Journal of Molecular Modeling (2020) 26: 116
https://doi.org/10.1007/500894-020-04389-2

ORIGINAL PAPER

®

Check for
updates

A DFT study of isolated histidine interactions with metal ions
(Ni**, Cu**, Zn?*) in a six-coordinated octahedral complex

Latasha M. Franklin" - Sharnek M. Walker" - Glake Hill’

Received: 9 March 2020 / Accepted: 22 April 2020/ Published online: 6 May 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Understanding the role that metal ions play in biological and material processes is critical to addressing a number of diseases and
problems facing society today. There have been a number of studies that have begun to approach this concern from a myriad of
different perspectives. However, there is still a considerable lack of understanding concerning the mechanisms and structures of
metal-related problems, specifically biological and medical-related issues. Understanding the mechanism of ingestion and uptake
of metals into the human body is critical to addressing many diseases such as Alzheimer’s and certain types of cancers. Using
computational techniques, this work adds to the overall understanding of metal interactions with proteins by focusing on metal
ion interactions with the amino acid, histidine, one of the most common sites of metal attachment. In this work, the geometries of
single and dual histidines attached to Ni?*, Cu®*, and Zn>* ions at B3LYP/6-311G(d) are presented. The results show stable
octahedral complexes associated with each of the metal ions. Free energy calculations suggest that all three complexes are
spontaneous in the formation of the dual histidine-metal complexes. Nickel and copper are spontaneous in the formation of
the single histidine complex, although the copper complex undergoes slight geometric changes. Zinc is found to be
nonspontaneous in forming the single histidine complex. Finally, the reduction potential of the single histidine-metal complex
is presented. All of the complexes show positive reduction potentials. However, the nickel and copper complexes undergo
geometrical changes to adopt a square planar conformation.
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Introduction

The role of metals in today’s society has become increasingly
important [1]. A number of applications focusing on utilizing
metals, specifically metal cations, as their central component,
have filled a spectrum from mechanical and technological
uses [2-5] to medical and pharmaceutical treatments [6—8].
Metals have critical catalytic properties that make their inclu-
sion in new materials and processes vital [9]. In addition,
metal cations have been the foundation on which antifungal
and antibacterial compounds have been built [10]. Therefore,
undoubtedly, metals are critical to future innovations and
discoveries.
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However, the ubiquitous role of metals in society and their
increasing amounts have also caused potential problems for
the environment [11]. Thus, landfills and waste sites are be-
coming filled with metal-containing compounds and mate-
rials, which leads to increased leaching into the soil and water
table. This, in turn, increases the amount of metal cations
found within plants, drinking water, and animals, which de-
pend on both of these.

This can potentially affect humans because of the reliance
of humans on both water and animals/plants for survival.
These metal cations, through both the environment and cur-
rent pharmaceutical approaches, can be introduced into the
body and subsequently the bloodstream. This introduction of
metal cations into the bloodstream can potentially lead to neu-
rological disease, cell damage, and oncogenesis, as well as
other less-understood effects.

Upon entry into the human bloodstream, one of the most
likely sites of interactions is with blood-born proteins [1, 12].
Amino acids provide good opportunities for protein-metal
complexes due to the reactive nature of the R group side
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chains, as well as free amine and carboxyl groups. Binding of
metal cations onto the proteins found within the body can
cause normal cellular process to be inhibited [13, 14], the
creation of free radicals through increased redox reactions
[15—17], or disruption of structural components through geo-
metrical changes.

For example, metal ions have been strongly suggested to be
a component in the development of Alzheimer’s disease
[18-21]. An aggregate of the amyloid [3-peptide is thought
to be responsible for the disease [22—24]. This aggregation
may potentially be caused by metal ions coagulating these
neurological proteins. Studies have shown that high levels of
metal ions are present in the tissues of those that have this
disease [25]. Aggregation and potential oxidation reaction
[26] can possibly be the direct cause of diminished neurolog-
ical functions and the progression of this Alzheimer’s disease
[27]. These types of interactions between proteins and metal
ions may also play a part in other neurological diseases and
complications throughout the body [28].

Therefore, it is critical to gain greater understanding of the
mechanisms of how metal cations interact with cellular com-
ponents to affect biological functions. Current approaches
have provided some insight into metal cation behavior
in vivo. Studies have focused on histidine and cysteine as
primary sites of metal complex binding. Cysteine, although
not the subject of this work, is an attractive site for metal ion
binding due to the sulfur located on its R side chain. Histidine,
the subject of this work, contains an imidazole side group that
can also participate in the binding metal ions. Consequently, a
number of metalloproteins contain histidine as the primary site
of metal ion coordination.

A number of studies have focused on understanding the
basic structure of the interactions of histidine with these metal
ions. Kong et al. focused on understanding the role that metal
ions play in complexing the previously mentioned amyloid
proteins by providing IR spectra and structural information
about these metal complexes and their interactions with histi-
dine dimers, specifically His13 and His14 [29]. Pushie et al.
have focused on metal ions interacting with imidazole to mim-
ic the side chain of histidine [30]. Han et al. concurred that the
imidazole was a major component of the metal-histidine inter-
action [31]. Potocki et al. studied the metal ions within the
TjZNT1 ZIP transporters and also determined the site of metal
binding to be predominately on the imidazole [32]. However,
the structures were limited in their interactions with the ion
because the histidine was often in complex proteins with the
amino terminal and the carboxyl terminal occupied with pep-
tide bonding. Even with this limitation, there is disagreement
as to the structural geometries of the metal ions, specifically,
whether the complex adopts octahedral-type geometries, or a
square planar-type structure. This distinction could explain
structural changes in the proteins to which the metal is
attached.
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Fig. 1 Proposed structure of the histidine-metal complex with single
histidine and dual histidine (M=Ni**, Cu**, or Zn**)

Others have taken an isolated histidine approach to deter-
mine the appropriate structures. These studies have focus on
complexing single histidines with metal cations to predict the
geometry of the complex. Yet, even with the isolated histi-
dines, there is disagreement as to the structure of the histidine
with the complexes. In isolation, Umadevi et al. suggested that
the structure of the metal with the two histidines attaches to the
metal ions via two ligands each, creating a square planar-like
conformation [33]. This is complemented with a water mole-
cule attached to the metal.

Other work suggests that there is another possible struc-
ture to be considered. Gorboletova et al. have suggested a
complex where each of the histidines attaches via three
ligands (NH,, COO, and the imidazole) [34]. This octa-
hedral structure is supported by complexes of metal ions
with other compounds, such as ethylenediaminetetraacetic
acid (EDTA) [35] or diethylenetriaminepentaacetic acid
(DTPA) [36]. In this work, it is suggested that this structure
may be critical in the understanding of the mechanism of
metal ion interaction in biological species. The six-ligand
octahedral complex of metal ions (Ni**, Cu?*, and Zn**)
with single and dual histidine (Fig. 1) is explored using ab
initio methods, and insights into the thermodynamics of
the reactions of these complexes are discussed.

Computational details

All geometries were optimized using Gaussianl6 [37]
and the DFT functional B3LYP [38, 39] with a 6-
311G(d) basis set. All structures were optimized without
any geometrical constraints. Local minima of all

Table 1 The relative energy of spin states (kcal/mol) for the M(H,0),

The two lowest spin states Lower spin state  Higher spin state

Ni**  Singlet, triplet 47.83 0
Cu**  Doublet, quartet 0 156.56
Zn>*  Singlet, triplet 0 165.97




J Mol Model (2020) 26: 116

Page30of 10 116

Fig. 2 M(H,0)s>", where M=Ni**, Cu**, or Zn**

structures were verified using frequency calculations.
Gaussview6 [40] was used to visualize all structures.
The lowest two spin states for each of the metal com-
plexes were calculated, and the relative energies are
presented in Table 1. As indicated, Ni** preferred the
higher triplet state in each of the complexes, while Cu**
and Zn** preferred the lower spin state, doublet, and
singlet, respectively.

Using these gas phase calculations and the appropri-
ate spin state, the free energy of solvation was calculat-
ed using the solvation model based on density (SMD)
[41]. The gas phase free energy was calculated as:

AGhyd = AGgas + AAG

where AGyyq is the free energy of the reaction in aque-
ous environment, AGy,s is the free energy calculation
via gas phase methods, and AAG;, is the difference
between the free energy of solvation of the reactants
and the products using SMD. The thermodynamic cycle
used for each stage will be presented in the “Results
and discussion” section.

Table 2 Free energy of hydration for metal cations at B3LYP/6-
311G(d), using the SMD
N2t Ccut Zn2

AG(gas) —317.69 —318.19 —305.45
AG(solv) -179.25 —187.24 —187.08
AG(aq) —496.94 —505.44 —492.53
Other theor.” —480.81 —480.06 —458.58
Exp.” —477.50 —481.80 —469.20

#Chen et al. [35]
Results and discussion
Hydration of metal ions

Following the methodology suggested in similar studies [35],
metal ion reactions with water were calculated to determine
the free energy of solvation. This approach better models the
biological environment that a metal ion would experience in a
water solvent. The solvation of the metal ion is described both
explicitly and implicitly. The first solvation shell is described
by placing water molecules around the ion in an octahedral
configuration (Fig. 2). The remaining solvation is implicitly
described using the SMD. This approach is in alignment with
previous work done with metal ion solvation.

To determine the free energy for the reaction, an optimized
cluster of six water molecules was used instead of the energy
of one water molecule multiplied by six. This allows for better
correlation with experimental results for the free energy of
hydration for the ions. It also provides better comparison with
the work presented by Chen [35]. The thermodynamic cycle
to determine the free energy is given in Fig. 3:

Once again, the free energy of hydration (AGyyq) is deter-
mined by the equation:

AGhyd = AGgas + AAGy

where AG(gas) is determined by

AGgas = Gas {M(HZO)sH] ~Ggas [(HZO)G]

Fig. 3 The thermodynamic cycle AG(gaq)
for the hydration of the metal ion
M*g  +  (HO)epe) > M(H,0)¢*g)
"G (H0le G M(H;0)¢
AG(hya)
M#g  +  (HO)gy > M(H,0)¢*y
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Fig. 4 The optimized structure of the single histidine-metal complex
(where M=Ni2+, Zn2+) and water molecules (hydrogen was removed
from histidine for clarity)

The AAG is determined by
AAGy = AGy {M(H2O)62+} ~AGe [(H,0)]

The results of these calculations are found in Table 2. The
results are also compared with other theoretical results and
available experimental results. The calculated results are in
relatively good agreement with the experimental results.
Although this work presents calculated results that are be-
tween 4 and 5% below the experimental results, they are in
good agreement with the other previous theoretical results by
Chen et al. [35]. There are small differences between Chen

Fig. 5 The optimized structure of the single histidine-Cu complex and
water molecules (hydrogen was removed from histidine for clarity)

and these results due to the difference in the basis set
(LanL2DZ for Chen, 6-311G(d) this work) as well as the
inclusion of BSSE in the work of Chen, but not included in
this present work. Those distinctions account for the small
differences in the theoretical results.

The utilization of the 6-311G(d) basis set does yield the
correct relative order of the metal ions, while the LanL.2DZ
basis set gives roughly equal free energy of hydration for Ni**
and Cu®*. Both experimental results and the results of this
work suggest that Ni** has a higher free energy of hydration
than Cu®*. LanL2DZ performed by others gives equal free
energies.

Formation and energetics of M(His)(H,0);"
The reaction of the hydrated metal ions with a single histidine

was subsequently modeled. The histidine is complexed with
the metal ion using three ligands (Fig. 4) with the water

Table 3  Geometric parameters for M(His)(H,O)" complexes and M(His), complexes (in angstroms, angles and dihedrals are in degrees)
Metals M-H,0* COO- NH;- HisN- COO-M- NH;-M- COO-M-HisN HisN-COO-M-NH;
M M M NH; HisN
M(His)(H20);* Complexes
Ni** 2.12 1.98 2.07 2.05 81.9 90.4 94.6 94.6
Cu** 2.01,3.57° 192 2.01 226 82.4 90.1 95.2 952
Zn** 2.16 2.03 2.14 2.08 79.6 88.3 99.4 99.9
M(His),
N - 2.02 2.12 2.16 80.9 82.2 92.4 93.7
Cu** - 1.92 2.02 2.69 84.4 76.3 87.5 88.8
n** - 2.01 2.18 228 80.0 80.1 91.8 93.6

*This is the average distance for all of the water-metal distances

® This is an outlier distance of the water molecule
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Fig. 6 The thermodynamic cycle

for the reaction M(H,0)¢>* + His~ M(H,0)¢*"g  + His )
— M(His)(3H,0) + 3H,O N
-AG(so) M(H20)62* -AGq)) His®
M(H20)52+(|) + HiS’“)

molecules in place to maintain the octahedral geometry. The
geometric parameters are listed in Table 3. The bond dis-
tances, angles, and dihedral angles of the nickel and zinc com-
plexes are similar to one another, differing by only a few
angstroms or degrees. The structure maintains an octahedral-
type ligand bonding between the amine, carboxyl, and imid-
azole sites on the histidine while maintaining the attraction of
the water molecules.

Copper’s geometry is significantly different from the other
two metal ion complexes (Fig. 5). The most noticeable differ-
ence is in the imidazole metal ion attraction. The distance
between the two increases compared with that of the other
two metals. The imidazole moves farther from the metal while
the other two ligands (NH, and COO ") become more closely
attached to the metal. Also, one of the water molecules that is
attached to the metal to complete the octahedral geometry in
the other metals moves from this position within the optimized
copper complex. This water molecule moves outside of the
first solvation shell into perhaps a secondary shell. It must be
noted that the copper is in the doublet state throughout this
optimization. When optimized in the quartet state, even
though it is not the lower energy, it maintains the octahedral
geometry of the other ions. This geometric difference is not
unexpected. This seems to be in line with the Jahn-Teller
effect that is expected to be present in other copper complexes.

To address how these single histidine-metal complexes are
formed, the free energy of reaction was determined for the
reaction of the hydrated metal ion and the histidine. These free
energies were once again calculated in the same manner as
before but with the thermodynamic cycle given in Fig. 6.

When comparing the free energy of reactions for the metals
(Table 4), a general trend appears. As the atomic number

Table 4  Free energy of reaction for the reaction: M(H20)62+ + His™ —
M(His)(3H,0) + 3H,0, B3LYP/6-311G(d), with SMD

Metal AG(gas) AG(solv) AG(aq)
NiZ* —207.43 185.32 -22.11
Cu** -217.81 191.29 —-26.52
Zn** —124.74 192.58 67.84

AG(gaS)
M(His)(H;0)3%g) + (H20)3()
AG(so) M(His)(H,0)5* AGyso)) (H20)s
AG(hya)
M(His)(H,0)s*  + (H20)3q)

increases, the free energy of reaction becomes more positive.
The nickel and the copper ions are shown to be spontaneous
reactions predicted to be thermodynamically favored. The
zinc ion, however, is predicted to be nonspontaneous and
thermodynamically unfavored. This is not due to the inclusion
of the hydration model since the free energy of solvation is
consistent with the other metal ions. The gas phase free ener-
gy, while still negative, is considerably less negative than the
other metal ions. This combination of more positive gas phase
free energy along with the lowest free energy of solvation
gives rise to a positive free energy of reaction.

Formation and energetics of M(His),

The octahedral structure of the metal complex with two histi-
dines (Fig. 7) was studied and compared with the metal ion
with the one histidine. These are also presented in Table 3. The
geometries for all three of the dual histidine-metal complexes
were slightly different than the geometries of the single
histidine-metal complexes. The addition of the second histi-
dine caused the structures to adopt a slightly strained octahe-
dral geometry. The ligands of the histidines have longer bond
distances and smaller angles, suggesting an elongation of the
histidines away from the metal and greater strain in the bend
of the histidines.

Once again, copper shows an exaggerated geometry that is
potentially due to Jahn-Teller effects. The copper histidine
complex had smaller metal ligand bonds than the other metals
but the angles between the ligands were smaller suggesting a

Fig. 7 The optimized structure of the dual histidine-metal complex and
water molecules (hydrogen was removed from histidine for clarity)

@ Springer
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Fig. 8 The thermodynamic cycle . AG(ga)
for the reaction M(H,0)¢2* + M(H0)6?" g  + 2His ) M(His)gy — + (H20)s0
2His~ — M(His), + 6H,0
~AG(so) M(H,0)6* 2 X -AGeq His AGsq M(His) AGiso (H20)¢
AGhya)
M(H20)52+(|) + 2Hi5'(|) M(HiS)(|) + (H20)5(|)

greater shift away from the octahedral geometry. Also, as was
the case with the single histidine complex, the imidazole rings
of the histidines were extended away from the copper center.
In comparison with the other metals, the imidazole ring had a
larger distance from the metal center than the other metal-
histidine complexes. There seems to be a desire of the copper
molecule in both the single histidine complex and the dual
histidine complex to work toward a square planar-type bond-
ing than the octahedral type.

The free energy of reactions for the production of this dual
histidine-metal complex from hydrated metal ions was calcu-
lated for all three metals. As with the previous free energy
calculations, in order to approximate solvent effect on the free

Table5 Free energy of reaction for the reaction: M(H,0)s>" + 2His” —
M(His), + 6H,0, B3LYP/6-311G(d), with SMD

Metal AG(gas) AG(solv) AG(aq)
NiZ* —325.69 280.40 —4529
Cu** -336.14 296.20 —-39.94
Zn** —-318.56 289.21 —29.35

J
&

Fig. 9 The optimized structure of the adiabatic reduced single histidine-

Ni complex and water molecules

@ Springer

energy, the thermodynamic cycle was employed for this reac-
tion (Fig. 8):

The results of the calculations are presented in
Table 5. The nickel and the copper complexes again
show reasonable favorability due to the spontaneous na-
ture of the reaction. The free energy of reaction for the
nickel and the copper dual histidine complexes is close
to one another as was the case in the single histidine
complex. The free energy of reaction for the dual histi-
dine complexes when compared directly with the single
histidine complexes shows that, in both cases, the free
energy to form the dual histidine complex is lower than
that of the single histidine complexes. The dual histidine
zinc complexes were also negative like the complexes
with nickel and copper. This is in contrast to the free
energy with the single histidine, which was positive.
The complexation of the zinc ion with two histidines is
more thermodynamically favored than that of the single
histidine complex.

‘a J

Fig. 10 The optimized structure of the adiabatic reduced single histidine-
Zn complex and water molecules (hydrogen was removed from histidine
for clarity)



J Mol Model (2020) 26: 116

Page 7 of 10 116

Fig. 11 The optimized structure of the adiabatic reduced single histidine-
Cu complex and water molecules

One-electron reduction potentials and potential
reaction pathways

Because of the various spin states and the ability of these ions
to undergo reduction and oxidation that can cause biological
damage, reduction potential of the single histidine-metal com-
plex was calculated and presented in this work. Each of the
metal ion complexes, when fully optimized with the additional
electron, yielded significantly different geometric structures.
The Adiabatic reduced structure of the nickel complex shifted
from an octahedral complex to a square planar geometry
(Fig. 9). The zinc complex did not change as significantly,
but did experience an elongation of some bonds (Fig. 10).
Cu makes the most significant changes with the addition of
the extra electron (Fig. 11). Primarily, the imidazole complete-
ly disengages from the metal, along with one of the water
molecules, to adopt the square planar conformation, instead
of the octahedral.

Given that the reduction potential is the measure of the
tendency of the ion to gain an electron, the more positive the

Fig. 12 The thermodynamic
cycle for the 1-electron reduction
of M(His)(H,0)5"

M(H|S)(H20)3+(g) +

-AG(5o) M(His)(H,0)5

M(His)(H,0)3*,, +

Table 6  1-electron reduction potential (in V) of M(His)(H,0)s*

Metal Reduction potential (in V)
Ni(His)(H,0)5* 1.10

Cu(His)(H,0);* 3.00

Zn(His)(H,0)5" 4.64

reduction potential, the more likely it is that the ion gains the
electron and be reduced. The reduction potential is calculated
using the Nernst equation:

E= _AG(aq) /IlF

where E is the reduction potential, 7 is the number of electrons
being transferred (n =1 in this case), and F is Faraday’s con-
stant of 96,500. The AG,q, is determined using the above
equation with the thermodynamic cycle (Fig. 12):

The results are presented in Table 6. All of the metal ion
complexes with one histidine show a tendency to attract elec-
trons and be reduced. These complexes all have positive re-
duction potentials. A trend emerges as the metals increase in
atomic number. As the atomic number increases among these
three ions, the more likely the complex will be reduced. The
zinc ion shows a relatively large reduction potential. This sug-
gests that all of these complexes can participate in reactions
that require it to attract electrons within biological systems but
is unlikely to donate electrons to other reactants. Therefore,
these complexes may cause biological damage by attracting
electrons from other biological compounds or structures but
will not initiate free radical formation via the donations of
electrons from their complexes.

Conclusions

The authors of this work present a DFT study of 6-coordinated
metal ion complexes with single histidine and dual histidines.
This work presents both the geometric and energetic results of
these calculations. The conclusions are as follows:

AG(gas)
le

M(HiS)(H20)3(g)

v

AGso) M(His)(H20)s

AG(hyq)

[E
®
v

M(His)(H,0)3
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Fig. 13 An energy schematic a.
showing the relative free energy
of reaction for the complexes

M(H,0)s>" , the mono-histidine C 2+
u(H,0

complex M(His)(H,O);", the ] (H, )6

dual-histidine complexes, Ni(H,0)¢*

M(His),, and the reduced
complexes. (M = Ni, Cu, Zn)

1. Figure 13 gives an overall concept of how these com-
plexes may interact with each other. In nickel and copper
complexes (Fig. 13a), the hydrated ion is thermodynami-
cally favored to undergo both reactions, although the dual
histidine complex is lower in energy than the single
histidine-metal complex. If the reaction does drive toward
the single histidine-metal complex, then, the reduced form
is also thermodynamically favored to occur. The reduced
form of the single histidine-metal complex is lower in
energy than both the regular form of the single histidine-
metal complex and the dual histidine-metal complex. This
suggests that the reduced form of these complexes must
be oxidized first before they can complex to the second
histidine.

2. Figure 13b also shows that the zinc metal ion is
thermodynamically unfavored to have a single histi-
dine reaction. The hydrated zinc is, however, ther-
modynamically favored to undergo the reaction with
the two histidines complex. The reduced form of the
single histidine complex with zinc is lower in ener-
gy than all of the other zinc complexes. This sug-
gests that if the zinc complex does react to produce
the single histidine-metal complex, it is significantly
thermodynamically favored to add an electron and
go to the reduced state.

@ Springer

Cu(His)(H,0)5*
Ni(His)(H,0)5*

Cu(His)(H,0)5
Ni(His)(H,0),

Zn(His)(H,0)3*

Zn(His)(H,0);

Copper exhibits Jahn-Teller distortions of the geometry in
both the single and dual histidine-metal complexes, caus-
ing greater distance and less interaction of the metal ion
with the imidazole side chain of the histidine in both. This
is also shown by the movement of one water molecule
away from the ion into a second level hydration shell.
The 1-electron reduction potential for all of the single
histidine-metal complexes shows considerable likelihood
to undergo redox reactions that add electrons to the com-
plexes, reducing the metals. The addition of the electron
causes small geometric changes within the zinc histidine
complex. It causes significant change in the nickel and
copper histidine complexes. The latter two move toward
square planar conformation, releasing a water molecule
and its attraction to the imidazole of the histidine.
B3LYP/6-311G(d) provide reasonable and cost-effective
methods to study these complexes. The results compare
favorably with available experimental and theoretical re-
sults. The use of SMD also proves to be adequate in the
prediction of changes within an aqueous environment.
Finally, the free energies of reaction for all of the species
are presented. Each of the reaction is favorable, thermo-
dynamically, except for the formation of the single histi-
dine zinc complex. This reaction is nonspontaneous, and
therefore not favored to occur. If it does occur, the free
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energy suggests it is highly favored to be reduced. The
presence of the reduced form of the single histidine com-
plex, although maintaining a high reduction potential, is
unlikely to be observed due to the nonspontaneous nature
of single histidine zinc complex formation.
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National Science Foundation HRD 1547754 and DMR 1826886.
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