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ABBREVIATIONS 

 

oC   degrees centigrade 

µ   micra 

µM   micro molar 

aa   amino acid/s 

AIDS   acquired immune deficiency syndrome 

Asp   aspartic acid 

apo-MT  apo-metallothionein 

BC   before Christ 

ca   circa (around) 

CD   circular dichroism 

cm   centimetre 

Cys   cysteine 

Da   dalton 

DNA   deoxyribonucleic acid 

EC protein  Early Cysteine-labelled protein 

EPR   electron paramagnetic resonance 

eq   equivalents 

ESI-MS  ElectroSpray ionization mass spectrometry 

etc   etcetera 

EXAFS  Extended X-Ray absorption fine structure 

g   grams 

GE Healthcare Glutathione Sepharose 4B 

Gln   glutamine 

Glu   glutamic acid 

GST   Glutathione S-Transferase 

Gly   glycine 

h   hour/s 

His   histidine 

ICP-AES  Inductevely Coupled Plasma Atomic Emission Spectroscopy 

IPTG   Isopopyl-β-D-1-thiogalactopyranoside 

kDa   kilo Dalton 
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kV   kilo Volt 

l   litre 

LB   Luria-Bertani 

Lys   lisine 

mM   milli molar 

min   minutes 

ml   millilitre 

MT/MTs   metallothionein/s 

MW   mass weight 

m/z   mass-to-charge ratio 

nm   nano metres 

NMR   Nuclear Magnetic Resonance 

PBS   Phosphate Buffered Saline 

PCP   pneumocystis pneumonia 

PEEK   polyether ether ketone 

pGEX   GST expression vector 

RNS   reactive nitrogen species 

ROS   reactive oxygen species 

rpm   revolutions per minute 

spp   species 

Thr   threonine 

Tris   tris(hydroximethyl)aminomethane 

UV   ultraviolet 

UV-Vis  ultraviolet-visible 

v/v   volume-volume ratio 

XRD   X-Ray Diffraction
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1. ABSTRACT 

Metallothioneins (MTs) constitute a superfamily of metalloproteins with low molecular weight 

characterized by an extraordinary cysteine (Cys) content, which provides them the ability to 

coordinate heavy-metal ions through the corresponding metal-thiolate bonds. These proteins are 

polymorphic in a huge number of organisms studied up to now, besides great similarities have been 

found between MTs from different organisms. These observations suggest that a diversification of 

MTs have been produced as a consequence of successive gene duplication events in or between 

different taxa. In each case, the activity that the MT needs to accomplish in the organism may have 

produced the evolution to serve different molecular metal-related functions, such as essential metal 

ion homeostasis (Zn2+ or Cu+), the defence in front of toxic metal ions (i.e. Cd2+, Pb2+ or Hg2+), the 

scavenging of free radicals and reactive oxygen species (ROS), and a wide range of cell stresses. 

Therefore, MTs in a given organism exhibit preferences for specific metal ion coordination and also to 

form complexes with a concrete number of metal ions bonded, independently of the degree of their 

similarity at protein sequence level. For this reason, the present PhD thesis work has been based first 

on classify a huge number of MTs, belonging to fungi organisms, in four families, according to their 

amino acid sequence length. Once classified the MTs, a study of the similarities between their amino 

acid sequences have been plausible, and also a comparison between their protein/metal 

coordination abilities and specificity for different metal ions. In order to elucidate these last-

mentioned capabilities, the biosynthesis of the MTs in different metal content environments has 

been necessary. MTs biosynthesis and folding about their cognate metal ions result in the formation 

of energetically optimized complexes. But, when the synthesis takes place about non-cognate metal 

ions, normally a mixture of species is produced, by reflecting the amount of metal ions available in its 

molecular environment, or by contrast the synthesis may not be successful. 

With the study of all these properties, attempts to clarify the functions of MTs in each organism are 

possible. In this PhD thesis work, MTs from fungi organisms, most of them pathogenic, have been 

studied, due to the importance to discover the role of the MTs in the process of virulence and 

pathogenicity. Advances in these findings may help the humanity at biological and medical level. 
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2. KINGDOMS IN THE TREE OF LIFE 

Over the years, the classification of living organisms has provoked a lot of controversy. During the age 

of Aristotle (384-322 BC) living beings were classified as animals or plants, but over the time and the 

technological advances, new proposals were performed (Table 1). 

Linnaeus 

1735[1] 

Haeckel 

1866[2] 

Chatton 

1925[3][4] 

Copeland 

1938[5][6] 

Whittaker 

1969[7] 

Woese et al. 

1977[8][9] 

Woese et 

al. 

1990[10] 

Cavalier-Smith 

1993[11][12][13] 

Cavalier-

Smith 

1998[14][15][16] 

Ruggiero et 

al. 

2015[17] 

2 kingdoms 
3 

kingdoms 
2 empires 

4 

kingdoms 

5 

kingdoms 
6 kingdoms 3 domains 8 kingdoms 6 kingdoms 7 kingdoms 

(not 

treated) 
Protista 

Prokaryota Monera Monera 
Eubacteria Bacteria Eubacteria 

Bacteria 
Bacteria 

Archaebacteria Archaea Archaebacteria Archaea 

Eukaryota 

Protista Protista Protista 

Eucarya 

Archezoa 
Protozoa Protozoa 

Protozoa 

Chromista Chromista Chromista 

Vegetabilia Plantae Plantae 
Plantae Plantae Plantae Plantae Plantae 

Fungi Fungi Fungi Fungi Fungi 

Animalia Animalia Animalia Animalia Animalia Animalia Animalia Animalia 

Table 1. Evolution in the classification of living beings over the years. 

 

The system proposed in 1969 by Whittaker[7] has become one of the most popular standards of 

classification, and this is widely used even nowadays. This classification divides the organisms in five 

kingdoms, as shows the Tree of Life in Figure 1. The simplest organisms are located on the lower part 

of the tree, including monera and protista groups, illustrating their primitive origin. And the more 

complex organisms are in the branches of the tree, divided into animalia, fungi and plantae groups. 

Whittaker’s classification is mainly based on differentiate between 4 different aspects: prokaryotic or 

eukaryotic organism, unicellular or multicellular organism, cell wall presence and phototrophic or 

heterotrophic organism (Figure 2). 
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Figure 1. Whittaker’s five-kingdom Tree of Life.[7] 

 

 

 

 

 

Figure 2. Criteria used in the five kingdoms Whittaker’s classification. 
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3. FUNGI KINGDOM 

The word fungus comes from the latin word for mushrooms. However, the fungi kingdom also 

comprises a wide variety of organisms besides them, like yeast and molds (see Figure 1). Fungi are 

eukaryotic unicellular, multicellular, or syncytial spore-producing organisms that can be found in 

both, terrestrial and aquatic, environments. These organisms are heterotrophic, due to the lack of 

photosynthetic pigments. But, in contrast to animals, which typically feed by ingestion, fungi obtain 

their nutrients by extracellular digestion due to the activity of secreted enzymes, followed by the 

absorption of solubilized breakdown products.[18] The production of numerous small spores greatly 

facilitates recruitment of new resources, even more than the production of a few large propagules. 

Colonization of a food source, once reached, is achieved most efficiently by the growth of a system of 

branching tubes, the hyphae, which together make up the mycelium. Hyphae are generally quite 

uniform in different taxonomic groups of fungi, but not all fungi grow as hyphae. Some of them grow 

as discrete yeast cells that are divided by fission or budding. Asexual and sexual reproductions are 

found to exist in almost all species, leading to alternate haploid and diploid life cycles. Asexual 

reproduction happens via vegetative spores, mycelial fragmentation, or yeast budding. On the other 

hand, sexual reproduction occurs through meiotic generation of haploid cells which can be extremely 

divergent between species depending on their mating preferences; and hence heterothallic fungi 

spores mate with different type, while homothallic mate with theirselves. Either way, sexual and 

asexual spores are very efficiently spread in order to ensure reproduction success.[19][20] 

 

3.1 Fungi in humankind history 

Fungi have been present in different aspect in human life since many centuries ago. Egyptian, Greek 

and Roman already used yeast for fermentation processes to elaborate bread, wine, and beer.[21] 

Fungi exist in every environment on Earth and play very important roles in most ecosystems. They 

figure prominently in different aspects of the human diet: as edible mushrooms (morels, shiitake 

mushrooms, chanterelles, truffles, etc.), and for food preparation (cheese ripening, wine 

fermentation, alcoholic beverages production, bread production, etc.). Unfortunately, not all fungi 

are edible or healthy. There are poisonous species with toxicities ranging from slight digestive 

problems, allergic reactions, or hallucinations to severe organ failures and death.[22] However, fungi 

are also used by humans with medicinal proposals (production of antibiotics, vitamins, anti-cancer 

drugs, immune suppressants, etc.) or as pesticides. The latter applications take advantage of the 



INTRODUCTION 

18 

pathogenicity of some fungi. For example, certain fungi can inhibit the growth or kill a specific 

bacterium allowing to heal an infected patient (the genre Penicillium, that produces penicillin), or 

they can infect a specific insect to avoid damage in a harvest (Beauveria bassiana).[23] In addition to 

infecting bacteria and insects, fungi can affect also plants and humans. Examples of this are the rice 

blast fungus Magnaporthe oryzae, and, in the case of humans, Candida spp. (which provokes 

candidiasis), Aspergillus spp. (aspergillosis) or Cryptoccoccus neoformans (cryptoccoccosis), being 

particularly susceptible persons with immuno-deficiencies.[24][25][26] 

 

3.2 Fungi classification 

About 99,000 species of fungi have been nowadays studied, and new species are described at the 

rate of approximately 1200 per year.[27][28] It is believed to exist more than 1.5 million of fungal 

species living in Earth.[29] Most of the introductory books to mycology divide the fungi kingdom in 

four different groups or phylum: ascomycota, basidiomycota, chytridiomycota and zygomycota.[18][30] 

More recent studies, based on genome structure and phylogenetic analysis, have allowed the 

recognition of additional phyla in the classification of fungi, giving rise to eight different groups 

(Figure 3). [27][31][32] Ascomycota and basidiomycota are the largest and more important groups 

between these eight phyla, for this reason the vast majority of the organisms studied in this thesis 

work are inside these two divisions. Table 2 briefly summarize the most important aspects of each 

phylum. Ascomycota and basidiomycota include the most recognized organisms like yeast, molds and 

edible fungi, and also the most important human and plant pathogens. 

 

 

Figure 3. Classification of fungi in 8 different phyla. Adapted from Blackwell (2011) and Hibbet (2007).[27][32] 
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PHYLUM GENERAL FEATURES FOUND IN THE NATURE EXAMPLES 

Ascomycota 

Largest phylum 
Asexual reproduction by 

spores 
Sexual reproduction by 

ascospores 

Yeasts, molds, morels, 
truffles, human and 

plant pathogens 

Saccharomyces spp. 
Aspergillus spp. 
Fusarium spp. 

Basidiomycota 
Reproduction by 

basidiospores 
Edible fungi, human and 

plant pathogens 

Crytococcus 
neoformans 

Agaricus bisporus 

Glomeromycota 
Asexual reproduction by 

spores 
Parasites or symbionts of 

plants by mycorrhiza 
Gigaspora 
margarita 

Chytridiomycota 
Saprophytes 

Terrestrial and aquatic 
Uniflagellated 

Plant and human 
parasites 

Synchytrium 
endobioticum 

Neocallimastigomycota 
Anaerobic 

Zoospores multiflagelled 
Present in digestive 
tracts of herbivores 

Neocallimastix 
patriciarium 

Bastocladiomycota 

Saprophytes 
Terrestrial and aquatic 

Anisogamic sexual 
reproduction 

Asexual reproduction by 
zoospores 

Invertebrate and plant 
pathogens 

Allomyces 
macrogynus 

Blastocladiella 
emersonii 

Zygomycota 
Formation of zygospores 

(sexual) and 
sporangiospores (asexual) 

Bread moulds, some 
plant and animal 

parasites 
Rhizopus spp. 

Microsporidia Unicellular 
Intracellular animal 

parasites 
Trachipleistophora 

hominis 

Table 2. General features of the 8 fungi phyla. 

 

 

3.3 Fungal interaction with other organisms 

Fungi are extremely diversified and versatile organisms able to establish numerous interactions with 

other living beings. Some of these interactions may be beneficial for all partners involved (mutualistic 

interaction or symbiosis), whereas others are detrimental for at least one partner (parasitic or 

pathogenic interaction). Despite the fact that fungi can maintain associations with a wide variety of 

organisms, fungal-plants and fungal-human interactions have been the more studied due to their 

economical and sociological importance.[33][34] 
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3.3.1 Interactions between plants and fungi 

The most well-known symbiotic interactions between plants and fungi are lichens (the result of an 

algae and a fungus) and mycorrhizal fungi. In both cases, fungus takes profit of the nutrients 

produced by the plant, whereas the plant is benefited by the protection of the fungus filaments. 

In the case of parasitic or pathogenic interactions, fungi take advantage of the plant to obtain 

nutrients, even though the plant can be damaged. There are cases where the fungal parasite is able 

to obtain nutrients of the plant without hurting them, but plants do not gain any benefit. Some 

examples of these parasitic or pathogenic interactions are rust, anthracnose, mildew, or black 

moulds. Table 3 summarize the ten most well-known fungal pathogens which cause diseases to 

different plants. Especially relevant is Botrytis cinerea, which can affect more than 200 plant species. 

FUNGAL PATHOGEN DISEASE HOST 

Magnaporthe grisea Rice blast Rice 

Botrytis cinerea Grey mould 
More than 200 plant 

species (vide is the most 
important) 

Puccinia spp. Rust disease Wheat mainly 

Fusarium graminearum Fusarium head blight Grain 

Fusarium oxysporum 
Panama disease and 

other diseases 
Banana 

Blumeria graminis Powdery mildew 
Grasses, including wheat 

and barley 

Mycosphaerella graminicola 
Septoria tritici blotch 

disease 
Wheat 

Colletotrichum spp. Broad-range Anthracnose 

Ustilago maydis Corn smut Corn 

Melampsora lini Flax rust Flax 

Table 3. Top 10 fungal pathogens in molecular plant pathology.[35] 

 

3.3.2 Interactions between animals and fungi 

There are few cases of mutualistic relationship between fungi and animals. The two most 

representative ones are the fungi present in the gut of herbivores and the relationship between leaf 

cutter ants and Leucocoprinus spp. The former interaction consists on helping the animal in the 

digestive process whereas the fungi receive nutrients. On the latter, ants feed the fungal garden as 

the source of their own food. 

But normally, the relationships between animals and fungi are pathogenic and more than 400 fungi 

can provoke several diseases. Most of them are known as dermatophytes, they cause only superficial 

infections at the skin or appendages. The fraction of fungi resulting in fatal or chronic diseases is 
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small. In this case, they produce systemic infections involving vital organs or the central nervous 

system (see Table 4).[36][37] There are several examples of widely known diseases, like candidiasis or 

cryptococcosis, which awakes a strong interest in the field. 

 
FUNGAL PATHOGEN DISEASE SYMPTOMS 

Aspergillus spp. Aspergillosis 
Allergy, fever, cough, chest 

pain. 

Blastomyces dermatitidis Blastomicosis 
Febrile pneumonia with cough, 

asthenia and dyspnoea. 

Candida spp. Candidiasis 
Redness and itching. 

Fatal in immunodeficient 
patients. 

Coccidioides spp. 
Coccidioidomycosis (Valley 

Fever) 

Flu-like symptoms, dyspnoea, 
weakness, depression and 

weigh loss. 
Fatal in immunodeficient 

patients. 

Cryptococcus neoformans Cryptococcosis 

Cutaneous wound, pulmonary 
infection or meningitis. 

Opportunistic infection for 
acquired immune deficiency 

syndrome (AIDS) patients. 
Often fatal. 

Histoplasma capsulatum Histoplasmosis 
Pneumonia-like symptoms and 

fever. High mortality in 
immunodeficient patients. 

Pneumocystis jirovecii 
Pneumocystis pneumonia 

(PCP) 
Lung infection in 

immunodeficient patients. 

Sporothrix schenckii Sporotrichosis 
Nodular lesions or bumps in the 

skin. Rare times can affect 
lungs, joints, bones and brain. 

Penicillium marneffei Penicillosis 
Lethal system infection, with 

fever and anaemia. 

Table 4. Summary of the most important fungal pathogens which can cause human diseases, as well as the main 
symptoms that they produce. 

 

3.4 Toxicity of metals in fungi 

The study of the interaction between toxic metals and fungi has long been of scientific interest, due 

to the importance of fungicidal preparations in control of pathogens and preservation of materials.[38] 

As already happens in other organisms, some metals are essential for fungi, for example K, Na, Mg, 

Ca, Mn, Fe, Cu, Zn, Co, or Ni. While others, like Al, Cd, Ag, Au, Hg, or Pb can result toxic at very low 

concentrations, by causing exert harmful effects in different ways. Toxic mechanisms include: the 

blocking of functional groups of biologically important molecules (as enzymes and transport 

systems); the displacement or substitution of essential metal ions from biomolecules and functional 

https://en.wikipedia.org/wiki/Lesion
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cellular units; conformational modification, denaturation and deactivation of enzymes; and 

disruption of cellular and organellar membrane integrity.[38][39] 

Cell membrane is an initial site of action for toxic metal ions[40], producing loss of mobile cellular 

solutes and increasing permeability of the cell to external materials. The metal toxic effects are 

varied, from membrane lipid peroxidation and breakdown of biological macromolecules, to 

production of toxic free radicals as a result of reactions with thiols or enzymes.[41] 

The fungal survival in the presence of toxic metal ions depends on several factors: intrinsic 

biochemical and structural properties; physiological and genetic adaptation (including morphological 

changes); and environmental modification of the metallic speciation, availability, and toxicity. In 

terms of metallic toxicity, it is possible to distinguish between metallic resistance and metallic 

tolerance. The first is defined as the ability of an organism to survive metallic toxicity by means of a 

mechanism produced in direct response to the metallic species concerned. The second consist on the 

ability of an organism to survive metal toxicity by means of intrinsic properties and environmental 

modification of toxicity.[42] 

Biological mechanisms implicated in fungal survival in metal-rich environments include extracellular 

precipitation, complexation, crystallization, biosorption, transport, impermeability, intracellular 

compartmentalization sequestration, and transformation of metallic species by oxidation, reduction, 

etc.[43][44] Other mechanisms include the synthesis of sulphur-rich molecules in order to bind toxic 

metal ions, such as metallothioneins and glutathione. 
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4. METALLOTHIONEINS 

Metallothioneins are a very special family of metalloproteins characterized by their exceptional 

abilities to bind heavy metal ions and by their low mass weigh. The first MT was discovered on 1957, 

by Margoshes and Vallee, in the horse kidney cortex.[45] Few years later, Kägi and Vallee called them 

“metallothioneins” due to their high metal and cysteine residues content.[46] MTs constitutes a big 

family of proteins that are present in a wide variety of living beings, unicellular (cyanobacteria, 

yeasts, protozoa, and more recently mycobacteria[47]) and pluricellular ones (vertebrates, 

invertebrates and plants). The most common features of MTs are:[48] 

- Low molecular weight (3-10 kDa). 

- High cysteine content (ca. 30%) in their amino acid sequences. 

- High coordinating and ion-exchange capability, through the corresponding metal-thiolate 

bonds. 

- Low rate of hydrophobic and aromatic residues, as well as histidine and arginine. 

- Three-dimensional structure acquired due to the metal-MT clusters formed. In their apo form, 

without metals bound, MTs do not exhibit a defined secondary structure. 

- High thermal stability and kinetic lability. 

- Characteristic cysteine motifs -XCXCX-, -XCCX-, -XCCCX- (X as an amino acid different from 

cysteine) in certain MTs. 

 

Among all these, the most important feature of these proteins is their high cysteine content. This 

amino acid is the main responsible for coordinating metal ions in proteins, even though histidines are 

also able to bind them. In living beings, MTs have been found coordinating essential metal ions like 

Zn(II) and Cu(I), and also toxic ones like Cd(II), Hg(II), Ag(I), or Pb(II). Additionally, in vitro studies 

demonstrated that MTs are able to coordinate also other metal ions like Au(I), Bi(III), Fe(II), Ni(II), 

Pt(II), or Tc(IV).[49] Moreover, it is important to highlight that there is a great diversity in length and 

sequence composition among the studied MTs, providing differentiation in binding abilities, which 

must probably produce a variety of structures and biological functions among them. 
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4.1 MTs production methods 

The most used MT production methods until the 90’s were based on inducing the target MT synthesis 

in living organisms by different routes, followed by subsequent isolation and purification from the 

tissues where this was expressed. 

Induction of MTs in living beings can be provoked by different factors, depending on the organisms 

and the MT, such as the presence of certain metal ions, radical agents, ultra violet (UV) radiation, or 

certain hormones. With the direct induction on the desired organism, MTs are normally obtained in 

native form, but it has two important disadvantages: the extremely long and difficult purification 

process, and the low concentration of the MTs obtained.[50] 

Another alternative method, less used, is the chemical synthesis of polypeptide chains on solid 

supports. In this case, the sequences are produced without the presence of any metal ion, thus 

producing the apo-metallothioneins (apo-MT). Some fungal[51][52] and mammalian[53][54][55] MTs have 

been obtained following this method. However, this methodology also has some limitations, as it is 

the difficulty of synthesize long chains or also the complex protection of cysteine residues against 

oxidation. 

An alternative to the previous methods is the use of genetic engineering techniques, known as 

deoxyribonucleic acid (DNA) recombinant technique.[56] This method consists in taking benefit of the 

protein synthesis mechanism inherent in some bacteria (Figure 4). Circular DNA sequences are 

introduced inside the bacteria containing: genetic information of the target MT, transcription and 

translation signals, together with additional genetic information for stability and transmission inside 

the cell. Then, the process of synthesis, induced by IPTG (Isopopyl-β-D-1-thiogalactopyranoside, 

molecule commonly used in genetic expression induction), is produced inside the cells, and followed 

by subsequent isolation and purification to obtain large amounts of the sequenced protein. 

The cell media where the proteins are induced can be enriched with different metal ions, in order to 

allow the protein to bind the metal ion selected in each case. When the media is enriched with Zn(II), 

the in vivo Zn-MT production is obtained, as well as Cd-MT and Cu-MT productions from Cd(II) and 

Cu(II) enriched cells, respectively. 

This technique allows producing proteins with high purity and identical properties to the native 

ones.[57] The technique also allows to modify the amino acid sequences of the protein, in order to 

provoke mutations into the native forms or reproduce partially the whole protein. 
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All proteins used in this Thesis work have been obtained by recombinant DNA synthesis by the group 

of Dr. Silvia Atrian at the Universitat de Barcelona. They have a long experience on producing MTs by 

this method since 1995.[58] 

 
Figure 4. MT production procedure by the use of the recombinant DNA methodology. 

 

4.2 MTs structure 

As already mentioned, MTs adopt a three-dimensional folding when they are coordinated to metal 

ions, mainly through metal-SCys bonds, and to a lesser extent, through metal-NHis. In contrast, apo-

MTs exhibit a disordered structure of random coil. The high flexibility of peptide chain allows 

thiolates to accommodate each metal ion in their preferential coordination environment. However, 

this flexibility also hinders the study of three-dimensional structure. For this reason, only a few 

structures have been solved, by nuclear magnetic resonance (NMR) or X-Ray diffraction (XRD) (Table 

5).  
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Organism Metallothionein Technique 

Mammal (human, rat, and rabbit) Cd7-MT2 NMR[59][60][61] 

Mammal (rat) Zn2Cd5-MT2 XRD[62] 

Mammal (mouse) Cd7-MT1 NMR[63] 

Mammal (mouse and human) Cd4-αMT3 NMR[64][62] 

Fish (N. coriiceps) Cd7-ncMT NMR[65] 

Crustacean (C. sapidus) Cd6-MT1 NMR[66] 

Crustacean (H. americanus) Cd6-MT1 NMR[67] 

Echinoderm (S. purpuratus) Cd7-MTA NMR[68] 

Yeast (S. cerevisiae) Cu7-Cup1, Ag7-Cup1 NMR[69][70] 

Yeast (S. cerevisiae) Cu8-Cup1 XRD[71] 

Bacteria (Synechoccus) Zn4-SmtA NMR[72] 

Fungus (N. crassa) Cu6-NcMT NMR[73] 

Plant, wheat (T. aestivum) Zn4-βE-EC-1 NMR[74] 

Table 5. MT structures solved by NMR or X-Ray diffraction so far 

 

Most of the solved structures have two separate domains, and each domain contains one metal-

thiolate cluster. This is the case of mammalian MT2 (Figure 5), one of the most studied MTs, and very 

similar to the other major isoform MT1. The N-terminal domain (β domain) of mammalian MT2 is 

formed by 3 divalent metal ions in tetrahedral environment, bonded to 9 cysteine thiolates 

(M3(SCys)9). The C-terminal domain (α domain) is a cluster constituted by 4 divalent ions in 

tetrahedral environment and 11 cysteine thiolates (M4(SCys)11) (M=Zn and/or Cd). 
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Figure 5. Three-dimensional structure of mammalian Zn2Cd5-MT2, solved by X-Ray Diffraction, showing (B) the β domain 

formed by the aggregate Cd1Zn2-(SCys)9, and (C) the α domain formed by the aggregate Cd4-(SCys)11. 

 

In the case of Cu-MTs, the clusters formed always contain Cu(I), that can be coordinated by two or 

three cysteine ligands in lineal or trigonal-planar geometry.[49][75][76] However, data related to Cu-MT 

structures is limited, due to the broad signals obtained for Cu(I) nuclei in NMR spectroscopy 

studies[77] and the difficulty to obtain mono-crystals to elucidate by XRD. Despite this drawback, the 

structure of Saccharomyces cerevisiae MT (Cup1) was solved by XRD[71] (Figure 6) and NMR[69][70], and 

also the structure of Neurospora crassa MT (Nc-MT) by NMR have been recorded [73], besides some X-

Ray absorption and Extended X-Ray absorption fine structure (EXAFS) information.[78] In both cases, 

the protein forms a single cluster, Cu8-(SCys)10 and Cu6-(SCys)7, respectively. 

These two MTs, NcMT and Cup1, are the most widely studied fungal MTs so far. The research about 

their structures provides important progress in the knowledge of this particular organisms’ group. 

Due to the importance for the development of this thesis, the studies of these MTs will be further 

detailed in section 5. 
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Figure 6. Three dimensional structure of Cu8-Cup1 of Saccharomyces cerevisiae fungus solved by XRD and the aggregate 
Cu8-(SCys)10 formed 

 

Despite cysteine and histidine are the main coordinating amino acids that form the metal clusters in 

proteins, it has been shown that chloride and sulfide can participate as additional ligands in metal-MT 

aggregates. The participation of chloride as additional ligand in MTs is not so common, but some 

cases have been discovered during the last years: Cd7-MT2[79], MtnB of D.melanogaster[80] and MT4 

of mouse.[81] On the other hand, the contribution of sulfide have acquired more relevance being an 

important ligand for MTs with Cu-thionein character (as is explained in section 4.3). 

 

4.2.1 Sulfide anions 

The participation of sulfide anions (S2-) as additional ligands was observed for the first time in 

phytochelatines (PCs).[82][83] Phytochelatines or cadistines are enzymatic peptides with the general 

formula (γ-Glu-Cys)nGly present in plants, fungus and algae. They coordinate divalent metal ions 

through cysteines and sulfide anions, by forming structures where the peptide covers the so called 

crystallite, a metallic sulphide mono crystal (Figure 7).[84] 

 

Figure 7. In Cd-PCs aggregates, peptide covers CdS mono crystals (crystallites),  
which bind PC through Cd-SCys bonds.[84] 

 

Cd 
S 
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Thereafter, in the studies of Q. suber MT (QsMT) by the use of recombinant biosynthesis, they were 

observed the first evidences of participation of additional sulfide ligands in metal-MT complexes.[85] 

However, the presence and participation of these ligands were confirmed by the research group 

where this thesis has been carried out.[86] The most important proportion of sulfide ligands could be 

observed in certain Cd-MT productions forming the expected Cdx-MT species, but also CdxSy-MT 

species coexisting. Consequently, a study was designed in order to determine the presence of these 

species in both, recombinant and natives MTs,[87] concluding that MTs with more Cu-thionein 

character are assisted for the presence of sulfide in order to form stable clusters with Cd(II) (Cu-

thionein features are explained in section 4.3). Besides, other groups have been taken benefit of this 

property by synthesizing metallic nanoparticles recombinantly in E. coli.[88] 

 

4.3 MTs classification 

Usually proteins are classified according to their functionality (oxygenases, reductases, proteases, 

etc.). In the case of MTs there is a big controversy, because, despite the different possible functions 

attributed, the main physiological role is still a matter of debate in the community.  For this reason, 

different classifications of MTs have been proposed over the years. 

The first classification, proposed on 1985 established a division of MTs in three groups, based on the 

similarity of their sequences with the first known MT, the one from horse kidney cortex:[89][90] 

- Class I is constituted by MTs with similar sequence to the MT from horse kidney and 

structured in two domains. This group contains a wide variety of mammalian MTs, but also 

some other vertebrate and invertebrate MTs. 

- Class II is constituted by MTs with a big heterogeneity in their sequences. The amino acid 

sequences cannot be aligned between them either with the equine MT. MTs from this group 

have mainly a single domain, and have been isolated from fungi, plants, invertebrates, and 

some bacteria. 

- Class III is constituted by enzyme sourced MTs isolated from plants, algae and some fungi. This 

group also include the above mentioned phytochelatines (section 4.2.1). 

In 1997, Binz and Kägi proposed a new classification for MTs based on phylogenetic relationships and 

sequential criteria. This new proposal divides MTs in families, subfamilies, subgroups, isoforms, and 

subisoforms, but providing as many MT types as taxonomic groups known.[91] 
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However, these two classifications do not provide functional or evolutionary information about MTs, 

because they are based on sequence similarity. For this reason, in 2001, our group proposed a new 

classification, based on both, amino acid sequences and preferences for essential metal ions such as 

Zn(II) and Cu(I). 

Zn(II) and Cu(I) can be found physiologically bonded to MTs in living beings. Thus, the different 

coordination environment exhibited by these two metal ions (tetrahedral for Zn(II) and trigonal 

planar and linear for Cu(I)) can lead to the formation of different clusters and thus, different protein 

conformation. This may confer different structures to the same MT when binding Zn(II) or Cu(I). 

Consequently, taking into account that the function of the proteins is normally determined by its 

structure, the characteristic function of a particular MT must be determined by the metal ion 

bonded. 

Therefore, to classify MTs according to these assumptions, their coordinating abilities in front of 

Zn(II) and Cu(I) had to be evaluated. Additionally, MTs coordination abilities in front of Cd(II) were 

also evaluated, because the behaviour of MTs with this metal ion is an important factor that helps to 

classify them, as will be further explained. 

Zn-, Cd- and Cu-MTs were recombinantly produced in E. coli cultures, in order to analyse their in vivo 

binding capabilities. Besides, the cultures enriched with Cu(II) have been produced in two different 

aeration conditions, normal oxygenation and low oxygenation, due to the difference in the MTs 

copper-binding abilities depending on the aerobic or anaerobic status of the producing host cells.[92] 

With all these parameters, the study of a large number of different MTs allowed to propose a 

gradation from genuine Zn-thioneins to strict Cu-thioneins (Figure 8). [93][94] 

 

The factors taken into account to classify the different MTs in the gradation are:[95] 

1) Presence or absence of Zn(II) in the metal-complexes synthesized in Cu(II) media. 

2) Presence or absence of sulfide ligands in the in vivo Cd-MT preparations. 

3) Presence or absence of Zn(II) in biosynthesized Cd-MT preparations. 

4) Reluctance grade for Zn(II) exchange by Cd(II) on in vivo Zn-MT titrations. 

5) The number of Cu(I) equivalents (according with the number of cysteines) necessary for in 

vitro reproduces the in vivo Cu-MT species. 
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Figure 8. MTs gradation according to their Zn- or Cu-thionein character proposed in 2008.[95] 

 

 

Completely opposite features were observed in genuine Zn and Cu-thioneins by studying all the 

previous factors. (Table 6 and Figure 9). 

GENUINE Zn-THIONEINS GENUINE Cu-THIONEINS 

Single species observed in Zn(II) and 
Cd(II)-enriched bioproductions 

Mixture of species observed in Zn(II) 
and Cd(II)-enriched bioproductions 

Heterometallic ZnxCdy-MT species 
observed in Cd(II)-enriched 

bioproductions 

Presence of S2- ligands observed in 
Cd(II)-enriched bioproductions 

Reluctance for in vitro Zn/Cd exchange Easy in vitro Zn/Cd exchange 

Heterometallic ZnxCuy-MT species 
observed in Cu(II) enriched 

bioproductions, regardless of the 
oxygenation grade 

Homometallic Cu-MT species 
observed in Cu(II) enriched 

bioproductions, regardless of the 
oxygenation grade 

Table 6. Comparison between features of genuine Zn-thioneins and Cu-thioneins. 
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Figure 9. Experimental data and deductive process followed to classify MTs according to their Zn- or Cu-
thionein character.[95] 

 

The most prominent feature of genuine Zn-thioneins is the formation of single well-structured Zn-MT 

species in Zn(II)-enriched bioproductions. Zn(II) ions bonded to these species present high reluctance 

for in vivo and in vitro Zn/Cd exchange, giving rise to heterometallic ZnxCdy-MT complexes. Besides, 

when Zn-thioneins are produced in Cu(II) culture bioproductions, they present the particularity to 

form mixtures of ZnxCuy-MT species. On the other hand, genuine Cu-thioneins form single well-

structured Cu-MT species in Cu(II)-enriched bioproductions, while in Zn(II)- enriched bioproductions 

they tend to form mixtures of Zn-MT species. Additionally, these kinds of MTs form CdxSy-MT 

complexes in Cd(II) culture bioproductions. All this suggests that Cu-thioneins are designed to bond 

monovalent ions, so, they need the presence of Zn(II) or sulfide ligands to stabilize metal-complexes 

when binding divalent metal ions. 

Among all the classified MTs, Cup1 from yeast is the MT with the most Cu-thionein character known 

so far[96] and CeMT1 from nematode the one with the most Zn-thionein character. A good example of 

a MT with intermediate character is CkMT from chicken[97] which participate in both, Zn(II) and Cu(I) 

metabolism (Figure 8). 
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4.4 MTs reactivity and functions 

Nowadays the specific physiological functions of MTs are still not well known, despite the huge 

research literature published about them during several decades. The only general agreement about 

MTs’ biological roles is that their main function depends on the organism where they are found. 

In order to attribute different functions to MTs, it is necessary to understand their inherent features 

and reactivity:[48] 

- Metal-binding capacity. MTs are polydentate ligands with high affinity for metal ions due to 

the presence of thiolate groups. 

- Metal exchange. The exchange is based on the affinity of thiolate for different metals (Fe(II) ≈ 

Zn(II) ≈ Co(II) < Pb(II) < Cd(II) < Cu(I) < Au(I) ≈ Ag(I) < Hg (II) < Bi(III)).[49] According to this 

gradation, species with Fe(II) or Zn(II) will tend to react and change their metallic content 

easily. 

- Metal transfer between biomolecules. MTs can be acceptors or donators of metal ions, 

promoting the metal transfer between different proteins or other biomolecules. 

- Redox activity. Thiolate groups of MTs are susceptible to be oxidized by soft agents and 

radical species. 

The diverse reactivity of MTs enables them to participate in multiple physiologic processes: 

- Detoxification of metals. This is the first and long assumed biological function of MTs. They 

seem to have high ability to bind toxic metals, following the order of metal-thiolate affinity 

gradation above mentioned. For this reason, MTs help to avoid cell damage and maintain a 

favourable physiologic situation by sequestering toxic metal ions.[98][99][100] 

- Metal ion homeostasis. Apart from toxic metals that can cause cell damage, all physiologic 

metals, present normally in organisms, as Cu(I) or Zn(II), can be poisonous at high 

concentrations. For this reason, MTs help to maintain the physiologic metal concentrations on 

biological systems in-between the corresponding range.[101][102] 

- Antioxidant agents. MTs present in oxidative stressed cellular media have been found 

living together with oxygen (ROS) and nitrogen (RNS) reactive species, produced by UV or 

X-Rays radiation. MTs participate in the radical elimination process by suffering an 

oxidation of their thiolate groups and releasing metal ions.[103][104][105][106] 

- Molecular carbine. MTs might participate in the folding of other proteins, such as other 

metalloproteins or transcription factors.[107] 
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Besides these four functions described above, other less-known functions have been attributed to 

MTs. These proteins can take part on metabolic control, for example, by regulating the cellular 

energy balance.[108] Also, they can exhibit an antiapoptotic role[109] or help in cellular protection and 

regeneration too.[110][111][112] 

 

4.5 MTs in living beings 

More than 250 MTs are known so far, because they are present in practically all living organisms. 

Nevertheless, the most extend studies have been focus in mammal, fungi and, more recently, in plant 

MTs. 

Four MT-coding gens have been isolated from mammals. These coding gens induce the different 

isoforms MT1, MT2, MT3, and MT4, which can also present subisoforms (differentiated by 1 or 2 

amino acids among them). These four isoforms show a high amino acid sequence similarity, being 

possible to align their 20 cysteine residues. However, they present differences in their expression 

pattern, because MT1 and MT2 are expressed ubiquitous and constitutively, MT3 is expressed in 

nervous system while MT4 in the stratified squamous epithelium.[113][114] 

The structural and chemical perspective of invertebrate MTs has been poorly studied. MT system 

from insects,[115] crustaceans,[66][116][117] echinoderms,[68] molluscs,[118] and nematodes[119][120] have 

been studied, especially focusing on the physiologic role and their use as biomarkers for 

contamination.[121] 

The first evidences about a plant MT was on 1987, when Kennedy and his collaborators isolated a 

protein from wheat seed, known as EC protein (Early Cysteine-labelled protein), which contained 

large Zn(II) amounts. Thereafter, a wide range of MT gens have been found, mainly related with Cu 

homeostasis on vegetal tissues.[122][123] 

Within all organisms, we are going to focus on fungal MTs, because this thesis work is going to 

deepening on the role of MTs in the different fungi functions, especially pathogenic activity. 
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5. FUNGAL MTs 

MTs concerning fungi have been poorly investigated over the years. Fortunately, their interest has 

increased in the last decades. The first discovered fungal MT was a Cu-MT from the yeast 

Saccharomyces cerevisiae, the so called Cup1. There are notable differences between these MT and 

horse MTs, and for this reason Cup1 was assigned to the class II in the three-class system.[124] 

Subsequently, when MTs were proposed to be classified into 15 families, by Binz and Kägi, the 

different fungal MTs were assigned to six different families, numbered 8 to 13 (Table 7).[125][89] 

Family 8 is the subgroup with the largest number of known MT sequences. In general, MTs that 

constitute this family are very small, about 25 amino acid residues each. Coordination of copper ions, 

rather than divalent Zn(II) or Cd(II), is a characteristic feature of this group and it is commonly 

observed in fungal MTs. However, their most striking property is the similarity of their sequence with 

the N-terminal domains of mammalian MTs. Families 9 and 10 contains one member each, both from 

Candida glabrata. Family 11 has four members from Yarrowia lipolytica. The cysteine part of these 

members is limited to the second half of the sequence, starting with an unusual motif of three 

cysteine residues followed by a spacer, and a structure like -CXCXXCXCXXCXC- in the last 13 residues. 

Finally, families 12 and 13 are constituted by two different MTs from Saccharomyces cerevisiae. 

 FAMILY EXAMPLE OF A MEMBER CYS PATTERNS 

8 Neurospora crassa MT 
-CXC- 
-CXCXXC- 

9 Candida glabrata MT1 
-CXC- 
-CXCXXC- 
-CXXXCXC- 

10 Candida glabrata MT2 
-CXC- 
-CXCXXC- 
-CXXXCXC- 

11 Yarrowia lipolytica MT3 
-CXC- 
-CCC- 

12 Saccharomyces cerevisiae CUP1 

-CC- 
-CXC- 
-CXCXCXXC- 
-CXXXCXCXXXC- 

13 Saccharomyces cerevisiae CRS5 

-CC- 
-CXC- 
-CXXC- 
-CXXXC- 
-CXCXXC- 

Table 7. Classification of fungal MTs according to Binz and Kägi’s division[125][89] 
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Among all fungal MTs, yeast MTs has been the most deeply studied due to the importance of 

Saccharomyces cerevisiae and its first discovered MT, Cup1-MT. S. cerevisiae has been adopted as a 

model organism among unicellular eukaryotes, for this reason its Cup1 isoform is the Cu-thionein 

most characterized up to know, providing a huge quantity of studies of MTs from similar organisms. 

However, there are two non-yeast MTs less studied, which have been important in the advances on 

this field, as they are considered the traditional and archetypical fungal MTs: Neurospora crassa MT 

(NcMT) and Agaricus bisporus MT (AbMT). A brief summary of the study of yeast and non-yeast MTs 

is detailed below. 

 

5.1 Yeast MTs widely characterized 

5.1.1 Saccharomyces cerevisiae MTs 

An exclusively Cu(I)-loaded MT, called Cup1 and classified in the family 12 of Binz and Kägi’s division, 

was found and isolated in 1975.[126] The protein, which confers Cu-resistance to the fungus 

Saccharomyces cerevisiae, was purified and characterized by D.R. Winge in 1984.[127] This MT is 

formed by 53 amino acids and 20% of cysteine content, lower than the 30% for mammalian MTs. In 

total, it contains 12 Cys residues and, unlike vertebrate MT, one histidine. 

Cup1-MT is encoded by CUP1 gene, which is induced by Cu(I) and Ag(I), but not by other metal ions, 

like Cd(II) or Zn(II). For this reason, Cup1-MT is found containing Cu(I) under physiological conditions. 

X-ray photoelectron spectrometry, EXAFS, and NMR techniques have been used to characterize the 

structure of the cluster formed by Cup1 (replacing Cu(I) by Ag(I) in the case of NMR, to observe M-Cys 

connectivities). 

The crystal structure of Cu8-Cup1 was solved, being the unique Cu-MT cluster whose structure is 

known up to now.[71] After X-Rays diffraction studies, the Cup1-MT cluster is known to be formed by 8 

Cu(I) ions bonded by 10 of the 12 cysteines present in the sequence. In this structure 6 Cu(I) ions are 

coordinated trigonally by cysteine thiolates, whereas two are bound in a linear mode, which are more 

labile (Figure 10). For this reason, in solution, Cu8-Cup1 consists of a mixture with stoichiometries of 

six to eight Cu(I) per MT molecule. 

By contrast, NMR studies show different results. Seven, instead of eight, different frequencies were 

found in the NMR spectra, showing a linear coordination mode for three Ag(I) ions, whereas four 

Ag(I) ions are bound in a trigonal mode (Figure 10). 
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Figure 10. Superposition of Cu8-Cup1 crystal structure obtained from X-Rays diffraction (cyan line) 

compared to the NMR model of the polypeptide chain fold in a Cu7-Cup1 complex (red line). Yellow lines 
are cysteine side chains, cyan spheres are the Cu8-atoms and red spheres are the Cu7-atoms. (Adapted 

from Calderone 2005).[71] 

 

Although CUP1 gene is not induced by Cd(II) or Zn(II), Cup1 is able to bind these metals. When this 

MT is synthesized in Zn-supplemented cultures, it can coordinate from 3 to 5 Zn(II) ions per molecule, 

while it renders Cd5-Cup1 and Cd6S4-Cup1, or Cd7S7-Cup1 complexes when synthesized by Cd-

enriched bacteria.[87] 

Another MT gene, called CRS5, was found in 1994 in Saccharomyces cerevisiae. This gene is also 

induced by high levels of Cu(I) in order to synthesize the Crs5 isoform, a protein with 69 amino acid 

residues and 19 cysteines, classified in the family 13 according to Binz and Kägi’s division.[128][129] This 

MT is able to bind 11-12 Cu(I) ions by molecule, but Cup1 contributes more to copper resistance due 

to its capacity of tandem amplification. 

Different studies about the coordination capabilities of Crs5 have been performed the last years, 

allowing its classification as an intermediate between Cu-thioneins and Zn-thioneins, but slightly 

closer to Zn-thioneins.[92] This is due to the stability of Zn complexes formed in Zn-supplemented 

cultures, homometallic Cd species expressed in Cd-rich media, and heterometallic Zn, Cu complexes 

in Cu-supplemented media. Despite this fact, in anaerobic physiological conditions, homometallic Cu 

complexes are able to be obtained. 
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5.1.2 Candida glabrata MTs 

Two distinct Cu-inducible MTs have been well characterized in the human pathogen Candida 

glabrata, designated as MT-1 and MT-2.[130] MT-1 appears to consist on only one member, while two 

subisoforms have been isolated for MT-2.[131] 

MT-1 has 62 amino acid residues, 18 of which are cysteines, while MT-2 has 51 amino acid residues 

with 16 cysteines. Unusual aromatic residues, tyrosine and histidine, are also found in the sequence 

of both MTs. In the case of MT-1, the sequence Cys-X-Cys-Pro-Asn and the sequence Cys-Gly-Asp-Lys-

Cys-Glu-Cys-Lys are found twice, suggesting that the protein has been formed by evolution consisting 

in gene duplication. The same phenomenon is observed for MT-2, but with a different sequence Gln-

Thr-Cys-Lys-Cys. Their sequence similarity is limited and for this reason MT-1 has been classified in 

family 9 while MT-2 in family 10 (see section 5). 

The expression of MT-1 and MT-2 is regulated by Cu(I) and Ag(I), but not by divalent metal ions like 

Zn(II) or Cd(II). The metal-binding properties of both MTs have not yet been examined in detail. The 

only studies performed have been based on luminescence and UV absorption, determining a 

stoichiometry of 11-12 Cu(I) ions for MT-1 and 10 Cu(I) ions for MT-2.[131][132] 

 

5.1.3 Yarrowia lipolytica MTs 

Yarrowia lipolytica is a dimorphic heterothallic fungus belonging to the phylum Ascomycota. The 

genome of this fungus encodes four high similar MTs (MTP1, MTP2, MTP3 and MTP4) which are all 

classified in the family 11 in Binz and Kägi division. MTP1 and MTP3 are formed by 55 amino acid 

residues, of which 9 are cysteines, while MTP2 and MTP4 have 54 amino acid residues with also 9 

cysteines in their sequence. These 9 cysteine residues are perfectly aligned between all four MTs, and 

they are located in the second half of the protein sequence with a characteristic triplet (-CCC-) and 

the fragment CXCXXCXCXXCXC at C-terminus (Figure 11). The expression of the MTPs genes is copper-

dependent.[133] 

MTP1 MEFTTAMFGTSLIFTT-STQSKHNLVNNCCCSSSTSESSMPASCACTKCGCKTCKC 55 

MTP3 MEFTTAMLGASLISTT-STQSKHNLVNNCCCSSSTSESSMPASCACTKCGCKTCKC 55 

MTP2 MEFTSALFGASLVQSKHKTTKKHNLVDSCCCSKPTEK--PTNSCTCSKCACDSCKC 54 

MTP4 MEFLNANFGASLIQSKHKTTKKHNLVNSCCCSKPAEK--PTNSCTCSKCACDSCKC 54 

Figure 11. Alignment between Yarrowia lipolytica MTs. 
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5.1.4 Schizosaccharomyces pombe MT 

Schizosaccharomyces pombe is a type of yeast belonging to the phylum Ascomycota. Various studies 

show the presence of a gene that codifies a specific MT in this organism, called Zym1. This protein is 

composed by 50 amino acid residues, 12 of which are cysteines. The synthesis of this MT is induced 

principally by Zn(II), and, to a lesser extent, by Cd(II) and oxidative environments (like H2O2), when 

the concentration of Zn(II) is low. For this reason, Zym1 is known to confer clear Zn-tolerance to cells. 

However, a decreasing in its synthesis results in only a small decrease in tolerance to zinc. This fact 

suggests the presence of alternative mechanisms in the organism, being these undefined processes 

the principal detoxifying agents and leading the main role of Zym1 as unknown until now.[134] 

 

5.2 Non-Yeast MTs widely characterized 

5.2.1 Neurospora crassa MT 

From the ascomycete Neurospora crassa, a MT with 25 amino acid residues was isolated, which is 

considered one of the traditional archetypical fungi MTs. This MT, belonging to the family 8 of Binz 

and Kägi classification, has a sequence very similar to the N-terminal domain (so called β-domain) of 

mammalian MTs. It has a total of 7 cysteines, which can be perfectly aligned with the mammalian 

ones.[135] 

The gene which synthesize Neurospora crassa MT (NcMT) is only induced by copper, not by divalent 

ions like Cd(II), Zn(II), Co(II), or Ni(II).[136] Various studies about this MT were performed with circular 

dichroism (CD), electronic absorption spectroscopy (AES) and electron paramagnetic resonance 

(EPR), concluding that it is able to bind up to 6 Cu(I) ions forming a Cu(I)6S7 cluster.[137] 

Later, the in vitro features of NcMT were tested by titration of the protein with different metal ions 

and the subsequent analysis by electronic absorption spectroscopy and EPR. The results obtained 

confirm that Zn(II), Cd(II), Co(II), and Hg(II) can also be bonded by the protein.[138] When Zn(II) was 

introduced  in the culture media, a cluster with 3 metal ions, Zn3-NcMT, was formed. Different results 

were observed between the titration with Cu(I) of this cluster Zn3-NcMT and the apo-NcMT form. In 

the first case a Cu6-NcMT specie were obtained after the addition of Cu(I), while in the second case 

the result of the titrations produced a Cu4-NcMT specie.[102][73] 

After all these studies, various attempts to determine the structure of the cluster Cu6-NcMT were 

conducted. However, the signal problems of Cu(I) in NMR techniques and the mixture of species 
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obtained when Cu(I) was substituted by Ag(I) made difficult to accomplish this objective. Despite this 

fact, polypeptide fold of the protein was determined by 1H-NMR proton-proton interactions by 

showing also the cysteine side chains. With the ribbon diagram, the possible positions of the 6 Cu(I) 

ions were modelled (Figure 12).[73][139] 

 

Figure 12. Backbone fold of NcMT solved by NMR with the hypothetical positions of the 6 Cu(I) 
ions.[139][73] 

But Cu(I) is known can adopt variable coordination numbers by binding in linear or trigonal 

environments. Consequently, the hypothesis of this cluster structure cannot be totally confirmed 

with the studies performed. 

 

5.2.2 Agaricus bisporus MT 

Agaricus bisporus is a mushroom which contains only one metallothionein. Together with NcMT, MT 

from Agaricus bisporus (AbMT) is considered the other traditional, archetypical fungal MT. Both 

sequences are highly similar (Figure 13), even though N. crassa belongs to the Ascomycota phylum 

and A. bisporus to the Basidiomycota. They share an 80% of similarity in their sequence, and AbMT 

also has 7 cysteines which are exactly in the same position than the NcMT ones. 

MGDCGCSGASSCNCGSG-CSCSNCGSK  N.crassa 

MGDCGCSGASSCTCASGQCTCSGCG-K  A.bisporus 

Figure 13. Alignment between NcMT and AbMT. 

 

AbMT consists on a 25 amino acid protein that binds copper in the organism. The calculated total 

amount of this metal in the protein by Atomic Absorption Spectroscopy is 5,8 Cu(I) per molecule, 
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almost coinciding with the 6 Cu(I) determined for NcMT. In addition, synthesis of AbMT is also 

induced only by copper, not by Zn(II) or Cd(II).[140] 

 

5.3 Other reported fungal MTs 

Although the vast majority of fungal MTs are Cu-thioneins, there is a small group of them induced by 

other metals. For example Hebeloma mesophaem, which has three MT isoforms, HmMT1, HmMT2, 

and HmMT3. HmMT1 binds specifically Zn(II) and Cd(II) whereas HmMT2 and HmMT3 bind Ag(I).[141] 

In the case of Hebeloma cylindrosporum, the HcMT1 isoform is induced by Cu(I) while HcMT2 is 

induced by both, Cu(I) and Cd(II), conferring to cells tolerance to both metals.[142] The same situation 

is also repeated for Paxillus involutus and Gigaspora margarita, whose MT genes (Pimt1 and 

Gmarmt1) are induced by Cu(I) and Cd(II) conferring also cellular tolerance against both metal 

ions.[143][144] 

On the other hand, the two MTs from the fungus Russula atropurpurea bind specifically Zn(II) ions 

accumulated in the cytoplasm,[145] and the three MTs from Amanita strobiliformis sequester Ag(I) in 

macro fungal fruit bodies and mycelia, hyperaccumulating this metal.[146] 

Another typical fungal MT studied is the Glomus intraradices MT. Its gene is induced by copper, and 

the presence of this MT confers Cu-tolerance to cell.[147] The MT from the parasite arthropod 

Beauveria bassiana (BbMT) or the two MT genes from the plant pathogenic fungus Colletotrichum 

gloesporioides (Cap3 and Cap5) are all induced by Cu(I) and Cd(II), showing their potential function in 

heavy metal resistance.[146][148] Moreover, the MT from the aquatic fungi Heliscus lugdensus is Cd-

induced, being the Cd detoxification its primarily function.[149] 

Other fungal MTs have been found in Uromyces fabae, Phaeosphaeria nodorum, or Laccaria bicolor, 

but they have not been fully characterized so far. Table 8 shows a list of all fungal MTs studied until 

today. 
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Fungus and MT name Phylum 
Length 

(aa) 
Cys number Pathogen Induced by Report 

H. lugdunensis MT Ascomycota 24 8 No Cd 
Jaeckel, P. 
(2005)[150] 

U. fabae MT Basidiomycota 24 6 Yes ? 
Hahn, M. 
(1997)[151] 

P. nodorum MT Ascomycota 25 7 Yes ? 
Hane, J.K. 
(2007)[152] 

C. gloesporioides Cap3 Ascomycota 26 7 Yes Cu, Cd 
Hwang, C.S. 
(1995)[153] 

C. gloesporioides Cap5 Ascomycota 27 8 Yes Cu, Cd 
Hwang, C.S. 
(1995) [153] 

P. anserina PaMT1 Ascomycota 26 7 No Cu 
Averbeck, NB. 

(2001)[154] 

C. albicans CUP1 Ascomycota 33 6 Yes Cu 
Weissman, Z. 

(2000)[155] 

C. albicans CRD2 Ascomycota 76 12 Yes Basal levels 
Riggle, P.J. 
(2000)[156] 

A. strobiliformis MT1a Basidiomycota 34 6 No Ag 
Osobova, M. 

(2011)[146] 

A. strobiliformis MT1b Basidiomycota 34 7 No Ag 
Osobova, M. 

(2011) [146] 

A. strobiliformis MT1c Basidiomycota 34 6 No Ag 
Osobova, M. 

(2011) [146] 

H. mesophaeum 
HmMT1 

Basidiomycota 59 13 No Zn, Cd 
Sacky, J. 

(2014)[141] 

H. mesophaeum 
HmMT2 

Basidiomycota 58 13 No Ag 
Sacky, J. 

(2014) [141] 

H. mesophaeum 
HmMT3 

Basidiomycota 52 13 No Ag 
Sacky, J. 

(2014) [141] 

H. cylindrosporum 
HcMT1 

Basidiomycota 59 13 No Cu 
Bellion, M. 
(2007)[143] 

H. cylindrosporum 
HcMT2 

Basidiomycota 57 13 No Cu, Cd 
Bellion, M. 
(2007) [143] 

G. margarita GmarMT1 Glomeromycota 65 13 No Cu, Cd 
Lafranco, L. 
(2002)[144] 

S. pombe Zym1 Ascomycota 50 12 No Zn 
Borrelly, 

GPM. (2002)[134] 

G. intraradices ntMT Glomeromycota 71 12 No Cu 
González- 

Guerrero, M. 
(2005)[147] 

B. bassiana MT Ascomycota ? ? Yes Cu, Cd 
Kameo, S. 
(2002)[148] 

P. tinctoricus MT Basidiomycota 35 7 No ? 
Voiblet, C. 
(2001)[157] 

P. involutus PiMT1 Basidiomycota 34 7 No Cu, Cd 
Courbot, M. 

(2004)[158] 

L. edodes MT Basidiomycota 34 7 No ? 
Kwan, HS. 
(2002)[159] 

R. atropurpurea 
RaZBP1 

Basidiomycota 53 6 No Zn 
Sacky, J. 

(2016)[160] 

R. atropurpurea 
RaZBP2 

Basidiomycota 53 6 No Zn 
Sacky, J. 

(2016) [160] 

L. bicolor MT1 Basidiomycota 37 8 No Cd 
Reddy, MS. 
(2014)[161] 

L. bicolor MT2 Basidiomycota 58 14 No Cu, Cd 
Reddy, MS. 
(2014) [161] 

Table 8. Summary of other fungal MTs described in the literature 
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5.4 Pathogenic fungi MTs 

Among all fungal MTs, probably pathogenic fungi are one of the most interesting. They are becoming 

an important field of study due to their relation in crop care and human diseases, so, huge progress 

in their knowledge allows the development of new biotechnological and biomedical tools. 

Magnaporthe grisea is a pathogenic fungus widely studied, responsible of rice blast fungus 

disease[162], while Cryptococcus neoformans is the pathogenic fungus responsible of human 

cryptococcosis.[163]  

The MT found in the fungus Magnaporthe grisea is known as MMT1, which has 22 amino acid 

residues and 6 cysteines, being the smallest MT reported until today. MMT1 exhibits a high 

preference for zinc, resulting in a great ability to play an antioxidant role by releasing these metal 

ions when ROS are in the media. Although its synthesis is not induced by any metal ion, there are 

some environmental stresses which produce the MT gene expression.  Two possible roles have been 

proposed for MMT1. First, it can act as antioxidant to confront plant defence mechanism that 

involves a rapid oxidative burst, localized in the infection points. Second, MMT1 may be required for 

cell wall differentiation in the appressorium, being necessary in the developmental biology of plant 

pathogenic fungi.[162] 

In C. neoformans two unusually long MTs were found, CnMT1 and CnMT2. CnMT1 is a 122 amino acid 

protein, with 25 cysteines, whereas CnMT2 comprises 183 amino acid residues with 37 cysteines. 

These particularly long MTs seem to be formed by Cys-regions separated by portions without 

cysteines called spacers. The cysteine pattern in the Cys-segments is highly similar to the NcMT 

sequence, indicating a probable evolutionary common origin from the same ancestor.[164][165] CnMT1 

and CnMT2 exhibit an extraordinary high capacity to bind copper, not observed previously. CnMT1 is 

able to bind up to 16 Cu(I) ions per molecule whereas CnMT2 binds up to 24 Cu(I) ions, producing 

homometallic species. Both CnMTs bind Cu(I) through the cooperative construction of Cu5-clusters, 

which suggests that each Cys-fragment can bind 5 Cu(I) ions forming a characteristic cluster. Besides 

Cu(I), additional experiments with other metals were performed resulting in other metal-CnMTs 

complexes. The recombinant synthesis in Zn(II) and Cd(II) metal enriched media produces Zn-CnMTs 

and Cd-CnMTs complexes, but with poor yield and stability. 

During C. neoformans infection, one of the mechanisms used by innate immune cells to create an 

adverse environment to fight against the invaders is to hyperaccumulate copper inside the 

phagosome through macrophages.[166] Meanwhile, a metalloregulatory transcription factor activates 
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the transcription of CnMTs under copper excess conditions, to chelate these metal ions. Ding et 

al.[164] conducted in vitro mice experiments to confirm the idea of the requirement of CnMTs for 

virulence and infection. 

 

5.5 New division of fungal MTs 

Following the strategy of studying and comparing the sequences of all known fungal MTs, a new 

division, different from Binz and Kagi’s fungal classification, has been proposed on the last years.[167] 

This new division is based on the length and different Cys motifs of fungal MTs, providing four 

different subfamilies. Subfamily 1 (Figure 14) comprises the shortest fungal MTs, which contain 

between 6 to 8 cysteines arranged principally in three different Cys patterns. N. crassa MT and 

homologous fungal MTs are placed in this group. Subfamily 2 (Figure 15) is for medium-length MTs, 

which contain 9 cysteines and only 2 Cys patterns. Only human opportunistic fungal MTs represent 

this group so far. Subfamily 3 (Figure 16) comprises yeast, moulds and dimorphic fungi MTs, with 

sequences similar to C. albicans CRD2, containing from 12 to 20 cysteines arranged in different Cys 

patterns. Finally, Subfamily 4 (Figure 17) is constituted by the extremely long fungal MTs, with more 

than 22 cysteines and modular structure. C. neoformans MTs and T. mesenterica are classified in this 

group. 

This innovative classification may allow us to hypothesize the functional features and the different 

roles in metal metabolism and infectivity processes of the different MTs. For this reason, the 

classification of new fungal MTs discovered inside of these subfamilies, with the subsequent study of 

their coordination abilities, allow making progress in the unknown functions of MTs. A classification 

of already known fungal MTs and new discovered MTs is presented hereafter (Figure 14 to 17). 

U.fabae_MT    ------------MNP--CSSN--CSCGAS---CTCSGCSSHKK 24 

C.gloeosporioides_Cap3  ------------MSGCGCASTGTCHCGKD---CTCAGCPHK-- 26 

A.bisporus_MT   -------------GDCGCSGASSCTCASGQ--CTCSGCGK--- 25 

N.crassa_MT   ------------MGDCGCSGASSCNCGSG---CSCSNCGSK-- 26 

F.oxysporum_MT   -----------MAGDCGCSGASSCNCGSS---CSCSGCGK--- 26 

M.perniciosa_MT1      MIATEFTVVNAHCGSSTCNCGEN--CACKPGE--CKC-------- 33 

H.lugdunensis_MT   -------------SPCTCST---CNCAGACNSCSCTSCSH--- 24 

P.nodorum_MT   ------------MSPCNCQT---CSCSGDCSGCSCSSCSH--- 25 

C.gloeosporioides_Cap5  ------------MAPCSCKS-CGTSCAGSCTSCSCGSCSH--- 27 

B.dermatitidis_MT1  ------------MSPCNCN-----CCAGDCNSCSCTSCSVP-- 24 

U.reesi_MT    ------------MSPCSCN-----CCSGNCNSCSCSNCSH--- 23 

A.nidulans_MT   ------------MSPCTCN-----CCSGECNSCSCSSCKH--- 23 

A.oryzae/flavus_MT  ------------MSPCSCN-----CCSGNCNSCSCSDCKH--- 23 

A.niger_MT    ------------MAPCECK-----CCSGSCNSCSCSNCKH--- 23 

C.posadasii_MT1   ------------MNPCSCN-----CCSGNCNNCSCGSCGH--- 23 

Figure 14. Subfamily 1: short MTs (6-8 Cys).This subfamily is characterized by contain -CXC-, -CC- and -CXCXXC- patterns. 
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P.brasiliensis_MT   MGCGCGS-ECSCSGPQNCVCGTSGGGSTCHCTSCTVS 36 

C.posadasii/immitis_MT2  MGCGCGTGSCSCNGPQNCSCPS--D--TCHCTTCGK- 32 

H.capsulatum_MT    MACGCGNNSCPCDGPQSCTCSS-GGGSSCGCTTCK-- 34 

B.dermatitidis_MT2   MGCGCGDDKCPCEGPKTCSCSS-SG--TCGCTTCGK- 33 
 

Figure 15. Subfamily 2: medium MTs (9 Cys). This subfamily exhibits only the -CXC- and -CXCXXC- patterns. 
 
 
 

S.cerevisiae_CUP1 MFSELINFQNEGHECQCQCGSCKNNEQCQKSCSCPTG----CNSDDK------------ 

C.albicans_CRD2  ------------MACSAAQ---CVCAQKST-CSCGKQPALKCNCSKASVENVVPSSNDA 

S.brasiliensis_MT  ---------MVSSTCCGKGGAECVCAQNAT-CSCGKQSALHCNCDRAATENNTAGDR-- 

S.apiospermum_MT  --------MSPADTCCRKGEGACVCAQQAT-CSCGKQSALHCTCDKAAVENTISGPS-- 

N.crassa_MT2  ----MSAPVAKASTCCGKSAE-CICAKQAT-CSCGKQSALHCTCDKANSENAVEGPR-- 

C.glabrata_MT2  --------MPEQVNCQYD----CHCSN----CACENT----CNCCAKPA---------- 

Y.lypolitica_MT5  ------------MACSTN----CSCPKPCTNCACEKA----CTCSP------------- 

 

 

S.cerevisiae_CUP1 CPCGNKSEETKKSCCSGK----------------------------------------- 

C.albicans_CRD2  CACGKRNKSS---CTCGANAICDGTDGETDFTNLK------------------------ 

S.brasiliensis_MT CSCGQRPAGA---CTCATNPSEVNTANETDFTTRK------------------------ 

S.apiospermum_MT  CSCGSRPVGQ---CTCENATVENQKPTGATCGCGARPAGSCTCNNSANETDFTTKK--- 

N.crassa_MT2  CSCRARPAGQ---CTCDRASTENQKPTGNACACGTRPADACTCEKAADGGFKPTDLETD 

C.glabrata_MT2  CACTNSASNE---CSCQT------------CKCQT-----CKC---------------- 

Y.lypolitica_MT5  CSCES--------CKCAKA-----------CECEKSTT—CKCESCKCEGSCKC------ 

 

 

S.cerevisiae_CUP1 -------------------------------------------------------  61 

C.albicans_CRD2  -------------------------------------------------------  76 

S.brasiliensis_MT -------------------------------------------------------  79 

S.apiospermum_MT  ------------------------------------------------------- 101 

N.crassa_MT2  FTTKN-------------------------------------------------- 112 

C.glabrata_MT2  -------------------------------------------------------  52 

Y.lypolitica_MT5  -------------------------------------------------------  59 

 

Figure 16. Subfamily 3: long MTs (12-20 Cys). Different Cys patterns: - CXC-, -CC-, -CXCXXC-, -CX2-4CXC-. 
 

 

 

T.mesenterica_MT MSAPVETKEKSCGCQPAPAVQSCNCSNEGN--CTCAPGKCACSSCSSDSIKKTGK-CGG 

C.neoformans_MT1  ---------MACNCPPQKNTA-CCSTSEAQDKCTCQKGNCECKACPNSTKTSESGGKAS 

C.neoformans_MT2  ---------MAFNPNPEKTTS-CCSTSKAQDKCTCPKGKCECETCPKSTKTPGSGPCNC 

 

 

T.mesenterica_MT  SEG--------------CTCEAGKCDCASCPGSSGQVKACTCGTS---CSCPPGECTCA 

C.neoformans_MT1  T-------CNCGGSGEACTCPPGQCACDKCPKKAKSVSTCGCGGSGAACSCPPGKCACD 

C.neoformans_MT2  GVKEKVSTCGCNGSGAACTCPPGQCACDSCPRKAKSVSTCGCGGSAAACSCPPGKCACD 

 

 

T.mesenterica_MT  GCPNNKGKEKAKDEKAGECSCGPS---CSCPPGECSCAGCSNVKSTGKEKAPAKACECG 

C.neoformans_MT1  NCPKQAQEKVSS------CACSGSGAA 

C.neoformans_MT2  SCPKQAQEKVSS------CACNGSGGACTCPPGKCSCSGCPAQAKENPADQPTT-CGCQ 

 

 

T.mesenterica_MT  EE---CSCPPGQCSCANCPAKEKKDACSCSEGCSCPPGQCACANCPHKDEAKGCSCGES 

C.neoformans_MT1  ----------------------------------------------------------- 

C.neoformans_MT2  GVGVACTCPPGQCACDGCPAKAK------------------------------------ 

 

 

T.mesenterica_MT  CSCPPGECKCANCPKKTEPAKACACGDECSCPPGQCGCADCPGKTS  257 

C.neoformans_MT1 ----------------------------------------------  122 

C.neoformans_MT2 ----------------------------------------------  183 

 
Figure 17. Subfamily 4: extremely long MTs (>22 Cys). Different Cys patterns are identified: -CXC-, -CC- and -CXCXXC-. 
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6. ORGANISMS OF STUDY 

 

6.1 Neurospora crassa 

Neurospora crassa is a fungus commonly known as orange bread mold, belonging to the phylum 

Ascomycota. The first historical report of this fungus dates back to 1843, when it was reported as a 

contaminant of French bakeries. Later, Neurospora crassa became an experimental model organism, 

after its eventful discovery and subsequent studies performed by Bernard O. Dodge[168] and Carl C. 

Lindegren[169] about sexual reproduction. 

Several years later, Beadle and Tatum sought an easily manipulated organism that could be grown on 

simple media quite rapidly, and might display additional nutrient requirements arising by mutation, 

when they realized Neurospora crassa. In their work, they defined the role of genes in metabolism by 

taking advantage of this fungus.[170] The success on using N. crassa emboldened others to use 

bacteria, algae, and other fungi in similar studies. 

All these supposed the 1900s-mid-century revolution in genetics and biochemistry. For these reason, 

molecular biology is considered to be born after Beadle and Tatum work in 1958, together with the 

elucidation of the structure of DNA in 1953. 

Since that moment, N. crassa has been used for the understanding of several basic and fundamental 

aspects in biology, a fact that produces a high interest in study all features of this fungus, including its 

MTs. 

During the 80s, one MT was found in N. crassa, which was called NcMT. As mentioned in section 

5.2.1, this MT was widely studied and characterized with the techniques known until 

then.[73][78][102][135][136][137][138] Due to its short and simple amino acid sequence, NcMT was considered 

as an archetypical fungal MT, resulting in a big interest in elucidating its structure and metal binding 

abilities. For this reason, our group proposed to upgrade the study of the features of NcMT by using 

modern methodologies available nowadays, as genetic engineering and new spectroscopic 

techniques. 

NcMT has 7 cysteines (among 28 aa) in the amino acid sequence, therefore, this protein has been 

classified in subfamily 1 inside the new proposal of fungal MT division mentioned in section 4.5. Apart 

from NcMT, the group of Pr. Silvia Atrian recently discovered two new MTs by screening the entire 

genome of this organism, which have been called NcMT1 (114 aa, 16 Cys) and NcMT2 (77aa, 7 Cys). 
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NcMT1 and NcMT2 have been classified in subfamily 1 and subfamily 3, respectively, and they have 

been also studied and characterized.  

 

6.2 Fusarium verticillioides 

Fusarium is a large genus of filamentous fungi, belonging to the Ascomycota phylum, widely 

distributed in soil and associated with some plant pathologies. There are a large number of Fusarium 

species, and an important number of them are pathogenic for plants. [171] A smaller part of them also 

can affect humans and, occasionally, animals.[172] In humans, Fusarium species can cause a broad 

spectrum of infections, including superficial, locally invasive, or disseminated infections, with the last 

occurring almost exclusively in severely immunocompromised patients.[173] They also may cause 

allergic diseases and mycitoxicosis in humans and animals by ingestion of contaminated food.[171] 

Among all the species, twelve have been associated with fusariosis in humans, being the most 

important Fusarium solani (∼50% of cases), Fusarium oxysporum (∼20%), and Fusarium verticillioides 

(∼10%). Here it is studied in particular the specie Fusarium verticillioides, the most prevalent fungi on 

maize. In plants, it also causes the bakanae disease, whereas in humans, F. verticillioides can infect 

especially immunocompromised people.[174] As already explained in section 5.4, previous studies 

about another pathogenic fungus, Cryptococcus neoformans demonstrated the role of MTs as 

pathogenic and virulence factors, due to their extremely high capacity to bind copper.[164][165] For this 

reason, it seemed interesting to characterize other fungal MTs like F. verticillioides MT (FvMT), 

classified in subfamily 1 in the new fungal division. 

 

6.3 Candida albicans 

Candida albicans is a dimorphic fungus that grows both as yeast and filamentous cells. This fungus 

causes the infection candidiasis, being responsible of 50–90% of all cases of candidiasis in 

humans.[175][176] The parts of the body that are commonly infected by this fungus include the skin, 

genitals, throat, mouth, and blood. But the really important interest lies in systemic fungal infections 

produced by C. albicans, which have emerged as important causes of morbidity and mortality in 

immunocompromised patients. The fungus C. albicans is a common member of human gut flora and 

it is detectable in the gastrointestinal tract in 40% of healthy adults,[177] being the overgrowth of the 

fungus the responsible of candidiasis.[175][176] 
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In order to analyse the factors responsible of the high resistance to elevated concentrations of 

copper of the pathogenic fungus C. albicans,[155][156] a screening of the fungus genes was performed. 

Two different genes were found to induce the synthesis of two MTs involved in the copper 

detoxification role, so called CaCup1 and CaCRD2.[155][156] While CaCup1 is a short MT with only 6 

cysteines (35 aa), CaCRD2 is a long MT with 12 cysteines (78 aa). In the new proposed fungal division, 

CaCup1 is classified in subfamily 1 while CaCRD2 in subfamily 3. 

 

6.4 Coccidioides posadasii 

Coccidioides posadasii is another pathogenic fungus that, together with Coccidioides immitis, is the 

causative agent of coccidiodomycosis in both animals and humans.[178] C. posadasii grows in the soil 

as infectious cells, called arthroconidia, which are dispersed into the air.[179] When arthroconidia is 

inhaled by a host a process of division into endospores[180] causes an inflammatory response, 

resulting in the respiratory disease coccidiodomycosis.[181] 

The exposure to the pathogen can result in a wide variety of symptoms: asymptomatic infection; a 

benign pulmonary infection (“Valley fever”); or even fatal cases of pulmonary disease affecting the 

skin, bones, central nervous system and other organs.[182] 

Two different MTs have been found in C. posadasii: CipMT1, which belongs to subfamily 1; and 

CipMT2, into subfamily 2. In the same way as explained for the other fungal pathogens, it is 

important to characterize Coccidioides posadasii MTs to shed light to their possible role in the 

pathogenicity of this organism. 

 

6.5 Uncinocarpus resii 

Uncinocarpus resii is a filamentous fungus scarcely studied.  The main interest of this organism lies on 

its similarity with the dimorphic pathogenic fungi Coccidioides immitis and Coccidioides posadasii, 

that suggest phylogenetic connections between them.[183][184][185] Uncinocarpus resii and Coccidioides 

spp. have common habitat preferences: they can survive passage through animals and they also have 

similar morphological features. However, the important factor that distinguishes them is that while 

Coccidioides spp. are pathogenic fungi, Uncinocarpus resii is a harmless inhabitant of animals.[186] 
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The only MT found in Uncinocarpus resii, UrMT, is classified in subfamily 1 and is very similar to 

CipMT1, one MT isoform of Coccidioides posadasii. So, the behaviour of CipMT1 and URMT can be 

compared in order to correlate their characteristics with their roles in the pathogenicity of organisms. 

 

6.6 Sporothrix brasiliensis 

There are a wide variety of Sporothrix species, differing in their ecological niche, frequency, 

distribution, and virulence, which forms the so called Sporothrix schenckii complex.[187] Some of these 

fungi have the potential to survive in mammalian hosts and are able to cause damage in multiple 

species of animals, including humans.[188][189] The best known species of this complex are S. schenckii, 

S. brasiliensis, S. globosa, S. mexicana, S. luriei, S. pallida (formerly S. albicans), and S. schenckii sensu 

stricto. 

All the above mentioned species, with the exception of S. pallida, have been reported to cause 

sporotrichosis in humans and animals.[190][191][192][193][194] Sporotrichosis affects humans and other 

mammals, such as cats, dogs, rats, armadillos, and horses. As the fungus is abundant in soil, wood 

and moss, most infections occur following minor skin trauma in people with outdoor occupations or 

hobbies, such as gardening, farming, hunting, or other activities involving close contact with 

vegetation and soil. In humans, the disease can be classified into fixed cutaneous, lymphocutaneous, 

disseminated cutaneous, and extracutaneous or systemic sporotrichosis. 

Among all the S. species, S. brasiliensis has aroused big interest because, in a murine model, this 

fungus resulted the most virulent member of Sporothrix schenckii complex.[196] 

In the same manner as in the other pathogenic fungi, the persistence and survival of the fungus may 

be related to the presence of MTs. For this reason, the study of the only MT found in this organism, 

so called SbMT, classified in subfamily 3, seems necessary to shed light on the possible role in the 

pathogenicity of this organism. 

 

6.7 Scedosporium apiospermum 

Scedosporium species are filamentous fungi, being S. prolificans and S. apiospermum the two most 

important species of this group. They are mainly saprophytes, but they can be also opportunistic 

pathogens. Scedosporium spp. can cause scedosporiosis, and, in particular, S. apiospermum is 

responsible of about 25% of fungi infections in pulmonary transplant patients.[196][197][198] The range of 
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diseases caused by these fungi is broad, ranging from transient colonization of the respiratory tract to 

saprophytic involvement of abnormal airways, allergic bronchopulmonary reaction, invasive localized 

disease, and sometimes disseminated disease. [197][199][200][201] Treatment of Scedosporium infections is 

especially challenging because of their resistance to many antifungal agents.  

By following the hypothesis explained for previous pathogenic fungi, MTs are believed to be 

responsible of this resistance, for this reason, the MT present in S. apiospermum has been studied 

and characterized. SaMT have 16 cysteines in its 103 amino acid sequence, and has been classified in 

subfamily 3. 

 

6.8 Cryptococcus neoformans 

Cryptococcus neoformans is an encapsulated yeast and an obligate aerobe[202] that can live in 

both plants and animals. This organism grows as yeast and replicates by budding, it makes hyphae 

during mating, and eventually creates basidiospores at the end of the hyphae before producing 

spores.  

The infection produced by C. neoformans is termed cryptococcosis. This infection occurs mostly in 

the lungs,[203] producing fungal meningitis and encephalitis. It is particularly dangerous for AIDS 

patients, for this reason, C. neoformans is sometimes referred to as an opportunistic fungus.[204]  

This fungus is a facultative intracellular pathogen[205] that can use host phagocytes to spread within 

the body.[206][207] In human infection, C. neoformans is spread by inhalation of aerosolized 

basidiospores, and disseminate to the central nervous system.[208] In the lungs, C. neoformans cells 

are phagocytosed by alveolar macrophages.[209] Macrophages produce oxidative and nitrosative 

agents, creating a hostile environment, to kill invading pathogens.[210] However, some C. neoformans 

cells can survive intracellularly in macrophages.[209] One mechanism by which C. neoformans survives 

the hostile intracellular environment of the macrophage involves metallothioneins, for these reason 

the two MTs found in the genome of this organism has been studied.[164][165] These two MTs are 

CnMT1 and CnMT2 and have been classified in subfamily 4. 

  

https://en.wikipedia.org/wiki/Yeast
https://en.wikipedia.org/wiki/Budding
https://en.wikipedia.org/wiki/Cryptococcosis
https://en.wikipedia.org/wiki/Fungal_meningitis
https://en.wikipedia.org/wiki/Encephalitis
https://en.wikipedia.org/wiki/Facultative_intracellular_pathogen
https://en.wikipedia.org/wiki/Phagocytes
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6.9 Tremella mesenterica 

Tremella mesenterica is a common jelly fungus in the Tremellaceae family of the Agaricomycotina. 

It is typically considered as a saprophytic fungus, but it has also been reported as parasitic to other 

fungi. This organism is especially found on dead angiosperms, frequently attached on fallen branches, 

as a parasite of wood decay fungi in the genus Peniophora.[211] The gelatinous, orange-yellow fruit 

body of the fungus, which can grow up to 7.5 cm diameter, has a convoluted or lobed surface that is 

greasy or slimy when damp. It grows in crevices in bark, appearing during rainy weather. T. 

mesenterica aroused big interest into the medical field, due to the production of the polysaccharide 

glucuronoxylomannan,[212] which have been associated to a huge number of biological activities, 

including immunostimulatory, protecting against radiation, antidiabetic, anti-inflammatory, 

hypocholesterolemic, hepatoprotective, and antiallergic effects.[213][214] 

In the genome of this fungus a new extremely large MT have been found. The sequence showed a 

Cys pattern which can be aligned with the C. neoformans MTs, suggesting also a modular 

structure. This MT, so called TmMT, is the longest MT reported so far, and has been classified in 

subfamily 4. 
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7. OBJECTIVES 

This PhD thesis has as main objective to increase the current knowledge in the metallothioneins field, 

concretely by studying the structure and the metal binding behaviour of different fungi MTs in order to 

deepen in the relation between their structure and their function. 

To achieve this general objective, we have centred on accomplish the next specific objectives: 

 

1. Identification of new pathogenic and non-pathogenic fungal MT sequences, comparing them and 

doing an alignment of their sequences, especially of their cysteines residues. 

 

2. Revisit the metal binding abilities of NcMT described in the bibliography (See section 5.2.1) 

 

 

3. Study the metal binding preferences of new found MTs, already classified in the new proposed division 

of fungal MTs (See section 5.5). 

 

4. Description of the modular blocks forming CnMT1 in order to describe their homology with the N. 

crassa fungal MT model. 

 

 

5. Study of the modular structure and metal binding abilities of TmMT. 
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8. MTs OF SUBFAMILY 1 

In this subfamily we have studied and classified six different MTs of the organisms mentioned in 

section 6. Even if they are composed by different numbers of amino acids, their behaviour can be 

compared when considering the number of cysteine residues and their relative position in the 

sequence (Table 9). The MTs studied are one with 6 cysteines, CaCup1; three with 7 cysteines, NcMT, 

FvMT and NcMT2; and two with 8 cysteines, UrMT and CipMT1. Interestingly, all of them can be 

perfectly aligned in their Cys residues. 

 

ORGANISM MT SEQUENCE aa C 
Candida 
albicans 

CaCup1 -------------------------------MSKFELVNYASGCSCGA--DCKCASETECKCASKK 35 6 

Neurospora 
crassa 

NcMT ----------------------------------------MGDCGCSGASSCNCGSG--CSCSNCGSK 28 7 

Fusarium 
verticillioides 

FvMT ---------------------------------------MAGDCGCSGASSCNCGSS--CSCSGCGK 28 7 

Neurospora 
crassa 

NcMT2 MSDKPSTKADMSSDSGTNTGPSTGAAAASETRDKPVATKPAQTCDCGHTGSCTCTPGD-CACENCPTAIQASHHTK 77 7 

Uncinocarpus 
resii 

UrMT ----------------------------------------MSPCSCN----CCSGNCNSCSCSNCSH 25 8 

Coccidioides 
posadasii 

CipMT1  ---------------------------------------MNPCSCN----CCSGNCNNCSCGSCGH 25 8 

Table 9. Alignment of MT sequences studied from subfamily 1, with the number of amino acids (aa) and cysteines (in red). 
Also histidines (in green) and methionines (in blue) are marked. 

 

 

8.1 CaCup1 

The sequence of CaCup1 has 35 amino acids and 6 cysteines (Figure 18A). After recombinant 

synthesis of this protein in different metal-supplemented cultures, its purity and identity was 

analysed by ESI-MS (pH 2.4). The peak obtained for the apo-form was 3627 Da. This value correlates 

with the theoretical mass weight (MW) calculated for CaCup1, 3627.1 Da, thus confirming the 

identity of the amino acid sequence (Figure 18B). 
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(A) GSMSKFELVNYASGCSCGADCKCASETECKCASKK 

         (B)  

 

Figure 18. Amino acid sequence of the recombinant CaCup1 isoform and deconvoluted ESI-MS spectrum of the 
Zn-CaCup1 preparation recorded at pH 2.4, which corresponds to the apo-CaCup1. 

 

Once confirmed the amino acid sequence and the corresponding MW, the behaviour of the protein in 

the presence of Zn(II), Cd(II), and Cu(II) can be analysed. 

 

8.1.1 CaCup1 binding Zn(II) 

According to the data obtained by ESI-MS (Figure 19A), when CaCup1 is synthesized in Zn(II)-enriched 

media a single specie corresponding to the complex Zn2-CaCup1 is obtained, result which correlates 

with the 2,06 Zn(II) per MT value obtained by ICP-AES. Despite the considerable cleanness of the ESI-

MS spectrum, the lack of signals after 240 nm in the CD spectrum indicates that the structuration of 

the protein about Zn(II) is poor. (Figure 19B). 

(A) (B) 

      

Figure 19. Deconvoluted ESI-MS spectrum of Zn-CaCup1 at pH 7.0 and CD spectrum of the Zn-CaCup1 preparation. 
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8.1.2 CaCup1 binding Cd(II) 

In the case of the synthesis of this protein in Cd(II)-supplemented cultures, the ESI-MS spectrum 

shows the presence of different CdxSy-CaCup1 complexes and also the specie Cd5-CaCup1, all of them 

with similar intensities (Figure 20A). The presence of S2- ligands was corroborated by the low Cd-to-S 

ratio measured by ICP-AES. On the other hand, the CD spectrum shows a Gaussian band at 250 nm, 

related with the Cd-Cys bond, and one exciton coupling at 290 nm, characteristic of the Cd-S2-  bond.  

(A) (B)  

      

Figure 20. Deconvoluted ESI-MS and CD spectra of the Cd-CaCup1 preparation, recorded both at pH 7.0 

 

8.1.3 CaCup1 binding Cu(I) 

When CaCup1 is produced in Cu(II)-enriched media, the ESI-MS results obtained for the productions 

at normal and low oxygenation of the cultures are significantly different. At normal oxygenation, a 

mixture of different species is obtained, where the majority ones are Cu4-CaCup1 and Cu5-CaCup1. 

Besides, the apo-form is always present in the mixture, at both neutral and acidic pH, suggesting that 

this protein has not high preference for Cu(I) (Figure 21A and 21B). By contrast, at low oxygenation 

the only specie which is observed is Apo-CaCup1, at both pH values recorded, reflecting that any Cu(I) 

specie is formed. Due to this result, the data of this production is not shown. 

In both productions, the concentration of the protein was lower than the detection limit of ICP-AES 

analysis, thus impairing to confirm the Cu content. Conversely, the CD analysis was possible, by 

showing low intensity Gaussian bands at 255, 290, and 330 nm (Figure 21C), which correlates with 

the presence of some Cu clusters. 
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(A) (B) 

 

(C) 

 

Figure 21. Deconvoluted ESI-MS spectra, recorded at pH 7.0 and 2.4, and CD spectrum of 
 Cu-CaCup1 preparation. 

 

The in vitro addition of Cu(I) to the Zn-CaCup1 preparation, followed by CD, UV-Vis and ESI-MS, 

allows to observe the formation of mainly Cu4-CaCup1 with 4 Cu(I) equivalents added. According to 

the CD, ESI-MS and UV-Vis data, the addition of further Cu(I) to the solution do not provoke 

additional binding of Cu but the unfolding of the formed cluster until rendering the apo-species 

(Figures 22 and 23). 

CD UV-Vis 

  

 

 

 

 

Figure 22. Titration followed by CD and UV-Vis spectroscopies corresponding to the addition of Cu(I) to 
 a solution 20.4 µM of Zn-CaCup1 at pH 7.0 and 25ºC.  
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Figure 23. Titration followed by ESI-MS at pH 7.0 and 2.4, corresponding to the addition of Cu(I) to 

 a solution 20.4 µM of Zn-CaCup1. 

 

The results obtained in vivo and in vitro are slightly different. In vitro the Cu(I) is added step by step 

and the specie Cu4-CaCup1 is formed properly, but with the addition of excessive Cu(I) equivalents 

the destabilization of the protein is produced. By contrast, in vivo, the excess of copper is present 

from the beginning of the formation process. This creates a not so stable protein preparation where 

the apo-form is present together with a mixture of different Cu-species. Therefore, the CD and ESI-

MS in vitro spectra able to be compared with the in vivo spectra correspond to a stage of the titration 

where the destabilization of the protein is being produced (Figure 24). 
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CD ESI-MS 

 
 

— In vivo 
--- In vitro (7 eq. Cu(I)) 

In vivo 

 

 
In vitro (6 eq. Cu(I)) 

 
Figure 24. Superposition and comparison of DC and ESI-MS spectra 

 of Cu-CaCup1 preparation in vivo and in vitro 

 

 

8.2 NcMT 

The sequence of NcMT has 25 amino acids and 7 cysteines (Figure 25A). The protein was synthesized 

recombinantly in Zn-, Cd- and Cu-metal-supplemented cultures, and after, its purity and identity was 

analysed by ESI-MS (pH 2.4). The resultant peak obtained for the apo-form was 2509 Da, value which 

correlates with the theoretical MW calculated for NcMT, 2509.7 Da, thus confirming the amino acid 

sequence (Figure 25B). 
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(A) GSMGDCGCSGASSCNCGSGCSCSNCGSK 

(B) 

 

Figure 25. Amino acid sequence of the recombinant NcMT isoform and deconvoluted ESI-MS spectrum of the Zn-
NcMT preparation recorded at pH 2.4, which corresponds to the apo-NcMT. 

 

Once confirmed the amino acid sequence and the corresponding MW, the behaviour of the protein in 

the presence of Zn(II), Cd(II), and Cu(II) can be evaluated. 

 

8.2.1 NcMT binding Zn(II) 

According to the data obtained by ESI-MS (Figure 26A), when NcMT is synthesized in Zn(II)-enriched 

media, the complex Zn2-NcMT is produced as a majority specie. This result is corroborated by the 

value 2.05 Zn(II) per MT obtained in ICP-AES analysis. On the other hand, the CD analysis indicates 

that the structuration of the protein about Zn(II) is poor, because of the lack of signals after 240 nm 

(Figure 27B). 

(A) (B) 

      

Figure 26. Deconvoluted ESI-MS spectrum of Zn-NcMT at pH 7.0 and CD spectrum of the Zn-NcMT preparation. 
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8.2.2 NcMT binding Cd(II) 

When NcMT is synthesized in Cd(II)-enriched media the results are not satisfactory. By CD, ESI-MS or 

ICP-AES techniques any protein concentration is detected. 

However, the Cd(II) in vitro binding of the protein has been tested, by adding Cd(II) to a Zn-NcMT 

preparation and following the titration by CD, UV and ESI-MS. With the first equivalents of Cd(II), 

heterometallic species ZnxCdx-NcMT are formed suggesting a step by step exchange of the metals. 

After the addition of 2 equivalents of Cd(II), the Cd3-NcMT complex is formed as majority specie, 

being stable during all the titration (Figure 27 and 28). 

CD UV-Vis 

 

 

 

 

Figure 27. Titration followed by CD and UV-Vis spectroscopies corresponding to the addition of Cd(II) to 

 a solution 15.6 µM of Zn-NcMT at pH 7.0 and 25ºC. 
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Figure 28. Titration followed by ESI-MS at pH 7.0, corresponding to the addition of Cd(II) to 
 a solution 15.6 µM of Zn-NcMT. 

 

8.2.3 NcMT binding Cu(I) 

When NcMT is synthesized in Cu(II)-enriched media, a unique well folded complex Cu5-NcMT is 

formed in both cases, normal and low oxygenation, according to ESI-MS results (Figure 29A). ICP-AES 

analysis reinforces these results giving a value of 5.77 Cu(I) per MT. The proper folding of this 

complex is confirmed by the CD spectrum (Figure 29B), which shows intense and characteristic bands 

of Cu-species at 235, 265 and 300 nm. 

(A) (B) 

       

Figure 29. Deconvoluted ESI-MS spectra, recorded at pH 7.0, and CD spectrum of 
 Cu-NcMT preparation. 
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The in vitro addition of Cu(I) to a Zn-NcMT preparation, followed by CD, UV-Vis and ESI-MS, allows 

also observing the formation of Cu5-NcMT as majority specie, when 3-4 Cu(I) equivalents are added. 

According to the CD, ESI-MS and UV-Vis data, the addition of further Cu(I) to the solution do not 

provoke additional binding of Cu but the unfolding of the formed cluster until rendering the apo-

species (Figures 30 and 31). 

CD UV-Vis 

 

 

 

 

Figure 30. Titration followed by CD and UV-Vis spectroscopies corresponding to the addition of Cu(I) to 
 a solution 15.6 µM of Zn-NcMT at pH 7.0 and 25ºC. 

 

 

Figure 31. Titration followed by ESI-MS at pH 7 and 2.4 corresponding to the addition of Cu(I) to 
 a solution 15.6 µM of Zn-NcMT. 
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The same well-structured specie Cu5-NcMT is formed in both cases, in vitro and in vivo. Consequently, 

the ESI-MS and CD in vivo spectra of the Cu-preparation can be compared with the in vitro spectra, 

during the stage of the titration where the specie Cu5-NcMT is present (Figure 32). 

 

CD ESI-MS 

 
 

— In vivo 
--- In vitro (4 eq. Cu(I)) 

In vivo 

 

In vitro (4 eq. Cu(I)) 

 
Figure 32. Superposition and comparison of CD and ESI-MS spectra 

 of Cu-NcMT preparation in vivo and in vitro 

 

8.3 FvMT 

The MT sequence found for F. verticillioides, FvMT, has a short sequence of 26 amino acids with 7 

cysteines (Figure 33A). After synthesize the protein recombinantly in different metal-supplemented 

cultures, its identity, purity and integrity was confirmed by ESI-MS (pH 2.4). The peak observed for 

the apo-form was 2467Da, value which resembles with the theoretical value 2466.7 Da calculated for 

the sequence (Figure 33B). 
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(A) GSMAGDCGCSGASSCNCGSGCSCSNCGK 

(B) 

 

Figure 33. Amino acid sequence of the recombinant FvMT isoform and deconvoluted ESI-MS spectrum of the Zn-FvMT 
preparation recorded at pH 2.4, which corresponds to the apo-FvMT. 

 

Once determined the amino acid sequence and the corresponding MW, the behaviour of the protein 

in the presence of Zn(II), Cd(II) and Cu(II) can be studied. 

 

8.3.1 FvMT binding Zn(II) 

According to the data obtained by ESI-MS (Figure 34A), the biosynthesis of FvMT in Zn(II)-enriched 

media produces a mixture of Zn1-, Zn2 and Zn3-FvMT, being Zn2-FvMT the majority specie. The 

content of 2.25 Zn(II) per MT obtained from ICP-AES analysis is consistent with this result. The CD 

spectrum of this preparation shows a non-very defined spectrum, without signals after 240 nm, 

suggesting a poor structuring of these protein about Zn(II) (Figure 34B). 

(A) (B) 

      

Figure 34. Deconvoluted ESI-MS spectrum of Zn-FvMT at pH 7.0 and CD spectrum of the Zn-FvMT preparation. 
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8.3.2 FvMT binding Cd(II) 

In the case of the synthesis of this protein in Cd(II)-supplemented cultures, the ESI-MS spectrum 

shows the presence of CdxSy-FvMT complexes where Cd3S2-FvMT is the majority specie (Figure 35). 

The presence of S2- ligands is corroborated by the low Cd-to-S ratio measured by ICP-AES. On the 

other hand, the concentration of protein obtained was too low, making impossible to overcome the 

detection limit of the CD technique.  

 

Figure 35. Deconvoluted ESI-MS spectrum of Cd-FvMT preparation at pH 7. 

 

8.3.3 FvMT binding Cu(I) 

According to ESI-MS results, in Cu(II)-enriched media cultures, FvMT is produced forming a unique 

well-folded complex Cu5-FvMT in both cases, normal and low oxygenation conditions (Figure 36A). 

ICP-AES analysis reinforces these results giving a value of 5.20 Cu(I) per MT. The proper folding of this 

complex is confirmed by the CD spectrum (Figure 36B), which shows characteristic bands of Cu-

species at 235, 265 and 300 nm. 

(A) (B) 

  

Figure 36. Deconvoluted ESI-MS spectra, recorded at pH 7.0, and CD spectrum of 
 Cu-FvMT preparation. 

 

The in vitro addition of Cu(I) to a Zn-FvMT preparation, followed by CD, UV-Vis and ESI-MS, allows 

also observing the formation of Cu5-FvMT as majority specie, when 5 Cu(I) equivalents are added. 
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According to the CD, ESI-MS and UV-Vis data, the addition of further Cu(I) to the solution do not 

provoke additional binding of Cu but the unfolding of the formed cluster until rendering the apo-

species (Figures 37 and 38). 

CD UV-Vis 

 

 

 

 

Figure 37. Titration followed by CD and UV-Vis spectroscopies corresponding to the addition of Cu(I) to 
 a solution 19.9 µM of Zn-FvMT at pH 7.0 and 25ºC. 

 

 

Figure 38. Titration followed by ESI-MS at pH 7 and 2.4 corresponding to the addition of Cu(I) to 
 a solution 19.9 µM of Zn-FvMT. 
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The same well-structured specie Cu5-FvMT is formed in both cases, in vitro and in vivo. Consequently, 

the ESI-MS and CD in vivo spectra of the Cu-preparation can be compared with the in vitro spectra, 

during the stage of the titration where the specie Cu5-FvMT is present (Figure 39). 

CD ESI-MS 

 
 

— In vivo 
--- In vitro (5 eq. Cu(II)) 

In vivo 

 

In vitro (5 eq. Cu(I)) 

 
Figure 39. Superposition and comparison of CD and ESI-MS spectra 

 of Cu-FvMT preparation in vivo and in vitro 

 

8.4 NcMT2 

The sequence of this MT is out of the tendency of subfamily 1. Normally the sequences of the 

proteins found in this group tends to be short, about 20-30 amino acids, but NcMT2 has 75 amino 

acids in total. The first half of the protein sequence does not have any cysteine while the second half 

contain the 7 cysteines present in the sequence (Figure 40A). After the recombinant synthesis of 

NcMT2 in different metal-supplemented cultures, its purity and identity was analysed by ESI-MS (pH 

2.4). The resultant peak obtained for apo-form was 7632 Da, value which correlates with the 

theoretical MW calculated for NcMT2, 7633.0 Da, thus confirming the amino acid sequence (Figure 

40B). 
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(A) GSMSDKPSTKADMSSDSGTNTGPSTGAAAASETRDKPVA 
    TKPAQTCDCGHTGSCTCTPGDCACENCPTAIQASHHTK 

(B) 

 

Figure 40. Amino acid sequence of the recombinant NcMT2 isoform and deconvoluted ESI-MS spectrum of the 
Zn-NcMT2 preparation recorded at pH 2.4, which corresponds to the apo-NcMT2. 

 

Once determined the amino acid sequence and the corresponding MW, the behaviour of the protein 

in the presence of Zn(II), Cd(II) and Cu(II) can be discussed. 

 

8.4.1 NcMT2 binding Zn(II) 

When NcMT2 is synthesised in Zn(II)-enriched media, the results obtained by ESI-MS indicate the 

formation of an almost equimolar mixture of two different complexes Zn2-NcMT2 and Zn3-NcMT2 

(Figure 41A). The ICP-AES analysis of this production is quite consistent with the formation of these 

species, indicating a content of 2,10 Zn(II) per MT. However, the CD analysis indicates that the 

structuration of the protein about Zn(II) is poor, because of the lack of signals after 240 nm (Figure 

41B). 

(A) (B) 

  

Figure 41. Deconvoluted ESI-MS spectrum of Zn-NcMT2 at pH 7.0 and CD spectrum of the Zn-NcMT2 preparation. 
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8.4.2 NcMT2 binding Cd(II) 

According to the data obtained by ESI-MS (Figure 42A), the biosynthesis of NcMT2 in Cd(II)-enriched 

media produces the complex Cd3-NcMT2 as a majority specie, with the presence of traces of Cd2-

NcMT2 and different CdxSy-NcMT2 species. The low Cd-to-S ratio measured by ICP-AES corroborates 

the presence of S2- ligands in the preparation. The concentration of protein obtained for this 

production was a little low, producing the collection of a weak-intense CD spectrum. Despite the 

weak intensity, the spectrum shows a Gaussian band at 250-260 nm, related with the Cd-Cys bond, 

and one exciton coupling at 290 nm, characteristic of the Cd-S2-  bond (Figure 42B). 

 

(A) (B) 

 

Figure 42. Deconvoluted ESI-MS and CD spectra of the Cd-NcMT2 preparation, recorded both at pH 7.0 

 

8.4.3 NcMT2 binding Cu(I) 

When NcMT2 is produced in Cu(II)-enriched media the ESI-MS results for the productions at normal 

and low oxygenation are the same. In both cases the majority specie formed is Cu5-NcMT. However, 

the ESI-MS spectra recorded at pH 7.0 show significant traces of Cu6-NcMT2 not observed in the 

spectra recorded at pH 2.4. This fact is probably produced because the conditions used for ESI-MS 

recorded at pH 2.4 are too high for the stability of Cu6-NcMT2 complex (Figure 45A and 45B). These 

results are supported by the value 5.07 Cu(I) per MT obtained by ICP-AES and also by CD spectra, 

which show different bands at 255, 290 and 300 and 330 nm, characteristic of Cu-MT complexes 

(Figure 45C). 

  

 



RESULTS AND DISCUSSION 

76 

 

(A) (B) 

 

(C)  

 

Figure 43. Deconvoluted ESI-MS spectra, recorded at pH 7.0 and 2.4, and CD spectrum of 
 Cu-NcMT2 preparation. 

 

The in vitro addition of Cu(I) to the Zn-NcMT2 preparation, followed by CD, UV-Vis and ESI-MS, allows 

observing the formation of mainly Cu5-NcMT2 when 5 Cu(I) equivalents are added. According to the 

CD, ESI-MS and UV-Vis data, the addition of further Cu(I) provokes additional binding of Cu forming 

the cluster Cu6-NcMT2, but with less importance than Cu5-NcMT2. (Figures 44 and 45). 

The same well-structured specie Cu5-NcMT2 is formed in both cases, in vitro and in vivo. 

Consequently, the ESI-MS and CD in vivo spectra of the Cu-preparation can be compared with the in 

vitro spectra, during the stage of the titration where the specie Cu5-NcMT2 is present (Figure 46). 
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CD UV 

 

 

 

 

 

 

Figure 44. Titration followed by CD and UV-Vis spectroscopies corresponding to the addition of Cu(I) to 
 a solution 18.7 µM of Zn-NcMT2 at pH 7.0 and 25ºC. 

 

 
Figure 45. Titration followed by ESI-MS corresponding to the addition of Cu(I) to 

a solution 18.7 µM of Zn-NcMT2 at pH 7.0 and 2.4. 
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CD ESI-MS 

 
 

— In vivo 
--- In vitro (7 eq. Cu(I)) 

In vivo 

 

In vitro (8 eq. Cu(I)) 

 
Figure 46. Superposition and comparison of CD and ESI-MS spectra 

 of Cu-NcMT2 preparation in vivo and in vitro. 
 

 

8.5 UrMT 

The sequence of UrMT has 25 amino acids and 8 cysteines (Figure 47A). After recombinant synthesis 

of this protein in different metal-supplemented cultures, its purity and identity was analysed by ESI-

MS (pH 2.4). The peak observed for the apo-form is 2475 Da, value which resembles with the 

theoretical MW 2475.7 Da calculated for the identity of the amino acid sequence (Figure 47B). 

(A) GSMSPCSCNCCSGNCNSCSCSNCSH 

(B) 

 

Figure 47. Amino acid sequence of the recombinant UrMT isoform and deconvoluted ESI-MS spectrum of the Zn-
UrMT preparation recorded at pH 2.4, which corresponds to the apo-UrMT. 
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Once determined the MT sequence and the corresponding MW, the behaviour of the protein in the 

presence of Zn(II), Cd(II) and Cu(II) can be analysed. 

 

8.5.1 UrMT binding Zn(II) 

According to the data obtained by ESI-MS (Figure 48A), when UrMT is synthesised in Zn(II)-enriched 

media a single specie corresponding to the complex Zn3-UrMT is produced. This result correlates with 

the value 3.3 Zn(II) per MT obtained by ICP-AES analysis. Despite the considerable cleanness of the 

ESI-MS spectrum, the lack of signals after 240 nm in the CD spectrum indicates that the structuration 

of the protein about Zn(II) is poor (Figure 48B). 

(A) (B)  

 

    Figure 48. Deconvoluted ESI-MS spectrum of Zn-UrMT at pH 7.0 and CD spectrum of the Zn-UrMT preparation. 

 

8.5.2 UrMT binding Cd(II) 

In the case of the synthesis of this protein in Cd(II)-supplemented cultures, the ESI-MS spectrum 

shows several peaks which corresponds to Cd3-UrMT, Cd5-UrMT and different CdxSy-UrMT complexes 

(Figure 49A). The presence of S2- ligands is corroborated by the low Cd-to-S ratio measured by ICP-

AES. On the other hand, the CD spectrum shows a Gaussian band at 260 nm, related with the Cd-Cys 

bond, and one exciton coupling at 290 nm, characteristic of the Cd-S2- bond (Figure 49B). 
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(A) (B) 

 

Figure 49. Deconvoluted ESI-MS and CD spectra of the Cd-UrMT preparation, recorded both at pH 7.0 

 

The in vitro addition of Cd(II) to the Zn-UrMT preparation, followed by CD, UV-Vis and ESI-MS, allows 

observing initially the formation of different heterometallic species ZnxCdy-UrMT and the complex 

Cd3-UrMT as majority specie. The addition of further Cd(II) equivalents provokes the formation of the 

specie Cd5-UrMT with more or less the same ratio than Cd3-UrMT (Figure 50 and 51). 

CD UV-Vis 

 

 

 

 

 

 

Figure 50. Titration followed by CD and UV-Vis spectroscopies corresponding to the addition of Cd(II) to 
 a solution 14,7 µM of Zn-UrMT at pH 7.0 and 25ºC. 
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Figure 51. Titration followed by ESI-MS corresponding to the addition of Cd(II) to 
 a solution 14,7 µM of Zn-UrMT at pH 7.0. 

 

The same species Cd3-UrMT and Cd5-UrMT are formed in both cases, in vitro and in vivo, but always 

with the presence of other complexes with Zn2+ or S2-, as the case may be. Consequently, the ESI-MS 

and CD in vivo and in vitro of Cu-preparations are similar but with small differences due to the 

presence of CdxSy-UrMT complexes in the in vivo preparation, and CdxZny-UrMT complexes in the in 

vitro preparation (Figure 52). 

 

8.5.3 UrMT binding Cu(I) 

In Cu(I)-enriched media cultures, UrMT is not successfully synthesized. Any concentration of protein 

was detected by ESI-MS, CD and ICP analysis. 

 

  

 



RESULTS AND DISCUSSION 

82 

CD ESI-MS 

 
— In vivo 

--- In vitro (2 eq. Cd(II)) 

In vivo 

 
In vitro (5 eq. Cd(II)) 

 
Figure 52. Superposition and comparison of CD and ESI-MS spectra 

 of Cd-UrMT preparation in vivo and in vitro. 
 

8.6 CipMT1 

CipMT1 has a short sequence of 25 amino acids with 8 cysteines (Figure 53A). After recombinant 

synthesis of this protein in different metal-supplemented cultures, its identity, purity and integrity 

was confirmed by ESI-MS (pH 2.4). The peak observed for the apo-form was 2442 Da, which 

resembles with the theoretical MW calculated for CipMT1 2442.7 Da, thus confirming the amino acid 

sequence (Figure 53B). 
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(A) GSMNPCSCNCCSGNCNNCSCGSCGH 

(B) 

 

Figure 53. Amino acid sequence of the recombinant CipMT1 isoform and deconvoluted ESI-MS spectrum of 
the Zn-CipMT1 preparation recorded at pH 2.4, which corresponds to the apo-CipMT1. 

 

Once determined the MT sequence and the corresponding MW, the behaviour of the protein in the 

presence of Zn(II), Cd(II) and Cu(II) can be studied. 

 

8.6.1 CipMT1 binding Zn(II) 

According to the data obtained by ESI-MS (Figure 54A), the synthesis of CipMT1 in Zn(II)-enriched 

media produces the complex Zn3-CipMT1 as a single species, result consistent with the value 3.64 

Zn(II) per MT obtained in the ICP-AES analysis. On the other hand, the CD analysis indicates that the 

structuration of the protein about Zn(II) is poor, because of the lack of signals after 240 nm (Figure 

54B). 

(A) (B)  

 

     Figure 54. Deconvoluted ESI-MS spectrum of Zn-CipMT1 at pH 7.0 and CD spectrum of the Zn-CipMT1 preparation. 
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8.6.2 CipMT1 binding Cd(II) 

In the case of the synthesis of the protein in Cd(II)-supplemented cultures, the ESI-MS spectrum 

shows the presence of Cd4S-CipMT1 as majority specie and other minority species (Figure 55A). The 

presence of S2- ligands is corroborated by the low Cd-to-S ratio measured by ICP-AES. On the other 

hand, the CD spectrum shows a Gaussian band at 260 nm, related with the Cd-Cys bond, but 

characteristic bands of the Cd-S2- bond are not observed due to the low intensity of the spectrum 

(Figure 55B). 

(A) (B) 

      

Figure 55. Deconvoluted ESI-MS and CD spectra of the Cd-CipMT1 preparation, recorded both at pH 7.0 

The in vitro addition of Cd(II) to the Zn-CipMT1 preparation, followed by CD, UV-Vis and ESI-MS, 

allows observing initially the formation of different heterometallic species ZnxCdy-URMT and also the 

complex Cd3-CipMT1.  The addition of further Cd(II) equivalents provokes the formation of the specie 

Cd5-CipMT1 as the majority and unique specie (Figure 56 and 57). 

CD UV-Vis 

  

 

  

 

Figure 56. Titration followed by CD and UV-Vis spectroscopies corresponding to the addition of Cd(II) to 
 a solution 15,1 µM of Zn-CipMT1 at pH 7.0 and 25ºC. 
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Figure 57. Titration followed by ESI-MS at pH 7.0, corresponding to the addition of Cd(II) to 

 a solution 15.1 µM of Zn-CipMT1. 

 

The same specie Cd5-CipMT1 is formed in both cases, in vitro and in vivo, but whereas in vitro it is the 

majority specie formed, in vivo is a minority one. This difference is probably due to a considerable 

affinity and stability of the protein for complexes with S2- which is not produced when Zn(II) is 

present. Whereas CD spectra of in vivo and in vitro preparations are very similar, differences 

important differences between the ESI-MS spectra can be observed by comparing them (Figure 58). 

 

8.6.3 CipMT1 binding Cu(I) 

In Cu(I)-enriched media cultures, CipMT1 is not synthesized successfully. Any result was obtained by 

ESI-MS, DC and ICP analysis. 
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CD ESI-MS 

 
— In vivo 

--- In vitro (2 eq. Cd(II)) 

In vivo 

 
In vitro (6 eq. Cd(II)) 

 
Figure 58. Superposition and comparison of CD and ESI-MS spectra 

 of Cd-CipMT1 preparation in vivo and in vitro 

 

 

8.7 Discussion subfamily 1 

Within subfamily 1, MTs with 6, 7 and 8 cysteines have been studied. Two of the 7 cysteine MTs, 

NcMT and FvMT are practically equal. Their sequences are almost homologous, differing only in four 

amino acids (Figure 59). 

 

 NcMT M-GDCGCSGASSCNCGSGCSCSNCGSK 

FvMT MAGDCGCSGASSCNCGSSCSCSGCGK 

   Figure 59. Comparison of the amino acid sequences of NcMT and FvMT. 

 

By comparing the results of the productions in vivo of Zn-NcMT and Zn-FvMT is possible to see that 

the results are the same in both cases. The structuration with this metal ion is weak, and the majority 

specie formed is Zn2-MT (Figure 60). 
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CD ESI-MS 

 
 

— Zn-NcMT 
--- Zn-FvMT 

Zn-NcMT 

 
Zn-FvMT 

 
Figure 60. Comparison between CD and deconvoluted ESI-MS spectra of Zn-NcMT and Zn-FvMT. 

 

In the case of the in vivo and in vitro productions of Cu-NcMT and Cu-FvMT, the species and 

structuration are also the same (Table 10). These two proteins are able to form a very stable and 

well-structured cluster with 5 Cu(I) ions. All the spectra show bands at 235, 265 and 300 nm. 

NcMT is able to bind traces of Cd(II), but not with high structuration and with heterometallic species 

always in solution. On the other hand, FvMT is also able to bind traces of Cd(II), but by forming ZnxSy-

NcMT complexes. 

The incapacity of these two MTs to form homometallic species with Cd (II), and the well-structured 

specie with 5 Cu(I) metal ions formed, evidence the classification of NcMT and FvMT as Cu-thioneins. 

Despite the sequence differences between them, the behaviour of these two proteins in presence of 

these metal ions is practically identical. This suggests that their binding abilities proceed from their 

coordinating amino acids (mainly cysteines) which are perfectly aligned in the two sequences. 
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 In vivo In vitro (titration) 

CD 

— Cu-NcMT 
--- Cu-FvMT 

 
— Cu-NcMT (4 eq. Cu(I)) 
--- Cu-FvMT (5 eq. Cu(I)) 

ESI-MS 

Cu-NcMT 

 
 

Cu-FvMT 

 

Cu-NcMT 

 
 

Cu-FvMT 

 

Table 10. Comparison between CD and Deconvoluted ESI-MS spectra of Cu-NcMT and Cu-FvMT in vivo and in vitro. 

The other studied MT with 7 cysteines in the sequence is NcMT2. Despite its 7 cysteines are also 

perfectly aligned with the 7 ones of NcMT and FvMT (Table 9, section 8), the sequence of NcMT2 is 

unusually long, consisting in 77 amino acids. The first half of the sequence of this protein does not 

have any cysteine, focusing all the cysteines in the second half of the sequence. All these produces 

small changes in the behaviour of this MT against the different metal ions studied. 

With Zn(II), NcMT2 is able to form Zn2-NcMT2 (same specie than NcMT and FvMT), but also the 

specie Zn3-NcMT3 more or less with the same importance. With Cu(I) the situation is quite similar. 

NcMT2 is able to form the Cu5-NcMT2 cluster, like NcMT and FvMT, but the presence of Cu6-NcMT2 is 
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distinguishable, whereas with NcMT and FvMT this specie was not important. Besides, the addition of 

a high number of Cu(I) equivalents does not produce the unfolding of the Cu5-NcMT2 cluster, 

whereas in NcMT and FvMT titrations appeared the Apo-form. Furthermore, with Cd(II), NcMT2 is 

able to form in vivo Cd3-NcMT2 with considerable stability. 

These differences are due to this non-coordinating part of NcMT2 sequence, which confers more 

stability and allows the protein to form complexes with more metal ions. In addition, despite NcMT2 

also can be considered as a Cu-thionein, it seems to have a little more character of Zn-thionein than 

NcMT and FvMT, due to its capacity to bind divalent metal ions with enough stability. 

Therefore, small differences on non-coordinating amino acids are not significant for binding 

behaviour of MTs, but the addition of a long non-coordinating part in the sequence helps to confer 

more stable situations and complexes. 

On the opposite side, we have CaCup1, a MT with one cysteine less than NcMT, NcMT2 and FvMT. 

CaCup1 has only 6 cysteines, which are also perfectly aligned with 6 of the 7 cysteines present in the 

other MT sequences (Table 9, section 8). The lack of this cysteine produces small differences on the 

behaviour of this MT against the different metal ions studied. With Zn(II) CaCup1 forms the same 

specie than NcMT and FvMT, Zn2-CaCup1, but with Cd(II) and Cu(I) the results are significantly 

different. With Cd(II), unlike NcMT and FvMT, the protein is able to form CdxSy-CaCup1 complexes 

with considerable structuration and stability. With Cu(I), CaCup1 is not able to form the characteristic 

cluster with 5 Cu(I) ions. Its 6 cysteines are only capable to bind 4 Cu(I) ions, but not in a very stable 

situation. Apo-form is present in the in vivo productions, and, moreover, the addition of a high 

number of Cu(I) equivalents in vitro produces the unfolding of this Cu4-CaCup1 specie. Consequently, 

the presence of 7 cysteines in the sequence seems to be necessary to form the stable cluster Cu5-MT. 

The other two MTs studied from Subfamily 1, UrMT and CipMT1 have 8 cysteines in its sequence. 

Despite their cysteines have similar patterns than the other studied MTs, the sequences have some 

differences that produce difficulties to align them with the other ones. One important difference that 

could be significant is the presence of a motif -CC- in UrMT and CipMT1 sequence. 

Between them, there are some differences too. Their cysteines are exactly at the same positions, but 

the rest of amino acids are slightly different, having UrMT a high quantity of serines (Figure 61). 
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  UrMT MSPCSCNCCSGNCNSCSCSNCSH 

CipMT1 MNPCSCNCCSGNCNNCSCGSCGH 

Figure 61. Comparison of the amino acid sequences of URMT and CipMT1. 

 

The behaviour of both, UrMT and CipMT1 are very similar. With Zn(II) they form the specie Zn3-MT. 

Most of the studied MTs with 7 cysteines formed the specie with 2 Zn(II) metal ions as majority 

specie, so, this extra cysteine and maybe the -CC- motif allows to bind another unity of Zn(II) metal 

ion with enough stability. 

In media cultures with Cu(II) these two proteins are not expressed, which is an important difference 

with the 7-Cys proteins studied. Probably the position of the cysteines and the -CC- motif produce a 

poor Cu-thionein character of UrMT and CipMT1, and provide them more affinity for divalent metal 

ions like Zn(II) or Cd(II). 

Their behaviour with Cd could confirm the classification of these two MTs as Zn-thioneins. With this 

metal ion they form CdxSy-MT complexes, and in the exchange between Zn(II) by Cd(II), 

heterometallic species ZnxCdy-MT are present during almost all the process. This suggests some 

reluctance for this particular exchange. However, with a big excess of Cd(II), CipMT1 is able to form 

the homometallic specie Cd5-CipMT1 as a unique specie in the in vitro process. This fact advance 

considerable higher affinity of CipMT1 for Cd(II) than in the case of UrMT, producing a lower Zn-

thionein character of this MT. 

Besides the species formed, the CD analysis of UrMT and CipMT1 with the different metal ions are 

comparable, which helps to confirm the similar behaviour for the two proteins. With Zn(II) they show 

a plain DC, suggesting a structuration not very high with this metal in the two cases. With cadmium, 

their spectra are possible to be overlapped, in the case of the in vivo and in the exchange in vitro 

(Figure 62).  
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(A) (B) 

 

Figure 62. Superposition of Cd-UrMT (black line) and Cd-CipMT1 (dashed line) of both, spectra in vivo and in vitro (2 
equivalents of Cd(II) in the titration).  
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9. MTs OF SUBFAMILY 2 

CipMT2 is the only MT studied from the subfamily 2. It has 9 cysteines in the sequence which are 

distributed in three motifs -CXC- and a single motif -CXCXXC- already observed on the sequence of 

the studied MTs from subfamily 1. The cysteines present in the sequence are properly aligned with 

the cysteines of the 7-Cys MTs studied before, with the lack of the two first ones (Figure 63). 

CipMT2 MGCGCGTGSCSCNGPQNCSCPSDTCHCTTCGK 

NcMT         MGDCGCSGASSCNCGSG-CSCSNCGSK 

Figure 63. Alignment of the amino acid sequence of CipMT2 with NcMT, one of the 7-Cys MTs studied. 

 

9.1 CipMT2 

The sequence of this MT has 34 amino acids and 9 cysteines (Figure 64A). The protein was 

synthesized recombinantly in Zn-, Cd- and Cu-metal-supplemented cultures, and after its purity and 

identity was analysed by ESI-MS (pH 2.4). The resultant peak obtained for the apo-form was 3247 Da, 

value which correlates with the theoretical MW calculated for CipMT2, 3246.7 Da, thus confirming 

the amino acid sequence (Figure 64B). 

(A)GSMGCGCGTGSCSCNGPQNCSCPSDTCHCTTCGK 

 (B) 

 

Figure 64. Amino acid sequence of the recombinant CipMT2 isoform and deconvoluted ESI-MS spectrum of the Zn-
CipMT2 preparation recorded at pH 2.4, which corresponds to the apo-CipMT2. 

 

Once confirmed the amino acid sequence and the corresponding MW, the behaviour of the protein in 

the presence of Zn(II), Cd(II) and Cu(II) can be evaluated. 
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9.1.1 CipMT2 binding Zn(II) 

When CipMT2 is synthesized in Zn(II) enriched media, the specie Zn3-CipMT2 is obtained as a majority 

specie according to the data obtained by ESI-MS (Figure 65A). This results properly correlates with 

the value 3.53 Zn(II) metal ions per MT obtained by ICP-AES. In the ESI-MS spectrum, another 

important peak corresponding to the specie Zn2Cd1-CipMT2 is observed, which suggest the presence 

of contaminant traces of Cd(II) during the production process. This is confirmed by the detection of 

Cd(II) in ICP-AES analysis, and also by the CD spectrum, which shows an important band at 250 nm, 

corresponding to the Cd-Cys bond (Figure 65B). 

(A) (B) 

      

Figure 65. Deconvoluted ESI-MS spectrum of Zn-CipMT2 at pH 7.0 and CD spectrum of the Zn-CipMT2 preparation. 

 

9.1.2 CipMT2 binding Cd(II) 

According to the data obtained by ESI-MS (Figure 66A), the biosynthesis of CipMT2 in Cd(II)-enriched 

media produces the complex Cd3-CipMT2 as a majority specie. The Cd(II) content was impossible to 

be confirmed by ICP-AES, because the concentration of the protein was lower than the detection 

limit for the technique. Conversely, the CD spectrum shows a Gaussian band at 250 nm, characteristic 

of the Cd-Cys bond. (Figure 66B). 

(A)  (B) 

      

Figure 66. Deconvoluted ESI-MS spectrum of Cd-CipMT2 at pH 7.0 and CD spectrum of the Cd-CipMT2 preparation. 
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9.1.3 CipMT2 binding Cu(I) 

In Cu(II)-enriched media CipMT2 is synthesized forming a mixture of different species, according to 

the data obtained by ESI-MS (Figure 66). The results at pH 7.0 for cultures at normal and low 

oxygenation are similar, showing the production of a mixture of species from Cu4-CipMT2 to Cu7-

CipMT2. However, at pH 2.4 the species Cu4-CipMT2 and Cu5-CipMT2 are the most important, 

observed, together with the Apo-CipMT2 form, suggesting that the protein does not have high 

affinity for this metal ion. All these results were not possible to be confirmed by ICP-AES and CD, 

because the concentration of the protein in the solution was under the limit of detection of the 

techniques. 

 

(A) (B) 

       

Figure 66. Deconvoluted ESI-MS spectrum of Cu-CipMT2 at pH 7.0 and pH 2.4. 

 

The in vitro addition of Cu(I) to a Zn-CipMT2 preparation, followed by CD, UV-Vis and ESI-MS, allows 

observing the formation of the same species than in vivo (Figures 67 and 68). The addition of the first 

equivalents of Cu(I) to the solution provokes the beginning of the formation of Cu4-, Cu5- and Cu6-

CipMT2, but with the Cd(II) contaminant present in the mixture. The addition of further Cu(I) to the 

solution consolidates Cu4-, Cu5- and Cu6-CipMT2 as majority species, and the apo-form and the Cd(II) 

contaminant disappear. Finally, the excess of Cu(I) in solution provokes the unfolding of the 

complexes formed until rendering the apo-specie. 

ESI-MS results in vivo and in vitro are comparable (Figure 69). In both cases the complexes Cu4-, Cu5- 

and Cu6-CipMT2 are formed as majority species. However, hard conditions like excess of metal, or 

acidic pH in the case of in vivo productions, provoke the unfolding of these complexes by forming the 

apo-form.  
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CD UV-Vis 

  

 

 

 

 

Figure 67. Titration followed by CD and UV-Vis spectroscopies corresponding to the addition of Cu(I) to 
 a solution 4.3 µM of Zn-CipMT2 at pH 7.0 and 25ºC. 

 
 
 
 
 

 
Figure 68. Titration followed by ESI-MS at pH 7.0 and 2.4, corresponding to the addition of Cu(I) to 

 a solution 4.3 µM of Zn-CipMT2. 
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In vivo In vitro 

pH 7.0 

 

10 eq. Cu(I) 

 

pH 2.4 

 

12 eq. Cu(I) 

 

Figure 69. Comparison of ESI-MS spectra of Cu-CipMT2 preparation in vivo and in vitro 

 

9.2 Discussion subfamily 2 

As is explained in section 9, CipMT2 has 9 cysteines, 7 of which are properly aligned with the 7 

cysteines of the corresponding 7-Cys MTs from subfamily 1. The similar sequence produces similar 

properties and similar behaviour against the different metal ions, but the two extra cysteines confer 

it the capacity to form complexes with more metal ions. 

In Zn(II) enriched media, while NcMT and FvMT form Zn2-MT as majority specie, CipMT2, are able to 

bind one Zn(II) metal ion more by forming Zn3-CipMT2, thanks to the two extra cysteines. With Cd(II) 

the protein forms the complex Cd3-CipMT2, although not with high concentration. This Cd3-MT 

complex is also formed in other Cd cultures of MTs with 7 cysteines, like NcMT and NcMT2. On the 

other hand, in Cu(II) enriched media, the protein is synthesized by forming different Cu(I) species, 

being Cu6-CipMT2 the most important. But, in contrast with the high stable clusters Cu5-NcMT and 

Cu5-FvMT, the species formed with CipMT2 destabilize in hard conditions like acid pH or excess of 

Cu(I) metal ion. This could mean that the cluster formed between 5 Cu(I) and 7 cysteines are very 

stable, and the proteins tend to form this kind of cluster. So, the presences of more cysteines or more 

metal ions do not produce higher stability to the protein. 
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10. MTs OF SUBFAMILY 3 

Four different proteins have been studied from the subfamily 3. Two MTs with 12 cysteines, CaCRD2 

and SbMT; and two MTs with 16 cysteines, SaMT and NcMT1. Table 12 summarize the 4 MT 

sequences with the alignment between their cysteines. 

ORGANISM MT SEQUENCE aa C 

Candida albicans CaCRD2 
----------MACSAAQ-CVCAQKSTCSCGKQPALKCNCSKASVENVVPSSNDA 
 

CACGKRNKSSCTCGANAICDGTRDGETDFTNLK 
78 12 

Sporothrix 
brasiliensis 

SbMT 
-----MVSSTCCGKGGAECVCAQNATCSCGKQSALHCNCDRAATENNTAGDR- 
 

CSCGQRPAGACTCATNPSEVNTANETDFTTRK 
81 12 

Scedosporium 
Apiospermum 

SaMT 
----MSPADTCCRKGEGACVCAQQATCSCGKQSALHCTCDKAAVENTISGPS- 
 

CSCGSRPVGQCTCENATVENQKPTGATCGCGARPAGSCTCNNSANETDFTTKK 
103 16 

Neurospora crassa NcMT1 
MSAPVAKASTCCGKS-AECICAKQATCSCGKQSALHCTCDKANSENAVEGPR- 
 

CSCRARPAGQCTCDRASTENQKPTGNACACGTRPADACTCEKAADGGFKPTDLETDFTTKN 
114 16 

Table 11. Alignment of MT sequences studied from subfamily 3, with the number of amino acids (aa) and cysteines (in 
red). Also histidines (in green) and methionines (in blue) are marked. 

 

The sequences of SaMT and NcMT1 are very similar, having their cysteines practically at the same 

positions. SbMT has four cysteines less than the two MTs mentioned above, but its 12 cysteines are 

also possible to be aligned properly. 

These three sequences have an initial doublet -CC- and the rest of cysteines are grouped in motifs -

CXC-. This is an important difference with CaCRD2, which has also the cysteines in motifs -CXC- but 

two cysteines are single at the beginning and at the end of the sequence, instead to be an initial 

doublet. 

 

10.1 CaCRD2 

The sequence of CaCRD2 has 78 amino acids and 12 cysteines (Figure 70A). After the recombinant 

synthesis of this protein in different metal-supplemented cultures, its purity and identity was 

analysed by ESI-MS (pH 2.4). The peak obtained for the apo-form was 7890 Da. This value correlates 

with the theoretical MW calculated for CaCRD2, 7890.9 Da, thus confirming the identity of the amino 

acid sequence (Figure 70B). 
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(A) GSMACSAAQCVCAQKSTCSCGKQPALKCNCSKASVENVV 
PSSNDACACGKRNKSSCTCGANAICDGTRDGETDFTNLK          

(B) 

 

Figure 70. Amino acid sequence of the recombinant CaCRD2 isoform and deconvoluted ESI-MS spectrum of the Zn-
CaCRD2 preparation recorded at pH 2.4, which corresponds to the apo-CaCRD2. 

 

Once confirmed the amino acid sequence and the corresponding MW, the behaviour of the protein in 

the presence of Zn(II), Cd(II) and Cu(II) can be analysed. 

 

10.1.1 CaCRD2 binding Zn(II) 

According to the data obtained by ESI-MS (Figure 71), when CaCRD2 is synthesized in Zn(II)-enriched 

media the complex Zn3-CaCRD2 is produced as majority specie. This result correlates quite well with 

the value 2.69 Zn(II) per MT obtained by ICP-AES. The lack of signals after 240 nm in the DC spectrum 

indicates that the structuration of the protein about Zn(II) is poor (Figure 71B). 

(A) (B) 

 

Figure 71. Deconvoluted ESI-MS spectrum of Zn-CaCRD2 at pH 7.0 and CD spectrum of the Zn-CaCRD2 preparation 
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10.1.2 CaCRD2 binding Cd(II) 

When the protein is synthesized in Cd(II)-supplemented cultures, the ESI-MS spectrum shows a 

mixture formed by the specie Cd4-CaCRD2 and different CdxSy-CaCRD2 complexes (Figure 72A). The 

presence of S2- ligands was corroborated by the low Cd-to-S ratio measured by ICP-AES. On the other 

hand, the CD spectrum shows a Gaussian band at 250 nm, related with the Cd-Cys bond, and bands 

between 270 to 290 nm, characteristic of the Cd-S2- bond (Figure 72B).  

(A) (B) 

     

Figure 72. Deconvoluted ESI-MS and CD spectra of the Cd-CaCRD2 preparation, recorded both at pH 7.0 

 

10.1.3 CaCRD2 binding Cu(I) 

In Cu(II)-enriched media, the protein is synthesized successfully at normal oxygenation, but 

unsuccessfully at low oxygenation cultures. Besides, different spectra are obtained at pH7 and pH 

2.4. The ESI-MS spectrum for normal oxygenation production at pH 7 shows a mixture of Cu(I) species 

where the majority specie is Cu9-CaCRD2. However, at pH 2.4 the protein seems to be less stable and 

the majority species observed are Cu4-CaCRD2 and Cu5-CaCRD2. The ICP analysis indicates a content 

of 9.84 Cu(I) ions per molecule, which reinforce quite well ESI-MS results. On the other hand, the 

concentration of the protein is under the detection limit for DC analysis, so any corroboration of the 

last results was possible with this technique. 
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(A) (B) 

     

Figure 73. Deconvoluted ESI-MS spectra, recorded at pH 7.0 and 2.4 of 
 Cu-CaCRD2 preparation. 

 

The in vitro addition of Cu(I) to the Zn-CaCRD2 preparation, followed by CD, UV-Vis and ESI-MS, 

allowed observing the formation of a mixture where Cu4-CaCRD2 and Cu8-CaCRD2 are the majority 

species. According to the CD, ESI-MS and UV-Vis data, the addition of further Cu(I) to the solution 

does not provoke additional binding of Cu but the unfolding of the formed clusters until rendering 

the apo-species (Figures 74 and 75). 

CD UV-Vis 

 

 

 

 

 

 

Figure 74. Titration followed by CD and UV-Vis spectroscopies corresponding to the addition of Cu(I) to 
 a solution 20.1 µM of Zn-CaCRD2 at pH 7.0 and 25ºC. 
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Figure 75. Titration followed by ESI-MS at pH 2.4, corresponding to the addition of Cu(I) to 
 a solution 20.1 µM of Zn-CaCRD2. 

 

The results obtained in vivo and in vitro are slightly different. In vitro the Cu(I) is added slowly and a 

mixture of species with Cu(I) are formed properly, being Cu4-CaCRD2 and Cu8-CaCRD2 the majority 

ones.  In vivo, the excess of Cu(I) is present from the beginning, providing a higher availability of the 

metal. For this reason, in the mixture of species with Cu(I) formed in vivo, the prominent specie is 

Cu9-CaCRD2, which has one Cu(I) metal ion more than in vitro (Figure 76). 

ESI-MS 

In vivo 

 
 

In vitro (8 eq.Cu(I)) 

 

Figure 76. Superposition and comparison of ESI-MS spectra 
 of Cu-CaCRD2 preparation in vivo and in vitro 
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10.2 SbMT 

The sequence of SbMT has 81 amino acids and 12 cysteines. The protein was synthesized 

recombinantly in Zn-, Cd- and Cu- metal supplemented cultures, and after its purity and identity was 

analysed by ESI-MS (pH 2.4). The resultant peak obtained for the apo-form was 8190 Da, value which 

correlates with the theoretical MW calculated for SbMT, 8189.0 Da, thus confirming the amino acid 

sequence (Figure 77B). 

(A) GSMVSSTCCGKGGAECVCAQNATCSCGKQSALHCNCDRAAT 
ENNTAGDRCSCGQRPAGACTCATNPSEVNTANETDFTTRK 

(B)  

 

Figure 77. Amino acid sequence of the recombinant SbMT isoform and deconvoluted ESI-MS spectrum of the Zn-
SbMT preparation recorded at pH 2.4, which corresponds to the apo-SbMT. 

 

Once confirmed the amino acid sequence and the corresponding MW, the behaviour of the protein in 

the presence of Zn(II), Cd(II) and Cu(II) can be discussed. 

 

10.2.1 SbMT binding Zn(II) 

According to the data obtained by ESI-MS (Figure 78A), when SbMT is synthesized in Zn(II)-enriched 

media, an almost equimolar mixture of two different complexes Zn3-SbMT and Zn4-SbMT is obtained. 

This result is corroborated by the value 3.2 Zn(II) per MT obtained in ICP-AES analysis. On the other 

hand, the CD analysis indicates that the structuration of the protein about Zn(II) is poor, because of 

the lack of signals after 240 nm (Figure 78B).  
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(A) (B) 

      

Figure 78. Deconvoluted ESI-MS spectrum of Zn-SbMT at pH 7.0 and CD spectrum of the Zn-SbMT preparation. 

 

10.2.2 SbMT binding Cd(II) 

When the protein is synthesized in Cd(II)-supplemented cultures, species CdxSy-SbMT are mainly 

produced, despite traces of Cd4-SbMT and Cd5-SbMT are also present (Figure 79A). The majority 

species formed in the mixture are Cd6S1-SbMT and Cd5S1-SbMT. The presence of S2- ligands was 

corroborated by the low Cd-to-S ratio measured by ICP-AES. On the other hand, the CD spectrum 

shows a Gaussian band at 250 nm, related with the Cd-Cys bond, and another band at 280 nm, 

characteristic of the Cd-S2- bond (Figure 79B). 

(A) (B) 

      

Figure 79. Deconvoluted ESI-MS spectrum of Cd-SbMT at pH 7.0 and CD spectrum of the Cd-SbMT preparation. 

 

10.2.3 SbMT binding Cu(I) 

When SbMT is produced in Cu(II)-enriched media, the ESI-MS results obtained for the productions at 

normal and low oxygenation of the cultures are slightly different (Figure 80A and 80B). At normal 

oxygenation, a mixture of different species is obtained, where the majority ones are Cu8-SbMT and 

Cu9-SbMT. By contrast, at low oxygenation the majority species are the same, but Cu8-SbMT is 
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significantly more prominent. In both productions, the concentration of the protein was lower than 

the detection limit of CD and ICP-AES analysis, thus impairing to confirm the Cu content. 

(A)  (B) 

            

Figure 80. Deconvoluted ESI-MS spectrum of Cu-SbMT at pH 7.0 of normal and low oxygenation cultures.  

 

The in vitro addition of Cu(I) to a Zn-SbMT preparation, followed by CD, UV-Vis and ESI-MS, allows 

observing the formation of a mixture of Cu-species where Cu8-SbMT and Cu9-SbMT are the majority 

ones. According to the CD, ESI-MS and UV-Vis data, the addition of further Cu(I) to the solution do 

not provoke additional binding of Cu but the unfolding of the formed species (Figures 81 and 82). 

The same majority species Cu8-SbMT and Cu9-SbMT are formed in both cases, in vitro and in vivo. 

Consequently, the ESI-MS in vivo spectra of the Cu-preparation can be compared with the in vitro 

spectra, during the stage of the titration where these species are present (Figure 83). 
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CD UV 

 

 

 

 

 

 

Figure 81. Titration followed by CD and UV-Vis spectroscopies corresponding to the addition of Cu(I) to 
 a solution 17.9 µM of Zn-SbMT at pH 7.0 and 25ºC. 

 

 
 Figure 82. Titration followed by ESI-MS at pH 7 and 2.4 corresponding to the addition of Cu(I) to 

 a solution 17.9 µM of Zn-SbMT. 
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ESI-MS 

In vivo 
 

 

In vitro (12 eq.Cu(I)) 
 

 

Figure 83. Superposition and comparison of ESI-MS spectra 
 of Cu-SbMT preparation in vivo and in vitro 

 

 

10.3 SaMT 

The sequence of SaMT has 103 amino acids and 16 cysteines. The protein was synthesized 

recombinantly in Zn-, Cd- and Cu- metal supplemented cultures, and after its purity and identity was 

analysed by ESI-MS (pH 2.4). The resultant peak obtained for the apo-form was 10310 Da, value 

which correlates with the theoretical MW calculated for SaMT, 10310.5 Da, thus confirming the 

amino acid sequence (Figure 84B). 

(A) GSMSPADTCCRKGEGACVCAQQATCSCGKQSALHCTCDKAAVENTISGPSCSC 
      GSRPVGQCTCENATVENQKPTGATCGCGARPAGSCTCNNSANETDFTTKK 

(B) 

 

Figure 84. Amino acid sequence of the recombinant SaMT isoform and deconvoluted ESI-MS spectrum of the Zn-SaMT 
preparation recorded at pH 2.4, which corresponds to the apo-SaMT. 
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Once confirmed the amino acid sequence and the corresponding MW, the behaviour of the protein in 

the presence of Zn(II), Cd(II) and Cu(II) can be analysed. 

 

10.3.1 SaMT binding Zn(II) 

According to the data obtained by ESI-MS (Figure 85A), when SaMT is synthesized in Zn(II)-enriched 

media, the majority specie formed is Zn5-SaMT, also with important presence of Zn4-SaMT. This result 

is slightly above the value 3.64 Zn(II) per MT obtained in ICP-AES analysis, probably due to the 

presence of important species with less Zn(II) content. On the other hand, the CD analysis indicates 

that the structuration of the protein about Zn(II) is poor, because of the lack of signals after 240 nm 

(Figure 85B). 

(A)  (B)    

 

         Figure 85. Deconvoluted ESI-MS spectrum of Zn-SaMT at pH 7.0 and CD spectrum of the Zn-SaMT preparation. 

 

10.3.2 SaMT behaviour against Cd(II) 

When the protein is synthesized in Cd(II)-supplemented cultures, the complex Cd8S-SaMT is produced 

as majority specie (Figure 86A). The presence of S2- ligands is corroborated by the low Cd-to-S ratio 

measured by ICP-AES. On the other hand, the CD spectrum shows a Gaussian band at 250 nm, related 

with the Cd-Cys bond, and an exciton coupling at 280 nm, characteristic of the Cd-S2- bond (Figure 

86B). 
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(A)     (B)    

     

          Figure 86. Deconvoluted ESI-MS spectrum of Cd-SaMT at pH 7.0 and CD spectrum of the Cd-SaMT preparation. 

 

10.3.3 SaMT binding Cu(I) 

When SaMT is produced in Cu(II)-enriched media, the ESI-MS results obtained for the productions at 

normal and low oxygenation show the formation of a big mixture of Cu(I) species (Figure 87A and 

87B). The mixture formed consists on species with content between 8 to 16 Cu(I) metal ions per MT 

where the most important specie is Cu11-SaMT. The concentration of the species present is lower 

than the detection limit of CD and ICP-AES analysis, thus impairing to confirm the Cu content. 

(A)       (B)    

     

Figure 87. Deconvoluted ESI-MS spectrum of Cu-SaMT at normal and low oxygenation recorded at pH 7. 

 

Due to the necessity to dissolve the Zn-SaMT preparation to avoid the signal saturation in CD 

analysis, the monitoring of the in vitro Cu-SaMT formation by CD, UV-Vis and ESI-MS was impossible. 

The low concentration of the resultant solution impedes to overcome the detection limit of the 

techniques. 
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10.4 NcMT1 

The sequence of NcMT1 has 114 amino acids and 16 cysteines. The protein was synthesized 

recombinantly in Zn-, Cd- and Cu- metal supplemented cultures, and after, its purity and identity was 

analysed by ESI-MS (pH 2.4). The resultant peak obtained for the apo-form was 11624 Da, value 

which correlates with the theoretical MW calculated for NcMT1, 11624.0 Da, thus confirming the 

amino acid sequence (Figure 88B). 

(A) GSMSAPVAKASTCCGKSAECICAKQATCSCGKQSALHCTCDKANSENAVEGPRCSCRARP

AGQCTCDRASTENQKPTGNACACGTRPADACTCEKAADGGFKPTDLETDFTTKN 

(B) 

 

Figure 88. Amino acid sequence of the recombinant NcMT1 isoform and deconvoluted ESI-MS spectrum of the 
Zn-NcMT1 preparation recorded at pH 2.4, which corresponds to the apo-NcMT1. 

 

Once confirmed the amino acid sequence and the corresponding MW, the behaviour of the protein in 

the presence Zn(II), Cd(II) and Cu(II) can be analysed. 

10.4.1 NcMT1 binding Zn(II) 

According to the data obtained by ESI-MS (Figure 89A), when NcMT1 is synthesized in Zn(II)-enriched 

media, an almost equimolar mixture of the complexes Zn4-NcMT1 and Zn5-NcMT1 are formed, 

together with other Zn(II)-species with less importance. This result is slightly above the value 3.87 

Zn(II) per MT obtained in ICP-AES analysis, probably due to the presence of important species with 

less Zn(II) content. On the other hand, the CD analysis indicates that the structuration of the protein 

about Zn(II) is poor, because of the lack of signals after 240 nm (Figure 89B). 

  

 



RESULTS AND DISCUSSION 

110 

 

(A)      (B)    

 

Figure 89. Deconvoluted ESI-MS spectrum of Zn-NcMT1 at pH 7.0 and CD spectrum of the Zn-NcMT1 preparation. 

 

10.4.2 NcMT1 binding Cd(II) 

When the protein is synthesized in Cd(II)-supplemented cultures, the complex Cd8S-NcMT1 is 

produced as majority specie (Figure 90A). The presence of S2- ligands is corroborated by the low Cd-

to-S ratio measured by ICP-AES. On the other hand, the CD spectrum shows a Gaussian band at 250 

nm, related with the Cd-Cys bond, and an exciton coupling at 280 nm, characteristic of the Cd-S2- 

bond (Figure 90B).  

(A)      (B)    

 

Figure 90. Deconvoluted ESI-MS spectrum of Cd-NcMT1 at pH 7.0 and CD spectrum of the Cd-NcMT1 preparation 
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10.4.3 NcMT1 binding Cu(I) 

When NcMT1 is produced in Cu(II)-enriched media, the ESI-MS results obtained for the productions 

at normal and low oxygenation show the formation of a mixture of Cu(I) species (Figure 91A and 

91B). The mixture formed consists on species with content between 8 to 13 Cu(I) metal ions per MT 

where the most important specie is Cu12-NcMT1. The concentration of the species present is lower 

than the detection limit of CD and ICP-AES analysis, thus impairing to confirm the Cu content. 

(A)       (B)    

     

Figure 91. Deconvoluted ESI-MS spectrum of Cu- NcMT1 at normal and low oxygenation recorded at pH 7. 

 

Due to the necessity to dissolve the Zn-NcMT1 preparation to avoid the signal saturation in CD 

analysis, the monitoring of the in vitro Cu-NcMT1 formation by CD, UV-Vis and ESI-MS was 

impossible. The low concentration of the resultant solution impedes to overcome the detection limit 

of the techniques. 

 

10.5 Discussion subfamily 3  

Within subfamily 3, two MTs with 12 and two with 16 cysteines have been studied. The two MTs with 

12 cysteines are CaCRD2, from Candida albicans, and SbMT, from Sporothrix brasiliensis. Ten of the 

12 cysteines of this two MTs are perfectly aligned between them (Figure 92), being structured in 

motifs -CXC-. The other two cysteines differ between the two sequences. In the case of CaCRD2 the 

two cysteines are located as a singlet at the beginning and at the end of the sequence, while SbMT 

has these two cysteines as a doublet -CC- at the beginning. 

 

       CaCRD2  ----MACSAAQ--CVCAQKSTCSCGKQPALKCNCSKASVENVVPSSNDACACGKRNKSSCTCGANAICDGTRDGETDFTNLK 

       SbMT    MVSSTCCGKGGAECVCAQNATCSCGKQSALHCNCDRAATENNTAGDR--CSCGQRPAGACTCATNPSEVNTANETDFTTRK 

Figure 92. Comparison of the amino acid sequences of CaCRD2 and SbMT. 
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By comparing the results of the productions in vivo of Zn-CaCRD2 and Zn-SbMT is possible to see that 

the results are not exactly the same. In the case of CaCRD2 the majority specie formed was Zn3-

CaCRD2, while in the case of SbMT an equimolar mixture of Zn3-SbMT and Zn4-SbMT was produced. 

The capability of SbMT to bind this extra Zn(II) metal ion could be produced for the presence of the 

doublet -CC- instead of the two single cysteines of CaCRD2. The CD analysis of the two preparations 

shows a poor structuration of the proteins about Zn(II) (Figure 93). 

CD ESI-MS 

 
 

— Zn-CaCRD2 
--- Zn-SbMT 

Zn-CaCRD2 

 
Zn-SbMT 

 
Figure 93. Comparison between CD and deconvoluted ESI-MS spectra of Zn-CaCRD2 and Zn-SbMT. 

 

In the case of the in vivo productions of Cd-CaCRD2 and Cd-SbMT, the species formed and the 

structuration of them are very similar (Figure 61). In both cases, the important species formed are 

Cd4-MT and a wide variety of CdxSy-MT complexes. The CD spectra of the two preparations show the 

same bands at 250 nm, for the Cd-Cys bond, and at 280 nm, characteristic of the Cd-S2- bond (Figure 

94). 
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CD ESI-MS 

 
 

— Cd-CaCRD2 
--- Cd-SbMT 

Cd-CaCRD2 

 
Cd-SbMT 

 
Figure 94. Comparison between CD and deconvoluted ESI-MS spectra of Cd-CaCRD2 and Cd-SbMT. 

 

The productions of Cu-CaCRD2 and Cu-SbMT in vivo and in vitro are also very similar (Table 12). In the 

in vivo preparations, Cu9-MT seems to be the prominent specie in both cases, coexisting together 

with other species. The in vitro formation also is practically identical in both cases, especially in the 

firsts steps of the titration, where is formed the specie Cu4-MT. However, the end of the titration has 

small differences, because in the case of CaCRD2 the prominent specie formed is Cu8-CaCRD2 while in 

the case of SbMT there is a mixture of Cu8-SbMT and Cu9-SbMT. As in the case of Zn-MT, the 

capability of SbMT to bind this extra metal ion is probably due to the presence of the doublet -CC- 

instead of the two single cysteines. 
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 In vivo In vitro (titration) 

CD - 

 
 

— Cu-CaCRD2 
--- Cu-SbMT 

ESI-MS 

Cu-CaCRD2 

 
 

Cu-SbMT 

 

Cu-CaCRD2 (8 eq. Cu(I)) 

 
 

Cu-SbMT (12 eq. Cu(I)) 

 
 

Table 12. Comparison between CD and Deconvoluted ESI-MS spectra of Cu-CaCRD2 and Cu-SbMT in vivo and in vitro. 

 

The presence of sulphide species in Cd(II) cultures of these two MTs and the formation of complexes 

rather stable with Cu(I), like Cu8-MT and Cu9-MT, suggest the classification of CaCRD2 and SbMT as 

Cu-thioneins. The length of the two sequences differs only on three amino acids, but the motif with 

the doublet -CC- present in SbMT confers this MT higher capacity to bind metal ions. 
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SaMT and NcMT1 can be compared with SbMT. The cysteines of the sequences of these three 

proteins are perfectly aligned, but SaMT and NcMT1 have an extra sequence fragment which 

contains two motifs -CXC- more (Figure 95).  

 

SbMT     -----MVSSTCCGKGGAECVCAQNATCSCGKQSALHCNCDRAATENNTAGDRCSCGQRPAGACTCATNPSEVNTANETDFTTRK 

SaMT     ----MSPADTCCRKGEGACVCAQQATCSCGKQSALHCTCDKAAVENTISGPSCSCGSRPVGQCTCENATVENQKPTGATCGCGA 

         RPAGSCTCNNSANETDFTTKK 

 

NcMT1    MSAPVAKASTCCGKSAE-CICAKQATCSCGKQSALHCTCDKANSENAVEGPRCSCRARPAGQCTCDRASTENQKPTGNACACGT 

         RPADACTCEKAADGGFKPTDLETDFTTKN 

Figure 95. Comparison of the amino acid sequences of SbMT, SaMT and NcMT1. 

 

As mentioned above, the cysteines of SaMT and NcM1 are perfectly aligned, which produces results 

practically homologous in their behaviours in the presence of the different metal ions. With Zn(II), 

they form an almost equimolar mixture of Zn4-MT and Zn5-MT with poor structuration (Figure 96), 

and with Cd(II) both of them form the complex Cd8S-MT as single well-structured specie (Figure 97). 

However, with Cu(I) there is a small difference between the two preparations. In the two cases a 

mixture of Cu(I) species is formed, but while in the SaMT production the prominent specie is Cu11-

SapioMT in the NcMT1 production the prominent specie, Cu12-NcMT1, has one Cu(I) metal ion more. 

This can be due to the longer amino acid sequence of NcMT1, suggesting some binding role of the 

non-coordinating amino acids in this case. 

CD ESI-MS 

 
 

— Zn-SaMT 
--- Zn-NcMT1 

Zn-SaMT 

 
Zn-NcMT1 

 
Figure 96. Comparison between CD and deconvoluted ESI-MS spectra of Zn-SaMT and Zn-NcMT1. 
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CD ESI-MS 

 
 

— Cd-SaMT 
--- Cd-NcMT1 

Cd-SaMT 

 
Cd-NcMT1 

 
Figure 97. Comparison between CD and deconvoluted ESI-MS spectra of Cd-SaMT and Cd-NcMT1. 

 

ESI-MS 

Cu-SaMT 

 

Cu-NcMT1 

 

Figure 98. Comparison between deconvoluted ESI-MS spectra of Cu-SaMT and Cu-NcMT1. 

 

By comparing all the ESI-MS and CD results of SaMT and NcMT1 productions with the SbMT ones, is 

possible to observe clearly that the 4 extra cysteines of these two proteins produce a higher capacity 

to bind metals and also confer better structuration to the complexes formed. 
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11. MTs OF SUBFAMILY 4 

Three MTs from this subfamily have been studied. Two of them, CnMT1 and CnMT2, belongs to the 

organism Cryptococcus neoformans and the other, TmMT, belongs to the organism Tremella 

mesenterica. 

These three MTs are the longest ones described so far, and their principal interest is their peculiar 

architecture. They exhibit metal-binding abilities compatible with the hypothesis of resulting MTs 

formation by tandem repetitions of 7-Cys motives, segment homologous to NcMT. 

The first manuscript develops the study of the Zn(II)-, and Cu(I)-binding capabilities of several CnMT1 

truncated mutants, which help to shed light on the role of non-coordinating amino acids, spacers and 

also the stability of certain clusters. 

The second manuscript approach the extraordinary coordinating capacity of TmMT through the study 

of their recombinant Zn-, Cd- and Cu-complexes, allowing to discern some modular behaviour of 

these MT. 
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11.1 Understanding the 7-Cys module amplification of C. 

neoformans metallothioneins: how high capacity Cu-

binding polypeptides are built to neutralize host 

nutritional immunity 
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11.2 The Fungus Tremella mesenterica Encodes the Longest 

Metallothionein Currently Known: Gene, Protein and 

Metal Binding Characterization 
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12. CONCLUSIONS 

From the presented and discussed results of this Thesis work, there are several conclusions that can be drawn: 

The amino acid sequence including 7 cysteines is very common in a lot of fungal MTs, as is possible to observe 

by the huge number of members classified in subfamily 1 containing this number of cysteines in their 

sequence. According to all the discussed results, the conclusion that these particular MTs with 7 cysteines 

have distinguishing features is possible to be affirmed. 

The most important features are their construction by motifs -CXC- and -CXCXXC-, their ability for bind 

optimally 2 Zn(II) metal ions and their notable Cu-thionein character. This last feature is reinforced by the 

formation of very stable Cu5-MT complexes in all the 7-Cys MT cases studied. However, these defined features 

become modified as a result of various factors. 

The presence of additional flanking Cys residues in the sequence, observed for example in CipMT2, provokes 

the coordination of further metal ions. Nevertheless, a very high stability is shown by the complexes Cu5-MT 

formed, and these situations with excess of cysteines do not helps to confer more stability to the complexes 

with additional metal ions formed. 

By contrast, the lack of cysteines in the 7-Cys sequences produces a lower number of coordinated metal ions 

and a lower stability of the complexes Cys-metal formed. This fact is possible to be observed in CaCup1, which 

only have 6 cysteine residues and is unable to bind 5 Cu(I) ions with stability. 

When the sequences of 7 cysteines are flanked by fragments of non-coordinating amino acids enough long, 

the coordination of additional metal ions is also possible in some cases, as is observed for example in the 

formation of Zn3-NcMT2 or Cu6-NcMT2. Besides, the presence of these fragments seems to confer more 

stability to the cluster Cu5-MT formed, allowing them to resist hard situations without unfolding. 

Apart from the number of cysteines, the position of the cysteines inside the sequence is also important for the 

binding features of MTs. When the cysteines are located by forming part of -CC- motifs, MTs seems to have 

less Cu-thionein character, thus their affinity by divalent metal ions is higher. This is the case of UrMT and 

CipMT1, unable to bind Cu(I) successfully, but able to form Zn-MT and Cd-MT stable complexes. 

However, the presence of cysteines in -CC- motifs seems to confer to MTs more capability to bind metal ions 

than the presence of single cysteines. This is clearly observed by the different binding abilities of SbMT and 

CaCRD2. 

Apart from all that, by studying extremely long MTs, several interested features are also observed. Cysteines in 

long MTs are not randomly located, they are in well-known sequences. The characteristic 7-Cys sequence is 

observed several times in CnMTs and TmMT, allowing fragments of their sequence to be aligned with the short 

7-Cys MTs know, like NcMT. The study of the binding abilities of these fragments separately allows concluding 
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that they can form stable complexes by themselves. Besides, the contribution on the stabilization of 

complexes thanks to the spacers is also evidenced, as is possible to observe by the different mutants of CnMT1 

analysed. Then, the association of the 7-Cys fragments, with the inclusion of spacers between them grant the 

possibility to form large MTs with extremely elevated coordinating capacities. 

Consequently, the existence of these long MTs formed by 7-Cys fragments suggest that peptides can suffer 

evolution and amplification by joining metal-coordinating modules in order to increase their coordinating 

abilities and cope against high metal concentrations. 
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13. EXPERIMENTAL PROCEDURES 

 

13.1 Synthesis and purification of recombinant and in vitro-

constituted metal-MT complexesA 

Luria-Bertani (LB) cultures of the transformed BL21 E. coli strains were the source of recombinant metal-MT 

complexes. Gene induction was switched on with 100 µM (final concentration) of isopropyl β-D-

thiogalactopyranoside (IPTG) 30 min before the addition of the suitable metal supplement (300 µM ZnCl2, 300 

µM CdCl2 or 500 µM CuSO4, final concentrations) to allow the synthesis of the corresponding metal complex. 

The cultures grew for 3 h, and in the case of Cu-supplementation, cultures were aerated to obtain either a 

normal oxygenation (1-l of LB media in a 2-l Erlenmeyer flask at 250 rpm) or a low oxygenation (1.5-l of LB 

media in a 2-l Erlenmeyer flask at 150 rpm), since this condition highly determines the level of intracellular 

copper in the host cells. It is worth noting that to prevent oxidation of the metal-MT complexes, argon was 

bubbled in all the subsequent steps of the purification protocol. The cultures were centrifuged and the 

recovered cell mass was resuspended in ice-cold Phosphate Buffered Saline (PBS, 1.4 M NaCl, 27 mM KCl, 101 

mM Na2HPO4, 18 mM KH2PO4)-0.5% v/v 2-mercaptoethanol, and disrupted by sonication. The total protein 

extract was obtained in the supernatant of a 12,000 x g, 30 min centrifugation, which was then incubated with 

Glutathione-Sepharose 4B (GE Healthcare) beads at gentle agitation for 1 h at room temperature, for GST-MT 

purification by batch affinity chromatography. After three washes in PBS, the GST-MT proteins were digested 

with thrombin (10 u per mg of fusion protein, overnight at 17 °C) to separate the metal-MT complexes from 

the GST fragment, which remains bound to the gel matrix. The recovered solution was concentrated using 

Centriprep 3 kDa cut-off Microcons (Amicon) and finally fractionated through a Superdex-75 FPLC column 

equilibrated with 50 mM Tris-HCl, pH 7.0, and run at 0.8 ml min-1. Aliquots of the protein-containing fractions 

were identified by their absorbance at 254 and 280 nm, and later analysed in 15% SDS-PAGE gels stained with 

Coomassie Blue. MT-containing samples were pooled and stored at -80 °C until further use. Due to the pGEX 

recombinant expression system specificities, the synthesized MTs contained two additional residues (Gly-Ser) 

as their N-termini, but these amino acids have been shown not to alter the MT metal-binding features. The so-

called “in vitro complexes”, to differentiate them from the “in vivo” recombinantly synthesized complexes, 

were prepared via metal replacement by adding the corresponding metal ions (Cd2+ or Cu+) to the recombinant 

Zn-MT samples. Characterization of the in vitro complexes was performed by UV-Vis and CD spectroscopies, as 

well as ESI-MS analysis, as explained below for the recombinant complexes. All assays were carried out in an 

Ar atmosphere, and the pH remained constant throughout all the experiments, without the addition of any 

extra buffers. 

                                                           
A Process of synthesis performed by the Biology and Genetics Group of Universitat de Barcelona 
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13.2 Spectroscopic characterization of the metal-MT 

complexes 

The S, Zn, Cd and Cu content of all the metal-MT preparations was analysed by Inductively Coupled Plasma 

Atomic Emission Spectroscopy (ICP-AES), using a Polyscan 61E (Thermo Jarrell Ash) spectrometer, measuring S 

at 182.040 nm, Zn at 213.856 nm, Cd at 228.802 nm, and Cu at 324.803 nm. Their incubation in 1 M HCl at 65 

°C for 15 min prior to analyses allowed the elimination of labile sulfide ions. Protein concentrations were 

calculated from the ICP-AES sulfur measurement, assuming that all S atoms were contributed by the MT 

peptides.B CD spectra were recorded in a Jasco spectropolarimeter (Model J-715) interfaced to a computer 

(J700 software), where a 25 °C temperature was maintained constant by a Peltier PTC-351S equipment. 

Electronic absorptions measurements were performed on an HP-8453 Diode array UV-visible 

spectrophotometer. 1-cm capped quartz cuvettes were used to record all the spectra, which were corrected 

for the dilution effects and processed using the GRAMS 32 program.  

 

13.3 ElectroSpray ionization mass spectrometry (ESI-MS) 

analysis of the metal-MT complexesC 

Electrospray ionization time-of-flight mass spectrometry (ESI-TOF MS) was performed on a Micro TOF-Q 

instrument (Bruker) interfaced with a Series 1200 HPLC Agilent pump, equipped with an autosampler, all of 

which controlled by the Compass Software. The ESI-L Low Concentration Tuning Mix (Agilent Technologies) 

was used for equipment calibration. For the analysis of Zn- and Cd-MT complexes, samples were run under the 

following conditions: 20 µl of protein solution injected through a polyether heteroketone (PEEK) tubing (1.5 m 

x 0.18 mm i.d.) at 40 µl min-1; capillary counter-electrode voltage 5 kV; desolvation temperature 90-110 °C; dry 

gas 6 l min-1; spectra collection range 800-2500 m/z. The carrier buffer was a 5:95 mixture of 

acetonitrile:ammonium acetate (15 mM, pH 7.0). Instead, the Cu-MTT samples were analysed as follows: 20 µl 

of protein solution injected at 40 µl min-1; capillary counter-electrode voltage 3.5 kV; lens counter-electrode 

voltage 4 kV; dry temperature 80 °C; dry gas 6 l min-1. Here, the carrier was a 10:90 mixture of 

acetonitrile:ammonium acetate, 15 mM, pH 7.0. Acidic-MS conditions, which causes the demetalation of the 

peptides loaded with divalent metal ions, but keeps the Cu+ ions bound to the protein, were used to generate 

the apo-MT forms and to analyse the Cu-containing MT samples. For it, 20 µl of the preparation were injected 

under the same conditions described previously, but using a 5:95 mixture of acetonitrile:formic acid, pH 2.4, as 

liquid carrier. For all the ESI-MS results, the error associated with the mass measurements was always inferior 

to 0.1%. 

                                                           
B ICP-AES analysis performed by the Servei d’Anàlisi Química of Universitat Autònoma de Barcelona 
C Analysis done with the help of the techniques of Servei d’Anàlisi Química of Universitat Autònoma de Barcelona 
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15. ANNEX 

(OTHER PUBLISHED ARTICLES 

ABOUT NON-FUNGAL MTs) 

 
A set of papers are presented below in the annex. I have participated widely in these projects which 

have allowed me to acquire the necessary learning and fluency to work in the field of MTs. It is 

important to note that these papers have not been included in the primary part of the thesis because 

it is mainly based on the study of a set of MTs from fungi organisms. The vast amount of results 

obtained for fungi MTs have allowed completing an extensive thesis work. Nevertheless, there are 

still some results from both fungi and non-fungi MTs, which will probably be published in a near 

future by completing and corroborating the current results. 
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