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Abstract

Metal ions such as nickel have a strong binding affinity to amino acids and
form metal complexes of different geometry. This complex formation is influ-
enced by many factors among others the kind of reactants and their relative
concentrations, pH, and its effect on the net charge of the amino acid mole-
cule. In this work, the formation of the histidine-nickel (II) complex in differ-
ent conditions was examined by Raman spectroscopy. In addition to the
experiments, density functional theory (DFT) calculations on histidine-nickel
complexes were performed in order to elucidate the complex formation mecha-
nism and optimal geometry of the structures as well as to investigate their
vibrational properties. The Raman measurements showed double peaks at
1272 and 1297 cm ', and triple peaks at 1322, 1336, and 1355 cm ' that
belong to the metal complex. The geometry optimizations and total energy cal-
culations of His-Ni (IT) complex revealed that the octahedral geometry and the
triplet spin state of Ni ion is the energetically favorable structure. This metal
complex is formed through the nitrogen atom of the imidazole side chain, the
nitrogen atom of the terminal amino group, and the oxygen atom of the car-
boxyl group. Experiments with pH revealed that the alkaline pH favors while
the change of the concentration of the metal ions does not affect the the
His-Ni (II) complex formation.
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1 | INTRODUCTION

The role of metals is becoming increasingly important in
today's society, but the growing amounts of metals and
metal-containing compounds present in our everyday
lives can also lead to potential environmental problems.
The leaching of metal-containing compounds and sub-
stances into the soil and groundwater is remarkable;
thereby, higher and higher volumes of metal ions are
found in plants, animals, and drinking water. This can
potentially affect humans, as the entry of metal ions into
the bloodstream is thought to lead to neurological dis-
eases, cell damage, and oncogenesis.[” On the other
hand, metal ions play an important role in many biologi-
cal processes, which is why the study of metal complexes
in bioligands has received increasing attention in recent
decades. The study of the interaction of peptides and
amino acids with essential and toxic elements is a partic-
ularly popular topic in bioorganic chemistry, as proteins
are the major binding sites for metal ions in biological
systems.?!

Metal ions may play a role in the development of neu-
rodegenerative diseases. These disorders affect the nerve
cells in the human brain, leading to mental and physical
degradation of the patient. The most well known of them
are, for example, Alzheimer's and Parkinson's dis-
ease.l"** In each case, a protein®®! is closely related to
the pathology of these diseases, and there is increasing
evidence of the importance of the role of metals.!>!"
While essential metal ions are key to the normal func-
tioning of the brain, neurodegenerative disorders are
mediated or triggered by their imbalance, which can
result in the misfolding and agglomeration of proteins,
leading to changes in critical biological systems, and trig-
gering a series of events that ultimately lead to neurode-
generation and cell death.['"]

Nickel in its various alloys and compounds is widely
distributed in nature. It is essential for most living organ-
isms, but in larger quantities, it is considered as toxic and
carcinogenic agent to the human body. In this regard,
inhalation of nickel-containing aerosols and the load
caused by drinking water are generally less important.
Rather, nickel ingested orally with nutriment is the most
important route of exposure. The absorption of nickel
depends on its physicochemical form, and its water-
soluble compounds (chloride, nitrate, sulphate) are more
easily absorbed. In general, due to its slow absorption
from the stomach and intestine, ingested nickel com-
pounds are rarely toxic due to their low dose. However,
when administered orally in high doses (>0.5 g), some
forms of nickel may be acutely toxic to the human body.
Nickel also causes skin irritation, and skin allergy, pul-
monary fibrosis, respiratory cancer, and iatrogenic nickel

poisoning may also occur in human organisms exposed
to highly nickel-contaminated environments.!*>"*!

The toxic functions of nickel are likely to result pri-
marily from its ability to replace other metal ions in
enzymes and proteins or to bind to cellular compounds
containing O, S, and N atoms, which will then be inhib-
ited. Metal ions, including Ni (II) ions, are thought to
play a role in the development of neurodegenerative
diseases. 11214

Peptides, which are essential components of the living
cell mass, are multifaceted and potent ligands that form a
stable complex with the vast majority of metal ions. Diva-
lent transition metal ions (e.g., copper (II), nickel (II),
zinc (II), cobalt (IT), and cadmium (II)) are the most com-
mon examples of the formation of these complexes.!°!

Peptides are made up of a-amino acids.l'”! In terms of
their structural features a-amino acids always contain a
terminal amino group (-NH,) and a terminal carboxyl
group (-COOH), as well as a sidechain incorporating dif-
ferent functional groups. These amino and carboxyl
groups are capable of binding the metal ion, and the side
chain may be involved in this process if it contains a
donor group capable of attachment to the metal jon.!>*”!
For example, alanine contains no or weakly coordinating
side-chain donor groups, whereas cysteine (thiol) and
histidine (imidazole-N) contain highly coordinating
ones.!*'®8I Ni (II) ions can form stable complexes with
most peptides and proteins as well. They bind to the
nitrogen atom of the terminal amino, amide, or imidazole
groups. In terms of the structure of the formed metal
complexes, the octahedron and plane square geometry is
the most common. !

The importance of histidine interactions with transi-
tion metal ions, including Ni (II), has long been recog-
nized in biological systems."'” Interactions between Ni
(IT) ions and histidine bound in different coordination
have been widely reported."**°23! In the acidic pH
range, the imidazole nitrogen of histidine is the primary
binding site. As the pH is increased (shifted to the basic
range), the donor atoms in histidine are deprotonated, so
the molecule may contain three possible coordination
sites. If increasing the pH further, the oxygen atom of the
carboxyl group and the nitrogen of the amino group are
released, which may also participate in the complex for-
mation, in addition to the nitrogen of the imidazole. The
Ni (IT) ions present in the system can result in the
formation of two types of metal complexes (His-Ni and
His-Ni-His),!'>?*?%] a5 it was confirmed by a combination
of potentiometric titrations and  spectroscopic
(ultraviolet-visible [UV-vis] and circular dichroism)
methods.[Z,l3,21—23,26728]

In addition, new methods have also appeared in the
last few decades that can be used to detect possible
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His-Ni binding sites. An example is an interferometric
technique that works on the optical principle, which
enables the detection of bonds between ions and proteins,
and the number and strength of binding sites can be
determined, and rate constants can also be calcu-
lated.*>3°! Furthermore, Ni-NTA (nitrilotriacetic acid)
surfaces are suitable for the specific binding of proteins
that are connected to the Ni-NTA surface via the N- or C-
terminal through their histidine-labeled part. With this,
various protein—protein and protein-DNA interactions
can be studied.***!

Metal ions play an important role in biological sys-
tems, especially among proteins; it is essential to further
study the relationship between these metal ions and pro-
teins and to detect and identify the formed metal complex
efficiently, quickly, and easily.

Raman spectroscopy is a widely used technique
allowing the identification of molecules and their struc-
ture, chemical bonds and bond order, intermolecular
interactions, and so forth. Being a branch of vibrational
spectroscopy, this method is also useful to identify differ-
ent compounds and biological materials based on their
unique vibrations. Nowadays this method is widely used
in materials science, medicine, archeology, and even
criminal investigations. It should be also noted that the
Raman measurements are nondestructive and do not
require special sample preparation. Therefore, Raman
spectroscopy is suitable for measurements of heat-
sensitive biological samples, such as proteins, too.[3*3*!

This study is aimed to investigate the formation of the
His-Ni (IT) complex in different conditions using Raman
spectroscopy. The use of this technique has not been
reported before. The complex formation was experimen-
tally studied under different conditions, including the
excess of the metal and the histidine in the solution, as
well as the modification of the pH. In addition, molecular
modeling and DFT calculations were performed to verify
the complex formation and to facilitate the interpretation
of the Raman results.

2 | MATERIALS AND METHODS

2.1 | Sample preparation

L-histidine (His; Sigma-Aldrich, Japan) and nickel
(IT) chloride hexahydrate (NiCl,-6H,0; Sigma-Aldrich,
France) were used as received without further purifica-
tion. The aqueous solutions of crystalline L-histidine and
nickel (II) chloride hexahydrate were prepared in ultra-
pure water. The concentration of histidine was
0.05 mol/dm? in all cases and of the NiCl, solutions were
the following: 5 mol/dm?, 0.5 mol/dm?, 0.05 mol/dm?,
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0.005 mol/dm?; 37% w/w HCl (VWR, Hungary) and 1%
w/w NaOH solution, prepared from solid NaOH (VWR,
Hungary), were used for pH adjustment. For investiga-
tion of histidine nickel (II) complex formation in acidic
circumstances, 37% w/w was added to the solution, fol-
lowed by the addition of NiCl, solution, in a 1:1:1 volume
ratio, respectively. The investigation of complex forma-
tion in basic circumstances was performed by adding 1%
w/w NaOH solution and then NiCl, solution to His solu-
tion in a 1:1:1 volume ratio. The pH of solutions was
measured by an Orion 2-Star pH meter (Thermo Scien-
tific, Singapore, Ayer Rajah Crescent).

2.2 | Raman measurements

Raman measurements were performed using a Horiba
LabRam (France) and a Renishaw inVia (UK) Raman
spectrometer. Silicone wells (Sigma Aldrich) attached to
a silicon wafer were used to contain the samples. The vol-
ume of a well was 5 pl, which was filled with the sample
and covered with a calcium fluoride (CaF,) cover plate to
prevent solvent evaporation and to ensure the stability of
the volume and the concentration of the tested liquids
during the measurements.

During the Raman measurements, the excitation light
was focused under the cover plate with a 50x objective.
All spectra were excited using a diode laser operating at
532 nm. The incident laser power was limited to 5 mW.
The acquisition time was 30 s with five accumulations
(i.e., the total exposure time was 150 s).

2.3 | Theoretical calculations

Based on the earlier studies,!>'*'8! the structure of the
resulting metal-histidine complex may have an octahe-
dral geometry, involving also two or three water mole-
cules, respectively.l!! Possible binding sites in the
histidine molecule include the nitrogen atom of the imid-
azole ring, the oxygen atom of the carboxyl group, and
the nitrogen atom of the amino group. Taking these into
account, the following single and dual His-Ni complex
geometries were modeled for the theoretical calculations,
which are shown in Figure 1.

The self-consistent density functional theory (DFT)
field method using the hybrid B3LYP functional consist-
ing of a linear combination of the pure corrected
exchange functional by Becke!**! and the three-parameter
gradient-corrected correlation functional by Lee et al.l*"!
were used for all calculations using the Gaussian-09 pro-
gram package.[36] The triple zeta valence (TZV) Pople
6-3114++G(d,p) basis set was utilized for all atoms.*”! No
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FIGURE 1 Optimized geometry of
gas-phase single (A) and dual

(B) histidine-nickel complexes together
with labels and numbering of the
selected atoms [Colour figure can be
viewed at wileyonlinelibrary.com]|

TABLE 1 Interatomic distances and total energies (E'") of single and dual His-Ni complexes optimized using gas-phase and SMD

models

Singel His-Ni (II)

Distances (A)

Atom labels Gas phase SMD
Ni-O 1.98 2.08
Ni-Nj 2.07 2.08
Ni-N; 2.09 2.09
E™' (a.u.) —2285.9253 —2286.0551

geometrical constraints were applied to the model during
minimization of the total energy of histidine-Ni com-
plexes performed using the Berny optimization
algorithm.

Initial geometry optimizations were performed on the
gas-phase of histidine-Ni complex models. The explicit
solvent model consisting of three water molecules was
used for single histidine-Ni complex (Figure 1A). In addi-
tion, the solvation model assuming the water medium as
an infinite continuum having dielectric and hydrophobic
properties like that of the water molecule was used. The
solvation of both single- and dual histidine-Ni complexes
was implicitly described using the universal continuum
solvation model based on density (SMD) developed by
Truhlar et al.*®! The total energies and optimal intera-
tomic distances of single and dual histidine-nickel com-
plexes calculated using a gas phase and continuum
solvation models are tabulated in Table 1.

Subsequent frequency calculations performed using
the same method and basis set verified the optimized
complex as a true minimum energy structure. All calcu-
lated vibrational mode frequencies were scaled by using
an empirical factor of 0.97. The calculated Raman modes
of the models were used to simulate the Raman spectra
of the histidine-nickel complexes using a Lorentz-shape
function with intensity being proportional to the

Dual His-Ni (IT)

Distances (A)

Atom labels Gas phase SMD

Ni-Og /2 2.04 2.11
Ni-Ng1/» 2.18 2.17
Ni-Ny /e 2.13 212
E™ (a.u.) —2605.08311 —2605.16951

calculated Raman activity and with full width at half-
maximum (FWHM) of 8 cm !, modeling the natural
bandwidth of the experimental spectra.

3 | RESULTS AND DISCUSSION

3.1 | Raman measurements and
theoretical calculations

As a starting point, an aqueous solution of histidine and
NiCl, at a concentration of 0.05 mol/dm?® was used for
the experiments. The first step was to measure the histi-
dine (His) solution, whose Raman spectrum is shown in
Figure 2 (red line). All peaks of histidine are narrow, typ-
ical for amino acid molecules (it should be noted that the
broad band in the 1500-1800 cm ™' region is related to
water).

The structure of histidine is shown in Figure 2. The
sum formula of the molecule is C¢HoN3O,, and it con-
tains carbon, nitrogen, oxygen, and hydrogen atoms.
Table 2 summarizes the observed peaks in the Raman
spectrum, together with the reference peak positions pub-
lished earlier,*” and their associated vibrations. The
Raman spectrum is dominated by different C-C, C-N,
C-H, and N-H vibrations.
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Then Ni (II) ions in 0.05 mol/dm? concentration were
added to the 0.05 mol/dm* concentration of the histidine
sample in a 1:1 volume ratio. Figure 2 compares the spec-
tra of Ni (II), His, and His-Ni (II) solutions. Figure 2
shows the difference between the His + Ni (II) and the
His spectra due to the addition of Ni (II) ions. The main
differences were observed in the range of 1000-
1500 cm ™', Figure 3 shows this range of the two spectra.
Several significant discrepancies can be observed in this
region.

His+Ni (IT)
His
Ni (II)

Raman Intensity
s
1

T T T T T T 1
600 800 1000 1200 1400 1600 1800 2000

-1
‘Wavenumber/cm

FIGURE 2 Measured Raman spectra of nickel, histidine, and
His-Ni (II) solutions, and the structure of histidine [Colour figure
can be viewed at wileyonlinelibrary.com]

TABLE 2

Measured Raman peak (cm ™)

855 855
873 874
990 993
1014 1010
1159 1160
1196 1193
1235 1236
1267 1268
1287 1287
1325 1324
1357 1357
1414 1412
1443 1441
1495 1516
1575 1576

Reference Raman peak (cm 1)1
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It can be observed that the peaks at 1159, 1234, 1267,
1287, and 1495 cm ' have disappeared, whereas the
intensities of the bands at 1196, 1323, 1354, 1414, 1443,
and 1575 cm ™' decreased. These changes indicate the
alteration of the structure of the histidine molecule and
suggest the formation of the nickel-histidine complex.
This is also confirmed by the appearance of new peaks in
the spectrum of His-Ni (IT) at 1272, 1297, and 1336 cm L.
Thus, we hypothesize that the double peaks at 1272 and
1298 cm™*, as well as those triple peaks at 1322, 1337,

—His
—— His+Ni (II)

Double peak
1

0.30 -

0.25 4
Triple peak
/lll

‘n
‘11

0.20

0.15 +

Raman Intensity

T T T T 1
1000 1100 1200 1300 1400 1500

Wavenumber/cm™'
FIGURE 3 Measured Raman spectra of His and His-Ni

(I1) solutions in the Raman shift range of 1000-1500 cm ™! [Colour
figure can be viewed at wileyonlinelibrary.com]

Raman peak positions and assignments for histidine. The atom markings are the same as in Figure 2

Assignment

o (Ce-H)

o (Cs-H), T (Cy'CS)

CuCy

C,"N5-Ce, Ny-CoN,

N,-C, €Ny, N,-Co-H
NH;"asym. rock., Cp-Co-Hy,
N.H;*asym. rock., Cp-twist
Ns-Co-H, C,-Cs-H

C,-Ns, C,-N,, Cg-rock., Cs-C,
NH;"asym. rock., Cp-rock., C-Co-H
Ns-C,, C-twist., C,-Nj
Ny-Cy-Hy, Cp-Co-H, Cprrock
C{O0™ sym. st., C,-C¢

Ne-Ce, N5-Ce-H, N-C.-H
C,-Cs, Cp-C, Ng-C,-Cs
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and 1355 cm ™ can be related to the His-Ni (II) complex.
In addition, it can also be concluded that the N5 atom of
the imidazole ring (disappearance of the peaks at 1267
and 1287 cm '), the N; atom of the amino-containing
side chain (disappearance of the peaks at 1134 and
1323 cm ™, respectively), and the O atom of the carboxyl
group (decrease in the intensity of the peak at
1443 cm™Y) are involved in the bond formation with Ni
(IT) ions, thereby forming the His-Ni (II) complex. To ver-
ify our hypothesis, theoretical calculations were per-
formed to obtain the Raman lines of the His-Ni
(I1) complex.

The models of His-Ni interactions consist of a single
and a dual histidine-Ni complex (Figure 1) adopting the
octahedral-type geometry. Recently, it was found that
the higher spin state is energetically preferable for Ni*"
cation in such complex.[z] Therefore, all the calculations
described here were performed using the triplet state.
In this geometric arrangement, the metal ion is bound
by histidine through the N§Ni-O./N; atoms
(Figure 1A). As mentioned earlier (Figure 3), the double
and triple peaks observed in the 1000-1500 cm '
spectral range may be important. Therefore, Figure 4
shows a detailed comparison of simulated Raman
spectrum of single His-Ni (II) ion complex in octahedral
triplet form calculated by using the SMD model and
experimentally measured Raman spectrum of histidine-
nickel solution.

A good agreement is observed between experimental
and theoretical spectra. As can be seen from Figure 4, the
double (indicated with red) and triple (indicated with
green) peaks are characteristics for both spectra.

—— Calc-Dual His-Ni(II)
—— Calc-Single His-Ni(II)

0.8+ — Exp-His-Ni(ll)
0.6

Z

£ |

=

£ M

= 0.4

=

]

E 4

51

[~
0.2 4
0.0 M . /\,\/\‘/,/\/\/M,

1000 1100 1200 1300 1400 1500
Wavenumber/em”
FIGURE 4 Comparison of experimental Raman spectra of His-

Ni solution and calculated spectra of single and dual His-Ni

(I1) complexes in the Raman spectral range of 1000-1500 cm ™"

[Colour figure can be viewed at wileyonlinelibrary.com]

According to the experimental measurements, the posi-
tions of double peaks are 1272 and 1297 cm ™!, whereas
the triple peaks are situated at 1323, 1337, and
1355 cm ™. The theoretical predictions for these peaks
are 1274 and 1296 cm ! and 1319, 1335, and 1358 cm ™%,
respectively. In addition to these bands, the two spectra
show several matches, such as the peaks at 1051, 1109,
1194, 1204, 1414, and 1474 cm ™.

The formation of a dual histidine-nickel complex is
also possible. Therefore, such possibility was also consid-
ered during the modeling and the additional DFT calcu-
lations were performed on dual His-Ni (IT) complex (His-
Ni-His). The optimal geometry structure of this complex
is shown in Figure 1B. The model consists of an octahe-
dral (triplet state) conformation in geometrical arrange-
ments allowing metal ion to interact with histidine
molecules through the Ns-Ni-O./N; atoms.

Simulated Raman spectrum of His-Ni-His complex
was compared with experimental and theorical (single
His-Ni (IT)) spectra of the complex also shown in
Figure 4. As can be seen in Figure 4, the theoretical spec-
trum (blue spectra) of this conformation shows a high
degree of similarity with experimental one. The double
(indicated with red) and triple peaks (indicated with
green) connected with the interaction of metal ion with
amino acid are appear in the simulated Raman spectrum
of this complex geometry. Also, there are other similari-
ties between the experimental spectrum and that pre-
dicted for such octahedral arrangement.

From these findings, it can be concluded that the for-
mation of a metal-histidine complex through the Nj, O,
and N; atoms is more likely. The resulting complex
forms an octahedral conformation in which the Ni ions
are in the triplet spin state. Furthermore, if we examine
the theoretically calculated Raman spectra of the single
His-Ni (II) complex and the double His-Ni (II) complex,
it can be seen that the spectra of the two geometric
arrangements show a high degree of similarity. In terms
of the intensity of the double peaks, they are almost
identical in both the experimental and theoretical spec-
tra. In the case of the triple peak, there are differences
in intensity, and a smaller frequency shift can be
observed in the positions of some bands, but we cannot
distinguish between these two forms based on such
small differences. Thus, we can assume that both forms
are present in the system.

3.2 | Effect of pH on the formation of the
His-Ni (II) complex

There is considerable research on the study of the His-Ni
(IT) complex. Most of the works examine the formation
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and properties of the complex under neutral or alkaline
pH conditions.!**8214° The molecular structure and the
charge of histidine molecules are changing by the pH
shift that influences functional groups involved in the
binding of Ni ions and thus in the formation and stability
of the complex. Therefore, the next step was to change
the pH value and to investigate the features of the His-Ni
(IT) complex.

Histidine is unique among the amino acids because at
physiological pH it can exist in neutral or positively
charged forms."*! Acid dissociation constants (pK) of his-
tidine molecule correspond to three coordination groups,
namely carboxyl (pK,), amino (pK,), and imidazole
(pKRr) group. At a pH superior to pK (pKgr = 6), at pH 7,
the amine group (N.-CsH) of the imidazole side chain is
uncharged making amino acid less hydrophilic. In this
case, the terminal amino group in the molecule is in pro-
tonated (-NH;") and the carboxyl group is in deproto-
nated (-COO™) forms (third His molecule structure in
Figure 5). At a pH superior to pK, (pK; = 9.17) the net
charge of His molecule is —1 (fourth His molecule struc-
ture in Figure 5). At a pH inferior to pKg, the N, atom of
the imidazole side chain picks up an H" ion (proton) and
therefore becomes positively charged and highly hydro-
philic. At a pH inferior to pK; (pK; = 1.82) the carboxylic
group also accepts a proton (first His molecule structure
in Figure 5).

Since Raman spectroscopy is very sensitive to proton-
ation/deprotonation forms of the molecules, it can be
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expected that the change in the pH will be reflected in
the Raman spectra as well.

3.21 | Acidic pH

The pH of His solution was shifted to the acidic range by
the addition of 37% w/w HCI, followed by NiCl, solution
in a 1:1:1 volume ratio. The pH of the acidic mixture was
1, which is below pK; and the net charge of His molecule
is +2.

Figure 6A. compares the Raman spectra of His, His
+ Ni (II), His + HCI, and His + HCI + Ni (II), respec-
tively. The spectrum of histidine changed due to the addi-
tion of the acid. The 1159 cm ™' peak disappeared, and a
new band appeared at 1189 cm ' and the 1235cm ™’
peak associated with NtH;" vibration also vanished.
Instead of the bands at 1268 and 1287 cm™ %, a peak
appeared at 1271 cm ', In addition, new bands can be
seen at 1330 and 1369 cm . Furthermore, the 1414 cm ™!
peak disappeared, the intensity of the 1444 cm™' peak
decreased, and the intensity of the 1495 cm ' peak
increased.

Based on these findings, it can be concluded that the
disappearance of the peaks at 1159, 1268, and 1287 cm
and the increase of the intensity of the 1271 and
1495 cm ™' peaks all confirm the protonation of the N,
atom of the imidazole ring in acidic medium (see
Figure 6A). Furthermore, the changes in the bonds of the
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N, atom in the amino group are supported by the appear-
ance of the 1189 cm ™' peak and the disappearance of the
1235 and 1414 cm ™' peaks. Also, protonation of the car-
boxyl group may cause a decrease in the intensity of the
peaks at 1330 and 1369 cm ' and the decrease of the
band at 1444 cm !, respectively.

Ni (II) solution was added to His solution after its
acidification. No remarkable changes were observed in
the spectrum, and the triple and double peaks, described
earlier, do not appear, from which it can be concluded
that the acidic medium does not favor the formation of
the His-Ni (IT) complex.

3.22 | Alkaline pH

A similar procedure has been performed with an alkaline
pH medium. First, 1 w/w% NaOH and then NiCl, solu-
tion were added to the solution in a 1:1:1 volume ratio.
The measured pH of this mixture was 12.63, which is
above pK, (pK, = 9.17) and the net charge of the histi-
dine molecule is —1. In this case, only the carboxyl group
is present in the molecule in deprotonated form, as
shown in Figure 5. The Raman spectra of His, His + Ni
(II), His + NaOH, and His + NaOH + Ni (II) solutions
are shown in Figure 6B. It is clear from Figure 6B that
the spectrum of histidine also changed under the influ-
ence of alkali, so there was also a change in its structure.
The intensities of the 1069 and 1107 cm ' peaks
increased. Instead of the 1158 cm ™! band, a double peak
appeared at 1150 and 1160 cm*. In addition, the intensi-
ties of the features at 1236 and 1267 cm ™ also increased,
whereas those at 1287 and 1325 cm ™! decreased, and at
1489 cm ™' a band appeared.

Based on these observations, it can be concluded that
the N, atom of the amino group in the histidine molecule
is neutral at pH 12.63, so the bonds of this N atom
change due to deprotonation, which appears as the
increased intensity of the 1069, 1170, 1236 cm ' peaks,
and the decrease of the 1325 cm™ ' band. The 1150 and
1160 cm ! peaks appear instead of the 1158 cm ' band,
the increase in the intensity of the 1267 cm ™' peak, the
decrease in the intensity of the 1287 cm ! band, and the
appearance of the 1489 cm ' peak all confirm the
changes of N, atom of the imidazole ring. In an alkaline
medium, the imidazole ring is neutral (Figure 5). After
the addition of Ni (II) solution to the alkaline His solu-
tion, the Raman spectrum of alkaline His changed to a
greater extent compared with the spectra of acidic His. In
addition to the double peak attached to the complex, the
triple peak also appears, from which it can be concluded
that the alkaline medium is favorable for complex
formation.

3.3 | Effect of concentration of Ni
(IT) ions on the formation of the His-Ni
(IT) complex

In the following experiments, the concentration of
NiCl, was changed, whereas the concentration of the
histidine solution remained constant (0.05 mol/dm?).
As previously presented, the formation of a single His-
Ni (II) or double His-Ni (IT) complex cannot be deter-
mined from the Raman data due to the great similarity
of their spectra. In the following experiments, the con-
centration of NiCl, was varied to analyze how the con-
centration of Ni (II) ions affects the complex
formation. The concentrations of the NiCl, solutions
were as follows: 5 mol/dm3 0.5 mol/dm?
0.05 mol/dm3, and 0.005 mol/dm3. The His:Ni
(IT) volume ratios were 1:1 in each case. Figure 7
shows the effect of Ni (II) ion concentration on the
His-Ni (II) complex formation.

It can be seen in Figure 7 that when the ratio of the
concentration is 1:1 (blue curve) and 1:10 (red curve), the
intensity of the peaks is nearly the same. This indicates
that the complexes are formed in the same amount at
both volume ratios. If the concentration of Ni (II)-ions is
low (0.005 mol/dm3), compared with His solution (that
means the histidine is in excess), the complex is formed
in the same way—the triple peaks appear, but also the
characteristic peaks of histidine are present (green line).
If the concentration of Ni (I)-ions is higher (5 mol/dm?,
black line), the complex is also formed but the intensities
of the peaks of the His-Ni (IT) complex decrease thanks to
the excess of Ni (II) ions.
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The His-Ni (II) complex formation in different condi-
tions was investigated in detail using Raman spectros-
copy. The experiments were completed by DFT
calculations on two types (single and dual) of octahedral
coordinated histidine-Ni complexes. A good accordance
was observed between the simulated Raman spectra of
His-Ni complexes and the experimental Raman spec-
trum of the histidine-nickel complex solution. The
results show that the nitrogen atom of the imidazole,
the nitrogen atom of the terminal amino group, and the
oxygen atom of the carboxyl group are involved in metal
ion binding (N&-Ni-Oc/Nt). The detailed analysis of
unique Raman bands (double peaks at 1272 and
1297 cm™' and triple peaks at 1322, 1336, and
1355 cm™ ') characteristic of His-Ni complexes implies
that Raman spectroscopy can successfully be used to
identify molecular complexation in this system as well
as to study the interactions between the Ni ion and histi-
dine molecules.

It was found that alkaline pH (pH was changed
from 1 to 12) favors the formation of the His-Ni
(IT) complex. Above pK,, the number of possible coordi-
nation sites increases as the donor atoms in the amino
acid are deprotonated, which promotes the binding of
the metal ion.

The effect of metal ion concentration on the
histidine-nickel complex formation was also studied. For
nearly equal concentration ratio between Ni cation and
histidine, the His-Ni complex formation is fully com-
pleted, leaving no excess of either. In addition to the
metal-histidine complex, the excess of amino acid can be
detected by Raman spectroscopy when the concentration
of metal ions is decreased. However, the high concentra-
tion (5 M) of metal ions in histidine-nickel solution leads
to the suppression of the Raman signal related to the
complex.

In summary, it can be concluded that the metal com-
plexes formed with histidine Ni (IT) ions can be examined
and detected by Raman spectroscopy. This can be impor-
tant in research areas where fast and simple testing of
metal complexes is essential. This research can be useful,
for example, for the detection of nickel sensitivity, where
the complexes formed by Ni (IT) with proteins are impor-
tant, or the importance of the role of metal ions in the
field of neurodegenerative disease research. In addition,
it is worth mentioning the possibility of testing different
his-tagged DNA chains. In addition, the investigation of
metal complexes with Raman spectroscopy can also be
used in other areas. An example of such an area is cata-
lytic hydrogen storage, where metal complexes are used
as catalysts.
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