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Abstract: the ability of various metal ions to form complexes with proteins leads to the denaturation of the latter
and the development of immune response. Such hapten effects cause the well-known phenomenon of nickel-allergic
contact dermatitis. No less typical are side effects of gadolinium compounds, that are used as contrasts for magnetic
resonance imaging, but cause the development of fibrosis. In both cases an important role belongs to the interaction
of metal ions with collagen structures. The aim of our study was to compare in vitro effects of copper and nickel ions
on destabilized products of collagen cleavage. Significant difference between these metals in their ability to induce
aggregation at close to physiological pH values was shown. The influence on the aggregative process of the acidifica-
tion of the medium was revealed. It was shown that destabilization of protein structure leads to the formation of highly
stabilized [-stacked protein aggregates. Comparison of the obtained experimental data with the literature ones makes
it possible to approach the understanding of individual mechanisms of toxic effects of metal ions on the human body.
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Introduction. Permanent rise of industrial burden
on the environment causes the increase of the contact of
living organisms with various toxic compounds. Among
the various intoxicants of this kind a significant role be-
longs to ions of heavy metals, which differ by ability to
accumulation, severity of the effects, and immense va-
riety of mechanisms of action on the organism. One of
these mechanisms is caused by the ability of metal ions to
form the complexes with various components of biologi-
cally active molecules and damage their structure in this
way. Such denaturation of proteins leads to alterations of
their functional activity as well as to the development of
immune response to denaturated structures. In this mode
of action a metal ion plays the role of a hapten, i.e. a sub-
stance that binds to a biologically active molecule and
stabilizes its denaturedandimmunogenic structure. The
classic example of such kind of hapten effect is nick-
el-allergic contact dermatitis (Ni-ACD). It is detected
by the contact of nickel-containing objects with human
skin.The interaction of metals with biological fluids of
the body (sweat, saliva, etc.) results in formatiom of free
Ni*"ions, that denature the body’s proteins and cause a

reaction of the immune system (Naumova, 2019; Mor-
gan, 1989). This action is based on the ability of Nickel
ions to form complexes with amines and amine-contain-
ing compounds (coordination number - mainly 6, minor
- 4). According to WHO data, Ni-ACD was observed in
8.6% of the human population in Central Europe (Thys-
sen et al., 2007). Similar, even much less common, ef-
fects are known for cobalt Co*" and chromium Cr** ions
(Bonefeld et al., 2015; Okazaki & Gotoh, 2008). These
ions also form stable complexes with amine nitrogens. In
this case the ions of different metals show a pronounced
synergistic effect, surpassing the action of the same type
of ions (Okazaki &Gotoh, 2008). In recent years more
and more attention is paid to the hapten properties of
gadolinium ions Gd**, which due to f-level of its electron
shell and the ability to accumulate in diseased organs
acquire the properties of magnetic resonance imaging
(Todd & Kay, 2016). This dramatically increases the in-
formativeness of MRI diagnosis, but a side effect of the
use of Gd*" compounds is the development of fibrosis -
the growth of specific tissue, which differs significantly
from normal ones (Wagner et al., 2016). All these lead

Ukrainian scientific medical youth journal, Issue 4 (127), 2021

DOI: 10.32345/USMYJ.4(127).2021.48-54

48


https://portal.issn.org/resource/issn/1996-353X
https://portal.issn.org/resource/issn/2311-6951
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.32345/USMYJ.4(127).2021.48-54
https://meshb.nlm.nih.gov/record/ui?ui=D006241
https://meshb.nlm.nih.gov/record/ui?ui=D008670
https://meshb.nlm.nih.gov/record/ui?ui=D011489
https://meshb.nlm.nih.gov/record/ui?ui=D006967
https://meshb.nlm.nih.gov/record/ui?ui=D005355
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wagner%20B%5BAuthor%5D&cauthor=true&cauthor_uid=27147669
https://doi.org/USMYJ.4(127).2021.48-54

Ukrainian Scientific Medical Youth Journal
Issue 4 (127), 2021
Creative Commons «Attribution» 4.0

to a relentless interest for the mechanisms of hapten ef-
fects of metal ions, their influence on protein molecules
and the functional consequences of the latter ones. For
obvious reasons, the mechanisms of Ni-ACD are the
most studied and some features of this pathology remain
open. First of all, it should be noted the formation of
sensitization in persons who have no contact with metal
nickel and its alloys (Morgan, 1989). It’s also not clear
why an unbalanced immune response has a pronounced
specificity and does not lead to polysensitization to a va-
riety factors. It is also worth to notify the local character
of Ni-ACD that cause irritiation of the skin on the area
of direct contact with the nickel-exploring object only.
All this allows us to make some assumptions about the
mechanisms of formation and development of Ni-ACD.
The pronounced local nature of these processes may be
evidence of the key role of haptenic effects of Nickel
ions on the insoluble component of the skin, the basis
of which is collagen (Bella, 2016). This protein is able
to bind strongly complex-forming metal ions, which, in
particular, is utilized in the processes of the tanning of
skin by compounds of chromium, zircon and titanium.
The lack of the development of polysensitization and the
presence of Ni-ACD in persons that wasn’t in contact
with Nickel may be evidence of a very limited number
of immunogenic epitopes formed due to the hapten ex-
posure of Ni** ions (Zabolotny & Verevka, 2009). How
to test these assumptions?

First of all, we should pay attention to the structure
and metabolism of the main connective tissue protein -
collagen. There are more than two dozen varieties, which
exist mainly in the form of fibrillar fibers with a complex
multilevel structure (Fig. 1).

protofibril -
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Fig. 1. The levels of collagen structure.

The structural subunit of collagen is tropocollagen -
a triple helix of polypeptide chains with a total molec-
ular weight of about 300 kDa with the diameter of 1.5
nm and a length of about 300 nm. Collagen is a long-
lived protein whose half-life is determined by months.
This creates the preconditions for damage to the surface
layers of collagen fibrils by various factors that in vivo
cause denaturation of proteins. These include proteolytic
cleavage, damaging effects of reactive oxygen species
and various non-functional associative processes (Verev-
ka, 2017). Normally, damaged molecules are recognized
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and removed from circulation by the body’s clearance
systems. Contrary, the formation and local accumulation
of significant amounts of structurally damaged proteins
is the ordinary circumstance of various pathologies. The
influence of the components of endogenous intoxication
complicates the course of the disease, often exceeding
the severity of the consequences of the original cause.
This is due to both the violation of regulatory processes
mediated by native forms of proteins, and the tendency
of structurally damaged protein molecules to aggrega-
tion (Shevel & Verevka, 2009). As were noted above,
the lack of development of polysensitization by Ni-ACD
may be a consequence of the formation of a very limit-
ed number of antigenic determinants. Such a restriction
may be a consequence of regular structure formation
of destabilized proteins. For this condition corresponds
completely the process of formation of B-structured pro-
tein aggregates (B-SPA). Such aggregates are formed at
various pathologies, which are associated with impaired
protein metabolism (Zabolotnyi et al., 2019). The most
pronounced example of such aggregation is amyloido-
sis - a heterogeneous group of diseases in which normal
proteins are rearranged with the formation of -SPA de-
posits (Buxbaumé&Linke, 2012), but no less important is
the participation of these processes in the development
of fibrosis (Zabolotnyi et al., 2021). The formed protein
deposits are characterized by a high content of B-struc-
tured protein where B-folded layers are oriented parallel
to the main axis of the fibril, that form the basis of a
stable unit (Fig.2).

Due to the regularity of the structure formation pro-
cess, the antigenic epitopes exposed on the surface of
the aggregate quite similar to each other, that may lead

o

{"‘l\" % o mature
» » fibril
1A @
“‘;r,'»;" single
A7 filament
ANYLOID
FIERIL

Fig. 2. The simplified scheme of autochthonous
B-structured fibril self-assembly.
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to the development of a limited response of the immune
system. Does the haptenic effect of Ni** ions on colla-
gen and its degradation products lead to the formation of
B-structured protein aggregates and, as a consequence,
the development of Ni-AKD? No less interesting is
the question of the absence of allergic contact dermati-
tis under the action of copper. Like Ni** ions, Cu?'ions
are also able to form complex compounds with amines
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(coordination number - preferably 4, minor - 6). Copper
ions differ little in toxicity from nickel ones since both
belong to the same hazard group (Sanitarni normy San.
PIN-4630-88). However, despite the constant contact
of people with copper and its alloys, copper does not
cause any significant allergic reactions. What causes the
pronounced allergenic effect of nickel and the absence
of such in copper? To clarify these issues, it seems ap-
propriate to investigate the structure-forming effect of
Ni?* and Cu*" ions on a model proteins whose native
structure are more or less unbalanced. Gelatin, a product
of thermal weakly acid or weakly alkaline cleavage of
collagen, corresponds to such requirements fully. It is a
heterogeneous mixture of protein fragments with a mo-
lecular weight of from 20 to 40 kDa. Gelatin molecules
retain some residual structure of collagen (Fig. 3), and
the ability to bind complex-forming metal ions (Miha-
jlov, 2000).

ozl
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Fig. 3. Schematic representation of the gelatin molecule
(Mihajlov, 2000).

In context of our study it is of interest to clarify two
issues:

+ are Ni** and Cu?* ions able to induce the aggrega-

tion of gelatin?

* does such aggregation leads to formation of

B-structured protein aggregates?

The answers for these questions may be got by var-
ious methods for protein structure study. Classical ap-
proaches include X-ray structural methods, methods of
optical rotation dispersion and circular dichroism (Frai-
fedler, 1980). The difference in the spectral properties
of B-SBA from other regular and irregular protein struc-
tures in infrared range makes it possible to detect the
smallest number of B-structures. At the same time, the
regularity of the structure of B-SPA led the development
of optical methods based on the formation of chromo-
genic and fluorogenic groups at the interaction of the
studied objects with highly selective dyes. As early as
the 1920s, Congo red (CR) was introduced into research
due to its capasity for selective binding of amyloid struc-
tures without noticeable interaction with healthy tissues
(Brigger & Muckle, 1975). This dye belongs to the vital
ones and can be introduced into bloodstream for amy-
loidosis diagnosis (Bengold’s test). In recent decades,
mainly due to the growing interest in the molecular basis
of central nervous system amyloidosis, a large number
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of chromogenic and fluorogenic compounds have been
created that significantly exceed the CR by sensitivity
(Inshyn et al., 2016). However, CR still remains for re-
search, clinical and laboratory diagnostics. This is due to
the following properties:

* the ability to interact with various soluble protein
molecules without induction of associative pro-
cesses and conformational rearrangements (Khu-
ranaet al., 2001; Harris, 2012);

« the ability for selective and quantitative staining
of B-structured aggregates in different shades of
brick red without painting of healthy tissues, in
particular - collagen (Brigger &Muckle, 1975;
Klunket al., 1989);

* CR painted B-SPA-containing tissues acquire dif-
ferent shades of apple-green color in polarizing
microscopy (Buxbaum & Linke, 2012);

* binding of CR by non-precipitating in the liquid
micro- and nanoparticles of B-structured protein
aggregates - both native and obtained ex vivo -
dramatically reduces their hydration and leads to
precipitation (Buxbaum & Linke, 2012; Voroshy-
lovaet al., 2019). The latter circumstance allows
in some extent to overcome the Abbe diffraction
constraint, leaving invisible the objects less than
0.61 of light wavelengths.

Materials and methods. The study used the product
of collagen degradation, gelatin (Merck, Germany), as
an object for modeling protein aggregation processes.
To destabilize the structure and promote the formation
of the most stable denatured forms, an increase in tem-
perature and an increase in the acidity of the medium
in the range of pH 5.0 - 7.4 were chosen. Such choice
was conditioned by well-known range of human sweat
acidity (from pH 3.8 to 6.2). At inflammations the local
acidification of tissues reaches 5.39-6.5, and in the in-
tercellular space of malignant tumors - 6.2-6.9 contrary
to 7.32-7.45 at norm. Rising temperature was selected
experimentally. It exceeds the natural conditions signifi-
cantly, but it should be noted the immense diversity of
the composition proteins in blood and intercellular fluid,
as well as the inreproducibility of the levels of their sta-
bilization.

Studies of the aggregative influence of metal ions on
the protein structure were performed according to the
general scheme that was developed in our laboratory. All
solutions were prepared in 0.9% sodium chloride with
0.2% sodium azide, which was added to prevent bacte-
rial degradation of protein system. The influence of the
following factors was studied: copper and nickel ions,
pH and temperature. Preparation of the studied systems
was performed to reach a final protein concentration of
10 mg/ml. The pH values were adjusted to 5.5, 6.0, 6.5,
7.0 and 7.4 by 0.2 N NaOH or 0.2 N HCI solutions. The
final concentrations of copper and nickel ions were 10,
107, 10, 107, 10%, and 10° M. Such a tablet-like struc-
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ture of the samples allowed us to overlap the ranges of
the studied values of pH and concentrations of ion met-
als. This set of protein solutions was incubated at 80° C
for 36 hours and cooled to room temperarure.

To precipitate possible B-structured protein aggre-
gates, 5.0 ml of a 0.5% solution of Congo red in 0.9%
sodium chloride was added to 0.5 ml of the test solution
and incubated at room temperature.

Congo Red dye and applied salts - qualifications not
lower than analytical grade. Microscopic examinations
were performed using an Olympus BX53 microscope
(Japan) in light and polarization regimes.

Results and discussion. As well as were expect-
ed from the well-known properties of gelatin, after the
incubation no visible aggregates were observed. This,
however, did not exclude the possibility of their forma-
tion in micro- and nanoscale dimensiom, that are invisi-
ble in solution. In the presence of B-folded structures in

1 2 3 4 ] &

Fig.4. Precipitating effects of excess CR at pH 6.0 and
5.5.1 - pH 6.0 in the absence of metal ions; 2 - pH 6.0
in the presence of 10 M Ni*" ions; 3 - pH 6.0 in the
presence of 10* M Cu*'ions ; 4 - pH 5.5 in the absence
of metal ions; 5 - pH 5.5 in the presence of 10* M Ni**
ions; 6 - pH 5.5 in the presence of 10 M Cu?* ions.

their composition, they may be detected by precipitation
by Congo Red (Buxbaum & Linke, 2012; Voroshylova
et al., 2019). Due to incubation with Congo red for two
days at room temperature, the formation of dark red pre-
cipitates was observed. The dependence of the nature of
deposition on both pH and the nature of metal ions were
revealed (Fig. 4).

As can be seen, at pH 6.0 the formation of precipi-
tates occurs in the presence of metal ions only. Contrary,
at pH 5.5, precipitation occurs even in the absence of the
studied ions. That is the process of protein aggregation
has a pronounced pH-dependent nature, which is due to
the destabilizing effect of environmental compression
on the structure of proteins. This effect is not limited
by soluble collagen cleavage products only. It is known
that local acidification of the environment is an import-
ant factor in the destructive action of microbial biofilms
(Malfertheiner et al., 2012; Zabolotnyi et al., 2019). De-
stabilizing effect of acidification is inherent for reflux,
which leads to dysfunctional constriction of the larynx
and causes damage to epithelial cells by destabilization
of the protein component of the tissues of the larynx and
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due to pH, that is favorable for pepsin action (Johnston et
al., 2012; Deganello et al., 2015). The same acidification
causes an increase of the proteolytic action of cathep-
sin D. This enzyme is a lysosomal proteinase released
during the decay of tumor cells and whose increase in
the bloodstream is a marker of the cancer (Kuteet al.,
1992; Lou et al., 2007). At normal for the extracellular
environment pH the activity of cathepsin D in the blood-
stream is minor, where as at acidification to its pH op-
timum (4.5-5.0) its proteolytic action increases sharply.
It is worth noting the pronounced difference be-
tween the influence of nickel and copper ions at close to
physiological pH values. Both at pH 7.4 and 7.0 protein
aggregation occurred only in the presence of Ni** ions,
whereas no aggregation processes were noted in the
presence of Cu**ones or in the absence of both (Fig. 5).
As can be seen, CR effectively precipitates micro-
and nano-sized protein aggregates, and by this parame-

-

3

1 2

Fig. 5. Precipitating effects of CR excess on gelatin
preparations at pH 7.0: 1 - in the absence of metal
ions; 2 - in the presence of 10* M Ni?* ions; 3 - in the
presence of 10-4 M Cu?" ions.

ter Ni** ions exceed Cu?* ions at close to physiological
pH values. This may explain the formation of allergies
to nickel and nickel-containing alloys and the absence
of allergic effects of copper. It is known that the place-
ment of nickel and copper in the electrochemical series
of metals are different significantly:

LI, K, Ba, Ga, Na, Mg, Al, Min. Zn, Cr, Fe, NI, Sn, Fi, H; Cu, Hg, Ag, PL, Au

That’s why copper does not dissolve in weak acids,
which include sweat (pH in the range of 3.8 - 6.2). How-
ever, upon contact of biological fluids of organism with
copper-nickel alloys in the soluble ionic form, both met-
als may be converted in ions. Our data indicate a crucial
role of the differences in the complex-forming proper-
ties of these ions. This result corresponds well with the
effects of gadolinium, chromium and cobalt ions.
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The question of the structural organization of the
formed aggregates arises organically. Obviously, they
should be formed in the direction of minimizing the free
energy of the system and destabilizing of labile struc-
tures. The extreme and most energetically advantageous
manifestation of such rearrangement is the formation of
B-structured protein aggregates. Verification of the for-
mation of such structures was prowed experimentally
due to the properties of CR. As noted above, this dye
is able to bind to protein molecules without initiating
aggregation processes but is sorbed specifically and se-
lectively by B-SBA. In this case the color of such adduct
have be various shades of brick red in light microscopy,
where as in polarizing one — green colour. This was ex-
actly the picture we observed (Fig. 6).

In the light microscopy the color of the sediment in
shades of brown color was observed, and in the polar-
izing one the typical for f-SBA apple-green color was

i s

Fig.6. CR-colored gelatin precipitates formed at
aggregation at pH 5.5 and ion concentration 10°
M: 1 - Ni*" ions, light microscopy, x200; 2 - Ni*
ions, polarizing microscopy, x200; 3 - Cu?' ions,
light microscopy, x200; 4 - Cu** ions, polarizing
microscopy, %200.

observed (Fig. 6). This clearly indicates the formation of
B-SBA. Aggregates formed in an acidic environment in
the absence of the studied ions had a similar appearance.

Conclusions. The data obtained in in vitro experi-
ments allow us to draw certain conclusions and general-
izations about the mechanisms of denaturation of protein
molecules by metal ions in vivo. It is shown that desta-
bilized proteins tend to form stable B-structured aggre-
gates, which are effectively detected by the specific dye
Congo Red. The conductive factor that determines the
hapten action of metal ions is their complexing proper-
ties. The level of stabilization of the structure of the cor-
responding protein is also important. Destabilization can
be caused by proteolytic damage, various parametabolic
processes, and acidification of the environment. The im-
printed effects explain the allergic effects of nickel and
nickel-containing alloys and the absence of these in cop-
per. The influence of these factors is most pronounced
in side effects of introduction of gadolinium compounds
as the contraster for of magnetic resonance imaging.
High complexing properties of this ion commonly with
the local formation of significant amounts of damaged
collagen and local acidification cause the accumulation
of Gd*"in the pathological tissue. At the same time, the
complexing properties of gadolinium cause its denatur-
ating effects, which leads to the progressive accumula-
tion of protein aggregates and, as a consequence, to the
development of fibrosis.
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