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ASSESSING THE POSSIBILITY OF INTERACTIONS OF VARIOUS METALS
WITH ALPHA-2-MACROGLOBULIN AND OTHER HUMAN BLOOD PROTEINS /N VITRO

Zorina VN B, Evdokimova EA, Rejniuk VL
Golikov Research Clinical Center of Toxicology of the Federal Medical and Biological Agency, Saint-Petersburg, Russia

Homeostasis of metals plays an important role in functioning of the body. Not only the concentrations of toxic and essential metals in bodily fluids, but also their
ability of interaction with proteins and enzymes defining the enzyme activity, are important. The study was aimed to compare the possibilities of binding interactions
between various metal ions and human serum proteins. Chemical reactions between the immobilized metal ions (Cu?t, Zn?*, Mn2+, Ca?*, Fe**, Mg?*, Hg*, Cd*',
Pb?, Cr®, Co?, Ag*, Bi**, Ba?*, Sr?*) and the serum proteins or highly purified blood metalloprotein (alpha-2-macroglobulin, a2M) were assessed by the crossed
immunoelectrophoresis with in situ adsorption in the second dimension. It has been shown that Hg*, Cu?*, Zn?*, Cd?* ions more actively interact with metalloproteins
(particularly, with a2M) and many other human blood proteins in in vitro reactions than other ions. We have demonstrated that a2M interacts not only with Zn2*
and Cd* ions, as earlier reported, but also with Ca?+, Mg+, Fe®, Mn?+, Pb?*, Sr?, Ag". Interaction of a number of metal ions, including highly toxic ones, with blood
proteins that are not metalloproteins has been revealed. The findings confirm the fundamental possibility of the metal ion imbalance active involvement in metabolic
disorders via effects on the body's regulatory and transport proteins, which requires further investigation
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WN3YYEHUE BO3MOXXHOCTWN B3AUMOLENCTBUSA PA3/IU4HbIX METANIOB
C AJIb®A-2-MAKPOIJIOBYJIMHOM 1 APYTMMW BEJTIKAMU KPOBW YEJIOBEKA /N VITRO

B. H. 3opuHa B, E. A. EBOokvmoBa, B. J1. PerHiok
Hay4HO-KNMHMYecKniA LeHTP Tokeukonorum uvenn C. H. Tonvkosa ®efepansHoro Mearko-ouonorudeckoro areHtcTea, CaHkT-etepbypr, Poccus

[oMeocTas MeTasINoB UrPaeT BAXKHYHO POSb B XKU3HELESTENBHOCTIN OpraHnama. [1py 3ToM UMEET 3HaYeHVE He TONMBKO KOHLEHTPALMS TOKCUYHBIX U SCCEHLMABbHBIX
METanNNoB B BUMONOMMHECKINX XXNAKOCTSIX, HO U X CMOCOBHOCTL B3aMMOAENCTBOBATL C Henkammn 1 dhepMeHTamm1, onpeaensiollas akTMBHOCTb nocneanux. Liensio
paboTbl BbINO CPaBHUTL BO3MOXXHOCTY CBA3bIBAHUS Pa3fMHHbIX MOHOB METATIOB C 6ekamm CbIBOPOTKM KPOBW YenoBeka. VI3y4eHre peakumin IMMOBUIN30BaHHbIX
noHoB Mmetannos (Cu?t, Zn?, Mn?*, Ca?*, Fe*, Mg*, Hg*, Cd?*, Pb?, Cr®, Co?', Ag*, Bi#*, Ba?", Sr*) ¢ 6enkamn KpoBW, a TakKe C BbICOKOOYMLLEHHBIM
MeTanIoNPOTEMHOM KPOBW (anbda-2-mMakpornobynmH, a2-MrM) npoBoaunv MeTofoM NepekpecTHOro MMMyHO3neKTpodopesa ¢ aacopbLmeit in Situ BO BTOPOM
HanpaeneHu. INMokasaHo, 4To B peakLyisix in vitro noHbl Hg*, Cu?*, Zn*, Cd?* akT1BHeE APYrviX B3ayMOLENCTBYIOT C METauIoNpoTenHamMm (B HaCTHOCTW ¢ a2-Mr) n
CO MHOMMMW pYriMmM 6enkamm KpoBm Yenoseka. [poaeMoHCTprpoBaHo, YTo a2-MIm B3aMMOAECTBYET He TOMbKO C MoHamu Zn?* n Cd?*, Kak onmncaHo paHee, Ho 1
c Ca*, Mg+, Fe®, Mn?+, Pb?*, Sr?, Ag*. BbisiBNeHo B3avMOAENCTBIE psiia MOHOB METAINIOB, B TOM YMC/E BbICOKOTOKCUYHBIX, C 6enkaMmn KPOBW, He SBNAIOLLIMMNCS
MeTannonpoTerHamy. Pe3ynsTaTbl NOATBEPKAAIOT MPUHLNMANBHYHO BO3MOXXHOCTb aKTUBHOO y4acTus AncoanaHca MoHOB METAUINIOB B OOMEHHbIX HAPYLLEHNSX
Yepe3 BO3LENCTBYIE Ha PETYNATOPHbIE N TPAHCTIOPTHbIE BENKN OpraHnama, YTo TPebyeT AanbHENLIEro N3yHeHust.

KntoyeBble cfioBa: 1OHbI METAIIOB, METUTIONPOTEVHbI, anbda-2-MakpornobynH, MMMYHO3MEKTPOMOPES, MHTOKCKKALINA
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Metal ions play an important role in metabolic pathways
of living systems, from electron transfer and biocatalytic
reactions to shaping the tertiary structure of metalloproteins
that determines their biological activity. The disturbed essential
metal homeostasis is associated with functional impairment and
severe disorders. It is well-known that the non-physiological
concentrations of Fe, Mn, Cu, Zn cause manifestations of
neurotoxicity, while the excess levels of Zn and Cu trigger the

toxicity-induced damage to the kidney, liver, cardiovascular
system, gastrointestinal tract, and inhibit the function of the
immune and central nervous systems [1]. Substantial amounts
of metals are found in plagues, Lewy bodies, and cytoplasmic
inclusions of the cells of individuals with neurodegenerative
diseases (Alzheimer's disease, Parkinson's disease, etc.)
and amyotrophic lateral sclerosis [2]. Furthermore, Zn ions
provide antiatherogenic properties [3]. Deficiency of essential
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metals also has an adverse effect on the body. In particular,
Zn ions are essential for realization of the enzyme (alcohol
dehydrogenase, alkaline phosphatase, carbonic anhydrase,
leucine aminopeptidase and superoxide dismutase) function,
and the Zn deficiency that triggers dermatoses, anorexia, and
growth retardation, is observed in individuals with slow wound
healing and impaired reproductive function [1]. Metals with
variable valence may exert both positive and negative effects:
Mn ions promote generation of the hydroxyl radical and at the
same time are involved in the development of atherosclerosis
as cofactors of antioxidant enzymes [3].

When assessing their effects on the body, it is extremely
important to take into account reactions of metals, including
metals that form part of organic compounds, enzymes
and proteins, with each other. In particular, highly toxic Pb,
Hg, Cd cause severe intoxication when ingested [4], and
organoselenium compounds demonstrate antioxidant and
antitoxic activity in individual poisoned with salts of heavy metals
[5]. In general, about one third of serum proteins contain ions
of metals [2]. Of greatest interest is the study of metalloproteins
performing regulatory and transport functions that are capable
of exerting indirect effects on the number of organs and
systems of the body due to changes in ionic composition. In
particular, human alpha-2-macroglobulin (a2M) contains four
Zn ions. The levels of this protein are rather high (2-3 g/L),
and its functions are diverse: inhibition of the broad spectrum
of proteases; transportation and regulation of the synthesis
of cytokines, hormones and growth factors; regulation of
apoptosis, synaptogenesis, neuron growth, and proliferation;
regulation of dopamine concentrations in dopaminergic
neurons and synthesis of choline acetyl transferase [6].

When studying the role of metal ions in physiological
processes, it is important to consider the distribution of those
in tissues and bodily fluids. In particular, Ag, Ca, Cu, In, Li, Na,
Se, Si, Srions are found mostly in human blood plasma, while
Fe, K, Mn, Ni, V, Zn are found in blood cells. The distribution
of heavy metals shifts from cell to blood plasma with the
increase in ionic raduis, and vice versa the distribution of alkali
metals shifts to cells [7]. Therefore, it is advantageous to use
the inductively coupled plasma mass spectrometry (ICP-MS)
allowing one to identify a broad spectrum of metals, including
minor concentrations, to assess the whole body levels of
metals. However, other methods should be used to study
interactions with proteins: crystallography, nuclear magnetic
resonance, electron paramagnetic resonance, fluorescence-
based methods, spectrometry and surface plasmon resonance
[2]. The vast majority of the above methods involve partial or
complete protein denaturation and can hardly be used for
analysis of mixtures. This makes it more difficult to obtain
objective scientific data on the processes that take place in the
living organism. The less sensitive but more gentle methods
with good potential of comparative visualization of the results,
such as variants of crossed immunoelectrophoresis, seem to
be promising.

The study was aimed to compare the possibilities of binding
interactions between various metal ions and human serum
proteins.

METHODS

The study involved drainage blood serum obtained from 40
generally healthy donors of both genders aged 20-40 in order
to identify all possible interactions.

The highly purified alpha-2-macroglobulin (a2M) preparations
were obtained from blood plasma by using the combination
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of fractional precipitation with PEG 6000, anion-exchange
chromatography, and zinc-chelate chromatography [8].

Polyclonal rabbit antisera against all human blood proteins
and human a2M were obtained by intradermal immunization
of two groups of rabbits (with blood serum and highly purified
a2M preparation, respectively).

The possibility of binding interactions between human
serum proteins and metal ions was assessed using the crossed
immunoelectrophoresis with in situ adsorption in the second
dimension. Immunoelectrophoresis was run in the horizontal
agarose gel slabs on the glass plates. For that type 1 agarose
(Sigma; USA) solution in the 1% Tris Tricine buffer (pH 8.6) was
used [9]. The round wells were cut out in the 1 mm thick gel
layer formed, to which 5 pL of blood serum or a2M preparation
per well were introduced. Electrophoresis in the first dimension
was run for 1 h at 200 V. Then gel was cut into 10 mm wide
strips that were moved to the edges of glass plates. Free space
was poured with 1% agarose sol.

When the gel was formed, we cut out a 0.5 cm wide
pouch approximately 2 mm from the border with the gel used
for electrophoresis in the first dimension. The pouch freed
from agarose was filled with gel with essential, conditionally
essential, and toxic metals the salts consisted of, immobilized
onto sorbent (Table 1).

To make gel, the sample of iminodiacetic acid agarose
(IDA) (Sigma; USA) was placed on a chromatography column
and washed successively with ten volumes of the following
preparations: 1) 0.05 M ethylenediaminetetraacetic acid
disodium salt; 2) double distilled water; 3) 0.05 M aqueous
solution of the metal to be tested; 4) double distilled water;
5) Tris Tricine buffer, pH 8.6.

After filling the pouch with gel with immobilized metal,
the agarose gel above the pouch was cut at 2 mm away
from the pouch edge, and the vacant space was filled with
1% agarose sol containing 5% of appropriate antiserum.
Immunoelectrophoresis in the second dimension was run for
18 h at 100 V. At the end of electrophoresis the gel plates
were washed for 24 h with the 0.1 M NaCl solution, dried, and
stained with the Coomassie Brilliant Blue (R-250) dye.

RESULTS

According to the data obtained by studying the samples of
drainage blood serum collected from healthy donors (Fig. 1), blood
proteins bound to both essential and toxic metals contained in
intermediate gel with appropriate decrease in the precipitate
area in an electropherogram.

In particular, active binding of many serum proteins was
observed in the presence of not only Zn?,Cu? and Cd?* ions,
but also Hg* in intermediate gel.

Moderate binding to serum proteins was found in the
electropherograms, in which intermediate gel contained not
only Sr* and Pb?, but also Ba?*. Moreover, active binding of
Sr?* to serum glycoproteins was observed.

Weak affinity of certain serum proteins not only to Fe®*
and Mn2* ions, but also to Ag* was reported. Weak binding
interactions between certain proteins and Ca?* and Bi** ions
was shown.

Low binding of Mg? ions to y-globulins was revealed.
Weak interactions between certain proteins and Co?* ions were
observed. Assessment of interactions with Cr®* ions showed
almost no reactions.

Assessment of the possibility of binding interactions
between the highly purified a2M molecules and the metal
ions (Fig. 2) showed that this metalloprotein which was also a
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Table 1. List of substances used for immobilization of metals

Ne Sample Ne Sample Ne Sample Ne Sample
control

1 (no metals) 2 CuSO, 3 CdSO, x3H,0 4 AgNO,

5 Zn(CH,CO0), x 2 H,0 6 FeCl, x 6 H,0 7 Pb(CH,CO0), 8 Bi(NO,) x 5 H,0

9 MnCl, x 4 H,O 10 CoCl, x6 H,0 11 Sr(NO,), 12 Ba(CH,COO0),

13 CrCl, 14 CaCl, x 6 H,O 15 MgCl, x 6 H,0 16 Hg(NO,) x 1/2 H,0

glycoprotein actively interacted not only with Zn?* contained in
intermediate gel, but also with Cd?* ions (peak height reduction
by more than 50% of the baseline was reported). When the
intermediate gel contained not only Fe®:, Mn2*, Ca?*, Mg?* ions,
but also Pb?", Sr2*, and Ag*, the peak height was 50-60%
of the peak height observed in the electropherogram of the
reference sample.

When the immobilized Cu?*, Hg*, Ba?* ions were included,
the peak height reduction observed in the electropherogram
was 40% or more, which was indicative of rather active
interaction between these metals and the a2M molecule in vitro.

Inclusion of Cré* and Co?* ions in intermediate gel resulted
in the lowest binding to a2M, and the peak height reduction did
not exceed 10% compared to the reference sample.

Semi-quantitative data on the intensity of the serum
proteins' and a2M binding to the metal ions contained in
intermediate gel are provided in Table 2.

DISCUSSION

The study has shown that serum proteins are capable of binding
to immobilized metals, even if they are not metalloproteins.

The fundamental possibility of protein binding without
forming the metal chelate bonds is well-known, however, only
binding to essential metals was earlier identified by using the
combination of gel filtration chromatography and the inductively
coupled plasma atomic emission spectroscopy (ICP-AES):
two proteins interacted with zinc (alpha-2-macroglobulin and
albumin), two proteins bound to iron (ferritin and transferrin),
and four proteins bound to copper (ceruloplasmin, albumin,
factor V, transcuprein) [10]. According to the results obtained
by other authors, the use of the combination of affinity
chromatography (immobilized metal contained in the sorbent)
and LC-MS-MS showed that complement component 3 (C3),
a2M, certain albumin isoforms, apolipoproteins, ceruloplasmin,
serotransferrin, keratin, y-globulins could interact not only with
essential Cu?*, Zn?*, but also with the conditionally essential
Cd*, Pb?* [1, 11].

According to our findings, the spectrum of blood proteins
capable of interacting with metal ions is even broader, it
includes interactions with macroelements (Ca?*, Mg?*) and
toxic microelements (Ag*, Hg*, Ba?*, Bi?*).

Certainly, the results of in vitro study need to be further
confirmed by in vivo study, however, it can be assumed
that metal toxicity may be also realized through competitive
interactions with essential metals contained in proteins, as well
as through formation of the metal-metal bonds that are not
very strong but are capable of negatively affecting the protein
conformation structure and its affinity to receptors and ligands,
as is the case with competitive replacement of essential
microelement. The underlying patterns and biological effects
of such reactions in acute and chronic metal toxicity require
further investigation.

According to the findings, it is not only the ions of
essential microelements (Cu?*, Zn®*) that show high affinity
(at the known level of assumptions, considering the identified
interactions and the currently known properties) to the wide
variety of serum proteins, as has been previously reported after
studying the protein fraction of human y-globulins and opposite
effects of copper and zinc [11] together with Cd?* attributable
to conditionally essential metals, but also the Hg* ions. It is well-
known that many cadmium compounds are toxic. The thiol
groups (-SH) of cysteines that are found in proteins are the
most important targets for Cd?*: cadmium can suppress the
activity of many mitochondrial enzymes [12]. It can be assumed
that when there are competitive or other interactions between
cadmium ions and regulatory or transport metalloproteins or
enzymes containing Zn?* and especially the less reactive Fe®**
Cu?", Mg?* ions, these can significantly change properties of
proteins, inhibit their original functions and even show new
properties (such as immunogenicity). For good reason, among
other things, administration of albumin, also a zinc-containing
metalloprotein, is recommended when treating cadmium
poisoning.

Mercury toxicity is well known. Among other things,
mercury competes for metal (zinc, copper and other) binding

Table 2. Binding affinity of human serum proteins to the studied metal ions contained in intermediate gel during immunoelectrophoresis

Object

Binding affinity

lons of macroelements and
essential microelements

lons of conditionally
essential microelements

lons of toxic microelements

+++ (high) Cu?, Zn? Cd?* Hg*

++ (moderate) Pb?+, Srz+ Ba?

All serum proteins + (weak e, M+, Fe Ag-, B
+/- (low) Mg?*, Cré, Co?*

+++ (= 50%) Zn* Cd?

++ (= 40%) Ca?+, Mg?, Fe®*, Mn? Pb?*, Srz+ Ag+,
Alpha-2-macroglobulin + (= 30%) cur H', Bz, Bie*

+/— (< 10%) Cr3+, Co?
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Control Cu? Cd? Ag*
Zn? Fes* Pb2* Bi?*
Mn2 Co? Srz+ Ba?
Crd+ Ca* Mg? Hg*

Fig. 1. Interaction of immobilized metal ions with serum proteins. The reduced height and area of the peak are indicative of interaction between protein and metal

contained in intermediate gel. The layout of metals in the samples is in table

sites in metalloproteins, thereby suppressing their activity,
and demonstrates active high affinity interactions with the
thiol, carboxylic, and other enzymes (ATPase, cholinesterase,
alkaline phosphatase, glutathione peroxidase, glutamine
synthetase, etc.) [5, 13]. Our findings show that mercury ions
also can interact with other proteins. Biological effects of such
interactions require further investigation.

The rather high reactivity of barium and lead ions relative to
various human serum proteins also attracts attention. Despite
the fact that lead is considered to be a conditionally essential
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microelement, most of lead compounds (especially the water-
soluble ones) are toxic. It is well-known that the mechanism
underlying toxic effects of lead is associated with inhibition of
the thiol enzymes, interaction with the carboxyl and phosphate
groups of biopolymers, and inactivation of esterases [14].
Our findings have clearly demonstrated the presence of such
interactions with human blood proteins.

Despite the fact that copper is an essential microelement,
and copper excess and deprivation have the extremely adverse
effects on the body, pathogenesis of various neurodegenerative
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diseases is associated with disturbed copper homeostasis [4].
It has been previously shown that Cu?* possesses properties of
the redox-active metal that realizes its high oxidation potential
in biological systems. The Cu?* chelation can cause partial
breakdown of the side amino acid radicals, sugars, and sialic
acids on the surface of macromolecule, as well as destructuring
of the surface layer spatial arrangement, including the antigen
determinants [11]. The identified broad spectrum of proteins
that interact with copper ions substantiates the need for
further identification aimed at clarifying their possible role in
pathogenesis of various disorders.

a2M was selected as a “model” protein for comparative
assessment of the possibility of binding to metal ions. The
study involved the use of protein in its native state obtained
by gentle preparative low-pressure chromatography methods.
This brought the results obtained closer to real processes
taking place in the human body.

The observed interactions between a2M and Zn? and Cd?*
ions were the most intense. This result matches those on the
a2M, Cd?*, Zn?* bonding and to a lesser extent with those on the
a2M, Ni2+, and Pb?* bonding obtained earlier by other methods
[1]. It is well-known that zinc is a structure-forming component
of a2M, each of four a2M subunits contains one zinc ion. It
has been previously shown that cadmium, that interacts with
zinc contained in a2M, breaks the chelating bond between
half-molecules, and the protein that is split into two parts
loses most of its regulatory functions. Since a2M is involved
in regulation of the cytokine profile, lipid metabolism, inhibition
of the broad spectrum of proteases, signal transduction in the
nervous system, inflammatory and autoimmune responses of
the body [6], cadmium toxicity may result in massive failure of
regulatory processes involving this protein, and the presence of
such interaction, in turn, explains some mechanisms underlying
cadmium toxicity.

Furthermore, zinc metabolism disorders play a key role
in aging. Some authors recommend to use zinc as a dietary
supplement to increase life expectancy [15]. It is obvious that
cadmium that competes for binding to a2M has the exact
opposite effect. In contrast to zinc ions contained in proteins,
excess concentrations of free zinc in blood exert neurotoxic
effects [4]. This can be one of the components of accelerated
aging associated with chronic metal toxicity and one of the
components of the senile dementia pathogenesis.

The identified interaction between a2M and lead is also
important. It has been previously shown that lead can interact
with active centers of a number of enzymes (ATPase, glucose-
6-phosphate dehydrogenase, alkaline phosphatase, etc.) [16].
It is known that a2M is a universal proteinase inhibitor, however,
in this case the direct effects of Pb?* on this enzyme inhibitor
are observed instead of indirect ones. It can be assumed that
circulation of the lead complexes with a2M along with the
lead phosphates and albuminates takes place in lead toxicity
[14]. Considering the lead hepatotoxicity, adverse effects on
a2M come from two sources: death of the a2M-producing
hepatocytes and inhibition of the a2M function via interaction
with lead ions.

The identified ability of a2M to interact with manganese ions
also can adversely affect the functions of this regulatory and
transport protein. It is known that excess manganese disrupts
catalytic activity of enzymes, and the reduced form (Mn3%)
contributes to oxidative stress [17]. In this case the adverse
effects of this essential microelement on a2M can be realized
via two mechanisms: change in functions of protein itself due to
competing interaction involving zinc replacement and damage
to the a2M molecule caused by superoxide radicals. It is

Control Cu?* Cd? Ag*
Zner Fe*r Pb2* Bi*
Mn?2+ Co* Sr2+ Ba2*
Cr¥ Ca? Mg?* Hg*

Fig. 2. Interaction of immobilized metal ions with alpha-2-macroglobulin from
blood serum. The reduced height and area of the peak are indicative of interaction
between protein and metal contained in intermediate gel. The layout of metals in
the samples is in table
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known that the “oxidized” form of a2M shows impaired ability of
utilization (reduced receptor affinity) [6] and becomes potentially
immunogenic due to altered conformation.

The previously described increased inhibition of the
activated protein C (APC) in blood that involves a2M and occurs
when exposed to ions of divalent metals (Zn, Mn, Cu) is indirect
evidence of the influence of microelement imbalance on the
physiological and pathological processes involving regulatory
and transport proteins [18]. According to the findings, this
phenomenon may be caused by the direct effects of essential
microelements on a2M and its functions in the bodly.

The identified a2M ability of active interaction with
macroelements (magnesium, calcium, iron) requires further
investigation of the impact of such bonding on physiological
and pathological processes.

The fact that most of clinical manifestations of acute metal
toxicity (albeit less severe) are found in many conditionally healthy
residents of large industrial cities attracts attention. These
manifestations include conduction disorders and impaired limb
sensitivity, frequent headaches and chronic fatigue, increase
in the number of individuals with cognitive impairment and
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signs of early onset dementia, impaired liver function, etc. The
findings suggest that the identified interactions of toxic and
essential metals with the regulatory and transport proteins may
affect the development of functional disorders and pathological
processes.

CONCLUSIONS

Most of human serum proteins, including those that are
not metalloproteins, interact with metal ions in the in vitro
experiment. High intensity of protein interaction with the
conditionally essential cadmium and toxic mercury suggests
that pathogenetic mechanisms of intoxication with these
metals may be realized via blood protein structural and
functional impairment. The identified in vitro a2M metalloprotein
interaction with the conditionally essential and toxic metals may
take the form of the competing metal-metal interactions and
adversely affect the structure and functions of this regulatory
and transport protein in vivo. The mechanisms underlying
interaction and reversibility of protein binding to metals in vivo
require further investigation.
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