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Anotace

Mezi nejlépe charakterizované kov-vazajici ligandy v buiikach patii fytochelatiny (PC)
a metalothioneiny (MT). PC a MT jsou rozdilné tfidy molekul, které jsou bohaté na
obsah cysteinli. PC jsou enzymaticky syntetizované peptidy, zatimco MT jsou geneticky
kodované polypeptidy. Pro analyzu PC, MT a komplexii tézkych kovi bylo v
rozdilnych studiich vyuzito nékolik analytickych metod. V soucasné dob¢ je metoda,
spojujici matrici asistovanou laserovou desorpci/ionizaci s hmotnostnim analyzatorem
doby letu (MALDI-TOF MS), znama pro jeji snadnou obsluhu a pro vyuzivani levnych
lze plné automatizovat. V této studii jsme urcili vhodné podminky pro charakterizaci
fytochelatinu PC2 a komplexu Cd-PC2 pomoci MALDI-TOF MS. Dale byly
exprimovany geny lidskych metalothioneinit MT2A a MT3 klonovanim v heterolognich
organismech (Escherichia coli). Dale byl izolovan MT2 protein z krali¢ich jater. MT
byly purifikovdny pomoci rychlé proteinové kapalinové chromatografie (FPLC).
Predkladand prace demonstruje vyuziti MALDI-TOF MS pro charakterizaci rtiznych
isoforem MT. Bylo vyuzito také elektrochemickych metod pro potvrzeni vzniku
thiolovych komplexti s kovovymi ionty. Navic byl navrzen snadno pouZitelny nastroj
pro izolaci MT, vyuZzivajici jednoduchou a pln€ automatizovanou elektrochemickou

detekéni techniku.

Klicova slova: fytochelatin, metalothionein, MALDI-TOF, tézké kovy, homeostaze

kovu, rakovina



Annotation

Among the heavy metal-binding ligands in cells the phytochelatins (PCs) and
metallothioneins (MTs) are the best characterized. PCs and MTs are different classes of
cysteine-rich, heavy metal-binding molecules. PCs are enzymatically synthesized
peptides, whereas MTs are gene-encoded polypeptides. Several analytical methods have
been used to analyze PCs, MTs and complexes of metal in different studies. Today,
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF MS) is renowned for its extreme ease of operation and requirement of inexpensive
matrices for preparation of sample; more importantly, the instrumentation is capable to
be fully automated. In this study, the optimal condition for the characterization of PC2
and Cd-PC2 complex by MALDI-TOF MS was determined. The human MT2A and
MT3 genes were expressed in heterologous organisms (Escherichia coli) by cloning.
Further, MT2 protein was isolated from rabbit liver. MTs were purified by fast protein
liquid chromatography (FPLC). The present study demonstrates analytical approaches
of employing MALDI-TOF MS for characterization MTs. Other electrochemical
methods were used for confirmation of thiols complexes with metal. Moreover, easy-to-
use instruments for MTs isolation, coupled with simple analytical detection method in

fully automatic mode, providing prototype for the construction of sensor was designed.

Key words: Phytochelatin, metallothionein, MALDI-TOF, heavy metal, metal

homeostasis, cancer.
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1 Introduction

The plants and animals have adapted numerous ways to maintain metal homeostasis
while mitigating detrimental effects of excess metals ions, including the metal-chelating
metallothioneins (MTs) and phytochelatins (PCs). PCs have been shown to play an
important role in the detoxification of certain heavy metals in both plants and animals.
Metals at the toxic levels have the capability to interact with several vital cellular
biomolecules such as nuclear proteins and DNA, leading to excessive augmentation of
reactive oxygen species (ROS). In addition, these metals generate ROS which in turn
can cause neurotoxicity, hepatotoxicity and nephrotoxicity in humans and animals.
Notably, higher plants, algae, certain yeasts and animals are equipped with a repertoire
of mechanisms to counteract metal-toxicity. The key elements of these are chelation of
metals by forming PCs and MTs. Although presence of genes encoding PCs was
confirmed in a few animal species, their function in these organisms was not
satisfactorily elucidated. Some studies revealed that PCs in animal species are closely
linked with detoxification processes in similar way as in plants. MTs have many
important and crucial functions. The most important of them includes detoxification of
essential as well as non-essential heavy metal ions. These proteins have been isolated
and studied in a wide variety of organisms, including prokaryotes, plants, invertebrates
and vertebrates. A number of studies have demonstrated the presence or enhanced
synthesis of MTs in rapidly proliferating normal cells, regenerating cells and cancer
cells. MTs overexpression has been revealed in variety of human tumors. Positive
correlation between MTs overexpression and aggressive biological behaviour as well as
poorer prognosis have been found in many of them (e.g. for carcinomas of urinary and
digestive tract, breast cancers, lung carcinomas, squamous cell carcinomas of oral
cavity and larynx as well as malignant melanoma). Several analytical methods have
been used to analyze PCs, MTs and complexes of metal. Today, matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) is renowned
for its extreme ease of operation and requirement of inexpensive matrices for
preparation of sample; more importantly, the instrumentation is capable to be fully
automated and thus it makes providing the screening of a large number of samples
possible in addition to very short time due to advanced laser technology and counting

operations.
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2 Aims

e Summarization of the literature about PCs and MTs characteristics, structure,
isoforms and their roles in homeostasis and pathology diseases.

e Literature analysis devoted to MALDI-TOF MS as an analytical technology for
analysis PCs and MTs in biological system.

e Characterization of PCs, MTs, Cd-PC complexes by MALDI-TOF MS.

e Isolation, cloning and expression of mammalian MTs in heterologous organism

(Echerichia coli) and characterization by MALDI-TOF MS.
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3 Literary overview

The concept of phytoremediation of contaminated soils has been increasingly supported
by research in recent years. The identification of PC synthase genes from plants and
other organisms is a significant breakthrough that will lead to a better understanding of
the regulation of a critical step in PC biosynthesis. Many studies showed the
mechanisms of chelation of metals-PC in plants in recent years. Chelation and
sequestration of metals by particular ligands are also mechanisms used by plants to deal
with metal stress. The two best-characterized metal-binding ligands in plant cells are the
PC and MTs. While the role played by PC synthase enzymes and PC in animals still
remains to be fully explored, there is increasing evidence that PC synthase genes are
likely to be found in many important animal groups and that PC may well turn out to be
important players in metal ion detoxification in many of these species. A subject of
interest in the future will definitely be to whether different animal species coordinate PC
and MTs responses to potentially toxic elements, and if this is different for different

metal ions.

3. 1. Phytochelatin

3.1.1. Structure and biosynthesis of phytochelatin

Anthropogenic impacts have caused more and more hazardous metals/metalloids
(hereafter termed as ,,metal/s) releasing to environment. Increasing emissions of metals
such as Cd, Hg, and As into the environment pose an acute problem for all organisms.
Metals, unlike organic contaminants, are not degradable and but remain persistent in
soils [1-3]. Once taken up, these metals can bring severe toxic consequences in cells due
to their chemical similarity to replace metals necessary for the effective functioning of
the cell. Nevertheless, metals at toxic levels have the capability to interact with several
vital cellular biomolecules such as nuclear proteins and DNA, leading to excessive
augmentation of ROS [4-6]. In addition, these metals generate ROS, which in turn can
cause neurotoxicity, hepatotoxicity and nephrotoxicity in humans and animals [7].
Notably, higher plants, algae, certain yeasts and animals are equipped with a repertoire

of mechanisms to counteract metal-toxicity. The key elements of these are chelation of
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metals by forming PCs and related cysteine-rich polypeptides [8, 9]. PCs are produced
from glutamine, cysteine and glycine due to PC synthases known as y-glutamylcysteine
(y-Glu-Cys) dipeptidyl transpeptidases [10]. PCs have been identified in a wide variety
of plant species, microorganisms and invertebrates. They are structurally related to
glutathione (GSH) and were presumed to be the products of a biosynthetic pathway.
Numerous physiological, biochemical and genetic studies have confirmed that GSH is
the substrate for PC biosynthesis [11, 12]. The general structure of PCs is (y -Glu-
Cys)n-Gly, with increasing repetitions of the dipeptide Glu-Cys, where n can range
from 2 to 11, but is typically no more than 5 [13]. Except glycine, also other amino acid
residues can be found on C-terminal end of (y-Glu-Cys), peptides. In Figure 1, we
show the general structure of PC and steps for synthesized from GSH through a PC
synthase in response to high concentrations of toxic metals. Originally thought to be
plant-specific, PC and PC synthases have now been reported in a few fungal taxa, such
as the yeast Schizosaccharomyces sp. and the mycorrhizalascomycete Tuber
melanosporum [14, 15], and invertebrates belonging to the nematodes, annelids or
plathyhelminths [15-22]. In the light of recent literature, the PCs role and modulation
are overviewed separately in metal/metalloid-exposed plants and animals/humans;
major methods for the determination of PCs and the bioassays for enzymes involved in
PC-synthesis are discussed; the connection of PCs with bionanoparticles is evaluated;

and finally, major aspects so far unexplored in the present context are highlighted.

Step [
y-Glu-Cys-Gly —> y-Glu-Cys+Gly —> y-Glu-Cys+ (y-Glu-Cys),-Gly
— - l Step 11
0 0 Hly o
HO)WLHJ/\[(IH\/U\OH (y-Glu-Cys),,,-Gly
NH, o}
| an

Phytochelatins
Figure 1.The general structure of PCs and steps for synthesized from glutathione (GSH)

through a PC synthase in response to high concentrations of toxic metals.
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3.1.2. Phytochelatins in metal/metalloid-exposed plants

Contamination with metals can be considered as one of the most critical threats to soil
and water resources as well as to human health [23, 24]. Contamination of soils with
toxic metals has often resulted from human activities, especially those related to
accelerated rate of industrialization, intensive agriculture, and extensive mining. Metals
belong to group of non-biodegradable, persistent inorganic chemicals with cytotoxic,
genotoxic, and mutagenic effects on humans or animals and plants through influencing
and tainting food chains, soil, irrigation or potable water and aquifers [6, 25, 26].
Chelation and sequestration of metals by particular ligands are also mechanisms used by
plants to deal with metal stress. The two best-characterized metal-binding ligands in

plant cells are the PCs and metallothioneins [27-31].

In the Figure 2 is shown the scheme of heavy metal detoxification by PCs in a
plant cell. PC, which has a higher affinity for Cd, is formed by the polymerization of 2—
gamma-glutamylcysteine (11y-EC) moieties via PC synthase. Several studies confirm
that in plants both GSH and PC synthesis increases after exposure to Cd and other
metals [10, 23, 32-38]. In the Figure 3, the general functions of the PC and model of

complex between Cd** ion and one molecule of PC are shown.

ZIP | Ca*? channel

HM oo
o0

ADP + P, e
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Figure 2. A scheme of heavy metal (HM) detoxification by phytochelatins (PC) in a
plant cell. HM activate phytochelatin synthase (PCS), which forms the HM-PC complex
with metals ions. This complex is consequently transported through tonoplast to vacuole
by ATP-binding-cassette and P1B-ATPase transporter (ABC-P1B). HM chelation by
ligands such as PC occurs in the cytosol. Induction of PC synthesis by HM and a large
flux of GSH is achieved by increased activities of GSH metabolic enzymes, y-ECS and
GS. It is possible that the enzyme activation is not a direct effect of HM, but due to
H,0, produced as a result of HM-treatment. Transport of HM into the plasma
membrane (ZIP). Transport of HM in the vacuole (NRAMP: natural resistance
associated macrophage protein). Heavy metals are shown as black dots [39].

Gonzalez-Mendoza et al. showed that PC synthase gene (in coordination with
the expression of MT gene) is present in Avicennia germinans leaves, and that its
expression increases in response to metal-exposure, which supports the hypothesis that
PC synthase and MT are part of the metal-tolerance mechanisms in this species. In
addition, they found that A. germinans has the ability to express both genes (AvMT2 and
AVPCS) as a coordinated response mechanism to avoid the toxics effects caused by non-
essential metals. However, for essential metals such as Cu®’, the results showed that
AVPCS was the most active gene involved in the regulation of this metal in the leaves
[40]. Recent study showed that Lunularia cruciata compartmentalizes Cd*" in the
vacuoles of the photosynthetic parenchyma by means of a PC-mediated detoxification
strategy, and possesses a PC synthase that is activated by Cd and homeostatic
concentrations of Fe*" and Zn®*. Arabidopsis thaliana PC synthase displays a higher
and broader response to several metals (such as Cd*", Fe**, Zn*", Cu®*", Hg*", Pb*", As®")

than L. cruciata PC synthase [35].

Plant Cd responses: Phytochelatin 2 PC2-Cd complex
Bindi Y — Glu Y— Glu N
inding N . - o
4, M
Detoxification S \
H \ z Y

Ca* + = =
Transport , 3 Cd ~ 3
Tolerance \ / \ 4

¥ ¥

Compartment Gly — Gly —

Figure 3. The general functions of PCs and the model of complex between cadmium
(Cd+2) ion and one molecules of PC2. Cys, cysteine; Glu, glutamic acid; Gly, glycine; S,
sulfur.
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Naturally, hyperaccumulating plants do not overproduce PCs as part of their
mechanism against toxic metals. This appears to be an inducible rather than a
constitutive mechanism, observed especially in metal non-tolerant plants [41]. Some
reports have argued against the roles of PC in some metal-tolerant plants based on the
effects of buthionine-S-sulfoximine and PCs/metal concentrations [42]. Several studies
on plants overexpressing y-glutamyl-cysteine synthetase or transgenic plants expressing
bacterial y-glutamyl-cysteine synthetase evaluated its effect on metal tolerance based on
the assumption that higher levels of GSH and PCs will lead to more efficient metal-
sequestration [43]. Bacopa monnieri, a wetland macrophyte is well known for its
accumulation potential of metals and metal tolerance and thus is suitable in
phytoremediation. Aquatic plants respond to metal stress by increased production of PC
as well as other antioxidants. The accumulation potential of B. monnieri for various
metals warrants its evaluation for metal tolerance and detoxification mechanism for its
suitability in phytoremediation [44]. Arabidopsis thaliana showed that Cd is
immediately scavenged by thiols in root cells, particularly by PC, at the expense of
GSH. At the same time, a redox signal is suggested to be generated by a decreased GSH
pool in combination with an altered GSH:GSSG (reduced glutathione:oxidised
glutathione) ratio in order to increase the antioxidant capacity [45]. Overexpression of
PCs synthesis in Arabidopsis led to 20-100 times more biomass on 250 and 300 uM
arsenate than in the wild type. Also, the accumulation of thiol-peptides was ten times
higher than after the exposure to Cd and arsenic, compared to the wild type. Gamma-
glutamyl cysteine, which is a substrate for PC synthesis, increased rapidly after arsenate
or Cd-exposure. Overexpression of this gene can be useful for phytoremediation [46].
Additionally, legumes are also capable of synthesizing homo-PCs in response to metal
stress. Citrus plants were also able to synthesize PC in response to metal-intoxication
[47]. In wheat, PC—metal complexes have been reported to accumulate in the vacuole.
Retention of Cd in the root cell vacuoles might influence the symplastic radial Cd
transport to the xylem and further transport to the shoot, resulting in genotypic

differences in grain Cd accumulation [48].
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3.1.3. Phytochelatins in animals

PCs peptides have been widely described and characterized in plants, yeasts, algae,
fungi and bacteria, as well as in nematodes and trematodes [21]. PC synthase genes are
also present in animal species from several different phyla. PCs synthesis appears not to
be transcriptionally regulated an animal [49]. Originally thought to be found only in
plants and yeast, PC synthase genes have since been found in species that span almost

the whole animal tree of life.
Fuctional of PCs in Animal

Biochemical studies have also shown that these PC synthase genes are functional: the
Caenorhabditis elegans PC synthase produces PCs when it is expressed in an
appropriate host, and knocking out the gene increases the sensitivity of C. elegans to
cadmium [50]. Several studies have since measured PCs by direct biochemical analysis
of C. elegans tissue extracts and found that cadmium exposure did indeed increase PCs
levels in C. elegans. PC2, PC3 and PC4 have all been found, with PC2 the highest
concentration [22, 51, 52]. Therefore, these studies showed that PCs production plays a
major role in protecting C. elegans against cadmium toxicity. PC2 and PC3 were
increased in autochthonous Lumbricus rubellus populations sampled from contaminated

sites [49].

The yeast (for example, S. pombe) possesses an ATP-binding cassette (ABC)
transporter, Hmt1, which was originally thought to play a possible role in translocation
of PCs—metal complexes to the vacuole. However, while knocking out the C. elegans
HMT-1 (CeHMT-1) increases sensitivity to cadmium, the increase is greater than could

be explained by a lack of PCS alone [53].

It is important to say that MTs are widely established as a key metal
detoxification system in animals, even though they certainly have many other biological
functions as well. As yet, there is very little known about how MTs and PCs may

complement each other for dealing with toxic metals [49].
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3.1.4. Methods for determining phytochelatins and phytochelatin

synthase enzyme

3.1.4.1 Determination of phytochelatins

In this chapter, an overview of the methods used for determination of PC is given,
comprising a broad range of electrochemical as well as spectrometric methods, which
have been optimized and even hyphenated with different separation methods to detect
PC. Recently, Wood et al., showed the analytical methodology for quantification of PC
and their metal(loid) complexes [54]. The classical approach to the analysis of PC is
reversed phase (RP) high performance liquid chromatography (HPLC) with post-
column derivatization of the sulthydryl groups and spectrophotometric detection, but
the detection is not specific for PC. An analytical technique able to detect compounds
specifically is for example mass spectrometry. Independent studies showed a sensitive
method for determination of PCs by HPLC with fluorescence detection [55, 56].
A simple sensitive method for the identification, sequencing and quantitative
determination of PCs in plants by electrospray tandem mass spectrometry (ESI MS-MS)
was shown in different studies [57, 58]. Other study has shown the combination of three
processes for identification of PC: (1) simple sample preparation including thiol
reduction, (2) rapid and high resolution separation using ultra-performance liquid
chromatography (UPLC), and (3) specific and sensitive ESI-MS/MS using multi-
reaction mode (MRM) for detection of transitions in alga“s extract [59]. In other studies,
in vitro formed Cd-PC2 complexes were characterized using ion exchange
chromatography (IEC), flow injection analysis/HPLC with CoulArray or Coulochem
electrochemical detector and MALDI-TOF MS [60, 61]. Zitka et al. optimized HPLC
coupled with electrochemical detector for determination of PC2 [62]. Many studies
showed the determination of cysteine, reduced and oxidized glutathione, and PC in

different species of plants using HPLC with electrochemical detection [63, 64].
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3.1.4.2. Bioassays for phytochelatin synthase activity

Methods for identification and quantification of PC synthase are multidisciplinary,
among themselves, comprising a broad range of molecular biology, electrochemical and
spectrometric methods. HPLC coupled with electrochemical detector has been
suggested as a new tool for determination of the PC synthase activity. The optimized
procedure was subsequently used for studying PC synthase activity in the tobacco BY -2
cells treated with different concentrations of Cd*" ions and the results were in good
agreement with Nakazawa et al [65]. Other study in animal showed that HPLC system
coupled to a single quadrupole LC-MS equipped with electrospray ionization (ESI) was
sensitive method for PC synthase activity [21]. A highly sensitive assay for PC synthase
activity was devised, in which the dequenching of Cu(l)-bathocuproinedisulfonate
complexes was used in the detection system of a reversed-phase HPLC. The presented
assay method is a sensitive tool that can be used to investigate this issue and would
allow the determination of PC synthase activity using 10-100-fold less protein [66].
Electrochemical methods, such as differential pulse voltammetry and HPLC with
electrochemical detection, were used for determination of Pt(IV) content, glutathione
levels, PC synthase activity in maize and pea plants treated with various doses of Pt(IV)
[67].

Other methods are necessary for identification and characterization of
PC synthase, for example a novel technology of molecular biology. Xu et al. showed a
study that represents the first transcriptome-based analysis of miRNAs and their targets
responsive to Cd stress in radish roots. Furthermore, a few target transcripts including
PC synthase 1, iron transporter protein, and ABC transporter protein were involved in
plant response to Cd stress [68]. In 2009, Amaro et al reported the identification and
characterization of a cDNA encoding a PC synthase homologous sequence from the
ciliated protozoan T. thermophila, the first to be described in ciliates. A quantitative
real-time PCR (qRT-PCR) expression analysis of PC synthase has been carried out
under different metal stress conditions. Several experimental evidences suggest that this
enzyme is biosynthetically inactive in PC formation, which makes it the first pseudo-PC

synthase described in eukaryotes [69].
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3.1.5. Phytochelatins in connection with bionanoparticles

The connection of nanoparticles and PC has two faces; on the one hand, the
biosynthesis of nanoparticles, on the second hand, the protection of stress caused by the
damage of any harmful nanoparticles. An in vitro study showed the enzyme mediated
synthesis of CdS nanocrystals by immobilized PC synthase, which converts glutathione
into the metal-binding peptide PC. Formation of CdS nanocrystals was observed upon
the addition of CdCl, and Na,S with PC as the capping agent [70]. This study helps in
designing a rational enzymatic strategy for the synthesis of nanoparticles of different
chemical compositions, shapes and sizes. Also, an enzymatic synthesis route to peptide-
capped gold nanoparticles was developed. Gold nanoparticles were synthesized in vitro
using alpha-NADPH-dependent sulfite reductase and PC [71]. The microbiological
production of inorganic nanoparticles is an interesting and promising alternative to the
known physical and chemical production methods. Extensive studies revealed the
potential of bacteria, actinomycetes, algae, yeasts, and fungi for biosynthesis of
nanoparticles [72]. Few studies discussed a possible synthesis of nanoparticles by algae,
particularly Phaeodactylum tricornutum exposed to Cd forms Cd-PC complexes in
which sulfide ions (S*7) can be incorporated to stabilize PC-coated CdS nanocrystallites
[73, 74]. Metal is immobilized by an intracellular detoxification mechanism. Krumov et
al showed that Cd is associated to a protein fraction between 25 and 67 kDa which
corresponds to the theoretical molecular weight of CdS nanoparticles of 35 kDa coated
with PC determined by size exclusion chromatography [75]. However, any exposure to
nanoparticles may pose a risk to human health and to the environment, depending on the
type of nanoparticles and their concentration [76]. Zinc oxide nanoparticles (ZnONPs)
are used in large quantities by the cosmetic, food and textile industries. The harmful
effects of ZnONPs are driven by their physicochemical properties and the resulting
physical damage caused by the aggregation and agglomeration of nanoparticles. PC
synthase may confer protection against zinc oxide nanoparticle induced toxicity in
Caenorhabditis elegans [77]. Effect of magnetic nanoparticles on tobacco BY-2 cell
suspension culture showed induced PC biosynthesis. These trends were observable for

almost all monitored PCs: PC2, PC3 and PCS5 [78].
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3.2 Metallothionein

Mammalian MTs belong to a group of intracellular and low molecular weight proteins
(app. 6 kDa), which were discovered in 1957 when Margoshes and Valee isolated them
from horse renal cortex tissue [79-82]. MTs have been implicated in a number of
functions, including toxic metal detoxification, as a metal chaperone and in metal ion
homeostasis [83]. These proteins have been isolated and studied in a wide range of
organisms, including prokaryotes, plants, invertebrates and vertebrates [84]. These
intracellular proteins are characterized by their unusual high cysteine content (30%) and
lack of aromatic amino acids. Because of their rich thiol content, MTs bind a number of
trace metals including cadmium, mercury, platinum and silver, and also protect cells
and tissues against heavy metal toxicity. Additionally, MTs belong among the most

abundant intracellular aspects for biologically essential metals, zinc and copper [85].

3.2.1. Structure of Metallothionein

A metal-free protein or apo-MT appears to possess a predominantly disordered
structure. However, upon binding of metal ions a well-defined protein fold develops.
MTs are single-chain proteins with amino acid number oscillating between app. 20 and
more than 100 residues according to the type of organism. Almost one third of this
number is cysteine occurring in conserved sequences cys-x-cys, Cys-xy- cys and cys-cys
where X and y represent other amino acid. Divalent metal ions bonded to sulfhydryl
groups of cysteines are creating tetrahedral configuration of thiolate clusters [86].
Binding capacity of MT is seven and twelve atoms for divalent and monovalent ions,
respectively. MT"s tertiary structure consists of two domains: more stable a (C-
terminal) domain, containing four ion binding sites, and  (N-terminal) domain capable
to incorporate three ions (Figure 5) [87]. Rigby et al. demonstrated the migration of the
eleven cysteinyl sulphurs in o domain and the nine cysteinyl sulphurs in the  domain to
the outside of the protein while the polypeptide backbone adopted a random coil
conformation. This cysteinyl sulphur inversion is necessary for metal scavenging in the

surrounding environment under the formation of more stable and proteolytically
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protected metal-bound MT [88]. The model of mammalian MTs with marked cysteine

moieties is shown in Figure 6.

i 2930 61
(VI AN B X R B RS B WG AR 566 | IREASBR 5 1A
B domain o domain
Figure 5. MTs tertiary structure with two domains (o and ) and amino acid sequence

[84].
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Figure 6. Signatures for complete sequences of mammalian MTs. 125 MT sequences
were used for the proposition of this model. Cysteine moieties are yellow marked. MTs
metal-binding properties are well-evident [88].

3.2.2. Metallothionein isoforms and regulation genes

MTs are a family of proteins with Mr around 6000, comprised of MT-1, MT-2, MT-3
and MT-4 classes with multiple isoforms within each class. MT-1 and MT-2 are
ubiquitously expressed and are stress inducible. MT-1 isoform inducibility is reported to
depend on the embryonic germ layer from which a tumor is derived. In human, MTs are

encoded by a family of genes consisting of 10 functional MT isoforms and the encoded
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proteins are conventionally subdivided into four groups: MT-1, MT-2, MT-3 and MT-4
proteins. The Figure 7 shows the alignment of amino acid sequences of the four human
MT isoforms. While a single MT-2A gene encodes MT-2 protein, MT-1 protein
comprises many subtypes encoded by a set of MT-1 genes (MT-1A, MT-1B, MT-1E,
MT-1F, MT-1G, MT-1H and MT-1X), accounting for the micro-heterogeneity of the
MT-1 protein [89]. Different MT genes in humans possibly play different functional

roles during development or under various physiological conditions.

MT-1H MDPN-CSCEA GGSCACAGSC KCKKCKCTSC KKSCCSCCPL GCAKCAQGCI CKGA------ SEKCSCCA
MT-2A MDPN-CSCAA GDSCTCAGSC KCKECKCTSC KKSCCSCCPV GCAKCAQGCI CKGA------ SDKCSCCA
MT-3 MDPETCPCPS GGSCTCADSC KCEGCKCTSC KKSCCSCCPA ECEKCAKDCV CKGGEAAEAE AEKCSCCQ
MT-4 MDPRECVCMS GGICMCGDNC KCTTCNCKTC WKSCCPCCPP GCAKCARGCI CKGG------ SDKCSCCP

Figure 7. Alignment of amino acid sequences of the four human MT isoforms using
ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalw2/). The conserved cysteine residues
are highlighted. The numbering is that of the human MT-3 sequence [90].

In mammals, MT-1 and MT-2 isoforms are expressed at all stages of
development in many cell types of all organs. MT-1 and MT-2 are inducible by a
variety of stress conditions and compounds, including glucocorticoids, cytokines,
reactive oxygen species and metal ions. The most potent inducers of MT-1 and MT-2
biosynthesis are metal ions such as zinc and cadmium. Not all MTs are regulated as a
transcription factor. Certain organisms have neither metal-responsive elements (MREs)
within the promoter region or MTF as transcription factor. There remains an elusive

transcriptional activation of MTs [91].

The MTs promoter has other response elements that up-regulate transcription
including the glucocorticoid response elements (GREs), elements activated by signal
transducers and activators of transcription (STAT) proteins through cytokine signaling
and the antioxidant (or electrophile) response elements (ARE) activated in response to

redox status.

MTs are able to scavenge ROS, thus, their involvement in ROS-mediated
diseases may be considered, especially in the light of the possible single-nucleotide
polymorphism and changes in MTs transcription induction [92]. The second mechanism
of the involvement of MT in pathogenesis is based on the regulation of zinc(Il) ions that
affect zinc-regulated gene expression. This fact was shown by Mazzatti et al. in the

study focused on the zinc-dependent transcription of pro-inflammatory cytokines and

24



alterations in metabolic regulatory pathways [38] or by Bellomo et al., who
demonstrated regulation of cytosolic zinc levels, ZiP and MT gene expression by

glucose in primary pancreatic islet beta cells [39].

The ubiquitously expressed MT-1 and MT-2 family members have been
extensively studied and are widely recognized for their ability to attenuate heavy metal
induced toxicity through binding and sequestering metals [93, 94]. The promoter
regions of MT-1 and MT-2 genes contain several metal and glucocorticoid responsive
elements (MREs and GRESs) as well as elements involved in basal level transcription.
The transcription factor MTF-1 (metal-responsive transcription factor 1), which is
essential for basal expression and induction by metals, binds to a promoter proximal
MREs. This protein is composed of six zinc fingers that are responsible for DNA

binding [95].

The MT-1 and MT-2 genes are expressed in many tissues, and at a particularly
high level in liver and kidney. MT-1 and MT-2 are present in all cells throughout the
body. They regulate copper and zinc, are involved in cell transcription, detoxify heavy
metals, play a role in immune function, and are involved in a variety of gastrointestinal
tract functions. Exposure of the RWPE-1 cells to either Cd*" or Zn*" was shown to
resulted in the rapid induction of the MT-1/2 protein with eventual accumulations easily
exceeding 10 % of total cell protein. Similarly, exposure of the human prostate
epithelial cell line to either Cd*" or Zn*" resulted in the increased accumulation of MT-
1E, MT-1X and MT-2A mRNAs; however, the initial increase in MT-1/2 protein
appeared before the increase in MT mRNA suggesting a possible component of

posttranscriptional regulation [96].

MT-3 represents an unique metalloprotein called also neuronal-growth
inhibitory factor, which inhibits outgrowth of neuronal cells [97]. MT-3 is located
primarily in the central nervous system with small amounts present in the pancreas and
intestines. It plays a major role in the development, organization and programmed death

of brain cells [85].

MT-4 is found in the skin and upper gastrointestinal tract. They help regulate
stomach acidic pH, taste and texture discrimination of the tongue and help protect

against sunburn and other skin traumas.
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3.2.3. General roles of Metallothionein

MTs have many important and crucial functions. Figure 8 shows the main functions of
MTs in an organism [86]. The most important of them includes detoxification of
essential as well as non-essential heavy metal ions. Expression of MTs is sensitively
and strictly regulated by the oxidative state induced in mitochondrial respiration. Some
of MTs actions have therapeutic possibilities in treatment of acute as well as chronic
diseases, where oxidative stress plays a crucial role. MTs are supposed to participate in
some pathological processes, such as carcinogenesis as well as emergence of

radioresistance or chemoresistance [84].

Metallothionein

D
»/;E/ o/

3

Y.

Radical
scavenging

Metallo
homeostasis

Figure 8. Main functions of MTs in an organism. MTs participate mainly in
maintaining of metal ions homeostasis, toxic metal ions detoxification and metal ions

transport. Adapted from [86].
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3.2.3.1. MTs in cancer diseases

A number of studies have demonstrated the presence or enhanced synthesis of MTs in
rapidly proliferating normal cells, regenerating cells and cancer cells. MTs have been
shown to protect cells against the cytotoxic effects of electrophilic anticancer drugs. The
enhanced expression of MTs in cells induces the antiapoptotic effects and a lack of MTs
in MT-null cells increases the susceptibility to apoptotic cell death after exposure to
certain anticancer drugs [98]. MTs have also been shown to be involved in the
development of resistance to anticancer drug cisplatin, one of the most widely used
chemotherapeutic metal-based drugs [99]. The increase in cellular content of MTs was
considered as a fact that MTs can be possible biomarkers of resistance to treatment with
cisplatin [100, 101]. MTs overexpression has been revealed in a variety of human
tumors. Positive correlation between MTs overexpression and aggressive biological
behaviour as well as poorer prognosis has been found in many of them (e.g. in
carcinomas of urinary and digestive tract, breast cancers, lung carcinomas, squamous
cell carcinomas of oral cavity and larynx as well as malignant melanoma) [102-108].
Knocking down MT-1X by siRNA could sensitize cells to cisplatin through increased
apoptosis of cancer cells and inhibition of cell proliferation. The study suggests that
inhibitors of MT-1X may have potential therapeutic application in inducing apoptosis in
oral squamous cell carcinoma. These findings may help in the development of better
cancer chemotherapy strategies [109]. Moreover, MTs might be involved in the
protection against Helicobacter pylori induced-gastric chronic inflammation associated
with gastric carcinogenesis [110]. p53, p21, BAX, c-kit, and MTs may have different
roles in the pathogenesis of ovarian tumors. p53 and MTs may be helpful in the typing
the borderline and malignant ovarian tumors [111, 112]. Different studies have shown
that MT has important functions in hematopoietic cells; these studies also considered
possible role of MTs in these cells. MT has been reported to be involved in the
differentiation and proliferation of hematopoietic cells [113, 114], and prevention of
apoptosis [115]. The MT-1A, E, X and MT-2A isoforms have been revealed to play an
important function in prostate cancer. It has been shown that MT-1 and MT-2 isoforms
may be related to the proliferative activity of breast, colon and prostate human cancers
[116, 117]. Five isoforms of MT were overexpressed in non-small cell lung cancer

(NSCLC); overexpression of the MT-1F and MT-2A isoforms predicted patient™s poor
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prognosis. Both these isoforms might be involved in progression of this type of cancer;
this fact has been confirmed by the correlation analysis of up-regulated MT-1F
expression, size of primary tumor and rate of grade of malignancy [118]. Connection
between zinc and MTs in central nervous system is still studied. In the central nervous
system, zinc is released along with glutamate during neurotransmission and, in excess,
can promote neuronal death. Experimental studies have shown that metallothioneins 1/2
(MT-1/2), which chelate free zinc, can affect seizures and reduce neuronal death after
status epilepticus [119]. MTs have role in the pathogenesis of autoimmune diseases.
The expression of MTs 1 and 2 and the concentrations of Zn and Cu in the tissues of
brain, spinal cord (SC) and liver during the periods of attacks and remissions in chronic
relapsing experimental autoimmune encephalomyelitis (CR-EAE) have been estimated
to have a role in the disorders of central nervous system. This data, obtained by clinical
assessment, immunohistochemistry and inductively coupled plasma (ICP) spectrometry,
showed that MTs 1 and 2 were markedly up-regulated in the subarachnoid regions and
perivascular space in astrocytes, microglia and spinal neurons; copper in the liver was
significantly increased. During the second doses a new overexpression of MTs was
found in the cerebellum, in sulcus hippocampi, in spinal neurons and particularly in
hepatocytes around the central vein; concentration of Cu was significantly increased in

the brain [120].

3.2.3.2. MTs role in oxidative stress

The most critical advance in MTs research is a demonstration of the redox regulation of
Zn-S interaction and the coupling of zinc and redox metabolism. The cluster structure of
Zn-MT provides a chemical basis by which the cysteine ligand can induce
oxidoreductive properties which constitutes a MT redox cycle [121]. It is clear that MTs
are induced by oxidative stress. Thus, one of the most important MTs functions consists
of cell protection against free radicals. The potential antioxidant role of MTs in the
nucleus may be more significant than a role in the cytosol. The protective role of MT,
however, requires that the protein redistributes between nuclear and cytoplasmic
compartments. Since MT is more efficient than GSH in protecting DNA from hydroxyl
radical attack, this could indicate that MT is a more important nuclear antioxidant than

GSH. The presence of MT in the nucleus may be important to protect DNA from
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damage induced by oxidative stress because the nucleus does not contain antioxidant
enzymes such as superoxide dismutase, catalase and peroxidase [122]. Studies using a
cell-free system have demonstrated the ability of MT as a free radical scavenger [123].
Iszard et al. showed the effect of several MTs inducers on oxidative stress defense
mechanisms in rats [124]. Studies using cultured cells and intact animal models have
provided further evidence supporting the antioxidant function of MTs [125, 126]. Also,
MTs are potent antioxidants that protects kidney against oxidative damage [127]. Ogra
et al. suggested that MT can scavenge NO using the sulthydryl groups of cysteines in its
molecule to form nitrosothiol, thereby reducing nuclear and cytoplasmic damage by NO
[128]. Inhibition of superoxide generation and associated nitrosative damage is involved
in MTs prevention of diabetic cardiomyopathy [129]. A review has proven that the
antioxidant property of MT enhances in a presence of zinc. The zinc redox-dependent
functions of MT are important for the regulation of physiological processes that depend
on zinc and the pathological processes in which oxidative stress mobilizes zinc. The
decrease of zinc availability from MT suggests that the mutant MT is either less reactive
towards nitric oxide or it is in an oxidized state and does not bind sufficient amounts of

zinc [130, 131].

3.2.3.3. Other MT roles in pathology

MT is a protein involved in numerous key processes. MTs have the important role in
cell death in the injured brain [132, 133]. MT by interaction with other proteins fulfills
its function, resulting in different effects in the body. Interaction of MT with ferritin,
which causes a redox reaction, resulting in the reduction of Fe’" stored in ferritin and a
release of harmful Fe’', was observed. Possibly in the future MT will become a
therapeutic agent, which will result in a breakthrough in the field of pharmacy and
medicine [134]. The expression of MT-3 has been found to be downregulated or altered
[135-137] and changes in normal homeostasis of essential transition metals such as zinc
and copper have been implicated as possible etiological factors in neurodegenerative

diseases [137, 138].

In particular, MT is induced by inflammatory stress; its roles in inflammation are

implied. Also, MT expression in various organs/tissues can be enhanced by
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inflammatory stimuli, implicating in inflammatory diseases. Through a genetic
approach, MT has been shown to protect against various types of (including
lipopolysaccharide related, allergic, and oxidative) inflammatory conditions in mice,
implicating MT-induction/enhancement and/or zinc supplementation to induce/enhance
MT as possible therapeutic options for inflammatory diseases, although additional

research is needed to conclude its clinical utility [139].

Pressure and volume overload produce distinct forms of cardiac hypertrophy.
Gene expression profiled in rat hearts subjected to pressure overload showed that MT

was one of the genes with the highest level of up-regulation [140].

In conclusion, the most widely expressed isoforms in mammals, MT-1 and MT-
2, are rapidly induced in the liver by a wide range of metals, drugs and inflammatory
mediators. In the gut and pancreas, MT responds mainly to Zn status. A brain isoform,
MT-3, has a specific neuronal growth inhibitory activity, while MT-1 and MT-2 have
more diverse functions related to their thiolate cluster structure. These include
involvement in Zn homeostasis, protection against heavy metal (especially Cd) and
oxidant damage, and metabolic regulation via Zn donation, sequestration and/or redox

control [141].

3.2.4. Expression of human MTs in Escherichia coli

MTs are potential candidates for medicine development and application [142, 143]. The
importance of inflammation, hormone response, anti-apoptotic and zinc-dependent
transcription factor function, and zinc regulation in cellular resistance to toxins, coupled
with understanding of how MTs influences them, sets the stage for rational therapeutic
targeting of MT to enhance cancer treatment while sparing normal tissues [84, 134,

144].
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The increased MTs expression by virtue of transient or stable transfection of
heterologous MTs expression vectors and in vitro observation of direct of MTs can help
to know the specific function in the organisms. Bacterial expression systems for
heterologous protein production are attractive because of their ability to grow rapidly
and at high density on inexpensive substrates, their often well-characterized genetics
and the availability of an increasingly large number of cloning vectors and mutant host
strains [145]. Escherichia coli is the most widely used bacterial vehicle to produce
heterologous proteins [146]. E. coli is one of the organisms of choice for the production
of recombinant proteins. Its use as a cell factory is well-established and it has become
the most popular expression platform. For this reason, there are many molecular tools
and protocols at hand for the high-level production of heterologous proteins, such as a
vast catalog of expression plasmids, a great number of engineered strains and many
cultivation strategies [147]. Odawara et al showed a genetic approach to investigate the
physiological roles of human MT-2. It was demonstrated that human MT-2 functioned
for cadmium detoxification in E. coli [148]. Also, Adam et al showed that E. coli
expressing human MT-3 gene were used like model organisms for studying of metals

influence to MTs expression [149].

3.2.5. Analytical technology for analays of MTs: MALDI TOF MS

"3Cd and '"H nuclear magnetic resonance, electron paramagnetic resonance, Raman
spectroscopy, circular dichroism, Mossbauer spectroscopy and techniques based on
absorption and diffraction of X-rays have been utilized for structural analysis of MTs
[150, 151]. Due to the absence of aromatic amino acids in MTs primary structure the
UV-VIS spectrometric methods are applicable for apo-MT analysis only in deep UV
range (below 220 nm), however metal-MT can be determined at wavelengths between

250-800 nm due to the MT-metal bond [150]. Immunochemical methods
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(immunoassays) are based on the interaction of antigen and antibody and include: a)
enzyme-linked immunosorbent assay (ELISA), b) radioimmunoassay (RIA), c)
fluorescence immunoassay (FIA), and d) Western blotting. Polyclonal as well as
monoclonal antibodies can be employed for all mentioned immunoassays of MTs [86,
152-159]. Monitoring of MT-mRNA is commonly carried with quantitative reverse
transcription polymerase chain reaction (qQRT-PCR) or microarrays. Advantage of this
approach is distinguishing MT isoforms; however the fact that mRNA amount could not
match with protein concentration, is a concern [156, 159-167]. Other important methods
for separation and/or detection of MT are sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE), capillary electrophoresis and chromatography [168-174].
Electrochemical and voltammetric methods as Brdicka reaction have been also used

[175-178].

Mass spectrometry represents, in coupling with electrospray ionization (ESI),
matrix assisted laser desorption/ionization (MALDI) and inductively coupled plasma
(ICP) ionization techniques, the most important techniques in metallomics deserving

special attention.

Andon et al. established a method for the separation and characterization of
rabbit liver MT*s subisoforms by capillary electrophoresis coupled to electrospray
ionization time-of-flight mass spectrometry (CE-ESI-TOF MS). The analysis described
here revealed the presence of the apothioneins MT-1a, MT-1d, and MT-1e, belonging to
MT-1 sample, and MT-2a, MT-2b, and MT-2c¢ belonging to MT-2. Similar results were
found when MALDI-TOF experiments were performed; they enabled to identify all the
sequenced rabbit liver MTs as apo-MT-forms, as in the CE-ESI-TOF MS coupling
[179]. Other study verified that the sub-isoforms of MT in rabbit liver have a different
apparent molecular mass under different conditions. This experiment predicted that
there probably exist a stable peptide structure of MT-2 using MALDI-TOF MS to study
the sub-isoforms of MTs and get their exact primary structure [180]. Moreover, two-
dimensional gel electrophoresis (2-DGE), MALDI-TOF MS, the peptide mass
fingerprinting (PMF) map, and bioinformatic analysis used for studying differentially
expressed proteins between multidrug resistant cells HL-60/DOX and drug sensitive
cells HL-60 of acute myeloblastic leukemia were potential methods for identification of

proteins in these cells. The results revealed presence of MTs only in HL-60 cells [181].
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MALDI-TOF MS acts as one of the most comprehensive and versatile tools for
research in proteomics [182]. Wang et al. have shown a simple and rapid method for
identification of MTs isoforms in cultured human prostate cells (RWPE-1 cell line) by
MALDI-TOF/TOF mass spectrometry [183] and they demonstrated that MS method
allows correlation between expression of isoform-specific proteins and expression of
isoform-specific mRNA by providing information about expression of MTs isoforms in
a rapid fashion. The lack of publications is well evident in the area of MALDI analysis
of MTs in cancer. For example, MALDI imaging of cancer tissue could be very
beneficial to confirm hypotheses about possible connection of MTs with matrix
metalloproteinases (MMPs), due to presence of zinc ions in peripheral tumour tissue

[184].

The MALDI-TOF MS was used for comparative study focused on interactions
of cisplatin and ruthenium arene anticancer complexes with MTs. The results showed
that the novel ruthenium arene anticancer complexes are much less reactive with
thiol-rich MTs, which overexpression in the cancer tissues is closely connected with
increased resistance to cisplatin. This finding may be helpful to better understand the
distinct pharmacological profile of ruthenium arene anticancer complexes, such as
reduced toxicity and no cross-resistance to cisplatin [102]. Platinum(II) complexes have
been demonstrated to form covalent bonds with sulphur-donating ligands (in MTs, GSH
and other sulphur-containing biomolecules) or coordination bonds with nitrogen-
donating ligands (such as histidine and guanine). Moreover, it has been demonstrated
that the Terpyridine platinum(II) (TP-Pt(Il)) complex formed a covalent bond with the
active-site cysteine residue in two other types of cysteine protease by using MALDI-
TOF MS. This results showed unequivocally that TP-Pt(II) complexes can selectively
bind into the active site of most of cysteine proteases and can be useful in the design of
new platinum(Il) compounds with promising anti-cancer, anti-parasitic or anti-viral

activities [185].
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3.2.6. Optimization of MALDI-TOF method for detection of MTs in

cancer

3.2.6.1 Matrix

Researchers have discussed the importance of choosing the matrix, conditions of
crystallization of the matrix and analyte, concentration of matrix, and the use of matrix
additives for different proteins and peptides. The matrix consists of small organic
compounds, which show strong resonance absorption at the applied laser wavelength.
Pulsed laser systems are used to enable an explosive disintegration of a laser-light-
excited matrix-analyte volume, and thus subsequent desorption with ionization. In the
most of the studies reviewed, 2,5-dihydroxybenzoic acid (2,5-DHB) and a-cyano-4-
hydroxycinnamic acid (CHCA) were the constituents of matrix used for appropriate
determination of MTs [186, 187]. CHCA is commonly used for peptides with the lower
molecular mass range. This matrix is insoluble in water and well soluble in organic
solvents [186]. It is considered as a hard matrix, which means that the molecules of
analyte get a lot of internal energy during desorption and ionization. Therefore, the main
advantage of CHCA in the measurement of peptides is its ability to form small
homogenous crystals. Since geometry in homogeneity relates directly to decreased
resolution in the MALDI analysis, CHCA usually yielded good resolution. 2,5-DHB is
the matrix of choice for the preparation of glycoproteins, peptides and proteins. Unlike
CHCA, it is soluble in water as well as organic solvents [187]. The main disadvantage
of 2,5-DHB is the creation of big needle-shaped crystals. The main advantage of 2,5-
DHB for MALDI-TOF MS protein analysis is the fact that this matrix is more tolerant
towards contamination with salts and/or detergents in comparison with other matrices.
In a few published studies focused on the determination of MTs in cancer tissues by
MALDI-TOF MS, both 2,5-DHB and CHCA were used for detection and the samples
of MTs were prepared in TFA and ACN in different concentrations (50% ACN
containing 0.1% TFA or 30% ACN with 0.1% TFA) for obtain better signal [186].
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3.2.6.2 Influence of interfering compounds on the signal

MALDI-TOF MS analysis of proteins yields a lot of information that instruments with
lower resolution cannot deliver, but only by using proper sample preparation
techniques. MS analysis is commonly impaired by common contaminants like fatty
acids and salts that are ordinarily used to increase solubilisation of proteins.
Nevertheless, these components interfere with the proteins and they affect the ability to
ionize them efficiently for mass spectrometry analysis of MT. There are different
methods for the removal of contaminants from the samples; these methods allow
efficient solubilisation of protein without interfering with formation of MALDI-TOF
matrix crystal or ionization of protein, and the signal of MT in MALDI-TOF is more
intense and well defined. The undigested (intact) MT samples or samples of MT
digested by trypsin usually can be enriched and desalted with ZipTip micropipette tips
that are packed with a bed of C18 material, according to the manufacturer®s instructions
[177, 183]. CHCA has been widely used as a matrix to facilitate the ionization of
proteins and peptides in MALDI-TOF MS. However, sodium and potassium ions induce
creation of CHCA adducts. These elements are commonly present in solvents and
buffers and are released from many plastics that are used for preparation and storage of
samples. Matrix adducts are ubiquitous in MALDI-TOF mass spectra, and are evident
particularly at low concentrations of analysed sample. Thus, detection of an analyte in
very low concentration as well as low molecular weight analytes often becomes
problematic. To treat these unfavourable conditions, matrix additives can be used to
scavenge or exchange metal ions. In one study, reduced matrix adducts were observed
in mass spectra by adding ammonium monobasic phosphate (NH4H,PO,) or ammonium
dibasic citrate [(NH4),CcHeO7] to the matrix/sample [188, 189]. An increase in the
intensity and the signal-to-noise ratio of peaks (signals) of peptide in MALDI-TOF MS
was another observed benefit of the addition of ammonium monobasic phosphate to
samples. Combining both of the approaches, addition of ammonium salts into the
CHCA matrix followed by one post-crystallization washing step with ammonium buffer
provided a substantial improvement of the sensitivity of MALDI-MS detection
compared to unwashed sample spots. This method of preparation of sample is necessary
to improve quality of spectra obtained and is essential for successful searching in

databases for subnanomolar concentrations of protein digests [188].
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3.2.6.3 Quantification of MTs by MALDI-TOF MS

Several research groups have applied MALDI-TOF MS in relative quantitative
measurements of MT. At the same time, the non-quantitative character of this method
has been widely reported. Szajli et al. conducted experiments to test the reliability of
this technique of quantitation using the statistical method of the inverse confidence limit
calculation for the first time in this context. The relationship between relative intensities
of known amounts of standard peptides and their concentration ratios was investigated.
They found that the concentration ratios determined by the relative intensity
measurements were highly inaccurate and strongly influenced by the molecular milieu
of the sample analyzed. Thus, they emphasize the necessity to use the sample itself for
calibration and recommend performing a similar statistical analysis to demonstrate
reliability for every system where MALDI-TOF MS is used for quantitative
measurements [190]. Mirgorodskaya et al. have developed a method for quantification
of proteins and peptides in very low, picomolar and sub-picomolar, concentrations using
MALDI-TOF MS with internal '*O-labeled standards. Mathematical algorithm that uses
the isotopic patterns of the substance, the internal standard, and the substance/internal
standard mixture for accurate quantitation of the substance has been developed. A great
advantage of the proposed method consists in the absence of limitation in molecular
weight for the quantitation of proteins and the possibility of quantitation without
previous fractionation of proteins and peptides [191]. Even though MALDI is a
powerful technique for mass spectrometry of peptides and proteins, it is not quite useful
for their quantification. This is one of the most outstanding problems in the quantitative
proteomics. The main difficulty lies in the poor reproducibility of MALDI spectra. Park
et al. showed a novel method to quantify any analyte amenable to MALDI-TOF MS
[192]. This method is based on the previous observations that the reaction quotient for
the matrix-to-peptide proton transfer evaluated in temperature-selected MALDI was
nearly constant regardless of the peptide concentration in the solid sample. This implied
a direct proportionality between the relative abundance of an analyte ion in a
temperature-selected MALDI spectrum and the concentration of the corresponding
neutral in the solid sample. This relation has been confirmed by calibration curves
obtained for some peptides. Another characteristic of the relation is that it persists even

when other analytes are present. This has been demonstrated for mixtures that contained
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peptides and proteins. This and the fact that the method does not require the addition of
internal standards allow rapid and inexpensive quantification of any analyte amenable to

MALDI [192].
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PCs have been identified in a wide variety of plant species, microorganisms and
invertebrates. They are structurally related to GSH and were presumed to be the
products of a biosynthetic pathway. Numerous physiological, biochemical and genetic
studies have confirmed that GSH is the substrate for PC biosynthesis. In the light of
recent literature, the PCs™ role and modulation are overviewed separately in metal-
exposed plants and animals/humans and major methods for the determination of PCs
and the bioassays for enzymes involved in PC synthesis are discussed hereunder.
Additionally, connection of PCs with bionanoparticles is evaluated, and finally, major

aspects so far unexplored in the present context are briefly highlighted.
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Abstract

Varied environmental compartments (such as soil and water) potentially contaminated
with different metals/metalloids can impact the health of both plants and animals/
humans. Trace amounts of Cu, Mn, Mo, Ni and Zn are beneficial for higher plants,
whereas, Cr, Cu, Co, Mn, Mo, Se, V and Zn are known as the micronutrient metal/metal-
loids for animals/humans. However, elevated levels of the metals/metalloids can cause
severe toxic consequences in both plants and animals/humans. Common in plants and
animals/humans, phytochelatins (PCs), the principal non-protein, S-rich, thiolate pepti-
des, protect (through different mechanisms) cellular functions and metal/metalloid ho-
meostasis by performing their chelation and/or detoxification. With the major aim of
broadening the current knowledge on the subject, this chapter (a) overviews PCs’ role
and modulation separately in metal/metalloid-exposed plants and animals/humans; (b)
discusses major methods for determination of PCs and bioassays for enzymes involved in
PC synthesis; (c) evaluates the connection of PCs with bionanoparticles; and finally (d)
highlights so far unexplored aspects in the present context.

Keywords: Phytochelatin, metal, glutathione, stress

1. Introduction

Anthropogenic activities have caused the release of a wide range of hazardous metals/
metalloids (hereafter termed as ‘metal/s’) into the environment. In particular, increasing
emissions of metals such as Cd, Hg and As into the environment pose an acute problem for
all organisms. Metals, unlike organic contaminants, are not degradable and remain persistent
in soils [1-3]. Once taken up, these metals can bring severe toxic consequences in cells due to
their chemical similarity to replace the metals necessary for cellular functions. Nevertheless,
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metals at toxic levels have the capability to interact with several vital cellular biomolecules
such as nuclear proteins and DNA, leading to excessive augmentation of reactive oxygen
species (ROS) [4-6]. In addition, these metals generate ROS which in turn can cause neuro-
toxicity, hepatotoxicity and nephrotoxicity in humans and animals [7, 8]. Notably, higher
plants, algae, certain yeasts and animals are equipped with a repertoire of mechanisms to
counteract metal toxicity. The key elements of these are chelation of metals by forming
phytochelatins (PCs) and related cysteine-rich polypeptides [9-11]. PCs are produced from
glutamine, cysteine and glycine and the process is catalysed by PC synthases known as y-
glutamylcysteine (y-Glu-Cys) dipeptidyl transpeptidases [12, 11]. PCs have been identified in
awide variety of plant species, microorganisms and invertebrates. They are structurally related
to glutathione (GSH) and were presumed to be the products of a biosynthetic pathway.
Numerous physiological, biochemical and genetic studies have confirmed that GSH is the
substrate for PC biosynthesis [13, 14]. The general structure of PCs is (y-Glu-Cys)n-Gly, with
increasing repetitions of the dipeptide Glu-Cys, where 1 can range from 2 to 11 but is typically
no more than 5 [15]. Except glycine, other amino acid residues can be found on the C-terminal
end of (y-Glu-Cys)n peptides. In Figure 1, we show the general structure of PC and the major
steps involved in its synthesis from GSH through PC synthase in response to high concentra-
tions of toxic metals. Originally thought to be plant-specific, PC and PC synthases have now
been reported in a few fungal taxa, such as the yeast Schizosaccharomyces sp. and the mycor-
rhizal ascomycete Tuber melanosporum [16, 17] and invertebrates belonging to the nematodes,
annelids or plathyhelminths [18, 19, 4, 1, 20, 17, 21-24].

In the light of recent literature, the PCs’ role and modulation are overviewed separately in
metal-exposed plants and animals/humans and major methods for the determination of PCs
and the bioassays for enzymes involved in PC synthesis are discussed hereunder. Additionally,
connection of PCs with bionanoparticles is evaluated, and finally, major aspects so far
unexplored in the present context are briefly highlighted.

Step
y-Glu-Cys-Gly ——3 7-Glu-Cys+Gly —3 7-Glu-Cys+ (y-Glu-Cys) -Gly

l Step

H L o
H\)I\OH (v-Glu-Cys)__ -Gly

O O
N
NH,

Phytochelatins

Figure 1. General structure of phytochelatins (PCs) and the major steps involved in its synthesis from glutathione
(GSH) through a PC synthase in response to high concentrations of toxic metals.
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2. Phytochelatins in metal/metalloid-exposed plants

Contamination by metals can be considered as one of the most critical threats to soil and water
resources as well as to human health [25, 26]. In fact, the contamination of soils with toxic
metals has often resulted from human activities, especially those related to accelerated rate of
industrialization, intensive agriculture and extensive mining. Metal belongs to group of non-
biodegradable, persistent inorganic chemical having cytotoxic, genotoxic and mutagenic
effects on humans or animals and plants through influencing and tainting food chains, soil,
irrigation or potable water and aquifers [27, 28, 6]. Chelation and sequestration of metals by
particular ligands are the major mechanisms employed by plants to deal with metal stress. The
two best-characterized metal-binding ligands in plant cells are the PC and metallothioneins
(MTs) [29-33, 6, 34].

Figure 2 shows the scheme of metal-detoxification by PCs in a plant cell. PC, which has a higher
affinity for Cd, is formed by the polymerization of 2-11 y-EC moieties via PC synthase. Several
studies confirm that in plants, both GSH and PC synthesis are increased after exposure to Cd
and other metals [12, 35-41]. In Figure 3, we show both general functions of the PC and a model
of complex between Cd* ion and one molecule of PC.

Gonzalez-Mendoza et al. showed that PC synthase gene (in coordination with the expression
of metallothionein gene) is present in Avicennia germinans leaves, and that their expression
increases in response to metal exposure, which supports the hypothesis that PC synthase and
metallothionein are part of the metal-tolerance mechanisms in this species. In addition, these
authors found that A. germinans has the ability to express both genes (AvMT2 and AvPCS) as
a coordinated response mechanism to avoid the toxic effects caused by non-essential metals.
However, for essential metals such as Cu?, the results showed that AvPCS was the most active
gene involved in the regulation of this metal in the leaves [42]. Recent study showed that
Lunularia cruciata compartmentalizes Cd*? in the vacuoles of the photosynthetic parenchyma
by means of a PC-mediated detoxification strategy, and possesses a PC synthase that is
activated by Cd and homeostatic concentrations of Fe(Il) and Zn. Arabidopsis thaliana PC
synthase displays a higher and broader response to several metals (such as Cd, Fe(Il), Zn, Cu,
Hg, Pb, As(Ill)) than L. cruciata PC synthase [35].

Naturally hyperaccumulating plants do not overproduce PCs as a part of their mechanism
against toxic metals. This appears to be an inducible rather than a constitutive mechanism,
observed especially in metal non-tolerant plants [43]. Some reports have argued against the
roles of PC in some metal-tolerant plants based on the effects of buthionine-S-sulphoximine
and PCs/metal concentrations [44]. Several studies on plants overexpressing y-glutamyl-
cysteine synthetase or transgenic plants expressing bacterial y-glutamyl-cysteine synthetase
evaluated its effect on metal tolerance based on the assumption that higher levels of GSH and
PCswilllead to more efficient metal sequestration [45]. Bacopa monnieri, a wetland macrophyte,
is well known for its accumulation potential of metals and metal tolerance and thus is suitable
for phytoremediation. Aquatic plants respond to metal stress by increasing the production of
PC as well as other antioxidants. The accumulation potential of B. monnieri for various metals
warrants its evaluation for metal tolerance and detoxification mechanism and for its suitability

41

397


K1PC2
Typewritten Text
41


398 Abiotic and Biotic Stress in Plants - Recent Advances and Future Perspectives

ZIP | Ca™ channel

HM o0
(1)
)

Generation

Degradation

&

Vacuole

Figure 2. The scheme of heavy metal (HM) detoxification by phytochelatins (PC) in a plant cell. HM activates phyto-
chelatin synthase (PCS) and the HM-PC complexes are established. These complexes are consequently transported
through tonoplast to vacuole by ATP-binding-cassette and P1B-ATPase transporter (ABC-P1B). HM is chelated in the
cytosol by ligands such as PC. Induction of PC synthesis by HM and a large flux of GSH is further achieved by in-
creased activity of the GSH metabolic enzymes, y-ECS and GS. It is possible that the enzyme activation is not directed
through effects of HM but due to H202 produced as a result of HM-presence. Transport of HM through the plasma
membrane (ZIP). Vacuolar transport of HM (NRAMP: natural resistance associated macrophage protein). Heavy met-
als are shown as black dots. Figure adapted and modified from [26].
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Figure 3. General functions of phytochelatins (PCs) and the model of complex between cadmium (Cd*) ion and one
molecule of PC2. Cys, cysteine; Glu, glutamic acid; Gly, glycine; S, sulphur.

in phytoremediation [38]. In a study on Arabidopsis thaliana showed that Cd is immediately
scavenged by thiols in root cells, in particular PC, at the expense of GSH. At the same time, a

redox signal is suggested to be generated by a decreased GSH pool in combination with an
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altered GSH:GSSG ratio in order to increase the antioxidant capacity [46]. Overexpression of
PCs synthetase in Arabidopsis led to 20-100 times more biomass on 250 and 300 uM arsenate
than in the wild type. Also, the accumulation of thiol-peptides was 10 times higher after the
exposure to Cd and arsenic, compared to the wild type. Gamma-glutamyl cysteine, which is
a substrate for PC synthesis, increased rapidly after arsenate or Cd-exposure. Overexpression
of PC synthase gene can be useful for phytoremediation [47]. Additionally, legumes are also
capable of synthesizing homo-PCs in response to metal stress [45]. Citrus plants were also
reported to synthesize PC in response to metal intoxication [48]. In wheat (Triticum aestivum),
PC-metal complexes have been reported to accumulate in the vacuole. Retention of Cd in the
root cell vacuoles might influence the symplastic radial Cd transport to the xylem and further
transport to the shoot, resulting in genotypic differences in grain Cd accumulation [49].

3. Phytochelatins in metal/metalloid-exposed animals

As mentioned also above, PC proteins have been broadly described and characterized in
plants, yeasts, algae, fungi and bacteria [22]. However, PC synthase genes are also present in
animal species from several phyla. PC synthesis appears not to be transcriptionally regulated
in animals [50]. Nevertheless, originally thought to be found only in plants and yeast, PC
synthase genes have since been found in species that span almost the whole animal tree of life.
Notably, PC synthase genes are found in species from several other metazoan phyla, including
Annelida, Cnidaria, Echinodermata, Chordata and Mollusca (both Gastropoda and Bivalvia
classes) [51, 52].

Several phyla of the Metazoa contain one or more species harbouring PC synthase homolo-
gous sequences: the Cnidaria (Hydra magnipapillata), the Chordata (Molgula tectiformis, as well
the model chordate Ciona intestinalis), the Echinodermata (Strongylocentrotus purpuratus), the
Annelida (Lumbricus rubellus) and the Platyhelminthes (Schistosoma japonicum and Schistoso-
ma mansoni) [53, 51]. Biochemical studies have also shown that these PC synthase genes are
functional. The Caenorhabditis elegans PC synthase produces PC when it is expressed in an
appropriate host, and knocking out the gene increases the sensitivity of C. elegans to Cd [54].
Several studies have since measured PC by direct biochemical analysis of C. elegans tissue
extracts, and found that Cd exposure did indeed increase PC levels in C. elegans. PC2, PC3
and PC4 have all been found, with PC2 in the highest concentration [55, 20, 56]. Therefore,
these studies concluded that PCs production can play a major role in protecting C. elegans
against Cd toxicity. PC2 and PC3 were increased in autochthonous Lumbricus rubellus
populations sampled from contaminated sites [50]. The yeast (for example, S. pombe) possesses
an ATP-binding cassette (ABC) transporter, Hmtl, which was originally thought to play a
possible role in translocation of PCs-metal complexes to the vacuole. However, while
knocking out the C. elegans HMT-1 (CeHMT-1) increases the sensitivity to Cd; the increase
is greater than could be explained by a lack of PC synthase alone [57]. It is important to say
that MTs are another widely established metal-binding ligand and a key metal detoxifica-
tion system in animals. Additionally, MTs have many other important biological functions
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as well. Nevertheless, little is known about how MTs and PCs may complement each other
for dealing with toxic metals [50].

The activation and function of PC synthase in animals came into light from studies on the
nematode C. elegans [58], the flatworm Schistosoma mansoni [19, 59, 21], and Cionidae Ciona
intestinalis [60]. The occurrence of PC synthase in animals suggests the occurrence, in these
organisms, of a stress oxidative and metal detoxification system based on a class of mole-
cules which was considered as the privilege of plants. The PC synthase gene has a wide
phylogenetic distribution and can be found in species that cover almost all of the animal tree
of life. But even though some members of particular taxonomic groups may contain PC
synthase genes, there are also many species without these genes. Ron Elran et al. reported
the regulation of GSH cycle genes in Nematostella vectensis, and an interesting finding was
that PC synthase 1, which synthesizes the non-ribosomal formation of metal-binding PC, was
upregulated after Hg and Cu treatments [15]. Phylogenetic analyses supported the hypothe-
sis that PC synthase evolved independently in plants, cyanobacteria and green algae. Among
the sequenced metazoan genomes, only a few contain a PC synthase gene. However, the
reason for the scattered distribution of these genes remains unclear, considering that
metazoans with PC synthase genes in their genomes do not share any physiological,
behavioural or ecological features [60]. Just how (and if) PC in invertebrates complement the
function of MTs remains to be elucidated, and the temporal, spatial and metal specificity of
the two systems are still unknown [6].

4. Methods for the assays of phytochelatins and phytochelatin synthase
enzyme

4.1. Determination of phytochelatins

We briefly discuss herein different methods for the detection and quantification of PC.
Additionally, we are giving an overview of the methods used for determination of PC,
comprising a broad range of electrochemical as well as spectrometric methods, which have
been optimized and even hyphenated with different separation methods to detect PC.
Recently, Wood et al. showed the analytical methodology for quantification of PC and their
metal(loid) complexes [61]. The classical approach to the analysis of PC is reversed phase
HPLC with post-column derivatization of the sulphydryl groups and spectrophotometric
detection, but the detection is not specific to PC. The use of an analytical technique is able to
detect compounds, specifically mass spectrometry. Independent studies showed a sensitive
method for determining PCs by HPLC with fluorescence detection [62, 63]. A simple sensitive
method for the identification, sequencing and quantitative determination of PCs in plants by
electrospray tandem mass spectrometry (ESI MS-MS) was showed for different studies [64,
65]. Other study showed the combination of three processes for identification PC: (1) easy
sample preparation including thiol reduction, (2) rapid and high-resolution separation using
ultra-performance liquid chromatography (UPLC) and (3) specific and sensitive ESI-
MS/MS detection using multi-reaction mode (MRM) transitions in alga’s extract [66].
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Nevertheless, in vitro formed Cd-PC2 complexes were characterized using ion exchange
chromatography (IEC), flow injection analysis/high-performance liquid chromatography
with CoulArray or Coulochem electrochemical detector and matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometry [67, 68]. Zitka et al. optimized
high-performance liquid chromatography coupled with electrochemical detector for
determination of PC2 [69]. Many studies showed the determination of cysteine, reduced and
oxidized glutathione and PC in different species of plants using high-performance liquid
chromatography with electrochemical detection [70, 71].

4.2. Bioassays for phytochelatin synthase activity

The methods for identification and quantification of PC synthase are multidisciplinary, among
themselves, comprising a broad range of molecular biology, electrochemical and spectrometric
methods. HPLC coupled with electrochemical detector has been suggested as a new tool for
the determination of PC synthase activity. The optimized procedure was subsequently used
for studying PC synthase activity in the tobacco BY-2 cells treated with different concentrations
of Cd(II) ions and the results were in good agreement with Nakazawa et al. [72]. Other study
in animals showed that HPLC-LC system coupled to a single quadrupole LC-MS equipped
with ESI was a sensitive method for PC synthase activity [22]. A highly sensitive assay for PC
synthase activity was devised, where, the dequenching of Cu(I)-bathocuproinedisulphonate
complexes was used in the detection system of a reversed-phase high-performance liquid
chromatography. The present assay method is a sensitive tool that can be used to investigate
this issue and would allow for the determination of PC synthase activity using 10-100-fold
less protein [73]. Electrochemical methods such as differential pulse voltammetry and high-
performance liquid chromatography with electrochemical detection were used for determi-
nation of Pt(IV) content, GSH levels, PC synthase activity in maize (Zea mays) and pea
(Pisum sativum) plants treated with various doses of Pt(IV) [74].

Other methods required for the identification and characterization of PC synthase are, for
example, the novel technology of molecular biology. Xu et al. showed a study that represents
the first transcriptome-based analysis of miRNAs and their targets responsive to Cd stress in
radish (Raphanus sativus) roots. Furthermore, a few target transcripts including PC synthase 1
(PCS1), iron transporter protein and ABC transporter protein were involved in plant response
to Cd stress [75]. In 2009, Amaro et al. reported the identification and characterization of a
cDNA encoding a PC synthase homologous sequence from the ciliated protozoan T. thermo-
phila, the first to be described in ciliates. A quantitative real-time PCR (qQRT-PCR) expression
analysis of PC synthase has been carried out under different metal stress conditions. Several
experimental evidences suggest that this enzyme is biosynthetically inactive in PC formation,
which makes it the first pseudo-PC synthase to be described in eukaryotes [76].

5. Phytochelatins in connection with bionanoparticles

The connection of nanoparticles and PC has two faces: on one hand, the biosynthesis of
nanoparticles and on the other hand, the protection of stress caused by the damage of any

45

401


K1PC2
Typewritten Text
45


402 Abiotic and Biotic Stress in Plants - Recent Advances and Future Perspectives

harmful nanoparticles. An in vitro study showed the enzyme-mediated synthesis of CdS
nanocrystals by immobilized PC synthase, which converts GSH into the metal-binding peptide
PC. Formation of CdS nanocrystals were observed upon the addition of CdCI2 and Na2S with
PC as the capping agent [77]. This study is expected to help in designing a rational enzymatic
strategy for the synthesis of nanoparticles of different chemical compositions, shapes and sizes.
Also, an enzymatic synthesis route to peptide-capped gold nanoparticles was developed. Gold
nanoparticles were synthesized using alpha-NADPH-dependent sulphite reductase and PC
in vitro [78]. In Figure 4, we show the general structure of nanocrystal with cross-linked, PC-
like coating (Figure modified from [79]). The microbiological production of inorganic nano-
particles is an interesting and promising alternative to the known physical and chemical
production methods. Extensive studies revealed the potential of bacteria, actinomycetes, algae,
yeasts and fungi for biosynthesis of nanoparticles [80]. Few studies have discussed the possible
synthesis of nanoparticles by algae. Particularly, Phaeodactylum tricornutum exposed to Cd,
forms Cd-PC complexes, where sulphide ions (S%") can be incorporated to stabilize PC-coated
CdS nanocrystallites [81, 82]. Metal is immobilized by an intracellular detoxification mecha-
nism. Krumov et al. showed that Cd is associated to a protein fraction between 25 and 67 kDa
which correspond to the theoretical molecular weight of CdS nanoparticles of 35 kDa coated
with PC by size exclusion chromatography [83]. However, contingent to their types and
concentrations, any nanoparticles can pose a risk to human health and to the environment [84].
Zinc oxide nanoparticles (ZnONPs) are used in large quantities by the cosmetic, food and
textile industries. The harmful effects of ZnONPs are driven by their physicochemical
properties and the resulting physical damage caused by the aggregation and agglomeration
of nanoparticles. PC synthase may confer protection against ZnONPs-induced toxicity in
Caenorhabditis elegans [24]. Effect of magnetic nanoparticles on tobacco BY-2 cell suspension
culture showed induced PC biosynthesis. These trends were observable for almost all moni-
tored PCs: PC2, PC3 and PC5 [85].

NH,

Figure 4. Nanocrystal with crosslinked, phytochelatin (PC)-like coating, an effective strategy to make QDs as small
with a crosslinked peptide sheath by mimicking PC-coated heavy metal nanoclusters. Figure adapted and modified
from [79].
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6. Conclusions

The concept of phytoremediation of contaminated soils has been increasingly supported by
research in recent years. The identification of PC synthase genes from plants and other
organisms is a significant breakthrough that will lead to a better understanding of the
regulation of a critical step in PC biosynthesis. Many studies showed the mechanisms of
chelation of metals-PC in plants in recent years. Chelation and sequestration of metals by
particular ligands are also mechanisms used by plants to deal with metal stress. The two best-
characterized metal-binding ligands in plant cells are the PCs and MTs. While the role played
by PC synthase enzymes and PCs in animals still remains to be fully explored, there is
increasing evidence that PC synthase genes are likely to be found in many important animal
groups and that PCs may well turn out to be important players in metal ion detoxification in
many of these species. It will be of interest in the future to see whether different animal species
coordinate PC and MT responses to potentially toxic elements and if this is different for
different metal ions.
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Plants have been credibly reported to avoid the damaging effects of metal toxicity,
using strategies or mechanism involving: the binding of heavy metals to cell wall and
immobilization exclusion of the plasma membrane, expression of more general stress
response mechanisms such as stress proteins (heat shock proteins), and metal-chelation
and -compartmentalization. In particular, chelation is the most widespread intracellular
mechanism for the maintenance of low concentrations and detoxification of free metals
in plant cytoplasm that can be performed by thiol compounds (which contain
sulfthydryl/thiol groups; such as a tripeptide glutathione, GSH, vy-Glu-Cys-Gly;
phytochelatins, PCs; metallothioneins, MTs), and also by non-thiol compounds (such as
organic acids, and amino acids). This paper presents an appraisal of recent reports on
both thiol (PCs and MTs) and non-thiol compounds in an effort to shed light on the
significance of these compounds in plant-metal tolerance, as well as to provide

scientific clues for the advancement of metal-phytoextraction strategies.
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Varied environmental compartments including soils are being contaminated by a myriad
toxic metal(loid)s (hereafter termed as “metal/s”) mainly through anthropogenic activities.
These metals may contaminate food chain and bring irreparable consequences in
human. Plant-based approach (phytoremediation) stands second to none among
bioremediation technologies meant for sustainable cleanup of soils/sites with
metal-contamination. In turn, the capacity of plants to tolerate potential consequences
caused by the extracted/accumulated metals decides the effectiveness and success
of phytoremediation system. Chelation is among the potential mechanisms that largely
govern metal-tolerance in plant cells by maintaining low concentrations of free metals in
cytoplasm. Metal-chelation can be performed by compounds of both thiol origin (such
as GSH, glutathione; PCs, phytochelatins; MTs, metallothioneins) and non-thiol origin
(such as histidine, nicotianamine, organic acids). This paper presents an appraisal of
recent reports on both thiol and non-thiol compounds in an effort to shed light on the
significance of these compounds in plant-metal tolerance, as well as to provide scientific
clues for the advancement of metal-phytoextraction strategies.

Keywords: metal/metalloids, plant tolerance, chelation, thiol compounds, glutathione, organic acid, metalloth-
ioneins, phytochelatins

Introduction

Metal(loid)s and their Chelation Strategies in Plants

The Earths crust harbors varying levels of different metals/metalloids (hereafter termed as
“metal/s”). Though at optimum level, many metals (such as Cu, Fe, Mn, Ni, Zn) are essen-
tial for plant cells; however, the supra-optimum concentrations of these metals and even low
concentrations of other metals such as Ag, Al, As, Cd, Cr, Cs, Hg, Pb, Sr, and U exhibit
phytotoxicity. Thus, higher concentrations of all metals that have potential to cause detrimental
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Metal chelation trade in plants

consequences in human or environments can be considered
as “contaminant” (reviewed by Anjum et al., 2015). Never-
theless, the inception of industrialization, metalliferous mining
and smelting, sewage sludge treatment, warfare, and military
training, waste disposal sites and indiscriminate agricultural fer-
tilizer use have caused significant addition of previous toxic met-
als to soils (Padmavathiamma and Li, 2007; Hassan and Aarts,
2011; Alloway, 2013). Though, it remained technically a chal-
lenge for the global scientific community, the cleanup of metal-
contaminated soils has been widely advocated to minimize their
impact on human and environmental health (reviewed by Ali
et al., 2013). In this context, compared to different physical,
chemical and biological approaches employed for this purpose,
plant and associated microbes based approach (phytoremedia-
tion) stands outstanding in terms its novelty, cost-effective, effi-
ciency, environment- and eco-friendly, in situ applicability, and
natural (solar-driven) (Mench et al., 2009; Hassan and Aarts,
2011; Anjum et al., 2012a; Ali et al., 2013). Basically, the phytore-
mediation approach is based on a number of strategies includ-
ing: (a) phytoextraction, (b) rhizofiltration (phytofiltration), and
(c) phytostabilization. Notably, plant types growing on contam-
inated or metalliferous soils were evidenced to develop metal-
hyperaccumulation potential (reviewed by Baker and Whiting,
2002). Metal-hyperaccumulation, a process technically termed as
phytoextraction, is a striking phenomenon exhibited by <0.2% of
angiosperms, where a direct accumulation of metals into above-
ground organs with subsequent removal/ processing of these
plant-organs is possible. Nevertheless, metal-hyperaccumulators
can exhibit extraordinarily high amounts of metals in their
above-ground tissues to levels far exceeding those present in
the soil or in non-accumulating plant species growing nearby
(reviewed by Hassan and Aarts, 2011; Rascio and Navari-Izzo,
2011; Gill et al., 2012).

Understanding physiological and molecular defense strategies
adopted by both hyperaccumulator and non-hyperaccumulator
plants to cope with metal stress either during accumula-
tion, degradation or elimination of metal pollutants in con-
taminated soils are of the utmost significance in phytore-
mediation studies. In particular, plant tolerance to potential
toxicity caused by tissue-/organ-metal loads (during metal-
hyperaccumulation/extraction) largely decides the efficiency and
success of a metal remediation system (Vangronsveld et al,
2009; Maestri et al., 2010; Hassan and Aarts, 2011; Anjum
etal., 2014a,b,c). Processes such as exclusion, compartmentaliza-
tion, complexation, and the synthesis of metal-binding proteins
and/or metal ion chelation are included in the list of defense
strategies evidenced in plants under metal stress (Clemens, 2001;
Mejare and Biilow, 2001; reviewed by Hassan and Aarts, 2011).
Plants have been credibly reported to avoid the damaging effects
of metal toxicity, using strategies or mechanism involving: the
binding of heavy metals to cell wall and immobilization (Mari and
Lebrun, 2006; Kanneganti and Gupta, 2008; Bolan et al., 2014),
exclusion of the plasma membrane (Lee et al., 2005; Arrivault
et al., 2006), expression of more general stress response mecha-
nisms such as stress proteins (heat shock proteins) (Song et al.,
2012), and metal-chelation and -compartmentalization (Lal,
2010; Jozefczak et al., 2012; Seth et al., 2012; Lv et al., 2013). In

particular, chelation is the most widespread intracellular mech-
anism for the maintenance of low concentrations and detoxifi-
cation of free metals in plant cytoplasm that can be performed
by thiol compounds (which contain sulfhydryl/thiol groups; such
as a tripeptide glutathione, GSH, y-Glu-Cys-Gly; phytochelatins,
PCs; metallothioneins, MTs), and also by non-thiol compounds
(such as organic acids, and amino acids) (Clemens, 2001; Mejére
and Biilow, 2001; Lal, 2010; Hassan and Aarts, 2011; Anjum et al.,
2012b, 2014b,d; Jozefczak et al., 2012; Seth et al., 2012; Lv et al.,
2013) (Figure 1).

Based on recent reports, this paper discusses the basic phys-
iology/molecular biology of metal-chelation by GSH, PCs, MTs,
organic acids, amino acids—considered herein as jacks of metal-
chelation trade in plants.

Thiol-Compounds and
Metal(loid)-Chelation

Thiol compounds such as GSH, PCs, and MTs contain sulfhydryl
(-SH) groups for binding a variety of metals (reviewed by Seth
et al, 2012). GSH, a tripeptide (y-Glu-Cys-Gly) with a wide
distribution (0.5-10mM) in plant cell compartments (namely
cytosol, endoplasmic reticulum, vacuole, and mitochondria) is
a major -SH compound. Apart from performing key roles in
cellular redox homeostasis and the antioxidant defense, GSH
is involved in the chelation and detoxification of free metal
(reviewed by Anjum et al., 2010, 2012a, 2014d; Seth et al., 2012).
The role of GSH in metal-chelation lies behind its significance
as a precursor for the synthesis of phytochelatins (PCs, family
of peptides structurally related to GSH) in metal-exposed plants
(Clemens, 2006; Srivalli and Khanna-Chopra, 2008). The other
important -SH compound, MTs [sulfur(S)-containing, cysteine
(Cys)-rich, short, low molecular weight (4-8 kDa) gene-encoded
polypeptides] have been reported to bind varied metals through
the —SH of their Cys-residues (Cobbett and Goldsbrough, 2002;
Verbruggen et al., 2009). Therefore, GSH, PCs, and MTs stand
second to none in terms of their role in metal-chelation in plants
(Figure 1; Table 1). GSH is briefly overviewed hereunder before
discussing other -SH compounds and S-donor ligands—PCs and
MTs in detail.

GSH is recognized as an antioxidant that plays a key role in the
defense mechanism of plants (Anjum et al., 2010, 2012a, 2014d;
Seth et al., 2012; Nahar et al., 2015). Notably, since GSH is also
an essential component in the synthesis of metal-binding pep-
tides such as PCs, GSH has been the major metabolic/biochemical
modulator of of PCs (Hall, 2002; Guo et al., 2012). The abil-
ity to maintain a high GSH level is therefore considered as an
essential intrinsic feature, enabling the reduction of oxidative
damage caused by accumulated metals in these species. Some
metal-tolerant plants, e.g., Thlaspi goesingense, Thlaspi oxyceras,
Thlaspi rosulare, and Holcus lanatus have a constitutively high
GSH content, unlike e.g., Silene vulgaris or Pteris vittata (Ernst
et al,, 2008). The higher levels of GSH and Cys were also found
in Cd-resistant mutant of Chlamydomonas reinhardtii than the
wild type (Hu et al., 2001), Cu-resistant alga Stichococcus minor
(Kalinowska and Pawlik-Skowrénska, 2010) and 276-4d strains
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FIGURE 1 | Major thiol- (A) and non-thiol compounds (B) involved in the chelation/detoxification of metal(loid)s in plants.

of Desmodesmus armatus (Pokora et al., 2014). Cys could act as a
defense mechanism not only for participating in PC biosynthe-
sis but also directly as metal-chelator. Cys content was higher
in freshwater microalga Chlamydomonas moewusii than that of
GSH when Cd was present in the medium. Further, the amount
of GSH decreased only slightly with the increase in the PC lev-
els. This would suggest that the intracellular GSH was consumed
during the PC biosynthesis and replaced quickly by new synthe-
sis from the S of the medium (Mera et al., 2014). Estrella-Gémez
et al. (2012) showed that Salvinia minima plants responded to
Pb exposure by increasing the concentration of GSH, the activ-
ity of glutathione synthase (GS) and the expression levels of the
SmGS gene. Similarly, GSH and glutathione reductase (GR) lev-
els were also increased when tomato (Lycopersicon esculentum)
plants are exposed to arsenite in which the activity of GR is essen-
tial for recharging the cells of GSH and the time of increased
synthesis of PCs (Marmiroli et al., 2014). On the other hand, since
Glu and Cys are important precursors in GSH biosynthesis, it is
somewhat surprising that proteins involved in Gln and Cys syn-
thesis were less abundant upon long term Cd-exposure (Dupae
et al., 2014). Cd-accrued PCs-induction can cause elevation in
the consumption of GSH as a result of utilization of GSH [and
also the y-GluCys (y-EC) moiety from GSH by transpeptidation]
in the production of PCs (Mendoza-Cozatl et al., 2008). In con-
trast, elevation in GSH pool, reported in some metal-exposed
plants has been considered as a strategy to detoxify/tolerate
metals(Cd)-accrued consequences either by direct binding or by
synthesis of PCs (Canovas et al., 2004; Thangavel et al.,, 2007;

reviewed by Anjum et al., 2012b). Although the concentrations
of GSH in ectomycorrhizal fungus are even in millimolar range
(Schiitzendiibel and Polle, 2002; Courbot et al., 2004) and GSH
readily binds both to Cd and Zn (Feretti et al., 2007), it may pro-
vide a fast protection against the metal ion transients entering the
cytoplasm.

Phytochelatins

Overview

Phytochelatins [PCs; y-glutamyl (Glu)-cysteinyl (Cys)],-X,
where n = 2-11 and X is glycine (Gly), serine, p-alanine,
glutamate or glutamine] are the principal non-protein, metal-
binding (and metal-dotoxifying), S-rich, thiolate peptides (Cob-
bett and Goldsbrough, 2002). However, in iso-PCs (isoforms of
PCs), the terminal amino acid consists of serine, glutamic acid,
glutamine, or B-alanine (in the case of the homo-PCs, present
in many legumes) (Oven et al., 2002). In fact, PCs are non-
ribosomal peptides and are synthesized enzymatically (not by
translation of mRNA owing to the presence of y-carboxamide
linkage between Glu and Cys) in response to varied metals
from GSH by phytochelatin synthase (PCS), which is a y-Glu-
Cys dipeptidyl transpeptidase (E.C.2.3.2.15) (Vatamaniuk et al.,
2004). Both GSH and hGSH can be the substrates for the syn-
thesis of homo-PCs in Cd-exposed legume (Oven et al., 2002).
Nevertheless, though, the amino acids Cys, Glu, and Gly con-
stitute PCs (Zenk, 1996), PC variants without C-terminal Gly-
residues can also be found (Oven et al.,, 2002). The occurrence
of PC synthesis in metal-exposed plants was reported to follow
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TABLE 1 | Summary of representative studies on metal(loid)-tolerance in plants via expression of genes related with major thiol and non-thiol compounds.

Plant species Gene inducing agent Gene Defensive effects Tolerance References
overexpressed gained
Raphanus Exogenous Spd (1 mM) RsADC Increased biosynthesis of Put and Cr (V) stress Choudhary et al.,
sativus L. under Cr stress and RsSPDS Spd 2012b
Arabidopsis Induced by Pb stress At3902470 This gene encodes Pb tolerance Liu et al., 2009
S-adenosylmethionine
decarboxylase, an enzymes of PA
biosynthesis pathway
Raphanus sativus Exogenous Spd (1 mM) RsCOPT1 Decrease of Cu uptake Cu tolerance Choudhary et al.,
under Cu stress and RsCOPT2 2012a
RsHMAS Decrease of Cu assimilation
RsMT1C Cu detoxification by regulating the
and RsCCH1 levels of metallothionenins and Cu
chaperones
RsADCT1, Regulated Put metabolism
RsADC2, and
RsSAMDC
RsSPDST and Regulated Spd metabolism
RsPAO2
RsSPDS3, Regulated Spm metabolism
RsPAO2, and
RsPAO4
RsCYP79B3, Regulated IAA metabolism
RsYUCT, and
RsYUC3
RsABA3, Regulated ABA metabolism
RsNCED,
RsSAAO3, and
RsCYP707A3
Arabidopsis halleri Zn (25, 50 uM) Atbg19530 Induction of Spm/Spd synthase family Zn tolerance Sharma and Dietz,
protein 2006
Atbg04610 Induction of Spd synthase-related/Put
aminopropyltransferase-related
Arabidopsis Cs (2mM) At5g19530 Induction of Spm/Spd synthase family Cs tolerance Sharma and Dietz,
thaliana protein 2006
At1980600 Induction of acetylornithine
aminotransferase, mitochondrial,
putative/acetylornithine transaminase,
putative/AOTA
Atbg46180 Induction of Orn aminotransferase,
putative/Orn-oxo-acid
aminotransferase
Arabidopsis Pb(NO3)» (25, 50 ppm) At5g19530 Induced Spm/Spd synthase family Pb tolerance Sharma and Dietz,
thaliana protein 2006
At1923820 Induced Spd synthase 1
(SPDSYN1)/Put
aminopropyltransferase 1
Nicotiana tobacum 150 M CdCly TaMT3 Increased the ability of ROS Cd Zhou et al., 2014
cleaning-up tolerance
(Continued)
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TABLE 1 | Continued

Plant species  Gene inducing agent  Gene overexpressed Defensive effects Tolerance gained References
Arabidopsis As exposure S1ptTECS Strong induction of GSH1 protein As tolerance Li et al., 2006
thaliana expression in the shoots
Arabidopsis Cd exposure S1ptTECS Three- to five-fold increase in y-EC Cd tolerance Li et al., 2005
thaliana related peptides
Populus 0.01-0.1mM ZnSO4 GSH1 Levels of GSH and PCs are Zn tolerance Bittsanszkya et al.,
canescens maintained by GSH1 in these 2005
transgenics
Arabidopsis As exposure arsC Specific reduction of arsenate to As tolerance Dhankher et al.,
thaliana arsenite in that easily trapped by 2002
thiols such as GSH and PCs
Avicennia Low concentration of AvPCS Strong ROS scavenging activity in Cd and Cu detoxification ~ Gonzalez-
germinans Cd and Cu addition to high metal-binding Mendoza et al.,
capacity 2007
Pyrus 500 uM CuSOy4 MdSPDS1 Alteration of polyamine titers in pear Cu tolerance Wen et al., 2008
communis and reduction of Cu accumulation
Arabidopsis Cu exposure MT1 and MT2 Highest levels of non-protein thiols Cu tolerance Murphy and Taiz,
thaliana 1995
Saccharum 500nM CdCly or ScMT2-1-3 Enhanced Cu and Cd detoxification Cu and Cd tolerance Guo et al., 2013
spp. 100pM CuCly
Alyssum 30 M NiSO4 ATP-PRT Many-fold increase in the pool of free Ni tolerance Ingle et al., 2005
lesbiacum His without affecting the
concentration of any other amino acid
Arabidopsis 10 WM ZnSOy4 NICOTIANAMINE SYNTHASEs ~ Enhanced nicotianamine synthesis Zn tolerance Haydon et al.,
halleri and subsequent binding of a variety 2012
of transition metals.
Arabidopsis 10 wM ZnS0Oy4 NAS2 Elevated nicotianamine levels and Zn tolerance Deinlein et al.,
halleri subcellular compartmentalization of a 2012
metal chelator in balancing the
transport processes of Zn
Nicotiana 600 and 1000 mM of AINAST Ten-fold elevated levels of NA in Increased Ni tolerance Douchkov et al.,
tabacum NiCly comparison with wild type which led 2005

to an enhanced tolerance against up
to 1mM Ni

different hierarchical levels from algae to higher plants including
trees (Thangavel et al., 2007; Minocha et al., 2008). In earlier
studies, PC production and the enzyme PCS were not found
in land plants or bryophytes including liverworts, mosses, and
hornworts (Bruns et al., 2001; Kopriva et al., 2007). Micraste-
rias denticulata is the only charophytic algae where the synthesis
of PCs has until now been definitely detected (Volland et al.,
2014). Recently, the PC-synthesis capability and the presence
of constitutive and functional PCS were considered as ances-
tral (plesiomorphic) characters for basal land plants including
bryophytes, charophytes, and lycophytes (Petraglia et al., 2014).
A lower amount of PC produced under Cd stress (36 and 72 uM
of Cd for 72h) in all the bryophyte lineages and in the lyco-
phyte Selaginella denticulataprevious was suggested due to lower
PCS activity as compared to angiosperms. Notably, potential

toxicity of accumulated metals can be decreased as a result of
the formation and subsequent sequestration of “metal-PC com-
plexes” in vacuoles via transport across the tonoplast (Cobbett
and Goldsbrough, 2002). Nevertheless, when expressed in an
appropriate host the Caenorhabditis elegans PCS gene that con-
trol PCs production; however, knocking out the gene can increase
the sensitivity of C. elegans to Cd (Vatamaniuk et al., 2001). Con-
sidering the previous roles of PCs as well as due to their signif-
icant role in the induction in plants under metal-exposure, the
“status of PCs in plants” has been advocated as one of the major
indicators of metal pollution (Dago et al., 2014).

Metal(loid)-Specificity and -Chelation Mechanisms

Synthesis of PCs can be plant-specific and/or metal-specific.
Depending on the metal type, Hg, Cd, As, Ag, and Fe have been
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reported as strong inducers of PCs while Pb and Zn are weak
inducers and Cu and Ni are moderate inducers (Zenk, 1996).
Among metals, Cd has been detected as a strong inducer of PCs
in various plant species (Ortega-Villasante et al., 2005; Clemens,
2006; Relldn-Alvarez et al., 2006; Thangavel et al., 2007; Sobrino-
Plata et al., 2009; Gill et al., 2012; Guo et al., 2012; Dago et al,,
2014). Compared to Zn (Thangavel et al., 2007) and Hg (Ortega-
Villasante et al., 2005; Rellan-Alvarez et al., 2006; Sobrino-Plata
et al, 2009) Cd was observed as a major PC-inducer. Opposite
to GSH, which was more concentrated in Hg-exposed Hordeum
vulgare aerial parts than in H. vulgare roots, longer-chain PCs
(such as PC3, PC4, and PC5) were more abundant in H. vul-
gare roots than in aerial parts of H. vulgare and were increased
with increase in phytoavailable Hg in soils (Dago et al., 2014).
Moreover, the decreased concentrations of smaller thiols such
as GSH and PC2 with increasing phytoavailable Hg in soils can
be due to use of both GSH and PC2 as substrates for the syn-
thesis of the said longer-chain PCs. Pb and Cd exposure can
cause the production of PC2 and PC4, respectively, in Phaeo-
dactylum tricornutum cells (Morelli and Scarano, 2001). Among
different chains of PC synthesis (PC2-PC5), PC3 and PC4 were
the major PCs exhibited in Cd-exposed microalga C. moewusii
(Mera et al., 2014). Similarly, PC3 was the major peptide in both
the 276-4d and B1-76 strains of green alga Desmodesmus armatus
under 93 uM Cd (Pokora et al., 2014). However, the other PC-
oligomers (PC2, PC4 and unidentified P1, P2, and P3) were also
higher in B1-76 strain in the first-phase of cell cycle. The uniden-
tified thiol P1, found in green alga Stichococcus bacillaris may
represent y-Glu-Cys as the precursor of GSH and PC synthe-
sis (Pawlik-Skowrdnska, 2002). The remaining two unidentified
non-protein thiols P2 and P3 were also found in the freshwa-
ter green alga Stigeoclonium tenue that differed from each other
in one y-Glu-Cys unit and contained an additional Cys-residue
which was resistant to a mixture of heavy metals (Pawlik-
Skowrénska, 2003). Although a linear relationship between Cd
and PC production was previously observed in numerous algal
species (Gekeler et al., 1988), the amount of synthesized PC after
Cd-exposure may not reflect exactly the level of Cd-accumulation
(Ahner et al., 1995; Nishikawa et al., 2006). Further, the mech-
anism underlying the Cd-efficiency for PC synthesis-activation
remained unproven. PCs can also function as important chelators
of Zn ions (Tennstedt et al., 2009). Song et al. (2014) suggested
that essential metal ions, such as Zn(II), Cu(II), and Mn(II),
can be transported into vacuoles as forms of “PC2-metal com-
plexes” through the putative ABC transporter(s). However, the
efficiency and speed of free Zn?* chelation in the cytoplasm was
higher in Cd/Zn hyperaccumulator Arabidopsis halleri than in
Arabidopsis thaliana and these results are helpful to identify the
metal sensitivity of the plants in terms of changes in the plasma
membrane potential of root cortical cells (Ovecka and Takac,
2014).

As highlighted also above that the -SH group of the
Cys-residues help PCs to bind and generate strong “PC-metal
complexes” in high metal-exposed plants. Subsequently, the “PC-
metal complexes” are sequestered into vacuoles (via ABC type
transporters, Verbruggen et al., 2009 or a group of organic solute
transporters, Solanki and Dhankhar, 2011) for detoxification.

Several studies have provided a strong evidence for the for-
mation of Pb-PC complex and its role in Pb tolerance in
plants (Zhang et al., 2008; Andra et al., 2010; Fernandez et al.,
2012). Spisso et al. (2014) also found Hg-PC complexes espe-
cially Hg-PC2, Hg-PC3, and Hg-PC4 in Vitis vinifera under
100mg L~! of Hg-exposure. The PC-As (III) complexation in
rice leaves was reported to reduce translocation of As from
leaves to grains (Duan et al, 2011). The chelation of Cd with
PCs in the cytoplasm and compartmentalization of the PC-Cd
complexes in the vacuole are generally considered as a “first
line” of defense mechanism against Cd phytotoxicity (Inouhe,
2005). The PC-Cd complexes are up to 1000 times less toxic
to many enzymatic proteins than the free Cd ions (Solt et al,
2003). The increase in the cytosolic pH of aquatic macrophyte
Elodea canadensis after Cd addition could contribute to symplas-
mic Cd detoxification through PC-Cd complex formation (Tariq
Javed et al., 2014), because PC-Cd complex stability increases
with a rise in pH (Dorcak and Krezel, 2003). Further, such
increase in cytosolic pH also activates vacuolar transporters
as reported for Saccharomyces cerevisiae (Park et al., 2012).
Mendoza-Cozatl et al. (2008) identified high concentrations of
PCs, GSH, and Cd in the phloem sap of Brassica napus and sug-
gested that, along with the xylem, the phloem is a channel for
long-distance source-to-sink transport of Cd-PC and Cd-GSH
complexes.

In contrast to the facts discussed above, overexpression of
PCS gene does not always have beneficial effects on heavy
metal tolerance. The heterologous overexpression of Triticum
aestivum TaPCSI in rice increased Cd sensitivity and signifi-
cantly increased Cd accumulation in shoots but not in roots
(Wang et al, 2012). On the contrary, expression of CAPCSI
from aquatic macrophyte Ceratophyllum demersum in tobacco
(Nicotiana tabacum), Escherichia coli (Shukla et al., 2012) or
Arabidopsis (Shukla et al., 2013) enhanced PC synthesis as well
as Cd and As accumulation. As observed in the previous studies
mentioned earlier in this section, higher level of PC accumula-
tion was also detected in roots of cucumber (Cucumis sativus)
plants treated with 25 or 50 WM Cd, individually or simultane-
ously with selenium (Se) (Hawrylak-Nowak et al., 2014). PC4
and PC2 were predominant in individual Cd-exposed cucum-
ber roots and leaves, respectively. However, a reduction of PCs
accumulation was observed only in roots of cucumber when Cd-
exposed plants with Se addition; whereas no change in GSH and
PC contents in leaves (Hawrylak-Nowak et al., 2014). Because Se
interferes with S metabolism and can replace S in the S-amino
acids which results into the production of the corresponding
Se-amino acids (seleno-Cys and selenomethionine), their subse-
quent incorporation into enzymatic proteins may affect catalytic
activity (Ellis and Salt, 2003). The catalytic moiety of PCS enzyme
contains the active Cys. Moreover, the C-terminal domain of
PCs from different species shows low sequence conservation,
but shares a common feature in that they all contain multi-
ple Cys residues that bind Cd ions with high affinity and high
capacity (Wang et al,, 2009). Thus, the replacement of Cys by
seleno-Cys in the PCs probably may affect the biosynthesis and
accumulation of PCs in the plant tissues (Hawrylak-Nowak et al.,
2014).
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Metallothioneins

Overview

Another important metal chelator -SH compound and S-donor
ligand, metallothioneins (MTs) are products of mRNA trans-
lation, characterized as low mass weight (4-14kDa) Cys-rich
metal-binding proteins, and are widely distributed in both
prokaryotic and eukaryotic organisms (Cobbett and Golds-
brough, 2002). Margoshes and Vallee (1957) for the first time
characterized MTs from horse kidneys as Cd-binding proteins.
Based on sequence similarities and phylogenetic relationships
plant MTs are divided into four subfamilies, type 1-4 (Freisinger,
2008; Hassinen et al., 2011). Type 1 and 2 sequences contain two
Cys-rich domains separated by a central Cys-free spacer. In type
1 sequences the Cys residues are exclusively arranged in Cys-
Xaa-Cys motifs (Xaa represents another amino acid) in both the
N- and C-terminus, while type 2 have Cys-Cys, Cys-Xaa-Xaa-
Cys, and Cys-Xaa-Cys sequences in the N-terminal domain and
Cys-Xaa-Cys in the C-terminal domain. Each type of MT genes
displays a distinct spatial and temporal expression pattern (Cob-
bett and Goldsbrough, 2002; Hassinen et al., 2011). Based on
structural models, it can be assumed that the MT molecule is
composed of two binding domains, o and B, which are com-
posed of Cys-clusters. Covalent binding of metal atoms involves
sulfhydryl cysteine residues. The N-terminal part of the pep-
tide is designated as f-domain and has three binding sites for
divalent ions, and the C-terminal part (the a-domain) has the
ability to bind four divalent metal ions (Ruttkay-Nedecky et al.,
2013).

Metal(loid)-Specificity and -Chelation Mechanisms

MTs exhibit their high affinity for both essential and
non-essential metals, where MTs can provide thiols for
metal chelation in their reduced state. High affinity of MTs for
metals provides not only a mechanism for protection against the
toxicity of different metals (such as Cd) but it is also significant
for the maintenance of homeostasis of some essential metals
such as Zn and Cu ions. A general structure for plant MT has
been proposed for Triticum durum MT type 1. This protein
forms dimers or higher oligomers and adopts an extended
conformation containing both o-helix and B-sheet structures.
This model proposes an overall dumbbell shape similar to
that reported for mammalian MTs (Bilecen et al., 2005), in
agreement with dynamic data obtained on Fucus vesiculosus
MTs (Merrifield et al., 2006). The involvement of peptide donor
groups (S-thiol and N-imidazole) and non-protein ligands (as
sulfide anions) in metal chelation, as well as secondary structure
elements, was demonstrated. The protein accommodates up
to six Cd** together with four S?~; while, less than four Zn?*+
could bind the protein (Zimeri et al., 2005). The combination
of high thermodynamic but low kinetic stability is one of the
main features of the metal-MT complexes, which bind the metals
very tightly but a part of the metal ions is easily exchanged
for other proteins (Hassinen et al., 2011). The MT superfamily
combines a large variety of small Cys-rich proteins that have
the ability to coordinate various transition metal ions, including
Zn*, Cd**, and Cu™ (Freisinger, 2011). Metal ions can also be
coordinated through His residues, but the impact of this ligand

on the metal binding properties and function of MTs is not clear
(Blindauer, 2008).

There exists inconsistency in the literature available on major
stimuli capable of MTs induction/expression in plants. Though
abiotic stresses such as drought, salinity, heat, cold light, wound-
ing and senescence can modulate MT gene expression in plants
(references cited in Sekhar et al., 2011), among metals, Cu, Cd,
Pb, and Zn can strongly induce the plant MT gene expression
(reviewed by Mehes-Smith et al., 2013). Cu-induced expression
of a Type 1 MT gene in Arabidopsis. Guo et al. (2003) were
the first to describe the expression of the complete MT gene
family in Arabidopsis and their responses to Cu treatment. In
non-accumulator plants, like A. thaliana, MT1a and MTI1b are
expressed at high levels in roots during exposure to Cd, Cu,
and Zn (Maestri et al., 2010). In Thlaspi caerulescens, the levels
of MTImRNA were found in leaves constitutively higher than
in roots; the levels increased with exposure to Cu. The primary
sequence of the type 3 MT of T. caerulescens displays modi-
fications that are proposed to increase its Cu-binding proper-
ties when compared to the non-hyperaccumulator, A. thaliana
ortholog. A. halleri and T. caerulescens have a constitutively high
expression of MT2. The expression of MT3 genes increases dur-
ing leaf aging and upon exposure to Cu in non-accumulator
plants (Roosens et al., 2004). MT4 is highly expressed in seeds
of A. thaliana. It plays a role in metal homeostasis during seed
development and seed germination rather than in metal decon-
tamination (Roosens et al., 2004; Maestri et al., 2010). The anal-
ysis of the expression of MT2a in A. thaliana, a non-Pb tolerant
species, showed that were specifically over-expressed in roots by
Pb-treatment (Auguy et al., 2013). MTs are extremely diverse
in plants and T. caerulescens seems to be an excellent model to
understand the adaptive significance of this phenomenon. MT1,
MT?2, and MT3-related cDNAs were isolated in T. caerulescens
and both TeMTI- and TcMT3-deduced protein sequences dis-
play modifications in their Cys domains when compared to their
homologs in A. thaliana. Functional tests in yeast indicated that
such modifications may alter the metal chelation of the plant MT
proteins. Roosens et al. (2005) showed that the drastic decrease
in the Cys number of domain 1 of TcMT]I is associated with
a lower tolerance to Cd and Zn of the yeast expressing TcMT1
when compared to AtMT1I. Ectopic expression of MT1 and MT2
(from Brassica campestris) in A. thaliana enhanced the tolerance
to Cd and Cu and increased the Cu concentration in the shoots
of the transgenic plants. Transgenic Arabidopsis accumulated less
reactive oxygen species (ROS) than wild-type plants. BcMT1 and
BcMT2 increased Cd and Cu tolerance in transgenic Arabidopsis,
and decreased production of Cd- and Cu-induced ROS, thereby
protecting plants from oxidative damage (Lv et al., 2013). The
expression levels of the genes MT2a, MT2b, and MT3 showed
to be much higher in T. caerulescens than in non-metallophyte,
non-hyperaccumulating reference species, as shown by microar-
ray analyses. The expression of MT2a and MT2b in the roots is
much higher in T. caerulescens than in A. thaliana (van de Mor-
tel et al., 2006). Various MTs involved for As detoxification in
Oryza sativa was also reported (Gautam et al., 2012). The authors
have also shown that 11 class I MT genes in rice genome that
are expressed differently during the growth and development
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(Gautam et al., 2012) which is influenced on Cu and Cd tolerance
in plants (Zhou and Goldsbrough, 1994). Arabidopsis plants over-
expressing pigeon pea CcMT1 were more tolerant to Cu and Cd
(Sekhar et al.,, 2011), while the garlic MTs AsMT2b and the Colo-
casia esculenta protein CeMT2b simultaneously confer Cd toler-
ance and promote Cd accumulation (Zhang et al., 2006). MT-like
protein has also been found in Chlorella vulgaris capable of detox-
ifying Cd and Zn toxicities (Huang et al., 2009a). Recently, Zn
(100 wM L~!) was reported cause a higher induction of Zn-MT-
like proteins (1.65-fold than control) in C. vulgaris (Yang et al.,
2014). In a recent study by Nath et al. (2014), MT1 and MT2 has
strongly expressed in O. sativa during 5 days of As (V) exposure.
The ability of MTs to bind and sequester with metals/metalloids
depends upon the distribution and organization of Cys residues
and their regulated expression during stress is a major option for
metal detoxification and homeostasis (Usha et al., 2009; Singh
et al., 2011; Gautam et al., 2012).

Non-Thiol Compounds and
Metal(loid)-Chelation

A number of non-thiol compounds such as organic acid (OAs,
including citrate, malate, oxalate, malonate, aconitate, and tar-
trate) and amino acids and their derivatives (including glycinebe-
taine/betaine; proline, Pro; histidine, His; cysteine, Cys; arginine,
Arg; glutamate, Glu; nicotianamine, NA) in isolation and/or in
coordination with thiol compounds have been credibly evidenced
to contribute to metal-chelation in plants (Hall, 2002; Sharma
and Dietz, 2006; Jakkeral and Kajjidoni, 2011) (Figure 2). Here-
under follows an appraisal of recent studies on chelation of met-
als in plants considering the mentioned above major non-thiol
compounds.

Organic Acids

Overview

Organic acid (OAs) such as citrate, malate, oxalate, malonate,
aconitate, and tartrate are low molecular weight weak-acidic
compounds, possess at least one carboxyl group, and are termed
as oxygen-donor metal ligands. Some of these compounds are
present in all plant cells as intermediates of the tricarboxylic acid
cycle (TCA), the main respiratory pathway involved in the oxi-
dation of pyruvate (Trejo-Tellez et al., 2012). OAs potentially
perform multiple functions in the rhizosphere. Contingent to the
number of carboxylic groups and dissociation properties, OAs
can carry varying negative charge, thereby allowing the com-
plexation of metal cation in solution and displacement of anions
from the soil-matrix (Jakkeral and Kajjidoni, 2011). Present in
considerable amounts, citrate belongs to the key metabolites in
plant cells. Lemons, wild strawberries and spinach leaves con-
tain from 8 to 15% citrate, based on dry weight (Popova and
Pinheiro de Carvalho, 1998). Metabolism of citrate in plants
is carried out by several metabolic pathways located in differ-
ent cellular compartments. Citrate has been extensively reported
to be involved in carbon metabolism (as an intermediate) and
plant-tolerance to varied stresses of abiotic (metals, nutrient
deficiencies) and biotic (plant-microbe interactions operating at
the rhizosphere) types (reviewed by Trejo-Tellez et al., 2012).

Oxalate, C2 dicarboxilic acid anion is one of the strong OAs
and a common constituents of plants. Though oxalate can be
found in relatively small amounts in plants, it can be accu-
mulated at high levels in several plants species (called extreme
oxalate accumulators; can exhibit >3-18% oxalate based on
their dry weight) from the families Caryophyllaceae, Chenopo-
diaceae, and Polygonaceae (Massey, 2003). Since oxalate can
combine with various plant ions to from soluble or insoluble
compounds, oxalate has been suggested to balance the excess of
various inorganic cations (such as K*, Na*, NH;, Ca™, and
Mg™™) over anions (such as NO3, CI~, H;PO,, and SOi_)
(reviewed by Caliskan, 2000). The role of oxalic acid in Al-
tolerance has been well-documented (Furukawa et al., 2007;
Liu et al., 2009; Maron et al., 2010; Yokosho et al., 2010). The
dicarboxylic acid malate (an intermediate of the TCA cycle), an
important plant metabolite, can be present in all cell types, and
accumulated in plants to the levels up to 350 mM concentration.
Malate in plants is involved in photosynthesis (C3, C4, and CAM
plants), respiration and energy metabolism, fatty acid oxidation,
stomatal, and pulvinual movement, lignin biosynthesis, nitro-
gen fixation, amino acid biosynthesis, ion balance, P- and Fe-
uptake, and Al-tolerance (reviewed by Finkemeier and Sweetlove,
2009).

Metal(loid)-Specificity and -Chelation Mechanisms

Metal-complexation with OAs has been argued to have potential
role in the long distance xylem transport of heavy metals (Ras-
cio and Navari-Izzo, 2011). Among the various OAs studied in
plants, citrate has a high capacity to chelate metal ions and has
been well-documented in the case of Fe and Al (Clemens, 2001;
Singh and Chauhan, 2011). However, other metals such as Zn,
Co, Ni, and Cd also exhibit their strong affinity for citrate. Cd-
citrate complexes were evidenced in the xylem sap of Arabidopsis
hallerii (Ueno et al., 2008). Involvement of citrate was evindenced
in Cu-exclusion mechanisms in non-accumulators (reviewed by
Mehes-Smith et al., 2013) and Ni-exclusion (Hall, 2002). The role
of Ni-complexation with citric acid in Ni-uptake and hyperac-
cumulation has been reported (Boominathan and Doran, 2003).
Although exudation of OAs is common Al-tolerance mecha-
nism in different plant species, there are species-specific pecu-
liarities worth noting (Simoes et al., 2012). In general, citrate
has the maximum ability followed by malate and oxalate to
alleviate Al-toxicity (Singh and Chauhan, 2011). The mecha-
nism of Al-tolerance in Sorghum bicolor, Glycine max, Zea mays,
and Hordeum vulgare involves mainly citrate exudation/release
(Furukawa et al, 2007; Maron et al,, 2010). Similarly, citrate
exudation has also been found to contribute to Al-tolerance in
T. aestivum, Arabidopsis, and rye (Liu et al., 2009; Yokosho et al.,
2010). In O. sativa, citrate exudation (Yokosho et al., 2011) as
well as symplastic mechanisms are likely to contribute to the
extreme Al-tolerance in this species (Huang et al., 2009b). A
correlation between citric acid exudation and Al-tolerance was
detected by Miyasaka et al. (1991) in Phaseolus vulgaris. Co-
occurrence of different Al-tolerance mechanisms has also been
reported in some species. In Z. mays, root oxalate (Kidd et al.,
2001) and citrate (Pineros et al., 2002) exudation are likely
involved in Al-tolerance. However, Pifieros et al. (2005) observed
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FIGURE 2 | Schematic representation of major functions,
interrelationships among thiol and non-thiol compounds, and their
coordination with other defense system components in
metal(loid)-exposed plants. As discussed in the text, plant responses to
heavy metals include: (A) metal ion binding to the cell wall and root exudates;
(B) reduction of metal influx across the plasma membrane; (C) membrane
efflux pumping into the apoplast (ATP-binding-cassette (ABC) and
P1g-ATPase transporter); (D) heavy metal (HM) chelation in the cytosol by

acid \

'Orgamce- [] 0

177

ligands such as phytochelatins (PC), metallothioneins (MT), organic acids,
and amino acids; (E) ROS defense mechanism [Antioxidant enzymes (SOD:
superoxide dismutase, CAT: catalase, APX: ascorbate peroxidase, GPX:
glutathione peroxidase, GSH: glutathione reduce and GSSG: glutathione
oxidase)); (F) hormone signaling pathway. (G) Transport and
compartmentalization in the vacuole (ABC and P1B-ATPase transporter,
NRAMP: natural resistance associated macrophage protein, CAX:
cation/proton exchanger). Metal ions are shown as black dots.

a low correlation between citrate exudation and Al tolerance in
Z. mays, suggesting that this species has other complementary
mechanisms enabling them to tolerate Al stress. Exposure of
cells of the Co-hyperaccumulator Crotalaria cobalticola and non-
accumulators Raufolia serpentina, and Silene cucubalus to Co-
ions resulted in an increase of citrate, indicating the involvement
OA in the complexation of metal ions (Oven et al., 2002). The
Al-activated mechanism of malate exudation is well-described
in a number of plants including B. napus (Ligaba et al., 2006),
A. thaliana (Hoekenga et al., 2006), T. aestivum (Sasakl et al,,
2004), and rye (Secale cereale) (Collins et al., 2008). Recently,
Zhu et al. (2011) showed that Cd-induced oxalate secretion from
root apex is associated with Cd exclusion and resistance in L.
esculentum.

Considering mechanisms underlying OAs-assisted metal-
chelation, OAs confer metal-tolerance by transporting metals
through the xylem and sequestrating ions in the vacuole, but
they have multiple additional roles in the cell (reviewed by Fer-
nie and Martinoia, 2009; Finkemeier and Sweetlove, 2009; Yang

et al.,, 2013). Mechanism of metal-tolerance and detoxification in
plants can be divided into two categories: external exclusion and
internal tolerance. In the external detoxification process, organic
acids excreted from plant roots may form stable metal-ligand
complexes with metal ion and change their mobility and bioavail-
ability, thus preventing the metal ions from entering plants or
avoiding their accumulation in the sensitive sites of roots. In
internal metal-detoxification, OAs may chelate with metal in the
cytosol, where the ions can be transformed into a non-toxic or
less toxic form (Clemens, 2001; Hall, 2002). The chelation of met-
als with ligands, such as OAs, amino acids and thiols facilitates
the movements of heavy metals from roots to shoots (Zacchini
etal., 2009). The xylem cell wall has a high cation exchange capa-
bility, thus the movement of metal cations is severely retarded
when the metals are not chelated by ligands. OAs are involved in
the translocation of Cd in the species Brassica juncea (Salt et al.,
1999). OA-mediated Al stress tolerance has been well-studied in
plants (Ma et al., 2001; Singh and Chauhan, 2011; Delhaize et al.,
2012).
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Amino Acids and their Derivatives

Overview

Due to metal-binding capacity, amino acids and their derivatives
may be deployed in response to metal-toxicity and in confer-
ring to plants resistance to toxic levels of metal ions (Manara,
2012). However, a clear correlation between metal accumulation
and the production of these compounds has not been established
yet. Some of the amino acids, e.g., glycinebetaine (betaine), pro-
line (Pro), histidine (His), cysteine (Cys), arginine (Arg), gluta-
mate (Glu), nicotianamine (NA), and the polyamines (spermi-
dine, Spd; spermine, Spm; putrescine, Put), are synthesized in
the small (milimollar range) amount in response to metal stress
(Figure 1). Thus, in many cases, nitrogen (N) metabolism is vital
to the response of plants to metals (Sharma and Dietz, 2006).
Based on several studies on different plants, chelation of metals
by previous compounds and subsequent compartmentalization
of the complexes formed with varied metals are well-established
mechanisms for the detoxification of and tolerance to excess
metals in plants (Hall, 2002; Sharma and Dietz, 2006).

Betaines are quaternary ammonium compounds (QACs)
which contain a carboxylic acid group. They may be generally
regarded as fully N-methylated amino or imino acids. There are
several kinds of betaine among which glycine betaine (GB) is
the most common. GB, also called as original betaine (N,N,N-
trimethylglycine) was first discovered from Beta vulgaris which
is later found to be distributed in microorganisms, plants and
animals. It is one of the most abundant quaternary ammonium
compounds those are accumulated in plants during dehydration-
promoting conditions (Ashraf and Foolad, 2007). The role of
GB as a significant osmoprotectant, ROS-scavenger, and metal-
chelator has been reported in metal-exposed plants (Sharma and
Dietz, 2006; Theriappan et al., 2011; Asgher et al., 2013; Kum-
chai et al., 2013; Gill et al., 2014). The other non-proteinogenic
amino acid nicotianamine (NA) is ubiquitous in higher plants,
and is considered as a key element in plant metal chelation
and homeostasis (Takahashi et al., 2003; Relldn-Alvarez et al.,
2008). The first step of NA biosynthesis is the formation of S-
adenosylmethionine (SAM) from methionine by the action of S-
adenosylmethionine synthetase (SAMS) (Mori et al., 2007). Argi-
nine (Arg) is the most functionally diverse amino acid in living
cells. Thus, role of Arg has come into light due to its multi-
ple metabolic fates. Apart from serving as a constituent of pro-
teins, Arg is a precursor for biosynthesis of other substances like
polyamines (PAs), agmatine and Pro, Glu and nitric oxide (NO)
those play vital role in metal stress tolerance (Liu et al., 2006;
Nasibi et al., 2013). Arg biosynthesis in plant occurs through
ornithine (Orn) which comes from few steps conversion of Glu
involving five enzymes (Verma and Zhang, 1999). These com-
pounds including NA, PAs, Pro, Glu, and NO play vital role in
metal chelation and detoxification in plants (Hasanuzzaman and
Fujita, 2013; Hasanuzzaman et al., 2013, 2014).

PAs are ubiquitous low molecular weight polycationic
aliphatic amines have roles in plant growth, develop-
ment and senescence. Diamine Put [NH,(CH;)4NH,],
triamine Spd [NH,(CH,);NH(CH,)4NH;], tetramine Spm
[NH,(CH;)3NH(CH,)4NH(CH;)3;NH;] are most common PAs
in higher plants which exist as soluble conjugated, and insoluble

bound forms and differential forms of PAs function differently
(Lefevre et al., 2001). Some other PAs homospermidine, 1,3-
diaminopropane, cadaverine, and canavalmine also common
in some plants, animals, algae, and bacteria (Valero et al,
2002). Diversified properties of PAs including acid neutralizing,
antioxidant properties, membrane and cell wall stabilizing
abilities make those potent protectants against environmental
stresses (Zhao and Yang, 2008). Both endogenous PAs and
exogenous application of PAs confer tolerance against different
stresses including metals (Groppa et al., 2003; Wang et al., 2007;
Hasanuzzaman et al., 2014).

Metal(loid)-Specificity and -Chelation Mechanisms
Literature is scarce on the specificity of amino acids and their
derivatives to varied metals. However, plants exposed to varied
metals (such as Cd, Cu, Ni, and Zn) can accumulate and syn-
thesize different N-containing metabolites including Pro, amino
acids, and oligopeptides, betaine, PAs, and NA. Pro and His have
metal-binding, antioxidant, and signaling functions and can be
accumulated in plants in response to different metals including
As, Cd, Cu, Hg, and Ni (Kerkeb and Kridmer, 2003; Sharma and
Dietz, 2006; Irtelli et al., 2009; Richau and Schat, 2009; Richau
et al., 2009; Theriappan et al., 2011; Ahmad and Gupta, 2013;
Anjum et al.,, 2014b; Gill et al., 2014). NA and His/Pro were
among the most important Cu-chelators in xylem sap of Brassica
carinata under conditions of Cu deficiency and excess, respec-
tively (Irtelli et al., 2009). Elevated accumulation of NA was evi-
dent different plants exposed to a number of metals such as Cd,
Cu, Fe, Ni, and Zn (Takahashi et al., 2003; Vacchina et al., 2003;
Kim et al., 2005; Irtelli et al., 2009; Kawachi et al., 2009; reviewed
by Hassan and Aarts, 2011 and Mehes-Smith et al., 2013). In fact,
the presence of six functional groups in NA allows its octahe-
dral coordination and an optimal structure ideal for chelation of
metal ions (Rellan-Alvarez et al., 2008). Notably, the pK of the
resulting “metal-NA complexes” as well as the pH of the solu-
tion (with most metals being chelated at neutral or basic pH
values) were considered to significantly control the ability of NA
to chelate metals (Rellin-Alvarez et al., 2008). Apart from acting
as an antioxidant, PAs function mainly as signaling molecule and
can activate metal detoxification mechanisms (Sharma and Dietz,
2006). PAs are strongly supported to stabilize and protect mem-
brane from toxic effects of metal ions specially the redox active
metals (Sharma and Dietz, 2006). As a cation PAs can mimic
and compete for the binding with Mg?* and Ca?* on recep-
tors, membranes and enzymes. Polyamines bind cations includ-
ing Cu, Fe that protects cell. The roles of PAs as metal chelators
are contradictory. But some other N-containing compounds like
porphyrins and chlorophylls strongly bound Cu, Fe, Co, and Ni
by forming complexes. Presences of complex groups in same
molecule regulate chelation effects. That is why complexes of PAs
with high number of N-groups supposed to enhance chelation
mechanism (Lovaas, 1997).

Amino acids and their derivatives exhibit their affinity to dif-
ferent metals, play vital role in their chelation and subsequently
confer metal stress tolerance in plants. However, potential mech-
anisms underlying amino acids and their derivatives-assisted
metal-chelation are not so conclusive in the literature. Both Pro
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and GB are potential osmoprotectants and they are mostly stud-
ied in plants grown under salinity and drought stress. However,
role of Pro and GB in osmoprotection, ROS-scavenging, and
metal-chelation has also been studied in many metal-exposed
plants (Sharma and Dietz, 2006; Theriappan et al., 2011; Asgher
et al.,, 2013; Kumchai et al., 2013; Gill et al., 2014). In addi-
tion, involvement of the elevated level of Pro in regulation
of expression of genes of PCS, metallothionine-2 (MT-2), glu-
tathione reductase (GR), and glutathione synthetase (GS) was
recently reported in As-exposed plants (Ahmad and Gupta,
2013). Though Pro and GB do not take part directly in metal-
chelation, they stabilize native state of proteins by regulating their
water and hence these osmoprotectants (especially Pro) help in
maintaining the conformational characteristics and integrity of
proteins (Paleg et al., 1981). It may happen due to the capacity of
Pro to increase surface tension of water and thus can force water-
protein interfaces into contact. This promotes proteins to main-
tain more native/folded configuration (Arakawa and Timasheff,
1985). Among the amino acids Pro accumulation is generally the
highest under metal exposure which may be more than 20-fold in
some species like S. vulgaris (Sharma and Dietz, 2006). However,
their accumulation also varied depending on the metals where the
plants were grown. Increased level of Pro was observed in B. oler-
acea in presence of Cd and Hg as reported by Theriappan et al.
(2011). The role of Pro in the chelation of metals was reviewed by
Sharma and Dietz (2006). One of the important role of Pro is the
enhancement of endogenous GSH level from which PCs are syn-
thesized, where the metal binds to the constitutively expressed
enzyme PC synthase (PCS), thereby activating it to catalyze the
conversion of GSH to PC (Zenk, 1996). Pro-mediated enzyme-
protection can be possible via Pro-assisted reduction of free metal
ion activity as a result of “metal(Zn/Cd)-Pro-complex” formation
(Sharma et al., 1998).

Metal stress tolerance is enhanced by PAs as a result of their
multiple roles such as the regulation of endogenous hormones
(including TAA; abscisic acid, ABA) and antioxidants or ROS-
scavengers (Groppa et al., 2007; Wang et al., 2007; Zhao et al,,
2008; Choudhary et al., 2012a). Additionally, a number of PA-
gene-expressing transgenic plants have been developed exhibit-
ing enhanced metal-tolerance (Table 1). However, a direct role
of PAs in metal-chelation has been least explored. To this end,
Put-mediated activation of long-distance Ni-transport within the
plant was argued to enhance plant-Ni tolerance (Shevyakova
et al,, 2011). Spd-induced mitigation of Cr-toxicity was related
with reduced Cr-uptake and enhanced titers of PCs (Choud-
hary et al., 2012b). Put was reported to exhibit a selective effect
on ion flux in Cd and Pb exposed plant leaves (Lakra et al.,
2006). In many studies, NA was found to play a vital role in Cu-
complexation in plants (Takahashi et al., 2003; Kim et al., 2005;
Irtelli et al., 2009). Role of NA in the intracellular delivery of met-
als (and also plant reproductive development) has been reported
(Takahashi et al., 2003). In Ni-hyperaccumulator, T. caerulescens,
NA was found to chelate Ni in the xylem as a response to
toxic levels of external Ni, and eventually provide Ni-tolerance
(Vacchina et al., 2003). Additionally, NA was reported to perform
the chelation and transportation of Fe and few divalent metal
ions like Zn, Ni, and Cu in plants (reviewed by Hassan and Aarts,

2011). High levels of Zn, Cd, Cu, Fe, and/or Ni can significantly
induce the expression of NA synthase genes (responsible for
the synthesis of NA by trimerization of S-adenosylmethionine)
(reviewed by Hassan and Aarts, 2011; Mehes-Smith et al,
2013). Over-expression of the T. caerulescens NAS3 gene in
the Ni-excluder A. thaliana was reported to improve its Ni-
tolerance and Ni-accumulation in their aerial organs (Pianelli
et al., 2005). Similarly, overexpression of the NAS3 gene led
to increased accumulation of Fe, Zn, and Cu in O. sativa
(Kawachi et al., 2009).

Histidine (His) is a major N-donor ligand important for metal
chelation in (metal hyperaccumulator) plants. Having carboxyl,
amino, and imidazole groups as major structural components,
His has been considered as a versatile chelator of metals (such
as Ni) in plants (Callahan et al., 2006). Metal-chelation role of
free His has been extensively reported in plants exposed to var-
ied metals including Ni (Kerkeb and Krdmer, 2003; Richau and
Schat, 2009; Richau et al., 2009). Nevertheless, the role of ele-
vated free root cell-His in reduced Ni-vacuolar sequestration
and enhanced Ni-xylem loading was evidenced (Richau et al.,
2009; Richau and Schat, 2009). To this end, higher free His con-
centration in roots but less Ni-in root vacuoles were evidenced
in T. caerulescens (Ni-hyperaccumulator) when compared to
Thlaspi arvense (non-Ni hyperaccumulator) (Richau et al., 2009).
It was advocated that the His-Ni complexes were much less taken
up by vacuoles than free Ni ions. Further, an inhibited vacuo-
lar sequestration of “His-Ni complexes” in T. caerulescens roots
was argued as a result of a higher increase in free His therein
(hence an enhanced His-mediated Ni-xylem loading) compared
to free Ni in non-Ni-hyperaccumulator T. arvense (Richau and
Schat, 2009; Richau et al., 2009). In Ni-exposed Alyssum lesbi-
acum and B. juncea, Ni uptake was not highly correlated with
His uptake but the release of Ni into the xylem was associated
with a concomitant release of His from an increased root free
His pool (Kerkeb and Kramer, 2003). However, in Alyssum mon-
tanum (and also in B. juncea), these authors evidenced a role
of exogenously applied His in conferring enhanced Ni-tolerance
possibly as a result of enhanced Ni-flux into the xylem. Enhanced
tolerance to excess Ni in transgenic A. thaliana overexpress-
ing StHisG (Salmonella typhimurium ATP phosphoribosyl trans-
ferase enzyme) was argued due to the accumulation of about
10-fold higher His level (vs. wild type) (Wycisk et al., 2004). A
comprehensive study on the composition of amino acids under
Cu stress was done by Irtelli et al. (2009). Among the amino acids
His/Pro was found to be the most important Cu chelator in xylem
sap of B. carinata under Cu toxicity. However, the accumulation
of amino acids was dependent on the dose of Cu applied to plants.
When B. carinata was treated with 5 uM CuSQy, the accumula-
tion of His, threonine, Gln, glycine, Pro, and methionine was 140,
22,7,23, 6, and 13 uM, respectively which could make about 67,
42, 45, 52, 60, and 33% complexation of 0.94 pmol Cu under a
pH of 5.8 (Irtelli et al., 2009). For every case, the accumulation of
amino acids was pH dependent. More importantly, in the absence
of His, Pro was found to play a very important role in Cu binding
and the role of other amino acids (threonine, Gln, glycine, and
methionine were negligible in presence of His and Pro (Irtelli
et al., 2009). Although other amino acids such as NA was not

66

Frontiers in Plant Science | www.frontiersin.org

April 2015 | Volume 6 | Article 192


http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive
K1PC2
Typewritten Text
66

K1PC2
Rectangle


Anjum et al.

Metal chelation trade in plants

efficiently involved in the response to excess of Cu but it partic-
ipates in Cu-transport to the shoots in conditions of deficiency
(Irtelli et al., 2009). An amino acid derivative namely 2-amino-3-
(8-hydroxyquinolin-3-yl)propanoic acid (HQ-Ala) was reported
to form highly stable complexes with most transition metal ions
via its metal ion chelating group 8-hydroxyquinoline Lee et al.
(2009). Cys can also perform a direct chelation of metals (such
as Cd) by synthesizing methionine and GSH/PCs that in turn
can sequester metals and provide a higher antioxidant defense in
plants (Dominguez-Solis et al., 2004).

Conclusions and Future Prospects

Plant tolerance to metal-load-accrued impacts largely decides
the efficiency and success of a metal-remediation system (Van-
gronsveld et al., 2009; Maestri et al., 2010; Anjum et al,
2014a,b,c). Hence, a sound knowledge is essential on the com-
pounds that help plants to keep a tight control over concen-
trations of free metal(loid)s in cytoplasm. Considering recent
reports, this paper attempted to present an orchestrated overview
of both thiol- and non-thiol compounds that play significant
roles in metal-chelation and maintain low concentrations of free
metal(loid)s in cytoplasm. PCs and MTs are among the best
characterized -SH compounds that strongly interact with met-
als, chelate them, reduce their concentrations in cytosol, and
finally limit their potential toxicity (Cobbett and Goldsbrough,
2002; Solanki and Dhankhar, 2011; Hossain and Komatsu, 2013).
To the other, OAs such as citrate, malate, oxalate, malonate,
aconitate, and tartrate, and amino acids and their derivatives
including GB, Pro, His, and NA are among non-GSH associ-
ated compounds and have also been extensively evidenced to
contribute to metal-chelation in plants (Hall, 2002; Sharma and
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MALDI-TOF is a powerful tool for surveying proteins and peptides comprising the
realm for clinical analysis. MALDI-TOF has the potential to revolutionize cancer
diagnostics by facilitating biomarker discovery, enabling tissue imaging and quantifying
biomarker levels. MALDI-TOF profiling techniques as tools for the detection of cancer
biomarkers in various cancers and latest available data were summarized in following

review.
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6. Conclusions and outlooks
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1. Cancer biomarkers analyzed by MALDI-TOF

MALDI-TOF mass spectrometry (MALDI-TOF MS) is renowned
for its easy operation and requirement of inexpensive matrixes for
preparation of a sample. However, the instrumentation is more
important which is fully automated and thus it can provide the
screening of a large set of samples in a short period of time of
analysis due to advanced laser technology and hardware, as shown
in Fig. 1. We review MALDI-TOF profiling techniques as tools for
the detection of cancer biomarkers in various cancers. It is not
surprising that this technique has been used in various studies
to determine different markers and mechanisms involved in the
development of cancer [1]. In the following section, contribution
of MALDI-TOF MS in cancer research is summarized and discussed
based mainly on the literature published in 2011-2013.

Lysis of cancer cell

Centrifugation, collect the supernatant
Trypsin digestion

|

Crystallization of samples with matrix (HCCA or DHB)

|

MALDI of intact protein MS/MS of protein digests
\ﬁé Detector

Time-of-flight

Accurate masses Database search (Mascot)

y |

Identification of protein

Fig. 1. Stepwise scheme for rapid identification of biomarker in cancer cells by
MALDI-TOF/TOF-MS. (1) Lysis with appropriate buffer — optional by the protocol
used. (2) Centrifugation at 25,000 x g, 4 °C for 20 min. (3) Mixture of same volumes of
supernatant and trypsin (0.1 mg/mLat 50 mM ammonium bicarbonate). Digestion in
thermoblock for 2 h at 45 °C, pH > 8. Digestion stopped at pH <4 by addition of acetic
acid. (4) 1-2 p.l of sample/matrix mixture (1:1) deposited on MALDI plate and dried
at room temperature (dried-droplet method). (5) Analysis by MALDI-TOF/TOF mass
spectrometer in linear and reflector mode. (6 and 7) Masses of biomarker digests
are used for database search - peptide mass fingerprinting (PMF). Biomarkers are
identified using database search results.

1.1. Gastrointestinal cancer

Zhang et al. used degAla-FPA (fibrinipeptide-A with alanine
truncation at the N-terminal) as a biomarker. The sensitivity was
85.4% for patients suffering from gastric cancer with lymph node
metastases, and the specificity was 100% for patients without
lymph node metastases [2]. The high sensitivity and specificity
achieved with serum levels of degAla-FPA indicated that MALDI-
TOF MS technology could facilitate the discovery of a novel and
quantitative prognostic biomarker for gastric cancer with the
development of lymph node metastasis. Moreover, the identifica-
tion of glycosylation changes in proteins, circulating in serum of
patients with precursor lesions of gastric cancer, is one of the high-
est interests and it represents a source of putative new biomarkers
for early diagnosis and intervention. Gomes et al. [3] used MALDI-
TOF/TOF mass spectrometry for the identification of circulating
proteins, carrying altered glycans and provided the evidence of
serum proteins displaying abnormal O-glycosylation in patients
with precursor lesions of gastric carcinoma and also included a
panel of putative targets for the non-invasive clinical diagnosis of
individuals with gastritis. MALDI-TOF MS is also important for pro-
teomic profiling and early diagnosis of colorectal cancer [4-8] and
others (Fig. 2), such as bladder or gastric cancers [9-14]. There-
fore, MALDI-TOF spectra of small tissue biopsies, generated with
this straightforward method, can be used to detect rapidly numer-
ous cancer-associated biochemical changes. These can be used to
identify upper esophageal cancers. Normal esophageal and gastric
tissue generated distinct MALDI-TOF spectra were characterized by
higher levels of calgranulins in esophageal tissue. MALDI-TOF spec-
tra of polypeptides and lipids can be used to differentiate between
esophageal adenocarcinoma and Barrett’s and normal esophagus,
and between gastric cancer and normal stomach [15].

1.2. Cancer of the respiratory system

In recent studies, MALDI-TOF MS has been proven as the inno-
vative tool for the determination and identification of biomolecules
involved in different types and stages of lung cancer. Pastor et al.
[16] showed a total of 15 oxidative stress regulatory proteins were
differentially expressed in lung cancer and/or chronic obstructive
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Fig. 2. View of the aligned mass spectra of the serum protein profile of model con-
struction group obtained by MALDI-TOF MS after purification with magnetic beads
in colorectal cancer patients (red: 10 healthy subjects, blue: 10 colorectal cancer
patients). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Reprinted with permission from [5].
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Fig. 3. Overall sum spectra in the mass range from 2000 to 6000 Da, obtained from
all bladder cancer patients (orange) and all healthy controls (green). m/z=mass-to-
charge ratio. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Reprinted with permission from [23].

pulmonary disease patients as compared to the control group.
These findings highlight the role of the oxidative stress response
proteins in the pathogenic pathways of both the diseases, and
provide new candidate biomarkers and predictive tools for diagno-
sis of lung cancer. Lung cancer and chronic obstructive pulmonary
disease (COPD) commonly coexist in smokers. Pastor et al. iden-
tified distinct proteomic profiles able to discriminate these two
pathological entities. The protein profiles identified contribute to
elucidate the underlying pathogenic pathways of both the dis-
eases, and provide new tools of potential use as biomarkers for
the early diagnosis of lung cancer [16]. Chen et al. identified 10
membrane-associated proteins being significantly overexpressed
in the high migration/invasion group of lung cancer by MALDI-
TOF MS [17]. An important study was the comparison of plasma
from healthy non-smokers, smokers, and patients with lung can-
cer where pattern-based differentiation profiling of low molecular
weight proteins and peptides by magnetic bead technology with
MALDI-TOF MS was performed. It was shown that the peaks (sig-
nals) of selected markers can serve as a distinguished tool for the
lung cancer patients with the high sensitivity and specificity [18].
Further study searched for a pathway-based approach to inves-
tigate the association between the potentially functional genetic
polymorphisms of the corresponding genes and the outcomes of
platinum-based chemotherapy in advanced non-small-cell lung
cancer (NSCLC). A MALDI-TOF MS mass spectrometer was used
for genotyping of 10 polymorphisms of eight apoptosis-related
genes, including BCL2, BAX, caspase 3 (CASP3), 8 (CASP8), and 1
(CASP1), tumor necrosis factor o (TNF o), and macrophage migra-
tion inhibitory factor (MIF) [19].

1.3. Renal and bladder cancer

It is possible to identify novel biomarkers for bladder cancer in
urine [20,21]. Alterations in the serum peptidome in renal cell carci-
noma (RCC) were used to distinguish benign and malignant tumors
[22], however, there is a need for more effective biomarkers for
both detecting bladder cancer and distinguishing muscle-invasive
from non-invasive disease. The screening of serum protein patterns
using MALDI-TOF MS shows high sensitivity and specificity in the
identification of patients with bladder cancer, regardless the stage
of tumor (Fig. 3). Due to high-throughput capability, the differen-
tial panel of the identified differential proteins may improve the
diagnosis and thus prognosis of bladder cancer [23].

1.4. Prostate cancer

Yan et al. suggested that the LNCaP cell model resembles
the clinical scenario of castration-resistant prostate cancer to
investigate the effect of regulation of metabolism on androgen-
independent growth of prostate cancer because the metabolism
of cancer cells, responsive to androgen deprivation therapy, may
be involved in the development and progression of prostate
cancer and ultimate failure of androgen-deprivation therapy
[24]. Numerous studies can be found in the database describ-
ing utilization of the MALDI-TOF MS for the determination of
markers of prostate cancer or advances in this type of cancer
[25-27].

1.5. Breast cancer

MALDI-TOF MS is known as a sensitive analytical tool for char-
acterization of different types of biologically active compounds
in breast cancer. Numerous recently published studies have used
MALDI-TOF MS for the determination of biomarkers in breast can-
cer [28-33]. Mass spectrometry, based on the analysis of proteins
in serum samples, is a promising approach for obtaining the pro-
file of biomarkers for detection of early stages of cancer [34].
Methylation of vimentin predicts poor overall survival (prognosis)
independent on race, subtype, stage, nodal status, or metastatic
disease, and acts as a new prognostic biomarker for patients suf-
fering from breast cancer [35]. Hyaluronan (HA) is a component of
extracellular matrix that influences cell development and prolif-
eration, migration, remodeling and regeneration of normal tissue,
and interactions of tumor cells. A study by Srinivas et al. demon-
strated the overexpression of HA-hexa binding protein in human
tumors of breast and its involvement in cancerogenesis by MALDI-
TOF MS [36]. The key regulatory molecules in breast cancer were
detected using the Western Blot analysis, two-dimensional (2-D)
electrophoresis and MALDI-TOF MS. Gao et al. performed a study
of reduction of enolase-1 expression, that significantly decreases
the response to hypoxia and enhances the sensitivity of the cells to
radiation therapy; and therefore, enolase-1 may become a drug of
interest for the treatment of breast cancer [37].

1.6. Ovarian cancer

Major part of the research related to profiling of proteome in
ovaries is centered on different factors of disease such as polycys-
tic ovary syndrome, ovarian cancer, etc. Ween et al. investigated
the ovarian cancer-peritoneal interaction by means of in vitro cul-
ture experiments with ovarian cancer (OVCAR-5 and SKOV-3) and
peritoneal (LP-9) cells, because metastasing of ovarian cancer is
characterized by the shedding of malignant cells from the sur-
face of the ovary with their subsequent implantation onto the
peritoneal surface, which forms the abdominal cavity. The extra-
cellular matrix protein, transforming growth factor-beta-induced
protein (TGFBIp, also known as beta ig-H3) was identified as one
of the proteins, differentially expressed in the culture secretome
by MALDI-TOF/TOF mass spectrometry [38]. The acquisition of
chemoresistance is the major therapeutic obstacle in the clini-
cal treatment of ovarian cancer. Li et al. demonstrated that the
protein, phosphorylated cofilin 1 (p-CFL1) correlates with resis-
tance to taxol in human ovarian cancer cells. The total proteins
of two sensitive (SKOV3 and A2780) and three taxol-resistant
(SKOV3/TR2500, SKOV3/TR30 and A2780/TR) human ovarian can-
cer cell lines were isolated by 2-dimensional gel electrophoresis
(2DGE). Twenty-two protein spots in all samples were revealed
to be significantly different in the intensity of spots by statistical
analysis, whereas 16 of them were identified by MALDI-TOF MS.
Cofilin 1 (CFL1) was selected as a candidate, which may play an
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important role in the resistance to taxol [39]. MALDI-TOF MS can
serve also as a tool for helping us to investigate the effect of cyto-
statics and to verify the positive effect on a tumor development.
Huang et al. confirmed that Orlistat, also known as tetrahydrolip-
statin, is a potential inhibitor of ovarian cancer and can be used as
a novel adjuvant antitumor agent. Orlistat is an anti-obesity oral
drug that has shown significant antitumor activity in a variety of
tumor cells. To identify the proteins, involved in antitumor activity,
the authors employed a proteomic approach to reveal the changes
in the protein expression in the human ovarian cancer cell line
SKOV3 after treatment with that drug [40]. Moreover, the signif-
icantly up-regulated level of ceruloplasmin in the ascites fluid of
intrinsic chemoresistant serous epithelial ovarian cancer patients
suggests its potential as a prognostic biomarker for response to the
chemotherapy [41].

1.7. Leukemia

Development of modern proteomic methods in recent years has
also opened new perspectives in the identification of new biomark-
ers which ensure more effective diagnosis, treatment monitoring
and prediction of therapeutic outcome in leukemia. Kazmierczak
et al. evaluated usefulness of comparative proteomics by MALDI-
TOF MS in two subtypes of acute myeloid leukemia [42]. Several
papers have already been published about the use of MALDI-TOF
MS to analyze leukemia [43-45]. Wang et al. showed changes in
the expression of 15 proteins, which were obtained by digestion
in situ, and then analyzed by MALDI-TOF MS in childhood acute
lymphoblastic leukemia (c-ALL) cells. Eight different proteins are
expected to become new diagnostic markers and drug targets for
c-ALL [46].

2. Cancer biomarkers investigated by MALDI-TOF imaging
mass spectrometry

Mass spectrometry is considered to be particularly well suited
to serve as a diagnostic or biomarker discovery tool in stud-
ies of cancer. There is emerging evidence of the fact that the
cancer cells and/or the surrounding microenvironment generate
proteins and peptides of different types and in different con-
centrations than normal cells during the development of cancer.
This abnormal distribution of proteins in tissue can be analyzed
by imaging-based mass spectrometry (MALDI-TOF imaging mass
spectrometry)and the patterns may help to identify cancer-specific
changes (compared with controls) that may prove to be useful
clinically. MALDI-TOF imaging mass spectrometry has been recog-
nized as a powerful method for clinical proteomics, particularly in
cancer research. The technology has particular potential for discov-
ering new candidates of tissue biomarkers, classification of tumors,
early diagnosis or prognosis, elucidating pathways of pathogene-
sis, and monitoring the therapy. Over recent years, MALDI imaging
mass spectrometry has been used for molecular profiling and imag-
ing directly in cancer tissues [47-50]. This technique represents a
method that allows the combination of mass spectrometric anal-
yses with simultaneous histological evaluation to analyze various
analytes such as proteins, peptides, lipids, or small molecules in
cancer tissues [51].

2.1. Gastrointestinal cancer

Cheng et al. showed that human neutrophil peptides HNPs 1-3,
which are found to be increased in the gastric cancer tissues, could
be used as potential biomarkers, detected by the MALDI-TOF imag-
ing mass spectrometry, implying that elevated neutrophils may
be used as a target for tumor treatment. Moreover, the binding
capacity of HNPs-1 with gastric cancer cells implies that tracking

molecules conjugated with HNPs-1 could be applied as a specific
probe to diagnose gastric cancer (Fig. 4) [52]. MALDI-TOF imag-
ing mass spectrometry allows us to investigate proteomics-based
histology to identify proteins, predicting disease outcome (pro-
gression, remission) in gastric cancer after surgical resection. The
protein pattern, described by Balluff et al., serves as a new inde-
pendent indicator of the survival of patients complementing the
previously identified clinical parameters in the terms of prognos-
tic relevance. The results showed an advantage of tissue-based
proteomic approach that may provide clinically relevant informa-
tion and might be beneficial in improving the risk stratification
for gastric cancer patients [53]. In study by Meding et al. a tissue-
based proteomic approach was used for identification of proteins in
colon cancer cells associated with metastasing into regional lymph
node because it negatively affects prognosis in these patients. The
study revealed FXYD3, S100A11 and GSTM3 as novel markers for
development of metastases in regional lymph node in colon cancer
[54].

2.2. Cancer of the respiratory system

Végvari et al. reported a brief summary on the contemporary
state of lung cancer and chronic obstructive pulmonary disease, the
principles of monitoring multiple reaction and MALDI-TOF imag-
ing mass spectrometry [55]. Another recently published study was
aimed at the investigation where direct tissue MALDI-TOF imag-
ing mass spectrometric analysis focused on lipid profile which
may assist the histopathologic diagnosis of non-small cell lung
cancers. The result showed that several phospholipids including
phosphatidylcholines (PCs) were overexpressed in lung cancer cells
[56]. In addition, the drug therapy at the molecular level includes
aiming at the activity of epidermal growth factor receptor tyrosine
kinase by using inhibitors. Marko-Varga et al. performed the first
report on personalized characterization of drug with localizations,
which allowed to map these compounds at attomolar concentra-
tions within the microenvironment of lung tumor tissue (Fig. 5)
[57]. Alexandrov et al. showed how the recently introduced method
of spatial segmentation can be applied to analyze and interpret the
sections of larynx carcinoma and to compare them with the spatial
segmentation with the histological annotation of the same tissue
section [58]. These results can be considered as a good base for
personalized medicine.

2.3. Renal and bladder cancer

Herring et al. reported the methodologies of preparation of
sample, acquisition and analysis of MS data, and identification of
proteins used for profiling/imaging MS as well as application in the
study of kidney disease and toxicity [59]. With the help of these
findings, a novel grading system for papillary non-invasive bladder
cancer was introduced as low grade (LG) and high grade (HG) in
lieu of the former G1 (grade 1), G2 (grade 2), and G3 (grade 3). This
change allowed increased reproducibility as well as to diminish
inter-observer variability in the histopathological grading among
individual pathologists. MALDI-TOF imaging mass spectrometry
was thus presented as an automatic and objective tool to assist
grading of urothelial neoplasms and to facilitate accuracy (Fig. 6)
[60].

2.4. Prostate cancer

Bonnel et al. presented a prostate cancer study on formalin-
fixed paraffin-embedded tissue [61]. Chuang et al. presented a
three-step method to predict prostate cancer (PCa) regions in
biopsy of tissue samples based on high confidence, and low
resolution of prostate cancer regions marked by a pathologist.
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Fig. 4. Detection of human neutrophil peptide (HNPs-1, -2 and -3) using the MALDI-Imaging MS analytical technique. (A) HNPs-1 (red, m/z 3442), -2 (blue, m/z 3770), and -3
(green, m/z 3486) in the same cancerous tissue were determined by MALDI-TOF imaging mass spectrometry. (B) Differential peaks on the spectral protein profile between T
and NT tissues. Two peaks (m/z 5692 and 14,010) were present in the normal region of gastric specimens and two defined peaks (m/z 10,830 and 13,148) specifically existed
in the cancerous region. Furthermore, three peaks (m/z 3370, 3442, and 3486) showed significantly higher intensity in the cancerous region, compared to the normal region.
Each peak was labeled with a black arrow. (C) The detailed spectra of the peaks at m/z 3370, 3442, and 3486 were determined to be HNPs-1, -2 and -3, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Reprinted with permission from [52].

The authors suggested and designed the prediction model for
the same purpose that take an advantage of MALDI-TOF imag-
ing mass spectrometric data from the adjacent slice. Results
of experiments showed that the texture analysis-based predic-
tion is sensitive but less specific, whereas the prediction based
on the data processing of MALDI spectra is not sensitive but
supremely specific (100%) [62]. This technique provides the
possibility in the rapid identification of specific markers from
different histological samples and their direct localization in
tissues.

2.5. Breast cancer

Recent developments in MALDI-TOF imaging mass spec-
trometry enable rapid and specific detection of lipids directly
in thin tissue sections. Chughtai et al. performed multimodal
imaging of acylcarnitines, phosphatidylcholines, lysophosphatidyl-
choline, and sphingomyelin from different microenvironments
of the xenograft models of breast tumor, which carried tomato
fluorescent protein, a very bright red fluorescent protein, as
a hypoxia-response element-driven reporter gene. The mass
spectrometry imaging of molecular lipids revealed special hetero-
geneous lipid distribution within the tumor tissue [63]. Moreover,
Kang et al. used MALDI-TOF imaging to compare the molecular pro-
files of tissues from the interface zone of breast cancer, tumor zone,
and zone of normal tissue [64].

2.6. Ovarian cancer

Novel and more sensitive proteomic strategies such as MALDI
mass spectrometry imaging studies are well suited more efficiently
to identify markers for both diagnosis and prognosis in ovarian
cancer. Longuespee et al. focused on such proteomic strategies in
regards to signaling pathways in ovarian cancer, development of
ovarian cancer and escape from the immune response [65]. The
same authors also reported that proteasome activator complex
(PA28 or Reg alpha) on the C-terminal fragment of the 11S is a
novel ovary-specific biomarker of early and late stages of relapse
of ovarian cancer in biopsies of patient after chemotherapy. Due
to specific cellular localization of this fragment, this complex is a
suitable candidate for early diagnosis of ovarian cancer, prognosis
of tumor disease and follow-up during therapy and discriminat-
ing borderline of cancer (tumor) [66]. In 2012, Lagarrigue et al.
published a review that considered some of the recent publica-
tions in the field, addressing a range of issues covering embryonic
development, profiling of product of gene expression during game-
togenesis, and seeking and identifying biomarkers of cancers of
reproductive system [67].

3. SELDI-TOF MS for detection/identification biomarker for
cancer

Although this review focuses on MALDI-TOF, surface-enhanced
laser desorption/ionization mass spectrometry (SELDI) has a great
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Fig. 5. Full mass and fragmentation spectra of (A) erlotinib and (B) gefitinib as obtained in dry droplet experiments on MTP using 10 p.g/ml compound in 50% MeOH and
7.5mg/mL CHCA as matrix. (C) Enlarged region of a planocellular lung cancer section with MALDI-I magin MS read out of the erlotinib fragment ion (m/z 336.19) and HE
stained histological details, which shows the area of tumor cells in dark blue (compared to stroma cells in light purple). Regions with various rates of tumor cells are indicated
with yellow dashed lines and numbers. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Reprinted with permission from [57].
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Fig. 6. Relative peak intensity versus mass to charge ratio (m/z) ranging from 2500 to 18,000 Da of an overall sum spectrum of pTaG1 (green) and pTaG3 (red) bladder cancer
is shown. Four significant peaks implemented and indicated by one, two, three or four asterisks respectively. Merged overlay of a Hematoxilin-Eosin (H.E.) stained light
microscope picture (20x magnification) and the corresponding region of interest (ROI) of a pTa G3 tumor are shown in the inset. FlexImaging (Bruker Daltonics) was used
to illustrate the ratio of G3 areas (red), G1 areas (green) and not classified areas (yellow) within the region of interest. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Reprinted with permission from [60].
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interest for the identification of biomarkers in cancer in recent
years. SELDI-TOF MS was developed from MALDI-TOF MS and it
was firstly used in 1993. The surface of target for SELDI-TOF MS
is variously modified in order to achieve the affinity between
targeted molecules and surface. Thanks to this modification the
targeted molecules are separated from the sample directly on
the target and so the analytes do not need to be separated
before the application. This is probably the main advantage of
this method before the MALDI-TOF. Matrix is usually applied after
the deposition of sample. The target’s surface can be modified
by antibodies, ion exchange, hydrophobic sorbents, metal-binding
sorbents and so forth [68]. SELDI-TOF has high sensitivity for small
proteins/peptides with molecular weights lower than 15 kDa and
due to the possibility of analysing samples without previous sep-
aration it can be used for analysing body fluids and tissue extracts
[69]. Significant results obtained in lung, pancreatic, colon, ovar-
ian, cervical, prostate, breast, hepatocellular and brain tumors
have been described [68,70-75]. Bertucci et al. investigated the
post-operative sera of 83 high-risk breast cancer patients using
SELDI-TOF MS, by constructing a 40-protein signature that cor-
rectly predicted outcome in 83% of patients. These results should
be interpreted cautiously, as the number of proteins used for clas-
sification is rather high in comparison with the limited study
population, indicating possible over-fitting of the data [76]. Simsek
et al. showed that protein peaks detected by SELDI-TOF analyses
in lung cancer may be helpful in differentiating healthy individ-
uals from lung cancer cases in a noninvasive method, and also
SELDI-TOF MS analysis may be used for early diagnosis of lung
cancer as well as its screening in the future, but further stud-
ies with larger sample sizes will be required [73]. SELDI-TOF has
also been used extensively in studies of renal cell carcinomas
(RCC) with initial publications reporting the analysis of tissues, cell
lines and biological fluids [77]. Success in validation has already
been achieved in some cases, yet the overall conclusion is that
SELDI technology represents one component of a broader spec-
trum of versatile investigation technologies that may finally lead
to setting up a more “clinical friendly” set of dedicated diagnostics
tools [70]. Many factors, such as sample processing and operating
procedures for the experiments, can affect the reproducibility of
disease biomarkers in SELDI-TOF. Some challenges still remain, as
for all other proteomic approaches, due in part to the complexity
and the wide dynamic range of the samples. Sample fractionation
and/or enrichment procedure, such as peptide ligand affinity beads,
will certainly be the solution to visualize the deep proteome. In
addition, improvements in mass spectrometry instrumental per-
formances could be expected (higher resolution, reducing adduct
formation, and ion suppression), contributing further to more reli-
able and faster biomarkers discovery [78-81]. Although SELDI-TOF
MS can produce reliable classification results in serum samples of
cancer patients, it will not be applicable in routine patient care
[82].

4. Peptide mass fingerprinting as identification of proteins
and a safe hint for the presence of cancer

MALDI-TOF peptide mass fingerprinting (PMF) is the fastest
and cheapest method of protein identification. Recent advances
in MALDI-TOF MS and proteomic instrumentations offer unique
chance for rapid identification of these markers, and give informa-
tion about diagnostic and prognostic for cancer related biological
fluids, as we have outlined in the previous chapters in this review.
PMF is one of the foundational technologies driving the growth
of proteomics and detection of biomarker for cancer. We believe
that PMF will continue to grow in importance for cancer iden-
tification. At present, Mascot and Peptldent software’s against
NCBInr or Swiss-Prot databases are used in most of the studies

[65-70]. MALDI-TOF MS has been developed for use in clinical
chemistry as a primary investigative tool to characterize a number
of cancers, protein markers of disease or susceptibility to disease.
Applications in cancer and in particular colorectal cancer have led
the way in demonstrating clinical usefulness of MALDI-TOF MS
with many other applications, now in research and development
[83].

5. Novel approaches for quantification of mass of proteins

5.1. Limitations in successful biomarker detection by MALDI-TOF
MS

In recent years, MALDI-TOF has gained greater attention from
proteomic scientists as it produces high resolution data for pro-
teome studies for looking biomarker of cancer. Its main advantages
include speed of analysis, low sample volume used, high sen-
sitivity, ease of use, inexpensive consumables, and wide mass
range coverage, make this platform potentially applicable for the
screening of large sample numbers. Other studies revealed vari-
ous shortcomings related to the reproducibility and quantification
capabilities of the platform. Although MALDI-TOF MS continu-
ously improves in sensitivity and accuracy, it is characterized by
its high dimensionality and complex patterns with substantial
amount of noise. Firstly, the data quality of MALDI-TOF is very
much dependent on the settings of the instrument. These set-
tings include user-controlled parameters, i.e. deflection mass to
remove suppressive ions and the types of calibration used for
peak identification; and instrument-embedded settings, i.e. the
time delayed extraction which is automatically optimized by the
instrument from time-to-time based on the preset criteria in the
instrument, peak identification protocols in the calibration and
the software version used to generate and to visualize MS data
[84]. Typical raw MS data contains a range of noise sources, as
well as true signal elements. These noise sources include mechan-
ical noise that caused by the instrument settings, electronic noise
from the fluctuation in an electronic signal and travel distance of
the signal, chemical noise that is influenced by sample prepara-
tion and sample contamination, temperature in the flight tube and
software signal read errors. This makes identification/discovery of
marker ions relevant to a sample state difficult. Therefore, data pre-
processing is often required to reduce the noise and systematic
biases in the raw data before any analysis takes place. Numer-
ous data preprocessing techniques have been proposed. These
include baseline correction, smoothing/denoising, data binning,
peak alignment, peak detection and sample normalization. Bio-
logical variability and heterogeneity in samples further complicate
the MALDI-TOF MS-based biomarker discovery. In addition, robust
computational methods are needed to minimize the impact of
biological variability caused by unknown intrinsic biological dif-
ferences [85-87].

In nearly all types of ionization processes including MALDI-TOF
and MADI-TOF imaging, a phenomenon often referred to as “ion
suppression” can occur. Some desorbed species that preferentially
capture protons in the ionization process can appear to be at higher
abundance in the spectrum, and conversely others can appear at
lower abundance relative to their true compositions in the sample.
Thus, although the relative intensity measurements of the same
protein in several samples can be compared with reasonable repro-
ducibility, this comparison may not apply to the relative intensities
of two separate proteins in a spectrum because their ionization
efficiencies may be different [88].

MALDI profiling of human serum is confined to the detection
and quantification of highly abundant proteins and, in particular,
abundant peptide. The few established cancer serum proteins are
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present in concentrations well below the detection limit in MALDI
serum profiling [89]. Albalat et al. showed that a main problem of
MALDI TOF for general biomarker discovery is sample composition
and dilution severely affect peptide quantification in urine [90].
A disadvantage of mass spectrometry methods are the less preci-
sion of detection of the biomarkers in early stage cancer in body
fluid. Despite the great advances in the application of MS in serum
biomarker discovery, several challenges remain. The identification
of differential serum protein profiles and specific molecules able
to discriminate normal from diseased subjects requires a technol-
ogy able to highlight small differences and to process large series
of serum samples. Although MS is the most powerful approach for
biomarker identification, there are some boundaries in the anal-
ysis of serum. These can be attributable to the complex nature
of serum and its tremendous dynamic range, to diurnal variation
in protein expression, instability of proteins due to in vivo or ex
vivo protease activity, pre-analytical methods reproducibility as
well as to the intrinsic MS sensitivity (>wg/ml) in detecting ana-
lytes which usually range between 50 pg/mL and 10ng/ml [91].
Nossov et al. showed that elevated levels of cancer antigen 125
(CA-125), CA-125 is the most widely used biomarker for ovarian
cancer, was detected in about 80% of patients with advanced-
stage disease, but they were increased in only 50% of patients
with early stage ovarian cancer [92]. Different studies showed that
serum carcinoembryonic antigen (CEA) has been widely used for
colorectal cancer (CRC), its lack of specificity and sensitivity pre-
clude the use of CEA for the early detection of CRC. Though so
far a number of CRC-associated tissue proteins have been dis-
covered in multiple studies, with the greater majority being 2D
gel-based discoveries coupled to MS/MS, only a limited number of
them have been validated in serum for non-invasive testing for CRC
[4,93].

MALDI-TOF imaging has the advantage that proteins can be
measured in situ while the tissue morphology remains fully intact
[94], but this method has the disadvantage that is not possible to
measure proteins larger than 25kDa [95]. Meding et al. showed
that most of the identified proteins by MALDI-TOF imaging were
not reported in the context of lymph node metastasis in colon can-
cer. This indicates the potential of screening approach to identify
novel markers was low. Three of them were selected for validation
onanindependent cohort. It could be clearly shown that the expres-
sion levels of FXYD3, S100A11, and GSTM3 are associated with
lymph node metastasis. Elucidating their role in tumor metasta-
sis and testing their usefulness as clinical markers will have to
be carried out in future studies [54]. Another aspect of MALDI-
TOF imaging that is important to consider is the laser spot size
on target and the tradeoff between image resolution and sensi-
tivity. The limit of detection currently is estimated to be in the
high attomole to low femtomole range, depending on the molecule
being analyzed, but it is difficult to measure accurately in tissue
[88].

Future technology for tissue by MALDI-TOF and MALDI-TOF
imaging will be great and novel in future studies in detection and/or
identification biomarker in cancer. MALDI-TOF imaging has made
remarkable advances in the realm of imaging intact tissue samples.
The aforementioned advantages of this technique can be combined
with the growing field of 3D cell culture and tissue engineering
to provide quick, inexpensive and detailed information on disease
states, drug delivery and biomarker of cancer on either a global pro-
teomic or individual protein scale. Additionally, the combination
of MALDI-TOF imaging and cytochemical/histological techniques
will increase the knowledge gained from each experiment [96].
Furthermore, coupled with laser capture microdissection (LCM),
MALDI-TOF or/and SELDI-TOF can be an ideal approach for gener-
ation of separate protein profiles of the invasive tumor and normal
epithelial components of tumors and tissues of cancer [71,97-99].

Further improvement in sensitivity is a never-ending challenge.
Clearly there is the need to achieve higher sensitivity to measure
proteins of low expression levels.

5.2. Reproducibility in cancer biomarker semi-quantification by
MALDI-TOF MS

MALDI-TOF MS technologies have been evolving, and suc-
cessfully used in genome, proteome, metabolome, and clinical
diagnostic research. Emerging evidence has shown that they are
not only useful in qualitative analyses, but also beneficial in quan-
titative analyses of proteins, as biomarkers in clinical analysis
[100]. Many groups suggested that moderate reproducibility in rel-
ative peptide quantification is a major limitation of MALDI-TOF
MS. Several research groups have applied MALDI-TOF MS for rela-
tive quantitative measurements of biomarkers. At the same time,
the non-quantitative character of this method has been widely
reported. Albalat et al. highlighted the unpredictable effect of
sample dilution when using MALDI-TOF MS. They observed that
potential biomarkers might be detectable at certain concentra-
tion ranges only and that valuable information is lost when too
restricted dilution ranges are analyzed. The sample composition or
the variation in analyte concentrations severely affects the corre-
lation between ion-counts and concentration, which hinders the
identification/assessment of biomarkers using this platform. This
was observed when single sample dilutions were analyzed, which
resulted in substantial discrepancies [90]. Szajli et al. conducted
experiments to test the reliability of this technique of quantita-
tion using the statistical method of the inverse confidence limit
calculation. The relationship between relative intensities of known
amounts of standard peptides and their concentration ratios was
investigated. They found that the concentration ratios determined
by the relative intensity measurements were highly inaccurate and
strongly influenced by the molecular milieu of the sample ana-
lyzed. Thus, they emphasized the necessity of the use the sample
itself for calibration and recommend to perform a similar statis-
tical analysis to demonstrate reliability for every system where
MALDI-TOF MS is used for quantitative measurements [83]. Mir-
gorodskaya et al. developed a method for quantification of proteins
and peptides in very low, picomolar and sub-picomolar, concen-
trations using MALDI-TOF MS with internal 130-labeled standards.
Mathematical algorithm that uses the isotopic patterns of the sub-
stance, the internal standard, and the substance/internal standard
mixture for accurate quantitation of the substance was developed.
A great advantage of the suggested method consists in the absence
of limitation in molecular weight for the quantitation of proteins
and the possibility of quantitation without previous fractionation
of proteins and peptides [101]. Even though MALDI is a power-
ful technique for mass spectrometry of peptides and proteins, it is
not quite useful for their quantification. This is one of the issues
in the quantitative proteomics. The main difficulty lies in the poor
reproducibility of MALDI spectra. Park et al. showed a novel method
to quantify any analyte amenable to MALDI-TOF MS [56]. This
method is based on the previous observations that the reaction
quotient for the matrix-to-peptide proton transfer evaluated in
temperature-selected MALDI was nearly constant regardless of the
peptide concentration in the solid sample. This implied a direct
proportionality between the relative abundance of an analyte ion
in a temperature-selected MALDI spectrum and the concentra-
tion of the corresponding neutral in the solid sample. This relation
was confirmed by calibration curves obtained for some peptides.
Another characteristic of the relation is that it works even when
other analytes are present. This was demonstrated for mixtures
that contain peptides and proteins. Moreover, the method does
not require the addition of internal standards and allows rapid

81


K1PC2
Typewritten Text
81


M.A. Merlos et al. / Journal of Pharmaceutical and Biomedical Analysis 95 (2014) 245-255 253

and inexpensive quantification of any analyte amenable to MALDI
[102].

6. Conclusions and outlooks

Early and sensitive diagnostics are the key how to treat cancer
successfully. Therefore, it is not surprising that modern bio-
analytical chemistry and tools, which has been developed, serves
more or less for finding good markers or some fingerprints [103].
Mass spectrometry is powerful tool for identification of new
metabolites, peptides, proteins and nucleic acids associated with
the cancer development. Based on the above mentioned facts,
MALDI-TOF MS can be used not only for identification of one spe-
cificanalyte, but also for mass fingerprinting. Both approaches have
advantages and disadvantages, however, their combination could
open a new window in the cancer diagnostics.

Therefore, proteomic profiling by MALDI-TOF MS shows various
advantages (speed of analysis, ease of use, relatively low cost, sen-
sitivity, and possibility of automation). Earlier studies provided by
many groups suggested that moderate reproducibility in relative
peptide quantification is a major limitation of MALDI-TOF MS.
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3.6. Review Il1

HEGER Z.,RODRIGO M.A., KRIZKOVA S., RUTTKAY-NEDECKY
B., ZALEWSKA M., DEL POZO E.M., PELFRENE A., POURRUT B., STIBOROVA
M., ECKSCHLAGER T.,EMRI G.,KIZEK R., ADAM V. Metallothionein as a
Scavenger of Free Radicals - New Cardioprotective Therapeutic Agent or Initiator of

Tumor Chemoresistance? (2015). Curr Drug Targets.

Participation in the work of the author M.A. Merlos Rodrigo literature research 40%

and manuscript preparation 30%.

The most serious adverse effect of anthracyclines is, thus, cardiomyopathy leading to
congestive heart failure, which is caused by the same mechanisms. In this review, we
briefly summarize the basic types of free radicals formed by anthracyclines and the
main processes how to scavenge them. From these, the main attention is paid to MTs.
The main function of MTs is their activity are as scavengers of free radicals, antioxidant
action, metal detoxication and homeostasis but they are also involved as new

cardioprotective therapeutic agent or initiator of tumor chemoresistance.
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Abstract

Cardiotoxicity is a serious complication of anticancer therapy by anthracycline antibiotics.
Except for intercalation into DNA/RNA structure, inhibition of DNA-topoisomerase and
histone eviction from chromatin, the main mechanism of their action is iron-mediated
formation of various forms of free radicals, which leads to irreversible damage to cancer cells.
The most serious adverse effect of anthracyclines is, thus, cardiomyopathy leading to
congestive heart failure, which is caused by the same mechanisms. Here, we briefly
summarize the basic types of free radicals formed by anthracyclines and the main processes
how to scavenge them. From these, the main attention is paid to metallothioneins. These low-
molecular cysteine-rich proteins are introduced and their functions and properties are
reviewed. Further, their role in detoxification of metals and drugs is discussed. Based on these
beneficial roles, their use as a new therapeutic agent against oxidative stress and for
cardioprotection is critically evaluated with respect to their ability to increase chemoresistance

against some types of commonly used cytostatics.

Keywords: anthracyclines, cardioprotection; cellular oxidative stress; chemoresistance;

doxorubicin; free radicals; metallothionein

Running title: Metallothionein - a key molecule in chemotherapy.

87


K1PC2
Typewritten Text
87

K1PC2
Rectangle


Special Issue Targeted Anti-oxidant Therapies, Current Drug Targets

Content
1. Introduction. The main purpose of the review
2. Free radicals and their role in the organism
2.1. Mechanisms of anti-ROS protection
3. Metallothioneins — isoforms, structure and function
3.1. Metallothioneins as ROS scavengers
3.2. Metallothioneins as heavy metal chelators
3.3. Metallothioneins as regulators
3.4. Metallothionein’s role in chemoresistance
4. Anthracycline cytostatics
4.1. Side effects of anthracyclines
4.2. Mechanisms of anthracycline (cyto)toxicity
5. Reversal of anthracycline toxicity
5.1. Heavy metals supplementation
5.2. Decreasing of ROS formation
5.3. MT induction
6. Metallothioneins as cardioprotectors
6.1. MT roles in cardioprotection
6.2. Strategies for targeted increase of MT expression

7. Conclusions

88


K1PC2
Typewritten Text
88

K1PC2
Rectangle


Special Issue Targeted Anti-oxidant Therapies, Current Drug Targets

1. Introduction. The main purpose of the review

Cardiotoxicity is a serious complication of anticancer therapy by anthracycline cytostatics
(Fig. 1) [1]. The main mechanisms of anthracyclines action are intercalation into DNA
structure, inhibition of topoisomerase II and reactive oxygen species (ROS) generation [2].
Heart tissue is, due to its minimal regeneration capacity, constant activity and intensive
aerobic metabolism, highly susceptible to oxidative stress injury [3].

While at tumors the mechanisms of chemoresistance were investigated, in the case of healthy
cells, the possibilities of drugs side effects minimization on healthy cells and organs are still
searched. The same mechanisms that contribute to resistance of cancer cells can be used to
suppress the cytostatic side effects [4]. Mechanisms involved in resistance of cancer cells to
cytostatic drugs include: i) reduced drug uptake; ii) increased drug efflux; iii) increased DNA
repair; iv) increased tolerance to DNA damage; v) changes in target structure; vi) defects in
apoptotic pathways; vii) increased levels of intracellular thiols such as glutathione and
metallothionein (MT) [5]. MT role in chemoresistance has been intensively studied not only
at heavy metal-based cytostatics, but also at “non-metal cytostatic drugs™, especially
doxorubicin (DOX) [6]. It is supposed, that main MT functions in detoxification of cytostatics
are their antioxidant capability [7], heavy metals chelation and homeostasis [8].

In the presented review, we briefly summarize the basic types of free radicals formed by
anthracyclines and the main processes how to scavenge them with special focus on
metallothioneins. Available literature covering the given topic was searched in following
databases as Scopus (Elsevier, Amsterdam, Netherland), Web of Science (Thomson Reuters,
New York, NY, USA), Cochrane Library (Cochrane Collaboration, Baltimore, MD, USA)
and PubMed (United States National Library of Medicine, Bethesda, MD, USA)..

2. Free radicals and their role in the organism

ROS, the cellular products of myriad physiological processes have been understood to
damage cells if produced in excess [9]. They are characterized as having a single unpaired
electron in outer shell and are thus highly reactive [10]. ROS refer to a group of small reactive
molecules that include superoxide anion (‘O;), hydrogen peroxide (H,0O,), hydroxyl (OH),
and hypochlorite (OCI") which may cause adverse effects due to irreversible modification of
macromolecules such as proteins, DNA and membranes [11]. Under physiological conditions,
the intracellular levels of ROS are steadily maintained to prevent cells from damage.
Subsequent detoxification is facilitated by non-enzymatic molecules (glutathione [12],

flavonoids [13], vitamins C and E [14, 15]) and by antioxidant enzymes (superoxide
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dismutases, glutathione peroxidase, and catalase) [16]. ROS affect ROS-sensitive signaling
pathways (MAPK/Erk1/2, PI3K/Akt, IKK/NF-kB), linked to many types of cancer. Affecting
those pathways regulates growth, development and differentiation of cells [17]. In particular,
H,0; acts as a second messenger, regulating protein activity through reversible oxidation of
its targets - tyrosine phosphatases, tyrosine kinases and important transcription factors [18-
20]. This phenomenon results in a broad spectrum of health complications as tumorigenesis
[21], and it is also linked with pathogenesis of many other diseases e.g. cardiovascular,
diabetes etc. [22-24]. ROS, which are responsible for the side effects of anthracyclines [1], are
generated as a product of an electron transfer between a quinone moiety of anthracyclines and
oxygen and other donor molecules [2, 25]. Interestingly, it was also shown that short-term
oxidative stress may be important as the aging prevention, due to a process known as
mitohormesis [26]. Although the exact mechanisms were not elucidated yet, the most
probable effectors include metal trafficking (metallothioneins and ferritins [27]) and enhanced
innate immunity [28, 29] - both described in long lived mutants. The information mentioned
above raise question: Is selective introduction of expression of maintenance processes
(metallothioneins) sufficient to protect myocard against anthracycline-associated heart

damage?

2.1. Mechanisms of anti-ROS protection
The formation of free radicals and superoxides belongs to the current accepted hypothesis for
the mechanism, by which anthracyclines cause cardiotoxicity [30-33]. “DOX is the most
probably able to damage the mitochondria of cardiomyocytes, whereas several mitochondrial
enzymes such as NADH dehydrogenase, cytochrome P-450 reductase and xanthine oxidase
are involved in generating ROS [30-32, 34]”. “The free radical theory says that it starts with a
one-electron reduction of doxorubicin to form a DOX semiquinone radical by a reduced
flavoenzyme such as NADPH-cytochrome P450 reductase (Fig. 2). The semiquinone radical
forms a complex with iron, which leads to an anthracycline-iron (Fe*") free radical complex.
Resulting complex reduces oxygen to produce superoxide and to regenerate DOX. The
superoxide is dismutated into hydrogen peroxide and oxygen [35]”. “DOX also increases
superoxide formation by increasing endothelial nitric oxide synthase [36], which promotes
intracellular hydrogen peroxide formation [37].” The consequent formation of peroxynitrite
could play a role in the cardiotoxicity, too [38]. Lipid peroxidation may also occur by the

combination of superoxide, hydrogen peroxide and free iron.
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In anti-ROS protection a number of antioxidants and iron-chelating agents have been tested.
The first tested antioxidant was vitamin E, which was found to be efficient only against the
acute cardiotoxic effects of DOX, but it was ineffective against development of chronic
cardiomyopathy [30, 39-41]. Vitamin E in combination with selenium was shown to have no
significant protective action against DOX-induced mortality and cardiotoxicity [42, 43]. A lot
of other antioxidants as melatonin, vitamin A and vitamin C [44] thiol-containing reducing
agents (glutathione, N-acetylcysteine, S-allylcysteine, amifostine) and reduced glutathione
[45] have been also tested however, the results found have not been so encouraging...
Moreover, probucol is a lipid-lowering drug exerting an antioxidant effect and promoting the
activities of endogenous antioxidants, can also prevent DOX cardiomyopathy and heart
failure, which was confirmed in animal experiments without impairing the antitumor effect of
the drug [30, 46-48]. “There was also found an increase in myocardial glutathione peroxidase
and superoxide dismutase activities with concomitant decrease in lipid peroxidation during
treatment with probucol [47].” “In addition, carvedilol, which acts as both a B-adrenergic
receptor blocker and an antioxidant [49, 50], also appears to reduce DOX cardiotoxicity [51-
53].” Carvedilol significantly prevented lipid peroxidation and increase in both myocardial
and plasma cholesterol concentration caused by DOX [49]. Carvedilol in addition to its
antioxidant action also has been shown to prevent apoptotic cell death of cardiac myocytes
[50].

The iron-chelating agent dexrazoxane (ICRF-187) [54, 55] significantly reduced the
development of DOX cardiomyopathy in a dog model [56]. This agent has been introduced
into clinical practice [57]. Metallothioneins have also been shown to have protective role
against acute [58-60] and chronic myocardial toxicity of DOX due to zinc chelation,
antioxidant properties and ROS scavenging abilities, for details see chapter 3.1. MT elevation
also effectively prevented chronic cardiotoxicity and decreased the oxidative stress caused by
DOX [61], for details see chapter 5.3. MTs cardioprotective effect is based mainly on their
antioxidant function [62, 63] in connection with other antioxidant enzymes and molecules
[64], other possibilities are metals release and chelation by MT in dependence on its oxidative

state [65, 66].

3. Metallothioneins — isoforms, structure and function

MTs are low-molecular (7 kDa) cysteine-rich, heat-stable and metal binding proteins [67, 68].
In mammals, distinct MT isoforms designated MT-1 through MT-4 have been found [69, 70].
“Human MTs are encoded by 17 genes located on chromosome 16q13; MT-2, MT-3, and
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MT-4 are encoded by a single gene, while the MT-1 has many subtypes (MT-1A,-B,-E,-F,-G,-
H,-M,-X) [71, 72].” “Expression of MTs can be started by binding of metal regulatory-
transcription factor-1 (MTF-1) to the regulative region of MT genes called metal-responsive
element (MRE) [73]. The most widely expressed isoforms in the body are MT-1 and MT-2
[74, 75].” “The MT-3 protein was first isolated as a growth inhibiting factor (GIF) from brain
neurons, but its message is expressed also in tongue, stomach, heart, kidney and reproductive
tissues [76, 77].” Finally, the MT-4 protein was found in stratified epithelium [78]. The main
function of MTs are scavenging of free radicals, antioxidant action, metal detoxification and
homeostasis but they are also involved in regulation of fundamental cell processes [70, 72,

79-81].

3.1. Metallothioneins as ROS scavengers

MT has, due to the presence of thiol moieties from cysteine residues, antioxidant properties.
Moreover, together with reduced glutathione (GSH) it is able to decrease the level of ROS
[82, 83]. MT plays a role in many intracellular physiological processes, where the increased
occurrence of molecules causing oxidative stress can be expected and/or where preservation
of structures susceptible to free radicals (nucleic acids, phospholipids membranes, proteins
etc.) [84] is needed such as proliferation or embryo development [85, 86].

“The most critical advance in MT research is the demonstration of the redox regulation of Zn-
S interaction and the coupling of zinc and redox metabolism [87, 88]. The cluster structure of
Zn-MT provides a chemical basis by which the cysteine ligand can induce oxidoreductive
properties [89] that constitutes MT redox cycle.” “Studies using cultured cells and intact
animal models have provided further evidence supporting the antioxidant function of MT [88,

90-94].”

3.2. Metallothioneins as heavy metal chelators
“MTs have, as described above, unique structural characteristics that offer effective metal-
binding. MTs are involved in the transport, storage, and regulation of essential metal ions (Zn,
Cu, Se) and detoxification of heavy metals (such as Cd, Hg, Ag and As) [95].” In the
physiological state, MTs are associated mostly with the Zn>" ions, but may be dissociated and
replaced by other metals that have a higher affinity for MT, for example Cd*", Hg*" and Cu'"
[95]. The absence of MT-1/2 increases inorganic Cd-induced lethality and hepatotoxicity,
whereas overexpression is associated with protection [96]. MT carries Cd ions to the kidney

and provides intracellular protection against Cd toxicity. The uptake of MT complexes with
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heavy metals in the kidneys distorts numerous functions within proximal tubules [97]. After
Cd-MT complex endocytosis, Cd*" is released and is transported outside the
endosomes/lysosomes, where free Cd*" triggers apoptosis [72, 98]. “Transport and storage of
essential metal ions, detoxification of toxic metals, free radical scavenging and immune
response belong to the key functions of MT [99].” Besides intracellular environment, recent
studies show that these proteins can be found in extracellular environment, too. “Outside of
cells, they may act as an antioxidant, transporter of essential metals, it may be responsible for
the redistribution of heavy metals between tissues, and can influence cell proliferation, being
released during normal immune challenge to moderate the vigor of the humoral response and
following restraint stress and upon exposure to toxic metals [100].”

“Expression of MT is highly inducible. MT synthesis is primarily induced by essential metals
(Zn, Cu), toxic metals (Cd, Hg) and free radicals. Moreover, other compounds and factors,
including glucocorticoids, cytokines, growth factors, cytotoxic agents and tumor promoters,
as well as various stress-related conditions, up-regulate MT production by generating

oxidative stress and free radicals in the affected cells [88, 99, 101, 102].”

3.3. Metallothioneins as regulators

MTs are involved in numerous key processes, and the most important include metal
homeostasis and protection against oxidative stress. Regulation of Zn accessibility by MT
contributes to the regulation of gene expression and affects apoptosis, proliferation, or cell
differentiation [72, 82]. Apo-MT can retrieve Zn ions from transcription factors or Zn-
containing enzymes, deactivating them or on the other hand Zn-MT can supply Zn>" to
protein targets thus activating them. The active p53 can induce a response of cells, which
includes DNA repair, inhibition of angiogenesis, differentiation and aging, cell cycle arrest,
and apoptosis [103]. Zn-MT is also associated with resistance to apoptosis by regulation the
Zn-dependent antiapoptotic transcription factor - nuclear factor kB (NF-xB) [104].

MT is involved in the controlled release of iron from ferritin (Ft) to prevent Fe oxidative
damage. “Physiologically, Fe is released from Ft to activate other Fe proteins. Under
conditions, which are associated with oxidative damage, the protective pathway fails and iron
reacts to form ROS. The complexes of Zn-MT may be electron donors for the reduction of
Fe’" and facilitate the release of iron from Ft. At the same time, MT thiolates are oxidized to

disulfides, releasing Zn>" [105].”

93


K1PC2
Typewritten Text
93

K1PC2
Rectangle


Special Issue Targeted Anti-oxidant Therapies, Current Drug Targets

3.4. Metallothionein role in chemoresistance
Chemoresistance is a complex system with multiple and heterogeneous mechanisms [106].
The mechanisms underlying drug resistance are as follows: (i) downregulation,
overexpression or modification of target molecules; (ii) increased drug efflux; (iii) the
induction of antiapoptotic mechanisms or the activation of pro-apoptotic mechanisms; (iv)
changes in drug activating detoxifying enzymes; and (v) pharmacological and physiological
factors, such as changes in drug metabolism and excretion, and inadequate access of the drug
to the tumor. In view of rich biochemical properties of MTs, it is not surprising that they are
believed to participate in emergence of chemo- and/or radioresistance in tumor cells. It has
been proposed that increased expression of MT provides protection against apoptosis and
promote cell proliferation, leading to tumorigenesis [107]. The most important role of MT in
cancer cell chemoresistance is their ability to bind platinum in therapy by platinum cytostatics
[108]. Moreover resistance to “nonplatinum cytostatics” has been postulated to be mainly the
result of protection against ROS damage, anti-apoptotic properties and by the direct
sequestering of alkylating agents by MT cysteines [8, 109]. Recent evidence supports also the
interactions with other important thiol compounds, involved in chemoresistance, i.e.
glutathione [110, 111]; however, direct mechanism of interaction is still not properly
elucidated. As it was shown by Yap and coworkers, si-RNA-based silencing of MT-2A gene
in MCF-7 cells, exposed to DOX, led to a significant reduction in cell viability and the
corresponding elevation of apoptosis [6]. Similarly, in bladder tumors expressing higher
levels of MT, survival is significantly poorer, due to mediation of resistance towards
alkylating agents [112]. MT was also shown to be an initiator of DOX resistance in non-small
cell lung carcinomas (NSCLC) [113], in which significant relationship between MT
expression and resistance was found. Moreover, significant correlation was also revealed
between MT and glutathione-S-transferase-pi expression. However, the role of MTs in the
development of chemoresistance in the clinical conditions is still controversial and their

importance may vary in different tumors.

4. Anthracycline cytostatics

Anthracyclines are one of the most effective anticancer drugs. Their main adverse effect is
cardiotoxicity, which limits their usefulness [114]. Daunorubicin that was isolated from
Streptomyces peucetius [115] and showed activity against acute lymphoblastic (ALL) and
acute myeloid leukemia (AML). Doxorubicin, isolated afterwards, [116] is active against a

wider range of tumors (e.g. soft tissue and bone sarcomas, nephroblastoma, neuroblastoma,
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hepatoblastoma, non-Hodgkin’s (NHL) and Hodgkin’s lymphomas (HL), multiple myeloma,
lung, ovarian, gastric, thyreoid and breast carcinoma) [114]. “There have also been developed
newer anthracyclines as epirubicin, a less cardiotoxic doxorubicin analogue active in
sarcomas, breast and gastric cancer, idarubicin a daunorubicin analogue having an increased
efficacy in AML, or valrubicin, which is used for the intravesical treatment of bladder cancer
[114].”

“All anthracyclines share a quinone containing rigid planar aromatic ring structure bound by a
glycosidic bond to an amino sugar daunosamine”, which is shown in Figs. 1 A, B, E, and F.
“Doxorubicin and daunorubicin share aglyconic and sugar moieties. The only difference
between DOX and daunorubicin is that the side chain of DOX terminates with a primary
alcohol, whereas that of daunorubicin terminates with a methyl group. This difference has
fundamental consequences on their activity [117].” Epirubicin is a DOX derivative obtained
by an axial-to-equatorial epimerization of the hydroxyl group at C-4" in daunosamine. This
positional change influences mainly pharmacokinetics and metabolism [118, 119] and
epirubicin may be used at cumulative doses almost double those of DOX, resulting in equal
activity but not in increased cardiotoxicity [120]. Idarubicin, active in AML, multiple
myeloma, non-Hodgkin’s lymphoma, and breast cancer, was obtained from daunorubicin by
removal of the 4-methoxy group in ring D [121]. “Its broader spectrum of activity compared
with daunorubicin is attributed to an increased lipophilicity and its higher cellular uptake
[122].” In addition, it may be administered orally [123]. In vitro studies have indicated that it
is more effective than daunorubicin in cells with overexpression of P-glycoprotein [124, 125].
Only a few more anthracyclines is approved: pirarubicin, aclacinomycin A (aclarubicin), and
mitoxantrone (substituted aglyconic anthraquinone) (see Figs. 1 C, D, and G). Aclarubicin
and pirarubicin show only modest improvements over DOX and daunorubicin in terms of
multidrug resistance [126]. Pirarubicin (4-tetrahydropyranyl doxorubicin) has been reported
to be less cardiotoxic than DOX in animals [127], but it was not proved in humans [128, 129].
Aclarubicin, a trisaccharide anthracycline, was shown to be active and well tolerated in AML
patients [130, 131], but it induced late cardiac events [132]. Mitoxantrone is active in breast
cancer, AML, and prostate cancer. Early reports indicated that mitoxantrone was less
cardiotoxic than other anthracyclines [133], but it was refuted in later studies [134].
Anthracyclines enter cells by diffusion, their intracellular level are greater than extracellular
and the efficiency of their uptake depends on their lipophilicity [118]. “All anthracyclines are
substrates for the P-glycoprotein. Idarubicin is a less avid P-glycoprotein substrate that may

explain its efficacy in chemoresistant tumors. In addition, the resistance to anthracyclines may
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be caused by mutations or down-regulation of topoisomerase II.” Moreover, chemoresistance
is usually caused by a combination of several mechanisms [135, 136].

Anthracyclines clearance is mediated mainly by biliary excretion after hepatic metabolism.
Daunorubicin and Adriamycin are metabolized by aldoketoreductases, which forms
daunorubicinol and adriamycinol by reduction of the C-13 carbonyl. Those active products

are in microsomes inactivated to aglycones [137].

4.1. Side effects of anthracyclines

“Anthracyclines, in addition to side effects common to all cytostatics like myelosuppression,
nausea and vomiting, mouth ulcers, local aggressivity and alopecia, are cardiotoxic.
Cardiotoxicity limits administration exceeding an accumulated dose of approximately 350 mg
doxorubicin/m* [138, 139].” Although the mechanisms of their cardiotoxicity are not fully
understood, interactions of anthracyclines with iron are supposed to be the main mechanism.
“The redox state of iron can be converted between Fe*™ and Fe’* states by interaction with
anthracyclines, generating toxic ROS which cause DNA damage (Fig. 2) [140].
Cardiomyocytes are vulnerable to free radical damage because of their low activity of
antioxidant enzyme systems [139, 141].”

Reversible acute cardiotoxicity develops within days of anthracycline administration. Clinical
signs are tachycardia, hypotension, and arrhythmias. The irreversible chronic cardiotoxicity,
namely, a congestive heart failure, is more frequent and develops mainly 1- 3 months but may
occur even years after chemotherapy [142]. Risk of cardiotoxicity is increased in persons with
previous history of heart disease, hypertension, mediastinum irradiation, and age below 4
years [114]. There is no specific treatment of anthracycline induced cardiotoxicity, standard

therapy for chronic heart failure is used [142].

4.2. Mechanisms of anthracycline (cyto)toxicity
The mechanism of anthracyclines cytotoxicity involves different pathways, but the precise
mechanisms remain still to be explained. “The following mechanisms were considered: 1)
interference with DNA unwinding or DNA strand separation; 2) intercalation into DNA that
inhibits synthesis of DNA, RNA and proteins; 3) generation of free radicals, leading to DNA
damage and lipid peroxidation; 4) DNA binding and alkylation; 5) DNA cross-linking; 6)
direct membrane effects; 7) helicase activity inhibition; 8) antiangiogenic effect; and 9)
inhibition of topoisomerase II [139, 143, 144].” Intercalation into DNA is considered to be the

main mechanism, the anthraquinone ring intercalates between DNA base pairs [145].
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“Concentrations of anthracyclines used in clinical practice inhibit topoisomerase 1. DNA
lesions, which are caused by formation of free radical, reactivity on the DNA backbone and
lipid peroxidation occurred only in the cells treated with concentrations higher than
therapeutic ones [139, 146, 147].”

Doxorubicin forms unstable covalent bonds with DNA when redox-activated with NAD(P)H
oxidoreductases and transition metals. Iron-mediated free radical reactions enable DOX to
produce formaldehyde from spermine and lipids [148]. “DOX and formaldehyde form a
conjugate that may produce an active monomeric metabolite, in which the carbon of
formaldehyde is recovered in the form of a Schiff’s base at the amino group of daunosamine.
Similar reactions occur only with anthracyclines containing 3’-amino group (epirubicin,
daunorubicin) [149]. The anthracycline-formaldehyde conjugates intercalate into DNA
[150].” “Overexpression of formaldehyde-dehydrogenase is supposed to be the mechanism of
resistance to the formation of anthracycline-formaldehyde conjugates. The expression levels
of formaldehyde-dehydrogenase in DOX-resistant small-cell lung carcinoma cells were lower
than in sensitive ones [151].” “Genomic dsDNA isolated from neuroblastoma cells was
studied by adsorptive transfer technique in connection with square wave voltammetry.
Decrease in CA signal was found in DNA isolated from neuroblastoma cells sensitive to
anthracyclines cultivated in the presence of DOX but not from resistant ones cultivated in the
same conditions. The concentration of 0.5 mM which is approximately 100 times higher than
clinical doses decreased CA signal for more than 30% [152].” This phenomenon displays that
in chemoresistant cells the covalent binding of anthracyclines to DNA is decreased [139]. On
the other hand, there have been defined groups of plant secondary metabolites serving as

potential protectors against these adverse effects [153].

5. Reversal of anthracycline toxicity

Standard prevention of anthracycline cardiotoxicity is in compliance with cumulative dose
(900-1000 mg/m* of epirubicin, 550 mg/m’> of daunorubicin and 300- 450 mg/m’ of
doxorubicin). Slowing of anthracycline infusion reduces risk of acute cardiotoxicity [114].
Clinical studies showed that dexrazoxane, statins, angiotensin antagonists and beta-blockers
are beneficial in prevention of anthracycline-induced cardiotoxicity [154, 155]. “These
findings are in good agreement with the protective role of these agents in cell cultures and
animal models treated with anthracyclines, which was accompaniedby reducing oxidative
stress, cellular inflammation, myocyte apoptosis and cytokine release (for detailed description

see chapter 5.2). Angiotensin-converting-enzyme inhibitors (drugs used for the treatment of
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hypertension and congestive heart failure) inhibit the action of the mitogenic factor, through
its interaction with the angiotensin 2 type-1 receptor, and suppressing epidermal growth factor
mediated signal transduction in the cardiovascular myocytes. Some beta blockers (carvidilol
and nebivolol) have also antioxidant effects [155].” Anthracyclines also increase
mitochondrial iron levels and their decrease by dexrazoxane may decrease risk of
anthracycline induced cardiomyopathy — for detail see 5.2.

Liposomal encapsulation, which changes their tissue distribution and pharmacokinetics
belongs to the most successful strategy to decrease the cardiotoxicity of anthracyclines [156].
“The cardiac safeties of liposomal daunorubicin, liposomal DOX, and pegylated liposomal
DOX have been studied in a number of clinical trials which indicate that the risk of
cardiotoxicity is significantly lower with liposomal anthracyclines [139, 157].” The liposomal
components of pegylated liposome encapsulated DOX change pharmacology and
pharmacokinetics of DOX. These changes concentrate cytostatics in tumors with decreased
exposure of normal cells. Liposomal anthracyclines can be used instead of conventional ones
to reduce the risk of cardiotoxicity without reduced efficacy [158]. There are approved three
liposomal anthracyclines Doxil/Caelyx (PEGylated HCl doxorubicin), DaunoXome
(Daunorubicin) and Myocet (non-PEGylated doxorubicin) [159].

5.1. Heavy metals supplementation

“In human body, there is a sophisticated system how to manage and regulate the amount of
key trace metals circulating in blood and stored in cells [160]. When this system fails to
function properly, abnormal levels and ratios of trace metals can occur. The elevated copper
and depressed zinc belong to the most common trace-metal imbalances [161, 162].” The ratio
of copper to zinc is clinically more important than the concentration of either of these trace
metals [163].

“Zinc 1is involved in numerous aspects of cellular metabolism, whereas it is needed for the
catalytic activity of more than 300 enzymes playing key role in immune function, wound
healing, protein synthesis, DNA synthesis and cell division [164]. Zinc possesses antioxidant
properties, which may protect against accelerated aging and helps speed up the healing
process after an injury [165].”

“Copper plays an important role in our metabolism, largely because it allows many critical
enzymes to function properly [161], whereas it plays a role in the production of hemoglobin,
myelin, melanin and it also keeps thyroid gland functioning normally. Copper can act as both

an antioxidant and a pro-oxidant. As an antioxidant, Cu ions scavenge or neutralize free
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radicals and may reduce or help prevent some of the damage they cause [166]. When copper
acts as a pro-oxidant at times, it promotes free radical damage [167]. More than the
concentration of Zn or Cu in blood serum, the balance between them is important. If the
balance is changed several organic systems can be affected 8, 163].”

“Because MT primarily binds Zn under physiological conditions, Zn has been shown to be an
effective inducer of MT synthesis in the heart that can provide effective protection against
oxidative damage [168]. In addition, that MT upregulation in response to Zn supplementation
prevents various pathogeneses has been documented in humans.”

Wang et al. [169] investigated the role of MT in cardiac protection by zinc supplementation in
cultured cardiac cells that were directly exposed to a treatment that mimics diabetic
conditions, suggesting that the prevention of diabetic cardiomyopathy by zinc
supplementation is predominantly mediated by an increase in cardiac MT.

“Oxidative stress induced by maternal diabetes plays an important role in the development of
cardiac malformations [170], whereas zinc supplementation of animals and humans has been
shown to be able to ameliorate oxidative stress induced by diabetic cardiomyopathy. Kumar et
al. [171] showed that supplementation with Zn significantly decreased apoptosis and reduced
the levels of oxidative stress induced by maternal diabetes that could play a role in the
development and progression of cardiac embryopathy, thus Zn supplementation could be a

potential therapeutic agent for diabetic cardiac embryopathy.”

5.2. Decreasing of ROS formation
Cardiac toxicity of anthracyclines has been at least in part attributed to the generation of ROS
and lipid peroxidation [172-176], which can be the consequence of low antioxidant capacity
[174]. Selective overexpression of catalase [174] or MT [176, 177] in the heart of mice has
been demonstrated to effectively diminish the cardiotoxicity of DOX. Moreover, agents (e.g.
plantainoside D, hydrogen sulfide, N-acetyl-L-cysteine, rosmarinic acid, salidroside, sesamol)
that can lower the level of ROS thereby suppressing the activation of mitogen-activated
protein kinase (MAPK) (p38 kinase, extracellular signal-regulated kinase, c-Jun NH(2)-
terminal protein kinase)/nuclear factor-kB pathways and modulating the changes in the
expression and activity of antioxidant enzymes (glutathione peroxidase, manganese
superoxide dismutase) in cardiomyocytes upon anthracycline exposure, protect against
inflammation and/or cytotoxicity induced by these drugs [178-182]. Cardioprotective role of

free radical scavengers (e.g. davallialactone, probucol, polyoxalate containing vanillyl alcohol
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nanoparticles) against anthracycline induced toxicity has been shown also in vivo in animal
models [183-185].

Production of ROS is mediated by iron; therefore iron chelation seems to be a realistic
approach to reduce the cardiac toxicity of anthracyclines [186]. Aroylhydrazone lipophilic
iron chelators (e.g. salicylaldehyde isonicotinoyl hydrazone) have been found to lower the
cardiotoxicity of anthracyclines without compromising the antitumor effect of these
chemotherapeutics [186, 187]. Interestingly, the cardioprotection does not correlate with the
reduction of free radical production. Flavonoids are iron chelating and antioxidant compounds
that are also able to protect against cardiac toxicity induced by anthracyclines without
influencing the antiproliferative effect of the drugs, and clinical use of a semi-synthetic
flavonoid 7-monohydroxyethylrutoside has already been tested [188, 189]. Dexrazoxane
(ICRF-187), an established cardioprotectant is a highly effective bisdioxopiperazine agent to
reduce the cardiac toxicity of anthracyclines [142]. Dexrazoxane is the prodrug of iron
chelating agent ADR-925, but more complex modes of cardioprotective action are assumed
[142, 190]. “Several randomized trials in both children and adults have concluded that
dexrazoxane is an effective cardioprotectant against anthracycline-induced toxicity [191].”
However, one study showed increased risk of second malignant neoplasms and AML/MDS 1
group of patients suffering from Hodgkin lymphoma treated by regiments containing
adriamycin if they received dexrazoxane [192].

Strong reduction of cardiac toxicity by a mitochondria-targeted antioxidant, a nitroxide
conjugated to a triphenylphosphonium cation (Mito-Tempol (4)) emphasizes the importance
of anthracycline induced mitochondrial dysfunction in the development of cardiomyopathy

[190].

5.3. MT induction
Cardioprotective role of MT seems to be complex [177]. On one hand, MT can function as a
free radical scavenger due to its high sulthydryl content [193]. Formation of MT disulfide
bonds occurs in vivo under physiological circumstances and increases under oxidative stress
conditions e.g. as a response to DOX exposure, and it is related to zinc release from MT
[194]. The reduced cytotoxic effect of DOX in MT overexpressing cardiomyocytes correlates
with the inhibition of lipid peroxidation induced by the drug [176]. On the other hand,
analysis of the transcriptomes of cardiac cells derived from MT deficient and wild type mice
exposed to DOX demonstrated the implication of several signaling pathways in the protection

against anthracycline induced cardiotoxicity that is related to MT [195]. Zinc release and
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transfers from MT, which is a redox regulated process, can impact on several cellular stress
responses such as apoptosis and energy metabolism changes [177]. It has been shown that MT
inhibits anthracycline-induced apoptosis interfering with the p38-MAPK signaling pathway as
well as mitochondrial cytochrome c-release [177]. The mitochondrial respiration and energy
metabolism can be modulated through the posttranslational regulation of proteins by zinc-MT
[177]. Cardiac toxicity of anthracyclines at least in part seems to be mediated by the inhibition
of peroxisome proliferator-activated receptor y coactivator-1 a (PGC-1a) leading to impaired
mitochondrial biogenesis, downregulation of manganese superoxide dismutase and increased
mitochondrial superoxide production [196]. Comparing MT deficient and wild type mice Guo
et al. have found that cardioprotective role of MT against DOX induced cytotoxicity can
partially be attributed to the preservation of the function of PGC-1a by MT [196].

Cardiac toxicity induced by DOX is significantly lower in MT overexpressing transgenic
mice compared to the wild type animals suggesting that elevation of the level of MT prior to
chemotherapy can protect the cardiomyocytes effectively against anthracycline induced
oxidative stress [197]. Likewise, although treatment with DOX induces superoxide and
peroxynitrite production and cardiac damage in both MT deficient and wild type mice, it
could however be prevented by the preadministration of zinc in MT wild type animals [198].
Administration of daunorubicin to Sprague-Dawley rats has been found to induce MT-1 in the
heart and liver of animals; however, to a much lower degree than a treatment with zinc dose
20 mg/kg [172]. They proposed to consider the administration of zinc prior to anthracycline
chemotherapy to reduce the cardiac and liver toxicities. However, MTs can be induced by
several endogenous (cytokines, hormones) and exogenous (heavy metals) stimuli [193].
Nevertheless, possibility of the induction of MT in cancer cells has to be critically evaluated
to avoid fatal consequences such as the initiation of aggressive tumor growth [199].
Noteworthy, a novel human MT isoform (hMT-1p) has been isolated and cloned from a tumor
cell line (AML-2), which is resistant to the superoxide generator paraquat [200]. Transfection
of another cancer cell line (SNU-601) with hMT-Ip resulted in the inhibition of oxidation
damage and anthracycline induced toxicity. Cardiac specific expression of hMT-1p might be
utilized in the prevention of chemotherapy associated cardiotoxicity [200]. Furthermore, the
findings of Satoh et al. suggest that tissue specific induction of MT is feasible [175]. They
have demonstrated that the level of MT is increased either in bone marrow, in the heart or in
the tumor tissue of colon cancer bearing mice given zinc, but it is elevated solely in the tumor
upon administration of copper, while selectively in the heart and bone marrow of the mice

given bismuth [175]. Maintained antitumor activity of adriamycin could be observed with
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reduced cardiac and bone marrow toxicity in mice that were treated with bismuth prior to
chemotherapy [175]. Importantly, though there were less toxic adverse events, the antitumor
activity of adriamycin was reduced in the mice given zinc [175].

Noteworthy, another research group has demonstrated that combination of zinc with
chemotherapeutic agents such as cisplatin and adriamycin can even re-establish the
chemosensitivity of cancer cells by reactivating p53 and enhance immunogenic type cell

death [201, 202].

6. Metallothioneins as cardioprotectors

“Oxidative stress has been associated with diverse pathophysiological events, including
cancer, and neurodegeneration. ROS also play a role in the development of vasculopathies
and cardiac hypertrophy [203, 204].” “ROS stimulate myocardial growth, matrix remodeling,
and cellular dysfunction. ROS activate a broad variety of hypertrophy signaling kinases and
transcription factors [205].” MT has been shown to inhibit cardiac oxidative stress and protect
against the cardiotoxicity induced by chemotherapeutic agents [206], prevent cardiac
pathological changes in diabetes [207], and protects the cardiac endoplasmic reticulum

against stress and apoptosis [208, 209].

6.1. MT roles in cardioprotection

MT was found to diminish apoptosis and myocardial infarction through inhibition of
oxidative stress [208]. MT 1 and 2 are the key molecules in cardiac signal transducer and
activator of transcription 3 (STAT3)-mediated attenuation of ischemia/reperfusion (I/R)
injury. “Cardiac specific activation of STAT3 transduces antioxidative signals through MT
and confers resistance against ROS stress in the heart [210].”

MT's cardioprotection against DOX is mediated by preservation of mitochondrial biogenesis
throughout peroxisome proliferators—activated receptor y coactivator-1 a (PGC-1a) pathway
[196]. PGC-1a is a key regulator for mitochondrial biogenesis, which is important source of
cellular ROS as well as targets of ROS. MT protects against DOX-induced inhibition on
PGC-1la for details see 5.3. Zhou et al. have shown that chronic exposures of mice to
intermittent hypoxia (IH) could induce cardiac ER stress and associated apoptotic cell death
along with cardiac inflammation [208]. In vitro study with H9¢2 cardiac and primary neonatal
cardiomyocytes showed that MT protection from ER stress-induced apoptosis is mediated by
up-regulating Akt phosphorylation [208]. Inhibition of the Akt phosphorylation level with a
PI3K inhibitor abolished the preservation of the normal Akt phosphorylation level. It was
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noted that exposure to IH caused significantly early and severer decrease in the Akt
phosphorylation level in mice with global MT gene deletion (MT-KO) but did not have such
effect in mice with overexpression of MT gene (MT-TG). These studies indicate that
activation of Akt can rescue cardiac ER stress, cell death, and cardiac dysfunction induced
remodeling induced by tunicamycin or thapsigargin in vitro and in vivo [208].

ER stress-induced changes in the myocardial function, autophagy was reduced by MT. MT
significantly attenuated tunicamycin-induced cardiac contractile dysfunction, intracellular
Ca”" homeostasis, ER stress, oxidative stress, and the induction of autophagy [209].

Cardiac MT expression is up-regulated in response to short-term IH insults but decreases after
long-term chronic IH (CIH) exposures. IH induces the accumulation of hypoxia-inducible
transcription factor-la (HIF-1a) which is essential for induction of MT expression by
hypoxia. Hypoxia-induced MT in turn stabilizes HIF-la protein, suggesting that early
response of MT expression to IH exposures could be regulated by HIF-1a. The decrease in
MT at the late stage of IH exposures could be regulated by inhibitory molecules induced by
long-term IH insults or arise from cardiac cell death which results in a loss of cellular
capability to up-regulate MT expression [211].

Administration of MT or induction of MT expression may be used as a strategy in prevention

and therapy of cardiovascular diseases.

6.2. Strategies for targeted increase of MT expression

Similarly as in cancer there are some strategies of targeted MT silencing to prevent
chemoresistance [212], in cardioprotection the increasing of MTs expression would help to
overcome the adverse action of anthracyclines (Fig. 3). MT synthesis in heart can be
increased by zinc administration, mild oxidative stress conditions and corticoids, as described
above. Unlike MT silencing [213], no strategies have been developed for targeted increasing
of MT synthesis except stable or transient transfection by MT genes.

Heart-specific MT overexpression as a cardioprotective factor was initially published in 1997,
where the mice overexpressing MT-2a in heart exhibited a decreased acute heart injury after
treatment with DOX [59, 60]. It has also been found that MT elevation is a highly effective
approach to prevent DOX’s chronic cardiotoxicity [61]. In the opposite, the increased
apoptosis and myocardial injuries were observed at MT-null mice exposed to DOX [214-216].
Tissue-specific increase in MT synthesis can be achieved by stable or transient transfection,
as shown at paraquat-resistant AL-2 cell lines stable transfected with human MT-1, which led

to the cells resistance to DOX and pirarubicin [217].
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MT expression can be increased also by other proteins as STAT3, already mentioned in
section 6.1. STAT3 mediated cardioprotection against I/R injury through MT induction in the
heart of transgenic mice [210]. Injection of TNF caused tissue-specific induction of MT-1
synthesis in the liver, lung and heart, but not in the kidney and thymus [218].

Except heavy metals and pro-oxidant compounds, which are discussed above, corticoids in
doses physiologically relevant stress conditions led to up-regulation of MT genes in primary
cultured cardiomyocytes exposed to DOX. Compared to cells exposed to DOX only, the
antiapoptotic, antioxidant and detoxication genes were up-regulated, such as glutathione-
peroxidases, glutathione-S transferases and bcl-xL. However, expression of bcl-2 and pro-

apoptotic factors bax, bak and bad at protein level was inhibited [219].

7. Conclusions

Since anthracyclines exhibit high efficiency in treatment of various malignant tumors, the
unwanted cardiotoxicity significantly decreases their therapeutic index. Currently few
synthetic approaches are employed to decrease this undesired effect, such as encapsulation of
drug into PEG or non-PEG liposome, leading to prolongation of persistence of the drug in
circulation. Nevertheless, although the therapeutic index was increased, cardiotoxicity still
forms a problem. Thus, biological approaches such as induction of cardioprotectors may be
highly interesting for cancer patients, particularly when treated with doxorubicin.
Metallothioneins are able to do that, however their induction has to be site-specific, due to
their scavenging attributes, leading to development of drug resistance. Heart-specific
overexpression of MTs by transient transfection, induction of other proteins or metals would
thus help to overcome the adverse action of anthracyclines without elevation of tumor
resistance. Development of such approach in combination with liposomal forms of
doxorubicin can results in significant increase of DOX application doses, which can

fundamentally enhance the treatment success of broad spectrum of tumor diseases.
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Figure 1. Structures of the most frequent anthracycline cytostatics: doxorubicin (A), daunorubicin (B), pirarubicin (C), aclarubicin (D), epirubicin (E),
idarubicin (F), mitoxantrone (G) and structures of the most common ROS (H).
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Figure 2. Mechanism of anthracycline cardiotoxicity formation. (A) Schematic representation of production of free radicals after chelation of doxorubicin and
iron in presence of NADPH and without reducing enzymes, which both lead to generation of hydroxyl and superoxide free radicals. (B) Role of iron in
superoxide and hydroxyl radicals formation and further actions of superoxide radicals. (C) Representation of possible free radicals evolution through Fenton
reaction, where iron and hydrogen peroxide are capable oxidizing a wide range of substrates, which leads to biological damage; and Haber-Weiss reaction,
which generates hydroxyl radicals from hydrogen peroxide and superoxide. The first step of reaction involves reduction of ferric ions to ferrous. GSH —
reduced glutathione, GSSG — oxidized glutathione, Fp — flavoprotein, FpH, — reduced flavoprotein, ANT — anthracycline.
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Figure 3. Involvement of MT in a decrease in cardiotoxicity of antracyclines. Due to its ability to scavenge free radicals, interaction with
regulatory proteins involved in (pro)apoptotic and signaling pathways, MT contributes to resistance against anthracyclines both in tumor and
heart tissues. While in tumour tissue its action is suppressed, targeted increasing of MT expression in heart can decrease the cardiotoxic effects of

anthracyclines.
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Abbreviations:

Akt — protein kinase B

ALL — acute lymphoblastic leukaemia

AML — acute myeloid leukaemia

bcl-xL — B-cell lymphoma-extra large

CIH — chronic intermittent hypoxia

c-Jun - Transcription factor AP-1

DNA — deoxyribonucleic acid

DOX — doxorubicin

ER — endoplasmic reticulum

Erk1/2 — Extracellular signal-Regulated Kinase 1/2
Ft — ferritin

GIF — growth inhibiting factor

GSH - glutathione

HIF-1a — hypoxia-inducible transcription factor-1a
HL — Hodgkin’s lymphoma

IH — intermittent hypoxia

IKK/NF-kB — IkB kinase/NF-«B signaling pathway
kDa - kilodalton

MAPK — mitogen-activated protein kinase

MDS — myelodysplastic syndrome

MRE — metal-responsive element

MT — metallothionein

MTF-1 — metal regulatory-transcription factor-1

MTs — metallothioneins
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NAD(P)H — nicotine adenine dinucleotide (phosphate)
NF-«B — nuclear factor kB

NHL — non-Hodgkin’s lymphoma

NSCLS — non-small cell lung carcinoma

p38 — member of the second MAPK-related pathway

p53 — tumor suppressor p53

PEG — polyethylene glycol

PGC-1a — peroxisome proliferator-activated receptor y coactivator-1 a
PI3K — phosphoinositide 3-kinase

PI3K/Akt — signaling pathway

RNA — ribonucleic acid

ROS - reactive oxygen species

siRNA — small interfering RNA

SOD — superoxide dismutase

STATS3 — signal transducer and activator of transcription 3

TNF — tumor necrosis factor
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4. MATERIAL AND METHODS

4.1 Isolation, cloning and expression mammalian MT in bacteria

4.1.1. Isolation metallothionein by PCR and cloning

The human MT3 protein (hMT3) was cloned in the pRSET-B vector (Invitrogen,
Waltham, MA, USA). The construction of human MT3-pRSET-B plasmid (Figure 9)
was obtained at Faculty of Science, Masaryk University, Brno, Czech Republic. Strains
were stored as a frozen stock suspension in 20% (v/v) glycerol at —20 °C until their
used. High levels of expression of DNA sequences cloned into the pRSET vectors were
made possible by the presence of the T7 promoter. The chemical transformation
protocol was performed following the instructions of New England Biolabs (Ipswich,
MA, USA), using as host BL21 (DE3) pLysS Chemically Competent E. coli strain.
Bacteria transformed with hMT3-pRSET-B plasmid were selected by ampicillin
resistance. For human MT2A gene isolation, the MagNA Pure Compact Nucleic Acid
Isolation Kit I (Roche, IN, USA) was used to isolation of DNA from human blood
samples, using the MagNA Pure Compact Instrument (Roche, IN, USA). This
procedure and results are explained in section Results and discussion. The rabbit MT2

protein (rMT2) was isolated from rabbit liver using FPLC.

T7 promoter
MT3

Figure 9. The map below shows the features of hMT3-pRSET-B. Vector pRSET is
control vector expressing [-galactosidase. Note that B-galactosidase is fused to an N-
terminal peptide containing the Xpress peptide, 6x-His tag and an enterokinase
recognition site. High levels of expression of DNA sequences cloned into the pRSET
vectors were made possible by the presence of the T7 promoter.
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Transformation protocol was as follows: addition of 1-5 pl containing 1 pg-100
ng of plasmid DNA to the cell mixture. Carefully flick the tube 4-5 times to mix cells
and DNA. Do not vortex. Place the mixture on ice for 30 minutes. Do not mix. Heat
shock at exactly 42 °C for exactly 30 seconds. Do not mix. Place on ice for 5 minutes.
Do not mix. Pipette 950 pl of room temperature SOC (super optimal broth with
catabolite repression) medium into the mixture. Place at 37 °C for 60 minutes. Shake
vigorously (250 rpm) or rotate. Warm selection plates to 37 °C. Mix the cells
thoroughly by flicking the tube and inverting, then perform several 10-fold serial
dilutions in SOC. Spread 50-100 pl of each dilution onto a selection plate (LB medium

with Ampicilin) and incubate overnight at 37 °C.

4.1.2. Isolation of MT from rabbit liver

The rabbit MT-2 protein (rtMT2) was isolated from rabbit liver. Amount of 2 g of
defrosted rabbit liver was homogenized on ice using Ultra-turrax T8 (Scholler
instruments, Germany) in 8§ ml of 10 mM Tris—HCI buffer (pH 8.6). The obtained
sample was subsequently vortexed (Vortex Genuie, Germany) and centrifuged
(Universal 320, Hettich Zentrifugen, Germany) at 5,000 rpm (30 min, 4 °C). Taken
supernatant was centrifuged again (Eppendorf centrifuge 5417R) in 1.5 ml micro test
tube at 4 °C (25,000 rpm, 30 min). The supernatant was subsequently heated in
thermomixer (Eppendorf thermomixer comfort, Germany) at 99 °C (10 min) and
centrifuged (Eppendorf centrifuge 5417R, Germany) in 1.5 ml micro test tube at 4 °C
(25,000 rpm, 30 min). Sample prepared like this was used for isolation of MT. The
purification of MTs was performed by FPLC.

4.1.3. Expression of MT in Escherichia coli

The positive transformants of all MTs (hMT2A and hMT3) were grown in LB (Luria-
Bertani) broth with 50 pg.ml™" ampicillin shaking at 37 °C overnight. The next day, the
culture was grown to 0.1 of OD 600 nm. When the culture reached the exponential
phase (0.4-0.6), isopropyl B-D-1-thiogalactopyranoside (IPTG) was added to a final

concentration of 1 mM and continued to grow the cells during 4 hours.

The pellet was frozen at -20 °C and then was resuspended with 20 mM
phosphate buffer at neutral pH. The method of cell lysis was carried out by freeze-thaw

cycles. The lysate was frozen in liquid nitrogen and was thawed at 42 °C (this freeze-
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thaw cycle was repeated two to three additional times). The isolation protocol was
performed following the instructions of pRSET A, B, and C for high-level expression of
recombinant proteins in E. coli (Invitrogen, USA). The protein fraction was harvested
by centrifugation during 10 minutes at 4000 rpm at 4 °C. The purification of MTs was
performed by FPLC.

4.2. Isolation and purification of MT by FPLC

FPLC was purchased from Biologic DuoFlow system (Biorad, USA), which consisted
of two chromatographic pumps for the application of elution buffers, a gel-filtration
column (HiLoad 26/60, 75 PG, GE Healthcare, Sweden), an injection valve with 2 ml
sample loop, an UV—Vis detector and an automated fraction collector. Solution of 150
mM NaCl in 10 mM Tris—HCI buffer (pH 8.6) was used as a mobile phase. Flow of the
mobile phase was set to 4 ml/min. Isocratic elution was used for MT separation.
Column was washed for 60 min by mobile phase prior to every separation. Process of
MT-2 isolation from rabbit liver after Cd(II) application was performed according to
[193]. Fraction containing MT was collected in elution volume of 240 ml. Signal of MT
was well evident due to binding of Cd(Il) ions into protein structure, which caused
change in the absorbance measured at 254 nm. Dialysis and lyophilisation of

corresponding fraction were also carried out in deionised water.
4.3. SDS-PAGE

The electrophoresis was performed using a Mini Protean Tetra apparatus with gel
dimension of 8.3 x 7.3 cm (Bio-Rad, USA). Firstly, 12.5% (m/V) running, then 5%
(m/V) stacking gel was poured. The gels were prepared from 30% (m/V) acrylamide
stock solution with 1% (m/V) bisacrylamide. The polymerization of the running or
stacking gels was carried out at room temperature for 45 min prior to analysis the
samples were mixed with non-reduction sample buffer in a 2:1 ratio. The samples were
incubated at 93 °C for 3 min, and the sample was loaded into a gel. For determination
of the molecular mass, the protein ladder from Biorad was used. The electrophoresis
was run at 120V for 1 h 15 min at 4 °C (Power Basic, Biorad USA) in tris-glycine
buffer (0.025 M Trizma-base, 0.19 M glycine and 3.5 mM SDS, pH = 8.3). Then the
gels were stained Coomassie blue and consequently with silver, if proteins

concentration in the samples was below detection limit of Coomassie blue staining.
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The procedure of rapid Coomassie blue staining was adopted from Wong et al. [194],
silver staining was performed according to Krizkova et al. [159] with omitting the
fixation (1.1% (v/v) acetic acid, 6.4% (v/v) methanol and 0.37% (v/v) formaldehyde)

and first two washing steps with 50% (v/v) methanol).

4.4. The Matrix-Assisted Laser Desorption/lonization time-of-flight
Mass Spectrometry (MALDI-TOF MYS)

The matrix used in the MALDI-TOF MS for characterisation of PC was o-cyano-4-
hydroxycinnamic acid (HCCA) (Bruker). The matrix was prepared in 70% methanol.
Mixture was thoroughly vortexed and ultrasonicated using Bandelin 152 Sonorex
Digital 10P ultrasonic bath (Bandelin electronic GmbH, Germany) to 2 minutes 50% of
intensity at ambient temperature. Working standard solutions were prepared daily by
dilution of the stock solutions. The sample solutions were TA30 (30% acetonitrile, 0.1%
trifluoroacetic acid solution). The solutions for analysis were mixed in volume ratio 1:1
(matrix/substance). After obtaining a homogeneous solution, 1ul was applied on the
MTP ground target plate (Bruker Daltonik GmbH) and dried under atmospheric

pressure and 25 °C.

Samples preparation crystallization method for MALDI-TOF MS was done in
three different ways: Dried Droplet (DD), Thin Layer (TL) and Double Layer (DL).
For DD, a saturated matrix solution is prepared. This matrix solution was mixed in
equal volumes with the sample solution (1:1). The sample solution was TA30. The
mixture was pipeted on the target (1 pl) and dried at 25 °C. The preparation yielded
relatively large crystals on the target surface as well as regions without matrix or
analyte. For TL, the matrix was prepared on the target to form a thin layer of very small
and homogenous crystals. After spotting of this solution spreaded on the target it was
evaporated very fast. The thin matrix layer remained on the surface of the target. The
sample was applied on top of this thin layer. After the sample was dried, the analyte
molecules remained on top of the matrix, and one way to combine DD and TL
preparation is the DL method. Here, a thin layer of matrix was prepared as described

above and on top of that thin layer a normal dried droplet was applied.

For Cd-PC2 complexes formation were used final concentrations of PC2 (250

ng/ul) and CdCl, (500 ng-pl™) in water (ACS) incubated 1 h at 20 °C.
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MTs were analyzed by MALDI-TOF MS (ultrafleXtreme instrument, Bruker
Daltonik, Germany) equipped with a laser operating at a wavelength of 355 nm with an
accelerating voltage of 25 kV, cooled with nitrogen and a maximum energy of 43.2 uJ
with repetition rate 2000 Hz, and with software for data acquisition and processing of
mass spectra flexControl version 3.4 and flexAnalysis version 2.2. As matrices were
used HCCA and 2,5-dihydroxybenzoic acid (DHB) (Bruker) prepared in TA30 for
optimization of the conditions for determination of MTs. Mixture was thoroughly
vortexed. Working standard solutions were prepared daily by dilution of the stock
solutions. The sample solutions were TA30. The solutions for analysis were mixed in
ratio of 1:1 (matrix/substance). After obtaining a homogeneous solution, 1ul was

applied on the target and dried under atmospheric pressure and ambient temperature.

For find the optimal condition of characterization MTs rabbit liver by MALDI-
TOF MS, the samples preparation crystallization method was done in two different
ways: Dried Droplet (DD) and Thin Layer (TL) for HCCA matrix. For DD, a saturated
matrix solution is prepared. This matrix solution is mixed in equal volumes with the
sample solution (1:1). The sample solution was TA30. The mixture is pipeted on the
target (1 pl) and dried at ambient temperature. The preparation will yield relatively large
crystals on the target surface a well as regions without matrix or analyte. For TL, the
matrix is prepared on the target to form a thin layer of very small and homogenous
crystals. After spotting this solution spreads on the target and evaporates very fast. The
thin matrix layer remains on the surface of the target. The sample was applied on top of
this thin layer. After the sample was dried, the analyte molecules remain on top of the
matrix. Before measuring samples, a mixture of peptide calibration standards (Bruker)
was used to externally calibrate the instrument. The MS spectra were typically acquired
by averaging 20 sub spectra from a total of 500 shots of the laser (Smartbeam 2.
Version: 1_0 38.5).

4.5. lon Exchange Chromatography

For determination of PC2 an IEC (Model AAA-400, Ingos, Prague, Czech Republic)
with post column derivatisation with ninhydrin and Vis detector was used. A glass
column with inner diameter of 3.7 mm and 350 mm in length was filled manually with a
strong cation exchange resin in sodium cycle LG ANB (Ingos) with approximately 12

um particles and 8% porosity. The column was tempered within the range from 40 to
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115 °C. A double channel Vis detector with 5 pul cells was set to detection wavelengths
440 nm and 570 nm. A solution of ninhydrin (Ingos) was prepared with 75% (V/v)
methylcelosolve (Ingos) and with 2% (v/V) 4 M acetic buffer (pH 5.5). Tin chloride
(SnCl,) was used as a reducing agent. The prepared solution of ninhydrin was stored
under an inert atmosphere (N,) in dark at 4 °C. The flow rate of mobile phase was 0.25
ml-min” and flow rate of ninhydrin was tested within the range from 0.1 to 0.35

ml-min”". The reactor temperature was optimised within the range from 90 to 130 °C.

4.6. Synthesis and functionalization of magnetic particles (MPs)

Fe(NO3)3-9H,0 (1.5 g) was dissolved in water (80 ml). Under stirring was added 0.2 g
of NaBH,, which was dissolved in 10 ml of 3.5% NHj and heated (2 h, 100 °C). After
cooling, the mixture was left overnight and magnetic nanoparticles were separated by
external magnetic field, washed several times with water and used as a core for surface

modifications.
MAN-53

Maghemite was suspended in water solution (20 ml) of 7.5% polyvinylpyrrolidone
(PVP), mixed with 25 ml of 1 mM HAuCl, and finally 0.75 ml of trisodium citrate (26
mg-ml™") was added in order to produce a shell structure. Resulting mixture was stirred
overnight, separated using an external magnetic force field and dried at 40 °C.

Procedure of this material fabrication was published previously [33].
MAN-131

Maghemite was mixed with a water solution (20 ml) of polyethylenimine (0.5 g) and
stirred for 1 h. 25 ml of HAuCls (1 mM) was added, stirred 1 h and sodium citrate (0.75
ml, 26 mg-ml~") was poured into the solution. The mixture was stirred overnight. C-dots
covered with PVP (C-dots-PVP) were prepared similarly to works [34,35] from 10.0 ml
of ethylene glycol, 1.0 ml of PVP solution (average Mw ~ 10 kDa) and 1.0 g of citric
acid. The solution was heated at 180 °C for 4 h under N,. The solution was purified by
dialyzing than centrifuged at 10 000 rpm and 5 ml of the supernatant was used for
modification of maghemite. The mixture was stirred for 4 h, separated by magnet,

washed 3 times with water and dried at 40 °C.
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MAN-132

Maghemite was suspended in water solution (20 ml) of polyethylene glycol (PEG
4000), mixed with 25 mL of 1 mM HAuCl4 and finally 0.75 ml of trisodium citrate (26
mgml™') was added. Resulting mixture was stirred overnight, separated using an

external magnetic force field and dried at 40 °C.
MAN-133

The preparation way was similar to preparation of MAN-132 only PEG of molecular

weight 1500 (0.5 g) was used.
MAN-134

Maghemite suspension was added to a solution of poly(4-styrenesulfonic acid) (0.5 g)
and mixed for 1 h. 25 ml of 1 mM HAuCl, was added, mixed for 1 h and finally 0.75 ml
of trisodium citrate (26 mg'ml') was added. The mixture was stirred overnight,

separated by magnet and dried at 40 °C.
MAN-135

Maghemite suspension was added to a solution of polyacrylamide (0.5 g) and mixed for
1 h. 25 ml of I mM HAuCly was added, mixed for 1 h and finally 0.75 ml of trisodium
citrate (26 mg-ml ") was added. The mixture was stirred overnight, separated by magnet

and dried at 40 °C.

4.7. Characterization of synthesized MPs

The morphologies of MPs were studied using scanning electron microscope MIRA3
LMU (Tescan, a.s., Brno, Czech Republic). An accelerating voltage of 15 kV and beam
current about 1 nA was applied with satisfactory results regarding to maximum
throughput. MPs size and their 6-potential were observed by Particle Size Analyzer
(Zetasizer Nano ZS90, Malvern instruments, Malvern, UK). MPs were dispersed in
phosphate buffered saline (PBS, 137 mM NaCl, 2.7 mM KCl, 1.4 mM NaH,PO,, and
4.3 mM Na,HPOy,, pH 7.4) and incubated at 25 °C for 15 min before the measurement.
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4.8. Manual isolation of MTs using MPs

Prior to isolation process, MPs (40 mg-ml") were washed using PBS (6 x 250 ul, pH
=7) to remove impurities. For isolation, MT isolated from rabbit liver (50 pg-ml™") was
incubated with MPs (0.5 mg-ml™") under conditions as follows: 37 °C, 30 min, 1190 rpm
in thermomixer (Eppendorf Thermomixer comfort, Hamburg, Germany). MPs with
bound MT were forced using external magnetic field and six times washed with PBS or
combination of PBS (3 x 250 ul, pH 7) and 200 mM borate buffer (3 % 250 ul, pH 6). In
order to detect MTs, MPs with bound MT were dissolved in hydrochloric acid (250 pl,
3 M HCI). Obtained solution was evaporated using nitrogen evaporator Ultravap RC
(Porvair Sciences, Leatherhead, UK). Finally, the evaporated sample was resuspended

with ACS H,0 (250 pl) and final product was detected by DPV.

4.9. Fully automated pipetting system

Fully automated MTs isolation procedure had the same specific parameters as in the
way of manual isolation procedure. Here the whole procedure carried out on automated
pipetting system epMotion 5075 (Eppendorf, Hamburg, Germany). The pipetting
provides a robotic arm with dispensing tools (TS50, TS300, TS1000), which are in the
positions T1 — T4. The samples are placed in the positions B2 and C2 in Eppendorf
Rack for 96 Test Tubes. Eppendorf Reservoir Holder with 7 x 30 ml reservoirs
(maximum filling volume: 30 ml, working volume: 25 ml, detection limit of optical
sensor: 3 ul) was located in the position B1. The device was controlled by the PC
software (Eppendorf). The tips were located in the A3 (epTIPS Motion, 50 ul) and A2
(epTIPS Motion, 300 ul) positions. The experimental program is described in Results

and discussion section.
4.10. Electrochemical methods

4.10.1. Flow injection analysis coupled with electrochemical detection

Coulochem 111

The instrument for flow injection analysis with electrochemical detection (FIA-ED)
consisted of solvent delivery pump operating in range of 0.001-9.999 ml-min" (Model
582 ESA Inc., Chelmsford, MA, USA), a guard cell (Model 5020 ESA, USA), a

reaction coil (1 m) and/or a chromatographic column Zorbax eclipse AAA CI18

130


K1PC2
Typewritten Text


(150 x 4.6; 3,5 um particles, Agilent Technologies, USA), UV-Vis (Model 528, ESA
Inc., Chelmsford, MA, USA) and an electrochemical detector. The electrochemical
detector included one low volume flow-through analytical cell (Model 5040, ESA,
USA), which consisted of glassy carbon working electrode, hydrogen-palladium
electrode as reference electrode and auxiliary electrode, and Coulochem III as a control
module. The sample (20 pl) was injected using autosampler (Model 542, ESA Inc.,
Chelmsford, MA, USA). The data obtained were evaluated by Clarity software (Version
3.0.04.444, Data Apex, Czech Republic). The experiments were carried out at room
temperature. Guard cell potential was set as 0 V. A glassy carbon electrode was
polished mechanically by 0.1 um of alumina (ESA Inc., Chelmsford, MA, USA) and
sonicated at room temperature for 5 min using a Sonorex Digital 10 P Sonicator
(Bandelin, Berlin, Germany) at 40 W. Flow rate of mobile phase was 1 ml-min™.

Hydrodynamic voltammograms has been analyzed in range 100—-1000 mV with 100 mV
step.

4.10.2. Flow injection analysis coupled with electrochemical detection

Coularray

FIA-ED system consisted of two solvent delivery pumps operating in the range of
0.001-9.999 ml-min”' (Model 582 ESA Inc., Chelmsford, MA), a reaction coil (1 m) and
a CoulArray electrochemical detector (Model 5600A, ESA Inc., Chelmsford, MA,
USA). The electrochemical detector included three flow cells (Model 6210, ESA Inc.,
Chelmsford, MA, USA). Each cell consisted of four working carbon porous electrodes,
each one with auxiliary and dry H/Pd reference electrodes. Both the detector and the
reaction coil/column were thermostated. The sample (20 pl) was injected using
autosampler (Model 542 HPLC, ESA Inc., Chelmsford, MA, USA). Flow rate of mobile
phase was 1 ml-min”. Hydrodynamic voltammograms has been analyzed in range 100 —

1000 mV with 100 mV step.

4.10.3. Differential Pulse Voltammetry on a hanging mercury drop

electrode by Brdicka reaction

Products of isolation procedure were detected by differential pulse voltammetry on a

hanging mercury drop electrode (HMDE) with a drop area of 0.4 mm? as the working
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electrode. An Ag/AgCl/3M KCl electrode was the reference and platinum electrode was
auxiliary. An electrochemical cell was cooled to 5°C (Julabo F25, JulaboDE,
Labortechnik, Wasserburg, Germany). The analyzed samples were deoxygenated prior
to measurements by purging with argon (99.999 %) saturated with water for 10 s.
Brdicka supporting electrolyte containing 1 mM [Co(NH3)s]Cl; and 1 M ammonia
buffer (NH;(aq) and NH4CI, pH = 9.6) was used and changed after each analysis. The
parameters of the measurement were as follows: initial potential of -0.7 V, end potential
of -1.75 V, pulse period 0.80 s, sample period 10 ms, pulse width 30 ms, step potential
2 mV, modulation amplitude -25 mV, sweep rate 2.5 mV‘s'l, Euts=0V, tas=120s,
stirring 1000 min™', volume of injected sample: 5 pl, volume of measurement cell 2 ml
(5 pl of sample and 1995 pl Brdicka solution). Manual determination was performed on
the 693 VA Stand (Metrohm, Herisau, Switzerland). Automated electrochemical
detection was performed with 747 VA Stand instrument connected to 693 VA Processor
and 695 Autosampler (Metrohm, Herisau, Switzerland). For data processing VA
Database 2.2 by Metrohm was employed.
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5. RESULTS AND DISCUSSION

Results and Discussion part of this Ph.D. thesis is presented as three publications in
scientific journals and Experimetal chapter (future publication) and supplemented by
the comments of the author. For each work also author contribution on the creation of

publication is marked.

5.1 Optimization of MALDI-TOF for PC2 and Cd-PC complex

determination

The next step of the study was demonstrated that MALDI-TOF MS is the ideal and

promising techniques for screening and characterization in Cd-PC2 complexes.

5.1.1. Reseach article |

MIGUEL ANGEL MERLOS RODRIGO, ONDREJ ZITKA, MARKETA
KOMINKOVA, VOJITECH ADAM, MIROSLAVA BEKLOVA AND RENE KIZEK.
Analysis of Cadmium-Phytochelatins 2 Complexes Using Flow Injection Analysis
Coupled with Electrochemical Detection Mass Spectrometry. Int. J. Electrochem. Sci., 8
(2013) 4409 — 4421.

Participation in the work of the author M.A. Merlos Rodrigo: experimental part 40%

and manuscript preparation 50%.

Cd is a heavy metal that is of great threat in the environment. Concentrations of Cd can
be accumulated by plants with toxic effect to them. Notably, higher plants, algae,
certain yeasts and animals are equipped with a repertoire of mechanisms to counteract
metal toxicity. The key elements of these are chelation of metals by forming PCs and
related cysteine-rich polypeptides. PCs are produced from glutamine, cysteine and
glycine and the process is catalysed by PC synthases known as y-glutamylcysteine (y-
Glu-Cys) dipeptidyl transpeptidases. The role of PCs in metal detoxification likely
results from immobilization of metals, preventing non-specific binding to important

biomolecules, followed by the transport of the Metal-PC complexes into the vacuole, or
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its excretion. It is therefore of interest to attempt to directly characterized of Cd-PC

complexes.

The aim of this work was characterization PC2 and Cd-PC2 complexes using MALDI-
TOF MS and flow injection analysis/high performance liquid chromatography with

CoulArray or Coulochem electrochemical detector.

Cd-PC2 complexes and optimal method of the formation of complex by the MALDI-
TOF MS was confirmed. We proved the creation Cd-PC2 complex using MALDI-TOF
MS and these results indicated that the optimum conditions for the determination of
PC2 by utilizing a-Cyano-4-hydroxycinnamic acid as matrix was a laser intensity of
433 pJ and the concentration of the matrix more convenient was 15 mg:ml™” in

methanol 70%.

Base on the results obtained the highest response for PC2 was with applied pH 2 and
with increasing pH the signal has been decreasing using electrochemical detector
Coulochem IIT in flow injection system. Higher temperature around used 40°C is
positively influencing the interaction between Cd and thiol groups of PC-2 by
Coulochem III. The time was not affecting the forming of complex. The higher intensity
of creation complex is due to applied concentration of 100 pg'ml”’ and no distinct

change in HDV trend is observed by higher applied concentrations by CoulArray.

In this study, the obtained data show that MALDI-TOF MS in combination with the
flow injection analysis coupled with electrochemical detection Coulochem III or/and

Coularray is a reliable and fast method for the determination of these complexes.
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In this study, in vitro synthesized Cd-phytochelatin (PC2) complexes were characterized using flow
injection analysis/high performance liquid chromatography with CoulArray or Coulochem
electrochemical detector of PC2 and Cd-PC2 complexes. Method of the formation of complex by the
matrix-assisted laser desorption/ionization time-of-flight mass spectrometer (MALDI-TOF-MS) was
confirmed. Higher pH had lowered effect for Cd(II) detection but PC2 detection suffers much in task
of sensitivity and for further analysis we thus used the Britton-Robinson buffer at pH 2 as electrolyte.
Higher temperature than 40 °C positively influenced the interaction between Cd and thiol groups of
PC2 by Coulochem III. The time did not affect the forming of complex. The concentration had bigger
effect on the formation of complex than time of incubation. The biggest change was, with regards to
concentration, observed under applied concentration 400 pg/ml and where the slope was the most
decreasing which means the decreasing the amount of PC2 and increasing of amount of complex. In
the case of the influence of time, 400 pg/ml reported the most decreasing trend after 8 hour of
incubation. Subsequently we proved the formation Cd-PC2 complex using MALDI-TOF-MS and these
results indicated that the optimum conditions for the determination of PC2 utilizing HCCA as matrix
was a laser intensity of 43.3 puJ and the concentration of the matrix was 15 mg/ml in 70% methanol
(V/V). The obtained data show that the flow injection analysis coupled with electrochemical detection
Coulochem III or/and Coularray in combination with MALDI-TOF is a reliable and fast method for the
determination of these complexes.
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1. INTRODUCTION

Heavy metals, such as cadmium (Cd), are potentially toxic to all organisms. It is not surprising
that organisms have protective mechanisms to resist, at least partially, the adverse effect of metals. Cd
is a non-essential heavy metal ubiquitously dispersed in the environment by natural and anthropogenic
activities [1-3]. Biological systems respond to potentially toxic levels of metal ions mainly by
chelation and sequestration of the excess of the element. Plants respond to Cd toxicity of different
ways such as immobilization, exclusion, chelation and compartmentalization of the metal ions, and the
expression of more general stress response mechanisms as stress peptides [4-6].

Phytochelatins (PC) are enzymatically synthesized peptides produced in a wide variety of plant
species including monocots, dicots, gymnosperms, and algae as heavy metal binding ligands, such as
cadmium. PCs form a family of structures with increasing repetitions of the -Glu-Cys dipeptide units
followed by a terminal Gly, (y-Glu-Cys)n-Gly or (y—EC)n-Gly, where n ranges from 2—11 [4,7-9]. PCs
are synthesized from reduced glutathione (GSH) by the constitutive enzyme PC synthase, activated by
a variety of metal ions, among which Cd is the most effective [10-16].

PC are usually analysed by using a method developed by Grill et al. [17]. In addition to this
method, Doring et al. used pre-column derivatization, high-performance liquid chromatography and
fluorescence-detection for analysis of PC in plant [18]. In order to determine the Cd-PC complexes,
different methodologies have been used in recent years. Techniques, such as high performance liquid
chromatography inductively coupled plasma mass spectrometry (HPLC-ICP-MS) and high
performance liquid chromatography electrospray mass spectrometry (HPLC-ESI-MS) are analytical
instruments to study metal speciation in plants. They were applied in phytoremediation research as
well as in the understanding of metal accumulation mechanism. Chen et al. characterized in vitro
synthesized Cd-PC complexes and in vivo Cd-PC complexes in Cd-stressed plants, using size
exclusion chromatography (SEC) ICP-MS and ESI-MS/MS [19]. Nano-electrospray ionization tandem
mass spectrometry and capillary liquid chromatography/electrospray ionization tandem mass
spectrometry method was used for the analysis of Cd-PC complexes in plant tissue culture [20]. Liquid
chromatography coupled with on line chemical vapour generation and atomic fluorescence
spectrometric detection [21], and inductively coupled plasma-mass spectrometry (ICP-MS) [22,23],
were methods used for the determination of Cd-PC complexes.

The innovation of flow injection analysis (FIA) for the analysis of peptides or proteins with a
sensitivity of low concentrations has greatly enhanced our capability to analyse metallic complexes,
including the interaction between a peptide and a metal ion [24]. So far, few studies of the use of flow
injection analysis in the analysis of PCs have been reported [24], but the direct analysis of PC-Cd
complexes has not been explored. Therefore, the main aim of this study was to optimize flow injection
analysis/high performance liquid chromatography coupled with CoulArray or Coulochem
electrochemical detector for analysis of PC2 and Cd-PC2 complexes synthesized in vitro. The results
were further evaluated by MALDI-TOF.
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2. EXPERIMENTAL PART
2.1 Chemicals

Phytochelatin2 (PC2) (y-Glu-Cys)2-Gly was synthesized in Clonestar Biotech (Brno, Czech
Republic) with a purity above 90 %. HPLC-grade methanol (>99.9%; v/v) from Sigma-Aldrich (St.
Louis, USA) was used. Other chemicals (H;PO,;, CH3;COOH, H3;BO;, NaOH and CdCl,) were
purchased from Sigma-Aldrich in ACS purity unless noted otherwise. Stock standard solutions of the
PC2 (1 mg/ml) were prepared with ACS water and stored in dark at -20 °C. Working standard
solutions were prepared daily by dilution of the stock solutions. All solutions were filtered through
0.45 pm Nylon filter discs (Millipore, Billerica, Mass., USA) prior to FIA-ED analysis. The pH value
was measured using InoLab pH 730 WTW (Weilheim, Germany).

2.2 Flow injection analysis coupled with electrochemical detector Coulochem 111

The instrument for flow injection analysis with electrochemical detection (FIA-ED) consisted
of solvent delivery pump operating within the range from 0.001 to 9.999 ml/min (Model 582 ESA Inc.,
Chelmsford, MA, USA), a guard cell (Model 5020 ESA, USA), a reaction coil (1 m) and/or a
chromatographic column Zorbax eclipse AAA C18 (150 x 4.6; 3.5 pm particles, Agilent Technologies,
USA), UV-VIS (Model 528, ESA Inc., Chelmsford, MA, USA) and an electrochemical detector. The
electrochemical detector includes one low volume flow-through analytical cell (Model 5040, ESA,
USA), which is consisted of glassy carbon working electrode, hydrogen-palladium electrode as
reference electrode and auxiliary electrode, and Coulochem III as a control module. The sample (20 pul)
was injected using autosampler (Model 542, ESA Inc., Chelmsford, MA, USA). The data obtained
were treated with Clarity software (Version 3.0.04.444, Data Apex, Czech Republic). The experiments
were carried out at room temperature. Guard cell potential was set as 0 V. A glassy carbon electrode
was polished mechanically by 0.1 pm of alumina (ESA Inc., Chelmsford, MA, USA) and sonicated at
room temperature for 5 min using a Sonorex Digital 10 P Sonicator (Bandelin, Berlin, Germany) at 40
W. Flow rate of mobile phase was 1 ml/min. Hydrodynamic voltammograms were analyzed in range
100 — 1000 mV with 100 mV steps.

2.3 Flow injection analysis coupled with electrochemical detector Coularray

FIA-ED system consisted of two solvent delivery pumps operating within the range from 0.001
to 9.999 ml/min (Model 582 ESA Inc., Chelmsford, MA), a reaction coil (1 m) and a CoulArray
electrochemical detector (Model 5600A, ESA Inc., Chelmsford, MA, USA). The electrochemical
detector includes three flow cells (Model 6210, ESA Inc., Chelmsford, MA, USA). Each cell consists
of four working carbon porous electrodes, each one with auxiliary and dry H/Pd reference electrodes.
Both the detector and the reaction coil/column were thermostated. The sample (20 pl) was injected
using autosampler (Model 542 HPLC, ESA Inc., Chelmsford, MA, USA). Flow rate of mobile phase
was 1 ml/min. Hydrodynamic voltammograms were analyzed in range 100 — 1000 mV with 100 mV
steps.
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2.4 Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry

The mass spectrometry experiments were performed on a MALDI-TOF mass spectrometer
Bruker Ultraflextreme (Bruker Daltonik GmbH, Germany) equipped with a laser operating at
wavelength of 355 nm with an accelerating voltage of 25 kV, cooled with nitrogen and a maximum
energy of 43.2 pJ with repetition rate 2000 Hz in linear and positive mode, and with software for data
acquisition and processing of mass spectra flexControl version 3.4 and flexAnalysis version 2.2. The
matrix used in the MALDI method was a-cyano-4-hydroxycinnamic acid (HCCA) (Bruker). The
matrix was prepared in 70% methanol. Mixture was thoroughly vortexed and ultrasonicated using
Bandelin 152 Sonorex Digital 10P ultrasonic bath (Bandelin electronic GmbH, Germany) to 2 minutes
50% of intensity at room temperature. Working standard solutions were prepared daily by dilution of
the stock solutions. The sample solutions were TA30 (30% acetonitrile, 0.1% trifluoroacetic acid
solution). The solutions for analysis were mixed in ratio of 1:1 (matrix/substance). After obtaining a
homogeneous solution, 1 pl was applied on the MTP ground target plate (Bruker) and dried under
atmospheric pressure and room temperature. A mixture of peptide calibrations standard (Bruker) was
used to externally calibrate the instrument.

Samples preparation crystallization method for MALDI-TOF was done in three different ways:
Dried Droplet (DD), Thin Layer (TL) and Double Layer (DL). For DD, a saturated matrix solution was
prepared. This matrix solution was mixed in equal volumes with the sample solution (1:1). The sample
solution was TA30. The mixture was pipetted on the target (1 ul) and dried at room temperature. The
preparation yielded relatively large crystals on the target surface a well as regions without matrix or
analyte. For TL, the matrix was prepared on the target to form a thin layer of very small and
homogenous crystals. After spotting this solution spread on the target and evaporated very fast. The
thin matrix layer remained on the surface of the target. The sample was applied on top of this thin
layer. After the sample was dried, the analyte molecules remained on top of the matrix. One way to
combine of DD and TL preparation is the DL method. Here, a thin layer of matrix was prepared as
described above and on top of that thin layer a normal dried droplet was used.

PC2 (250 ng/ul) and CdCI2 (500 ng/ul) in ACS water incubated for 1 h at 20 °C were used for
Cd-PC2 complexes formation. The MS spectra were typically acquired by averaging 20 sub spectra
from a total of 500 shots of the laser (Smartbeam 2. Version: 1 _0 38.5) with an energy of 43.2 uJ
(50%).

3. RESULTS AND DISCUSSION
3.1 Optimization of FIA-ED for PC2 and Cd-PC complex determination

Our experiments were focused on studying of change of electrochemical profile based on
hydrodynamic voltammogram (HDV) generated by HPLC-ED using two different electrochemical
detectors. Primarily, we optimized a detection using electrochemical detector Coulochem III in flow
injection system. During electrochemical analysis the pH is the most influencing factor with regards to
the observed oxidizing or reducing maxima or even of the sensitivity of detection. Therefore we tested
pH in wide range using Britton-Robinson buffer as the mobile phase, which covers pH 2, 3, 4, 5, 6, 7
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and 8. The results obtained from the analysis of individual samples of free PC2 and free Cd(II) are
shown in Fig. 1A and B. We presented the maxima of the HDV of PC2 as 900 mV (inset in Fig. 1A)
and Cd(I) as 600 mV (inset in Fig. 1B). For better understanding the development of the HDV based
on change of pH the border and middle values are displayed as well. It clearly follows from the results
obtained that the highest response for PC2 was obtained at pH 2. The pH has been further increasing
the signal has been decreasing. In the case of Cd(Il), the influence of increasing pH was marginal. The
pH 2 provides only about 30% lower signal than the highest tested pH 8. Change of pH across the
tested spectrum from 2 to 8 much more negatively affected the PC2 detection (up to 95% decrease) in
comparison to Cd(II) (only 30% increase). Therefore it is obvious that higher pH has lower effect for
Cd(II) detection but PC2 detection suffers much in task of sensitivity and for further analysis we thus
used the Britton-Robinson buffer at pH 2 as an electrolyte.

0.7
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Figure 1. The obtained signal represented by peak height from FIA-ED determination using
coulochem III electrochemical detector for (A) PC-2 and Cd(II) (B). In insets: the
hydrodynamic voltammograms (HDV) obtained for pH 2, 5 and 8 for analysis of (A) PC-2 and
(B) Cd(I).

3.2 Electrochemical studying complexes by Coulochem Il1

Further, we analysed the mixtures of PC2 and Cd(II) under applied concentration 100 pg/ml
each. Therefore, we studied the influence of the incubation temperature (10, 20, 30 and 40 °C) and
time of incubation (0, 2, 4, 6 and 8 h) on the forming of the complex during mixing in vortex under
600 rpm. Then, all variants were analyzed by Coulochem III for obtaining the HDVs (Fig. 2). Due to
the optimal signal at 600 mV for Cd(II), we monitored the HDVs in this applied potential (Figs. 2A, B,
C and D). There is also shown the change of profile of each HDV in greater details (Figs. 2Aa, Bb, Cc
and Dd) for 0, 4, 6 and 8 hour at each temperature. It clearly follows from the results obtained that
incubation time did not affect the interaction. With regards to applied temperature there is shown that
10-30°C caused signals lower than 1 pA. However, under the 40°C the intensity of signal was app. 1.5
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nA, i.e. for 50 % higher. It clearly follows that higher temperature positively influenced the interaction
between Cd and thiol groups of PC-2.

A Aa B Ba
5 7 5 5 5 5
2 e (). 1 |y = — =—t—0.h - —t—i h
=4 4 54 < 4
E! ! Et =
23 3 53 B
) =y 2 2
2, ] z, %2 ¥ 2
k| = & &
2 21 1 1
—_
_
=] R 0 é O\QQ\Q 04
= N N
=1 S0 S PS¢ z SEOGRN Rl
o Potential (mV) Potential (mV) :E—,b Potential (mV) Potential (mV)
o -
RS 5 5 = 5 5
2 o1 P, > z e 6. 1 2 =438 h
—4 —_a S 3 4 3 4
& e 2* ~ 3 -z
= = W og o
53 33 :° :°
224 E 2 f—j 2 5 2
] = 9 ~
&4 21 14 1
° 0246 8 0 0 0 0 °
2 0 2 4 6 8§ D & O ®
IR N “ RN F P
Incubation time (hours) BT A A & ;)QQ & gp% Incubation time (hours) B SR P N e A
Potential (mV) Potential (mV) Potential (mV) Potential (mV)
C Ca D Da
q 5 5 n 5 5
= — g (01 —_ —t—4h < ~ 0.h
Z4 I 4 24 o4 4.h
. = Z <
3 B 3 = =3
B 2 e 2
§ 2 g 2 I I I %2 22
[ [ o 3
1 1 _ 1 =1
<
g 0 " 0 = 0 -0 0 -
= & H.P.D P PP 2 Y
1 TS A 5 L TP S P ®
;'::b Potential (mV) Potential (mV) ] Potential (mV) Potential (mV)
'3 5 5 = 5 I 5
= = —t—6_h = —t—38 h s — ah
3 R Ry I i‘, 4 24
~ = =] = =
z = = =
ED 3 ED 34 e 25
ERE % 5 ¥ 2 2,
£ g & E
14 1 L a1
0 0 0+ 0 I m— 0 o o ]
P RDLHP
024 6 8 &S F S KOOI 0 2 4 68 S PSP
Incubation time (hours) Potential (mV) Potential (mV) Incubation time (hours) Potential (mV) Potential (mV)

Figure 2. Signal intensities taken from hydrodynamic voltammograms of mixtures of PC2 (100 pg/ml)
and CdCl; (100 pg/ml) under applied potential 600 mV in time of incubation 0, 2, 4, 6 and 8
hours under different temperatures as (A) 10 °C, (B) 20 °C, (C) 30 °C and (D) 40 °C. Real
HDVs from the analysis for 0, 4, 6 a 8 hours for each tested temperature as (Aa) 10 °C, (Ba) 20
°C, (Ca) 30 °C and (Da) 40 °C.

3.3 Electrochemical studying of complexes by CoulArray

As we found the effect of temperature using Coulochem detector we attempted to use different
detector for obtaining the HDV confirming the presence of complexes with different applied
concentration. Coulometric detection enables to redox change more than 90% passing analyte in
comparison with coulochem detection where less than 5% of passing analyte is detected [25].
Therefore Coularray as coulometric detector was used for this purpose. The various applied
concentrations of PC2 were 100, 200, 300 and 400 pg/ml mixed with Cd(II) 100 pg/ml. Analysis was
carried out under temperature 20° C and for 0, 2, 4, 6 and/or 8 h. Same as in the previous case all
variants were analysed for obtaining the HDVs and at 600mV we monitored the change of the intensity
of electrochemical signal (Figs. 3A, B, C and D). There is also shown the change of profile of each
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HDYV in greater details in Figs. 3Aa, Bb, Cc and Dd for 100, 200, 300 and 400 pg/ml. It clearly follows
from the results obtained that time did not affect the forming of complex as much as applied
concentration. The higher intensity of creation complex is due to applied concentration of 100 pg/ml
and no distinct change in HDV trend was observed under higher applied concentrations.
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Figure 3. Signal intensities taken from hydrodynamic voltammograms of mixtures of PC2 and CdCl,
(100 pg/ml) under applied potential 600 mV in time of incubation 0, 2, 4, 6 and 8 hours in
various concentration of PC2 as (A) 100 pg/ml, (B) 200 pg/ml, (C) 300 pg/ml and (D) 400
pg/ml. Real HDVs from the analysis of interactions lasted for 0, 4, 6 and 8 hours for each
applied concentrations of PC2 as (Aa) 100 pg/ml, (Ba) 200 pg/ml, (Ca) 300 pg/ml and (Da)
400 pg/ml

3.4 Influence of concentration and temperature

We decided to make a graphical expression of the real influence of the time of incubation and
applied concentration, which is shown in Fig. 4. For more accurate counting we took an inflection
points from the first peak visible in HDV which was appearing near to 500 mV. This approach is in
accordance with the method of counting the HDV maxima [25]. Due to counting of inflection points
we found that the biggest change is made as creation of disproportion between the peaks in 500 and
900 mV in HDV. In the 900 mV there is maximal response of PC2, which was reported before [26]
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and the increasing of signal in lower potentials app. 500 mV was reported to be pointing to the metal-
thiol complex formation [24]. Here, this can be considered as the formation of Cd-thiol complex. After
making the difference between these two maxima we obtained the figures for temperature influence
(Fig. 4A) and for influence of concentration (Fig. 4B). These figures coincidently reported that due to
affecting by selected factor (time, concentration) there is observed the change of the ratio which we
expressed as the change of slope and we reported it in Fig. 4C, where it is obvious that concentration
has bigger effect on the formation of complex than time of incubation. The biggest change is under
applied concentration 400 pg/ml and (Fig. 4A) where the slope is the most decreasing which means the
decreasing the amount of PC2 and increasing of amount of complex. Other concentrations has slowly
decreasing trend in order to applied concentrations from 100 to 300 pg/ml. In the case of the influence
of time the difference between 100-300 pug/ml was negligible but 400 pg/ml reported the most
decreasing trend after 8 hour of incubation.
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35 =B=300 y=-02303x+183811 35 1y = 0.0063x- 7.2236 - 8 - 400
200 y=-0.0071x+10.616 y =0.0674x- 3.1612 —2 - L 350
30 ——100 Y =0.0706x+34122 30 |y =0.0588x- 1.724 ~
_ v =0.0655x- 2.885 4 Z6 ~300 &
o 25 g 25 |y=0.0519x+0.1352 g z
2 = -0 =5 - 250 &
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g ] 8 S ) -200 B
2 | = | o ——Time (hours) 5
= 15 L 15 g =
= % £ 3 - . - 150 &
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5 % BV 5 1 - - 50
Ea ra
0 . : . : 0 : ; 0 : ‘ ‘ 0
0 2 4 6 8 10 0 200 400 600 -1.5 -1 -0.5 0 0.5
Incubation time (hours) Concentration (ug/ml) Slopes

Figure 4. The peak height difference between 500 mV and 900 mV taken from HDV of mixture Cd(II)
100 pg/ml and PC2 in concentration of: 400, 300, 200 a 100 pg/ml with time of interaction 0,
2, 4, 6 a 8 hodin (A) Dependence of difference of the peak height on time. (B) Slopes from
dependence of peak height for each variant of time of incubation. (C) Values of the slopes of
the peak heights in dependence of the applied concentrations of PC2 and time of interactions

3.5 Study of the optimal conditions for the determination of PC2 and Cd-PC2 complexes in vitro in
MALDI-TOF/TOF

We attempted to analyse the same sample mixture, as we used for electrochemical analysis, by
mass spectrometer. During optimization we found number of factors as used matrix, on spot sample
preparation approach and intensity of laser to be rather influencing of the subsequent MALDI analysis.
Our results showed an increase in signal intensity (a.u) as a function of the intensity of the laser (%) in
5, 10 and 15 mg/ml of HCCA (Figs. 5A, B and C). The highest signal intensity (a.u) was obtained by
using of concentration of 15 mg/ml HCCA. For the realization of this study, quantification the number
of crystals by computer analysis of the matrix pictures was performed and showed that 1 pl of matrix
and sample (1:1) had a mean of 3430 + 80 (SE) crystals. The number of crystals was the highest and
more homogeneous under application of 15 mg/ml HCCA than by application of lower concentrations.
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Increasing the concentration of PC2 from 3 to 30 pg per crystal, the intensity of signal was
increased linearly (y= 179.04 x-247.11; R2=0.9349) when the laser intensity was 28.8 puJ (30%), while
the signal increased exponentially (y= 678.77 €0.122x; R2=0.9861) when the laser intensity was 43.3
uJ (50%), under the same concentrations of PC2 (Figs. 5D and E). These results indicated that the
optimum conditions for the determination of PC2 by utilizing HCCA as matrix was a laser intensity of
50% (43.3uJ) and the concentration of the matrix more convenient for obtaining an appropriate signal
was 15 mg/ml in methanol (70%, V/v).
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0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
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Figure 5. The signal intensity PC2 measured in the presence of different concentrations in cyano-4-
hydroxycinnamic acid (HCCA) solution matrix as (A) 5, (B) 10 and (C) 15 mg/ml and different
laser powers (%); in inset: spectra of PC2 (540 Da) measured at 50% laser power and the
photos of spots in different concentration of HCCA with PC2 (100 ng/ul in TA30).
Dependences of signal intensity for PC2 in different concentrations 10, 20, 30, 60, 80 and 100
ng/ul in TA30 measured under (D) 30 % and/or (E) 50% laser power.

Figure 6 shows the effect of methanol on PC2 when it used as samples solutions. Using of
water and 20% methanol resulted in the spectra showed in Figs. 6A and B. The 70% methanol showed
the loss of the signal (Fig. 6C), which interferes in the detection of PC2 signal and inhibits the
formation of crystals. This result confirms that methanol at high concentrations (70%) cannot be used
as the sample solution, but it is possible to use it in lower concentrations (up to 20%), because the
intensity was similar to when the sample was water (Figs. 6A and B). However, the methanol 70% can
be used in the HCCA because it facilitated the dilution of the matrix and homogeneous crystal
formation and accurate for the determination of PC2 in MALDI-TOF. The spotting methods used for
MALDI-TOF were dried droplet (DD), thin layer (TL) and double layer (DL). The quantification of
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number of crystals in DD, TL and DL showed an average of 3430 + 80, 4600 = 200 and 4270 + 70,
respectively. The results showed that the three methods are reproducible for determination of PC2 as in

Figs. 7A, B and C. However, DD was showed the highest intensity at the different concentrations of
PC2 in both intensities of the laser as 28.8 and 43.3 uJ showed in Figs. 7D and E, respectively. DD
spotting method was 64.5% higher than LT and 85 % than DL in 30 pg PC2 per crystal in 43.3 pJ.
This method is surprisingly simple and provides good results for many different types of samples.

Dried droplets were very stable and can be kept before running a MALDI-TOF experiment.

Figure 6. Spectra of 100 ng/ul PC2 in (A) water, (B) methanol (20%, V/v)
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Figure 7. Spectra and crystal photos of different methods preparations (A) DD: Drop Dry, (B) TL:
Thin Layer and (C) DL: Double Layer. Dependences of signal intensity of PC2 in different
concentrations of PC2 in DD, TL and DL methods under (D) 30% and (E) 50% laser powers.
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3.6 Determination of Cd-PC2 complexes in vitro in MALDI-TOF/TOF

These ideal conditions were used for determination of Cd-PC2 complex and to verify that Cd-
PC2 complexes were formed. The main observed signals shown in Figure 8 were assigned as follows:
[PC2+ H]+ (m/z 540.2), [M3+H]+ (m/z 568.2) (correspond to matrix cluster trimer) for determination
of PC2 (Fig. 8A), while PC2 incubation with Cd(Il) (Fig. 8B) showed a new signal corresponding to
complexes: [Cd-PC2+ H]+ (m/z 650.1). It is evident that a suggested intramolecular complex, Cd-PC2,
was found. The presence of the observed mass of 650.1 Da confirms the abundance of intramolecular

complexes.
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[PC2] Y —Gly
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] (&
6000 Py,
2 H \
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£, 4000 1 H
Gly — ¥
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Figure 8. Mass spectra of (A) PC2 and (B) Cd-PC2 complexes in HCCA matrix by MALDI-TOF.

4. CONCLUSIONS

Studying of complexes among proteins and metals are of great interest for numerous branches.
In this study, the obtained data show that the flow injection analysis coupled with electrochemical
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detection Coulochem III or/and Coularray in combination with MALDI-TOF is a reliable and fast

method for the determination of these complexes.
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Cd is an extremely toxic metal commonly found in industrial workplaces. Plants
respond to Cd toxicity in a variety of different ways. Such responses include
immobilization, exclusion, chelation and compartmentalization of the metal ions, and
the expression of more general stress response mechanisms such as ethylene and stress
proteins. Higher plants, algae, certain yeasts and animals respond to heavy metals by
synthesizing phytochelatins (PCs) and related cysteine-rich polypeptides. Phytochelatin
synthases are y-glutamylcysteine (y-Glu-Cys) dipeptidyl transpeptidases that catalyze
the synthesis of heavy metal-binding PCs. IEC is fast and effective method for PC and
PC Metal-complexes determinations. MALDI-TOF MS technique has advanced from
various years in investigations. Moreover, MALDI-TOF MS has become a popular and

versatile method to analyze peptides, protein, nucleotide acid and glycans.

In the present work, Cd-PC2 complexes synthesized in vitro were studied using
MALDI-TOF MS and IEC. Sample composition and the best conditions of analysis

methods conditions to analyze of Cd complexes were optimized.

The optimum conditions for the detection of in vitro prepared intermolecular Cd-PC2
complex were reached for IEC as well as for MALDI. These two methods have been
demonstrated to be ideal and promising techniques for screening and characterizing in
vitro synthesized Cd-PC2 complexes. It has been demonstrated that both techniques
have an ability to identify the formation of Cd-PC2 complex.
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Abstract: In this study, in vitro formed Cd-phytochelatin (PC2) complexes were characterized
using ion exchange chromatography (IEC) and matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry. The ratio of both studied compounds as
well as experimental conditions were optimized. The highest yield of the complex was
observed under an applied concentration of 100 ug'mL™"' PC2 and 100 pg-mL ™" of CdCl,.
The data obtained show that IEC in combination with MALDI-TOF is a reliable and fast
method for the determination of these complexes.
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1. Introduction

Cadmium still presents a threat to the environment. This metal can be accumulated by plants,
resulting in damage to important cellular biochemical pathways. Therefore, plants, algae and fungi use
intracellular metal-binding peptides, known as phytochelatins (PCs), for maintaining metal
homeostasis and for detoxification of the accumulated cadmium(Il) ions [1]. PCs are enzymatically
synthesized peptides produced rich in the -SH group and having the structure of (y-Glu-Cys)n-Gly,
where n varies from two to five [1-3]. The role of PCs in metal detoxification results from
immobilization of metals and, thus, preventing non-specific binding to important biomolecules,
followed by the transport of the metal-PC complexes into the vacuole, or its excretion [4—10]. It is
therefore of interest to attempt to characterize Cd-PC complexes.

Several analytical methods have been used to analyze PC and complexes of metal [11-16].
In Nicotiana tabacum grown under different doses of cadmium(II) ions, PC2 content was determined
by using high performance liquid chromatography (HPLC) with electrochemical detection [17].
Other authors used a mass spectrometer coupled with HPLC to study GSH complexes [18] or
stationary electrochemistry voltammetric analysis with subsequently ESI-MS for confirmation of PC2
with Cu**, Cd*" and Pb>" complexes [19]. An approach based on size-exclusion chromatography with
off-line detection of phytochelatins, by reverse phase HPLC, and metal ions, by atomic absorption
spectrometry, was used for studying the formation of Cd and PC complexes [20]. Size exclusion
chromatography of the tissue extracts from seedlings exposed to 100 uM Cd revealed the presence
of Cd-PC complexes in flax cultivars [21]. Raab et al. developed a method for separation
(PCs)-metal(loid) complexes by HPLC system using parallel metal(loid)-specific (inductively coupled
plasma-mass spectrometry) and organic-specific (electrospray ionization-mass spectrometry) detection
approaches and used it to identify the nature of arsenic (As)-PC complexes in plant extracts [22].
Ion-exchange chromatography (IEC) coupled with colorimetric detection using post-column
derivatization with ninhydrin is usually used for determination of free amino acids and other amino
acids like compounds in biological samples [23]. IEC is a fast and effective method for PC and PC
metal-complexes determination [24].

In this study, Cd-PC2 complexes synthesized in vitro were analyzed using IEC and mass spectrometry
using a matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometer.
The ratio of both studied compounds as well as the experimental conditions were optimized.

2. Experimental Section
2.1. Chemicals

Phytochelatin2 (y-Glu-Cys), (PC2) was synthesized in Clonestar (Brno, Czech Republic) with a
purity higher than 90 %. CdCl, and other chemicals used in this study were ACS grade and purchased
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from Sigma Aldrich (St. Louis, MA, USA) unless noted otherwise. Standard solutions of PC2 and
CdCl, were prepared daily by dilution of the stock solutions with ACS water. All buffers were
prepared in ultrapure water (Mili-Q) obtained using reverse osmosis equipment Aqual 25 (Aqua
Osmotic, TiSnov, Czech Republic) with further purification by using apparatus MiliQ Direct QUV
equipped with the UV lamp (Millipore Corp., Billerica, USA). The resistance was 18 MQ. The pH was
measured using a WTW inoLab (Weilheim, Germany) pH meter. For preparation of the complex of
PC2 with CdCl, we used the following chemicals: PC2 (300 pg -mL™"), CdCl, (300 pg -mL™") and
serine (300 pg ‘mL") (internal standard was added before analysis only for determination using IEC).
Concentration of the working solution of CdCl, was used within the range from 3 to 100 pg mL™".
Complexes were mixed using vortex BioVortex V1 (Biosan, Riga, Latvia) for 1 min, further, the
complexes were interacted for 1 h at room temperature.

2.2. lon Exchange Chromatography

For determination of PC2 an ion-exchange liquid chromatograph (Model AAA-400, Ingos, Prague,
Czech Republic) with post column derivatisation with ninhydrin and VIS detector was used. A glass
column with inner diameter of 3.7 mm and 350 mm in length was filled manually with a strong cation
exchange resin in sodium cycle LG ANB (Ingos) with approximately 12 pm particles and 8% porosity.
The column was tempered within the range 40-70 °C. A double channel VIS detector with 5 pL cell
was set to detection wavelengths 440 nm and 570 nm. A solution of ninhydrin (Ingos) was prepared
with 75 % (v/V) methylcelosolve (Ingos) and with 2% (v/v) 4 M acetic buffer (pH 5.5). Tin chloride
(SnCl,) was used as a reducing agent. The prepared solution of ninhydrin was stored under an inert
atmosphere (N,) in dark at 4 °C. The eluting mobile phase was containing 11.11 g of citric acid, 4.04 g
of sodium citrate, 9.25 g of NaCl, 0.1 g of sodium azide, 2.5 ml of thiodiglycol per liter of solution and
pH was 2.7. The flow rate of mobile phase was 0.25 mL-min"' and flow rate of ninhydrin was tested
within the range from 0.1 to 0.35 mL-min . The reactor temperature was optimized within the range
from 90 to 130 °C. The volume of injection of the sample was 100 uL.

2.3. Matrix-Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry

The mass spectrometry experiments were performed on a MALDI-TOF/TOF mass spectrometer
Bruker Ultraflextreme (Bruker GmbH, Bremen, Germany) equipped with a laser (Bruker GmbH,
Bremen, Germany) operating at wavelength of 355 nm with an accelerating voltage of 25 kV, cooled
with nitrogen and a maximum energy of 43.2 uJ with repetition rate 2,000 Hz in linear and positive
mode, and with software for data acquisition and processing of mass spectra flexControl version 3.4
and flexAnalysis version 2.2. The matrix used in the MALDI method was a-cyano-4-hydroxycinnamic
acid (CCA) supplied by Bruker. The matrix was prepared in 70% methanol. Mixture was thoroughly
vortexed and ultrasonicated using Bandelin 152 Sonorex Digital 10P ultrasonic bath (Bandelin, Berlin
Germany) for 2 min at room temperature. The samples of the complexes were prepared with TA30
(30% acetonitrile, 0.1% trifluoroacetic acid solution). The solutions for analysis were mixed in ratio of
1:1 (matrix/substance). After obtaining a homogeneous solution, 1 L was applied on the target and
dried under atmospheric pressure and room temperature. A mixture of peptide calibrations standard
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(Bruker) was used for calibration the instrument. The MS spectra were typically acquired by averaging
20 sub spectra from a total of 500 shots of the laser (Smartbeam 2, Version: 1 0 38.5).

3. Results and Discussion
3.1. Optimization of IEC for Cd-PC Complex Determination

Post-column derivatization used in IEC systems is based on the reaction of ninhydrin
(2,2-dihydroxy-1,3-indandione) with nitrogen from an amino acid. Nitrogen from the amino moiety is
oxidized under slightly acidic conditions maintained by acetate buffer (pH 4.3), under reduction
conditions (maintained by SnCl,), and higher temperatures maintained by flow reactor (90-130 °C)
resulting in the stable product called as Ruhemann’s red, which is well detectable in visible spectra
under 570 nm. It principally works for all amines (peptides, biogenic amines even for ammonium
ions). Therefore we used this method for detection of PC2 peptide in our IEC study. In our previously
published paper [25], we found that the reactor temperature, column temperature and ninhydrin flow
ratio belong to the most analysis influencing factors. In comparison to our previous paper we found the
different effects of these factors on the sensitivity of detection, which are caused by various analytes.
In the case of reactor temperature, which was tested within the range from 90 to 130 °C, we found that
maximum peak area was increasing due to applied temperature almost linearly up to the limit of
reactor as 130 °C (Figure 1(a)). This trend was different from this one we found in the study with
taurine, where the maximum was found to be 110 °C [25], and then yield of derivatisation reaction was
almost stable up to the 130 °C. This difference might by caused by higher efficiency of disintegration
of peptide bonds, which are not so willing to react with ninhydrin as free amino groups under lower
temperatures. Temperature of column, which was tested ranging from 40 to 70 °C, influences the
detection based on the temperature initiation before post column mixing. It is obvious that it positively
affected the detection with linear increasing trend (Figure 1(b)).

Figure 1. (a) Influence of reactor temperature, (b) column temperature and (C) ninhydrin
flow rate on height of PC2 (50 pg ‘mL ") peak. The peptide was measured by IEC.
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Ninhydrin flow as the last tested parameter exhibits the slightly linear increasing trend in detection
efficacy within the tested range from 0.1 to 0.3 mLmin"" with the upper mentioned value as the
maximum (Figure 1(c)). The optimal conditions (reactor temperature 130 °C, column temperature 70 °C,
ninhydrin flow rate 0.3 mL'min ') were used for analysis of Cd-PC complexes. Primarily, we
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determined calibration curve of the PC2 under the optimal conditions. Calibration curve was
determined as the dependence of the peak area on the concentration of PC2 (inset in Figure 2) and

exhibited good linearity (R* = 0.9946) and R.S.D 1.8% (n = 6). Retention time of determined PC2 was
6.22 = 0.30 min (Figure 2).

Figure 2. Calibration curve of PC2 in IEC: (a) 100, (b) 50, (c) 25, (d) 12.25, (e) 6 and
(f) 3 pgmL™ PC2 in H20. The experimental conditions were as follows: reactor
temperature 130 °C, column temperature 70 °C, ninhydrin flow rate 0.3 mLmin ™.
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3.2. Study of Cd-PC2 Complexes by IEC and MALDI-TOF

To understand the nature of the possible Cd-PC complexes in Cd-stressed biological samples it is
important to determine the formation of these complexes in vitro. Our hypothesis of the formation of
Cd-PC2 is the binding of Cd to sulthydryl groups of the two cysteine molecules that are a part of the
PC2 with the loss of two hydrogen protons. Thus, we suggested that an intermolecular complex can be
formed only as it is shown in Figure 3. Therefore we prepared and analyzed different complex
mixtures with constant concentration of PC2 100 pg ‘mL"" with addition of Cd*" (in the form of CdCl,)
in concentration of 0, 5, 10, 25, 50 and 100 pg mL™! using of optimized IEC method. We observed
none effect on the retention tine of the peak of PC2. Surprisingly we observed the nonlinear decreasing
of the peak area. The decrease of the signal of PC2 in the presence of CdCl, was probably due to
complexes formation accompanied with the increasing yield of suggested complex as it is shown in
Figure 4(a). This was probably caused by inhibition of derivatisation reaction of peptide, which has
been complexed with Cd(II) ions. No decreasing effect was observed on peak of internal standard of
serine. The signal of PC2 decreased with the increasing concentration of CdCl, in the solution,
showing the highest decrease in 100 pg -mL™" CdCl, (28%). It is evident that CdCl, induced Cd-PC2
complexes formation. The increase of yield of Cd-PC2 complexes were suggested as a function of the
CdCl, content of the solution, being highest in concentration 100 pg-mL ™" (97%).
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Figure 3. Model of complex between cadmium Cd(II) ion and one molecules of PC2.
Cys (cysteine), Glu (glutamic acid), Gly (glycine) and S (sulfur).
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To verify that Cd-PC2 complexes were formed, we analyzed it by MALDI-TOF. The main
observed signals shown in Figure 4(b) were assigned as follows: [PC2 + H]" (m/z 540.2), [M; + H]"
(m/z 568.2) (correspond to matrix cluster trimer) and [Cd-PC2 + H]" (m/z 650.1). It is evident that a
suggested intramolecular complex, Cd-PC2, was found, as it shown in Figure 4(b) (red line).
The presence of observed mass of 650.1 Da confirms the abundance of intramolecular complexes
according to scheme shown in Figure 3.

Figure 4. (a) Diagram of change in the signal of PC2 (%) and yield of Cd-PC2 complex
(%) as function of CdCl, concentrations determined by IEC. (b) Mass spectra of PC2 (blue
line) and Cd-PC2 complexes (red line) in CCA matrix measured by MALDI-TOF.
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4. Conclusions

The optimum conditions for detection of intermolecular Cd-PC2 complexes prepared in vitro were

determined for ion exchange chromatography as well as for matrix-assisted laser desorption/

ionization-time of flight mass spectroscopy These two methods have been demonstrated to be ideal

and promising techniques for screening and characterizing in vitro peptide-metal complexes. It was
demonstrated that both techniques had the ability to identify the formation of Cd-PC2 complex.
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5.2 Optimization of MALDI-TOF for MTs analyses

MALDI-TOF is a powerful tool for surveying proteins and peptides comprising the
realm for clinical analysis. We show in this study the determination the optimal

condiction for mammalian MT by MALDI-TOF.

5.2.1. Reseach article 111

MIGUEL ANGEL MERLOS RODRIGO, LUDMILA KREJCOVA, JIRI KUDR,
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for detection of methallothionein based on functionalised y-Fe203 beads. Journal of
Chromatography B (2016) (Submitted).
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and manuscript preparation 30%.

MTs are intracellular, low molecular, low molecular weight, cysteine-rich proteins.
Ubiquitous in eukaryotes, MTs have unique structural characteristics to give potent
metal-binding and redox capabilities. MTs are widely distributed in invertebrates and
vertebrates, plant, prokaryote, even the fungi kingdoms. Owing to their rich thiol
content, MTs bind a number of trace metals including zinc, cadmium, mercury,
platinum and silver, and also protect cells and tissues against heavy metal toxicity. The
other tasks as follows: storage of zinc homeostasis, radical scavenging and stress
response. MTs are overexpressed in several tumors and this overexpression is
accompanied by increased proliferation and protection against apoptosis. Therefore,
MTs are a sign of worse prognosis in some malignancies. Several reports have
disclosed MTs expression as a prognostic factor for tumor progression and drug
resistance in a variety of malignancies particularly breast, prostatic, ovarial, head and
neck, non-small cell lung cancer, melanoma, and soft tissue sarcoma. Due to their
involvement in cell proliferation and survival, increased MTs levels in human
neoplasms have been associated with poor prognosis . The transcriptional control of

MTs and its nuclear/cytoplasmic localization changes during cell proliferation and
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differentiation. In non-pathological tissues MTs are mainly cytoplasmic proteins, while
in dividing cells MTs localization varies with cell cycle progression and is expressed in
the nucleus during the S and G, phase, suggesting that altered levels of MT could be
expected to contribute to abnormal cell growth, as seen in cancer, as well as in the
acquisition of therapy resistance. Determination of MTs is usually coupled with several
analytical methods as follows: capillary electrophoresis, liquid chromatography mass
spectrometry, inductive coupled plasma mass spectrometry, immunoassays and
electrochemistry. MALDI-TOF MS is an extremely sensitive technique that permits the
detection of chemical and biological compound. MALDI-TOF MS is a powerful tool for
surveying proteins and peptides comprising the realm for clinical analysis. We show in
this study the determination the optimal condiction for rabbit MT by MALDI-TOF MS.
Just the ability of the MT to bind heavy metals is the reason why MTs could be used for
modification of electrodes in development of electrochemical biosensors. Numerous
methods and approaches have been developed to shorten the time of isolation and to
obtain biologically important molecules with sufficient purity to be analyzed by ultra-
sensitive analytical tools . Magnetic particles/beads (MPs) represent promising tool for
this purpose. In view of these facts, immobilization of MTs on MPs may provide many
possibilities, such as simplification of biosensing of low levels of MTs, through its pre-
concentration. Therefore, We also show in this study the novel method for detection of

MTs based on functionalised y-Fe,O; beads.
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Abstract

Metallothioneins (MTs) are involved in heavy metal detoxification in a wide range of living
organisms. Currently, it is well known that MTs play substantial role in many
pathophysiological processes, including carcinogenesis and they can serve as diagnostic
biomarkers. In order to increase the applicability of MT in cancer diagnostics, an easy-to-use
and rapid method for its detection is required. Hence, the aim of this study was to develop a
fully automated and high-throughput assay for the estimation of MT levels. Here, we report
the optimal conditions for the isolation of MTs from rabbit liver and their characterization
using MALDI-TOF MS. In addition, we described a two-step assay, which started with an
isolation of the protein using functionalized paramagnetic particles and finished with their
electrochemical analysis. The designed easy-to-use, cost-effective, error-free and fully
automated procedure for the isolation of MT coupled with a simple analytical detection
method can provide a prototype for the construction of a diagnostic instrument, which would

be appropriate for the monitoring of carcinogenesis or MT-related chemoresistance of tumors.

Keywords
Automation; Biomarkers; Magnetic isolation; MALDI-TOF MS; Metallothionein

1. Introduction

Metallothioneins (MTs) make up a superfamily of low molecular-weight and cysteine-rich
proteins that can specifically bind to closed-shell metal ions like zinc (II), cadmium (II), and
copper (II) using the sulfur atoms of cysteine rich residues [1-3]. MTs are widely distributed
in invertebrates and vertebrates, plants, prokaryotes and even in fungi kingdoms [4-7].
Despite the diversity of the amino acid sequences, the MTs are generally analogous in
structure with respect to a high content of cysteine residues (up to 30%), and lack of aromatic
amino acids [4]. MTs are involved in the metabolism of heavy metal ions, including their
metal detoxification, homeostasis [8,9], storage of zinc [7], radical scavenging [2,10] and
stress response [11]. MTs are overexpressed in several tumors and this overexpression is
accompanied by an increased proliferation and protection against apoptosis. Therefore, MTs
can be considered as a sign of worse prognosis in some malignancies [12-15]. Some previous
studies showed that the MT level correlates inversely with tumor grade [16], which led us to
consider the MTs as a potential cancer marker [6,7,17]. The biosynthesis of MT was shown to
be elevated to protect the cells against heavy metal toxicity, cytotoxicity [18], and radiation

and/or DNA damage [19]. Hence, the quantification of MTs should point out some
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pathological states in living organisms. The determination of MTs is usually coupled with
several analytical methods as follows: capillary electrophoresis, mass spectrometry,
immunoassays, inductive coupled plasma mass spectrometry, liquid chromatography, matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) and
electrochemistry [20-23]. In the present study, we have particularly aimed on the utilization of
the three last mentioned methods (liquid chromatography, MALDI-TOF MS and
electrochemistry). Many studies demonstrated the method of liquid chromatography is highly
specific, sensitive, and reliable to improve the resolution of MTs separations [24-31].
MALDI-TOF MS has the potential to revolutionize the cancer diagnostics by facilitating
biomarker discovery [32], enabling tissue imaging [32], and quantifying biomarker levels at
abundances below sub-femtomole (< 10" mol) [33]. Herein, we present the use of MALDI-
TOF MS to characterize the MTs isolated from rabbit liver under the optimized conditions.
MTs can be used to modify electrodes to develop electrochemical biosensors on the basis of
their ability to bind heavy metals [20,21]. Such biosensors can be applied in the field of
point-of-care testing for the patients. In a view of these facts, the immobilization of MTs on
paramagnetic particles (PMPs) may provide many possibilities, such as simplification of
biosensor systems for the low levels of MTs due to its pre-concentration. This study focuses
on the design and optimization of the method based on the isolation of MTs by using PMPs
(functionalized nano-maghemite y-Fe,O3; core) with consequent electrochemical detection.
The recovery of MTs was determined by differential pulse voltammetry (DPV). We tested six
types of particles, which differ from each other in their composition and functionalization
procedure. A comparative study was carried out between automated and manual procedure for
the accuracy, efficiency and the consumption of the time of the assay. The optimization and
automation of the assay increased its sensitivity and made it simple and fast. For the detection
of the isolated products an electrochemical analysis by Brdicka reaction was carried out.
The trends in electroanalytical detection of MTs by Brdicka reaction were described

previously by Adam et al. [20].

2. Experimental

2.1 Chemicals

Fe(NO3);-9H,0, NaBH4, HAuCly and other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA) in ACS purity unless noted otherwise. For the isolation procedure,
phosphate buffered saline (PBS, pH =7.4) and borate buffer (pH =6.0) were used. The
buffers and solutions were prepared with ACS H,O (Sigma-Aldrich, St. Louis, MO, USA).
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High purity deionized water (Milli-Q Millipore 18.2 MQ-cm ', Bedford, MA, USA) was used

for washing and rinsing.

2.2 Preparation of samples for MT isolation

MT was isolated from rabbit liver and purified by using fast-protein liquid chromatography
(FPLC) according to our previous study [31]. The males of New Zealand rabbits were kept in
separate cages on regular pelleted laboratory chow (MaK-Bergman, Kocanda, Prague, Czech
Republic) and allowed free access to drinking water. Intraperitoneal injection of 10 mg
CdCl-kg” were given to the rabbits in three equal doses (day 1, day 3 and day 5). In the
aforementioned day intervals, The animals were anaesthetised with Ketamine (30 mg-kg™) and
Xylazine (3 mg-kg") (Vétoquinol Biovet, France) and sibsequently the livers were collected.
2 g of liver was homogenised on ice using Ultra-turrax T8 (Scholler instruments, Germany) in
8 mL of 10 mM Tris—HCI buffer (pH 8.6). The obtained sample was subsequently vortexed
(Vortex Genuie, Germany) and centrifuged (Universal 320, Hettich Zentrifugen, Germany) at
5,000 rpm for 30 min at 4 °C. The supernatant was again centrifuged (Eppendorf centrifuge
5417R) at 25,000 rpm, 4 °C for 30 min and new supernatant than was subsequently heated in
a thermomixer (Eppendorf thermomixer comfort, Germany) at 99 °C for 10 min and

centrifuged again with same condition.

2.3 Fast protein liquid chromatography (FPLC)

The FPLC (Biologic DuoFlow system, Biorad, USA) was composed of two chromatographic
pumps for the transportation of the elution buffers, a gel filtration column (HiLoad26/60, GE
Healthcare, Uppsala, Sweden), a UV-Vis detector and an automatic fraction collector. The
separation was carried out using the isocratic elution of a mobile phase (150 mM NaCl in 10
mM Tris-HCI buffer (pH = 8.6)). The flow of mobile phase was 4 mL-min'. Before the
separation, the column was washed with the mobile phase for 60 min. For validation, a
standard of bovine serum albumin (BSA)(1.5 mg'mL™") was used. 254nm UV was used to
detect MT. The fractions (15 mL per fraction) were collected from min 46 of the separation.
After the isolation, the fractions of MT samples were pipetted into the microtiter plate
(Sigma-Aldrich, St. Louis, MO, USA), and concentrated using a nitrogen evaporator Ultravap
Mistral (Porvair Sciences, Norfolk, UK). Thereafter, each well of a microtiter plate has been
washed with ACS to the final sample volume of 1.5 mL. Then, the samples were lyophilized
and analyzed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and MALDI-TOF MS was carried out to confirm the purity.
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2.4 MALDI-TOF MS for verification of MT

The isolated MT was validated for its mass and purity. The mass spectrometry experiments
were performed using a MALDI-TOF MS Bruker Ultraflextreme (Bruker Daltonik GmbH,
Germany) equipped with a laser operating system at a wavelength of 355 nm with an
accelerating voltage of 25 kV (cooled with nitrogen) and a maximum energy of 43.2 pJ with
repetition rate 2000 Hz in a linear and positive mode. The data acquisition and processing
were performed using the softwares flexControl version 3.4 and flexAnalysis version 2.2
respectively. The matrices used in the MALDI method were 2,5-dihydroxybenzoic acid
(DHB), a-cyano-4-hydroxycinnamic acid (HCCA) and sinapinic acid (SA) (Bruker). All the
matrices were prepared in TA30 (30% acetonitrile, 0.1% trifluoroacetic acid solution). The
Mixture was thoroughly vortexed and ultrasonicated using Bandelin 152 Sonorex Digital 10P
ultrasonic bath (Bandelin Electronic GmbH, Germany) for 2 min, 50% of intensity at ambient
temperature. The working matrix standard solutions were prepared freshly by diluting the
stock solutions.

The used concentrations of MTs samples were 1.5, 3, 6 and 12 pg-mL'l. The sample solutions
were prepared with TA30. The solutions for the analysis were mixed in a ratio of 1:1
(matrix/substance). After obtaining a homogeneous solution, 1 pL was applied on the MTP
ground target plate (Bruker Daltonik GmbH) and dried under atmospheric pressure and
ambient temperature. A mixture of protein calibration standards I (Bruker) was used to
externally calibrate the instrument. The protein mixture allowed the calibrations and testing of
MALDI-TOF MS in a mass range between ~4000 and 20000 Da.

The samples preparation method for MALDI-TOF was carried out in two different ways:
Dried Droplet (DD) and Thin Layer (TL) for HCCA matrix. For DD, a saturated matrix
solution was prepared by mixing the matrix solution with the sample solution in a ration of
1:1. The sample solution was prepared with TA30. The mixture was pipetted on the target (1
uL) and dried at ambient temperature. The preparation should yield relatively large crystals on
the target surface without the matrix or analyte. For TL, the matrix was prepared on the target
to form a thin layer of very small and homogenous crystals. After spotting, the solution was
spreaded on the target and evaporated. The thin matrix layer remained on the surface of the
target. The MTs sample (in TA30 solution) was applied on the top of this thin layer. After
drying of the sample, the analyte molecules remained on top of the matrix. Before measuring
the samples, a mixture of protein calibrations standard I (Bruker Daltonik GmbH, Bremen,

Germany) was used to calibrate the instrument. Then, air-dried MALDI target was loaded into
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the mass spectrometer and the samples were analyzed. The MS spectra were typically
acquired by averaging 20 sub spectra from a total of 500 shots of the laser (Smartbeam 2.
Version: 1_0 38.5).

2.5 SDS-PAGE

The electrophoresis was performed using a Mini Protean Tetra apparatus (Bio-Rad, Hercules,
CA, USA). The gels were prepared from 30% (m/v) acrylamide stock solution with 1% (m/v)
bisacrylamide. The electrophoresis was run at 120V for 1 h 15 min at 4 °C (Power Basic, Bio-
Rad USA) in tris-glycine buffer (0.025 M Trizma-base, 0.19 M glycine and 3.5 mM SDS, pH
= 8.3). Then the gels were stained using Coomassie blue [27] and consequently with silver

stain [34].

2.6 Synthesis and functionalization of PMPs

1.5g of Fe(NOs)3-9H,0 was dissolved in water (80 mL). Under stirring 0.2 g of NaBHy4 was
added, which was dissolved in 10 mL of 3.5% NH; and heated (2 h, 100 °C). After cooling,
the mixture was left overnight and the magnetic nanoparticles were separated by an external
magnetic field, and subsequently washed several times with water and used as a core for the
surface modifications.

MAN-53

The maghemite was suspended in a water solution (20 mL) of 7.5% polyvinylpyrrolidone
(PVP), and mixed with 25 mL of 1 mM HAuCly and finally 0.75 mL of trisodium citrate
(26 mg'-mL™") was added in order to produce a shell structure. The resulting mixture was
stirred overnight, separated using an external magnetic force field and dried at 40 °C. The
procedure of this material fabrication was published previously [35].

MAN-131

The maghemite was mixed with a water solution (20 mL) of polyethylenimine (0.5 g) and
stirred for 1 h. 25 mL of HAuCl, (1 mM) was added, stirred 1 h and sodium citrate (0.75 mL)
(26 mg~mL_1) was poured into the solution. The mixture was stirred overnight, separated by
magnet, washed 3 times with water and dried at 40 °C.

MAN-132

The maghemite was suspended in a water solution (20 mL) of polyethylene glycol (PEG
4000), mixed with 25 mL of 1 mM HAuCls and finally 0.75 mL of trisodium citrate
(26 mg'mL™") was added. The resulting mixture was stirred overnight, separated using an

external magnetic force field and dried at 40 °C.
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MAN-133

The preparation way was similar to the preparation of MAN-132, only PEG of molecular
weight 1500 (0.5 g) was used instead of 4000.

MAN-134

A maghemite suspension was added to a solution of poly(4-styrenesulfonic acid) (0.5 g) and
mixed for 1 h. 25 mL of 1 mM HAuCly; was added, mixed for 1 h and finally 0.75 mL of
trisodium citrate (26 mg'mL ") was added to it. The mixture was stirred overnight, separated
by magnet and dried at 40 °C.

MAN-135

A maghemite suspension was added to a solution of polyacrylamide (0.5 g) and mixed for 1 h.
25 mL of 1 mM HAuCly was added, mixed for 1 h and finally 0.75 mL of trisodium citrate
(26 mg'mL ") was added to it. The mixture was stirred overnight, separated by magnet and

dried at 40 °C.

2.7 Characterization of synthesized PMPs

The morphologies of PMPs were studied using scanning electron microscope (SEM) MIRA3
LMU (Tescan, a.s., Brno, Czech Republic). An accelerating voltage of 15 kV and beam
current about 1 nA was applied. The size of the PMPs and their (-potential were observed by
dynamic light scattering (DLS) coupled with Particle Size Analyzer (Zetasizer Nano ZS90,
Malvern instruments, Malvern, United Kingdom). The PMPs were dispersed in PBS (137 mM
NaCl, 2.7 mM KCl, 1.4 mM NaH,PO,, and 4.3 mM Na,HPO,, pH = 7.4) and incubated at

25 °C for 15 min before the measurement.

2.8 Manual isolation of MTs using PMPs

Prior to the isolation process, the PMPs (40 mg-mLﬁl) were washed using PBS (6 x 250 uL,
pH = 7.0) to remove impurities. For the isolation, the MT from rabbit liver (50 pg'mL™") was
incubated with the PMPs (0.5 mg'mL™") at 37 °C, 1190 rpm in a thermomixer (Eppendorf
Thermomixer comfort, Hamburg, Germany) for 30 min. The PMPs with the bound MT were
separated using an external magnetic field and washed six times with PBS or combination of
PBS (3 x 250 uL, pH = 7.0) and 200 mM borate buffer (3 x 250 pL, pH = 6.0). In order to
detect MTs, the PMPs with the bound MT were dissolved in hydrochloric acid (250 pL, 3 M).
The obtained solution was evaporated using a nitrogen evaporator Ultravap RC (Porvair
Sciences, Leatherhead, United Kingdom). Finally, the evaporated sample was resuspended in

H,0 (250 pL) and the final product was detected by DPV.
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2.9 Fully automated pipetting system

The fully automated MTs isolation procedure used the same specific parameters of the manual
procedure. Here, the whole procedure was carried out using an automated pipetting system
epMotion 5075 (Eppendorf, Hamburg, Germany). The device was controlled by a PC

software (Eppendorf). The experimental program is described in the section 3.

2.10 The testing of optimized protocol on real samples

As real samples, we used the sera of four Wistar rats, euthanized (1% Narkamon + 2%
Rometar, 0.5 mL/100 g of weight) for other experimental purposes. We followed the
European Community Guidelines as accepted principles for the use of experimental animals.
The experiments were performed with the approval of the Ethics Commission at the Faculty

of Agronomy, Mendel University in Brno, Czech Republic.

2.11 Electrochemical detection of isolated MT

The products of the isolation procedure were detected by DPV coupled with a hanging
mercury drop electrode (HMDE) (a drop area of 0.4 mm?) as a working electrode. An
Ag/AgCl/3M KCl and a platinum electrode were used as a reference and an auxiliary
electrode respectively. The analyzed samples were deoxygenated prior to the measurements
by purging with argon (99.999%) saturated with water for 10s. Brdicka supporting
electrolyte, containing 1 mM [Co(NH3)s]Cl; and 1 M ammonia buffer (NH3(aq) and NH4Cl,
pH = 9.6) was used and changed after each analysis. The parameters of the measurement were
as follows: initial potential of —0.7 V, end potential of —1.75 V, pulse period 0.80 s, sample
period 10 ms, pulse width 30 ms, step potential 2 mV, modulation amplitude —25 mV, sweep
rate 2.5 mV~s71, Eags =0V, tags = 120 s, stirring 1000 rninfl, volume of injected sample: 5 pL,
volume of measurement cell 2 mL (5 pL of sample and 1995 pL Brdicka solution). A manual
determination was performed on 693 VA Stand (Metrohm, Herissau, Switzerland). The
automated electrochemical detection was performed using 747 VA Stand instrument
connected to a 693 VA processor and a 695 autosampler (Metrohm, Herissau, Switzerland).

For the data processing, VA Database 2.2 (Metrohm, Switzerland) was employed.

2.12 Mathematical treatment of data and estimation of detection limits
The mathematical analysis of the data and their graphical interpretation were realized by

software EXCEL®. The results are expressed as mean + standard deviation (S.D.) unless
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noted otherwise. The detection limits (3 signal/noise, S/N) were calculated, whereas N was
expressed as standard deviation of noise determined in the signal domain unless stated

otherwise.

3. RESULTS AND DISCUSSION

All the experiments were carried out using the MT, isolated from rabbit liver by FPLC. The
total time of the isolation procedure was 120 min. Fig 1A illustrates a chromatogram of the
sample isolated from rabbit liver using FPLC and the different fractions (1; 2; 3; 4; 5; 6; 7 and
8), which were collected during the isolation. Subsequently, we analyzed the samples using
SDS-PAGE and MALDI-TOF MS to confirm their purity. The SDS-PAGE of the collected
fractions is shown in Fig 1B. The prominent bands of the fraction 3-7 are indicating the

presence of MT monomers, dimers and trimers.
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Figure 1. A) Chromatogram of the isolated MT from rabbit liver. Separation was carried out
at flow rate of 4 mL-min' using 150 mM NaCl in 10 mM Tris-HCI (pH = 8.6). Wavelength
for the detection of MT was set to 254 nm. MT was eluted from the column in 48 — 55 min
(marked between bars). B) SDS-PAGE gel of collected fractions. The fractions were mixed
with non-reducing buffer in a ratio of 2:1 and incubated at 93 °C for 3 min. For the analysis
15 % running and 5% stacking gel were used. The gels were prepared from 30 % acrylamide
stock solution with 1 % bisacrylamide. In fractions 3-7 there are visible bands of MT
monomer, dimer and trimer.

3.1 Study of the optimal conditions for the determination of MTs by MALDI-TOF MS

To study the optimal conditions for the determination of MT, three different matrices were
used: DHB, HCCA and SA. Only the fraction 7 from FPLC was taken in this case. The
MALDI-TOF MS spectra, obtained from the matrices are shown in Fig. 2. The results showed
the presence of the MT monomer (fraction 7) (major peak ~ 6 kDa) in case of all the matrices.

The main observed signal for MT was assigned as follows: [M+H]" (m/z 6126 Da).
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Moreover, it was estimated that the isolated MT was highly-pure because each of the spectra

showed only one peak of high intensity for the relevant protein.
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Figure 2. Crystal photo and MALDI-TOF spectra of MT from fraction 7 after the FPLC
purification. In the linear positive mode analyses, DHB, HCCA and SA were used as
matrixes. The spectra were analyzed with the Flex Analysis software (Version 3.4). Each
spectrum was averaged from 2000 subspectra. M and H indicate the protonated quasi-
molecular ion formed by MT and hydrogen.

Our results showed an increase in signal intensity as a function of the matrixes. HCCA and
DHB showed 100-times more intensity of the MT signal (a.u.) as compared to SA (Fig. 2).
For the optimization of this method, a comparative study was carried out between the two
samples preparation procedures: DD and TL. In case of HCCA matrix, TL showed a higher
intensity of the signal for both intensities of the laser (28.8 and 43.2 pJ) and for all the used
concentrations of MTs (1.5; 3; 6 and 12 ug-mL'l) (Fig. 3A and 3B) as compared to DD. The
matrix DHB, heterogeneous and strong crystals, showed an increase in the intensity of the

signal (a.u.) for both the intensities of the laser when the concentration of MTs was increased
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(Fig. 3C). Our results also showed that the signal intensity (a.u.) for DHB (using the low-
intensity laser, 28.8 pJ) was higher than that of HCCA matrix when the concentration of MTs
was increased (Fig. 3D). In case of 12 pg-mL™ MTs, the signal intensity (a.u.) was found to
be two times higher in DHB (using the low-intensity laser) as compared to HCCA. From
these results, we assumed that the DD method with DHB matrix is a faster and easier

approach for the post-isolation characterization of MTs by MALDI-TOF MS analysis.
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Figure 3. Signal intensities of rabbit MTs in different concentrations (ug-mL™) for 28.8 and
43.2 uJ power laser with HCCA matrix in different methods. Sample preparations: (A) DD:
Drop Dry and (B) TL: Thin Layer. (C) Signal intensities of rabbit MTs in different
concentrations (pg) in 28.8 and 43.2 pJ power laser with DHB using DD method. (D) Signal
intensities (a.u.) of rabbit MTs in different concentrations (ug) for 28.8 uJ power laser
between HCCA and DHB matrix using DD method.

3.2 Characterization of synthesized PMPs

The isolation procedure of MT was based on the non-specific immobilization of the protein
on the surface of PMPs. These materials nanomaghemite cores which were functionalized
with various modifications as follows: PVP, polyethyleneimine, PEG, poly(4-styrenesulfonic

acid) and polyacrylamide. The morphology of the prepared materials was studied using SEM.
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The DLS measurements were used for the determination of particle sizes in water dispersion
and the (-potential measurement was carried out to determine the dispersion stability at
current pH values. All of these results are summarized in Fig. 4. The morphology of
individual materials was investigated by SEM where the presence of the aggregates of the
particles is clearly visible for all materials. This effect was probably caused by the normal
drying process during the sample preparation for the microscopy. The smallest particles were
visible in the case of MAN-53. It was modified with PVP and the average particle size in
water suspension was found to be 30 nm approximately (Fig. 4A). These particles had the
highest {-potential (about =30 mV at pH = 7.0) which suggested their good stability in water
dispersion. This was probably caused by the presence of H-bonds between water and the
carbonyl group of the lactam circle in PVP [36,37]. MAN-131 PMPs were functionalized with
polyethylenimine. This material showed the particle size about 2.7 um and the (-potential
14.5 mV at pH = 8.7 (Fig. 4B). This material was slightly dispersed in the water suspension
probably due to the prevalence of secondary amines instead of primary amines in the structure
of branched polyethylenimine. MAN-132 and MAN-133 were modified with PEG. This is
another usually applied polymer, soluble in water which is used for improving the
biocompatibility of inorganic materials [38]. From the micrographs, the covering of the basic
maghemite structure with PEG 4000 can be seen much better (Fig. 4C) as compared to that of
PEG 1500 (Fig. 4D). MAN-132 and MAN-133 exhibited the {-potential in water suspension
equaled to zero (at pH = 7.4). This fact was probably related to the basic structure of the
polymer where no specific functional groups in PEG chains that are able to create specific
charge of the material surface were presented. A major particle size was determined to be
about 100 nm for both the MPs. The minor part of the particles had sizes about 820 and
615 nm for PEG 4000 and 1500 respectively. The fifth prepared material was modified with
poly(4-styrenesulfonic acid). In this case, the prepared material had a {-potential equaled to
zero at pH = 6.7 and therefore this material did not create stable particles in water solution
(Fig. 4E). Nevertheless, the size of the particles/aggregates in water suspension was about
500 nm. The last material used for the modification of maghemite surface was polyacrylamide
(Fig. 4F). This modification showed a formation of semi-stable particles in water dispersion
because of their {-potential, —13.6 mV at pH = 7.0. The size of these particles was mostly

around 100 nm.
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Figure 4. Characterization of six various PMPs: A to F as MAN-53, MAN-131, MAN-132,
MAN-133, MAN-134 to MAN-135, respectively. Micrographs of the surface of PMPs were
obtained using SEM (placed on background of pictures). The size and C-potential of the PMPs
were observed by DLS. The size of the PMPs was expressed as a dependence of the number
of particles (%) on size of the particles (nm). The -potential at the relevant pH is enrolled at
the heading of the pictures. Other experimental details are explained in the Experimental part.

3.3 MT lIsolation procedure

Prior to the isolation procedure of MT, the PMPs were prepared and functionalized as
mentioned above (section 2.4). The whole experiment was divided into two parts: manual and
automatic processing, including isolation and detection steps (schematization is shown and
described in section 3.4.). Our pilot experimental data have revealed that the PMPs can be
simply used for the analysis of the real samples, such as polyadenine and/or other
oligonucleotides [39,40]. The data obtained from the manual as well as automated
electrochemical analysis were analyzed and processed in the same manner. The scheme of the
sample processing together with the design of the isolation process is depicted in Fig. 5. First,
the storage solution was discarded out of the PMPs (Fig. 5/1), followed by a washing of the
PMPs which was involved to remove the undesired impurities formed during the synthesis
process (Fig. 5/2), incubation of the PMPs with a sample (Fig. 5/3), washing away of
unbound MTs (Fig. 5/4), dissolving of the PMPs with the bound MTs using 3 M HCI,

followed by its evaporation, and the product was dissolved by addition of water to make a

clear solution (Fig. 5/5).
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Figure 5. Detailed description of isolation procedure in a manual mode: (1) discarding of
storage solution out of PMPs, (2) washing of PMPs using PBS (6x 250 uL, pH = 7.0) to
remove impurities, (3) incubation of MT isolated from rabbit liver (50 pg-mL™") w with
PMPs (0.5 mg-mLﬁl) under conditions as follows: 37 °C, 30 min, 1190 rpm in thermomixer,
(4). PMPs with bound MT were further forced using external magnetic field and six times
washed with PBS or combination of PBS (3 % 250 uL, pH = 7.0) and 200 mM borate buffer
(3% 250 puL, pH = 6.0) (5) PMPs with bound MT were dissolved in hydrochloric acid (250
pL, 3 M HCI). The obtained solution was evaporated using a nitrogen evaporator Ultravap RC
(Porvair Sciences, Leatherhead, United Kingdom). Finally, the evaporated sample was
resuspended in H,O (250 puL) and the final product was detected by DPV.

3.4 Automated isolation and measuring system

The automated isolation procedure was carried out using an automatic pipetting station
epMotion 5075. The epMotion is designed to help to automate routine pipetting tasks for time
saving. It is not only one of the most accurate pipetting stations on the market, but also helps
to eliminate manual pipetting errors by virtue of its automation and thereby may reduce the
need for repeated work and save time. We have already described the epMotion 5075 original
labware, employed in automatic isolation of MT in section 2.6 and Fig. 6A. The protocol for
the isolation was processed using the epMotion® software (Eppendorf) and was designed to
copy a manual mode of isolation (Fig. 6B). For the detection of the isolated product
(automated as well as manual procedure), an electrochemical analysis (DPV) was selected.
While the manual detection exhibited a high accuracy, the automatic mode (higher LOD and
LOQ) showed a faster and less time consuming procedure with a sufficiently accuracy,
summarized in Table. 1. The Brdicka catalytic reaction principle is the specific reaction

between the thiol groups of proteins and Brdicka's solution. The Brdicka solution consists of

172


K1PC2
Typewritten Text
172


an ammonium buffer and hexamminecobalt chloride complex ([Co(NHj3)6]Cls), which interact

with -SH groups of the protein [41].
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Figure 6. (A) Scheme of epMotion 5075 original labware, employed in automatic isolation of
MT. (B) Workflow for automated isolation of MT: dosage of magnetic material (B1), washing
of magnetic material (B2), dosage of sample containing MT to PMPs and incubation at 37 °C
for 30 min (B3), washing with PBS of unbounded MT (B4) and dissolution of MT by HCI
(BS).

Method Regresion equation R* LODmM) LOQ (nM) RSD %
MT manual y=10987x +3.0743  0.997 12 39 7.7
MT automated  y=11623x +3.8254 0.997 9 29 10.0

Table 1. Analytical data about regression equation, correlation (R?), limit of detection (LOD),
limit of quantification (LOQ) and relative standard deviation (RSD).

The scheme of the manual isolation and detection of MT using functionalized PMPs is shown
in Fig. 7A. The DPV analysis of MT resulted in three characteristic signals as follows: RS,Co
(-1.25£0.05V), Catl (-1.4+£0.03 V) and Cat2 (—1.5 £0.02 V). A typical voltammogram of
the isolated MT sample in Brdicka solution (with RS,Co and Cat2 signals) (only RS,Co
signals) is shown in Fig. 7B. Both Catl and Cat2 signals were related to the reduction of the
hydrogen developed from the electrolyte catalyzed by -SH groups on the mercury electrode

[41]. Only the Cat2 signal (highlighted in Fig. 7B) showed a linear increase in a signal related
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to the MT amount [42-45]. The ability of all the PMPs to bind to MT was verified by the
electrochemical analysis using DPV in Brdicka solution. As it was mentioned above, the only
Cat2 signal (potential —1.5 + 0.02 V) showed a relation to the reduction of hydrogen catalyzed
by -SH group and exhibited linearity corresponded to the MT amount. In this point, we have
focused on tracking the Cat2 signal height and position. As expected, no peak corresponding
to the Cat2 signal was found in the case of bare PMPs, but in the voltammogram of isolated
MT samples the Cat2 signal was observed. Based on this difference, the binding of MT to the
surface of the modified PMPs was confirmed. Moreover, the real voltammograms, obtained
after manual and automated mode of isolation and detection of MT sample, were compared in
Fig. 7C. Only MAN-131 was found to be unsuccessful in the suggested assay, whereas MAN-
53 appeared to be the most successful. This phenomenon was likely caused by the
functionalization of the surface of nanomaghemite core using reduced gold, which attracted

MT thiol moieties, well described in literature [46].
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Figure 7. Scheme of manual isolation and detection of MT using functionalized magnetic
particles (A). Typical voltammograms of isolated MT in Brdicka solution (blue line), Brdicka
solution itself (black dashed line) and magnetic particles itself (red line) with highlighted
peaks (RS,Co and Cat2) (B). Comparison of typical voltammograms obtained after the
manual (blue lines) and automated (orange lines) mode of the isolation and detection of MT
sample (C). Influence of washing buffer composition on the obtained relative recovery of MT
using six various MPs (MAN-53, MAN 131-135) (D).
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3.5 Optimization of isolation procedure

The whole isolation process was optimized in three different ways. First, the effects of the
isolation buffers were studied: two different buffers (PBS with 200 mM borate buffer pH =
6.0 and PBS itself) were compared. As shown in Fig. 7D, the MT recovery was found to be
higher (about 36.4% — 49.3%) when PBS alone was employed. The basic difference between
the buffers is the pH which may fundamentally influence the isoelectric behavior of MT and
the coverage of the particles and thus their overall mutual interaction which results in the
yield the isolation procedure. The second optimized parameter was type of isolation and
detection (manual/automated). The MT recoveries for both types of isolation were compared.
The scheme of the automated isolation and detection of MT using the functionalized PMPs is
shown in Fig. 8A. Fig. 8C shows that the automated isolation and detection procedure
provided higher recoveries (27.5% —33.3%) of MT than that of the manual method. This
result showed somehow a contrast to the correlation of the calibration curves in which the
manual detection seemed to be much more sensitive than the automatic method (Fig. 8B). The
saturation curve of the most successful PMPs (MAN-53) with the inserted detail of the Cat2
peaks of real voltammograms are shown in Fig. 8D.

In the third step of the optimization process, the type of the materials was studied to be used
as an isolation platform for the fabrication of the PMPs. MAN-53 and MAN-134 showed an
overlap of more than 30% in the isolation success rate. Based on the characterization using
DLS, the best MAN-53 showed the smallest size (32 nm) and relatively high {-potential
(—29.5 mV, pH = 7.0) indicating a good stability with a large surface area. The second most
suitable PMPs were MAN-134. The {-potential (0.9 mV, pH = 6.7) exhibited the instability of
this particle which has relatively big particle size (459 nm). For the fabrication of these two
particles, HAuCly and poly(4-styrenesulfonic acid) were used, because both of these materials
were used previously for bioseparation [47] or particles stabilization [48]. MAN-132 and
MAN-133 showed significant similarities within the results of the MT recovery. Similarities
can be seen between the characterization (SEM and DLS) of both the materials which are
significant for this experiment. The particle sizes (measured by DLS) were found to be 122
and 105nm for model MAN-132 and -133 respectively. The stability of both of these model
was found to be very low ({-potential 0.56 mV, pH = 7.4, by model MAN-132 and {-potential
—0.4 mV, pH = 7.3, by model MAN-133). In comparison with model MAN-132 and -133, the
model MAN-135 showed a lower MT recovery. Although the particle size (105 nm) MAN-
135 was very similar to that of MAN-132 and -133 and had relatively good stability (C-
potential —13.6 mV, pH = 7.0), this material did not meet the expectations.
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According to the obtained results, the MAN-131 PMPs were not suitable for the isolation of
MT by the suggested method because the final product was not electrochemically detectable
(Fig. 7C). This material exhibited a relatively high stability ({-potential 14.5 mV, pH = 8.7),
although this could be due to a secondary aggregation (of size 2669 nm) of the primary PMPs

which was 26 times higher in comparison with the most successful MAN-53.
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Figure 8. Scheme of automated isolation and detection of MT using functionalized PMPs (A).
Correlation of signals (nA) of calibration of MT measured in manual and automatic mode (B).
Influence of mode of isolation and detection on obtained relative recovery of MT using six
various PMPs (MAN-53, MAN 131-135) (C). Saturation curve of the most successfully
PMPs (MAN-53), the detail of the Cat2 peaks from interleaved real voltammograms are
shown in the inset (D).

3.6 Validation of manual and automated procedure on real samples

In this study, a comprehensive description of manual and automated procedures to isolate and
detect MT was shown. Finally both of the methods were validated for real serum samples.
The isolation of MT from Wistar rat serum was carried out using the best PMPs (MAN-53).
As shown in Table 2, the automated procedure provided higher recoveries of MT than that of
manual procedure from all of the rat serum samples. If we compare the total time, consumed
during the sample processing, the automated procedure (50min) was found to be four times
faster than the manual procedure (210 min) (Table 2). These results suggested that the

modified PMPs coupled with automated isolation and detection procedure can be applied
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efficiently to isolate MT from various biological samples for the characterization of various

pathological states including head and neck cancer.

Automated isolation protocol Manual isolation
MT Concentration Recovery (%) Concentration Recovery (%)
(ug-mLt) (ugmL')

1 70.9 28.9 519 21.2

2 69.3 20.0 47.6 13.8

3 47.5 15.6 36.3 11.9

4 52.5 14.0 452 12.1
Total time ] ]
consumed 50 min 210 min

Table 2. The comparison of the isolation and detection efficiency between automated and
manual procedure. The isolation of MT was in both protocols carried out from Wistar rat
serum using the best PMPs (MAN-53). The recoveries (%) are recalculated to total
metallothionein amount prior own isolation.

4. CONCLUSIONS

The low fabrication cost and easy manipulation make the paramagnetic particles a unique
material which attracts attention in various fields of science. In this study, we described the
optimization of a bead-based isolation of MTs coupled with an electrochemical detection.
Prior to the isolation and detection process, the rabbit liver MT was characterized by MALDI-
TOF MS using DHB as a suitable matrix which showed a higher intensity of the signal than
that of other matrices. Finally the rabbit liver MT was isolated using a functionalized
maghemite based particles by a fully automated procedure for the -electrochemical
determination. A large number of samples can be handled conveniently by the automated
procedure which was found to be four times faster than the manual procedure. This method
was also successfully applied to isolate MTs from Wistar rat serum. The suggested procedure
can also be used for the detection of other important biomolecules. Overall, our approach
offers a high-throughput automated sample preparation system for the determination of MT.
We anticipate that this simple and cost-effective procedure could be helpful to estimate the
MT serum levels in cancer patients before and during their treatment which should allow to
specify their clinical outcomes linked with possible development of MT-related

chemoresistance.

177


K1PC2
Typewritten Text
177


Conflict of interest

The authors have declared no conflict of interest.
Acknowledgements

This research has been financially supported by the Ministry of Education, Youth and Sports
of the Czech Republic under the project CEITEC 2020 (LQ1601) and by financial support
from project MTCYTO 15-28334A and by the Ministry of Health of the Czech Republic for
conceptual development of research organization 00064203 (University Hospital Motol,
Prague, Czech Republic) are highly acknowledged. The authors wish to express their special

thanks to Sona Krizkova for perfect technical assistance.

References

[1] M. Raudenska, J. Gumulec, O. Podlaha, M. Sztalmachova, P. Babula, T. Eckschlager,
V. Adam, R. Kizekb, M. Masarik, Metallomics 6 (2014) 55.

[2] B. Ruttkay-Nedecky, L. Nejdl, J. Gumulec, O. Zitka, M. Masarik, T. Eckschlager, M.
Stiborova, V. Adam, R. Kizek, Int. J. Mol. Sci. 14 (2013) 6044.

[3] M. Zalewska, J. Trefon, H. Milnerowicz, Proteomics 14 (2014) 1343.

[4] H. Skutkova, P. Babula, M. Stiborova, T. Eckschlager, L. Trnkova, 1. Provaznik, J.
Hubalek, R. Kizek, V. Adam, Int. J. Electrochem. Sci. 7 (2012) 12415.

[5] P. Babula, M. Masarik, V. Adam, T. Eckschlager, M. Stiborova, L. Trnkova, H.
Skutkova, I. Provaznik, J. Hubalek, R. Kizek, Metallomics 4 (2012) 739.

[6] S. Krizkova, 1. Fabrik, V. Adam, P. Hrabeta, T. Eckschlager, R. Kizek, Bratisl. Med. J.
110 (2009) 93.

[7] S. Krizkova, M. Ryvolova, J. Hrabeta, V. Adam, M. Stiborova, T. Eckschlager, R.
Kizek, Drug Metab. Rev. 44 (2012) 287.

[8] P.E. Baurand, V. Pedrini-Martha, A. de Vaufleury, M. Niederwanger, N. Capelli, R.
Scheifler, R. Dallinger, PLoS One 10 (2015) 1.

[9] K. Kowalska, A.B.M. Zalewska, H. Milnerowicz, J. Trace Elem. Med. Biol. 29 (2015)
99.

[10] P.L Oteiza, Free Radic. Biol. Med. 53 (2012) 1748.

[11] C. Cassier-Chauvat, F. Chauvat, Int. J. Mol. Sci. 16 (2015) 871.

[12] A. Krzeslak, E. Forma, P. Jozwiak, A. Szymczyk, B. Smolarz, H. Romanowicz-
Makowska, W. Rozanski, M. Brys, Clin. Exper. Med. 14 (2014) 107.

[13] J. Gumulec, J. Balvan, M. Sztalmachova, M. Raudenska, V. Dvorakova, L. Knopfova,
H. Polanska, K. Hudcova, B. Ruttkay-Nedecky, P. Babula, V. Adam, R. Kizek, M.
Stiborova, M. Masarik, Int. J. Oncol. 44 (2014) 923.

[14] J. Gumulec, M. Raudenska, V. Adam, R. Kizek, M. Masarik, PLoS One 9 (2014) 1.

[15] V. Adam, R. Kizek, Expert Rev. Proteomics 10 (2013) 211.

[16] T. Endo, M. Yoshikawa, M. Ebara, K. Kato, M. Sunaga, H. Fukuda, A. Hayasaka, F.
Kondo, N. Sugiura, H. Saisho, J. Gastroenterol. 39 (2004) 1196.

[17] L. Krejcova, I. Fabrik, D. Hynek, S. Krizkova, J. Gumulec, M. Ryvolova, V. Adam, P.
Babula, L. Trnkova, M. Stiborova, J. Hubalek, M. Masarik, H. Binkova, T.
Eckschlager, R. Kizek, Int. J. Electrochem. Sci. 7 (2012) 1767.

178


K1PC2
Typewritten Text
178


[18]
[19]
[20]
[21]

[22]
[23]

[24]
[25]

[26]
[27]

[28]
[29]

[30]
[31]
[32]
[33]
[34]

[35]

[36]

[37]

[38]
[39]

[40]
[41]
[42]

[43]

[44]

M. Namdarghanbari, W. Wobig, S. Krezoski, N.M. Tabatabai, D.H. Petering, J. Biol.
Inorg. Chem. 16 (2011) 1087.

Y. Fujiwara, M. Satoh, Curr. Pharm. Biotechnol. 14 (2013) 394.

V. Adam, J. Baloun, I. Fabrik, L. Trnkova, R. Kizek, Sensors 8 (2008) 2293.

V. Adam, J. Petrlova, J. Wang, T. Eckschlager, L. Trnkova, R. Kizek, PLoS One 5
(2010) 1.

A. Prange, D. Schaumloffel, Anal. Bioanal. Chem. 373 (2002) 441.

M. Ryvolova, S. Krizkova, V. Adam, M. Beklova, L. Trnkova, J. Hubalek, R. Kizek,
Curr. Anal. Chem. 7 (2011) 243.

P.E. Olsson, C. Hogstrand, Journal of Chromatography 402 (1987) 293.

E. Bramanti, C. Lomonte, A. Galli, M. Onor, R. Zamboni, G. Raspi, A. D'Ulivo, J.
Chromatogr. A 1054 (2004) 285.

K. Nomiyama, H. Nomiyama, Journal of Chromatography 228 (1982) 285.

K. Nostelbacher, M. Kirchgessner, G.I. Stangl, Journal of Chromatography B 744
(2000) 273.

J. Alhama, A. Romero-Ruiz, J. Lopez-Barea, J. Chromatogr. A 1107 (2006) 52.

H.G. Infante, K. Van Campenhout, R. Blust, F.C. Adams, J. Chromatogr. A 1121
(2006) 184.

B. Tariba, T. Zivkovic, N. Krasnici, V.F. Marijic, M. Erk, M. Gamulin, M. Grgic, A.
Pizent, Cancer Chemother. Pharmacol. 75 (2015) 813.

S. Skalickova, O. Zitka, L. Nejdl, S. Krizkova, J. Sochor, L. Janu, M. Ryvolova, D.
Hynek, J. Zidkova, V. Zidek, V. Adam, R. Kizek, Chromatographia 76 (2013) 345.
M.A.M. Rodrigo, O. Zitka, S. Krizkova, A. Moulick, V. Adam, R. Kizek, Journal of
Pharmaceutical and Biomedical Analysis 95 (2014) 245.

R. Wang, D.A. Sens, A. Albrecht, S. Garrett, S. Somji, M.A. Sens, X. Lu, Analytical
Chemistry 79 (2007) 4433.

S. Krizkova, M. Ryvolova, J. Gumulec, M. Masarik, V. Adam, P. Majzlik, J. Hubalek,
I. Provaznik, R. Kizek, Electrophoresis 32 (2011) 1952.

L. Nejdl, J. Kudr, K. Cihalova, D. Chudobova, M. Zurek, L. Zalud, L. Kopecny, F.
Burian, B. Ruttkay-Nedecky, S. Krizkova, M. Konecna, D. Hynek, P. Kopel, J.
Prasek, V. Adam, R. Kizek, Electrophoresis 35 (2014) 2333.

J. Kudr, L. Richtera, L. Nejdl, I. Blazkova, V. Milosavljevic, Z. Moravec, D.
Wawrzak, P. Kopel, B. Ruttkay-Nedecky, V. Adam, R. Kizek, Int. J. Electrochem.
Sci. 10 (2015) 8243.

M. Usula, F. Mocci, F.C. Marincola, S. Porcedda, L. Gontrani, R. Caminiti, Journal of
Chemical Physics 140 (2014).

A K. Gupta, M. Gupta, Biomaterials 26 (2005) 3995.

D. Huska, V. Adam, P. Babula, L. Trnkova, J. Hubalek, J. Zehnalek, L. Havel, R.
Kizek, Microchim. Acta 173 (2011) 189.

V. Adam, D. Huska, J. Hubalek, R. Kizek, Microfluid. Nanofluid. 8 (2010) 329.

M. Erk, B. Raspor, J. Electroanal. Chem. 502 (2001) 174.

K. Tmejova, D. Hynek, P. Kopel, J. Gumulec, S. Krizkova, R. Guran, Z. Heger, M.
Kalina, M. Vaculovicova, V. Adam, R. Kizek, Colloids and surfaces. B, Biointerfaces
134 (2015) 262.

D. Hynek, S. Krizkova, L. Krejcova, J. Gumulec, M. Ryvolova, N. Cernei, M.
Masarik, V. Adam, L. Trnkova, M. Stiborova, T. Eckschlager, J. Hubalek, R. Kizek,
Int. J. Electrochem. Sci. 7 (2012) 1749.

L. Nejdl, H.V. Nguyen, L. Richtera, S. Krizkova, R. Guran, M. Masarik, D. Hynek, Z.
Heger, K. Lundberg, K. Erikson, V. Adam, R. Kizek, Electrophoresis 36 (2015) 1894.

179


K1PC2
Typewritten Text
179


[45]

[46]
[47]
[48]

K. Tmejova, D. Hynek, P. Kopel, J. Gumulec, S. Krizkova, R. Guran, Z. Heger, M.
Kalina, M. Vaculovicova, V. Adam, R. Kizek, Colloid Surf. B-Biointerfaces 134
(2015) 262.

Y. Xue, X. Li, H. Li, W. Zhang, Nature Communications 5 (2014).

F. Bao, J.L. Yao, R.A. Gu, Langmuir 25 (2009) 10782.

S. Karahan, S. Ozkar, Int. J. Hydrog. Energy 40 (2015) 2255.

180


K1PC2
Typewritten Text
180


5.2.2. Reseach 1V. Experimetal Chapter: Bacterial expression systems
for heterologous mammalian MTs production and characterization by
MALDI-TOF MS.

In this experimental chapter, a genetic approach was undertaken to investigate the
characterization of mammaliam MTs. Such bacterial cultures can be used as “factories”
for the synthesis of valuable eukaryotic proteins that are otherwise difficult to obtain.
When bacteria are used to produce a eukaryotic protein, it is desirable to design the
system so as to produce as large an amount of the protein as possible. There are several
such systems for overproducing foreign proteins in E. coli. A constructed expression
plasmid, pRSET-B, in which human MT3 and MT-2A genes were inserted downstream
of a promoter, was used to transform Escherichia coli BL21 (DE3) strain. MTs were
successfully expressed in E. coli. MT2 protein was directly isolated from rabbit liver by
FPLC. Therefore, we show an optimal condition and fast method for characterization
the MTs from different mammalian MTs isoforms by MALDI-TOF MS. These initial in
vitro results have provided motivation to continue these studies for characterization of
mammalian isoforms MTs. This work has been supported by Zinc-Net FA COST
Action TD1304 is highly acknowledged.

5.2.2.1. Isolation and expression of different mammalians MTs,

heterologously synthesized in E. coli.

Aligned amino acid sequences are listed in Figure 10.A to express the similarity in
amino acid composition in human and rabbit. Differences of constituent forms come
mainly from post-translational modifications, type of incorporated metal ion and speed
of degradation. Despite the physicochemical similarity of the forms, their roles and
occurrence in tissues vary significantly [195]. The hMT2A gen was identified in the
NCBI database (NCBI Reference Sequence: NM_005953.3). Isolation of the hMT2A
gen was used for PCR amplification of DNA from human blood samples (healthy

patients)(Fig.10.B). The full-length clones of hMT2A gene were obtained by PCR
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amplification of DNA, using a set of primers flanking the complete open reading frame
from 5" and 3" UTR. (5'-CAACCTGTCCCGACTCTAGC-3" (hMT2Afw) and 5'-
TTGTGGAAGTCGCGTTCTTT-3" (hMT2Arev)). PCR products were cloned in the
pGEM-T vector and sequenced (Promega, USA). The orientation of the hMT2A
sequence isolated from the blood samples within the cloning vector was properly
checked by sequencing. For expression of hMT2A in bacteria was subcloned into
pRSET-B vector (Fig.10.C). The chemical transformation protocol was performed
following the instructions of New England Biolabs, using as host BL21 (DE3) pLysS
Chemically Competent E. coli strain (for high level expression of recombinant protein).
To obtain pRSET-hMT2A, the full-length hMT2A was isolated from the pGEM-T
vector by digestion with restriction enzyme EcoRI and ligated in into the EcoRI-
digested shuttle vector pRSET-B (Fig.10.C). The pRSET-B contains n-terminal
polyhistidine tag (6xHis-tag), to permits purification of recombinant fusion protein on
metal-chelating resins. All plasmids were amplified by transformation of E. coli
following standard procedures and purified by using the Qiagen Miniprep Kit (Qiagen,
Maryland, USA). The all positives transformants were confirmed by PCR screening.
The positive transformants of human MTs (hMT2 and hMT3) were grown in LB (Luria-
Bertani) broth with 50 pg/ml ampicillin shaking at 37°C overnight. The next day, the
culture was grown to 0.1 of OD 600nm. When the culture reached the exponential fase
(0.4-0.6) were added IPTG to a final concentration of 1 mM and continued to grow the
cells during 4 hours.

The pellet was frozen at -20°C and then, was resuspended, with 20 mM
phosphate buffer at neutral pH. The method of cell lysis was carried out by freeze-thaw
cycles. The lysate was frozen in liquid nitrogen and was thawed at 42°C (was repeated

this freeze-thaw two to three additional times). The isolation protocol was performed
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following the instructions of pRSET A, B, and C for high-level expression of
recombinant proteins in E. coli (Invitrogen, USA). The protein fraction was harvested
by centrifugation during 10 minutes at 4000 rpm at 4°C. The purification of MTs was

by FPLC [193].

hMT 3 MDPETCPCPSGGSCTCADSCKCEGCKCTSCKKSCCSCCPAECEKCAKDCVCKGGEAAEAEAEKCSCCQ
rMT2 MD-PNCSCPTGGSCSCAGSCTCKACRCPSCKKSCCSCCPVGCAKCAQGCVCKGAS—————— DECSCCA

hMT2A MD-PNCSCAAGDSCTCAGSCKCKECKCT SCEKKSCCSCCPVGCAKCAQGCICKGAS————— DECSCCA
kk Kk Kk sk kkakk Kk ks A1k AKKRAKARARA K KAkky kaAhA PR

Homo sapiens metallothionein 2A (MT2A)
Start codon

ATCCCAACTGCTCCTGCGCCGCCGGTGACTCCTGCACCTGCGCCGGLTCCG
M DPNICSCA AGGS CTTCAG S
CAAATGCAAAGAGTGCAAATGCACCTCCTGCAAGAAAAGCTGCTGCTCCTGCTGC
c K €K ECKCTS CKKS CC § CC
CCTGTGGGCTGTGCCAAGTGTGCCCAGGGCTGCATCTGCAAAGGGGCGTCGGAC
PV G CA K_CA Q G C1 CK G A SD
AAGTGCAGCTGCTGCGCC

K C S C CA Stop codon

EcoRI

EcoRI EcoRI Ligation

S
Cloning vector i _ Expression vector
= Digestion with E.m P
(EcoRI)
‘ POEMLT ’ ‘ PRSET-B b

pPGEM-T PRSET-B

Figure 10: Alignment of amino acid sequences of hMT3, rMT2 and hMT2A isoforms
was performed using Multiple sequence alignment ClustalW2 algorithm available at
EBI (http://www.ebi.ac.uk/Tools/clustalw2/) (A). Nucleotide and amino acid sequences
of human metallothionein 2A (hMT2A) were cloned in pRSET-B. Vector pRSET is
control vector expressing B-galactosidase, which is fused to an N-terminal peptide
containing the Xpress peptide, 6x His tag and an enterokinase recognition site (B).
Scheme of subcloning strategy for hNMT2A from pGEM-T cloning vector to pRSET-B
expression vector. ECORI was the restriction enzyme used for isolation of the full-length
gene from pGEM-T cloning vector (C). The chemical transformation protocol was
performed following the instructions of New England Biolabs, using as host
BL21(DE3)pLysS chemically competent Escherichia coli strain (for high level
expression of recombinant protein). To obtain pPRSET-hMT2A, the full-length hMT2A
was isolated from the pGEM-T vector by digestion with restriction enzyme EcoRI and
ligated in into the EcoRI-digested shuttle vector pRSET-B. The pRSET-B contains N-
terminal polyhistidine tag (6x His-tag), to permits purification of recombinant fusion
protein on metal-chelating resins. All plasmids were amplified by transformation of E.
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coli following standard procedures and purified by using the Qiagen Miniprep Kit
(Qiagen, MD, USA). All positives transformants were confirmed by PCR screening
(data not shown). The positive transformants of human MTs were grown in LB (Luria-
Bertani) broth with 50 ug'mL'1 ampicillin and 35 pg'mL" chloramphenicol. The
isolation protocol was performed following the instructions of pRSET A, B, and C for
high-level expression of recombinant proteins in E. coli (Invitrogen, Waltham, MA,
USA).

5.2.2.2. Characterization of MTs by MALDI-TOF MS.

The matrix consists of small organic compounds, which show strong resonance
absorption at the applied laser wavelength. In the most of the studies reviewed, 2,5-
dihydroxybenzoic acid (2,5-DHB) and a-cyano-4-hydroxycinnamic acid (HCCA) were
the constituents of matrix used for appropriate determination of MTs [101, 183]. In our
study, 2.5-DHB showed high increased of signal intensity (a.u) than HCCA when
increased the concentration of rMT2 (Fig. 11. A.1). Other novel result was that 2.5-
DHB removed the background from other compounds in interaction with the matrix and
producing interference in the signal of spectra (Fig. 11. A.2 and A.3).

To verify that MTs were expressed in bacteria correctly, we analyzed it by
MALDI-TOF. 1t is evident that Apo-MTs were not found, all MTs were expressed in
heterologous organisms, so that they appear to form chelation or bidding to other
proteins, metals or compounds from the bacteria, culture medium and buffers. The main
observed signals for MTs shown in (Fig. 11) were assigned as follows: [IMT2]" (m/z
6210.94) (Fig. 11.A.1), [6xHis-tag-hMT2A]" (m/z 7278.29) (Fig. 11.B) (correspond to
matrix cluster with 6 His-tag, the hMT2A protein have an added 1 kDa of molecular
weight) and [hMT3]" (m/z 6907.37) (Fig. 11.C). Data included in this experimental
chapter highlight the potential of spectroscopic strategies as MALDI-TOF MS, for

monitoring structural differences among MTs.
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Figure 11: (A.1) Spectrum of rMT?2 liver measured by MALDI-TOF MS with HCCA
matrix and graphs of signal intensity of different concentrations of rMT2 in DHB and
HCCA matrixes. Photo of the MTs crystals on a target plate using (A.2) DHB and (A.3)
HCCA matrix. (B) Demonstrates spectrum of hMT2A with 6x His-tag and (C) hMT3
measured by using MALDI-TOF MS with DHB matrix prepared in TA30 at a
maximum energy of 43.2 pJ with repetition rate 2000 Hz.
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6. Conclusion

The plants and animals have adapted numerous ways to maintain metal homeostasis
while mitigating detrimental effects of excess metals ions, including MTs and PCs. MTs
constitute a very wide family of ubiquitous proteins with features that are exceptional
from the perspectives both of biology and coordination chemistry. If compared with all
other metalloproteins, MTs are wholly unconventional because of their small size, their
extremely high thiolate sulfur and metal content. In this work for, as a first step, the
optimal condition for characterization and indentification tiols (PCs and MTs) and
metal-thiols complexes by MALDI-TOF MS was investigated. Subsequently, model of
complex between Cd™ ion and one molecules of PC2 was described. Studying of
complexes among proteins and metals are of great interest for numerous branches. The
obtained data show that MALDI-TOF MS was a reliable and fast method for the
determination of these complexes. Also, IEC and the FIA coupled with electrochemical
detection Coulochem III or/and Coularray can be other method for detemination Cd-
PC2 complexes. These methods have been demonstrated to be ideal and promising
techniques for screening and characterizing in Vvitro peptide-metal complexes. It was
demonstrated that theses techniques had the ability to identify the formation of Cd-PC2

complex.

The optimal condition for characterization rabbit liver MTs by MALDI-TOF
was determinated. The optimization of bead-based isolation of MTs terminated by
electrochemical detection was investigated. This fully automated procedure could be
used for detection of other specific emergency biomolecules also. Rabbit liver MT was
isolated using functionalized maghemite particles-based material in fully automated
implementation for electrochemical determination of a large number of samples in one
assay. Data presented in this work highlighted the potential of MALDI-TOF MS to be
used for monitoring differences isoforms of mammalian MTs. In particular, the MT3
and MT2A genes were isolated from human cells. The human MT2A and MT3 genes
were expressed in heterologous organisms (Escherichia coli) by cloning. The present
study demonstrates analytical approaches of employing MALDI-TOF/TOF MS for
characterization mammalians MTs and this method proves to have advantages over
other methods currently used, namely in terms of sensitivity, simplicity and analysis

time.
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7. Abbreviations

2-DGE: two dimensional (2-D) gel electrophoresis

2-5-DHB: 2-5-dihydrobenzoic acid

AdTS-DPV: adsorptive stripping differential pulse voltammetry
BAX: essential regulators of proapoptotic signaling

CD: circular dichroism

CE-ESI-TOF-MS: capillary electrophoresis-Electrospray ionization-Time of Flight mass
spectrometry

CR-EAE: chronic relapsing experimental autoimmune encephalomyelitis
DD: drop dry

DL: drop layer

DNA: deoxyribonucleic acid

DO: density optical

ELISA: enzyme-linked immunosorbent assay

EPR: electron paramagnetic resonance

ESI: electrospray ionization

FIA: flow injection analysis

FPLC: fast protein liquid chromatography

GRE:s: glucocorticoid response element

GSH: reduced glutathione

GSSH: oxidized glutathione

HCCA: a-cyano-4-hydroxycinnamic acid

HDVs: hydrodynamic voltammogram

HM: heavy metal

HMDE: hanging mercury drop electrode

HPLC: high-performance liquid chromatography

ICP MS: inductively coupled plasma mass spectrometry

IEC: ion exchange chromatography

IPTG: isopropyl B-D-1-thiogalactopyranoside

LB: Luria-Bertani medium

MALDI-TOF: matrix assisted laser desorption/ionization-time of flight mass spectrometric
mRNA: messenger ribonucleic acid

MREs: metal-responsive elements

MRM: multiple Reaction Monitoring

MTs: metallothioneins

MTF: metal-responsive transcription factor

NADPH: nicotinamide adenine dinucleotide phosphate

NO: nitric Oxide

NRAMP: natural resistance associated macrophage protein
PCR: polymerase chain reaction

PCs: phytochelatins

PMEF: peptide mass fingerprinting

q-RT-PCR: quantitate real time polymerase chain reaction

RIA: radioimmunoassay

ROS: reactive oxygen specie

SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis
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siRNA: small interfering RNA

SNCLC: non-small-cell lung carcinoma

SOC: super optimal broth

TA30: (30:70 [v/v] acetonitrile : TFA 0.1% in water)
TFA: trifluoroacetic acid

TL: thin layer

TP-Pt(Il): terpyridine platinum(II)

UPLC: ultra performance liquid chromatography
UV: ultraviolent
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