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An ab-initio approach towards building a database of immobilized ligands targeting proteins is pre-
sented. Iminodiacstic chelators, precursors of self-assembled monolayers, attached to the gold sur-
face and complexing three divalent metal ions (Cu(ll), Zn{ny, Ni(1)) is investigated. The strength of
the protein-ligand interaction is estimated. Ten models of the iminodiacetic acid metal complex with
different degree of complexity were constructed, each focusing on different structural features of the
system. The calculations have been performed using the quantum mechanical density functional
theory method. The results show that reduction of the complexity of the model by removing the gold
surface, the neighboring alkyl chains and the presence of the solvent does not have much impact on
the iminodiacetic acid—aminoacid affinity. The interaction between the chelator and the aminoacid
represented by imidazole moiety of histidine are also almost unaffected by the length of the alkyl
chain. The results indicate that advanced quantum mechanical methods and relatively small model
systems can be used to adequately describe the self-assembled monolayer-ligand-metal ion-protein
interactions and to create a comprehensive database of ligands for the monolayers.
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1. INTRODUCTION AND MOTIVATION

Specific and effective attachment of various proteins and
aminoacids to metallic interfaces is a subject of very
extensive work nowadays. Most work in this field, which
is important due to its applications in macromolecules
crystallization and structure determination,'™ protein
purifications,> % protein, RNA and DNA immobilization, ™
synthesis of biopolymers," as well as constructing
nanoscale biosensors and electronic devices,''™ has been
carried out on self-assembled monolayers (SAMs). Some
of the most commonly used SAMs, such as those formed
by alkyl chains attached to the gotd surface using thiol
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groups, are experimentally well described systems.!*!8
Also the number of theoretical investigations of such Sys-
tems is constantly increasing.!-%

SAMs of alkanethiolates on gold can be easily function-
alized by numerous, diverse chemical moieties that target
specific aminoacids. The most common way to prepare
a protein-targeting a SAM is to use amine-terminated
alkanethiols deposited on gold and to exchange some
of the terminal NH, groups by metal chelating agents
such as iminodiacetic acid (IDA)*?%? or nitrilotriacetate
(NTA).> 42830 Both IDA and NTA are known for bind-
ing numerous di- and trivalent ions, and both, after com-
plexing metal ions, have high affinities towards specific
aminoacids. By far the most known and used among those
systems is IDA with Cu(Il). This system has a very high
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affinity towards histidine and has been extensively used
in the chromatography based on immobilization of metals
due to their affinity to certain proteins,®! as well as in other
experimental techniques relying on immobilized proteins.
NTA has also been extensively used with Ni(I) since the
resulting system has a high affinity towards histidines on
the protein surface or on the multihistidine tag.

When devising a system for protein targeting, one is
not limited to the two ligands (IDA and NTA) or the two
metal ions (Cu(Il) and Ni(IT)) mentioned above. There are
other di- and trivalent ions forming complexes with IDA,
NTA and other chelating ligands with known high affin-
ity towards certain aminoacids. Ligands, such as Tris(2-
aminoethyl)amine,” dipycolylamine,* ethylene diamine,*
2-mercaptoethylamine,® and others are known to chelate
very well such metal ions as Co(II),*® Cu(II),’¢ Zn(II),%
Ni(IT),** Mn(II),*” Fe(IIT),* Hg(II),* PA(I).*’ Lately new
systems with less common ions such as Rh(II),*' Eu(II)*2
or lanthanides® were discovered to form complexes that
can be used in chromatography and protein immobiliza-
tion. Combinations of various chelating ligands with var-
lous ions can produce systems with high affinity towards
one or more aminoacids, however, only a few such sys-
tems are in common use. This is partially due to very good
results obtained when using IDA-Cu-histidine or NTA-Ni-
multihistidine tags, but probably also due to limited data
available for other chelating systems.

It is important to notice that the selectivity and the affin-
ity of the chelator-protein interaction can be affected not
only by the choice of the chelator and the metal ion, but
also by the variation of the spacer arm, the ligand density,
the concentration of the salt, and the competing agents, the
structure of the immobilized protein, as well as other fac-
tors. However, the protein affinity towards a metal chelate
depends most strongly on the metal ion involved in coor-
dination with the chelating agent.

Until now there has been no attempt to quantitatively
and comprehensively characterize the interactions between
the mentioned systems and aminoacids despite the grow-
ing number of synthesized chelating complexes. The first
attempt to create a database of combinations of chelat-
ing ligands with metal ions and to describe their affin-
ity towards different aminoacids using theoretical methods
is presented in this work. Devising the ligand-metal ion
database and extending it to include new combinations
of ligands and metal ions can facilitate formation of
novel chelating systems more specifically targeting certain
aminoacids. The database can also be useful in describing
the ligands using different types of interactions involved
in binding aminoacids. The database would serve as a use-
ful tool allowing selection of specific chelating agents for
specific types of applications. The quantitatively described
interactions between ligands, metal ions, and aminoacids
would help to select the best possible species for such dif-
ferent applications as protein purification using chromatog-
raphy (where the ligand-metal ion-protein complexation
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should be reversible) and attaching biological substrates
to inorganic electronic devices for sensing technologies
(where the ligand-metal ion-protein interactions should
be non-reversible). Also the description of the different
ligands and their interactions with different aminoacids
should allow prediction of novel protein targets offering
high interaction selectivity.

2. MODELS AND COMPUTATIONAL DETAILS

Iminodiacetic acid (IDA) was chosen for the study, since it
forms numerous complexes with many metal ions and has
a high affinity towards histidine residues. Three metal ions
widely used in experiments were chosen for this investi-
gation. The are: Cu(II}), Zn(II), Ni(IT). For each metal ion,
ten models were built (Fig. 1) with decreasing level of
structural complexity. For each model a full geometry opti-
mization was performed using a small or standard basis set
followed by an energy calculation. To simplify the calcu-
lations, the histidine molecule was represented as an imi-
dazole moiety. It was suggested that such simplification
should have a minor impact on the calculated relative inter-
action energies and the geometrical parameters.* In order
to compare ligand-metal ion-aminoacid affinities, the rel-
ative interaction energy, £(int), between the chelator and
the aminoacid was defined as E(int) = E(im) — E(water),
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Fig. 1. Molecular models of ten affinity ligands used in the theoreti-
cal calculations as described in the Models and Computational Details
section. M denotes a divalent metal ion.
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where £(im) is the energy of the interaction between the
model system and imidazole and E(water) is the energy
of the interaction between the model system and a water
molecule.

The starting point for the modeling was a SAM sys-
tem of amine-modified alkanethiols on the gold surface
with some of the terminal NH, groups substituted by IDA
(Fig. 1, see original system) and with the whole system
placed in the water solution. Since the system is much too
complex for DFT calculations, we tried to reduce its size
and complexity, step by step, by removing some of its fea-
tures to see if such changes influence the affinity of IDA
ligand with the metal ion towards imidazole (Fig. 1). The
final goal of the analysis was to find the smallest possi-
ble model which is suitable for density functional (DFT)
calculations and simultaneously adequately represents the
most essential geometrical and energetic features of the
ligand-metal ion-aminoacid interaction.

In the model 1, we have reduced the system by remov-
ing the solvent and the entire gold surface, and by shorten-
ing the alkyl chain. The resulting system, with the terminal
carbon atoms of the alkyl chain kept frozen in the process
of the geometry optimization, was used to determine the
influence of the neighboring amine groups on the IDA-
imidazole complex. It was also used to study the influence
of the bulky IDA group on the arrangement of the alkyl
chains while completely neglecting thiol bonding to the
gold surface and the water environment. All other models
neglected the surrounding of the TDA-modified chain and
describe only a single alkyl chain.

For model 1 we have performed partial structure opti-
mization for the IDA-imidazole complex with the terminal
carbon atoms of the alkyl chains frozen in the optimiza-
tion. In the next step, the imidazole moiety was replaced
by a water molecule using the average geometry for the
IDA-water complex taken from the other models intro-
duced in this work. The IDA-water interaction energy was
evaluated by running partial optimization with the posi-
tions of both terminal carbon atoms of the alkyl chains and
the water molecules fixed. In models 210, a full geometry
optimizations of the systems were performed.

Model 2 included a seven-carbon alkyl chain attached
through a thiol group to the Au; gold cluster. Such a clus-
ter should provide a reasonable approximation of the gold
surface in the calculation. In the model the alkyl chain
was modified by including an IDA group that interacts
with a single imidazole moiety. In model 3 the gold clus-
ter was removed, resulting in an unbound thiol group. The
next step in reducing the complexity of the model is repre-
sented by model 4 in which the thiol group was removed,
leaving a simple, unmodified alkyl chain. The last step of
the reduction involved shortening of the alkyl chain from
C,Hs— to CyH,. This yielded model 5.

Since in models 1-5 the solution was completely
neglected, two additional models were built. In model 6
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(not illustrated), the solution was introduced using the
PCM approach, which places the solute (model 5 in this
case) in a cavity made of a series of overlapping spheres.
In the second model, model 7 (not illustrated) the ligand
system was placed within a highly-ordered cluster of 270
water molecules. As the starting geometry of the water
cluster in that model we took a structure believed to cor-
respond to a local minimum® with 10 water molecules
removed and IDA-ion-imidazole model 5 put in their
place.

Additional calculations were performed to check the
influence of the alkyl chain length on the ligand-metal
ion-protein interaction. Since most stable alkyl SAMs are
formed by 7-19 carbon atom chains,'”!® we used alkyl
chains within this length range in our calculations. In
the tests, we gradually modified model 4 by adding 4
(model 8), 8 (model 9), and 12 (model 10) —CH,—
groups to the alkyl chain.

For the geometry optimizations of model 2 through
10 the density functional DFT/B3LYP* % method with
the 6-31G* basis set for C, O, S, N, and H atoms,
the VTZ*® basis set for the first-row metal ions and the
LANL2DZ* % basis set for Au atoms were used. These
calculations also yielded the total energies of the systems.
Geometry of model 1 was optimized using the semiempir-
ical PM3°" method followed by a geometry optimization
and an energy calculation at the B3LYP/6-31G*/VTZ level.
We used the PCM model’ for system 6 with water as
the solvent. In model 7 we used the ONIOM method™
in which the affinity ligand was placed in the inner layer
and the water molecules were placed in the outer layer
and were treated with the molecular mechanics method
using the UFF force field.” For models 2-10 the hessian
matrices were calculated in order to assess whether the
predicted optimized geometries correspond to true min-
ima. The zero-point energy corrections obtained in the hes-
sian calculations were scaled by a factor of 0.96 and were
added to the final molecular energies. The basis set super-
position error (BSSE) correction was calculated using the
Boys-Bernardi counterpoise scheme.’

The DFT and semiempirical PM3 calculations
were performed using the quantum chemistry package
Gaussian 03.57

3. RESULTS AND DISCUSSION

In this section, we discuss application of the proposed
chelator models to stady the IDA-Cu(1I)-imidazole and
IDA-Cu(II)-imidazole systems (Figs. 2 and 3). The results
for systems with other metal ions (Zn(Il), Ni(Il)) are
reported in the Supplementary Information section. We
only refer to these other systerns when their behavior dif-
fers from that of the IDA-Cu(Il)-imidazole system.
Figures 4-8 show a comparison between crucial geo-
metrical parameters, the relative interaction energies and
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Fig. 2. The numbering scheme for the IDA-M-imidazole system used
throughout this work. M stands for the metal ion: Cu(II), Zn(11) or Ni(II).

the Mulliken charges calculated for the proposed mod-
els. The results were used to check the reliability of the
model in describing the IDA system. Since the goal of this
work is to find the smallest possible model, we focus on
model 5 which should be the most suitable for the DFT
calculations. Detailed results for the IDA-Cu(Il)-imidazole
system and systems with other metal ions are reported in
the Supplementary Information section. _

The analysis of the geometrical features of models 1 to
10 immediately provides one important result: models 1,6,
and 7 are the only ones that show large differences in the
crucial geometrical parameters of the chelator-aminoacid
complex. For model 1 this is due to a number of features
which can be found only in a non-isolated chains (Fig. 9).
The IDA-Cu(II) group substituting one amine group dis-
torts the local arrangement of the film by introducing a
bulky molecular fragment and disallowing the formation
of all possible hydrogen bonds between the terminal NH,
groups. But the perturbation of the local arrangement is
mutual because the nearby aminealkyl chains also have
a non-negligible effect on the IDA chelator. The nearly
planar structure of isolated IDA becomes distorted due to
interaction between the utmost oxygen atoms of the chela-
tor and the closest NH, groups. The orientation of the
imidazole moiety towards IDA in the optimized structure
differs from the case of nonsolvated models due to a steri-
cal hindrance of other alkyl chains. The distortions result-
ing form the presence of the solvent and the hydrogen
bonds connecting water molecules and the studied system
are also present in models 6 and 7, described later.

Fig. 3. The numbering scheme for IDA-M-water system used through-
out this work. M stands for metal the ion: Cu(Il), Zn(II) or Ni(II).
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Fig. 4. Comparison of the energetics of the IDA-Cu(IT)-imidazole inter-
actions (in kJ/mol). Relative interaction energy E(int) was defined in the
text.
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Fig. 5. Comparison of Mulliken charges on atoms of the IDA-Cu(1I)-
imidazole system depending on the model used.
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Fig. 6. Comparison of bond lengths of the IDA-Cu(Il)-imidazole sys-
tem depending on the model used.
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Fig. 7. Comparison of bond angles of the IDA-Cu(II)-imidazole system
depending on the model used.
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Fig. 8. Comparison of bond dihedral angles of the IDA-Cu(11)-
imidazole system depending on the mode! used.

Although the neighboring alkyl chains have a relatively
high impact on the geometrical and orientational features
of the IDA-Cu(II) system, they do not have much influence
on the relative energy of the ligand-metal ion-imidazole
interaction (compare the results for models 1 through 5).
These results and the similarity in the geometries of mod-
els 1-5 allow us to reduce the model to the simplest form
(model 5) with minimal loss of information. This permits
us to describe the chelator-aminoacid interactions quan-
titatively with less computational overhead. Moreover it
is interesting to notice that there is a simple possibil-
ity of a partial elimination of the influence of neighbor-
ing alkyl chains on the chelator. This possibility requires
that a new chelator system is introduced, which does not
replace the terminal amine group of the alkanethiols, but
instead attaches to it. This corresponds to the case of a film
functionalization e.g., by tris(2-aminoethyl)amine (TREN)
chelator (Fig. 10). In such a system, instead of replac-
ing an NH, group (as IDA does), a short additional alkyl
chain is attached to the NH, group of the alkyl chain by
a short additional alkyl chain. The resulting system has an
advantage over IDA since the chelating group sticks out of
the film into the solution and is less distorted by the film
surface. TREN may still influence the local arrangement
of the alkyl chains on the gold surface, but possibly to a
lesser extent than TDA.
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H
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Fig. 9. Top view of an optimized geometry of amine-alkylthiols film
(A) and model { (B). Dotted lines show possible hydrogen bonds. Black
arrows show the relative change of the position of the terminal NH,
groups of the alkyl chains due to the large volume of the IDA chelator.
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Fig. 10. Schematic view of an IDA-modified SAM (A) and a TREN-
modified SAM on the gold surface (B).

It is important to notice that for model 1 and mod-
els with isolated alkyl chains the IDA-metal ion-imidazole
interactions energies are not similar. This shows us that
model 1, while introducing neighboring alkyl chains, still
lacks some important features and fails to adequately
describe the IDA system. The comparison of model 1
and other models gives us, however, a hint of possible
problems that need to be overcome when devising more
complex models describing global behavior of the SAM-
ligand-metal ion-protein system.

Removing the neighboring alkyl chains is an event caus-
ing major structural adjustments in the described system.
On the other hand, the chelating system behaves very sim-
ilarly with and without gold surface or a cluster repre-
senting this surface in the calculations. Removing the gold
cluster from model 2 yielding model 3 gives an identi-
cal IDA geometry within 0.1 A in crucial bond lengths
and a difference in the relative affinity energy of only 0.2
kJ/mol. This is a desirable behavior from the point of view
of the simplicity of theoretical approach because includ-
ing Au atoms in the model significantly rises the com-
putational cost, even when using the DFT approach with
smaller basis-sets such as the LANDL2DZ.

We do not suggest that the gold surface in SAMs is
irrelevant to the geometry, the orientation or the behay-
ior of the system. It is clear that metal surface is respon-
sible for the certain arrangement of the alkyl chains, as
well as their orientation on the surface. However, in the
described system the terminal groups of the alkyl chains
are most important elements of the structure of the sys-
tem, and they are almost unaffected by the interaction with
the gold surface. This is due to a relatively large distance
between the IDA chelator and the closest gold atom, which
is about 5.0 A for the SAMs involving 7-carbon alkanethi-
ols. The influence of the gold surface on the chelator is
further diminished in the case of longer chains. It is prob-
able that for very short alkyl chains this may not happen.
SAMs constructed from short alkyl chains are, however,
used in some applications and there are other problems
there which have to be addressed,®*? which are beyond
the scope of this work.

We can see similar behavior when removing thiol group
from the alkyl chain. Systems with a ~SH group (model 3)
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and without this moiety (model 4) are almost identical in
terms of the geometry and the energetics of the termi-
nal chelator group. The relative affinity energy difference
between these models is only 0.7 kJ/mol and most struc-
tural parameters of IDA are nearly identical. The influence
of the thiol group on IDA should also be diminished in
longer IDA-modified alkyl chains.

At this point it is evident that the length of the model
SAMSs (and also likely the entire SAM) should not have
much impact on the properties of the chelator attached
to the terminal group of the alkyl chain. It is noticeable
that the behavior and the properties of IDA complexing
imidazole is almost independent of the length of the alkane
in the range of 3 to 19 carbon atoms (models 4, 5, 8,
9, and 10). The difference between the IDA-affinity for
those systems is within the standard error of the B3LYP
method® and the crucial geometrical parameters are close
to identical. This allows us to suggest that the same is
probably also true for longer alkyl chains, although it is
known that very long SAMs lose their high stability. The
results (Tables I and II) allow us to use IDA with the
shortest alkyl chain as a good model of the IDA-modified
SAM on the gold surface.

It is also interesting to notice that the introduced mod-
els have a very similar basis set superposition error. We
have calculated BSSE using the Boys-Bernardi counter-
poise scheme for seven Cu systems (Table I); the results
show that BSSE corrections for the models are identical
within 0.1 kJ/mol. Due to this fact we have used the BSSE
corrections calculated for Cu, Zn, and Ni systems using
model 5 to modify the interaction energies of all other
models.

Model 5 emerges as the simplest model and a good can-
didate for a template model for use in devising a database
of combinations of chelating ligands with metal ions and
their affinity towards different aminoacids. The compari-
son of the Mulliken charges (Fig. 5) suggest a very similar
charge distribution within the described models. The only
property of the real system of alkanethiols” SAMs on the
gold surface not included in any of the foregoing models is
the solvent. This problem is addressed in the calculations

Table I. Comparison of the BSSE correction values for IDA-Cu sys-
tems (in kJ - mol).

IDA-Cu-imidazole IDA-Cu-water
model 1 — —
model 2 31.19 22.86
model 3 31.27 22.83
model 4 31.29 22.82
model 5 3127 22.83
model 6 — —
model 7 — —_
model 8 31.19 22.81
model 9 31.23 22.80
model 10 31.21 22.85
6
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using models 6 and 7, which add two different represen-
tations of the solvent to model 5. Both models create a
spherical solution cavity surrounding the chelator from all
sides, which is somewhat inadequate because in the real
system the penetration of the solvent below the SAMs sur-
face is inhibited.

Model 7, which places the chelator system within a
cluster of 270 water molecules treated at the molecular
mechanics level during the calculations, provides some
interesting results. There is a noticeable change in the
geometry of IDA caused by the hydrogen bonds between
water molecules and terminal oxygen atoms of the chela-
tor. It is, however, important to notice that some of the
oxygen atoms of IDA are in the real system already
hydrogen-bonded to some terminal NH, groups of the
modified alkyl chains (as in model 1). It implies that there
is some competition between NH, and H,O in the for-
mation of the hydrogen bonds and in the stabilization of
the whole system. Despite all the geometrical differences
between models 7 and 5, the relative interaction energies
in these models are within 1.4 kJ/mol.

Introduction of the PCM method also has a non-
negligible impact on geometry of model 5, but interest-
ingly, it causes a major change of the affinity of the
IDA-Cu(Il) chelator towards imidazole. Analysis of the
results for model 6 has to take into account the fact, that
in this model the entire IDA system is placed within the
cavity and surrounded by solvent. This is, however, not
true on the SAM surface, where only a part of the IDA
chelator is able to interact with the solvent and the rest of
the molecule interacts only with the neighboring alkanethi-
ols. Therefore we may assume that the single-molecule
PCM model is not suitable for the correct description of
the problem. The result for model 7, which represents the
SAM in a more accurate manner, suggest on the other
hand, that it is possible to get reliable results for the rel-
ative interaction energies and for the system geometries
using model 5 without the presence of the solvent.

The immobilization of chelating compounds in the sep-
aration of metalloproteins has been used in chromatogra-
phy for over 30 years;*!®-7? there are many experimental
data concerning the selectivity of various chelators involy-
ing different metal ions towards various aminoacids. In the
case of IDA, the affinity of most proteins towards IDA is
the highest for the Cu(Il) system.” Using high-level theo-
retical approach and the molecular models with high degree
of complexity, we are able to reproduce this dependency.
The calculations are, however, very time-consuming. In this
study, we obtained similar result for most molecular models
introduced, including the simplest model 5 (Table II); the
geometry of the chelator in this model is in agreement with
the experimental geometry from the crystallographic data.”
These results suggest that the DFT method and the models
proposed in this work are valid and they facilitate an effec-
tive method of devising a theoretically-based database of
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Table II.  Comparison of the BSSE uncorrected and corrected energetics
of the relative IDA-histidine interactions for the simplest model used in
the calculations (model 5) depending on the metal ion used (in kJ/mol).

completely neglect some of the structural features of the
system and one can solely focus on the most impor-
tant part, such as the one represented by model 5. This,

Cu(Il) Zn(1I) Ni(II) due to the small size of the resulting system, allows the

E(int) _5245 —50.81 —46.02 use of high-level ab-initio methods in obtaining quantita-

E(int) + BSSE _44.00 —36.82 3624 tive information concerning the affinity of modified SAMs
towards various aminoacids.

the SAM-ligand-metal ion-protein interactions despite the Seme aspeots of the sysiem. of interest, such as ils

global dynamics, cannot be described using the proposed
approach; but based on the ab-initio calculations, param-
eters for modeling chelator-ion-aminoacid systems can
be developed and adapted in molecular mechanics and
4. CONCLUSIONS molecular dynamics calculations. That would allow one to

address the questions concerning the global behavior of
Calculations of some selected ligand affinities towards the SAMs and to better characterize these systems using a

imidazole using established theoretical approaches sug-  combination of ab-initio, molecular mechanics and molec-
gest that the proposed methodology of devising molecu- ular dynamics methods.

lar database of SAM-ligand-metal ion-protein interactions
produces adequate results. DFT calculations on IDA using
relatively simple models suggest that the affinity of this
chelator towards imidazole is the highest in the case of Comparison of the energetics, Mulliken charges and
complexing with the Cu(II) ion, which is in agreement  crucial geometrical parameters (models 1 through 10)
with the experimental data. They also suggest that in are presented for the following systems: IDA-Cu(Il)-
calculating properties of different combinations of SAM- imidazole, IDA-Cu(Il)-water, IDA-Zn(I1)-imidazole, IDA-
chelator-metal ion-aminoacid systems one can almost  Zn(II)-water, IDA-Ni(Il)-imidazole, and IDA-Ni(Il)-water.

exclusion of many structural features and consideration of
only a single alkyl chain.

SUPPLEMENTARY INFORMATION

Table S.1. Comparison of the BSSE corrected energetics of IDA-Cu(Il)-imidazole interactions (in kJ/mol) and Mulliken charges on crucial atoms of
the system depending on the model used. Relative interaction energy E(int) in kJ/mol was defined in the text.

Atom Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10

&5 =0.15 -0.15 —0.15 —0.15 -0.15 -0.15 0.20 -0.15 =0.15 —0.15
N1 —-0.52 -0.52 -0.52 -0.52 —0.52 —0.53 -0.52 —-0.52 —0.52 -0.52
Cu 1.06 1.02 1.02 1.02 1.02 1.06 1.03 1.02 1.02 1.02
Cl1 -0.26 -0.25 -0.25 —-0.25 -0.25 ~0.27 0.11 —-0.25 -0.25 -0.25
2 -0.27 -0.25 —0.25 -0.25 —-0.25 -0.27 0.10 —-0.25 -0.25 -0.25
C3 0.58 0.56 0.56 0.55 0.56 0.54 0.56 0.56 0.56 0.56
C4 0.57 0.56 0.56 0.56 0.56 0.54 0.57 0.56 0.56 0.56
03 —0.65 —0.66 —0.66 —0.67 —0.66 —0.67 —0.64 —0.66 —0.66 —0.66
04 —0.64 —0.65 -0.65 —0.65 —0.65 —0.67 —0.64 —0.65 —0.65 —0.65
N2 —0.56 —0.55 -0.55 —0.55 —0.55 -0.56 —0.55 —0.55 —0.55 —0.55
E(int) —45.33 —d44 84 —44.63 —43.98 —44.00 —24.46 —42.91 —43.91 —45.63 —44.06

Table §.2. Comparison of most important geometrical parameters of IDA-Cu(Il)-imidazole systems depending on model used in the calculations.
Bond lengths are in Angstroms, bond angles and dihedral angles are in degrees.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10

bond
C5-N1 1.499 1.494 1.495 1.496 1.495 1.513 1.494 1.495 1.495 1.495
N1-Cu 2.058 2.026 2.026 2.025 2.025 2.005 2.027 2.025 2.023 2.025
Cu-N2 2.002 1.975 1.975 1.976 1.975 1.968 1.976 1.975 1.975 1.976
N1-C1 1.487 1.484 1.484 1.484 1.434 1.498 1.485 1.484 1.484 1.484
Ni-C2 1.488 1.484 1.484 1.484 1.485 1.492 1.485 1.484 1.484 1.485
C1-C3 1.549 1.555 1555 1:535 1.555 1.536 1.553 1.555 1.555 1.555
C2-C4 1552 1.556 1:555 1.555 1.356 1.538 1.555 1.556 1.556 1.556
C3-03 1.304 1.307 1.307 1.307 1.307 1.331 1.307 1.307 1.307 1.307
C4-04 1.299 1.307 1.307 1.307 1.307 1.305 1.306 1.307 1.307 1.307
03-Cu 1.927 1.914 1.914 1.914 1.914 1.913 1.913 1.914 1914 1.914
04-Cu 1.922 1.908 1.907 1.908 1.907 1.913 1.904 1.908 1.908 1.908

continued. ..
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Table S.2. continued.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Modei 8 Model 9 Model 10

angle
(C5-N1-C1 113.30 112.78 112.76 112.74 112.85 113.34 112.50 112.74 112.75 112.77
(C5-N1-C2 11322 112.96 112.96 112.92 112.83 112.75 112.70 112.95 112.54 112.92
(C5-N1-Cu 105.12 104.45 104.53 104.65 104.66 106.09 105.85 104.55 104.57 104.61
(N1-C1-C3 111.55 111.00 111.04 111.09 111.06 110.57 111.25 111.07 111.08 111.10
(N1-C2-C4 112.42 110.85 110.87 110.85 110.93 110.18 111.23 110.89 110.89 110.90
(C1-C3-03 115.02 114.40 114.42 114.46 114.43 114.48 114.48 114.46 114.64 114.47
(C2-C4-04 115.87 114.39 114.42 114.42 114.47 115.70 114.61 114.44 114.44 114.45
(C3-03-Cu 112.63 115.11 115.05 115.03 114.97 114.15 114.82 115.00 115.00 114.99
(C4-04-Cu 116.30 115.01 114.97 114.89 114.96 114.14 114.84 114.93 114.92 114.91

dihedral angle
(C5-N1-Cu-N2  —165.81 —30.21 -31.32 ~34.72 —32.96 22.18 —117.83 —34.95 —32.55 —34.03
(C5-N1-C1-C3 80.22 80.31 80.44 80.91 80.48 80.93 81.67 80.63 80.69 80.76
(C5-N1-C2-C4  —94.54 —79.42 —79.64 ~79.53 —80.15 —83.64 —82.02 —79.74 —79.74 -79.76
(N1-C1-C3-03 11.59 22.09 21.78 21.43 21.65 22.26 20.46 21.45 21.43 21.41
(N1-C2-C4-04  —1524 —22.96 —22.63 —-22.72 —-22.18 —19.05 =21.76 =22.56 =22.51 —22.45
(C1-C3-03-Cu 18.58 1.80 2.23 2.40 2.55 2.75 4.36 2.53 2.54 2.54
(C2-C4-04-Cu 0.89 —1.43 —1.81 —1.89 -2.07 —-4.93 -2.13 -1.82 -1.92 -2.03

Table S.3. Comparison of Mulliken charges of IDA-Cu(Il)-water on crucial atoms of the system depending on the model used.

Atom Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10

€5 —0.16 —0.16 -0.16 -0.16 -0.15 —0:15 —0.15 —0.16 ~0.16 —0.16
N1 —0.54 —0.54 —0.54 —0.54 —0.54 —0.55 —0.53 —0.54 —0.54 —0.54
Cu 1.08 1.03 1.03 1.03 1.03 1.06 1.03 1.03 1.03 1.03
C1 -0.26 -0.25 -0.25 -0.25 -0.25 —-0.29 -0.25 -0.25 -0.25 —0.25
€2 =0.27 -0.25 =025 -0.25 -0.25 -0.27 -0.25 =0.25 =0.25 =0.25
C3 0.58 0.57 0.57 0.57 0.57 0.54 0.57 0.57 0.57 0.57
C4 0.58 0.57 0.57 0.57 0.57 0.54 0.57 0.57 0.57 0.57
03 -0.65 —-0.67 —0.67 -0.67 -0.67 —0.68 —0.67 -0.67 —0.67 —0.67
04 —0.66 -0.67 -0.67 -0.67 -0.67 —0.68 —0.66 -0.67 =0.67 —0.67
05 -0.81 —0.81 —0.81 —0.81 —0.81 -0.85 -0.81 —0.81 -0.81 —0.81

Table S.4. Comparison of most important geometrical parameters of IDA-Cu(Il)-water systems depending on model used in the calculations. Bond
lengths are in Angstroms, bond angles and dihedral angles are in degrees.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10

bond
C5-N1 1.493 1.495 1.496 1.497 1.496 1.495 1.495 1.496 1.496 1.496
N1-Cu 2.018 2.006 2.005 2.004 2.004 1.997 2.004 2.004 2.004 2.004
Cu-05 2.053 2.024 2.024 2.025 2.025 2.018 2.009 2.025 2.025 2.025
N1-C1 1.486 1.487 1.487 1.487 1.487 1.487 1.485 1.487 1.487 1.487
N1-C2 1.489 1.487 1.487 1.487 1.487 1.487 1.486 1.487 1.487 1.487
C1-C3 1.5350 1.557 1.557 1.557 1.557 1.557 1.538 1.557 1.557 1.557
C2-C4 1.555 1.557 1.557 1.557 1.557 1.557 1.538 1.557 1.557 1.557
C3-03 1.307 1.311 1.311 1.311 1.311 1.310 1.309 1.311 1.311 1.311
C4-04 1.301 1.311 1.311 1.311 1.311 1.310 1.305 1.311 1.311 1.311
03-Cu 1.912 1.878 1.878 1.878 1.878 1.880 1.900 1.878 1.878 1.878
04-Cu 1.905 1.878 1.878 1.878 1.878 1.880 1.901 1.878 1.878 1.878
angle
(C5-N1-Cl1 113.23 113.01 113.08 113.05 113.06 112.96 112.90 113.06 113.07 113.07
(C5-N1-C2 114.37 113.16 113.08 113.05 113.05 112.91 112.86 113.06 113.06 113.06
(C5-N1-Cu 100.71 104.74 104.79 104.88 104.91 104.52 106.34 104.81 104.80 114.31
(N1-C1-C3 11171 111.29 111.41 111.41 111.41 110.80 110.94 111.42 111.43 111.43
(N1-C2-C4 112.63 111.35 111.41 111.40 111.41 110.53 110.94 111.41 111.42 111.42
(C1-C3-03 115.18 114.70 114.74 114.75 114.74 115.85 114.88 114.76 114.76 114.76
(C2-C4-04 116.12 114.72 11475 114.76 114.75 115.80 114.47 114.76 114.77 114.77
(C3-03-Cu 113.01 114.22 114.22 114.19 114.19 113.47 113.80 114.19 114.19 114.19
(C4-04-Cu 115.31 114.30 114.21 114.18 114.18 112.99 113.85 114.19 114.18 114.18

continued. ..
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Table S.4. continued.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10

dihedral angle

(C5-N1-Cu-05 —160.78 4.00 —2.89 —3.13 —3.58 -0.73 —155.09 —2.98 ~2.99 -3.19
(C5-N1-C1-C3 80.05 81.96 82.67 82.79 82.75 85.02 81.78 82.78 82.80 82.82
(C5-N1-C2-C4 —95.94 —32.58 —32.66 ~382.78 —82.74 -81.59 -80.71 —382.77 —82.78 —82.79
(N1-C1-C3-03 10.43 21.33 21.09 21.04 2112 19.77 22.33 20.93 20.88 20.87
(N1-C2-C4-04  —13.28 —21.13 —21.10 —21.04 =21.12 —22.28 —22.68 —20.95 —20.91 -20.90
(C1-C3-03-Cu 15.20 1.46 1.18 1.23 1.17 2.94 1.94 1.31 1.36 1.38
(C2-C4-04-Cu 4.64 —1.21 —1.17 -1.23 —-1.18 —2.40 —-2.42 —1.31 —1.34 =1.35

Table S.5.  Comparison of the BSSE corrected energetics of IDA-Zn(Il)-imidazole interactions (in kJ/mol) and Mulliken charges on crucial atoms of
the system depending on the mode! used. Relative interaction energy £(int) was defined in the text.

Atom Model 1 Model 2 Model 3 Model 4 Model S Model 6 Model 7 Model 8 Model 9 Model 10

Cs —0.16 -0.16 -0.16 —0.16 —0.15 —0.16 —-0.15 -0.16 -0.16 -0.16
N1 —0.54 —0.57 —0.57 —-0.57 —0.57 —-0.57 -0.55 —0.58 -0.58 —0.58
Zn 1.44 1.39 1.40 1.40 1.39 1.42 1.37 1.40 1.40 1.40
C1 -0.25 —-0.24 -0.24 —-0.24 —-0.24 -0.27 =0.25 —0.24 —0.24 —0.24
2 —-0.27 —0.25 —0.24 —0.24 —0.24 —-0.28 —0.25 —-0.24 —0.24 —0.24
€3 0.58 0.35 0.55 0.55 0.55 0.53 0.55 0.55 0.55 0.55
Cc4 0.56 0.55 0.55 0.55 0.55 0.53 0:55 0.55 0.55 0.55
03 -0.70 -0.73 -0.73 -0.73 ~0.73 —0.69 -0.73 -0.73 -0.73 -0.73
04 -0.71 -0.73 -0.73 -0.73 -0.73 -0.70 -0.73 =0.73 —-0.73 —-0.73
N2 —0.61 —0.64 —0.64 —0.64 —0.64 =0.71 -0.63 —0.64 —0.64 —0.64
E(int) —79.60 -17.78 —36.83 —36.76 —36.82 —28.23 —34.24 —36.60 -36.75 —37.20

Table S.6. Comparison of most important geometrical parameters of IDA-Zn(IT)-imidazole systems depending on model used in the calculations.
Bond lengths are in Angstroms, bond angles and dihedral angles are in degrees.

Model 1 Model 2 Model 3 Model 4 Model 5 Modei 6 Model 7 Model 8 Model 9 Modei 10

bond
C5-N1 1.488 1.483 1.483 1.434 1.484 1.487 1.486 1.484 1.484 1.484
N1-Zn 2.212 2.145 2.144 2.141 2.143 2.135 2.164 2.141 2.140 2.140
Zn-N2 2.095 2.018 2.017 2.018 2.018 2.010 2.027 2.018 2.018 2.017
N1-C1 1.475 1.478 1.478 1.479 1.478 1.481 1.477 1.478 1.478 1.478
N1-C2 1.480 1.479 1.479 1.479 1.479 1.478 1.477 1.479 1.479 1.479
C1-C3 1.553 1.560 1.560 1.560 1.560 1.545 1.559 1.560 1.561 1.561
C2-C4 1.560 1.562 1.562 1.562 1.562 1.545 1.560 1.562 1.562 1.562
C3-03 1.290 1.309 1.309 1.309 1.309 1.297 1.306 1.309 1.309 1.309
C4-04 1.294 1.308 1.308 1.308 1.308 1.294 1.305 1.308 1.308 1.309
03-Zn 1.993 1.910 1.909 1.910 1.909 1.961 1.920 1.910 1.909 1.908
0O4-Zn 1.948 1.804 1.894 1.895 1.895 1.944 1.907 1.894 1.895 1.895

angle
(C5-N1-C1 112.834 113.65 113.75 113.64 113.65 113.38 112.55 113.71 113.65 113.65
(C5-N1-C2 113.95 113.65 113.57 113.55 113.61 112.60 113.26 113.54 113.61 113.63
(C5-N1-Zn 106.79 102.97 102.93 103.20 103.09 106.51 106.40 102.93 102.98 102.96
(N1-C1-C3 111.97 112.70 112.75 112.74 112.80 111.65 112.19 112.81 112,84 112.89
(N1-C2-C4 113.37 112.90 112.92 112.94 112.90 112.65 112.13 112.95 112.95 112.88
(C1-C3-03 116.12 115.62 115.62 115.61 115.67 115.87 115.28 115.66 115.70 115.77
(C2-C4-04 117.11 115.87 115.90 11591 115.88 117.49 115.26 115.94 115.92 115.85
(C3-03-Zn 113.92 116.53 116.48 116.40 116.48 115.55 117.32 116.39 116.39 116.43
{C4-04-Zn 117.49 116.42 116.44 116.34 116.33 115.96 116.97 116.31 116.27 116.20

dihedral angle
{C5-N1-Zn-N2  —165.89 ~5.47 —5.23 -5.13 —-5.47 —15.07 -38.52 —5.50 —-5.26 —5.46
(C5-N1-C1-C3 78.00 84.88 84.87 85.08 85.39 80.09 83.08 85.26 85.52 82.24
(C5-N1-C2-C4 —95.84 —84.62 —84.96 —85.23 —84.75 —92.44 —81.68 —85.09 —84.92 —84.09
(N1-C1-C3-03 14.04 26.31 26.22 26.24 25.64 23.03 22.91 25.77 25.53 2494
(N1-C2-C4-04 —7.89 —24.36 —23.99 —23.90 —24.42 —15.28 —25.81 —23.76 —24.00 —24.59
(C1-C3-03-Zn 20.50 —10.43 —10.30 —10.26 -9.08 4.07 0.98 —10.04 —-9.92 -9.83
{C2-C4-04-Zn —-12.12 7.21 7.07 6.90 7.31 —2.87 1.83 6.90 6.98 7.01
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Table 8.7. Comparison of Muiliken charges of IDA-Zn(Il)-water on crucial atoms of the system depending on the model used.

Atom Model 1 Model 2 Model 3 Model 4 Model 35 Model 6 Model 7 Model 8 Model 9 Model 10

G5 —0.18 -0.16 —0.16 -0.15 —0.15 -0.15 -0.15 —0.16 -0.16 —0.16
N1 —0.56 -0.59 -0.59 -0.59 ~0.59 —0.60 —-0.58 —0.59 -0.59 -0.59
Zn 1.41 1.37 1.37 1.37 1.37 1.43 1.37 1.37 1.37 1.37
Cl —-0.24 —-0.25 -0.25 —0.25 —0.25 —-0.29 -0.25 -0.25 -0.25 —0.25
c2 -0.27 -0.25 -0.25 #4025 -0.25 -0.27 -0.25 —0:25 -0.25 -0.25
C3 0.56 0.56 0.56 0.56 0.56 0.53 0.55 0.56 0.56 0.56
C4 0.57 0.56 0.56 0.56 0.56 0.53 0.56 0.56 0.56 0.56
03 —0.71 -0.75 —0.74 -0.75 -0.75 -0.75 —0.74 —0.74 —0.74 -0.75
04 —-0.71 —-0.74 —0.74 -0.75 —0.74 —-0.74 -0.74 —-0.75 —-0.75 -0.74
05 -0.79 -0.85 -0.85 -0.85 -0.85 —-0.89 —0.85 —0.85 —0.85 —0.86

Table S.8. Comparison of most important geometrical parameters of IDA-Zn(II)-water systems depending on model used in the calculations. Bond
lengths are in Angstroms, bond angles and dihedral angles are in degrees.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10

bond
C5-N1 1.484 1.485 1.485 1.486 1.487 1.489 1484 1.486 1.486 1.486
N1-Zn 2.197 2.130 2.128 2,127 2.128 2.114 2133 2.126 2.125 2.125
Zn-05 2.262 2.092 2.092 2.093 2.094 2.050 2.092 2.093 2.094 2.100
N1-C1 1.479 1.479 1.479 1.479 1.480 1.481 1.476 1.479 1.479 1.479
N1-C2 1.482 1.479 1.479 1.479 1.480 1.480 1.477 1.479 1.479 1.480
C1-C3 1.556 1.564 1.564 1.564 1.564 1.546 1.562 1.564 1.564 1.563
C2-C4 1:355 1.565 1.564 1.564 1.564 1.547 1.563 1.564 1.564 1.565
C3-03 1.295 1.314 1.314 1.314 1.314 1.303 1.313 1.314 1.314 1.314
C4-04 1.299 1.314 1.314 1.314 1.314 1.301 1.313 1.314 1.314 1.315
03-Zn 1.943 1.871 1.871 1.871 1.872 1.921 1.874 1.871 1.871 1.884
04-Zn 1.909 1.870 1.871 1.871 1.872 1.920 1.870 1.872 1.871 1.863

angle
(C3-N1-C1 113.71 113.58 113.62 113.60 113.42 112.60 113.26 113.59 113.59 113.61
(C5-N1-C2 113.93 113.73 113.62 113.60 113.41 112.92 113.63 113.59 113.59 113,57
(C5-N1-Zn 101.82 106.05 106.05 106.12 106.97 109.23 106.70 106.09 106.07 105.83
(N1-C1-C3 112.99 112.87 112.98 112.99 113.00 111.49 112.51 113.00 113.00 112.95
(N1-C2-C4 113.65 113.03 112.98 112.99 112.99 11293 112.74 113.00 113.00 113.07
(C1-C3-03 116.54 116.06 116.15 116.17 116.14 116.90 115.95 116.18 116.17 115.74
(C2-C4-04 117.10 116.22 116.15 116.17 116.13 11715 116.06 116.17 116.16 116.42
(C3-03-Zn 116.52 115.01 115.04 114.98 115.01 114.21 115.05 114.95 114.96 115.51
(C4-04-Zn 117.23 115.07 115.04 114.99 115.03 114.33 11527 114.97 114.97 114.60

dihedral angle
(C5-N1-Zn-05 141.24 —0.92 0.11 0.12 0.73 12.44 —-22.02 0.45 0.44 —24.06
(C5-N1-C1-C3 92.20 84.39 83.39 85.56 86.20 84.35 82.94 85.61 85.62 85.90
(C5-N1-C2-C4 —94.76 —85.94 —85.40 —85.56 —86.21 —87.76 -85.12 —85.62 —85.63 —85.40
(N1-C1-C3-03 27.30 24.11 23.11 22.93 22.96 14.99 24.34 22.85 22.81 24.12
(N1-C2-C4-04 —2.39 -22.71 ~23.11 —22.93 —22.96 32.34 ~=21.87 —22.86 —22.83 —~22.41
(C1-C3-03-Zn —21.4 —2.88 —2.41 -2.25 —2.01 0.50 -0.19 —2.24 —2.22 —4.78
(C2-C4-04-Zn -15.07 2.34 2.42 2.26 2.02 —0.81 0.17 2.27 2.25 1.72

Table S.9. Comparison of the BSSE corrected energetics of IDA-Ni(Il)-imidazole interactions (in kJ/mol) and Mulliken charges on crucial atoms of
the system depending on the model used. Relative interaction energy E(int) was defined in the text.

atom Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10
C5 -0.15 -0.16 -0.16 —0.16 ~0.16 —-0.17 -0.16 —0.16 —0.16 —0.16
N1 -0.52 —0.53 —-0.53 -0.53 -0.53 -0.55 —0.53 -0.53 -0.53 —0.53
Ni 1.26 .16 1.16 L.16 1.16 1.22 L1 1.15 1.16 1.15
Cl -0.27 -0.25 —0.24 —0.24 -0.25 —-0.28 -0.25 -0.25 —0.25 =0.25
c2 -0.27 -0.25 -0.25 —0.25 -0.25 -0.28 -0.25 -0.25 —0.25 -0.25
€3 0.58 0.56 0.56 0.56 0.56 0.53 0.56 0.56 0.56 0.56
C4 0.55 0.56 0.56 0.56 0.56 0.54 0.56 0.56 0.56 0.56
03 —0.68 —0.69 -0.69 —-0.69 —0.69 —0.69 —0.69 —-0.69 —0.69 ~0.69
04 —0.66 —0.68 —0.68 —0.68 —0.68 —0.69 —0.68 —0.68 —0.68 —0.68
N2 —0.57 —-0.57 -0.57 —0.57 -0.57 -0.59 -0.57 -0.57 -0.57 -0.57
E(int) —45.28 -37.16 —36.34 —36.93 —36.24 —2.21 —-39.79 —35.57 —37.50 —36.25
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Table 5.10. Comparison of most important geometrical parameters of IDA-Ni(II)-imidazole systems depending on model used in the calculations.
Bond lengths are in Angstroms, bond angles and dihedral angles are in degrees.

Model | Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10
bond
C5-N1 1.488 1.490 1.491 1.491 1.491 1.494 1.490 1.491 1.491 1.491
NI-Ni 2.139 2.073 2.072 2.071 2.072 2.047 2.067 2.066 2.070 2.066
Ni-N2 2.043 2.007 2.007 2.008 2.008 1.992 2.004 2.007 2.008 2.007
NI-C1 1.483 1.483 1.482 1.483 1.483 1.481 1.480 1.481 1.433 1.481
NLl-C2 1.488 1.483 1.483 1.483 1.483 1.4382 1.480 1.481 1.483 1481
C1-C3 1.553 1.554 1.554 1.554 1.554 1.540 1.553 1.556 1.554 1.556
C2-C4 1.561 1.554 1.555 1.554 1.554 1.540 1.552 1.556 1.554 1.556
C3-03 1.296 1312 1312 1.312 1312 1.301 1.313 1.313 1.312 1313
C4-04 1.291 1.312 1312 1.312 1.312 1.302 1.313 1.313 1.312 1.313
03-Ni 1.978 1.896 1.896 1.896 1.896 1.948 1.901 1.900 1.896 1.900
04-Ni 1.957 1.889 1.889 1.889 1.889 1.938 1.891 1.892 1.889 1.893
angle
(C5-N1-Cl 112.13 112.89 112.97 112.87 11291 113.81 112.84 112.93 112.87 112.88
(C5-N1-C2 114.43 112.99 112.90 112.95 112.88 112.54 112.7¢ 112.83 112.90 112.84
{C5-N1-Ni 109.54 104.72 104 .81 104.88 105.04 104.39 105.34 105.13 104.78 105.18
(N1-C1-C3 11132 111.43 111.38 111.52 14 1:51 111.31 111.52 111.14 111.50 111.13
(N1-C2-C4 L1375 {11.29 111.40 111.30 111.39 110.63 111.03 110.98 111.40 110.98
(C1-C3-03 114.90 114.30 114.24 114.36 114.32 116.06 11475 114.51 114.35 114.53
(C2-C4-04 117.13 114.30 11439 114.30 114.34 116.00 11441 114.52 114.41 114.53
(C3-03-Ni 111.61 116.53 116.40 116.44 116.44 114.12 115,77 115.77 116.39 115.75
(C4-04-Ni 116.88 116.36 [16.41 116.29 116.34 114.59 115.78 115.70 116.35 115.67
dihedral angle
(C5-N1-Ni-N2 —135.63 —-18.21 —16.70 —~17.50 —-17.19 ~35.56 -52.89 —33.14 —16.41 —32.62
(C5-Ni-C1-C3 72.04 82.98 82.33 83.48 83.35 81.80 82.84 80.67 83.00 80.76
(C5-N1-C2-C4 —117.64 —80.21 —82.96 —382.24 —82.79 —-31.84 —79.86 —79.96 83.02 -80.01
(NI-C1-C3-03 21.06 26.49 27.11 26.08 26.36 21.61 21.43 23.63 26.02 23.51
(N1-C2-C4-04 —10.24 —27.36 —26.45 —-27.32 —26.90 —18.82 —24.76 —24.49 —26.36 —-24.4]
(C1-C3-03-Ni 17.30 ~7.07 —7.24 —6.80 —6.89 1.61 1.68 031 —-6.32 0.44
{C2-C4-04-Ni 12.13 7.38 6.91 7.40 7.17 —5.40 0.45 0.34 6.88 0.19
Table S.11. Comparison of Mulliken charges of IDA-Ni(II)-water on crucial atoms of the system depending on the model used.
Atom Model 1 Model 2 Model 3 Model 4 Model 3 Model 6 Model 7 Model 8 Model 9 Model 10
a5 -0.15 -0.16 —0.16 -0.16 —0.16 —0.16 —0.16 —0.16 —-0.16 —0.16
N1 —0.54 -0.55 -0.55 -0.55 -0.55 —-0.56 -0.54 -0.55 —0.55 —0.55
Ni 1.24 1.16 1.16 1.16 1.15 1.18 1.15 L15 15 L5
C1 ~0.26 -0.25 -0.25 -0.25 —-0.25 -0.30 —0.25 —0.25 —0.25 —-0.25
C2 —0.27 —-0.25 -0.25 -0.25 —0.25 —-0.28 -0.25 —0.25 —0.25 -0.25
C3 0.57 0.56 0.56 0.56 0.56 0.54 0.57 0.56 0.56 0.56
C4 0.55 0.56 0.56 0.56 0.56 0.54 0.57 0.56 0.56 0.56
03 —0.69 -0.70 -0.70 -0.70 -0.70 -0.71 —0.68 —0.70 —-0.70 -0.70
04 -0.66 -0.70 —0.70 -0.70 —-0.70 —-0.71 -0.70 —0.70 -0.70 -0.70
05 —0.83 ~0.82 -0.82 -0.82 -0.32 -0.87 -0.83 —0.82 —0.82 -0.82

Table 5.12. Comparison of most important geometrical parameters of IDA-Ni(Il)-water systems depending on

lengths are in Angstroms, bond angles and dihedral angles are in degrees.

model used in the calculations. Bond

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 Model 10
bond

C5-N1 1.486 1.491 1.492 492 1.492 1.494 1.490 1.492 1.492 1.492
NI1-Ni 2.004 2.049 2.049 2.047 2.048 2.034 2.040 2.047 2.047 2.047
Ni-O5 2.090 2.058 2.058 2.059 2.059 2.031 2.047 2.059 2.059 2.059
Ni-C1 1.486 1.487 1.487 1.487 1.487 1.488 1.481 1.487 1.487 1.487
N1-C2 1.489 1.487 1.487 1.487 1.487 1.488 1.481 1.487 1.487 1.487
C1-C3 1.548 1.555 1.555 1855 1.555 1.535 1557 1.555 1.555 1.555
C2-C4 1.560 1.555 1.555 1.555 1.555 1.536 1.557 1.555 1.555 1.555
C3-03 1.304 1.317 1.317 L3717 1.3%7 1.313 1.318 1.317 1.317 1.317
C4-04 1.294 1.317 1.317 £.317 1317 1.312 1.319 1.317 1.317 1.317
0O3-Ni 1.935 1.861 1.861 1.861 1.861 1.892 1.863 1.861 1.861 1.861

0O4-Ni 1.943 1.861 1.861 1.861 1.861 1.891 1.864 1.861 1.861 1.86
continued. ..
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Table S.12. continued.
Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Mode! 9 Model 10
angle
(CS-N1-Cl1 113.05 113.07 113.11 113.11 113.08 113.07 112.43 113.09 113.09 113.08
(C5-N1-C2 114.65 118.19 113.11 113.10 113.08 112.75 113.00 113.09 113.09 113.08
(C5-N1-Ni 107.36 105.71 105.80 105.80 105.91 107.28 106.94 105.82 105.84 105.85
(N1-C1-C3 112.03 112.14 112.16 112.22 112.18 110.95 110.80 112.17 112.18 112.18
(N1-C2-C4 113.55 112.14 112.16 112.18 112.18 111.25 110.82 112.17 112.17 112.17
(C1-C3-03 114.18 114.66 114.68 114.73 114.69 116.20 114.57 114.70 114.69 114.69
{C2-C4-04 116.88 114.66 114.68 114.70 114.68 116.20 114.63 114.69 114.69 114.69
(C3-03-Ni 11541 115.33 115.33 115.30 115.31 114.16 114.50 115.29 115.29 115.29
(C4-04-Ni 114.99 115.35 115.32 115.28 11531 113.87 114.39 115.29 115.29 115.29
dihedral angle
(C5-N1-Ni-05 —125.14 0.95 -0.40 -1.01 —-0.04 4129  —130.68 —-0.36 —0.28 —0.34
(C5-N1-C1-C3 78.53 87.02 87.23 87.67 87.44 86.65 80.62 87.38 87.39 87.39
(C3-N1-C2-C4 —128.57 —87.07 —87.21 —87.28 —87.40 —85.79 —80.78 —87.34 —87.35 —87.37
(N1-C1-C3-03 30.11 25.39 25.27 24.77 25.13 23.65 26.08 25.10 25.11 25.10
(N1-C2-C4-04 —-1.94 —25.34 —25.28 —25.05 -25.15 —22.95 —25.33 —25.13 -25.13 -25.11
(C1-C3-03-Ni —4.89 —-8.73 —8.64 -8.33 —8.53 —341 —-1.72 —-8.52 -~8.52 —-8.51
(C2-C4-04-Ni 15.32 8.64 8.63 8.37 8.52 1.72 0.49 8.53 8.52 8.50
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