17 —57.72
Model 5 —95.04 —59.06 —35.98

We tested the reliability of the models using the same
complex as in the previous section, namely IDA-Cu-IM
(Fig. 2). The geometry of the complex for each model was
first fully optimized at the B3LYP/BS1 level of theory and
the interaction energies were calculated with the BSSE and
ZPVE corrections. All calculated interaction energies are
presented in Table VI.

In Model 1 the interaction energy was calculated as
a difference between the energy of the Chelator-Metal-
Amino Acid (AA) complex and the sum of the energies of
the Chelator-Metal and amino-acid subsystems. This inter-
action energy is equivalent to the following dissociation
process:

IDA-Cu+1IM — IDA-Cu-IM

Since the model was discussed in details above we just
mention that the interaction energy is —121.72 kJ/mol, and
this value will be used as the reference point for the rest
of the models.

In Model 2 the interaction energy was calculated as
the difference between the interaction energies obtained
for the Chelator-Metal-AA and Chelator-Metal-Water (W)
complexes. More precisely the interaction energy was cal-
culated as the energy change duc to the replacement of
the water molecule by the amino acid residue. The process
may be represented by the following reaction:

IDA-Cu-W +1IM — IDA-Cu-IM +W
or in the form of two reactions as:
IDA-Cu-W — IDA-Cu+W
IDA-Cu+IM — IDA-Cu-IM

The calculated structure of the IDA-Cu-W complex is
shown in Figure 4. In Model 2 the interaction energy is
always lower than in Model 1 by the interaction energy
between the chelator and one water molecule. Model 2
allows us to determine if the complex formation is pos-
sible. It depends on the relative values of the interaction
energies calculated for the first and the second reaction
mentioned above. In the case of the IDA-Cu-IM complex
the interaction between IDA-Cu and IM (—121.72 kJ/mol)
is stronger than the interaction between IDA-Cu and W
(—69.29 kI/mol) by —52.43 kJ/mol. Such an approach to
predicting the relative stability of IDA-Cu-IM with respect

5
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Fig. 4. Structure of the IDA-Cu-W complex.

to IDA-Cu-W is likely to be more precise than calculat-
ing the interaction energies directly due to the expected
cancellation of possible inaccuracies of the methods and
the models used in the calculations. Those methods and
models were similar for both complexes.

Model 3 is similar to Model 2, but, instead of includ-
ing a single water molecule to represent the salvation,
the PCM method is used. In this model we use the same
geometries of the complexes as in Model 2. Accounting for
the influence of the solvent reduces the interaction energies
between the chelator (IDA-Cu) and the ligands (IM, W)
as compared with Model 2 by 31.13 and 11.82 kJ/mol,
respectively. The resulting relative stability of IDA-Cu-IM
with respect to IDA-Cu-W is also lower than for Model 2
and corresponding relative energy is —33.25 kI/mol.

In Model 4 the first complete coordination sphere of
the solvent surrounding the interaction site is explicitly
added. For the IDA-Cu chelator it includes seven water
molecules. In this model, the energy change is calculated
for the following displacement reaction:

IDA-Cu-7W +IM — IDA-Cu-IM-6W +W
or more precisely for the following two reactions:
JIDA-Cu-7TW — IDA-Cu-6W + W
IDA-Cu-6W +IM — IDA-Cu-IM-6W

The calculated structures of IDA-Cu-7W and IDA-Cu-
IM-6W are shown in Figure 5. Each COO~ group of
IDA coordinates 2 water molecules forming two strong
hydrogen bonds between IDA oxygen atoms and the water
hydrogens, as well as one hydrogen bond between the
two water molecules. The COO™—(H,0), fragments are
very stable and remain unchanged in the IDA-Cu-IM-6W
complex after the replacement reaction. To determine the
influence of the solvation more precisely we performed an
additional calculation of the IDA-Cu-IM-6W complex aug-
mented with the second solvation sphere which consists

6
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Fig. 5. Structure of the IDA-Cu-7W (top) and IDA-Cu-IM-6W (bottom)

complexes.

of as many as 28 water molecules. Its structure is shown
in Figure 6. As seen, the COO™—(H,0), fragments (water
molecules are marked with red arrows in Fig. 6) also
remain in the IDA-Cu- IM-34W complex after the replace-
ment reaction. In the IDA-Cu-IM-6W complex there are
two water molecules strongly bonded to the central copper
atom. These two water molecules are also present in the
IDA-Cu-IM-34W complex. They are marked with green
arrows in Figure 6. It means that inclusion of additional
water molecules does not significantly change the structure
of the first coordination sphere.

However, addition of water molecules increases the
interaction energies between the IDA-Cu-6W complex and
imidazole or water as compared to Model 2. The inter-
action energies are —130.89 and —73.17 kJ/mol, respec-
tively, and the relative energy is —57.72 kJ/mol—much
higher than that of Model 2 by 5.29 kJ/mol.

J. Comput. Theor. Nanosci. 3, 1-10, 2006
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Fig. 6. Structurc of the IDA-Cu-IM-34W complex. Arrows indicate
water molecules included in Models 4 and 5. See explanation in text.

Model 5 is a combination of Models 3 and 4. In this
model the first coordination sphere is included (Model 3)
and the PCM method is used for representing the second
and the higher solvation spheres (Model 4). The effect of
the solvent on the interaction energies between the chela-
tor (IDA-Cu-6W) and the ligands (IM and W) obtained
in Model 5 is very close as that obtained in Model 3.
Including the continuum solvation model in the calculation
leads to decreasing interaction energies for IM and W by
35.85 and 14.11 klJ/mol, respectively. The corresponding
energy decrease for Model 3 was 31.13 and 11.82 kJ/mol,
respectively. The resulting relative energy of IDA-Cu-
IM-6W with respect to IDA-Cu-7W is —35.98 kl/mol
and the difference between Models 3 and 5 is only
2.73 kI/mol. Tt demonstrates that, although the addition
of water molecules improves the accuracy of the calcu-
lated interaction cnergies between the chelator (IDA-Cu-
6W) and the ligands (IM and W), the resulting relative
energy does not change significantly.

3.4. Selectivity of the Interactions

The next step in the study was the investigation of the
selectivity of the interactions between IDA-Me(II) chela-
tors and several amino acids. The aim was to determine
the combinations of metal ions and amino acid residues
which have the relative stabilities significantly different
from other complexes or which may be formed when the
formation of complexes of the same metal ion with other
amino acid residues or the same residue but with other
metal ions is not energetically possible.

In the calculations the amino acids have been mod-
cled by simpler compounds similar to the corresponding

J. Comput. Theor. Nanosci. 3, 1-10, 2006
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amino acid residues: hystidine by imidazole, cystein by
CH,;CH,SH, and methionine by CH;CH,SCH;. The selec-
tivity was studied for a set of transition metal ions: Cu?*,
Ni**, Co**, Zn?*, Fe**, Pd**, Cd** that are usually used
in chelators. Using the models described in the previous
section we calculated the interaction energies for the tran-
sition metals and the amino-acid residues using the B3LYP
method in the geometry optimization and the zero-point
vibrational energy calculations and using the MP2 method
in the single point energy calculations. In these calcula-
tions we used two basis sets-BS1 for Cu, Ni, Co, Zn, Fe,
and BS4 for Pd, Cd and also for Cu, Zn. The basis scts
are described in Table I. As it is seen, the only differ-
ence between the basis sets is related to the metal atoms.
The all-electron Ahlrich’s VTZ basis was used in the BS1
basis for the metal atoms, whereas in the BS4 basis we
used the Stuttgart RSC ECP 1997 basis set with the effec-
tive core potentials for the internal electrons. In the fol-
lowing subsections we present the results obtained for the
IDA-Me(TT)-IM, IDA-Me(IT)-CYS (CYS-cystein residue),
IDA-Me(II)-MET (MET-methionine residue) systems.

3.4.1. IDA-Me(IT)-IM

The structures of the complexes predicted for all con-
sidered metal atoms are similar. In Figure 1 we present
the structure of IDA-Cu-IM as an example. The calcu-
lated interaction energies are collected in Table VII. These
data demonstrate that imidazole has a high affinity towards
the IDA ligand. For all complexes, the interaction ener-
gies with imidazole are much higher than with water and
they depend very little on the metal used in the chela-
tor. The relative stability (AEy,, ) calculated at the MP2
level of theory is the lowest for the IDA-Zn-IM complex
(—50.25 kJ/mol). The relative energies calculated for Cu,
Ni, Co, Fe, and Cd are close (within —55 to —65 kI/mol).
For the IDA-Pd-IM complex the calculations predict the
highest relative energy of almost —90 kI/mol. Although

Table VII. Interaction energies (kl/mol) of the IDA-Me(IL)-IM com-
plexes calculated at the B3LYP and MP2 levels with the BS1 and BS4

basis sets for the geometries fully optimized at the B3LYP/BS1 and BS4
level of theory.

IDA-Me-IM IDA-Me-W ABpy
Metal ~ MP2 DFT MP2 DFT  MP2  DFT
BS1
Cu —14775 —12172 8785 —69.29 —5990 —52.43
Ni  —13203 -107.16 —77.72 —6249 —5431 —34.67
Co —12838 —108.63 —71.00 -57.06 -57.38 —51.57
Zn —113.79 -100.04 —6354 —56.66 —5025 -—43.38
Fe 17833 —190.80 —11321 -116.99 —65.12 —73.01
BS4
Cu —147.10 —12641 —84.54 —72.00 —62.56 —56.41
Pd —187.90 —176.07 —98.05 -95.13 —89.85 —80.94
Cd 11948 —10859 —6038 —56.17 —59.10 —52.42
Zn  -118.82 —11448 —6132 —62.15 —57.50 -52.33
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Fig. 7. Structure of the IDA-Cu-CYS complex.

the relative stabilities calculated for the set on transition
metals arc different they all are high enough to conclude
that the histidine side chain is able to effectively interact
with the IDA chelator independently of the metal atom
ligated by the chelator.,

3.4.2. IDA-Me(ID-CYS and IDA-Me(IT)-MET

The predicted structures of the IDA-Cu-CYS and IDA-Cu-
MET complexes are presented in Figures 7 and 8, respec-
tively. The structures of the complexes containing other
metals are similar. The interaction energies obtained for
these complexes are presented in Tables VIII and IX IDA-
Me(II)-CYS and IDA-Me(I)-MET, respectively. They are
different from the ones obtained for the imidazole (hys-
tidine) complexes. First of all we should note that both
interaction energies (E.yg, Eyer) and the relative stabilities
(AE¢ysw AEyerw) are significantly lower in absolute val-
ues than the respective results for the imidazole complexes.
Moreover, as seen from Tables VIII and IX, in several
cases the interaction energies predicted for IDA-Me(IT)-
CYS and IDA-Me(II)-MET are higher than the ones pre-
dicted for IDA-Me(II)-W. It means that in these cases the
formation of complexes may not be possible. We also can
conclude that cystein residue chain demonstrates prefer-
able addition to Pd and that cystein and methionine side
chain 10 Pd and Fe. The corresponding interaction energy

Fig. 8, Structure of the IDA-Cu-MET complex.
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Table VIIL Interaction energies (kJ/mol) of the IDA-Me(ID)-CYS com-
plexes calculated at the B3LYP and MP2 levels with the BS4 basis set
for geometries, fully optimized at the B3LYP/BS4 level of theory.

IDA-Me-CYS IDA-Me-W ABessi
Metal ~ MP2 DFT MP2 DFT  MP2  DFT
Cu ~79.09  —71.84 84.54 —72.00 4545 +0.16

Pd —135.78 —130.70 —98.05 —95.13 —37.73 —-35.57
Cd —61.99 —59.94 —-6038 —56.17 -—1.61 —-3.73
Zn —65.79 —62.42 —61.32 —62.15 —447 -027
Fe —111.84 =92.772  -116.05 —-89.04 +421 —8.68
Ni —68.95 —64.20 -76.43 —70.15 +47.53 4595
Co —75.40 -70.22 —78.88 7179 +3.48 +1.57

in this case is much higher than those predicted for the
other metal atoms.

The calculated interaction energies between the IDA-
Me(II) chelators and four different ligands (imidazole,
CH,CH,SH, CH,CH,SCH,, and water) demonstrate that
imidazole has the strongest affinity to all chelators. The
interaction energies calculated for the IDA-Me(I)-IM
complexes are within —100 to —200 kJ/mol and are much
higher than ones calculated for the other ligands. This
effect can be explained by the presence of two additional
C-H-.- O contacts in the IDA-Me(I)-IM complexes (see
Fig. 2) with H-.-O distances in the range of 2.4-2.5 A.
Although the C-H---O interactions are usually weaker
than the conventional N-H...-O and O-H-..O hydrogen
bonds, in the complexes studied they are enhanced due to
high negative charges on the O atoms: the Mulliken atomic
charges calculated at the B3LYP/BS1 level of theory for
the O atoms involved in the interaction in the IDA-Cu-IM
complex are —0.65 a.u.

The same reasoning (additional intermolecular contacts)
may explain why interaction energies in the IDA-Me(II)-
MET complexes are always higher than in the IDA-Me(I1)-
CYS complexes. As seen in Figures 7 and 8, there is an
additional C-H. -- O contact in IDA-Me(II)-MET as com-
pared to IDA-Me(II)-CYS. It results in higher interaction
energies predicted for IDA-Me(I)-MET by 10-15 kJ/mol
(Tables VIII and IX).

The analysis of the calculated interaction energies and
the Me(II)-X bonds lengths (Table X), where Me(I) is

Table IX. Interaction energies (kJ/mol) of the IDA-Me(II)-MET com-
plexes calculated at the B3LYP and MP2 levels with the BS4 basis set
for geometries fully optimized at the B3LYP/BS4 level of theory.®

IDA-Me-MET AEyerw
Metal MP2 DFT MP2 DFT
Cu —-93.98 —83.47 —9.44 —11.47
Pd —155.31 —146.00 —57.26 —50.87
Cd —76.27 —72.69 —15.89 —16.52
Zn —81.83 —76.48 —20.51 —14.33
Fe —-129.32 —105.96 —13.27 -16.92
Ni —82.95 —74.33 —6.47 —4.18
Co —89.74 —82.12 —10.86 —10.33

“Interaction encrgies for the IDA-Me-W complexes are presented in Table VIIL
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Stepanian et al. Selectivity of the Chelator-Protein Interactions: A High Level Quantum Chemistry Study

Table X. Interaction energies (IE, kJ/mol) and distances between the metal atom and the ligand (Ryx, A.
X =N for imidazole, S for cystein and methionine, O for water).

IDA-Me(1I)-IM® IDA-Me(IT)-W* IDA-Me(I)-CYS? IDA-Me(11)-MET?

Metal IE Ryen IE Ry IE Rysos IE

RM&:-S

Fe —178.33 1.961 -113.21 1.967 —97.52 2.335 —109.45 2.328

Cu —147.75 1.975 —87.85 2.025 —79.09 2.392 —93.98 2.378
Ni —132.03 2.008 =77.72 2.059 —76.57 2.432 —82.95 2.426
Co —128.38 2.057 —71.00 2.098 —75.40 2.431 —89.74 2.422
Zn -113.79 2.091 —63.54 2.100 —65.79 2.446 —81.83 2.438

“Calculated at the MP2/BS1 level of theory. ®Calculated at the MP2/BS4 level of theory.

the third row transition metal (Fe, Cu, Ni, Co, Zn) and
X is the ligand atom forming the bond with the metal
ion (N, O, S), demonstrates that correlation exists between
these parameters. The shorter bond length corresponds
to higher interaction energy. Thus the highest interaction
energies and the shortest bond lengths are predicted for
the TDA-Fe(IT)-Ligand complexes while the IDA-Zn(II)-
Ligand complexes has the lowest interaction energies and
the Jongest bond lengths.

4. CONCLUSIONS

In this work we employed correlated high-level quantum-
chemical calculations to study the selectivity of the inter-
actions between transition metal containing chelators and
amino acids. We tested the accuracy of various methods
in predicting structures and interaction energies of such
systems and we found that these properties may be effi-
ciently calculated using a two-step approach: the first step
involves the geometry optimization at the DFT/B3LYP
level of theory with the 6-31G* basis set for non-transition
metal atoms and the Ahlrichs’ VTZ or the Stuttgart RSC
ECP 1997 basis scts for the transition metal atoms; and the
second step involves single point energy calculations per-
formed for the DFT/B3LYP geometries at the MP2 level
of theory with the Ahlrichs’ VIZ or the Stuttgart RSC
ECP 1997 basis set for the transition metal atoms and
the aug-cc-pVDZ basis set for the non-transition metal
atoms. We also tested the reliability of various models for
accounting for the water environment in the calculations
of the chelating systems. We found that using the PCM
mcthod and explicit addition of water molecules to the sys-
tems improves the accuracy of the calculated interaction
energies. We noted that the interaction energy difference
between the system where we explicitly included the first
water coordination sphere (Model 5) and the system with
only one added water molecule (Model 3) is not signifi-
cant. This difference is within only 5% as calculated for
the IDA-Cu-IM complex.

The calculations of the interaction energies performed
for the IDA chelator and a set of transition metals (Cu,
Ni, Co, Zn, Fe, Cd, Pd) and a set of amino acid residues
(Histidine, Cystein, Methionine) demonstrated that the his-
tidine side chain (imidazole) can efficiently connect to IDA
with all the transition metals studied, although the resulting

J. Comput. Theor. Nanosci. 3, 1-10, 2006

energies vary from —50 to —90 kJ/mol. We also noticed
that cystein and methionine show clear preference to inter-
act with the IDA-Pd complex.
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