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ABSTRACT

Protein classification is a handy tool to characterise freshly discovered
proteins. By comparing their three-dimensional structure with other well-
known proteins, their function may be proposed. However, the function of
metallothioneins (MTs), which are a group of cysteine-rich proteins with high
coordinating capacity, is quite challenging to determine. This is mainly
consequence of their labile 3D-structure, which is modulated by the metal
cluster associated to the protein. These proteins are physiologically found
wrapping clusters of several metal ions and each metal-MT association has a
variable stability, which means that each polypeptide sequence has specific
affinities for each kind of metal. By characterising the biochemical properties
of these metal-MT complexes, it is possible to make assumptions about MTs’
biological functions. Besides, it is straightforward to assume that if an MT
builds a stable metal cluster with a certain metal ion, its function will relate
to a biological function involving that metal ion. Based on that, our group
designed a method to aid in the prediction of MTs’ function by classifying
them by their metal-binding abilities, separating those that show high
affinity when rendering complexes of divalent metal ions (Zn-thioneins) and
those that display high stability in association with monovalent metal
clusters (Cu-thioneins), considering all the intermediate steps between them.
Then, this criterion perfectly differentiates between these two extreme
behaviours, however, due to the chemical similarities of Zn and Cd, their
interaction with MTs in most of the cases barely differ between them and,
thus, it has never been contemplated the existence of two different metal-
binding behaviours specific for each metal ion. It is the research performed
over decades that permitted to gather some cases of MTs with differential
selectivity towards Cd(Il) ions and lead us to consider the possibility to
separate the current Zn-thioneins group into Zn- and Cd-thioneins. To
demonstrate that, this PhD thesis has been devoted to characterising several
examples of MTs, revealing that each of the two metal-binding behaviours
hypothesised display differential traits. Thanks to the data and discussion
presented here it has been possible to update the dichotomic MT
classification (Zn- to Cu-thioneins) into a three-band classification (Zn-, Cd-
and Cu-thioneins). We anticipate that this work will allow to advance into the
research of MTs and the pursuit of the finding of their functions.






SYMBOLS AND ABBREVIATIONS

aa Amino acid/s

CD Circular dichroism

Cys Cysteine

XRD X-Ray diffraction

E. coli Escherichia coli

EDTA Ethylenediaminetetraacetic acid

ESI-MS-TOF  Electrospray Ionisation Mass Spectrometry Time of Flight
Eq. Molar equivalent/s

FPLC Fast Protein Liquid Chromatography

His Histidine

ICP-AES Inductively Coupled Plasma Absorption Emission Spectroscopy
i.d. Inner diameter

LMCT Ligand Metal Charge Transfer

NMR Nuclear Magnetic Resonance

M(II) Divalent metal

MTs Metallothioneins

MW Molecular Weight

Q Charge state of the species shown by ESI-MS

SAQ Servei d’analisis Quimiques (UAB Services of chemical analyses)
SCys Cysteine’s sulphur

Tris Tris(hydroxymethyl)aminomethane

UV-vis Ultraviolet-visible absorption spectrometry
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“Since its detection in 1957 metallothionein and its possible function have
provided a splendid source of frustration for the many who have been attracted

to this Sphinx and tempted to solve its riddle.”

(Metallothionein co-discoverer Bert L. Vallee)

"Discovery consists of seeing what everybody has seen and thinking what

nobody has thought."

(Nobel-Prize winner Albert von Szent-Gyorgyi)

“Journey before Destination”

(Brandon Sanderson)
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1. Introduction

1.1. Metallothioneins

When one enters the world of metallothioneins (MTs), it is impossible to avoid
getting more and more involved. This peculiar family of metalloproteins still hide
lots of enigmas, especially due to their biochemical features, for their research is
covered by numerous scientific disciplines. The key amino acid (aa) by which all
this system is sustained is cysteine (Cys). These usually low-weight proteins (<10
kDa) contain a significant percentage of Cys residues (~30%) that provide MTs with
their principal feature: binding transition metal ions, especially those with d*°
configuration [1]. This is of great importance, because their free-metal form (apo)
lacks secondary structural motifs while their three-dimensional structure is
dictated by the metal ions bound to the protein [2, 3]. Of course, each one of the
existing sequences presents specific traits, showing high variation in their length
and Cys distribution (Figure 1.1). In fact, if we consider all the sequences known,
MTs form a highly diverse group of “not-so-much” homologous proteins. This
means that, in general, MT sequences possess specific number and content of
amino acids in a unique arrangement that is only conserved between closely related
organisms. Still, the high number of Cys residues confer to all of them the capacity
of building metal-clusters and, most likely, share similar functions. The diversity
of their sequences and, yet the similarity of their functions, make the classification
of MTs a challenging task.

Ubiquitous MTs have been found in most of the organisms studied to date,
ranging from humans and closely related vertebrates to prokaryote unicellular
bacteria [4]. MTs were first reported in 1957 by Margoshes and Vallee [5], who
isolated a protein associated to Cd(Il) from horse kidney cortex. Later, this protein
was termed by Kdgi and Vallee as Metallothionein, in view of the high number of

metals and thiols present in that biological molecule [1]. Kdgi and Vallee’s first
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approximation of Metallothionein included a protein of low molecular weight and
high amount of Cys, which was able to bind transition metal ions, and possessed
a very low content of aromatic amino acids (due to its low absorbance at 280 nm).
After that, many more properties have allowed to complete the definition of
Metallothionein and more MTs have been described for a collection of organisms

over the years.

v
Human MT1 Bidomain
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Figure 1.1 MT sequences of different organisms of variated evolutive origin in which highly diverse
Cys-motifs, peptide lengths and domain structures are observed. Some sequences are structured in
one, two or multiple domains (blue boxes), some display short or long spacers (green highlighters)

and some show non-coordinating bits of sequence, called tails (red highlighters).

This initial period, since MTs were first described until the 70s, involved the
publication of fewer than 10 scientific articles [6]. Today, at the time this PhD
thesis is being written, this number has increased to approximately 30,400 entries
in SciFinder. Its growing interest lies in MTs’ particular characteristics, the study
of which involves advances in elemental biology (and all connected disciplines) and
the improvement of experimental procedures in metalloprotein research.
Elucidating all the biochemical processes in which MTs are implicated promotes a
better understanding of the biological functions of all metalloproteins and their
biological roles. In turn, this research results in numerous applications, ranging
from medicine and pathological processes [7, 8, 9] to ecology and detection of

toxicity in ecosystems [10, 11, 12].
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Nowadays, our group itself has already studied more than 100 MT sequences
of many distinct organisms, from the more of the 6500 MT entries reported in
UniProt. It would be excessive to collect here all the paramount volume of
information achieved during the last 30 years, which in fact has been reviewed
recently in the literature [6, 13, 14, 15]. For this reason, the introduction to this
PhD thesis is centred in those aspects that are closer to the research presented
here and it is structured in a way that the basic concepts around MTSs’ research are
explained as they would be encountered along the experimental process followed
in the study of MTs. This means, for instance, that while the synthesis and
purification procedures are explained, the recombinant theory is also defined;
when the structural and spectroscopic features of MTs are described, their
characterisation it is portrayed as well, and this criterion is continued for the

following steps of the research.

1.1.1. Synthesis and Purification: Obtention of MTs

As logical as it may seem, protein samples are needed to study MTs. These
samples must be pure and concentrated, and proteins should retain their
physiological characteristics, that is, their native form, for a good analytical
characterisation. Obtaining valid samples of MTs has been a struggling task over
the years, exhibiting some drawbacks due to the main characteristics of these
complex proteins: high polymorphism within the same organism, complex
genetical expression pattern and induction, and extremely high coordinative
abilities [6].

As explained before, the first MT ever characterised was isolated from animal
organs [5]. After that first extraction, this procedure was stablished and the MTs
were recovered from the original organism tissues in which the biosynthesis of the
protein in its native form was induced [16]. This induction could be triggered by
the exposition to a surplus of metal ions, stress conditions, radiation, or hormones
[17, 18]. Afterwards, the MT was isolated and purified from the tissue where it was
overexpressed. During this process, MTs had to be separated from other proteins
and debris, and more importantly, other MT isoforms with high homology that
might coexist in the same tissue, which hindered the obtention of a homogenous
preparation [19]. Moreover, other inconveniences of using this procedure were the
need of large amounts of tissue, a tedious purification process, the recovery of
preparations with poor concentration and protein purity, the obvious limitation on
the obtention of MT samples for all the organisms (specially from the smallest)

and, very importantly, the extraction and purification conditions could affect the
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metal stoichiometry of the metal-MT complexes and, thus, lead to the obtention of
inaccurate results.

Overall, an especially relevant drawback of this methodology was the over-
manipulation of the sample when a full characterization of the sample was
required. When an MT is induced with a certain metal ion (e.g., Cd(Il)), the purified
sample and, therefore, the recovered metalloprotein, will contain this inductor.
Consequently, the metal-MT species obtained by this methodology will possibly
differ from the physiological ones and could not be representative of the biological
role of the native protein. In order to characterise the MT of interest with the
physiological metal ions (ie., Zn(Il) and Cu()), the purified Cd-MT must be
demetallated by acidification (apo-MT form), isolated from the metallated medium
with Cd(I), and be reconstituted with the desired metal ions. The main
disadvantage of this procedure is that the in vitro conditions in which this metal
exchange occurs might lead to the obtention of non-physiological Zn- or Cu-MT
complexes (i.e, other metal-MT species which are non-isostructural with the native
species) [20].

To overcome some of the difficulties encountered in obtaining native MTs from
the original tissues, the alternative used was the synthetic production of small
proteins and peptides by chemical synthesis of the polypeptide chain on a solid
support [21]. This method was used to synthesise apo-MTs from short isoforms
such as fungal MTs [21, 22] or MT fragments such as those of the mammalian MT
domains [23, 24, 25, 26]. A handy application of this procedure is that it is possible
to direct specific mutations to proteins, meaning that some modifications can be
designed in the MTs of interest to evaluate the biochemical properties of the
protein when certain amino acids are substituted. However, the synthetical
production of MT samples showed some drawbacks as well. These include the fact
of having to deal with the easiness by which thiol groups get oxidised (Cys residues
of the primary structure of the protein) during the chemical synthesis, the
limitations in the longitude of the polypeptide chain to be synthesised, or the in
vitro, and possibly inaccurate, reconstitution of the metal clusters from an apo-MT,
as well as the low purity of the samples [27].

Eventually, these methodologies were substituted in the 90s with the
development of the recombinant DNA technology (Figure 1.2). This technique
consists of manipulating the genes of a host organism (commonly the bacterium
Escherichia coli) to produce the desired heterologous proteins (proteins that do not
belong to E. coli itself), in our case, by inoculating any MT gene of any organism of

interest into E. coli [28]. However, introducing eukaryotic gene systems into a
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prokaryote environment also brings some difficulties, since bacteria require
familiar conditions to render decent production yields. Therefore, it was necessary
to design adequate experimental conditions, e.g., appropriate vectors (DNA
fragment that contains the gene of interest) easily recognisable for E. coli or the
use of chimeric proteins (fused proteins composed by a bacterial protein and the
protein of interest) to improve the recovery yield [29, 30, 31]. The vector (or
plasmid) should comply important requisites: (1) to contain the sequence that
codify the protein of interest, (2) to trigger the appropriate transcription and
translation signals, (3) to contain a selective advantage (i.e., antibiotic resistance)
to separate those bacteria that included the plasmid from those that did not, and
(4) to bring enough relevance to the cell to maintain the plasmid and transmit it to
their progeny. In 1997, our group proposed a methodology that involved the use
of a bacterial pGEX-based expression system and complied all the above-mentioned
requirements, achieving relevant vyielding scores [32, 33]. To date, this
methodology has allowed us to obtain more than one hundred of highly
concentrated and pure metal-MT preparations of a number of distinct organisms

covering all the tree of life [13].

L . Insertion Transformation m

Plasmid GST-MT gene Recombinant Cell host
sequence DNA (E. coli)
o | }O S . # Synthesis
! ! ® ! 2 AR N -
e e 3 I . 8 ! Zn(10) % ! induction
A T ' supplementation :
i Pure metal-MT ! Cleavage S _I{ ------------- L-\I
| complexes ! : \g fmmmmmm -
""""""" : O G
: Cd(In) !
Recovery of ! supplementation ! Cu(ID)
GST-MT Cell '~ = ----- { supplementation

disruption G oo

Figure 1.2. General scheme of recombinant proteins obtention and purification.

It additionally permitted reproducing the in vivo conditions that provide the
original cells and, therefore, rendering physiologically interesting species, and
improving the disadvantages of the previously used techniques that had to deal
with harsh purification processes from the organism tissues. Importantly,
recombinant DNA technology also permits to synthesise separate domains and to

perform site-directed mutagenesis, which allows to characterise complex

-
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biochemical features of MTs, adding precious value to this technique. Moreover, by
supplementing the bacterial culture medium with different transition metal ions,
it is possible to recover metal-MT complexes with these desired metal ions already
coordinated (Figure 1.2).

All the advantages provided by this technique make it the preferred procedure
for obtaining and purifying MTs for their subsequent characterisation.
Consequently, all the proteins studied in this PhD thesis have been produced by

means of the recombinant DNA technology.

1.1.2. Structural properties: Characterisation of MTs

Considering the experimental process followed in the research of this PhD
thesis, once the MTs are biosynthetically produced, their biochemical properties
are characterised. MTs three-dimensional structure and thus, their biochemical
properties, cannot be understood without considering Cys residues and their
interaction with metal ions. Due to this characteristic composition of MTs,
inorganic metal-thiolate complexes have been used to achieve a better
understanding of the metal sites rendered by cysteines in biological systems [34].
As mentioned, Cys represent about the 30% of these metalloproteins, which confer
them the ability to bind d!° configuration transition metal ions [6, 13, 14]. The
generation of the metal-MT complexes relies on the coordination of the metal ion
to the thiolate groups of Cys residues (and/or, occasionally, to the imidazolate
groups of His), satisfying the specific coordination geometries of each bound metal
ion: in this environment, Zn(II) and Cd(II) only present a tetrahedral coordination,
while Cu(I) can show either tetrahedral, trigonal or diagonal coordination geometry
[35]. Besides, Cys residues can be found linked to one ion (terminal thiolates) or to
two metal ions (bridging thiolates), being the former more reactive than the latter
[36]. Despite histidine (His) residues can also coordinate metal ions in some MTs
[37, 38, 39, 40], cysteine is the main coordinating agent in these proteins. Cysteine
thiolates, acting as soft Lewis bases, tend to bind soft Lewis acids such as Cd(II)
and Cu(l), as well as intermediate acids like Zn(II) [41]. Moreover, MT thiolate
moieties are extremely reactive towards electrophiles and free radical species. As
thiolates are (reversibly) oxidised to thioethers, disulphides, or other
noncoordinating sulphur species, MTs’ metal-binding capability is nullified [42].
Some studies showed that the apo form reacts easier to oxidants than metal-
charged MT [43]. Thus, coordinating metals are protecting those redox-active
thiolate ligands [44]. In either way, all metallothioneins are characterised for

forming metal clusters involving their high number of Cys residues, wrapping
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around this metal cluster, and giving a tertiary structure to the peptide chain. This
association ranges from the simplest Zn,(SCys); metal cluster of MMT1 of
Magnaporthe grisea [45] to the most complex organization of metal clusters that
generate an enormous Cd,-MTT1 metal cluster of the multidomain MT of
Tetrahymena thermophila [46].

In spite of the massive variation in the primary structure of the known MT
sequences (Figure 1.1), all of them reveal a high proportion of Cys residues that, if
examined closely, display conserved patterns shared among different MTs (e.g.,
CC, CxC, CCC, etc.). These arrangements of Cys are distributed in a specific
position and number defining different Cys motifs [47]. Consequently, there are
multiple MT structures such as vertebrate bidomain MTs that render two
independent metal clusters linked by a short spacer sequence of few aa [48];
monodomain yeast MTs, which invest most of the aa sequence to perform a unique
metal cluster but a short bit of the terminal sequence is mobile (free tail) [49]; or
plant MTs that commonly render a single metal cluster coordinated by the two
terminal Cys-rich regions separated by a quite long spacer sequence of several aa,
displaying a hairpin-like structure [50] (Figure 1.3). Regardless of such variated
structures, all aa sequences equivalently build metal clusters, though their metal-
binding preferences and three-dimensional structures are determined by the
specific biochemical traits of each MT sequence [51]. The combination of both
metal-binding preferences and three-dimensional structure provides MTs with
their biological function.

Therefore, each domain builds different metal clusters, generating the so-called
functional domains. This concept was firstly specified and characterised for
mammalian MTs [52], and later, for other animal MTs [53, 54, 55, 56]. All these
structures build a and/or B domains, which are motifs of 11/12 Cys residues
coordinating four divalent metal ions in the case of the a domains and 9 Cys
residues binding three divalent metal ions in B domains. Additionally, both
modules are joined with a linker sequence usually constituted by few amino acids.
However, there are some MTs that display variations of this structure, such is the
case of plant MTs, which are constituted by two Cys-rich terminal domains
separated by a long spacer sequence [57, 58]. In both cases, the number of amino
acids of the linker might affect interdomain contacts but not the stability of the
metal clusters of those domains [55, 59]. When first discovered, mammalian a and
B domains were also called C- and N-terminal domains, respectively, due to their
position in the amino acid sequence (Figure 1.3A). However, this nomenclature has

changed after characterising and finding more MTs such as that of sea urchin that
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has a C-terminal B domain and a N-terminal a domain [60]. Regarding the

nomenclature used in this PhD thesis, it is explained in Section 5.2.1.

A B domain a domain
'MDPN@SEATDGSES[EAGSEKEKQEKETSEKK S@eS@aPVGEAKESQGEIEKEASDK@SEEA
MT?2
B
HEEQEQEGSEKNNEQEQK S[ESEPTGENSDDKEPEGN
CuP1
C
BE-EC-]‘

GEHTT@GEGEHEGENPEABGREGTPSGRANRRANESEGAAGN[EASEGSATAPG

Figure 1.3. Amino acid sequences and 3D structures of (A) Rattus rattus MT2 [48] and (B)
Saccharomyces cerevisiae MT [49] solved by X-ray diffraction (PDB entries 4MT2 and 1R]JU,
respectively) and (C) B: domain of Triticum aestivum E.-1 MT [50] solved by solution NMR (PDB ID:
2KAK). Zn(II), Cd(II) and Cu(I) ions are represented as purple, yellow and maroon spheres,
respectively, Cys residues as yellow sticks and coordination bonds as purple dotted lines. Coloured

boxes contain Cys-rich regions that in the case of MT2 represent a and § domains.

As of today, most of the 3D structural information has been obtained by NMR
spectroscopy [6, 14], although X-ray diffraction studies have also rendered
information on the metal clusters of MTs [61, 62]. Both techniques allow to
determine the folding of the protein about the metal centres, while X-ray
diffraction also provides metal-sulphur bond distances and information on the
coordination geometries of the metal ions even when these are not active to NMR.
However, these techniques also show some drawbacks. X-ray spectroscopy needs
a crystallized sample to obtain decent results, something that has revealed not to
be easy after the scarcity of studies performed in crystalline samples. On the other
hand, NMR requires highly concentrated samples, which on some occasions are
difficult to obtain, and in most cases the flexibility of the polypeptide sequence

and lability of the metal ions obstruct its complete structural determination.
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Moreover, physiological metal ions such as Zn(II) and Cu(I) do not have any active
isotope in NMR, impeding the determination of the metal-cysteine bonds and
forcing to use other metal ions active to NMR as a probe, such as Cd(II) for Zn(II)
and Ag(I) for Cu(l), which not always render isostructural complexes [63, 64]. All
these difficulties led to a low productivity in terms of solving MT three-dimensional
structures and only a few are available nowadays (Table 1.1).

Alternatively, other spectroscopic techniques such as circular dichroism (CD),
UV-vis absorption or inductively coupled plasma optical emission spectroscopy
(ICP-AES) have been widely implemented in the characterisation of MTs [6, 13, 14].
These techniques allow to determine some structural properties of the protein and
of their metal-protein bonds, providing information on the stoichiometry of the
metal-MT complexes [65]. One of the main advantages of using UV-vis and CD is
that MTs normally lack of aromatic residues that might interfere in the results.
Therefore, the ligand-to-metal charge transfer (LMCT) bands of the spectra, only
rendered by the metal-MT (holo form), range from 230-400 nm, while the
chromophores detected for the apo-MT will be below 220 nm, corresponding to
the peptide bond [66].
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Table 1.1. State-of-art of the currently available MT 3D structures in PDB solved by X-ray diffraction
(XRD) or solution NMR (NMR).

. Metal-MT
Organism PDB ID Method Reference
complex
Cd;Zn,-MT?2 4MT2 XRD [61, 67, 68]
R. rattus (Rat)
Cd,-MT?2 IMRT, 2MRT NMR [69, 70, 71]
Cd,-MT?2 1MHU, 2MHU NMR [72, 73]
H. sapiens (Human)
Cd,-MT3 2F5H, 2FJ4, 2F]5 NMR [74]
1DFS
Cd,-MT?2 NMR [74]
M. musculus (Mouse) 1DFT
Cd,-MT3 1]J19 NMR [75]
O. cuniculus (Rabbit) Cd,-MT2A 1MRB, 2MRB NMR [76]
N. coriiceps (Fish) Cd,-MT 1MO0J, 1IMOG NMR [771]
1DME, 1DMF,
C. sapidus (Crab) Cde-MT1 NMR [78]
1DMC, 1DMD
H. americanus
Cds-MT1 1J5M, 1]J5L NMR [54]
(Lobster)
. Cds-HpCdMT 6QK6 NMR [56]
H. pomatia (Snail)
Zngs-HpCdMT 6QK5 NMR [56]
L. littorea Cdy-LIMT 5ML1 NMR [55]
(Periwinkle) /n,-LIMT 5MN3 NMR [55]
S. purpuratus (Sea
) Cd,-MTA 10QJK, 1QJL NMR [53]
urchin)
Cu,-CUP1 1RJU XRD [62]
S. cerevisiae (Yeast) Cu,-CUP1 1AQR, 1AQS, IFMY NMR [49, 79]
Ag,-CUP1 1A00, 1AQQ NMR [49]
N. crassa (Mould) Cue-NcMT 1T2Y NMR [80]
Zn,-B-E-1 2KAK NMR [50]
T. aestivum (Wheat) Cd,-y-E-1 2MFP, 2161 NMR [81, 82]
Zn,-y-E-1 2162 NMR [81]
P. fluorescens Cd,-PflQ2 MT 6GV6, 6GV7, 6GRV  NMR [83]
(Bacteria) Zn,-Pfl1Q2 MT 6GWS8 NMR [83]
S. elongatus
Zn,-SmtA 1JJD NMR [84]

(Cyanobacteria)
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1.1.3. Metallothioneins’ chemistry: Reactivity and functionality of MTs

The characterisation of MTs permits to hypothesise about their function and
biological use. The great variety of functions associated to MTs and the difficulties
to relate some biological functions to these proteins cause researchers to be
cautious about MTs’ ultimate functions, for this topic is still a matter of debate
[85, 86]. However, it is a fact that MTs develop an important role in the biological
functions of the organisms, since they are present in all kingdoms of life, from the
ancient prokaryotes to the most complex eukaryotes, and have been pervasive over
the years [4]. MTs function is dominated, once again, by their intrinsic biochemical
properties, provided mainly by their high content in Cys. The high coordinative
capacity of Cys residues and the great kinetic lability of metal-thiolate bonds
permit a rapid metal exchange with other proteins [87, 88]. Likewise, the high redox
activity of Cys residues confer to MTs the capacity to react with other electrophilic
species and free radicals, easily and reversibly oxidising the thiol groups [89, 90].
All these facts relate MTs to metal metabolism activities and oxidative stress

reduction [91]. Therefore, MTs reactivity is characterised by:

e High capacity of coordinating transition metal ions: the polydentate ligand’s
nature of MTs affords great affinity for soft metal ions. In fact, some studies
revealed that MTs are found both in extracellular and cytosolic media in their
demetallated (apo-MT) or semi-demetallated form, suggesting that this status

favours the metal ions uptake [92, 93].

e Ease of exchanging metal ions: the great lability of the metal-thiol bonds
facilitates a quick exchange of ions in the metallated MTs. This exchange is
based on the affinity of metal ions towards thiolate ligands as described by the
series of Irvin-Williams [94]: Fe(Il) ~ Zn(II) = Co(II) < Pb(II) < Cd(II) < Cu() < Au(l)
~ Ag(l) < Hg(Il) < Bi(Ill). According to these series, a Zn(Il) loaded MT is more
reactive than a Cu(l) loaded one, meaning that Zn(Il)-MT’s tendency to exchange
its metal ions is higher than that of Cu(I)-MT’s. Therefore, in case of exposure
to toxic Cd(II), Pb(Il) or Hg(Il), Zn(IT)-MTs will easily exchange their initial ions

by the toxic ones, which show more affinity towards thiolate ligands.

e Metal transfer between MTs and other proteins or biomolecules: the
interaction between MTs, which interchange their metals it is well-known [95],
but also the metal transfer between MTs and other intra or/and extracellular
biomolecules [88, 96, 97]. This property of MTs expands the view of a simple

molecule with high capacity of binding metal ions of the medium and
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exchanging them with other metal ions in solution, to a molecule capable of

interact with other proteins, suggesting that MTs perform a biological function.

e Redox activity: at a physiological level, MTs are found in three different
conditions: oxidised (thionins, TOs), reduced without metals as apo-MT form
(thioneins, Ts), and associated to metals as holoproteins (metallothioneins,
MTs) [90]. TOs are barely reactive, since all the Cys residues are oxidised as
disulphide bonds, while Ts and MTs are reactive species to oxidant agents such
as reactive metal species, reactive oxygen species (ROS) or reactive nitrogen
species (RNS). The equilibrium and coexistence of these three species inside the
cell depend on the cellular type and its metabolic activity (ie., MTs
synthesis/degradation rate and cell redox conditions) [98]. Therefore, the
interaction of oxidising agents with MTs gradually triggers the metal release
from the protein and the formation of Ts that, in turn, becomes TOs after being
oxidised. This process is reversible and reducing agents such as glutathione (an
asset closely linked to MTs) can reverse this oxidation returning TOs to Ts [90].
In fact, glutathione acts either reducing TOs to Ts and oxidising MTs, regulating
the metal levels of the MTs [99].

These properties have been experimentally demonstrated and, as they are
diverse and very specific, MTs have been proposed to be involved in a multitude

of biological processes:

e Essential metals’ homeostasis: physiological metal ions such as Zn(II)
and Cu(l) are essential for the proper development of the organisms and
are in association with plenty of metalloproteins [100]. However, a
destabilisation on the concentrations of this intricate equilibrium might
lead to a toxic environment. Consequently, living organisms have
developed mechanisms to maintain this fine balance, for instance by
using MTs and other chelating agents. MTs have been proposed as a key
factor in the regulation of Zn(Il) and Cu(l) ions levels because of their
great coordinating capacity and the labile nature of their thiolate-metal
bonds. These properties are ideal for capturing metal ions in solution at
high concentrations but disposing them at low concentrations. Besides,
these properties not only are of use to regulate the metal levels in
solution but also to facilitate the transfer of metals from MTs to other
proteins [101]. For that reason some studies involve MTs with the

regulation and absorption of Zn(Il) and Cu(l) ions in the cytosol [102], but
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also in their distribution, reservoir and supplying at different
physiological conditions [85, 98, 103, 104]

Toxic metals detoxification: toxic metal ions such as Cd(I), Hg(I) or
Pb(Il), due to their high affinity for thiolate ligands, compete with
essential metal ions in the active site of some metalloproteins, which
cause a malfunctioning of those proteins. Specially in the case of Cd(II),
with similar chemical properties to Zn(Il), there is a great interaction with
Zn-dependent metalloproteins [105]. The high sensibility to a metal
exposure of organisms genetically modified unable to produce MTs [85,
106, 107] and the fact that some MT genes are overexpressed or induced
under Cd(II) stimulus has led to hypothesise that some MTs could be
involved in heavy metals handling and detoxification [108, 109, 110]. The
Cd-selectivity shown by some MTs is another important feature that
supports this detoxification putative function. Some MTs are not only
induced by Cd(II) but also their three-dimensional structure and their

metal clusters are more stable when Cd(II) is involved [56, 111, 112].

Antioxidant agents: some studies show that mammalian and snail MT
genes are upregulated after an oxidative stress stimulus [113, 114],
others show their indirect involvement in oxidative stress by modulating
the activation of Cu/Zn superoxide dismutase [115]. These specific
situations and their high content in reactive thiolate moieties suggest that
MTs might be involved in antioxidative stress activities. Moreover, MTs
are detected along with ROS and RNS in events of cellular stress
conditions caused by different factors (i.e., external radiation or redox
reactions from internal processes) [116, 117, 118]. In fact, the cellular
damage originated by ROS is more destructive in those cells whose MT
genes have been supressed than in control cells, suggesting that MTs
neutralise free radicals such as hydroxyl, peroxide, or superoxide [119,
120, 121].

Molecular chaperones: chaperones form a protein family that assist
other proteins in building their conformational folding or in assembling
macromolecular complexes. MTs have been suggested to be involved in
the formation and activation of several allosteric enzymes, providing the

necessary metals to activate them [122, 123, 124]. Therefore, MTs could
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be directly or indirectly involved in metalloproteins folding through
metals supplying [125].

e Antiapoptotic role: related with their role in aiding protein folding, MTs,
specifically MT2A, have been involved in multiple types of tumour
proliferation due to their interaction with transcription factors [126, 127].
The downregulation of human MT2A have demonstrated to inhibit cancer
cell growth, suggesting a tight relationship of this MT with cell
proliferation and chemoresistance [128, 129]. In fact, MT2A gene is
suggested to be a great biomarker to detect cancer risk, as a deregulation
of this gene might develop an uncontrolled proliferation of the cell [130].
Related to this, MT1H has been reported to suppress cancer cell

proliferation and invasion by inhibiting Wnt/B-catenin pathway [131].

e Protective agent in cellular senescence: the antioxidant properties of
MTs are highly important preventing DNA damage [132]. These
properties, as well as their heavy metal scavenging role, relate MTs with
functions in cellular homeostasis and immunity, lowering the levels of
metals and free radicals. In turn, this triggers a modulation of the effect
of inflammation and stress response in tissues that prevents an early

senescence of the cells [133, 134].

e Metabolic control: it has been described the effect of high-fat diet on MT-
knockout mice, which become obese [135]. MTs regulate the energetic
cellular balance through the formation of adipose tissue. These
metalloproteins neutralise superoxide radicals and endoplasmic
reticulum stress that induce obesity-related diseases [136]. Moreover,
MTs are involved in the signalling pathway of insulin, whose interference
provokes an elevated lipid accumulation, inducing the development of
obesity [137].

Clearly, all these examples put on the table a family of proteins with very
complex interactions with other proteins, which hinders the quest of finding a
specific function for MTs. Somehow, MTs have been pervasive along the evolution
and have been maintained by the organisms, confirming their utility within the
biological system, but their special biochemical features have not restricted them

to a single biological function.
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1.1.4. Classes and classification of MTs

On the search of a function for MTs, their classification is essential. Proteins
are typically sorted into protein families, which group proteins that share a
common evolutionary origin and display similar structural and functional
properties [138]. Duplications and other genetic mechanisms permit that one
protein evolves into two different proteins, leading to developing new functions
[139]. These are termed homologous proteins and their “homology” allows to score
the resemblance between them [140]. Taking this homology into account,
structural and functional properties can be proposed for a novel unknown protein
that display similar amino acid sequence with another described protein. By
relating homologous protein sequences, it is possible to generate phylogenetic
trees that permit to better understand the function and evolution of these proteins.
Besides, protein classification allows to evaluate and hypothesise about other
proteins whose structures or functions are difficult to solve.

In the MTs field, protein classification embodies a multitude of opinions as
various sorting criterions have been used ever since they were first discovered
[141]. The first attempt of MT classification was the one stablished at the Second
International Meeting on Metallothionein in 1985 [142]. The committee proposed
the division into three classes, based on the similarity of the primary structure of
the known MTs with that of the first mammalian MT described:

* Class I included closely related MTs with conserved Cys alignment with the
mammalian MT;

* Class II comprised non-homologous MT sequences whose cysteines were not
distributed as the first reported MT and;

* Class III considered polypeptides enzymatically synthesised (without using
ribosomes) that displayed Cys in their sequence and were able to bind metal ions
[143].

Class I included a great variety of MTs, from mammal to invertebrates through
other vertebrate families, all of them governed by a bidomain structure. In class II
yeast, plant, invertebrate, and some bacteria MTs were described. Most of them are
monodomain proteins with poor alighment with mammalian MTs. Finally, the
origin of class III MTs is not from mRNA but from the enzymatic synthesis. These
special MTs are found in plants, algae, and some fungi and some are known as

phytochelatins or cadystins [144, 145, 146]. They were considered a class of



. 16 | l.1. Metallothioneins

metallothioneins despite their distinct primary structure because they could
coordinate a high amount of transition metal ions.

This classification became outdated when new class Il members (highly distant
to each other) were incorporated over the years. The sequences’ length, amino acid
composition and number and distribution of Cys residues were appreciably
variated for a group of proteins belonging to a same class. For that reason, Binz
and Kéagi proposed a new classification method based on sequence similarity and
phylogenetic relationships [141]. This criterion drove to as many MT families as
taxonomic groups were known. However, although the alignment of amino acid
sequences is a good tool to perform evolutive studies, one should be careful to
relate similar sequences to a determined biological function. It is not always
fulfilled that two similar MTs with identical Cys motifs always render equal metal-
binding preference and, thus, similar biological function. As an example, the same
Cys motifs are found in the Cd-, Cu- and Cd/Cu-MT isoforms of the Helix pomatia
and Cantareus aspersus snails, with clearly distinct metal preferences and
biological functions [51, 147]. For that reason, this method is considered
incomplete to relate functions and reactivity among MTs and it should be
considered as complementary to the following classification.

In view of efficiently gather MTs for their structure and function, our group
devised in 2001 a functional classification that unifies MTs by their metal-binding
preferences [148]. This classification has been in constant improvement and more
and more features have been included along the years to generate a handy tool to
compare MTs by their biochemical properties, so that the biological function of
novel MTs could be inferred. Since the 3D structure of a biomolecule determines
its function [149] and considering that the structure of each MT is governed by the
metal ion associated to this protein [150, 151], it is straightforward to assume that
the metal ion coordinated to each metal-MT species is related with a physiological
function. Based on that supposition and that Zn(II) and Cu(I) are two of the most
common essential metals in organisms, and that the coordinative preferences of
these two metal ions are clearly different (see Section 1.1.2) our group proposed
an MT classification separating two marked metal-binding preferences and
therefore two metal-binding “behaviours”: Zn-thioneins and Cu-thioneins [148].
The former group is associated to MTs with high preference for divalent metal
ions. These proteins have been demonstrated to perform biological functions
related to Zn(Il) homeostasis and trafficking or Cd(Il) detoxification [6, 14]. In

contrast, Cu-thioneins render very stable Cu-MT complexes, for which are
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connected with biological processes involving this metal ion: Cu(I) ions reservoir
or supplier, ion sequestering, etc. [6, 152, 153].

This proposed classification of MTs into two extreme metal-binding behaviours
covered all research and classification purposes by the time it was released.
However, as new “class II” MTs were discovered, more and more different metal-
binding features were described, so the initial proposal was updated to a more
precise one [154]. This new model demonstrated that not all known MTs displayed
“extreme” metal-binding preferences towards divalent or monovalent metal ions,
rather there was a stepwise gradation of metal-binding preferences between what
were denominated “genuine” Zn- and Cu-thioneins (Figure 1.4).

More interestingly, the continued research made in our group also allowed to
propose key factors that stablished the metal-preferences of MTs in order to
classify them. Among others, the discovery of labile sulphide ligands (5*) as a third
component of the metal-MT clusters in some recombinant MT productions [155]
and the realisation that the oxygenation degree of the E. coli cultures had an
influence on the homo- or heterometallic nature of the Cu-MT preparations [156]

were determinant factors to design this fine-tuning classification of MTs [13].
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Figure 1.4. Schematic representation of the gradual MT classification in function of their Zn- or Cu-
thionein behaviour.

This final classification was based in the following bullet points to evaluate the

metal-binding features of each MT:

e Presence or absence of Zn(ll) ions in the Cu-MT complexes
biosynthesised in Cu(ll)-enriched E. coli cultures under different

oxygenation degrees.

e Presence or absence of sulphide ligands in the in vivo Cd-MT

complexes.

e Presence or absence of Zn(Il) ions in the biosynthesised Cd-MT

species.
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e Reluctance of the in vivo Zn-MT species to total metal-exchange of
Zn(Il) by Cd(II)

e Number of Cu(l) equivalents needed in vitro to reproduce the in vivo
Cu-MT ones

The metal-binding properties observed for genuine Zn- and Cu-thioneins are
shown in Table 1.2 [13]:

Table 1.2. Comparison of the features of the products rendered by genuine Zn-thioneins and genuine

Cu-thioneins.

Genuine Zn-thioneins Genuine Cu-thioneins
Render unique M(II)-MT species Render mixtures of Zn(II)- or Cd(II)-
when synthesised in Zn(II)- or Cd(II)- MT species when produced in M(II)-
enriched medium supplemented media

Might yield heterometallic Zn,Cd-MT The products of the biosynthesis in

complexes when produced in Cd(II)- Cd(Il)-enriched E. coli cultures
supplemented E. coli cultures contain labile sulphide ligands (%)
Are reluctant to in vitro exchange No resistance to fully exchange
Zn(II) by Cd(II) Zn(II) by Cd(II) in vitro
Formation of heterometallic Zn,Cu- Yield homometallic Cu-MT species
MT species when recombinantly when biosynthesised in Cu(I)-
synthesised in Cu(Il) supplemented enriched media (independently of
media (process dependent on the the oxygenation degree of the
oxygenation degree of the culture) culture)

The main feature of Zn-thioneins is that they render unique well-structured
M(II)-MT complexes when synthesised in culture media supplemented with divalent
metal ions. This means that this group of proteins displays high affinity for
divalent, Zn(II) and Cd(I), ions. However, it should be clarified that genuine Zn-
thioneins show more preference for Zn(Il) than for Cd(II). For that reason, in some
cases, there is a reluctance of Zn(Il) ions to be displaced by Cd(II). This occurs either
in vivo in the Cd(I)-MT productions, rendering heterometallic Zn,Cd-MT
complexes, or in vitro during the Zn(II)/Cd(Il) exchange experiments, in which the
initial Zn(II)-MT complex does not fully exchange its metal ions by Cd(I). It is
important to clarify that, in this PhD thesis, the in vivo complexes are those species
obtained from the biosynthesis in E. coli cultures, while the in vitro species are

those formed during a metal exchange experiment, or as consequence of any
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manipulations performed out of the living cell. With regards to why Zn(Il) ions
should be displaced in the in vivo formation of Cd(II)-MT complexes, there is a
hypothesis that states that probably all MTs are initially produced in the cytoplasm
in association with Zn(Il) ions and, that afterwards, they exchange these Zn(Il) ions
depending on their necessities [157]. For that reason, it is possible to observe
Cd(I)-productions which render heterometallic Zn,Cd-MT complexes in vivo.
Related to this very phenomenon, another main feature of genuine Zn-thioneins is
that they render heterometallic Zn,Cu-MT complexes when biosynthesised in
Cu(I)-supplemented cultures. Following the same reasoning, the high preference
of these MT's for Zn(II) makes them reluctant to totally exchange Zn(Il) by the high
concentration of Cu(I) ions present in the cell. The Zn(Il) metal ions already present
in the cluster stabilise the complex, so they can be considered structural ions.

As a counterpart, Cu-thioneins include all the MTs with high preference for
Cu(I) ions. They render unique well-structured homometallic Cu(I)-MT complexes
when are bioproduced in Cu(Il)-enriched E. coli cultures. Additionally, the discovery
of the presence of labile sulphide ligands in some preparations was determinant
for this classification proposal, since it was possible to relate the quantity of these
ligands with the Cu-thionein behaviour of the considered MT. These ligands are
only found in the preparations of MTs which show a poor Zn-thionein features,
and especially during the in vivo biosynthesis of Cd-MT preparations, facilitating
therefore, the detection of genuine Cu-thioneins. Cu-thioneins do not efficiently
render Zn(II)-MT complexes, and for that reason, they yield a mixture of Zn(II)-MT
species when synthesised in Zn(Il) supplemented media. The situation is even
worse when this Cu-thionein is synthesized in a Cd(Il)-enriched media, as the
bigger size of the Cd(I) ions in comparison to those of Zn(Il), requires the
participation of “external” ligands such as S* to stabilize the “artefactual” Cd-MT
species that are recovered under these conditions.

So far, this has been the most complete functional classification to evaluate the
metal-binding features of MTs. However, the exploration of new phylogenetic
groups is continuously providing new data of novel MT sequences with distinct

biochemical and metal-binding features.

1.2. State-of-art of the MT systems

Ubiquitous MTs have been reported from most of living beings, involving a
massive number of biological processes, asserting the importance of these proteins
to the organisms. Their high versatility has connected them to many research

projects of a vast number of different science branches, from ecology [158, 159,
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160] to medicine [161, 162, 163] through genetics and evolution [164, 165]. Since
they have been found in all kingdoms of life (Figure 1.5), several research groups
have focused their efforts to specialise on MTs’ biochemical features of a specific
group of organisms. These groups range from Vasak and Kagi advancing on the
knowledge of vertebrate MTs [48, 52, 70, 166, 167], Calderone and Meloni focusing
on Cu-specific MTs such the fungi MTs [62, 168], and Freisinger and Blindauer
contributing into the insights of plant MTs [50, 58, 82, 169, 170]. Blindauer also
greatly expanded the understanding of bacteria MTs’ biochemical features [37, 84].
Although MTs’ research covers most of the phylogenetic groups, mammalian MTs
are the most studied, due to their anthropocentric and medical implications
[reviewed in 6]. Mammalian MT was the first to be discovered [5] and, after that,
many different isoforms and their variants were reported [171], displaying a
complex system in which MTs are expressed under distinct physiological
situations, tissues, or life stages [reviewed in 14]. There are four mammalian MT
isoforms, named from MT-1 to MT-4. MT-1 and MT-2 are expressed in all the tissues
of the organism, while MT-3 and MT-4 are tissue specific MTs [172]. The two first
MTs have been widely reported because they are easily induced upon metal
exposure [44]. In fact, they are physiologically isolated in association with Zn(II)
and/or Cd(II) metal ions. For that reason, they are linked to roles of detoxification
and homeostasis of heavy metal ions [173, 174]. Regarding MT-3, it has been
natively recovered from brain tissue [175], displaying a monodomain Cu(l),Zn(II),-
MT-3 structure and considering it the mammalian MT with more Cu-thionein
behaviour [166, 176, 177]. Finally, MT-4 is found in epithelial tissue, showing some
resemblances to MT-3 metal-binding features [167]. In general, their three-
dimensional structure is that of a dumbbell, in which two functional domains build
independent metal clusters connected by a flexible hinge region [178]. This
topology is found when MTs are bound to divalent metal ions, containing two types
of clusters: a M(I);(SCys), at N-terminal B domain and a M(II),(SCys),, at C-terminal
a domain [48]. However, this bidomain structure is distorted when the protein is
forced to fully bind monovalent Cu(l) ions [179].

From all this research, our group widely contributed to extend the knowledge
of the metal-binding abilities of human MTs and both a and B domains towards
many metal ions (e.g., Cd(II), Zn(Il) and Cu(I) but also Ag(I), Pb(Il) and Hg(I)) with
more than 23 studies [6, 32, 33, 176 180, 181, 182, 183]. During this research, the
use of mutants has been a generous support to understand the systems [57, 184,

185]. Besides mammalian MTs’ characterisation, our group has been involved in
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the analysis of other vertebrate MTs such is chicken MT [186], and several

invertebrate MTs.
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Figure 1.5. Tree of life representing all six currently accepted kingdoms.

Despite invertebrate MTs have been relatively less studied than mammalian
MTs, their investigation has provided valuable information about animal
organisms development (e.g., in the study of Drosophila melanogaster) [187, 188],
or the ecological implications of contaminants to the habitats of certain organisms
[189, 190]. Our group, always devoted to better understanding MTs’ metal-binding
abilities, characterised the D. melanogaster MT system, finding in these MTs an
exceptionally general preference towards Cu(l) ions [191, 192, 193, 194, 195]. In
addition to Drosophila system, our group got involved in the characterisation of
other invertebrate MTs, such as sea urchin MTs (SpMTA and SpMTB) [196], lobster
MT (HMT) [148], and lancelet MTs (BfMT1 and BfMT?2) [197]. However, most of the
invertebrate MT systems characterised by our group belong to molluscs (16
publications and a few more in publishing stages).

Mollusc phylum represents a vast collection of species that have been proved
of great importance from an economical, medical, and ecological point of view
[198]. This phylum includes some relevant phylogenetic groups in the study of
MTs, such is the case of gastropods. This group of molluscs have adapted their
lifestyles to practically all habitats on Earth [199], denoting high genetical
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heterogeneity and constituting an interesting group to perform evolutionary
studies, especially from an ecological point of view [158, 159, 160]. In fact, the
genetic mechanisms around MTs such as MT gene duplications [200, 201], MT
domain multiplications [165, 202, 203], modulation of the MT gene expression
[204, 205, 206], and changes in the metal-binding preference [51, 207, 208], have
been crucial not only for molluscs, but for all the organisms’ adaptation to
different environments. Yet, it is important to consider that in order to preserve
MTs’ structure and their metal cluster, hence, their function, MTs’ special features
such as the Cys residues positions are to be conserved [209]. For that reason, the
amino acid sequences of the MTs within the same phylogenetic group have a good
alignment and their comparison provides straightforward evolutive information
[210]. Therefore, the conserved modularity of mollusc MTs (consequence of these
genetical processes) have permitted to trace all these lineage-specific evolutionary
events occurred along all mollusc phylogenetic groups, connecting them with the
conditions of their habitats and the metal-binding preferences of their MTs.

It is of relevant interest the case of Cd(II)-selective MTs found in some snail and
slug species, which have been connected with Cd(II) detoxification functions [51,
55,111,112, 147, 185, 211, 212]. In fact, these MTs are genetically activated after
Cd(I) exposure [17, 114], meaning that Cd(II) ions activate physiological pathways
to synthesise these MTs. This type of MTs was included in the sack of Zn-thioneins,
following our stepwise gradation classification of MTs. The physicochemical
similarities between Zn(Il) and Cd(Il) provoke that an important amount of MTs
show equivalent metal-binding behaviours for these two metal ions. This is the
main reason why only a dichotomic Zn- to Cu-thionein scale was initially proposed.
Thus, the intriguingly tight relationship between these MTs and Cd(Il) ions led to
perform an exhaustive evolutive study to seek the origin of the Cd-selectivity [210].
This work comprised a massive number of MT sequences of mollusc species from
either marine, terrestrial and freshwater habitats to cover all the environments
with considerably distinct Cd(Il) concentrations. Moreover, the coordinating
abilities of some of these MTs were already characterised, so an evolutive study
allowed the construction of a phylogenetic tree that related their evolutive origin
and their metal-binding preferences. The lineage-specific metal-binding properties
of mollusc MTs and the correlation of the habitats with that metal-specificity
reported in this work suggests that Cd-selectivity has been modulated by the Cd(II)
concentration levels present in the molluscs habitats during their evolution. In
many species this Cd-selectivity has been maintained due to the Cd-levels of their

environment, however, some freshwater snails lost this metal-selectivity, probably,



1. Introductiom| 23

because the levels of Cd(Il) ions are, at least, a couple of magnitudes lower than
those of the rest of habitats and they did not suffer an evolutionary pressure to
maintain that feature [210, 213].

This complete study comprising most of the reported gastropod MT sequences,
along with the NMR studies, supported the hypothesis that the prototypical
gastropod MT is a bidomain structure [56]. This structure contains two equivalent
domains of 9 conserved Cys residues and each one binds three divalent (mainly
Zn(II) or Cd(II)) or six monovalent (mainly Cu(l)) metal ions (Figure 1.6). From this
conserved topology, some snail MTs have been modified at their N-terminal
domain such in Patellogastropoda MTs, which show 10 Cys residues instead of 9
[210]; or duplicated their domains once or more times as in the case of Littorina
littorea MT [55], Pomatias elegans MT [212], or the multidomain Alinda biplicata
MT [203].

A
GSMSSVFGAGETDT@KQTP@G@GSG@N@KEDRQSEKYGA TDVEKQTPEGEATSGENETDDEKEQSESTARKEAAGSEKEGKGETGPDSEKEDRSESE
B3 domain B3 domain p1l domain
LIMT
B
HpCdMT

GSGKGKGEKETSAERSEPEOEGSKEOEGEGETEAARK ENETSDGEKEGKESTGPDSEKEGSSESE

B3 domain p1 domain

Figure 1.6. Amino acid sequences and 3D structures of (A) Littorina littorea MT [55] and (B) Helix
pomatia CAMT [56] solved by solution NMR (PDB entries 5SMN3 and 6QK6, respectively). Cd(Il) ions
are represented as yellow spheres, Cys residues as yellow sticks and coordination bonds as purple

dotted lines. Coloured boxes contain Cys-rich regions that represent distinct 8 domains.

Overall, the study of gastropod MTs has provided useful information about
MTs’ evolution but also about metal-binding specificities in MTs. A research line
performed by our group and collaborators was devoted to the biochemical
mechanisms that rule the metal-binding specificity of the MTs. This prolific

research demonstrated, by studying terrestrial snails’ MTs, that the ratio of lysine
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(K) and asparagine (N) residues drives the metal-binding preference of these
organisms [112, 211]. All the MT sequences of both Helix pomatia and Cantareus
aspersus conserved their Cys residues positions, being the non-coordinating
residues the unique changing factor between them. Thus, these studies observed
that while the K:N ratio was higher, the preference towards divalent metal ions also
raised, otherwise, if the K:N ratio was lower in the sequences, their preference
towards Cu(l) ions increased. This phenomenon helped to understand better the
metal-binding preferences of terrestrial gastropod MTs. In addition to these
experiments, the extraordinary Cd-selectivity found in some snail MTs contrast
with the concept of the current functional MT classification. Considering the above
demonstrated importance of Cd(II) ions during the evolution of the MTs of this
phylogenetic group and the paradigmatic metal-binding behaviour displayed by
some “extreme” Cd-selective MTs, it is straightforward to hypothesise whether it
exists a “genuine” Cd-thionein metal-binding behaviour, independent from the
current Zn-thionein one, that display particular coordinating features not shared
with the other groups of the present dichotomic Zn(Il)/Cu(l)-thionein MT
classification. A holistic study which comprised MT sequences from all classes of
mollusc would provide essential information to the evolutive origins and metal-
binding features of mollusc MTs and, with all this new information, the structure
of the current MT classification could be assessed. It could be updated to a three-
band classification involving genuine Zn(Il)-, Cu(I)- and Cd(II)-thioneins. Following
this motivation, this PhD thesis is devoted to elucidating this hypothesis.

The MT system of urochordates is also quite unknown. In this phylogenetic
group are included filter-feeding species, whose dynamic gene evolution [214, 215]
and their close genetical relationship with vertebrates set an ideal scenario to learn
about the origin and evolution of chordate MTs. Urochordates, or tunicates, form
the sister clade of vertebrates and, together with the standalone group of
cephalochordates, constitute the phylum Chordata. In turn, urochordates are
divided in three classes: Larvacea, Thaliacea, and Ascidiacea. The filtering lifestyle
of these organisms entails a considerable exposure to the elements present in the
seawater habitats (e.g., heavy metals) and, thus, a great tendency to accumulate
them. Consequently, urochordate species rely on molecular mechanisms to palliate
these troubled waters. Obviously, MTs are one of these mechanisms used for this
matter. As mentioned in mollusc MTs, the presence (and quantity) of Cd(II) ions in
these organisms’ habitats was of great relevance to the evolution of the metal-
specificity of their MTs [210]. Gaining metal-selective MTs for the inactivation of

the Cd(II) ions present in the seawaters where urochordates dwell would represent
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an advantage for these species. However, the current insights into the MTs of this
group of organisms are scarce. In fact, there is only one work that openly describes
and characterises a tunicate MT [216], and another publication insinuates the
existence of a metallothionein in the tunicate species Pyura stolonifera [217]. For
that reason, a biochemical characterisation of urochordate MTs would provide
information of the evolutive origin of chordate MTs and the metal-binding features
of a new group of MTs.

Finally, it is important to mention the contribution of our group to the
characterisation of MTs outside the animal kingdom. Part of the research
performed in this group is dedicated to both Saccharomyces cerevisiae MTs [20,
156] and fungal pathogenicity. Fungal pathogenicity has been associated to the
dispute between the host organism and these pathogens for the metal handling
[218]. This conflict may be given by the sequestration of host essential metal ions
by the pathogen or by an excessive Cu-overload at the hand of the host immune
system to Kkill the pathogen [219, 220]. In either case, a protein designed to bind
metal ions would be an advantage for the pathogen against these drawbacks. Once
again, MTs arise as a plausible option to control a metal-related metabolism
function and to understand better how fungal pathogenicity works [221].
Therefore, our group developed a research line studying a collection of fungal MTs
and their mutants to determine a relationship between pathogenicity and MTs. This
relationship was clearly established in Cryptococcus neoformans MTs and their
high affinity towards Cu(I) ions [152, 153, 221]. This pathogen is able to counteract
against the toxic response of macrophages, sequestering high concentrations of
Cu(I) ions from the medium. Similarly, Tremella mesenterica MT is a long modular
protein with high metal-binding capacity [222]. Although the Cu(I)-selectivity of the
full protein is not as good as C. neoformans MTs’, the results obtained from the
cytotoxicity experiments performed on the living organism showed elevated
tolerance to high concentrations of copper, suggesting a biological function related
with Cu(I) homeostasis and Cu-enzymes synthesis.

Therefore, it is not negligible the importance of obtaining the biochemical
properties of fungal MTs, as they are generally considered Cu-thioneins and,
altogether with the Cd-selective mollusc and the novel urochordate MTs, fungi MTs

may provide a wide perspective in the search of a new MT classification.
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As a main objective of this PhD thesis, we question ourselves if the current
dichotomic classification of metallothioneins (MTs) in Zn/Cd-thioneins (divalent
metal ions specificity) and Cu-thioneins (monovalent metal ions specificity) is still
valid. Therefore, we intend to elucidate whether genuine Cd-selective
metallothioneins do exist and, if this is the case, to ascertain if they display
differential metal-binding features in comparison with the existing so-called
genuine Zn-thioneins to update the present functional MT classification. The
strategy devised to confirm this hypothesis consisted in characterising until
nowadays unknown MTs, which complete the current scenario with more data
about their metal-binding features. Among these MTs we have chosen several
mollusc and primitive urochordate MTs. The partial objectives that will aid into the

global objective achievement are:

1. The study of the coordinating capabilities of different mollusc MTs, completing
the missing data of all gastropod MTs.

2. Characterisation of the metal-binding features of all domains that compose

mollusc MTs.

3. To describe the metal-binding abilities of the MTs of the three tunicate classes:
Ascidiacea, Thaliacea, and Appendicularia, expanding our current knowledge

about chordate MTs’ origins.

4. Sorting all the characterised MTs into three different groups by their metal-
binding features: the two existing Zn(Ill)- and Cu(l)-thioneins and the putative
Cd(Il)-thioneins.

5. To evaluate whether the three types of MTs are sufficiently different to belong to

distinct classes and to prove the methodology with already reported data.
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3. Results and discussion

The characterisation of the MTs exposed in this PhD thesis was motivated by
the possibility to evaluate the biochemical features of a great collection of
sequences from three phyla that display specific interesting features. Our
collaborators at the UB surveyed all the mollusc and urochordate MTs
characterised (at that moment there were 15 gastropod MTs whose metal-binding
behaviour was described) and proposed the synthesis of the MTs of those groups
that were uncovered. They performed the phylogenetical studies of the proposed
MTs, while we, at the UAB, characterised them and their metal-binding features. In
addition, our collaborators from UB identified new MTs, collecting (known and
unknown MTs) up to 272 new mollusc MT sequences from 189 different species
and categorising them by classes, elaborating the most comprehensive
phylogenetic tree made on mollusc MTs and permitting the identification of
specific Cys patterns for each class (Annex 7.3.4: Article 4). Likewise, they
obtained 160 new urochordate MT sequences from 44 different species,
performing similar evolutionary studies about the origin of chordate MTS’
evolution (Annex 7.3.6: Article 6).

This section aims to present and to discuss the principal results obtained from
this extensive project, starting by a genetical contextualisation of the MT systems
described in this PhD thesis (Section 3.1). Fortunately, this project provided a
valuable opportunity to characterise a considerable number of MTs of extremely
varied origins and with distinctly marked biochemical features, which constructed
an ideal scenario to expand our insights into MTs’ metal-binding properties and to
polish the dichotomic MT classification postulated by our group 10 years ago [13].
To expose all the results gathered for all organisms’ MTs and yet maintaining a
“reading-friendly” text, the results are presented grouping them by families of

proteins that show similar metal-binding features. Additionally, bearing in mind



that the current dichotomic classification already considers a gradation between
extreme Zn-thioneins and extreme Cu-thioneins and that one of the hypotheses
postulates the existence of an independent Cd-thionein behaviour distinct from
the current defined Zn-thionein one, we considered convenient to stress the
separation between genuine Zn- and putative Cd-thioneins. Thus, this section
contains three subsections that report the different metal-binding properties
found in this thesis. The first one describes those MTs without any specific
preference for any of the studied metals (Section 3.2), the second one gathers those
MTs that comply with the current definition of Zn-thioneins based on the
description made by our group (Section 3.3), and the latter block groups those
proteins, with high specificity for Cd(Il) ions, that show distinct metal-binding
features from those understood nowadays as Zn-thioneins (Section 3.4). To
evaluate the coordinating properties of all the MTs at physiological conditions, the
proteins have been recombinantly synthesised in E. coli cultures supplemented
with Zn(II), Cd(II) or Cu(Il) salts (Section 5.1), purified and characterised by means
of spectroscopic (CD, UV-Vis and ICP-AES) and spectrometric (ESI-MS) methods
(Section 5.2). These same techniques have also allowed to characterise in vitro the
MTs’ metal-binding abilities by adding solutions of distinct metal ions to the in
vivo obtained preparations (Section 5.3).

Besides, Section 3.5 introduces an intriguing phenomenon found in some of
the studied samples that has been crucial to characterise the metal-binding
features of the MTs. Finally, Section 3.6 exposes all the facts that support the main
hypothesis and partial objectives of this thesis: the proposal of a new functional
classification that groups MTs by their metal-binding behaviour: Zn-, Cd- and Cu-
thioneins. Another point to mention is that the discussion will reference the
functional classification already proposed by our group [13], as the new
classification postulated in the hypothesis of the current work is an update of that

previous one.

3.1. In depth characterisation of the MT systems

The necessity of an extended population of MT sequences to achieve the main
objective of this PhD thesis with significance and coherence led us to work with a
wide collection of organisms with specific MT systems. The species reported here
are representative organisms of their phylogenetic group as none or only few MTs
are described in that group. In general terms, we have explored MTs from animal
and fungi kingdoms. From the former, we focused on chordate and mollusc

species. From one side, mollusc MT evolution provides an opportunity to learn
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more about metal-binding preference, since this model system have several works
reported that provide background on that matter, easing the design of future
experimental procedures [51, 112]. From the other side, the chordate MTs reported
here correspond to the sister branch of vertebrate organisms. This phylogenetic
group, named urochordates, will provide prime information about the origins of
the evolution of vertebrate MTs and, thus, being their study of great relevance.
Hence, this section is divided in three subsections, including information of the

MT systems of mollusc, urochordate, and fungi species.

3.1.1. Mollusc MT systems

Taking advantage of these insights into mollusc MTs model, we found
convenient to complete the global view of mollusc MT evolution by characterising
some of their representative MTs from unexplored phylogenetic groups. Molluscs
are commonly divided in seven or eight taxonomic classes, depending on whether
Aplacophora subgroups (Solenogastres and Caudofoveata) are considered classes

or not [199] (Figure 3.1). From these classes, three are reported in this PhD thesis.
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Figure 3.1. Scheme of the phylogenetic relationships between mollusc species based on [223]. For
each class there is specified the prototypical domain structure of the representative MTs. *Bivalvia
display more combinations of domain structures not shown in the scheme. Gastropoda includes

multi-modular MTs with more than two domains (33nf1).
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Mollusc MTs are homogenously spread among the phylogenetic groups. Their
modular structure display equivalences between taxonomic groups, denoting a
common evolutive origin [210]. From all the proteins characterised, four mollusc
MT domains have been observed, considering the distribution and number of Cys
residues: a, B, v, 6. In the case of B domains, three conserved Cys distributions are
regarded: Bl ([CxCJx;[CxClx;Cxs[CxClx;[CxC]), B2 ([CxClx;[CxClx5[CxClx,[CxC]x,C)
and B3 (Cx;Cx,[CxClx;[CxClx,[CxC]x,C). Except in some Bivalvia species, mollusc
MTs’ C-terminal domain is a nine conserved Cys residues 1 domain, while the N-
terminal end is variable from group to group. Thus, all mollusc MTs have lineage-
specific N-terminal domains that have allowed to report genetic changes along
mollusc evolution (Annex 7.3.4: Article 4). Interestingly, some of the MTs even
display special traits such as multiple domains before C-terminal 1 domain [55,
203], or newly reported Cys motifs. One of those novel Cys motifs is found in
Falcidens caudatus, which belongs to Aplacophora/Caudofoveata class (Figure
3.1). The members of this class have a lineage-specific 14 Cys domain (§) at the N-
terminal region that is not shared with any of the other mollusc species. This
domain showed independency forming metal clusters (Section 3.3.3) and, together
with the C-terminal B1 domain, it results a 23 Cys MT (Figure 3.2). The de novo
introduction of this domain and the fact that this MT reveals an uncommon

combination in the MTs field, makes of it a special case to closely follow up.

A
6 domain p1 domain
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Figure 3.2. (A) Falcidens caudatus MT (FcaMT1) amino acid sequence. Cys residues are highlighted
and 6 and B1 domains are contained within a clear violet and grey boxes, respectively. (B) F.
caudatus micrograph obtained from [224] picturing the frontal and lateral side of the specimen, as

well as the isolated sclerites that cover its body.
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Another unique case found in this PhD thesis is the one of Lottia gigantea MT
system. This species from the subclass Patellogastropoda contains two MTs that
differ in structure with the rest of gastropod MTs. LgiMT1 and LgiMT2 show
identical amino acid composition and arrangement except in three positions, which
may lead to think that these MTs are encoded in the same gene and the
identification of two isoforms is an artefact of the genome sequencing. However,
both isoforms were detected after PCR amplification of the genetic material
extracted from Lottia tissue, corroborating that both MTs are present in this
organism. Their Cys arrangement follows a new distribution at the N-terminal
region. This new domain is called y and contains ten Cys residues organized in five
CC duplets (Figure 3.3). This novel composition has not been reported before and
stands between the 11/12 Cys a domains and the nine Cys B ones, for it is also a

case to observe closely.

A vy domain p1l domain
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B

Figure 3.3. (A) Lottia gigantea MTs (LgiMT1 and LgiMT2) amino acid sequences. Cys residues are

highlighted and y and p1 domains are contained within a red and grey boxes, respectively. (B)

Picture of a L. gigantea specimen.

Continuing with other mollusc classes, here it is described the MT of Nautilus
pompilius, the living-fossil mollusc with a notorious spiral shell. This cephalopod
only possesses one MT reported so far. N. pompilius MT1 (NpoMT1) has a
conserved domain structure within its taxonomical group, constituted by a 12 Cys
a domain and the common 9 Cys Bl domain (Figure 3.4). This distribution

resembles to that of the mammal MTs [225].
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Figure 3.4. (A) Nautilus pompilius MT (NpoMT1) amino acid sequence. Cys residues are highlighted
and a and B1 domains are contained within a blue and grey boxes, respectively. (B) Picture of a N.

pompilius specimen.

Taking advantage of the information already available for gastropod MTs, we
considered convenient to explore the rest of the groups of this subclass. Thus, four
MT sequences of four distinct gastropod subclasses out of the existing five have
been biochemically characterised. Gastropod species, as the rest of mollusc
species, also present a lineage-specific N-terminal motif, probably derived from the
archetypal B2 domain. This module, called B3 domain, contains nine Cys residues
as well, but with a different distribution with respect to 1 and B2 domains. Arion
vulgaris, with two B3/B1 MT isoforms, covers the data of Heterobranchia subclass
(Figure 3.5). This slug expands our knowledge about what it is already known of

terrestrial snails (e.g., Helix pomatia and Cantareus aspersus).

A

p3 domain p1 domain
AvuMT1 GSMSGKA@TGA@KSEP@Q@GNN@Q@GGDDSQﬁKﬂ@K@TNEG@K@GQNTGQATEs@EKssk
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Figure 3.5. (A) Arion vulgaris MTs (AvuMT1 and AvuMT?2) amino acid sequences. Cys residues are
highlighted and B3 and 1 domains are contained within a yellow and grey boxes, respectively. (B)

Picture of an A. vulgaris specimen.

Another case of B3/B81 MT arrangement is in the marine snail Nerita peloronta,
which possesses two MT isoforms with these gastropod-specific domain

composition. N. peloronta forms part of the Neritimorpha clade, one of the main
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mollusc phylogenetic groups and represents the first species to be reported from
its taxon. These MTs show some peculiarities, for instance, NpeMT1 contains an
extra Cys residue, while NpeMT?2 possesses one His residue in each terminal end
of the sequence (Figure 3.6).

A p3 domain p1 domain
NpeMT1 GSMSDPKGASETTEEKEDPEAGGTNEKEGSDETESSEKKSYEKEAADSFABGKGETGPSTKEDSGESER
NpeMT2 GSMPNPKGPGETEDEKAAQEQEGTNERESRDEPENDEEIKA @K ESGSEARGEGESGPQTEKEEDD ST

Figure 3.6. (A) Nerita peloronta MTs (NpeMT1 and NpeMT2) amino acid sequences. Cys and His
residues are highlighted and B3 and 1 domains are contained within a yellow and grey boxes,

respectively. (B) Picture of a N. peloronta specimen.

Finally, the last gastropod species studied is Pomacea bridgesii. This freshwater
gastropod dwells in ponds and rivers, where the concentration of Cd is lower than
in marine habitats. This fact led to hypothesise that the strong Cd-selective
properties found in the evolutive origin of mollusc MTs might have been lost
during the adaptation to freshwater habitats [210]. This species from
Caenogastropoda subclass possesses two MT isoforms (PbrMT1 and PbrMT2) that
are longer than the rest of gastropod MTs reported in this PhD thesis due to
genetical modifications suffered during evolution. From one side, PbrMT1 acquired
a novel module with four His and four Cys residues (H,C, motif) that adds up to
the conserved B3B1 domain architecture. On the other side, PbrMT2 lost its
terminal 1 domain and duplicated its B3 domain twice, one entirely and a second
time partially, resulting in a B3/B3/B3,. domain structure (Figure 3.7). Pomacea
species are considered a pest [226, 227], which may also be reflected by their metal-
binding capacity, increased by the extra number of coordinating ligands. In this
case, PbrMT1 gained a H,C, motif and PbrMT2 duplicated its domains.
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Figure 3.7. (A) Pomacea bridgesii MTs (PbrMT1 and PbrMT2) amino acid sequences. Cys and His
residues are highlighted, and H,C, motif, 83 and g1 domains are contained within a blue, yellow,

and grey boxes, respectively. (B) Picture of a P. bridgesii specimen.

Overall, this extensive collection of MTs covers most of the taxon groups in
Gastropoda class and some unexplored classes of mollusc species. The results
obtained from this study will permit to take conclusions about the origins of
mollusc evolution and the metal-binding features of the different MT domains. It
should be noticed, though, that the number of Cys residues present in the domains
only informs about the metal-binding capacity or the possible metal cluster
structure, but not about the metal-binding specificity. This fact was demonstrated
by the study made on Helix pomatia MT isoforms, which all of them present an
equal number of perfectly aligned Cys residues but different metal-binding

specificity [211].

3.1.2. Urochordate MT system

Urochordata (Animalia kingdom) is the sister phylogenetic group of vertebrates
and include three classes: Ascidiacea, Thaliacea and Appendicularia (Figure 3.8).
The relevance of the species forming these classes in the ecology of marine habitats
is well-known for representing an important component of food for fish and other
zooplankton, as well as for their contribution on the vertical transport of carbon
[228, 229]. The representative species selected for Appendicularia (or Larvacea)
class was Oikopleura dioica. This species displays the highest evolutionary rates of
all animal kingdom, and this is evident when their genetics are closely investigated
[230, 231, 232, 233]. For that reason, it is not unlikely to find peculiar evolutionary
events in the MTs of this species.
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Figure 3.8. Phylogenetic tree of Chordata filum representing the most probable relationship between

the three phylogenetic groups contained within this filum [234].

O. dioica possesses two MT isoforms, a prototypical 20 Cys residues MT
(OdiMT1) and a multi-modular MT (OdiMT2). The interest of these MTs lies on their
structure. At first, we exposed that OdiMT1 had two 7-Cys motifs (C7 motifs)
whose arrangement were conserved along other Oikopleura species’ MTs and
OdiMT2 (Annex 7.3.2: Article 2). In fact, OdiMT?2 is composed by the repetition of
six OdiMT1-like-units (Figure 3.9B). These repeated units (RU) have a good
alignment between themselves, meaning that are equivalent but not equal.
However, after a deeper phylogenetic study of OdiMTs comprising more sequences
of Oikopleura, we determined that OdiMT1 is actually arranged in two domains: a
12-Cys motif (12C) and a trimmed 12C domain of 9 Cys (t12C) (Annex 7.3.5: Article
5). Therefore, OdiMT1 displays a particular domain structure that differs from the
ancestral chordate a/B domains. After aligning the amino acid sequences of a
number of tunicate MTs, it was postulated that Larvacea MT genes suffered a series
of parallel evolutionary events (Annex 7.3.6: Article 6). Initially, a loss and gain of
their MT genes provoked that the Cys motifs in larvacean MT sequences diverged
from those found in the rest of tunicate MTs. After that, it followed a domain
duplication, for which the archetypal MT became bidomain, and a domain
modification, leading to the actual structure of larvacean MTs. Finally, this gene
was duplicated, obtaining two isoforms. The second isoform suffered additional
domain duplications that led to the current multi-modular larvacean MTs (Figure
3.9A).
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Figure 3.9. (A) Scheme of the postulated MT evolution in Larvacea clade. (B) Oikopleura dioica MT1

(OdiMT1) amino acid sequence, showing a 9 and 11 Cys residues domains: the t12C (green box) and

the 12C (red box), respectively. OdiMT?2 is schematically represented as multiple RUs equivalent to
OdiMT]1. (C) Picture of O. dioica specimen.

After all the evolutionary events, larvacean MTs can be considered bidomain
MTs constituted by a 12 Cys residues domain (12C) at C-terminal and a trimmed
12C domain of 7 conserved Cys residues (tC12) at N-terminal. It should be noticed
that OdiMT1 displays variations in three amino acid positions with respect to other
larvacean MT sequences (and even OdiMT?2), resulting in an MT of 9 Cys residues
in t12C domain and 11 Cys residues in 12C (Figure 3.9B). Despite these variations,
OdiMT1 sequence has a good alignment with other larvacean MT sequences, and
therefore, the t12C/12C domain arrangement is considered for OdiMT1 as well.
Regarding OdiMT2, the tandem gene multiplication events suffered by OdiMT1’s
paralog (the gene resulting of OdiMT1 duplication) led to an MT composed by 6
repeated units (RU) resembling to OdiMT1 (Figure 3.9B). The Cys residues are well
conserved in all OdiMT?2’s RU and with OdiMT1, meaning that the Cys residues
positions are coincident when the sequences are aligned. OdiMT?2 is one of the
longest MTs reported to date (399 aa), overcoming the massive Tremella

mesenterica MT [13, 222] and, with 123 Cys residues, it represents an extreme
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mechanism for heavy metal sequestration. With all this data on the table, the
characterisation of O. dioica MT system is of great interest for MTs’ field.

The next group investigated is ascidians, a well-studied group of tunicates that
are also known as sea squirts. These animals are sessile at their adult stage and
are usually dwelling in the shallow waters of all the world. Ascidian MTs are
characterised for being monodomain and containing 12 conserved Cys residues.
These species are also filtering-feeding animals, thus, their mechanisms for Cd(II)
detoxification should be advanced, being metal-selective MTs an ideal option. The
species reported in this PhD thesis are Ciona robusta, that possesses one isoform
(CroMT1), Halocynthia roretzi, with two MT isoforms (HroMT1 and HroMT2), and
Botryllus schlosseri that contains one constitutive MT (BscMT1). The two first
systems include monodomain 12C MTs, however, BscMT1 is a long multi-modular
MT of 365 amino acids and 105 Cys residues (Figure 3.10). Similar to OdiMT2,
BscMT1 is composed by nine RU, each repetition contains 12 Cys and resembles to
the prototypical ascidian MT, suggesting that BscMT1 is product of a domain
multiplication event, just as OdiMT2. Once more, this enormous MT seems an

extreme mechanism for heavy metal sequestration.

12C domain

A CroMT1 GSMDP[EN[EAE TGVENEVDESNES SENEDPK I[ENEAKA - - -[ddPK
HroMT1 GSMDP[EK[ESETGVERENDETNESKEKEDPALENERKGSKQEEGK
HroMT2  GSMDP[K[ESETGVEREDNEKDESNEKEDP T L[EKEKKESKE[ddGK
BScMT1R4 GSAGPENEKVTGKELSVNEVD[ETT(ANEDPNLEKETSAKKSHEFAEA

BseMTl| =i | Rz | ®3 | ra | ®5 | ®6 | ®7 | Re | Ro |

B

Figure 3.10. (A) Ciona robusta (CroMT1), Halocynthia roretzi (HroMT1 and HroMT2) and Botryllus
schlosseri (BscMT1) MT amino acid sequences. (B) Pictures from left to right of C. robusta, H. roretzi,

and B. schlosseri colonies.

Finally, thaliacean species complete the tunicate classes of the MTs studied.

These marine animals are also filter feeders and rely on molecular mechanisms to



protect themselves from contaminants present in the environment. Salpa
thompsoni has been selected to represent thaliacean MTs due to the quality of the
sequence found in the databases. S. thompsoni possess four potentially putative
MTs: SthMT1, SthMT2, SthMT3, and SthMT4, being, the latter, only partially
sequenced, and all of them contain about 40 aa and 12 Cys residues organised in
a single functional domain (Figure 3.11). The Cys arrangement of these MTs is
identical to that of the prototypical ascidian MTs, confirming the hypothesis that
supported their common origin [234]. Additionally, the thaliacean MTs surveyed

do not show multi-modular structures.

A
12C-domain
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Figure 3.11. (A) Amino acid sequences of the four Salpa thompsoni MT isoforms. (B) Picture of S.

thompsoni specimen.

The information extracted from the tunicate MT systems will definitely be of
use to solve many questions about vertebrates MTs’ evolutionary origins and their
metal-specificity. Moreover, it is noticeable that domain and gene multiplicity is a
frequent genetical mechanism in tunicate species in comparison with the more
“conservative” vertebrate species [214], for its intricate genetical mechanisms

specific from this subphylum are revealed.

3.1.3. Candida albicans MT system

Continuing our group’s research on the fungal pathogenicity field, we have
characterised Candida albicans MT (CaCUP1). The vyeast C. albicans is an

opportunistic parasite that dwells in the human gut and that has been used as a



model organism for fungal pathogens [235]. Interestingly, CaCUP1 is characterised
for being the shortest MT reported in this PhD thesis with only 35 aa and six Cys
residues. Its sequence also contains aromatic residues, which are rarely present in
MTs (Figure 3.12).
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Figure 3.12. (A) Candida albicans MT (CaCUP1) amino acid sequence. (B) Micrograph of C. albicans

colony.

Thus, the characterisation of CaCUP1 will provide useful information to battle
this pathogen and to understand other fungal pathogens. Besides, fungal MTs are
tightly related with Cu(l) sequestration [219, 220]. A Cu-thionein will contrast with
the expected metal-selectivity of the MTs studied in this PhD thesis, more likely to
be related with Cd(Il) detoxification or Zn(II) homeostasis. This uncommon MT will

give contrast to the rest of MTs reported in this study.

3.1.4. Final remarks on the characterisation of the MT systems

The study of the different MT systems has revealed common traits within the
two major phylogenetic groups reported in this PhD thesis. First, it can be stated
that mollusc MTs are mostly structured in two domains. A C-terminal domain,
which in most of the cases is a conserved 9 Cys 1 domain, and an N-terminal
domain that is variable and lineage-specific. Four variable domains have been
reported: a (11/12 Cys), B (9 Cys), y (10 Cys), & (14 Cys). Second, the archetype MT
stated for urochordates is a 12C domain of 12 conserved Cys residues. This 12C
domain has suffered variations between sister phylogenetic groups, such is the
case of Oikopleura MTs, whose MT is structured in two domains and one of them
is truncated (12C/t12C). Interestingly, some urochordates display multi-modular
MTs that can reach up to 399 Cys residues, as OdiMT2, which show high
coordinating capacity potential.



3.2. Characterisation of the metal-binding abilities of
non-specific MTs

Here we introduce those MTs with metal-binding abilities that are not shared in
any of the currently accepted genuine Zn- or Cu-thionein behaviours. The proteins
exposed next are mollusc MTs that do not show an acute selectivity for any of the
metals studied. It is important to remember that not all situations are black or
white and that there is a graduality with regards metal-binding abilities in MTs.
During the text, Section 7.1, which contains the data sheet information about the
analytical and spectroscopic data (ICP-AES and FPLC) for each MT isoform studied
in this work, is used as supporting information. Additionally, Section 7.2 will be

referenced to show additional data of the MTs reported in this section.

3.2.1. Study of Arion vulgaris MT?2

The European slug Arion vulgaris is a species of terrestrial gastropod mollusc
that synthesises two isoforms of MTs (AvuMT1 and AvuMT2) with distinct metal-
binding preferences (Section 3.1.1). Only AvuMT2’s coordinating abilities are
detailed in this section. AvuMT?2 (Annex 7.1.1) has a 60% of identity with respect
to AvuMT1, which proves the high similarity between both isoforms. However, they
differ in their metal-binding behaviour, probably because they perform different
functions, as suggests their gene expression levels (Annex 7.3.1: Article 1).

The synthesis of AvuMT?2 in Zn(I)-supplemented E. coli cultures renders a
mixture of Zn-AvuMT2 complexes (Figure 3.13B). This mixture of species reveals
a poor preference towards Zn(Il) ions from AvuMT2, which contrasts with the
metal-binding behaviour of a genuine Zn-thionein that always render unique Zn-
MT complexes in these conditions [13]. However, that Zn;-AvuMT?2 is the most
abundant species in the sample (Figure 3.13B) is concordant with the results
obtained from other gastropod MTs with 18 Cys residues and, thus, B/B
conformation (Figure 3.13A) [56]. The most probable structure is a dumbbell-like
bidomain MT that holds two M(II);(Sc,,), clusters. Certainly, this is not the unique
conformation but the most energetically favourable, as seen by ESI-MS (Figure
3.13B). The heterogeneous stoichiometries found in the sample suggest that this
is a highly labile metal cluster. In fact, the Zn-AvuMT2 complexes possessed a low
optical activity, showing a faint CD envelope (Figure 3.13F), which confirms the
poor robustness of the metal-cluster. Thus, AvuMT?2 does not share its biochemical

traits with those of genuine Zn-thionein.
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As for its coordination with Cd(II), a great number of Cd-AvuMT?2 species have
been detected and most of them contain labile sulphide ligands (Figure 3.13C).
These sulphide species are detected by ESI-MS but also by ICP-AES, comparing the
concentration of sulphur in the sample and its ratio with the metal studied at
physiological pH (0.8-10* M and 4.0 Cd/MT) and acid pH (0.17-10* M and 14.4
Cd/MT) (Annex 7.1.1).

A p3-domain pl-domain
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Figure 3.13. (A) Architecture of AvuMT?2 amino acid sequence, Cys residues are shadowed, and
yellow boxes highlight the two 9-Cys (B-domain) motifs of the sequence. ESI-MS spectrum at pH 7.0
of (B) Zn-AvuMT?2, (C) Cd-AvuMT?2, (D) Cu-AvuMT?2 at normal aeration and (E) Cu-AvuMT2 at low
aeration productions. Glycosylated species are signalled with an asterisk (*). (F) CD envelopes of Zn-
AvuMT?2 (solid line), Cd-AvuMT?2 (dashed line), Cu-AvuMT?2 at normal aeration (dotted line) and Cu-

AvuMT?2 at low aeration (dash and dotted line) productions.

As the concentration of labile sulphur diminishes with the acidity of the pH, its
M/MT ratio with Cd(II) raises, coinciding the stoichiometry calculated with the
species detected by ESI-MS. It should be mentioned that despite the high degree of
heterogeneity of the sample, Cd,S-AvuMT?2 is by far the most intense peak detected




by ESI-MS, coping with three extra Cd(II) ions than the number expected for an 18
Cys MT. The presence of sulphide ions explains this increase on the coordinating
capacity of the protein. These ligands do not belong to the amino acid composition
and are found in certain metal aggregates, enlarging the coordinating capacity of
the MTs, and allowing the formation of metal clusters with certain stability [155].
At any rate, it is demonstrated that AvuMT?2 does not show Cd-selectivity, as
denoted by the mixture of species yielded and the presence of sulphide labile ions.

Finally, the metal-binding behaviour of AvuMT2 towards Cu is neither that
expected for a genuine Cu-thionien, though it shares some traits with this
behaviour. From one side, we discard that AvuMT2 is a genuine Cu-thionein
because its production in Cu-supplemented cultures rendered highly heterogenous
samples, as observed by FPLC (Annex 7.1.1) and ESI-MS (Figure 3.13D and E). It
should be clarified that, from the two samples collected by FPLC in the normal
aeration production, only the second peak was characterised, since the first was
impossible to detect by the commonly used techniques. From the other side, when
synthesised under Cu(ll) surplus, AvuMT2 renders a mixture of homometallic
species, being Cu,,-AvuMT?2 the most important species (Figure 3.13D). Moreover,
the CD envelope of the Cu-species is more intense than the one rendered by the
Zn-species (Figure 3.13F), suggesting a more compact structure in the former
metal clusters and revealing some traits of the Cu-thionein character. From this
data and considering that the expression of AvuMT?2 (at Arion’s adult stage) is not
regulated by metals as AvuMT]1, this isoform could be functional at some point at
the early stage of this animal’s life, probably related with a biological role involving
Cu (Annex 7.3.1: Article 1).

In conclusion, AvuMT?2 is a protein that shows no similarities with a genuine
Zn-thionein, since its productions in Zn(Il)- and Cd(II)-supplemented cultures
render a mixture of species whose M(II)-MT complexes exhibit poor robustness.
Although it does not yield a unique Cu-MT complex when synthesised in Cu(Il)-
enriched media, confirming that this is not the case of a genuine Cu-thionein, it
shows some traits of this metal-biding behaviour such is the homometallic nature
of its Cu-AvuMT?2 species and the presence of sulphide labile ligands in the Cd(II)-
enriched productions. Therefore, AvuMT?2 is a non-specific MT that exhibits none
of the extreme metal-selective behaviours observed in either genuine Zn- or Cu-

thoineins, but that shares features with the latter.



3.2.2. Study of Pomacea bridgesii MT1 and MT?2
The MT system expressed by Pomacea bridgesii, PorMT1 and PbrMT2, have

some interesting features in their sequences (Figure 3.14A). Both isoforms show
divergences from the archetypal B3/p1 domain structure of most of the mollusc
MTs. From one side, PborMT1 possesses a H,C, motif (HxHHHx,Cx;Cx;CC) in its N-
terminal end that is described in other species of the same genus such as Pomacea
diffusa MT1, indicating that this might be an evolutive event of a specific lineage
(Annex 7.3.4: Article 4). With these additional residues, PborMT1 contains 22 Cys,
arranged in a H,C, motif/B3/B1 structure. On the other side, PborMT2 displays a
variation of the B3/l domain structure, it lost its C-terminal Bl motif and
duplicated its B3 motif twice, one full-length and the other partially. This means
that PbrMT2 structure is B3.1/p3.2/B3.3 (Figure 3.14A) and contains 23 Cys

residues.
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Figure 3.14. (A) Architecture of PbrMT1 and PbrMT2 amino acid sequences, Cys residues are
shadowed, yellow boxes highlight the 9-Cys (83 domain) motifs, the green box highlight the 9-Cys
(B1 domain) motif, and the blue box highlight the H,C, motif of the sequences. Deconvoluted ESI-MS
spectrum at pH 7.0 of (B) Zn-PbrMT1 and (C) Zn-PbrMT2 productions. Glycosylated species are
signalled with an asterisk (*). (D) CD envelopes of Zn-PbrMT1 (solid line) and Zn-PbrMT2 (dashed

line) productions.



The samples obtained from the PbrMTs’ productions (Annex 7.1.2 and 7.1.3)
carried out in Zn-supplemented media rendered a mixture of species with different
stoichiometries (Figure 3.14B). In PbrMT1 samples, Zn,-PbrMT1 has been found as
the major species, along with Zn,-PbrMT1 as minor species. While in the PbrMT?2
bioproduction, the most intense ESI-MS peak corresponds to the Zn,-PbrMT?2
species, although Zny- and Zn-PbrMT2 have been detected as well. Additionally, it
is worth to mention the presence of glycosylated species in the PbrMT2 samples,
which denote high flexibility of the polypeptide sequence (See Section 3.5). The
complexes obtained from both isoforms’ productions display different CD
envelopes: a Gaussian band centred at ca. 240 nm corresponding to the labile
clusters of the Zn-PbrMT1 production and an exciton coupling centred at ca. 240
nm that suggests more stability and compactness of the Zn, cluster build by
PbrMT2 (Figure 3.14D). Considering these results, none of the PbrMTs show a
genuine Zn-thionein behaviour.

Similarly, the bio-produced samples of PbrMTs in Cd(Il)-supplemented E. coli
cultures rendered a mixture of species. While PborMT1 rendered monomers of Cd,-,
Cd,S,- and Cdg-PbrMT1 complexes (being the latter the major species), PbrMT?2

yielded both dimers and monomers (Figure 3.15).
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Figure 3.15. Deconvoluted ESI-MS spectrum at pH 7.0 of (A) Cd-PbrMT1, (B) Cd-PbrMT?2 (dimeric
species) and (C) Cd-PbrMT?2 (monomeric species) productions. (d-) stands for dimeric species. (D)
CD envelopes of Cd-PbrMT1 (solid line) and Cd-PbrMT?2 (dashed line) productions.



The monomeric forms of PbrMT?2 are Cds-(major), and Cd,-PbrMT2, while the
dimeric forms range from Cd,;S- to Cd,,S-PbrMT2. Both isoforms coincide in that
eight Cd(Il) ions is the predominant stoichiometry for the complexes formed.
Considering that other 20 Cys MTs structured as o/f (11 + 9 Cys) bidomain MTs
bind seven M(I) ions, the extra Cys of PbrMTs provide them with higher
coordinating capacity, adding an extra divalent metal ion to the complex. This
capability of binding extra Cd(Il) ions may suppose an adaptative advantage of this
organism to cope with higher heavy metal concentration over other organisms, and
could explain the invasive ability of the Pomacea species [226, 226]. Despite the
mixture of species found in the samples of both isoforms, the CD envelopes of the
Cd-PbrMTs complexes render an exciton coupling centred at ca. 250 nm, suggesting
a high level of structuration probably aided by the labile sulphide ligands, which,
in turn, display a signal at 260-280 nm (Figure 3.15D).

Complementary, the metal exchange experiments show dissimilarities in the
metal binding behaviour of both PbrMT isoforms. After 10 Cd(II) equivalents added
to the in vivo Zn-PbrMT1 and Zn-PbrMT2 samples, the former renders a major
Zn,Cd,-PbrMT1 complex (Annex 7.2: Sheet 7.2.1.1), while the latter exhibits a
major Cds-PbrMT?2 complex along with certain species associated to 9 and 10 Cd(II)
ions (Annex 7.2: Sheet 7.2.1.2). The CD envelope of PbrMT1 at the final stage of
the experiment is quite close to the in vivo Cd-PbrMT1 sample (Figure 3.16A),
suggesting that, probably, the characteristics of the chromophores are the same in
both cases.

In PbrMT2, the homometallic Cd-PbrMT2 complexes found at the final stage of
the Zn/Cd exchange experiment are reflected on the CD envelopes, where the final
stage CD spectrum of the titration is blue shifted in comparison to that of the in
vivo Cd-PbMT?2 (Figure 3.16B). These differences in the CD absorption between
both in vivo and in vitro Cd-PbrMT?2 complexes was expected taking into account
the lack of dimeric species detected in the in vitro experiment and the absence of
S* anions in the initial Zn-PbrMT?2 sample. If PbrMT1, reluctant to fully exchange
the Zn(Il) by Cd(II) ions, and PbrMT?2 are compared, it can be stated that PbrMT?2
denotes higher capacity to bind Cd(Il) than PbrMT1, while PborMT1 shows more
preference to Zn(II) than PbrMT?2.
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Figure 3.16. (A) Spectrum of the CD envelopes of the in vivo Cd-PbrMT1 product and the in vivo Zn-
PbrMT1 after adding 10 equivalents of Cd(Il) ions, i.e., the in vitro Cd-PbrMT1. (B) Spectrum of the
CD envelopes of the in vivo Cd-PbrMT2 product and the in vivo Zn-PbrMT?2 after adding 10
equivalents of Cd(II) ions, i.e., the in vitro Cd-PbrMT2.

When it comes to bind Cu, both PbrMT isoforms display divergent features.
From one side, PbrMT1 renders a mixture of heterometallic Zn,Cu-MT complexes,
while PbrMT?2 yields a mixture of homometallic Cu-MT complexes (Figure 3.17).
Both PbrMT1 and PbrMT?2 productions were collected in two separated FPLC peaks
(Annex 7.1.2 and 7.1.3). Both PbrMT1 peaks display equivalent species and only
data from peak 2 is presented in this section. Peak 1 of PbrMT2 could not be
detected by neither ESI-MS nor ICP-AES, thus, only peak 2 data is showed. Moreover,
both PbrMTs were produced under low oxygenation conditions, supposedly
favouring the yielding of homometallic Cu-species, but under these conditions the
concentration of the samples was under the limit of detection of the commonly
used techniques and there is no data to be shown. Thus, as detected by ESI-MS and
supported by ICP-AES, PbrMT1 renders species of up to 12 Cu(l) ions, being M,,/Cu,,
(neutral/acid pH) the major species yielded. In contraposition, PborMT2 displays a
major homometallic Cu,;-PbrMT2 complex, supported by the results of ICP-AES
(15.60 Cu/MT). The Cu content of PbrMT?2 is higher than that of PborMT1 and also
PbrMT2 does not require Zn(Il) ions to stabilise its cluster as PbrMT1 does. This
evidence indicate that PbrMT1 leans to a Zn-thionein metal-binding behaviour,

while PbrMT2 does it to a Cu-thionein. However, despite there are differences in



the speciation and the elements that form Cu-PbrMTs’ clusters, their samples
present equivalent, low-intense CD envelopes (Figure 3.17C), denoting the poor
folding degree of these proteins.
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Figure 3.17. Deconvoluted ESI-MS spectrum at pH 7.0 of (A) Cu-PbrMT1, (B) Cu-PbrMT2 (C) CD
envelopes of Cu-PbrMT1 (solid line) and Cu-PbrMT2 (dashed line) productions.

This low CD profile is also observed in the Zn/Cu exchange experiments, where
the CD spectra of the final stage of the experiment reproduce similar envelopes
with the invivo samples (Figure 3.18). These experiments also showed that PborMT1
and PbrMT?2 are reluctant to completely exchange the Zn(Il) of their cluster by Cu(I)
ions, which denotes poor specificity towards Cu for both isoforms. Interestingly,
PbrMT1 renders comparable in vitro species to those yielded in vivo (Annex 7.2:
Sheet 7.2.1.3), however, the in vitro Cu-PbrMT2 complexes achieved at the final
stage of the experiment contain less metal than the in vivo complexes (Annex 7.2:
Sheet 7.2.1.4), denoting, again, poor specificity towards Cu(I). Overall, it can be
concluded that despite PbrMT?2 does not show a genuine Cu-thionein behaviour,
this is higher than that shown by PbrMT1.
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Figure 3.18. Spectra of the CD envelopes of the (A) in vivo Cu-PbrMT1 product and the in vivo Zn-

PbrMT1 after adding 8 equivalents of Cu(l) ions, i.e., the in vitro Cu-PbrMT1, and (B) the in vivo Cu-

PbrMT?2 product and the in vivo Zn-PbrMT?2 after adding 7 equivalents of Cu(l) ions, i.e., the in vitro
Cu-PbrMT2.

In conclusion, the PbrMTs do not possess a strong preference for any of the
metals studied. Despite they show similar biochemical features, PorMT1 seems to
display higher Zn-thionein features than PbrMT2 (higher content in Zn for the in
vivo Zn-species and heterometallic Zn,Cu-complexes), while PborMT?2 exhibits more
Cu-thionein behaviour than PbrMT1 (homometallic Cu-MT complexes). Besides,
both isoforms render a mixture of Cd-species, some of which contain sulphide
ions. These evidences confirm the loss of the metal-binding specificity towards
Cd(II), which is still observed in other Caenogastropoda MTs [212]. This behaviour
can be argued considering that the content of Cd(Il) of the habitats of P. bridgesii
is low and the pressure for maintaining their Cd-selective features has diminished,

leading to a couple of unspecific MTs.

3.2.3. General traits of non-specific MTs

Overall, and more importantly, non-specific MTs do not yield unique species
for any of the metals studied, which denotes no selectivity for any of them. These
features harden the elucidation of these proteins’ function. However, they exhibit
interesting attributes that provide new insights into MTs biochemistry (e.g., a very
interesting H,C, motif in PbrMT1). Despite they do not show a marked extreme
preference for any of the studied metals, they share some traits with Zn- or Cu-
thioneins, which enlarge our knowledge about how these proteins bind metals.

Some of them rendered glycosylated samples, some included sulphide labile ions



in their Cd(Il) clusters and both hetero and homometallic Cu(I) complexes have
been detected. All these features are useful to characterise these MTs’ metal
binding features, positioning them closer to an extreme behaviour or another in

the current dichotomic classification.

3.3. Characterisation of the metal-binding abilities of genuine
Zn-thioneins

The following section collects the characterisation of a number of MTs grouped
by their similar metal-binding behaviour. These proteins fulfil all or most of the
qualities that define a genuine Zn-thionein. This section exemplifies how the
current dichotomic classification is used and supports, with more data, the

existence of an extreme Zn-thionein behaviour.

3.3.1. Study of Arion vulgaris MT1

This section completes what it is known about the MT system of Arion vulgaris.
As mentioned in Section 3.2.1, A. vulgaris is a gastropod species that dwells in
terrestrial habitats, and it is considered an important pest organism. Thus, by
learning about its MT system, we can understand its degree of tolerance towards
heavy metals.

One of the mains aspects that this thesis will focus on is the distribution of the
Cys residues along the MT sequences. After the resolution of the structure of
Littorina littorea and Helix pomatia MTs [55, 56], specific Cys arrangements have
been connected to certain metal cluster configurations, becoming an essential
issue for seeking functional domains and perform phylogenetic studies [210].
AvuMT1 amino acid sequence displays a Cys arrangement, as widely seen in other
mollusc MTs, structured in two B domains (Figure 3.19A). These domains contain
nine Cys residues, which commonly bind three divalent metal ions, forming two
M(I);(S¢ys)e M(II) = Zn(Il) or Cd(II)) clusters. Thus, it is not strange that we find this
distribution in other MTs of relatively close species such as the Roman snail (Helix
pomatia) and the garden snail (Cantareus aspersus), whose metal-binding abilities
will be of use to compare with those of AvuMT]1.

The characterisation of this isoform (Annex 7.1.4) provides a strong evidence
of the Zn-thionein behaviour of this protein detecting a unique M(II);-AvuMT1
species by ESI-MS from the samples synthesised under Zn(Il) or Cd(I) surplus
(Figure 3.19B and C). Additionally, this 6-to-1 (metal-to-protein) stoichiometry is
confirmed by ICP-AES (Zn-sample: 2.3-10* M and 5.9 Zn/MT; Cd-sample: 0.3-10*
and 6.8 Cd/MT) (Annex 7.1.4), which nicely coincides with other stoichiometries



found for MTs with the same Cys arrangement such as the case of Helix pomatia
HpCdMT [56]. Considering this HpCdMT example, whose 3D-structure have been
solved, and although there is no solved structure of AvuMT1, the experimental
evidences strongly suggest that AvuMT1 possess a dumbbell-like bidomain
structure holding two M(II);(S.), clusters. The in vivo samples of these metal
clusters have high optical activity, showing intense CD envelopes at the expected
absorbance wavelength of the Zn- and Cd-thiolate chromophores (Figure 3.19E).
These CD signals denote the tetrahedral coordination geometry M(II)(S,,), of the
divalent metals, the former (M=Zn(II)) depicting a gaussian band centred at ca. 240

nm and the latter (M=Cd(II)) yielding an exciton coupling centred at ca. 250 nm.
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Figure 3.19. (A) Architecture of AvuMT1 amino acid sequence, Cys residues are shadowed, and
yellow boxes highlight the two nine-Cys motifs of the sequence (g-domains). ESI-MS spectrum at pH
7.0 of (B) Zn-AvuMT1 (Q*= +4), (C) Cd-AvuMT1 (Q*= +5) and (D) Cu-AvuMT1 (Q*= +5) productions.
Heterometallic Zn,Cu-MT complexes are marked with M and glycosylated species are signalled with
an asterisk (¥). (E) CD envelopes of Zn-AvuMT1 (solid line) and Cd-AvuMT1 (dashed line)

productions.

In contrast, when AvuMT1 is purified from the Cu(ll)-enriched cultures, it shows
distinct (although informative) results. Clearly, AvuMT1 is a protein with selectivity
for divalent metal ions, however, it is difficult to extract any conclusions of
whether it is a genuine Zn- or a putative Cd-thionein just by considering the data

exposed above. The characterisation of the Cu-AvuMT1 sample reveals interesting



features. First, AvuMT1 exhibits no capabilities to build a unique well-formed metal
cluster with Cu(l) ions (Figure 3.19D), which confirms (following the criteria in ref.
13) that this isoform does not exhibit a Cu-thionein behaviour. Second, this protein
yields heterometallic Cu,Zn-AvuMT1 species when synthesised in Cu-enriched E.
coli cultures, which means that AvuMT1 uses Zn(Il) as a structural ion [236], as
observed in the rest of MTs presented in this section. Furthermore, and as
discussed in Section 3.6, the chemical similarities of Zn(Il) and Cd(I) cause some
MTs displaying equivalent metal-binding features towards both metal ions. On the
basis of all these considerations and the exposed results, we can state that AvuMT1
represents a clear Zn-thionein that displays high preference for Cd(Il) ions, as well.
Concordantly, these metal-binding features found on recombinant AvuMT1
support the metal exposure experiments made on the living organism (Annex
7.3.1: Article 1). This work shows that an exposure to Cd(Il) triggers the
overexpression of the AvuMTI1 gene, suggesting that AvuMT1l may play a
detoxifying role in the organism, just as other mollusc CdMTs do [147, 237]. In
fact, the phylogenetic studies made for this protein closely relate AvuMT1 to other
stylommatophoran CdMTs.

Interestingly, despite that AvuMT1 shows a marked and clear Zn-thionein
behaviour, this protein hides some peculiarities. The metal exposure experiments
carried out on organisms showed that Cd(Il) triggers the overexpression of the
AvuMT1 gene but a Cu(l) exposure also does it. To determine which is the real
cognate metal, recombinant AvuMT1 was synthesised in E. coli cultures enriched
with both Cd(II) and Cu(ll) salts at different proportions (50%:50%, 25%:75% and
10%:90% Cd:Cu). These productions rendered really similar metallated species, as
demonstrated by ESI-MS or CD spectra (Figure 3.20), with the exception of 10:90
Cd:Cu production, whose CD envelope denotes some differences in the
chromophores of the sample with respect to the other two. As observed by ESI-MS
(Figure 3.20E and F), this preparation contains a mixture of minor Cu-species, not
present in the other spectra, which could explain the dissimilar optical features of
the sample. However, it is remarkable that even the concentration of Cd(II) of the
culture diminishes in detriment of the concentration of Cu(Il), Cd,-AvuMT1 (major)
and CdCu,-AvuMT1 (minor) species are maintained for the three situations,
confirming, once again, the metal-binding preference of this protein for divalent
metal ions. However, it is motivating to observe that a genuine Zn/Cd-thionein,
with a perfect Cys number and arrangement to build two stable M(II)s(S,s), clusters,
can cope with an extra metal ion, Cu(I), and that, in addition, this ion is a non-

cognate metal. This is a good example to understand that MTs cannot always be



considered as inflexible metal-complexes that comply with the same metal-binding
behaviour characteristics. The special amino acid composition of MTs and the
concrete conditions in which they are physiologically active, make of them very
labile molecules adapted to respond very distinct scenarios. This example shows a
clear Zn-thionein MT with high Cd-selectivity that has a detoxification function but

that also may develop a Cu-related function in some cases.
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Figure 3.20. ESI-MS spectrum at pH 7.0 of AvuMT1 samples purified from the (A) 50:50 Cd:Cu (Q'=
+5), (C) 25:75 Cd:Cu (Q'= +4) and (E) 10:90 Cd:Cu (Q'= +4) productions. ESI-MS spectrum at pH 2.4
of the AvuMT1 metal-complexes recovered from the (B) 50:50 Cd:Cu (Q'= +6), (D) 25:75 Cd:Cu (Q'=

+6) and (F) 10:90 Cd:Cu (Q'= +6) productions. (G) CD envelopes of the AvuMT1 samples obtained
from 50:50 Cd:Cu, 25:75 Cd:Cu and 10:90 Cd:Cu productions.



Additionally to all the features presented above, Zn(II)/Cd(I) and Zn(II)/Cu(l)
metal exchange in vitro experiments were performed for Zn-AvuMT1 (ESI-MS and
CD in Annex 7.2.2: Sheets 7.2.2.1 and 7.2.2.2). The Zn(II)/Cd(I) titration shows the
formation of the Cds-AvuMT1 complex by adding 6-7 equivalents of Cd(Il) to Zng-
AvuMT1 (Annex 7.2.2: Table 7.2.2.1). This final species is maintained along the
experiment, even in an excess of Cd(Il), and exhibits equivalent spectroscopic
features to those found in the in vivo samples purified from Cd(Il)-enriched
cultures (Figure 3.21). Once again, it is manifested the ability of this peptide to
form stable clusters with divalent ions, as well as its Zn-thionein behaviour, due to
its slight reluctance to fully exchange its Zn(Il) ions, only totally replaced after
seven Cd(II) equivalents added. ESI-MS spectra of the aliquots collected at some
stages of the experiment display that all the intermediate species are formed by
different Zn,Cd,-AvuMT1 complexes (where x+y=6), meaning that the coordination
of one Cd(II) ion displaces one Zn(Il) ion. This common metallic exchange has been
described in the past in other MTs, such as mammal MT1 [33] and other mollusc
MTs [211]. Additional equivalents of Cd(I) trigger slight variations on the CD
envelopes but no extra Cd(Il) is included in the cluster, as observed by ESI-MS.
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Figure 3.21. CD envelopes comparison of in vivo Cd-AvuMT1 (solid line) vs. in vitro Cd-AvuMT1

(dashed line) obtained after adding seven Cd(Il) equivalents to in vivo Zn-AvuMT]1.

Analogously, the Zn(Il)/Cu(l) exchange experiment was performed to Zn.
AvuMT1 (Annex 7.2.2: Sheet 7.2.2.2). This experiment just allowed to confirm the
incapability of AvuMT1 to form a unique energetically favoured metal complex
with Cu(l) ions. The CD envelope of the in vitro sample obtained after adding eight
equivalents of Cu(I) exhibit some analogy with the in vivo Cu-AvuMT1 CD envelope
(Figure 3.22), which is not strange since both samples display a high degree of
heterogeneity, according to the ESI-MS spectra (Annex 7.2.2: Table 7.2.2.2 and
Figure 3.19D). Additionally, the ESI-MS spectra of the same aliquot registered at



pH 7.0 and pH 2.4 (Annex 7.2.2, Table 7.2.2.2 and 7.2.2.3) show that after 10 Cu(l)
equivalents added all the metal-MT complexes present in the sample were
exclusively Cu(I)-complexes, since the metal-to-protein stoichiometries at both pH
values were analogous. Comparing these results to those of a close organism MT,
such is HpCdMT, Zn/Cu-AvuMT1 metal exchange can be considered quite rapid,
since HpCdMT only completely exchanges all its Zn(Il) ions after adding 16
equivalents of Cu(I) [211]. These are reasonable circumstances if considering that
solely AvuMT1 (and not AvuMT?2, see Section 3.2.1) is expressed either after Cd(II)
or Cu(Il) exposure but HpCdMT is only produced when the organism experiences a
Cd(Il) insult, meaning that Arion vulgaris might normally synthesise AvuMT1
(expressing AvuMT?2 in specific circumstances) but Helix pomatia has two distinct
MTs (HpCdMT and HpCuMT) that have well-defined functions for determined
situations. Therefore, AvuMT1 seems to have a multipurpose role that could

explain the loose metal-binding behaviour of AvuMT1 with regards to Cu-binding.
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Figure 3.22. CD envelopes comparison of in vivo Cu-AvuMT1 (solid line) vs. in vitro Cu-AvuMT1

(dashed line) obtained after adding eight Cu(Il) equivalents to in vivo Zn-AvuMT1.

In conclusion, AvuMT1 could be considered a multitask protein which most of
its biochemical features are shared with the definition of a Zn-thionein that not
only has a Cd-selective behaviour, but it also can cope with extra Cu(l) ions in

certain conditions.

3.3.2. Study of Nerita peloronta MT1

Nerita peloronta is a species of marine snail also known as “bleeding tooth”
that has two putative MTs (NpeMT1 and NpeMT2). However, in this section only
NpeMT1 is described. NpeMT1 is structured as a 3/p1 bidomain MT, which is
found along all Neritimorpha clade (Section 3.1) but, in NpeMT1 case, it contains

an additional Cys residue. Specifically, NpeMT1 possesses a 3 domain of 10 Cys



at the N-terminal and a B1 domain of nine Cys at the C-terminal. Despite the extra
Cys residue, both domains are considered B-domains due to their common
phylogenetic origin and genetic consistency within the group. Moreover, both
domains render analogous metal clusters, since NpeMT1 (Annex 7.1.5) yields
unique M(I),-NpeMT complexes (where M(II)= Zn(Il) or Cd(Il)) (Figure 3.23),
suggesting that, as AvuMT1 (Section 3.3.1), NpeMT1 folds into two M(II);(Scys)o10

clusters building a dumbbell-like bidomain structure.
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Figure 3.23. (A) Architecture of NpeMT1 amino acid sequence, Cys residues are shadowed, and
yellow boxes highlight the two nine-Cys motifs of the sequence (g-domains). ESI-MS spectrum at pH
7.0 of (B) Zn-NpeMT1 (Q'= +4) and (C) Cd-NpeMT1 (Q*= +4). Glycosylated species are signalled with
an asterisk (*). (D) CD envelopes of Zn-NpeMT1 (solid line) and Cd-NpeMT1 (dashed line)

productions.

This unique M(II);-NpeMT1 complexes rendered by NpeMT1 when synthesised
in E. coli cultures enriched with Zn(II) or Cd(Il) salts mark a clear preference of this
MT for divalent metal ions and its 6-to-1 stoichiometry was corroborated by ICP-
AES (Zn-sample: 2.1-10* M and 5.9 Zn/MT; Cd-sample: 1.0-10* M and 5.5 Cd/MT)
(Annex 7.1.5). As mentioned previously, this protein probably is structured in two

M(I)5(Scys)o10 Clusters, whose metals follow a tetrahedral coordination geometry, as



both CD spectra of Zn- and Cd-NpeMT1 samples suggest (Figure 3.23D). It should
be marked, though, that despite Zn-NpeMT1 CD envelope displays a broad
Gaussian band centred at ca. 235 nm, as usual for Zn-(S.), chromophores, Cd-
NpeMT1 exhibits an exciton coupling centred at ca. 240 nm, rather displaced from
the habitual 250 nm. This displacement could be result from the formation of Cd
clusters that, due to the extra Cys, adopt a variation (although compact) of the
classical structure.

As regards with the biosynthesis of NpeMT1 in Cu(Il)-supplemented culture
medium, it rendered heterometallic Zn,Cu-NpeMT1 species (Figure 3.24). The two
peaks obtained by FPLC (collected and characterised separately) (Annex 7.1.5)
confirmed the variability of the sample produced. Nevertheless, both peaks exhibit
equivalent ESI-MS spectra, showing species ranging from M; to M,-NpeMT1. These
hybrid Zn(I) and Cu(I) clusters are found in the MT-complexes of genuine Zn-
thioneins produced under Cu(ll) surplus that, as mentioned before, use Zn(Il) to
build a more stable structure. Clearly, this protein is inefficiently binding Cu(I)
ions, and this is evident when the ESI-MS spectrum measured at pH 7.0 is compared
with that at pH 2.4 (Figure 3.24B and C).
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Figure 3.24. ESI-MS spectra at pH 7.0 of (A) the first FPLC peak collected (Q'= +5) and (B) the second
FPLC peak collected (Q'= +5) of Cu-NpeMT1 production. (C) ESI-MS spectrum at pH 2.4 of the
second FPLC peak collected (Q'= +5) of the Cu-NpeMT1 production. Glycosylated species are

marked with asterisk (*).

The three major M-NpeMT1 species found at pH 7.0 contrast with the ones

found at pH 2.4, denoting that the composition of the metal clusters is formed by



Zn(Il) and Cu(l) ions, as revealed by ICP-AES (Annex 7.1.5). Finally, there is one
feature worth to be mentioned. In contrast to the very few glycosylated species
detected in the Zn(Il)-productions, there is an important number of metal-MT
complexes obtained from Cu-enriched cultures that exhibit glycosylation. These
modified proteins have become an important phenomenon in this thesis, and the
topic has its own section where it is widely described (Section 3.5), as well as a
section that discusses the meaning of the appearance (or not) of these glycosylated
metal-complexes (Section 3.6).

Overall, NpeMT1 displays features of an MT with high preference for divalent
metal ions. The formation of unique species when it is synthesised in the presence
of divalent metal ions denotes high affinity for these ions. In contrast, the mixture
of heterometallic Zn,Cu-MT complexes obtained from the Cu(ll)-supplemented
cultures suggest poor Cu-thionein behaviour and show features of a genuine Zn-
thionein. For this reason, and as concluded for AvuMT1, we can state that NpeMT1

is an MT that shows most of the traits of a genuine Zn-thionein.

3.3.3. Study of Falcidens caudatus MT1 and its a fragment

Following the set of MTs selected to enlarge the scope of the current reported
mollusc MTs, Falcidens caudatus MT1 has been characterised. As mentioned in
section 3.1, four distinct mollusc MT domains have been reported to date, two of
them revealed in this PhD thesis (a, B, y and &§). Most mollusc MTs conserve their C-
terminal Bl domain, while the N-terminal domain suffered those evolutionary
events, becoming the variable part of the protein. Our work aims to characterise
all MTs containing each of the four kinds of domains or Cys arrangements. This
section describes Falcidens caudatus MT1 (FcaMT1), which is organised in two
modules, a C-terminal B domain (9 Cys) and a N-terminal § domain (14 Cys) (Figure
3.25A). It belongs to an unexplored group of MTs and, therefore, it is of valuable
use to understand the metal-binding of this new arrangement of Cys. For that
reason, both FcaMT1 and the independent fragment of its § domain have been
characterised for the first time.

The unique Zn,- and Cdg-FcaMT1 species found by ESI-MS suggest that this MT
(Annex 7.1.6) has preference for divalent metal ions (Figure 3.25B and C). Here, a
very minor presence of Cd,-FcaMT1 has been highlighted to explain the behaviour
of the & domain (vide infra). The most plausible scenario for FcaMT1 is that this
protein also follows the same dumbbell-like bidomain structure as most of the
mollusc MTs reported here. The C-terminal f motif is coordinating, as usual, three

divalent metal ions and the new N-terminal § motif is binding the remaining five



divalent metal ions. The CD spectra of the Zn- and Cd-complexed proteins display
the classical Gaussian band of Zn-(S,,) chromophores centred at ca. 235 nm and

an exciton coupling at ca. 245 nm of Cd-(S.,) chromophores (Figure 3.25D).
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Figure 3.25. (A) Architecture of FcaMT1 amino acid sequence, Cys residues are shadowed, and
yellow boxes highlight the 14-Cys (5-domain) and 9-Cys (B-domain) motifs of the sequence. ESI-MS
spectrum at pH 7.0 of (B) Zn-FcaMT1 (Q'= +4) and (C) Cd-FcaMT1 (Q'= +4). Glycosylated species are

signalled with an asterisk (*). (D) CD envelopes of Zn-FcaMT1 (solid line) and Cd-FcaMT1 (dashed

line) productions.

Therefore, FcaMT1 builds well-structured divalent metal clusters, confirming
that the protein exhibits the features of a genuine Zn-thionein. The recently
discovered Cys motif of the § domain confers to FcaMT1 a higher coordinating
capacity (up to 8 M(Il) ions) than the B/B-domain proteins described in earlier
sections (up to 6 M(II) ions). The independency and high coordinating capacity of
this 8§ domain fragment were revealed by its biosynthesis in Zn(II)- and Cd(I)-
enriched E. coli cultures, which produced unique M(II);-6FcaMT1 species (M(I)=
Zn(Il) or Cd(I)) (Figure 3.26A and B). The CD spectra of the Zn- and Cd-8FcaMT1
complexes display, respectively, equivalent envelopes to those found in the whole
protein (Figure 3.26C), denoting the same coordination geometry and suggesting
two points: (1) the spectral signal of § domain is predominant over the one of B

domain and (2) § domain is capable of independently form a functional metal



cluster. However, there is a slight exception in the samples obtained from the Cd-
productions of both FcaMT1 and its 6§ fragment. FcaMT1 shows a minor variability
in its structure exhibiting an almost negligible Cd,-FcaMT1 complex by ESI-MS
(Figure 3.25C). This fact becomes more evident by the presence of the Cds-§FcaMT1
species in the § fragment’s Cd-productions (Figure 3.26B). These results denote
that these peptides render more stable complexes with Zn(Il) than with Cd(II), as
more than one conformation can be found when associated with the latter metal
ions. It is also remarkable that despite the presence of minor glycosylation, Zns-
FcaMT1 is the main species found in the sample, confirming the high stability of

this complex, as will be thoroughly explained in Section 3.6.
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Figure 3.26. ESI-MS spectrum at pH 7.0 of (A) Zn-8FcaMT1 (Q*= +3) and (B) Cd-§FcaMT1 (Q'= +4). (C)
CD envelopes of Zn-8FcaMT1 (solid line) and Cd-8§FcaMT1 (dashed line) productions.

An additional evidence that supports that FcaMT1 displays Zn-thionein features
is in the ICP-AES results obtained from the proteins produced in Cu(Il)-
supplemented cultures, displaying heterometallic Zn,Cu-FcaMT1 and Zn,Cu-
8FcaMT1 species. It should be noted that two FPLC peaks (Annex 7.1.6) were
collected for both the whole protein and its fragment and that Zn(Il) ions were
detected in all those aliquots except in the first peak of §FcaMT1, whose
concentration was so low that the small amount of Zn(II) contained in the protein
was probably under the limit of detection. Both FPLC peaks in both FcaMT1 and
8FcaMT1 productions showed the same speciation by ESI-MS. For that reason, and

since the first peak of both peptides was less concentrated and their spectra



showed more background signal, only the second peak of both preparations is
represented (Figure 3.27). The ESI-MS spectra of both peptides show a high degree
of heterogeneity in the species present in the sample, corroborating their poor Cu-
thionein behaviour. The instability of the cluster is confirmed by CD, that denotes
a mixture of chromophores with highly variable bands (Figure 3.27E). Besides, the
sole presence of Zn(Il) ions in its metal cluster denote that FcaMT1 possesses high
Zn-thionein behaviour. This behaviour is shared with its § fragment but, the
speciation of §FcaMT1 is almost invariable from pH 7.0 to pH 2.4 (Figure 3.27B
and D), suggesting that the presence of Zn(Il) ions, as detected by ICP-AES, is
residual. Interestingly, FcaMT1 and its § fragment show major Cus;-MT species at
pH 2.4 (Figure 3.27C and D). Maybe this data reveals that the § domain deals with
most of the Cu(l) load, while the B domain copes with the Zn(Il) ions. This is just a
supposition and further studies should be performed in order to confirm it. In any
case, both Cu-FcaMT1 and Cu-8FcaMT1 samples display similar spectroscopical
features at pH 7.0, as observed by CD (Figure 3.27E), denoting poor structuration

of the metal clusters.
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Figure 3.27. ESI-MS spectra at pH 7.0 of (A) Cu-FcaMT1 (peak 2) (Q'= +5) and (B) Cu-6FcaMT1 (peak
2) (Q'= +4). ESI-MS spectra at pH 2.4 of (C) Cu-FcaMT1 (peak 2) (Q'= +7) and (D) Cu-6FcaMT1 (peak 2)
(Q'= +5). Glycosylated species are signalled with an asterisk (*). (E) CD envelopes of Cu-FcaMT1
(—) and Cu-8FcaMT1 (-----) productions at pH 7.0.



Another remarkable feature, once again, is that glycosylated proteins are
detected in the Cu-FcaMT1 and Cu-8FcaMT1 complexes. These species show higher
ESI-MS intensities than the ones found in the MT productions enriched with Zn(II),
revealing that the concentration of glycosylated species in relation with the non-
glycosylated is higher in this case and, therefore, confirming that Cu-MT complexes
are very flexible and low-structured (more information in Section 3.5).

In conclusion, FcaMT1 behaves as a genuine Zn-thionein in terms of metal-
binding preferences since it yields Zn- and Cd-FcaMT1 complexes with a single
energetically favourable form and it is incapable to perform a single well-
structured Cu-FcaMT1 complex. This metal preference is shared with its §FcaMT1
fragment as well. This fragment renders Cd;-MT complexes as major species but
also Cds-MT complexes. That fact, added to the point that the productions
supplemented with Cu(ll) recovered samples with heterometallic Zn,Cu-FcaMT1

and Zn,Cu-8FcaMT1 complexes, leads to consider this protein as a Zn-thionein.

3.3.4. Study of Candida albicans MT: CaCUP1I

CaCUP1 is a short MT (35 aa), in fact, it is the shortest MT presented in this
thesis, that contains six Cys residues (Figure 3.28A). Additionally, CaCUP1
contains two aromatic residues (phenylalanine (Phe) and tyrosine (Tyr)), which, due
to their biochemical properties, they should not interact with the metal ions. When
CaCUP1 is synthesised in Zn(II)-enriched cultures, a unique Zn,-CaCUP1 species is
renderered (Figure 3.28A) and this stoichiometry is corroborated by ICP-AES
(2.1-10* M and 2.2 Zn/MT) (Annex 7.1.7). Probably due to the aromatic residues,
the optical traits of the polypeptide observed by CD show an uncommon negative
Gaussian band centred at ca. 235 nm, near the absorbance wavelength of Zn-(S,),
chromophores (Figure 3.28F). This is, indeed, a rare CD envelope but the overall
results suggest a genuine Zn-thionein behaviour for this MT and this is
corresponded with the results obtained from the samples purified from the Cd(II)-

and Cu(Il)-enriched cultures.
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Cu-CaCUP1 normal oxygenation (solid line) and Cu-CaCUP1 low oxygenation (dashed line).

The recombinant protein synthesised in the Cd(II)-supplemented culture
yielded Cd,- (major) and Cd,S-CaCUP1 (minor) species, as by ESI-MS (Figure 3.28C).
The presence of labile sulphide (S*) ligands was confirmed by measuring the
concentration of sulphur of the sample by ICP-AES before (1.6-10* M and 2.8
Cd/MT) and after (0.8-10* M and 3.7 Cd/MT) acidification with formic acid. The
discrepancy between both measures denotes that the labile sulphur ligands were
released as gaseous H.S after acidifying the sample (See Section 5.2.2).
Additionally, the wide CD band detected at 300 nm (Figure 3.28F) can be related
to the presence of chromophores of Cd-S* [155].

As expected, this CD band is not present after Zn,-CaCUP1 complex, which lacks
of these labile ions, exchanges its Zn(Il) ions by Cd(II). This metal exchange
experiment was followed by CD, measuring a spectrum at each equivalent addition
(Annex 7.2.2: Sheet 7.2.2.3). The CD envelope at the final stage of the experiment



shows a Gaussian band centred at ca. 240 nm, displaced from the in vivo (and other

Cd-MTs) characteristic band centred at c.a. 250 nm (Figure 3.29A).
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Figure 3.29. (A) CD envelopes of in vivo Cd-CaCUP1 (solid line) and in vitro Cd-CaCUP1 (dashed line)
obtained from in vivo Zn-CaCUP1 after the addition of 2 Cd(Il) equivalents. (B) CD envelopes of in
vivo Cu-CaCUP1 (solid line) and in vitro Cu-CaCUP1 (dashed line) obtained from in vivo Zn-CaCUP1

after the addition of 4 Cu(I) equivalents.

The band associated to the sulphur chromophores is not detected since no
labile S* ligands were present in the initial sample. Instead, a faded band at 280
nm is detected, most likely due to the presence of aromatic residues. The presence
of labile S* ions in the CaCUP1 productions enriched with Cd(II) reveals poor
preference for Cd(Il) ions, a feature that has not been observed in the rest of the
proteins of this section.

Additionally, the characterisation of the samples recovered from the Cu(Il)-
supplemented MT productions supports the hypothesis that CaCUP1 is a Zn-
thionein. The most relevant characteristic found in the Cu(I)-loaded samples is the
low concentration of the proteins recovered (Annex 7.1.7), denoting the difficulty
of CaCUP1 to form stable metal clusters under these conditions (Figure 3.28D and
E). Both conditions, normal and low aeration, rendered equivalent mixture of
species, suggesting that maybe CaCUP1 do not render heterometallic Zn,Cu metal
clusters as the genuine Zn-thioneins. Unfortunately, it was impossible to

corroborate this through ICP-AES since neither S, Cu(l) nor Zn(II) concentrations



were sufficient to be clearly detected by the ICP-AES instrument. The CD spectrum
of the highly heterogenous Cu-CaCUP1 sample confirmed the lack of defined
structures exhibiting a faint CD envelope (Figure 3.28G). Remarkably, despite of
the fact that CaCUP1 shows none of the genuine Cu-thionein characteristics, the
Zn/Cu exchange experiment revealed interesting data. Although unique Cu,-
CaCUP1 complexes are not formed in vivo (Figure 3.28D and E), the in vitro
experiments show the prevalence of this species. After 3-4 equivalent of Cu(l)
added to the Zn-CaCUP1 sample, a unique Cu,-CaCUP1 species is detected by ESI-
MS (Annex 7.2.2: Sheet 7.2.2.4). Moreover, this seems to be an almost cooperative
process, since at the early stages of the metal exchange only Zn,-CaCUP1 and Cu,-
CaCUP1 major species are observed. Again, as occurred with the metal exchange
experiment with Cd(Il), the in vitro and the in vivo CD spectra of the Cu-CaCUP1
complexes are different, suggesting a distinct overall arrangement of the metal
cluster when the protein is de novo loaded with Cu(I) or when the initial Zn(Il) ions
are displaced by Cu(l). The homogenous speciation makes the CD spectra
measured after adding 4 Cu(l) equivalents to show the appearance of a band at ca.
300 nm (Figure 3.29B) with respect to the heterogenous in vivo Cu-CaCUP1 sample.
This band might not be shown before due to the complex speciation of the in vivo
sample purified from the Cu-enriched cultures.

In conclusion, despite the unexpected results of the in vitro experiments,
CaCUP1 shows a genuine Zn-thionein behaviour (unique Zn-CaCUP1 species,
mixture of species recovered from the Cd(Il)- and Cu(ll)-supplemented MT
productions), distinct from the Zn-thionein behaviour of the rest of the MTs

presented in this section.

3.3.5. General observations of Zn-thioneins

The characterisation of the MTs presented in this section provided common
features that will be considered to differentiate between genuine Zn-thioneins and
putative Cd-thioneins. These features are: formation of unique Zn-MT complexes
when they are synthesised in Zn-supplemented cultures, possible mixture of Cd-
MT complexes recovered from Cd(II)-enriched cultures, and heterometallic Zn,Cu-
MT complexes when produced in Cu(Il)-enriched cultures. The proteins studied in
this section comply with most of these features and are a good example to confirm

that a metal-binding classification makes sense.



3.4. Characterisation of the metal-binding abilities of putative
Cd-thioneins

The principal goal of this thesis is to elucidate whether the Zn,Cd-thionein
(divalent metal-binding specificity) features might be split into two genuine Zn-
and Cd-thionein independent behaviours. This hypothesis came up at the initial
stages of this PhD thesis, after the evolutive study made on mollusc MTs that
stated that Cd concentration levels in mollusc habitats drove the evolution of their
MTs [210]. Most of the proteins presented in this thesis belong to mollusc
organisms from very varied habitats and lifestyles. The following section groups
MTs either from Mollusca clade, but also MTs from a close sister group of
vertebrates called urochordates. All these proteins exhibit similar metal-binding

traits, and these interesting results will be discussed along the text.

3.4.1. Study of Lottia gigantea MTs

As mentioned, mollusc MTs are going to be a main character in this thesis and
this section starts with a system of two mollusc MTs. L. gigantea is a marine limpet
with two MT isoforms reported: LgiMT1 and LgiMT?2. The interest of this set of MTs
resides in their Cys arrangement (Annex 7.3.4: Article 4). As most of mollusc MTs,
LgiMTs show a nine Cys motif at C-terminal, called § domain (Figure 3.30A), but,
interestingly, contain a ten Cys motif at N-terminal arranged in duplets of Cys (CC),
called y domain (Figure 3.30A). This novel motif unveils a new metallic cluster with
peculiar metal-binding abilities, as exposed next.

From the study of LgiMTs (Annex 7.1.8 and 7.1.9), the first discrepancy
obtained in comparison to the proteins described in the last section is the detection
of a mixture of Zn-MT species in the samples purified from the Zn(II)-enriched
cultures (Figure 3.30B and D). As observed, and as expected from two proteins
only differing by three amino acids, both MTs display analogous results. The
recovery of this mixture of Zn-MT complexes denotes poor Zn-thionein behaviour
for the LgiMTs, as well as the faint CD envelope rendered by the heterogenous
samples (Figure 3.30H). These low intense Gaussian bands centred at ca. 240 nm
reveal the expected tetrahedral coordination geometry of the Zn-(S.y).
chromophores, although poorly structured. Besides the abundant variety of Zn-
LgiMT complexes, it is remarkable that Zn,- and Zn,-LgiMTs are the most intense
peaks detected by ESI-MS. These numbers gain relevance if we consider the Cys
arrangement of LgiMTs: structured in two motifs of ten and nine Cys each. It is

well known that a B domain (nine Cys) binds three divalent metal ions [55, 56] but



it is not described yet the number of divalent metal ions that a motif of ten Cys
can bind. The results obtained from the production of the y fragment assisted to
elucidate this unknown. When the yLgiMT2 fragment is synthesised under Zn(II)
surplus, it mostly yields Zn,yLgiMT2 complexes, showing that this number is
important (Figure 3.30F).
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Zn-LgiMT1 (solid line), Zn-LgiMT2 (dashed line) and Zn-yLgiMT2 (dotted line) productions.



In addition, the intensity of the CD envelope of this fragment is very low as
well, denoting a non-compact structure. Probably, those important Zn,-LgiMT?2
species are organised as Zn;(Sc,), and Zn,(S),, clusters. Finally, a trait of major
interest is the high number of glycosylated species present in the samples.
Glycosylated species have already been found in protein productions of anterior
sections but, in this case, they are of utmost relevance. These species are detected
by ESI-MS at either pH 7.0 or 2.4 (Figure 3.30), adding up to three monomers of
hexoses to the same protein. This phenomenon is widely explained in Section 3.5,
but, in short, glycosylation is of great use to classify MTs by their metal-preference,
since glycosylation only occurs in very mobile polypeptide sequences with highly
labile metal clusters. Finding these modifications in the samples suggests that the
Zn-LgiMTs complexes are instable, denoting their poor Zn-thionein behaviour.

While the samples obtained from the E. coli cultures supplemented with Zn(II)
present species with high degree of heterogeneity, the samples produced under
Cd(I) surplus yield unique Cd,-LgiMTs complexes (Figure 3.31A and C). Thus,
LgiMTs nicely bind seven Cd(Il) ions, with a unique energetically favoured form,
but they are not so efficient binding Zn(II) ions. However, as mentioned before,
seven (divalent metal ions) is an interesting number. Both LgiMTs maintain four
CddI) ions at pH 2.4 (Figure 3.31B and D), and parallelly yLgiMT2 renders Cd,
species as well, also maintaining four Cd(I) ions at pH 2.4 (Figure 3.31E and F).
Certainly, this confirms that the Cd,-LgiMTs species found at pH 2.4 correspond to
the Cd,yLgiMT species found at pH 7.0 and pH 2.4. Bearing in mind the
aforementioned Cys arrangement, LgiMTs must form two clusters (one in the y
domain and another in the f domain): Cd,(S,),,and Cd;(S,),- Moreover, the clusters
of three Cd(II) ions are more susceptible to pH variations, as they readily exchange
the metals by protons, while the Cd,(S),, cluster of the y domain resists at pH 2.4.
The CD spectra of Cd-yLgiMT?2 is equivalent to the Cd-LgiMTs’ CD envelopes,
suggesting a dominant optical activity from the y domain cluster over the one built
by the B domain (Figure 3.31G). The CD envelopes are of high intensity, showing
an exciton coupling centred at ca. 250 nm that is overlapped by a higher signal at
265 nm, which may be given by the aromatic amino acids. The proposed structure
for this y domain, due to the number of ligands and metal ions, is an adamantane-
like structure [238], which would be a new structural motif in the MTs field. This

structure should be confirmed by NMR.
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As regards to LgiMTs metal-binding preferences towards Cu(I) ions, the samples
obtained from the Cu(Il)-supplemented E. coli cultures also show high degree of

heterogeneity in the speciation (Figure 3.32).
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The lack of unique metal-MT complexes denotes poor preference of these
proteins for Cu(I) ions. However, and very interestingly, these metal-MT complexes
are homometallic, as ICP-AES only detected Cu(l) (Annex 7.1.8 and 7.1.9). This trait
differs from other MTs that displays a strong preference for divalent metal ions
(see Section 3.3), which vyield heterometallic Zn,Cu-MT complexes when
synthesised in Cu(Il)-enriched cultures (more information about these differences
in Section 3.6). Thus, LgiMTs do not show Zn-thionein features but neither they
show Cu(l)-preference. The CD spectra of these heterogenous samples are
equivalent in regard to their absorption maxima, which coincide with those found
in other Cu-MT preparations (Figure 3.32G). The low intensity of this CD
fingerprints confirms the low degree of robustness of the clusters formed. As
already observed in the Zn-LgiMTs, the samples purified from the Cu(Il)-
supplemented cultures show glycosylated species as well. Once again, this
phenomenon relates to very labile metal clusters and mobile polypeptide chains,
which confirms the poor Cu-thionein behaviour of LgiMTs.

In conclusion, the characterisation of LgiMT1, LgiMT?2, and of the yLgiMT?2
fragment allowed to discover a new MT domain that shows high resistance to be
demetallated at low pH. It also demonstrates that some MTs can form nice and
unique Cd(II)-MT complexes but not behave equally towards Zn(Il) ions. This is the
first example of an MT in this thesis that exhibits Cd-selectivity but not Zn-

specificity.

3.4.2. Study of Nautilus pompilius MT

Nautilus pompilius only possess one reported MT isoform so far and its amino
acid sequence bears a keen interest for this thesis. N. pompilius MT (NpoMT1) is a
representative sample for cephalopod MTs and those molluscs whose MTs share
the bidomain structure a/f with NpoMT1. This structure is arranged in one
conserved nine Cys motif (8 domain) at C-terminal (shared with the rest of mollusc
MTs) and a twelve Cys motif (a domain) at N-terminal.

When NpoMT1 (Annex 7.1.10) is produced in Zn(II) surplus it renders Zng- and
Zn,-NpoMT1 as major species (Figure 3.33A). The stoichiometry of 6-7 Zn(Il) ions
per protein is corroborated by the ICP-AES results (1.3-10* M and 6.5 Zn/MT)
(Annex 7.1.10). Comparing NpoMT1 with other MTs with 21 Cys and a bidomain
a/B architecture (e.g., mammalian MTs, with 20 Cys), it is evident that seven
divalent metal ions is a common and expectable stoichiometry [33]. Consequently,
the CD spectrum of the Zn-NpoMT1 sample depicts a positive Gaussian band

centred at ca. 235 nm, displaying the usual fingerprint of Zn-thiolate
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chromophores (Figure 3.33F). The poor Zn-thionein behaviour of NpoMT1 is

shared with its a fragment, which renders Zn,-(major) and Zn,-(minor) aNpoMT1

species in the presence of Zn(II) and shows a faint CD envelope (Figure 3.33C and

F). It is, once again, remarkable the presence of glycosylated species for both the

whole protein and its independently synthesised a domain, denoting a labile

cluster.
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In contrast to the results obtained for the production supplemented with Zn(II),

NpoMT1 renders a unique Cd,-NpoMT1 species (Figure 3.34A) when synthesised

in Cd(I) surplus. This same situation is found in other MTs with the same domain




arrangement (e.g., the aforementioned mammal MTs), which leads to suggest that
NpoMT1 might be structured as a dumbbell-like bidomain MT that sustains a
Cd(I)4(Seys)o and a Cd(IM),(Seys):» clusters. That hypothesis is supported by the fact
that a Cd,-NpoMTT1 species is detected at pH 2.4 (Figure 3.34C) and also a unique
Cd,-aNpoMT1 species is found in the independent fragment synthesis (Figure
3.34B). Probably, both species correspond to the same Cd(II),(Sc,),. cluster, that
means that (1) aNpoMT1 fragment is able to bind four Cd(Il) ions by itself and,
thus, it is a functional domain and that (2) the Cd,-NpoMT1 species found at pH
2.4 correspond to the cluster formed by this a domain. Moreover, both full protein
and the independent aNpoMT1 fragment display analogous CD envelopes, showing
an exciton coupling centred at ca. 250 nm and, thus, denoting a highly compact
metal cluster (Figure 3.34E). This protein shows great ability to perform unique

well-formed complexes with Cd(II), which reveals great metal-binding abilities for

this metal.
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Figure 3.34. ESI-MS spectra at pH 7.0 of (A) Cd-NpoMT1 (Q'= +4) and (B) Cd-aNpoMT1 (Q'= +4)
productions. ESI-MS spectra at pH 2.4 of (C) Cd-NpoMT1 (Q‘'= +7) and (D) Cd-aNpoMT1 (Q'= +6)
productions. (E) CD envelopes of Cd-NpoMT1 (solid line), and Cd-aNpoMT1 (dashed line)

productions.



With regards to the samples obtained from Cu(ll)-enriched media, a great
variety of Cu-NpoMT1 complexes, at very low concentrations were detected by ESI-
MS (Figure 3.35). The experience says that, normally, when the preparation
recovered from a production shows low concentrations, the metal-MT complexes
are not much favoured in those synthesis conditions, denoting the poor metal-
binding affinity of the protein for these specific metal ions. Besides, the CD
spectrum of this production confirmed that the complexes in the sample
possessed low degree of structuration, displaying a faint CD envelope (Figure
3.35E). Therefore, we can say that NpoMT1 displays poor Cu-thionein features,
despite that the ICP-AES only detected Cu in the sample and no trace of Zn
(<0.1-10* M and >14.16 Cu) (Annex 7.1.10).
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Figure 3.35. ESI-MS spectra at pH 7.0 of (A) Cu-NpoMT1 (Q'= +5) and (B) Cu-aNpoMT1 (Q'= +4)
productions. ESI-MS spectra at pH 2.4 of (C) Cu-NpoMT1 (Q'= +7) and (D) Cu-aNpoMT1 (Q'= +4)
productions. (E) CD envelopes of Cu-NpoMT1 (solid line), and Cu-aNpoMT1 (dashed line)

productions. Glycosylated species are marked with asterisks (*).

Interestingly, the ESI-MS (Figure 3.35B and D) and ICP-AES (Annex 7.1.10)

results revealed that the aNpoMT1 fragment exhibits less heterogeneity in the



speciation of its Cu-MT complexes than the whole protein, showing a dominant
Cu,,-MT complex, but, more importantly, it is confirmed the presence of
homometallic Cu-species, which settles that NpoMT1 has poor Zn-preference. This
fact is also confirmed by the results obtained by CD, where the aNpoMT1 fragment
shows an equivalent fingerprint with the full protein (Figure 3.35E).

In conclusion, this section presents another mollusc protein that is well-
structured when binds Cd(Il) ions but not when it is coordinating Zn(I) ions.
Additionally, the high degree of heterogeneity in the speciation of the Cu-
complexes synthesised confirms also the poor Cu-thionein behaviour of NpoMT1.
A different protein with different Cys arrangement generates similar results to

those found for LgiMTs.

3.4.3. Study of Nerita peloronta MT2

This section aims to describe the metal-binding abilities of NpeMT?2 isoform
and discusses why NpeMT?2 is under Section 3.4. As explained in Section 3.3.2,
Nerita peloronta is a marine snail that has two MTs (Annex 7.3.4: Article 4). Both
MTs exhibit highly similar metal-binding features. However, there is a particular
trait worth to consider separating them into two different metal-binding
behaviours as will be discussed here and, extendedly, in Section 3.6. Both isoforms
share the same bidomain B/p arrangement (9 Cys +9 Cys) with 19 Cys in NpeMT1
and 18 Cys in NpeMT2. However, NpeMT2 contains two His residues in its
polypeptide chain. This particular residue might have some impact on the metal-
binding features of this isoform. In addition to the characterisation of NpeMT2,
and to have a record of all variable domains of bidomain mollusc MTs, PNpeMT?2
domain has been independently synthesised and its biochemical properties
studied.

NpeMT?2 (Annex 7.1.11), as NpeMT1, yields unique Zn,-NpeMT2 species when
synthesised in E. coli cultures supplemented with Zn(Il) (Figure 3.36B). This 6-to-1
Zn(II)-to-protein stoichiometry is corroborated by ICP-AES (2.9-10* M and 5.9
/n/MT) (Annex 7.1.11). Probably, as speculated with NpeMT1, NpeMT2 is
structured in two domains forming two Zn(I),(Se.), clusters. These speculations
are backed on the results obtained from the characterisation of B3NpeMT2, which
show that the fragment yields an almost unique Zn;-3NpeMT2 species (Figure
3.36C), meaning that this domain is able to perform a Zn(I);(S..), cluster
independently and suggesting that the other B domain forms an equivalent cluster.
The Zn(II) coordination geometry is the classical tetrahedral, as denoted by the

broad Gaussian band centred at ca. 235 nm, usually seen in Zn-(S,,), chromophores
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(Figure 3.36F). In this case, as happens with NpeMT1, the incidence of glycosylated
species is almost negligible, denoting higher stability in their Zn-MT complexes

with respect to the other proteins described in this section.

A B3-domain B1-domain
GSMPNPKGPGETEDKAAQQEGTNRSRDPNDH‘KAT‘KESGSAEGEGSGPQTKEEDDSH‘
|m:z‘-|us5 +M5, 0.9-1 Samin 430-50 Imxv‘v[ss +MS, 1.1-1.7min #35-

20
Zng B 21 C
. 15
0.75-
10
Zn,*
o = Z ‘—“] h“ - = L L J.JLLL A 2
750 300 1850 1200 1850 2000 yalz 50 1000 1050 1100 150 1200 1250 130 mz
rvIE-nss M, 1.1-1 Smin ¥36-6) hlms_ +M5, 1.0-1.4min #34-47
10! A 0 x1ﬂj_ A 0
3 P D P E
d
2
N Zn,Apo* ! Apo*
e e Sk
20 140 50 1180 1200 1220 12 Lt a0 B0 880 B30 900 a0 w0 mh
20 -
1 F
15
<710
e
(S)
— 5 1 —2Zn-NpeMT2
E ] ! ---Zn-BNpeMT2
w ] !
<0 1 e
_5< II T rrrrrrrrrrrrrrryrrrrrrrororTr

220 230 240 250 260 270 280 290 300
A(nm)

Figure 3.36. (A) Architecture of NpeMT?2 amino acid sequence, Cys residues are shadowed, and
yellow boxes highlight the two 9-Cys (B-domain) motifs of the sequence. ESI-MS spectra at pH 7.0 of
(B) Zn-NpeMT?2 (Q'= +4) and (C) Zn- B3NpeMT2 (Q'= +4) productions. ESI-MS spectra at pH 2.4 of (D)
Zn-NpeMT?2 (Q'= +6) and (E) Zn-B3NpeMT2 (Q'= +5) productions. Glycosylated species are signalled

with an asterisk (*). (F) CD envelopes of Zn-NpeMT?2 (solid line), and Zn-g3NpeMT?2 (dashed line)

productions.

As its homologue, NpeMT2 renders a unique Cds,-NpeMT2 complex when
purified from the E. coli cultures supplemented with Cd(Il) (Figure 3.37A). The
stoichiometry is corroborated by ICP-AES, as usual (1.4-10* M and 5.5 Cd/MT)
(Annex 7.1.11). Additionally, it is demonstrated that the B3NpeMT2 fragment
builds stable three metal clusters by itself (Figure 3.37B). Certainly, NpeMT?2

exhibits an unusual CD envelope, as it represents a simple Gaussian band centred



at ca. 250 nm, typical absorption band of Cd-(S,), chromophores, with some extra
optical activity at wavelengths lower than 240 nm (Figure 3.37E). In contrast, the
B3 fragment’s CD spectra exhibits an interesting envelope. It shows a classical
exciton coupling centred at ca. 250 nm that is modified with a shoulder at ca. 245
nm. This shoulder has been previously reported as arising from an interaction
between His residues and the Cd(Il) ions of the cluster [186]. This interaction is
clear in this simplified mono-domain system but it could explain some features of
NpeMT2’s CD envelope and its whole bidomain system, suggesting that maybe His
could participate in the coordination of the Cd(II) ions. However, this interesting
topic deviates from our main goal and we did not study it in depth. In the future,
we believe that this case should be analysed since it might contribute to
understand better the role of His residues in the metal cluster formation. Overall,
these results are those of a protein with Zn-thionein features. However, all

biochemical traits should be considered before taking any conclusions.
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Figure 3.37. ESI-MS spectra at pH 7.0 of (A) Cd-NpeMT?2 (Q'= +5) and (B) Cd-B3NpeMT2 (Q'= +4)
productions. ESI-MS spectra at pH 2.4 of (C) Cd-NpeMT2 (Q'= +6) and (D) Cd-B3NpeMT2 (Q'= +5)
productions. (E) CD envelopes of Cd-NpeMT?2 (solid line), and Cd-B3NpeMT2 (dashed line)

productions.



NpeMTs differ in their Cu(l)-binding abilities. While NpeMT1 renders
heterometallic Zn,Cu-MT complexes when synthesised in Cu(Il) surplus (Section
3.3.2), NpeMT?2 yields mixtures of homometallic Cu-MT complexes (Figure 3.38A
and Annex 7.1.11). Certainly, the sample obtained from the production enriched
with Cu(Il) still shows high degree of heterogeneity in the speciation, showing
species ranging from Cug- to Cu,,-NpeMT2. Equal is the case of B3NpeMT2, that
renders a mixture of homometallic species as the full protein (Figure 3.38B and
Annex 7.1.11). Moreover, the synthesis of Cu-B3NpeMT?2 produced two families of
complexes that were separated by FPLC and characterised independently (Annex
7.1.11). The appearance of two families of complexes already denotes high
heterogeneity in the sample. The first of the two peaks shows that one family yields
dimers and even trimers of Cu-MT complexes, suggesting that the fragment
struggles to form complexes by itself and has to pair with other peptides. The
second peak exhibits glycosylated species, as occurs in NpeMT2, and denotes
flexibility of the polypeptide chain that is not stabilized by an adequate metal
cluster (see Section 3.5), as proved by the mixture of complexes present in the

sample.

Figure 3.38. ESI-MS spectra at pH 7.0 of (A) Cu-NpeMT2 (Q'= +5), (C) Cu-p3NpeMT?2 (first FPLC peak)
(Q'=+5) and (E) Cu-B3NpeMT?2 (second FPLC peak) (Q'= +5) productions. ESI-MS spectra at pH 2.4 of
(B) Cu-NpeMT2 (Q'= +5), (D) Cu-B3NpeMT?2 (first FPLC peak) (Q'= +6) and (F) Cu-B3NpeMT?2 (second
FPLC peak) (Q'= +4) productions. Glycosylated species are signalled with an asterisk (*), dimers with

a (d-) and trimers with a (t-).



These results clearly show that none of the NpeMTs is a genuine Cu-thionein,
however, NpeMT?2 exhibits more of this behaviour (or less of a Zn-thionein) than
NpeMT1. In fact, and this is the reason why NpeMT2 has been included in this
section, NpeMT?2 behaves as the rest of the proteins presented in this section when
binding Cu(l), while NpeMT1 behaves as the rest of Zn-thioneins. This unique
difference between both proteins have been an inflexion point to separate two
proteins that share traits of a genuine Zn-thionein and to propose a new concept

to classify MTs: a genuine Cd-thionein behaviour (Annex 7.3.7: Article 7).

3.4.4. Study of Oikopleura dioica MT system

The study of zooplankton Oikopleura dioica’s MT system entailed a prime
contact with MTs in urochordates. Two metallothioneins are expressed by O.
dioica: OdiMT1, a 72 amino acid MT (equivalent to a mammal MT) and OdiMT2, a
399 amino acid MT, one of the longest MT reported to date. The genetical studies
performed on these MTs revealed that OdiMT2 is formed by six consecutive
sequences that each one conserve the Cys pattern of OdiMT1. In turn, OdiMT1
seems to have suffered several evolutionary events that brought it to become a
bidomain MT composed by a 12C domain and a truncated 12C domain (t12C) (see
Section 3.1.2). This section, then, exposes and discusses the results that support
these genetic conclusions by characterising the metal-binding abilities of the
OdiMT1 fragments and, of course, exposes the biochemical features of the whole
sequence of OdiMT1 and OdiMT?2.

The characterisation of OdiMT1 fragments (Table 3.1) revealed that the
particular modular structure of the protein firstly proposed as two C7 motifs (see
Section 3.1.2) was, in fact, more complex than expected. The C-terminal fragment
of OdiMT1, comprising from aa 31 to 72, is composed by a C7 motif plus a
carboxyl-end with four Cys (7C+4C), while the N-terminal fragment (from aa 1 to
30) contains a C7 motif and an amino-end with two Cys (7C+2C). While the C-
terminal displays an autonomous stable metal cluster, yielding unique M(II),-MT
complexes, the N-terminal, renders Zn(Il);- and Cd(Il),-MT complexes as major
species (Annex 7.2.3: Sheet 7.2.3.1). Moreover, the samples of the latter fragment
show high heterogeneity in the degree of speciation and the presence of sulphide
labile ions, which suggest that this fragment struggles to form a unique
energetically favoured metal-cluster by itself. Probably, the C-terminal fragment is
an independent domain and N-terminal needs of the C-terminal domain to be
stabilised. Moreover, the sequence alignment of OdiMT1, OdiMT2 and other
Oikopleura species’ MTs showed that the N-terminal domain of OdiMT1 is



truncated, missing some Cys that would complete a protein with two domains with
equivalent Cys motifs, as O. vanhoeffeni or O. albicans MTs. For that reason, we
concluded that the prototypical domain of Oikopleuras MTs is formed by 12
conserved Cys arranged in specific motifs, which in the case of OdiMT1, its N-
terminal domain is truncated, missing three Cys, and, in its C-terminal domain, it
has been a replacement of a Cys to a Ser (more information about these fragments
in Annex 7.3.5: Article 5).

Table 3.1. Design of the constructs synthesised from OdiMT1 and OdiMT2. Coloured boxes
represent the initially stated 7C conserved motifs, while OdiMT1 fragments represent the actual

12C conserved motifs.

Number of Major metal-
Structure Construct name 232 Cys content protein
species?
0diMT1 74 aa 20CYS |Cd,/zn,/Cu,,
MEHE t12C 32aa 9CYS | Cd,/znynd
12C 44 aa 11CYS |cd,/zn,/Cu,
RUY . RU2 ; RU3 : RU4 RUS : RU6
[ T 1 .
@ ' & o o oo oo OdiMT?2 399 aa 123 CYS | nd/nd/nd
e i OdiMT2 203 63CYS | nd/Cd,,/nd
. iMT2.1 aa Y n n
o 22
T OdiMT2.2 199 62CYS |Zn,/Cd,,ind
1

* These numbers consider the artificially included amino acid residues GS from the recombinant
production.

Pnd stands for no data.

After consolidating that OdiMT1 is probably structured in two domains, a
conserved 12C domain and a truncated 12C domain (t12C), its metal-binding
features have been characterised. OdiMT1 (Annex 7.1.12) share the same results
as most of the MTs presented in this section. The samples recovered from the
Zn(Il)-enriched E. coli cultures rendered from Zn;- to Zn,-OdiMT1 complexes, being
seven Zn(Il) ions per protein the most abundant stoichiometry detected by ESI-MS
(Figure 3.39A) and confirmed by ICP-AES (6.5 Zn/MT) (Annex 7.1.12). From this

data, it is evident that OdiMT1 do not show a Zn-thionein behaviour. However, the



numbers obtained in the whole protein coincide with the results of its fragments
(Zn;-tC12 plus Zn,-12C = Zn,-0OdiMT1), which supports the idea of a bidomain MT
and the contribution to the metal binding of the respective domains. This idea was
evidenced by the results obtained from the forms purified from the
Cd(I)-supplemented cultures, which rendered unique well-structured Cd,-OdiMT1
complexes (Figure 3.39B). The metal-cluster stabilization is corroborated by the
CD spectra, which displays a nice and intense exciton coupling centred at ca. 240
nm (Figure 3.39D), denoting high robustness and compactness of the Cd-(S)
chromophores. The discrimination in the metal-preference of OdiMT1 between
divalent metal ions is observed in others MTs presented in this section and it is
one of the keystones of this thesis.
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Figure 3.39. Deconvoluted ESI-MS spectra at pH 7.0 of (A) Zn-OdiMT1, (B) Cd-OdiMT1 and (C) Cu-
OdiMT1 productions. Glycosylated species are signalled with an asterisk (*). (D) CD envelopes of
Cd-OdiMT1 (solid line), and Cu-OdiMT1 (dashed line) productions.

The mixture of species obtained from the samples purified from the cultures
with Cu(ll) surplus confirmed the Cd-selectivity of OdiMT1 (Figure 3.39C). The
synthesis of the MT was performed twice at normal aeration conditions and once
under low-aeration conditions. However, only was detected on one peak of one of
the productions run at normal aeration conditions (Annex 7.1.12), which denote
the difficulty of obtaining a valid complex of Cu(l) with this isoform. The values
obtained from CD denote the low profile of structuration of these complexes
(Figure 3.39D). It is worth to be mentioned that the species rendered by OdiMT1



were homometallic, as the rest of MTs of this section, which contrast with the usual
heterometallic forms obtained by genuine Zn-thioneins.

It is interesting to understand OdiMT1’s biochemical features before
characterising OdiMT2, since, as mentioned, OdiMT2 is a multi-modular MT
constructed by OdiMT1-like-units repeated in tandem. Thus, it is expectable that
OdiMT2 reproduces OdiMT1’s metal-binding behaviour and enlarges its metal
binding capacity as many times as repeated units form OdiMT2 (ie., 6 times).
Unluckily, the massive dimensions of this MT hindered the synthesis and obtention
of valid samples to be characterised (Annex 7.1.13). However, it was possible to
extract some valuable hints that allowed us to characterise this enormous protein.
First, it was remarkable that for the three metals used in the production of OdiMT2,
only Cd(II)-enriched cultures allowed the recovery of reasonable samples. In fact,
only Cd-OdiMT2 samples provided any results, since both Zn-OdiMT2 and Cu-
OdiMT2 complexes were under the limit of detection for ESI-MS and ICP-AES
(Annex 7.1.13). From the Cd-OdiMT2 complexes we observed that the
stoichiometry found by ICP-AES (from 40.4 Cd/MT to 55.3 Cd/MT) was about 5-6
times the stoichiometry detected from the Cd-OdiMT1 samples (Figure 3.39B and
Annex 7.1.12). Additionally, some metallated species were detected by ESI-MS,
although the unique concluding species detected was the apo form, confirming
that OdiMT?2 was synthesised (Figure 3.40A).

In addition to the results obtained from the entire protein, two fragments based
on the N-terminal and the C-terminal half of OdiMT2 were designed and
characterised: OdiMT2.1 and OdiMT2.2 (Table 3.1). Both fragments contain three
OdiMT1-like-units (RU). The individual characterisation of these constructs added
information about the biochemical features of the whole system, considering the
difficulties of characterising the enormous OdiMT2. The recombinant synthesis of
both OdiMT2.1 and OdiMT2.2 in Zn(Il)- and Cd(II)-enriched E. coli cultures rendered
equivalent species (Figure 3.40), showing a nice symmetry between the two halves
of OdiMT?2 and suggesting that this is a modular system in which each module (i.e.,
RU) is independent from the other. From one side, OdiMT2.1 and OdiMT2.2 render
a mixture of Zn-MT complexes, where the stoichiometry range goes from Zn,; to
Zn,; (Figure 3.40B and C). These numbers are interesting since OdiMT1 binds up
to seven divalent metal ions and these OdiMT2 constructs contain three OdiMT1-
like-units. Therefore, it is consistent that three repeat units (RU) binding 7 M(II)
render 21 M(II)-species.
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productions.

Similarly, both OdiMT2 constructs yield major Cd,,- and Cd,,S-MT complexes,
although Cd,;- and Cd,;S-MT are important species too (Figure 3.40D and E). As
mentioned, these artefactual Cd,-S*-MT complexes are produced as a consequence
of the recombinant synthesis of an artificial MT design. The most plausible
explanation of these Cd,-S*-MT complexes is that the large size of the constructs
allow the incorporation of additional ions present in the intracellular medium of
the cell such as S* ions, whose acidic properties provides them with high affinity
to coordinate metals, interacting with the formed clusters and integrating extra
CddI) ions. The fact that there are some outlined species in the ESI-MS spectra of
the Cd-OdiMT2.1/2.2 samples suggests that these species are more favoured than
the rest, contrasting with the ESI-MS spectra of the Zn-samples in which any species
stands out among the rest. Probably this is a hint about the Cd-specific abilities of
OdiMT?2 provided by the nature of its individual RU, that is similar to OdiMT1’s.

Also, the compartmentalisation of OdiMT2 is evidenced once more in terms of



numbers, since the fragments bind about the 21 divalent metal ions expected from
three RU in which each RU binds seven M(II). This idea is reinforced by the ESI-MS
spectra at pH 2.4, which display (a part of Apo species) metal-species loaded with
multiples of four M(II) ions (Figure 3.41). These species are detected for both Zn(II)
and Cd(II) metals and resemble to those observed in OdiMT1 C-terminal fragment,
corresponding to the C12 motif. It seems that the C12 motif is more reluctant to
release its coordinated metal ions than the other (tC12 motif), which in turn, is
compatible with the aforementioned postulation that tC12 is less autonomous
than C12 and needs of the latter to ensemble in a stable complex. Additionally,
OdiMT2’s large size and folding would protect some of the inner metal clusters
from the external acidic medium and this could explain that the reluctance to
exchange some metal ions by protons is detected only for OdiMT2 and not for
OdiMT1.
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Figure 3.41. Deconvoluted ESI-MS spectra at pH 2.4 of (A) Zn-OdiMT2.1, (B) Zn-OdiMT?2.2, (C) Cd-
0diMT?2.1 and (D) Cd-OdiMT2.2 productions.

In conclusion, OdiMT1 shows high metal-selectivity towards Cd(I) ions as
demonstrated by the results obtained by ESI-MS. The study of the fragments of
OdiMT1 allowed to understand the nature of the structure of the MT, learning that
is probably a bimodular protein in which there is a core domain that binds four

M(II) ions and a dependent domain that contributes with the union of three extra



M(II) ions. Interestingly, the results obtained from OdiMT1 are concordant with
those obtained from OdiMT2. OdiMT?2 is the longest MT reported to date and it is
constructed by the repetition of units whose sequence is well-conserved to
OdiMT1. Concordantly, OdiMT2’s metal binding abilities are those of an
agglomeration of individual OdiMT1-like-units. Its large size hindered its
characterisation but the design of smaller fragments that separated the protein in

two pieces, allowed its characterisation.

3.4.5. Study of some ascidian MTs: Ciona robusta, Hallocynthea roretzi and
Botryllus schlosseri MT systems

After introducing tunicates MTs with the characterisation of Oikopleura dioica
MTs, we explored other tunicate MTs from other classes such as Ascidiacea and
Thaliacea. The prototypical mono-modular structure of ascidian MTs (CroMT1,
HroMTs and BscMT1 fragment, BscMT1R4) shows high similarities with the 12C
domain of OdiMT1 and to the a« domain of vertebrate MTs in terms of metal-binding
capacity (Annex 7.3.6: Article 6). All these peptides render unique M(I),-MT
complexes, displaying equivalent ESI-MS results (Figure 3.42). Additionally, the
perfect exciton coupling centred at ca. 250 nm yielded for all Cd-MT complexes
denote equal Cd-(S.,,) chromophores and compact Cd,(S.).. clusters for all ascidian
MTs, even for the enormous BscMT1 (Figure 3.42E). However, CroMT1 display
some divergences when binding Zn(Il) ions and, although Zn,-CroMT1 is the
predominant species, the glycosylated species detected in the sample contrast with
the unique Zn,-MT complexes found for HroMTs and BscMT1R4 (Annex 7.2.3:
Sheet 7.2.3.2). This divergence denotes certain instability of CroMT1 when binding
Zn(II), since the flexibility of the MT without a compact metal cluster makes it more
accessible for the glycosylation machinery (Section 3.5). This phenomenon is also
present in the samples of all ascidian MTs recovered from the Cu(ll)-enriched
cultures, in this case, with higher intensity. The high degree of speciation found
for all the MTs (and BscMT1R4 module) and the important presence of glycosylated
species, suggest a poor Cu-thionein behaviour from ascidian MTs. However, it is
important to mention that the species rendered are homometallic Cu-species
(Annex 7.2.3: Sheet 7.2.3.2), which differ to the heterometallic Zn,Cu-MT
complexes yielded by genuine Zn-thioneins. With these results, it can be stated that
ascidian MTs are mostly Cd-selective MTs that render single well-folded Cd,-MT

complexes.
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Figure 3.42. Deconvoluted ESI-MS spectra at pH 7.0 of (A) CroMT1, (B) HroMT1, (C) HroMT2 and
(D) BscMT1R4 Cd-productions. (E) CD envelopes of the products recovered from the Cd-
supplemented cultures of CroMT1, HroMT1, HroMT2, BscMT1 and BscMT1R4.

With regards to the compartmentation of BscMT1, the characterisation of
BscMT1R4 has been of great use to understand it. BscMT1, as OdiMT?2, is a massive
MT and its complete process of synthesis, purification and characterisation has
been difficult to achieve. Luckily, BscMT1’s biochemical features have been
described by gathering partial results of its characterisation and completing these
results with fragment BscMT1R4 characterisation. Considering that BscMT1R4
renders unique M(I),-MT complexes and that Zn,;-BscMT1 species have been
detected by ESI-MS (Figure 3.43), it can be stated that BscMT1 is a multi-modular
protein structured in nine conserved units of 12C motifs. As mentioned before, the
CD envelope of both the whole protein and its fragment binding Cd(Il) are equal,

confirming that the metal clusters of all nine modules in BscMT1 are equally



structured. This equivalence in the metal-binding behaviour and the fact that the
sequences of the modules are highly conserved also supports the idea that the
behaviour found in BscMT1R4 can be extrapolated to the rest of modules.
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Figure 3.43. ESI-MS spectrum at pH 7.0 and +14 charge state of Zn-BscMT1 production.

In conclusion, ascidian MTs possess a conserved 12C motif that share
metal-binding features with other chordate MTs and render mostly unique
M(II),-MT complexes. Even the difficulties of synthesising and characterising a large
MT, the biochemical features of BscMT1 have been determined through the

evidence found from other ascidian MTs and its BscMT1R4 fragment.

3.4.6. Study of Salpa thompsoni MT system

The third and last class of urochordate studied is Thaliacea. These filtering
organisms share physiological and ecological traits with the other tunicates. The
SthMTs samples produced in Zn(II)-enriched cultures show some variations in their
speciation between them. All SthMTs rendered major Zn,-MT complexes but only
in SthMT?2 this species is unique (Figure 3.44). The rest of MTs show other
metallated-species, even glycosylated species, denoting that the stabilisation of the
peptides about the Zn-clusters is highly flexible and permits more than a unique
energetically favoured form. On the other hand, when SthMTs are bound to Cd(II),
only Cd,-MT complexes are detected (Figure 3.44).
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Figure 3.44. ESI-MS spectra at pH 7.0 of the products recovered from the Zn(II)-supplemented
cultures of (A) SthMT1 (Q*= +4), (C) SthMT2 (Q'= +3), (E) SthMT3 (Q'= +3) and (G) SthMT4 (Q'= +3)
and the products recovered from the Cd(Il)-supplemented cultures of (B) SthMT1 (Q'= +4), (D)
SthMT?2 (Q'= +3), (F) SthMT3 (Q'= +3) and (H) SthMT4 (Q'= +3).

These results are concordant to those of other MTs with 12 Cys (such as
ascidian MTs) or other 12 Cys domains (such as mammalian and invertebrate «
domain), which all of them bind four M(I) ions [32]. This behaviour denotes that
SthMTs possess strong Cd-selectivity rather than Zn-thionein features.
Additionally, the species rendered by SthMT1 and SthMT3 when synthesised in
Cu(Il)-supplemented cultures, the only isoforms that yielded valid samples, are
homometallic Cu-species (Annex 7.1.18 and 7.1.20), contrarily to the expected
heterometallic Zn,Cu-species that yield genuine Zn-thioneins. These results
reinforce the idea that SthMTs, as all the tunicate MTs studied, display a high
metal-preference towards Cd(II).

Overall, the sequence features of urochordates converge in the fact that all of

them are built around a conserved 12C domain. Additionally, this domain exhibits



high selectivity towards Cd(II) ions, which seems to be a common trait for those
marine animals [54, 78, 148]. This supports the idea that Cd(Il) concentration in

those organisms’ habitats was an important factor that drove MTs evolution.

3.4.7. Common traits in the described Cd-thioneins

The variety and abundance of the MTs presented in this section permits to state
with high robustness some of the common traits that these proteins display. The
first characteristic, and logical, trait is that all the MTs render unique Cd-MT
complexes with marked exciton coupling effects in the CD envelopes at the
expected wavelengths. These results denote that the MTs build compact and well-
structured Cd(Il) clusters, being the most and unique favourable energetic
conformation of these proteins. Secondly, all putative Cd-thioneins show
glycosylation when are produced in Zn(Il)- or Cu(Il)-enriched culture medium, some
of these glycosylated species are produced in great measure (e.g., LgiMTs, OdiMT1,
NpoMT1, etc...). This phenomenon will be discussed in the following section;
however, it is remarkable its appearance in the MTs described here. Thirdly, and
another critical point to be discussed, all the Cd-thioneins render homometallic
Cu()-MT complexes. This feature diverges from the heterometallic Zn,Cu-MT
complexes yielded by genuine Zn-thioneins and, for that reason, it becomes a
necessary checkpoint to distinguish between Zn-thioneins and the proposed Cd-
thioneins. Surely, these common traits found in putative Cd-thioneins differ to the
common traits found in genuine Zn-thioneins and as discussed in Section 3.6, they

are critical to the new proposal of classification of MTs.

3.5. Glycosylation: The Zn,S enigma

After all these years, our group has characterised the MT systems of a great
number of organisms, compiling their biochemical features [6]. To obtain a pure
and concentrated sample that reproduces the natural MT system, the proteins are
synthesised by means of the well-accepted reliable recombinant protein expression
in Escherichia coli [33]. In general, the study of MTs is based on the recombinant
production of the putative MTs using E. coli BL21(DE3) as a vector [32]. After that,
the protein is purified and characterised. Additionally, this methodology allows
the in vivo replication of the three-dimensional structures yielded by the MTs, a
handy tool considering that the same MT sequence may exhibit polymorphism in
its structure depending on the coordinating metal [2], displaying distinct
conformations. By supplementing the E. coli cultures with Zn(II), Cd(II) or Cu(II), the

native metal-MT complexes are recovered. After that, their three-dimensional



structure and metal-binding abilities towards essential (such as Zn or Cu) or toxic
transition metals (as Cd) are characterised. One of the most powerful
characterisation methods is ESI-MS [14]. The mild ionizing conditions of the
instrument permit the detection of metallated proteins (holo form) [239].
Normally, the functional native metal-MT species are identified at physiological pH
(ca. 7.0) and, complementarily, the demetallated protein (apo form) is observed at
acidic pH (ca. 2.4) [240]. At acidic pH, the thiolate groups are protonated, releasing
the bound metals and obtaining the signal of the bare protein. Through more than
30 years this group has devoted its research efforts to the study of MTs (see
Section 1.2), always applying the same methodology. Thanks to these conditions,
it has been possible to identify an intriguing peak that does not correspond to the

expected MT mass and that, eventually, has been of use for this thesis.

3.5.1. Surveying an intriguing additional mass of 162 Da

During this thesis, we have managed plenty of ESI-MS spectra of MTs and we
have realized that an important number of the MT productions exhibited, along
with the expected MT mass, an unexpected additional mass. At first, this extra peak
was detected at acidic pH and in proteins recovered from Zn(Il)-supplemented
productions. Applying maths, since there was no other metal combination that
matched that additional mass, we considered for a long period that the most
plausible option was an unusual resistant Zn.,S cluster (~160 Da). This formation is
very uncanny, but it was proved that sulphide labile ligands aided in the stability
of the metal clusters of those MTs loaded with non-cognate metal ions (Section
3.2). Besides, these species were precisely found in protein productions that
rendered a mixture of metal-MT complexes and the presence of sulphide ligands
was not a surprising fact.

The trigger that made us consider this an intriguing phenomenon was that in
all the ESI-MS experiments performed at pH 2.4 (when all the metal is normally
released) the separation between apo and the extra peak was always of 162 Da,
independently of the MT studied. This was observed for almost all the MTs, no
matter their molecular weight. Certainly, the first impression was that these peaks
might be some residual metallated-MT species at pH 2.4. However, in those cases,
PH was lowered till 1.0 to release the most resistant metal clusters. Despite this
extreme pH, the additional mass was still detected, suggesting that these extra 162
Da corresponded to a moiety covalently bound to the protein. From that moment
onwards we called this extra mass Apo’, since it was an apo form that did not

correspond to our MT of interest.



As mentioned, it was only detected in MT productions obtained under Zn(II)-
surplus, although later it was found in those productions supplemented with
Cu(Il), as well. Extraordinarily, on one occasion, a production supplemented with
Zn(Il) did not show this peak but it did after repeating the production (Figure 3.45).
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Figure 3.45. ESI-MS spectra measured at pH 7.0 of the Zn-PbrMT1 (A) first production (Q'= +5), (B)
second production (Q'= +5) and (C) third production (Q'= +5). Asterisks (*) mark those metallated
species built by Apo’. Only the first production did not show Apo’ metallated species as an

exceptional case.

Since this extra mass did not depict a metalated form of our MT, a cleavage
error of the thrombin during the purification process was considered, adding extra
amino acids to the MT. This hypothesis was discarded for two reasons: (1) the only
possible amino acid whose molecular weight is close to 162 is tyrosine (163.2 Da
once is bound to the protein, and a molecule of water released during the peptide
bond formation). This amino acid is not included in the plasmid design of any of
the MTs characterised, for this option was rejected. (2) Some of the ESI-MS spectra
show extra apo’ (i.e.,, apo”, apo’”’,...), all of them separated by 162 Da between
adjacent peaks (Figure 3.46). Thus, a certain mass of ca. 162 Da is being
sequentially attached to the protein, which definitely discards an error during the
cleavage, since there are no designs of consecutive tyrosine residues. Interestingly,
numbers are concordant if this moiety is a carbohydrate, a hexose of empiric
formula C;H,,0; and 180.1 Da of molecular weight. When the hexose (180.1 Da) is
attached to the protein, a water molecule (18 Da) is released, and the glycosylated

MT final weight is increased in 162.1 Da.
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Figure 3.46. ESI-MS spectrum at pH 2.4 of Zn-LgiMT1 (Q‘= +7) production. It is observable that the
highest peak corresponds to Apo and the successive peaks correspond to Apo with additional
M=162 Da.

3.5.2. Proposing glycosylation as a justification of the extra mass

Apparently, with this data on the table, the most plausible hypothesis about
this extra mass is that the protein is being glycosylated. Glycosylation is one of the
most common posttranslational modifications in proteins, which is known for the
covalent union of a glycan to the lateral chain of an amino acid of a protein [241].
Despite that E. coli BL21(DE3) has been considered a reliable tool to synthesise
recombinant proteins due to the minimal interference of the bacteria into the
heterologous protein [242], in this chapter it is stated that this strain is able to
glycosylate - and glycosylates - the MTs studied in this thesis.

Historically, glycosylation has been attributed to eukaryote realm, however,
nowadays it is well accepted that this process occurs in archaea [243, 244] and
bacteria [245, 246] as well. In fact, numerous cases report that exists glycosylation
machinery and glycosylated proteins in bacteria [247], most of them related to
pathogenic bacteria, which present glycosylated proteins on their surface to
enhance their adherence to the host cell [248, 249]. At any rate, the findings in the
data presented in this thesis will reconsider our current insights into the abilities
to glycosylate of E. coli BL21(DE3).

3.5.3. Demonstrating that the MTs are glycosylated

The determinant experiment to elucidate whether we have sugar in the sample
or not has been Enzyme-linked lectin assay (ELLA) experiments, which have been
performed to detect if there are possible glycosylated proteins and which
carbohydrates are attached. These experiments have been performed in
collaboration with Pr. José Manuel Dominguez from Universidad de Granada.
Proteins with a high specificity for sugars (lectins) are used in this procedure. In

this case, tests were performed for galactose, mannose and fructose using PNA
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(peanut agglutinin), ConA (Concavalin A) and UEA (Ulex europaeus agglutinin) to
detect, respectively, those carbohydrates. A total of 19 MTs samples were
blind-measured: six produced with Zn(Il), five with Cd(II) and eight with Cu(l).
Proteins produced in Zn(II) or Cu(ll)-enriched medium tested positive for some of
the carbohydrates (Table 3.2). In some cases, the concentration of protein was so
low that carbohydrate was undetectable. However, some of the proteins did test
positive and, therefore it was confirmed that the proteins are glycosylated. For that
reason, from now on, Apo’ and the metallic complexes formed by this modified
protein will be named Apo* or M,*.

Table 3.2. Summary of the ELLA experiment results. Samples have been grouped by the metal

supplemented in the synthesis. “X” marks the presence of any of the three hexoses studied in the

sample.
Metal-binding Metal
Galactose
I A
Cd-th alfaNpoMT1-Cd
Zn-th NpeMT1-Cd
Cd-th Cd LgiMT2-Cd
Zn-th Cd FcaMT1-Cd
Cu-th Cd Mperl-Cd
Cd-th Cu alfaNpoMT1-Cu
Cd-th Cu gammaLgiMT2-Cu
Zn-th Cu FcaMT1-Cu
Zn-th Cu NpeMT1-Cu X
Cd-th Cu CroMT1-Cu
Cu-th Cu CaCuMT-Cu X X X
Cu-th Cu HpCuMT-Cu
Cu-th Cu mMT3-Cu X
Cd-th Zn alfaNpoMT1-Zn X X X
Cd-th Zn LgiMT2-Zn X X X
Zn-th Zn FcaMT1-Zn X X
Zn-th Zn NpeMT1-Zn X X X
Cu-th Zn mMT3-Zn
Cu-th Zn Mperl-Zn X

As observed in Table 3.2, most of the positive cases come from the Zn-
supplemented samples. Those samples, along with the Cd(Il)-supplemented ones,
are the most concentrated and, therefore, the detection of glycosylated species, if
any, has been possible. These results demonstrate that Cd(Il)-enriched cultures do
not yield glycosylated species, while Zn(Il)- and Cu(ll)-supplemented cultures do,
independently of the MTs’ metal-binding abilities.

3.5.4. Characterisation of Escherichia coli glycosylation

After ensuring that the additional mass found in the proteins is a hexose, it is
convenient to learn about the glycosylation machinery of E. coli BL21,
characterising its most important features (i.e., type of substrate used, attachment
process and substrate-MT bonding).



Clearly, the experimental conditions under which recombinant production
occurs are key to explain how proteins are glycosylated. A simple experiment in
which the only change is the supplemented carbohydrate of the bacterial cultures
allows to learn the limitations of the glycosylation machinery with regards to the
substrate. Therefore, the culture medium in which the bacteria grow has been
changed, using a minimum medium with glycerol instead of the usual LB medium,
which contains carbohydrates and amino acids. The results show no
posttranslational changes or additions of any kind of carbohydrate (Figure 3.47).
Glycerol, which contains three carbons, requires many more steps to be
transformed to hexoses, as the ones detected in glycosylated proteins. This
experiment demonstrates as well that glycosylation is a biological process that
occurs during protein production and not a product of purification or any artefact
of the techniques used during characterization. Additionally, the results
demonstrate the inability of E. coli to glycosylate proteins when the substrate is
glycerol.
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Figure 3.47. ESI-MS spectra measured at pH 2.4 of LgiMT2 produced in (A) LB culture supplemented
with Zn(II) (Q'= +7) and (B) in minimum media with glycerol supplemented with Zn(II) (Q'= +7).

Returning to the spectrometric data, all the mass spectra exhibited the same
pattern: Apo has a higher intensity than Apo*, which in turn is more intense than
Apo** and so on (Figure 3.46 and 3.47). Although the intensities of the m/z values
do not depend only on the concentration of the species, but also on the ionisation
efficiency of the protein [250, 251], it can be considered that the most abundant
species is the non-glycosylated species, the second most abundant is the mono -
glycosylated, etc., since the relationship between intensities remains constant in
different proteins with different properties. Having clarified that, it has to be
highlighted that, in glycosylation, there are two ways for which carbohydrates can
be bound to the protein: (1) en bloc, in which carbohydrates are first attached to a
carrier lipid (LLO) and then transferred from the lipid to the peptide as a block
[252] or (2) sequentially, in which the carbohydrate is directly bound to the protein



by successive additions of the monosaccharide, using the enzymes
glycosyltransferases (GT) [253]. The fact that consecutive Apo*, Apo**, etc. species
are detected, and that the mono-glycosylated species is more abundant than the
di-glycosylated and so forth, makes the sequential addition the approach that best
fits in our system. A block addition would cause the union of the same number of
monomers in every case or, at least, the pattern of abundancy of the species would
vary between samples.

Another feature of glycosylation machinery to characterise is the type of bond
that sugars form with the peptides. The two most common enzymatic pathways to
bind carbohydrates into proteins are those that bind to asparagine (N) residues (N-
linked glycosylation) and to serine (S) or threonine (T) residues (O-linked
glycosylation) [254, 255]. To detect which kind of bond was occurring in our
system, Zn-LgiMT?2 was digested with trypsin (Section 5.2.6), that preferentially
cleaves at the carboxy group of Lys and Arg [256]. Considering the biochemical
features of trypsinisation, the following table shows the theoretical fragments

obtained from this procedure:

Table 3.3. Theoretical products of trypsinisation. “Mass” column exposes the theoretical mass of the
non-glycosylated form of the fragment, while “Mass*” displays the molecular weights of the

glycosylated forms of the fragments.

Mass (Da) Mass* (Da) Fragment Peptide sequence
2371.71 2533.81 22-45 SCCDTGPADCCKPGNKPDCCAPGK
1678.92 1841.02 50-67 CSGTCACGVGCTGVDNCK
1323.55 1485.65 8-19 ASCCIAEYECCK

861.98 1024.08 68-76 CGAGCSCFN
725.79 887.89 1-7 GSMSSEK

With this experiment, it was intended to elucidate whether the glycosylation
was either N- or O-bonded. Only a fragment that contains either Ser and Thr
residues or Asn, but not both, would permit to extract any information about this
bonding. However, the only fragments obtained from the digestion that were
detected by the ESI-MS conditions used were fragment 22-45 and 8-19 (Figure
3.48).



Intens.] M5, 1.2-1.7min #70.99
22-45 mm

0y
04l 593.2323
x104

2.0 Q+4 Q+2
8-19

661.7478 +3
15 Q

22-45 +
789.9703 Q"
22-45*

8453121

1.0+

Q+4
22-45*

633.2431

0.5
680.7233 7253132

699.6982
L Ll AA
LS

T
550 600 650 700 750 800 850 mz

861.2803

538.2994 883.2655

0.0

Figure 3.48. ESI-MS spectrum performed at pH 2.4 of Zn-LgiMT2 production. Q™ indicates the charge

state of the species.

It was clear that the longest fragment was glycosylated, as observed these
modified species at different charge states, unluckily, this fragment contains both
types of amino acid, for it was not possible to discern whether there is N- or O-
glycosylation in this system. Thus, this feature of our glycosylation system could
not be elucidated. It is necessary to continuing studying and using more accurate
methods, such as using N-glycosidase [257], to understand better this

characteristic.

3.5.5. Cadmium inhibits glycosylation

Intriguingly, and as it has been stated above (Section 3.5.1), the presence of
glycosylated species is only detected in productions supplemented with Zn(Il) or
Cu(Il) (Figure 3.49). These glycosylated species are easier to detect on the proteins
obtained from Zn(II)-enriched productions because Zn(Il) ions exhibit less affinity
for thiolate groups than Cu(l) ions [94]. Therefore, Zn(Il) is exchanged by protons
easily at low pH and the resultant mass spectra of these productions at these
conditions are clearer and less crowded. However, it is certain that none of the
proteins obtained from cultures supplemented with Cd(II) display glycosylation,

suggesting that glycosylation is a metal-dependent process.
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Figure 3.49. ESI-MS spectra measured at pH 2.4 of aNpoMT1 fragment products synthesised in (A)
Zn(I)- (Q*= +5), (B) Cd(I)- (Q*= +6) and (C) Cu(Il)- (Q*= +4) enriched cultures. Glycosylated species

are marked with an asterisk and coloured red.

After more than 22 MT sequences characterised three times, once for each
metal supplemented, during this PhD thesis, none of the products obtained from
Cd(II)-enriched cultures rendered glycosylated species at a detectable level, while
all of the proteins (except two cases) synthesised in Zn(Il)-supplemented cultures
displayed glycosylation in some degree. These significant differences in the
glycosylation activity and the fact that Zn(Il) and Cd(Il) are chemically similar
substances, suggests that Cd(Il) might be interacting with a Zn(Il)-dependant
enzyme [105]. After some bibliographic research, two metalloproteins involved on
glycosylation that can explain why only some MT productions render glycosylated
species were found. First, glycosyltransferases (GT) enzymes are proteins that
catalyse the union of the saccharide with the protein. Although, there are many GT
isoforms, most of them use Mn(Il) to stabilise their native structure [258] and an
interaction with Cd(II) would not be probable. However, nucleotidyltransferase, an
enzyme that activates monosaccharides by adding two nucleoside
monophosphates [259], is crucial to GTs, that need an activated substrate to
perform their function. Bacterial nucleotidyltransferases (Protein Data Bank ID:
1GUQ) are metalloproteins that catalyse the synthesis of UDP (uridine
diphosphate)-glucose or UDP-galactose and, more importantly, their native
structure is stabilised with a Zn(Il) ion [260], for Cd(II) ions potentially interact with

this site. Therefore, it is evidenced that the recombinant synthesis render



glycosylated species and that this posttranslational process can be switched by
Cd(II) ions.

3.5.6. Glycosylation relies on MTs flexibility

Another experiment performed to demonstrate that glycosylation is a metal-
dependant process consisted in studying glycosylation intensity at different
concentration levels of Zn(Il) supplementation. Thus, culture media were
supplemented at the Zn(Il) concentration usually employed in our studies (300 pM),
at the same Zn(II) concentration as the intracellular levels (100 pM) [261], and
without Zn(I) supplementation (0 pM). The first two conditions rendered
equivalent species, ensuring that maintaining the intracellular levels of Zn(Il) is
enough to build the same metal-MT complexes than with an excess of metal.
Interestingly, the sample obtained from the biosynthesis without supplementation
showed different, yet enlightening, results from the other two conditions (Figure
3.50). Without metal supplementation, the glycosylation machinery is still active
and there are modified proteins in the sample (Figure 3.50E). However, since Zn(II)
levels are too low, MTs are not fully loaded of metal. One of the most remarkable
features of this synthesis is that the glycosylated species increase their intensity
ratios in comparison to Apo (Figure 3.50F). This increment of glycosylated species
leads to an important postulation: the glycosylation machinery is more active in
labile protein configurations in which potentially “glycosylable” amino acids are
exposed to this machinery. MTs’ three-dimensional structure gain stability when
are in association with metals, in fact, MTs only display a defined tertiary structure
in this situation [2]. Therefore, a strong, well-structured cluster stabilises the
backbone folding and, therefore, the metal-MT complex loses flexibility, hindering
the action of the glycosylation enzymes. This is exactly what occurs in the
preparation of Zn-MT complexes of genuine Zn-thioneins, in which the samples
barely show detectable levels of glycosylation. In contrast, some Zn-MT complexes
obtained from the non-supplemented cultures are semi-loaded (Figure 3.50E) and,
structurally incomplete, so their highly mobile and flexible polypeptide chain is
prone to be modified and the glycosylation rate in this sample is very high.
Likewise, putative Cd-thioneins show very labile Zn-MT complexes and, thus, very
flexible backbone chains, which provokes similar results to those obtained from
the non-supplemented cultures. Taking advantage of this feature, it is possible to
determine the robustness of a metal-MT complex and its cluster by detecting
glycosylated species in the sample.
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Figure 3.50. ESI-MS spectra of the products of the synthesis of LgiMT2 under three different Zn(II)
concentrations: 300, 100 and 0 pM. ESI-MS measured at pH 7.0 (A (Q'=+5), C (Q'= +4) and E (Q'=
+5)) and at pH 2.4 B (Q'=+7), D (Q'= +7) and F (Q'= +7)).

3.5.7. Glycosylation affects metal-binding of MTs

The initial drawback of discovering that our samples contained glycosylated
proteins has become nowadays into an important hint when characterising the
metal-binding abilities of MTs, as it can be used to ascertain their Zn-, putative Cd-
or Cu-thionein behaviour. Firstly, as mentioned before, unstable clusters are more
susceptible to be glycosylated than the well-structured ones. This is very
interesting since genuine Zn-thioneins, although they render glycosylated species,
they do it in very low amounts. More importantly, and connecting with the next
point, the speciation of genuine Zn-thioneins is not affected by glycosylation when
synthesised in Zn(Il)-supplemented cultures. Considering Figure 3.51, which
depicts a genuine Zn-thionein and a putative Cd-thionein produced in Zn(II)-
supplemented cultures with and without glycosylated species in the sample, two
features are observed: (1) non-glycosylated species of genuine Zn-thioneins remain
equal whether the sample contains glycosylated species or not (Figure 3.51A and
B), while the speciation of putative Cd-thioneins is affected by glycosylation,
displaying different metal-MT complexes in each situation (Figure 3.51C and D).



(2) glycosylated-MTs render heterogenous species that normally cope with less
metal ions than the non-glycosylated ones. The first feature is a reliable trait to
distinguish Zn-thioneins from putative Cd-thioneins and it should be adopted as a
new characterisation method to classify MTs by their metal-binding abilities (vida
infra). As for the fact that glycosylated proteins cope with less metal ions than
non-glycosylated-MTs, it could be used to study MTs’ metal-binding abilities if it is
considered that glycosylation is affecting essential amino acids that stabilise the
metal cluster. Surely, as a future perspective, directing glycosylation to specific
amino acids would help to determine whether those residues intervene in metal

coordination or not and provide new insights into MTs and metalloproteins

biochemistry.
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Figure 3.51. ESI-MS spectra measured at pH 7.0 of NpeMT1 (Zn-thionein) and LgiMT2 (Cd-thionein)
synthesised in LB medium containing glucose (A (Q'= +4) and C (Q'= +5)) and in minimum medium
containing glycerol (B (Q'= +4) and D (Q'= +5)). The first medium promotes glycosylation, while the

latter avoids it. Glycosylated species are marked with an asterisk (*).

Finally, a last feature of glycosylation was deduced from the results. If
glycosylation, as demonstrated, depends on the stability of the metal cluster (as
Zn-MT complexes of genuine Zn-thioneins are less affected than putative Cd-
thioneins by glycosylation), this glycosylation occurs after metal-binding.
Otherwise, Zn-MT complexes of genuine Zn-thioneins would not render the same
species in glycosylating and non-glycosylating conditions, since, as mentioned
before, glycosylated MTs cope with less metal ions than non-glycosylated MTs.



3.5.8. Final remarks of glycosylation

From the data compiled along all these years characterising MTs, it has been
thoroughly detailed how E. coli glycosylation machinery works. All the data
gathered in this section permitted to build a manuscript to be published (Annex
7.3.8: Manuscript 1). In this section, it has been demonstrated that the additional
peaks found in the MS spectra correspond to glycosylated MTs that include
hexoses to their sequence. After that, some experiments allowed to characterise
the glycosylation process occurring in this system. First, by changing the substrate
of the cultures, it was demonstrated that this glycosylation was a biological process
rather than an in vitro modification, nor an experimental artefact. Moreover, it has
been assured that there is a sequential addition of hexoses by means of a
glycosylation machinery dependent of Zn(II), which is affected by Cd(II), inhibiting
its activity. Thanks to glycosylation, it has been possible to study the metal-binding
abilities of MTs, proposing a new characterisation method to distinguish between
Zn- and putative Cd-thioneins. As a final fact, this is actually a shocking finding
that provides new insights into recombinant production of proteins, since

glycosylation was not expected to occur in this technique till now.

3.6. A new MT classification proposal

MTs functionality is still a topic of debate [85, 262]. The importance of finding
this function lies on the necessity of locating a common evolutionary origin that
connects all MTs across the phyla, defining “metallothionein” concept and
understanding their function. Two features provide essential information of MT
functions: the metal-binding capabilities of MTs and the affinity of the protein for
these metal ions. As explained in Section 1.1.4, our group developed a functional
classification based on the metal-binding abilities of MTs [13], separating them
between genuine Zn-thioneins (high preference and specificity to bind Zn(II) metal
ions) and genuine Cu-thioneins (extreme affinity to Cu(I) metal ions). Recently, it
was demonstrated that Cd(II) drove mollusc MTs evolution [210]. This postulation
was the starting point of this thesis, proposing a new classification scheme in
which the putative Cd-thionein behaviour is independent from the Zn-thionein one.
In this section it is compiled and synthesised the specific features of all the MTs
studied in this thesis that are grouped into three metal-binding behaviours: Zn-
thioneins, putative Cd-thioneins and unspecific MTs. Genuine Cu-thioneins are not
included for two reasons: none of the MTs reported in this thesis present this

behaviour and the differentiation between Cd/Zn-thioneins and Cu-thioneins was



extensively reported by our group in the past, so we decided to focus on the
distinction between Zn- and Cd-thioneins.

3.6.1. Comparison of Zn- and Cd-thioneins metal-binding abilities towards
Zn(Il) ions

The analogous physicochemical properties of Zn(II) and Cd(II) entails that some
MTs react similarly to these two ions (i.e., equivalent selectivity and metal affinity).
For that reason, during a period of time, Cd-MT complexes have been considered
protein models of Zn-thioneins and led our group to think about a dichotomic
functional classification of MTs. Therefore, in this thesis, some MTs proposed in
different groups might exhibit similar metal-binding behaviour towards Zn(Il) and
Cd(I) but the key to separate them is in their differences. When it comes to bind
Zn(Il), Zn-thioneins and some Cd-thioneins share metal-binding features, rendering
unique Zn-MT complexes. As mentioned, Zn(Il) and Cd(II) are chemically equivalent,
coordinating to the MTs as divalent ions. The principal difference between both
ions is their radius. Thus, a flexible MT with high preference for divalent metal ions
might render similar structures for both Zn(Il) and Cd(Il) metal ions, such is the
case of NpeMTs, FcaMT1l, HroMTs or AvuMT1 (Table 3.4). However, those
polypeptide sequences whose amino acids features restrict their movement and
cannot adapt to the distinct sizes of Zn(Il) and Cd(II) are unable to render unique
species for both metal ions. For example, Cd-thioneins that clearly do not exhibit
Zn-thionein behaviour, rendering mixtures of Zn-MT complexes when synthesised
in Zn(Il)-supplemented cultures, such as CroMT1, LgiMTs, NpoMT1, OdiMT1 and
SthMTs (Table 3.4).

Then, all Zn-thioneins render unique Zn-MT complexes, as well as some Cd-
thioneins. On the other hand, there is a group of Cd-thioneins that yield a mixture
of Zn-MT complexes, denoting poor affinity towards this metal. This first
difference allows to distinguish between extreme Zn-thioneins and extreme Cd-

thioneins and confirms the existence of this new metal-binding behaviour.



Table 3.4. Summary of the MT isoforms studied in this thesis classified by their metal-binding
behaviours (blue, Zn-thioneins; yellow, Cd-thioneins; red, unspecific MTs; white, not enough data)
and the properties detected during their characterisation (unique species with Zn(II), Cd(II), or Cu(I),
glycosylation modifying speciation, labile sulphide ligands in Cd(II)-MT productions and hetero- or
homonuclear properties of the Cu(I)-MT productions). OdiMT2 (nor their partial constructions) are

not sorted in any metal-binding behaviour due to the lack of data.

Metal-binding behaviour Results characterisation
Protein Zn-th | Zn/Cd-th | Cd-th | Cu-th | Unspecific Zn unique Cd unique | Cu unique | Zn-glyco | Cd-S Hetecr:;lzu:lear Homocnuuclear
AVMT1 X X X X X
BsMTR4 X X X X X
CaCuP1 X X X X
FcaMT1 X X X X X
S8FcaMT1 X X X X
NpeMT1 X X X X X
HrMT1 X X X X X
HrMT2 X X X X X
LgiMT1 X X X X
LgiMT2 X X X X
yLgiMT2 X X X X
NpoMT1 X X X X
aNpoMT1 X X X X
NpeMT2 X X X X X
BNpeMT2 X X X X X
0dimMT1 X X X X
CroMT1 X X X X
SthmT1 X X X X
SthmT2 X X X
SthMT3 X X X X
SthMT4 X X X
AVMT2 X X X X
PbrMT1 X X X X
PbrMT2 X X X X
BLIMTL | X X X X X X
0diMT2.1 X
0diMT2.2 X
0diMT2

Another feature worth to mention is the yielding of glycosylated species.
Glycosylation has been a phenomenon that has permitted to understand better the
synthesis and construction of the metal-MT complexes and, vice versa, metal-MT
complexes have permitted to understand glycosylation mechanism. For what
concerns to this section, glycosylation is of use to detect highly labile complexes.
All the examples of putative Cd-thioneins synthesised in LB medium supplemented
with Zn(Il) salts exhibit glycosylation (Section 3.4). The metal-binding of these
glycosylated proteins is affected by the attached carbohydrates, modifying the
speciation of the sample (Section 3.5.7). This causes that non-glycosylated species
render complexes with less metals than expected and this is easily detected by
ESI-MS. In contrast, Zn-thioneins exhibit very low amounts of glycosylated species
when synthesised in Zn(Il)-enriched media and, more importantly, the
metal-binding capacity of non-glycosylated species is not affected by glycosylation.
Therefore, the biochemical properties of the different kinds of MTs that makes



them prone to be glycosylated in some measure is another differential trait

between Zn- and Cd-thioneins worth to be considered.

3.6.2. Comparison of Zn- and Cd-thioneins metal-binding abilities towards
Cd(ll) ions

Despite the high variety of MTs of different species studied in this PhD thesis,
most of them belonged to molluscs or urochordates. Curiously, the respective
archetype MTs of these two evolutive groups exhibited more Cd-selectivity than
Zn- or Cu-thionein behaviour (Annex 7.3.6: Article 6, and Ref. 210), and most of
the MTs presented in this thesis evolved from these two archetypes, therefore, it
is understandable that the metal-binding behaviours found are very similar. This
explains that most of the proteins characterised rendered unique Cd-MT
complexes when synthesised in Cd(II)-enriched culture media, even if they
exhibited Zn-thionein behaviour. However, most of the genuine Zn-thioneins still
show preference to Cd(Il) in some extension. As reported by our group [13], Zn-
thioneins might render in vivo hybrid Zn,Cd-MT complexes but in this thesis, this
case has not been found. All the MTs considered Zn- or Cd-thioneins (except
CaCUP1 and 8FcaMT1) have rendered unique Cd-MT complexes in this thesis (Table
3.4), for this feature is not informative to distinguish between these two
behaviours. However, this feature has been handy to understand that it exists a
gradation between extreme Zn-thioneins and extreme Cd-thioneins, as there is a
gradation between extreme Zn-thioneins and extreme Cu-thioneins [13]. In this
case, the intermediate feature that locates an MT between Zn- and Cd-thioneins is
their unique speciation with both Zn(Il) and Cd(II) ions. Therefore, the determinant
factor to distinguish between genuine Zn- and putative Cd-thioneins is their metal-

binding capabilities towards Cu(l).

3.6.3. Comparison of Zn- and Cd-thioneins metal-binding abilities towards Cu(I)
ions

This section shows one of the most helpful metal-binding features to
distinguish between Zn- and Cd-thionein behaviours. Cu(I) chemistry differs with
that of the previously assayed divalent metal ions Zn(Il) and Cd(II). For that reason,
MTs show more differences in their metal-binding towards Cu(I) than to Zn(II) or
Cd(I). As most of the MTs in this thesis exhibit Zn- or/and Cd-thionein behaviour
and considering the physicochemical differences between these elements, it is not
strange finding that these proteins well adapted to bind divalent metal ions render

a mixture of species when synthesised in Cu(Il)-supplemented cultures. None of



the MTs studied rendered unique Cu-MT complexes and this should be marked as
one of the main characteristics of Zn- and Cd-thioneins. After pointing this, it
should be clarified that the MTs of these two divalent metal-binding behaviours
yield different complexes when synthesised in Cu(Il)-supplemented cultures. From
one side, Zn-thioneins render heterometallic Zn,Cu-MT complexes, using Zn(Il) ions
from the inner medium of the cell to stabilize the metal cluster. This phenomenon
was already observed [13] and has been an essential feature during
characterisation to verify Zn-thioneins. From the other side, Cd-thioneins render
homometallic Cu-MT complexes. This feature differs from the Zn-thioneins one,
denoting that Cd-thioneins do not exhibit preference to Zn(Il), since this metal ion
is not used as structural ion in the Cu-MT complexes formation. This fact has been
used as a determinant factor to stablish whether a MT exhibits more Zn- or Cd-
thionein behaviour. A final point to mention is, once again, glycosylation. As
neither Zn- or Cd-thioneins render stable complexes with Cu(l), glycosylation
machinery acts and glycosylates part of the complexes. Glycosylated Cu-MT
complexes of these proteins are harder to characterise than Zn-MT complexes,
mainly, because Zn-MT complexes are demetallated at pH 2.4 and because Cu-
samples render much more species that hinder the detection of glycosylated
species by ESI-MS.

3.6.4. Final remarks on the proposal of a new scheme of MT classification

Along the last sections the principal features of Zn- and putative Cd-thioneins
when binding Zn(II), Cd(Il) or Cu(I) have been described. There are important
differences between these two metal-binding behaviours, especially when binding
Zn(II) or Cu(I). For that reason, it can be stated that Zn- and putative Cd-thionein,
although similar, are different metal-binding behaviours and the current
dichotomic MT classification should be updated to a three-branch MT
classification, adding Cd-thioneins as an independent metal-binding behaviour.
During this process of evaluation, additional traits in the metal-binding abilities of
the MTs have been observed and should be considered. For example, the fact that
some putative Cd-thioneins render unique Z7Zn-MT complexes but not
heterometallic Zn,Cu-MT complexes suggests that there are intermediate metal-
binding abilities between Zn- and Cd-thioneins behaviours. Although some MTs
build nice metal complexes with divalent metal ions, their polypeptide sequence
does not include Zn(II) ions in the Cu(l) metal clusters, denoting less dependence
or preference for these metal ions than genuine Zn-thioneins. These intermediate

steps have been observed in the first classification proposal as well. Not only an
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extreme Zn- or Cu-thionein behaviour was proposed but several intermediate

behaviours whose metal-binding abilities gradually jump between both states.

Importantly, the chemical similarities between Zn(Ill) and Cd(II) makes usual to

encounter many MTs that display an intermediate Zn/Cd-thionein behaviour. Last,

it should be mentioned that a key criterion to determine whether a protein displays

more of one metal-binding behaviour, or another is the levels of glycosylation

found in the sample, which indicates the lability of the metal clusters.

The following table summarises the features of Zn- and the novel Cd-thioneins

proposed in this PhD Thesis:

Table 3.5. Comparison of the features of the products rendered by genuine Zn-thioneins and genuine

Cd-thioneins.

Genuine Zn-thioneins

Genuine Cd-thioneins

Render unique Zn(I)-MT species
when synthesised in
Zn(ID)-enriched media

Might yield heterometallic Zn,Cd-MT
complexes when produced in
Cd(II)-supplemented E. coli cultures
Are reluctant to in vitro exchange
Zn(1l) by Cd(1I)

Mixture of heterometallic Zn,Cu-MT
species when recombinantly
synthesised in Cu(Il) supplemented
media (process dependent on the
oxygenation degree of the culture)
Speciation of the Zn(II)-MT
complexes not affected by

glycosylation

Render mixtures of Zn(I[)-MT
complexes when produced in
Zn(II)-supplemented media
Yield unique Cd(II)-MT complexes
from the biosynthesis in
Cd{I)-enriched E. coli cultures
No resistance to fully exchange
Zn(Il) by Cd(I) in vitro
Mixture of homometallic Cu-MT
species when biosynthesised in
Cu(Il)-enriched media
(independently of the oxygenation
degree of the culture)
Glycosylation do affect the
speciation of the Zn(II)-MT

complexes






4. CONCLUSIONS







4. Conclusions

The results achieved in this PhD thesis have permitted to reach some
conclusions, which are exposed next, following the same order as the partial
objectives were proposed in Section 2. The answer to the main objective
(questioning whether the current MT classification is nowadays still valid) is stated

at the end of this section after considering all the achieved partial conclusions.
1. Metal-binding features of different mollusc MTs

e The evolutionary study and biochemical characterisation of the ten new MT
isoforms of different Mollusca phylogenetic groups have permitted to
understand better how mollusc MTs evolved and, thus, the MTs functionality
along the evolution of these organisms.

e The results obtained from both in vivo and in vitro conditions show that mollusc
MTs display heterogeneous, although marked, metal-binding features towards
Zn(Il), CddI) or Cu(l) ions. This heterogeneity in their biochemistry confirms
mollusc MTs as a suitable model for this study.

e Three different coordinating capabilities have been detected from the studied
mollusc MTs: high specificity for Zn(Il) ions, high preference for Cd(Il) ions and
unspecific metal-binding preference for any of the metal ions explored.

e All except two of the mollusc MTs explored rendered a unique well-structured
M(II)-MT species with at least one of the two divalent metal ions (Zn(Il) or Cd(Il)),

denoting a great relevance of these ions in the mollusc MTs’ evolution.
2. Metal-binding abilities of the independent mollusc MT domains

e The characterisation of new MTs of unexplored mollusc phylogenetic groups
revealed a new functional domain of 10 Cys residues in Patellogastropoda
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named y domain (Section 3.4.1). and one of 14 Cys residues in Caudofoveata
called § domain (Section 3.3.3).

e The characterisation of the independent sequences of mollusc MT domains: a
(11/12 Cys), B (9 Cys), y (10 Cys) and 6 (14 Cys), demonstrated that these
domains fold and form metal clusters autonomously.

e Mollusc domains possess metal-binding preferences that resemble to those of
the entire sequences, which in most of the cases show either a Zn(ll)- or a
putative Cd(Il)-thionein behaviour, each independent module providing with
specific metal-binding traits to the whole protein.

e Mollusc MTs are compartmentalised structures in which each module possesses
specific metal-binding affinities. This is exemplified in LgiMTs in which each

domain has different susceptibilities to pH variations (Section 3.4.1).
3. Metal-binding abilities of Ascidiacea, Thaliacea, and Appendicularia MTs

e The evolutionary study and biochemical characterisation of ten new MTs
including at least one representative MT of all Tunicata phylogenetic groups
has permitted to understand better how tunicate MTs evolved and, thus,
contribute with new insights into the evolutive origin of chordate MTs.

e The results obtained from both in vivo and in vitro conditions show that tunicate
MTs, in contrast with mollusc MTs, display homogeneous metal-binding
features towards Zn(Il), Cd(II) or Cu(l) ions.

e All tunicate MTs are constituted by 12C domains, multiple 12C domains or a
combination of a 12C and a 12C domain variation, demonstrating that the MTs
of this phylogenetical group lost the 9 Cys domain that the sister groups of
tunicates (cephalochordates and vertebrates) possess.

e The prototypical ascidian/thaliacean MT (unique 12C domain) and the
appendicularian MT (12C+t12C domains) render unique well-structured
CdID-MT and Cddl)-MT complexes, respectively, when synthesised in
Cd()-enriched E. coli cultures, reproducing equivalent metal clusters as
vertebrates a domains and vertebrates af MTs. In contrast, most MTs yielded a
mixture of Zn(Il)-MT species in the productions supplemented with Zn(Il) salts.
This clearly marks a predominant tendency in the biochemical traits of the
prototypical tunicate MTs towards a Cd-selectivity.

e The evolutionary studies also revealed that the enormous multi-modular
OdiMT?2 and BscMT1 are composed by repetitive units whose sequences are

well-aligned with each other.
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e The biochemical characterisation of the studied multi-modular MTs revealed
that each repetitive unit forms an independent metal cluster and, thus, OdiMT?2
and BscMT1 cope with as many metal ions as the number of repetitive units

they contain and the coordinating capacity of each module.

4. Sorting all the characterised MTs into the two existing metal-binding behaviours

and the newly proposed one.

e Thanks to the newly proposed classification, the 21 MT sequences characterised
in this PhD thesis have been sorted in three groups, considering three
distinguished metal-binding preferences towards Zn(Il), Cd(Il) or Cu(l) ions: 4
MT sequences have been classified as Zn-thioneins, 15 as putative Cd-thioneins,
2 as non-specific MTs and none as Cu-thionein.

e All the MTs classified as Zn-thioneins yielded unique and well-structured
Zn(I)-MT complexes, major Cd(Il)-MT species with possible presence of minor
species and, importantly, mixture of heterometallic Zn,Cu-MT complexes.

e The putative Cd-thioneins rendered mixtures or unique Zn(ll)-MT species,
always a unique and well-structured Cd(II)-MT complex and, importantly,
mixtures of homometallic Cu-MT species, contrasting with the Zn-thioneins.

e The two non-specific MTs displayed none of the specific traits of the other two

groups nor the relevant traits of the genuine Cu-thioneins.
5. Towards an updated functional MT classification

e Zn-thioneins and putative Cd-thioneins extremely differ in their in vivo metal-
binding behaviour towards Cu(l) ions, ie., Zn-thioneins always render
heterometallic Zn,Cu-MT complexes and Cd-thioneins Yyield homometallic
Cu-MT species.

e Several putative Cd-thioneins showed a unique metal-binding behaviour by
rendering samples with a mixture of Zn(Il)-MT species when synthesised in
Zn(Il)-enriched culture media.

e Despite that none of the MTs characterised here could be regarded as a
Cu-thionein, leaving no possible experimental comparation with the rest of
metal-binding behaviours, the results obtained in this PhD thesis have permitted
to separate the “genuine Zn/Cd-thioneins” class into two new classes: “genuine
Zn-thioneins” and “genuine Cd-thioneins”.

e Those Zn- and Cd-thioneins that rendered both unique well-structured Zn(Il)-
and Cd(II)-MT complexes, and only differed in the hetero- or homometallic

nature of their Cu(l) complexes, permitted to realise that there is a stepwise
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gradation between genuine Zn- and Cd-thioneins, existing intermediate states
in which some features are shared with the two behaviours, just as previously
proposed for the dichotomic Zn- to Cu-thioneins classification.

e Overall, we can conclude that there is a differential metal-binding behaviour
among the three classes of MTs, and the current dichotomic MT classification
should be replaced by a three-branch functional MT classification, considering

genuine Zn-, Cd- and Cu-thioneins as extreme behaviours.

Zn/Cd-thioneins Zn-thioneins Cd-thioneins

e This novel three-branch classification can be applied to any MT reported from
now on or in the past, if the proper biochemical characterisation is or has been
performed.
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5. Experimental procedures

This section is aimed to explain all the techniques and procedures followed to

synthesise, to purify, and to characterise all the MTs presented in this PhD thesis.

As a general consideration, all glassware material employed in this thesis was
washed with HNO, 20% (v/v) and thoroughly rinsed with milli-Q water before use
it. The purpose of this procedure is to eliminate any metal ion present in the
material that could contaminate the samples. As for the disposable plastic material
used, no previous decontamination was required. All solvents and solutions were

spectroscopic quality.

5.1. Protein synthesis and purification

All proteins studied in this doctoral thesis were synthesised and purified by Dr.
Ricard Albalat’s research group, based in the University of Barcelona and part of
the Genetics Department of the Biology Faculty. However, the UAB team
occasionally performed some protein synthesis to get involved in the whole
procedure. MTs were recombinantly synthesised by means of protease-deficient E.
coliBL21 cells transformed with the plasmid containing the heterologous MT gene.
Plasmid synthesis and cell transformation was performed by UB research group
following their own cloning protocol [32]. E. coli cells were grown overnight in 300
mL or 500 mL of LB medium with 100 pg-mL"' of ampicillin at 37 °C. Afterwards,
this culture was inoculated to a 3-5 L of fresh LB-100 pg-mL' ampicillin medium
and it was incubated for 1.5 h (till Ag,= 0.6-0.8). Then, B-D-thiogalactopyranoside
(IPTG) (100 nM) was added to induce gene expression for 3 h, shaking the solution
at 250 rpm (aeration conditions) or at 150 rpm (low-oxygen conditions). After 30
minutes of expression, the culture was supplemented with Zn(II) (300 uM of ZnCl,),
Cd(I (300 uM of CdCl,) or Cu(I) (500 uM of CuSO,). Despite that the culture

medium is supplemented with divalent Cu(Il) ions, the recovered complexes
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contain monovalent Cu(I) ions. Bacteria only have mechanisms to introduce
divalent Cu(Il), however, reducing conditions are applied inside the cell to achieve
the necessary monovalent Cu(l) ions to form Cu(I)-MT complexes. When higher
protein concentrations were required, the synthesis was performed in a 30 L
fermenter, following the same conditions aforementioned, except that bacterial
growth is performed in one single step.

Once the synthesis process is finished, cells were harvested by centrifugation
(Sorvall; ThermoFisher Scientific, USA) at 7700 rpm for 5 minutes and supernatant
was discarded. Bacterial pellet was resuspended in ice-cold phosphate-buffered
saline (PBS; 1.4 M Na(Cl, 27 mM KCl, 101 mM Na,HPO,, 18 mM KH,PO, and 0.5% v/v
B-mercaptoethanol). Cells were disrupted by sonication (Sonifier Ultrasonic Cell
Disruptor) for 8 minutes at 6 V with 0.6 s pulses, and then cell detritus was
precipitated by centrifugation (12000 rpm during 40 min at 4 °C). Supernatant was
collected and incubated with Glutathione Sepharose 4B (GE Healthcare, USA) for 1
h at room temperature with gentle rotation. Glutathione Sepharose beads bound
to glutathione S-transferase (GST)-MT fusion protein were washed with 20-30 mL
of cold PBS previously bubbled with argon to prevent MTs oxidation. GST-MT
fusion proteins were digested with 25 U-L! thrombin (GE Healthcare, USA)
overnight at 17 °C. This process cleaves metal-MT complexes from the GST bound
to the Sepharose beads. Metal-MT complexes remaining in solution were
concentrated using Centriprep Low Concentrators (Amicon, Merck, Germany) and
fractioned through a Superdex-75 FPLC column (GE Healtchare, USA) running at
0.8 mL-min", being 20 mM Tris-HCl (pH 7.0) the mobile phase. Protein-containing
fractions were identified by their absorbance at 254 nm, pooled in aliquots and
stored at -80 °C until used.

5.2. Protein characterisation

An important fact to be considered when using recombinant DNA technology
is that, although E. coli expression system is a good approximation [32, 33], the
products obtained through this technique do not proceed from the organism of
study, which may mean that the resulting proteins may not have the expected
quality (e.g., unexpected MW, insufficient protein concentration, etc.). With this
object, an accurate characterisation of all samples was carried out. The first
evidence to verify the integrity of the amino acid sequence was acidic (pH 2.4)
ESI-MS results. Acidic pH demetallates Zn(I)- and Cd(I)-loaded MTs, allowing the
determination of apo-form molecular weight, so theoretical and experimental

masses can be compared. In addition to that measure, this section describes all the
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techniques used to characterise the structural and metal-binding properties of

MTs, as well as the nomenclature used to refer to each protein.

5.2.1. Proteins’ nomenclature

An inconvenience encountered during this PhD thesis was the nomenclature
used to tag such number of sequences. Up to the present, MTs have been named
by the discoverer’s criteria, with a few indications convened in the international
meeting held in Zirich in 1978 [263]. This convention stipulates that MTs should
be termed as metallothionein followed by Arabic numbers to differentiate between
different isoforms (e.g., metallothionein-1). Only distinct amino acid sequences are
to be mentioned with a unique nomenclature, therefore, the same amino acid
sequence forming two different metal complexes only has one nomenclature. In
addition, before that, the organism which possesses the mentioned MT should be
indicated. This agreement has evolved to a more pragmatic terminology, shorting
the whole term to a few representative characters (i.e., mammalian
metallothionein-1 equals to mMT-1). As a rule of thumb, the nomenclature follows
this structure: “Characters that reference the species Latin name” followed by “MT”
(as for metallothionein) continued by an “Arabic number” (as for the isoform). This
terminology applies to most of the MTs reported except for a few cases, such as
CUP1, which is named after the yeast gene of a resistance copper protein and,
afterwards, it was considered an MT [264].

Our group has historically used two letters to refer to the species of the MT
(e.g., Helix pomatia copper MT is named HpCuMT). However, the introduction of
more MT sequences and more species have led to coincidences in the tagging of
some MTs. To avoid these situations, in this PhD thesis, the MTs’ nomenclature is
built with three letters: the first character of the genus name and the two first

letters of the species name (e.g., Arion vulgaris MT1 is AvuMT1).

5.2.2. Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

ICP-AES analysis is based on the measure of photons emitted by ionised
elements that have been excited by a high radiofrequency (RF) discharge [265].
Liquid samples are introduced in the instrument through a nebulizer. They are
quickly vaporized by the inductively coupled plasma (ICP) core (sustaining a
temperature of 10000 K), liberating free atoms in gaseous state. These atoms or
ions are excited within the plasma. Then, those excited species may relax emitting

a photon. The characteristic energy of the photon (wavelength) permits to identify
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the element from which they were originated. The total amount of photons
detected are proportional to the concentration of the originating element.

Therefore, this technique allowed to simultaneously measure the total content
of metals (Zn, Cd and Cu) and sulphur present in the samples. Sulphur atoms
proceed from cysteine (Cys) and methionine (Met) residues. Protein concentration
was calculated dividing the total sulphur content of the sample by the number of
Cys and Met of the protein. This methodology is referenced in this doctoral thesis
as “conventional ICP”. However, some metal-MT complexes may include labile S*
ligands [155]. These ions interfere in the protein concentration quantification, to
eliminate those ligands and to analyse these samples, concentrated formic acid
was added in the aliquot before the experiment. The formation of H,S gas was
evident because of its characteristic odour. Throughout this thesis, this procedure
is called “acid ICP”.

ICP-AES measures were carried out in an Optima 4300DV spectrometer
(PerkinElmer, USA) by Servei d’Analisi Quimica (SAQ) in the Universitat Autonoma
de Barcelona (UAB). All samples were diluted with HNO; 1% (v/v) and measured at
182.04 nm, 213.85 nm, 324.75 nm and 228.80 nm for determining S, Zn, Cd and

Cu concentrations, respectively.

5.2.3. Electrospray Ionisation Mass Spectrometry Time-of-Flight (ESI-MS-TOF)

A key aspect when characterising MTs is to evaluate their native structure. That
means that it is important to conserve the physiological features of metal-MT
complexes during their examination. The use of electrospray ionisation mass
spectrometry (ESI-MS) has been stablished as an essential approach in the study of
metalloproteins, concretely, MTs [239]. ESI-MS is a procedure in which its mild
ionisation conditions preserve the three-dimensional structure of the proteins
studied and, more importantly, it maintains the structure of metal-MT clusters.
Consequently, the stoichiometry of the complexes may be determined. In addition,
high resolution Time-of-Flight (TOF) analyser permits to accurately identify mass-
to-charge ratio (m/z) values.

As for this essay, the instrument used was a Micro Tof-Q instrument (Bruker,
USA) coupled to a Series 1200 HPLC pump (Agilent technologies, USA) that drove
the sample from the injector to the nebuliser. This setting allowed using two
different conditions: pH 7.0 and pH 2.4. At physiological conditions (pH 7.0),
folded metal-MT complexes were detected while at acid conditions (pH 2.4), Zn(II)
and Cd(II) are released and only unfolded apo-MT peptides and resistant Cu(I)-MT

complexes were detected. Instrument calibration was attained with a Nal solution
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(0.2 g Nal in 100 mL of 1:1 H,O:Isopropanol mixture). Instrument was calibrated
and prepared by SAQ staff, and the UAB team performed the measures.

Samples of MT complexes containing Zn(II) and Cd(Il) were analysed under the
next experimental conditions: 20 pL of protein solution injected through a
polyether heteroketone (PEEK) column (1.5 m x 0.18 mm i.d.) at 40 pL-min?;
capillary voltage 5000 V; dry temperature 100 °C; dry gas 6 L-min'; m/z range
800-3000. The carrier used under these conditions was a 5:95 mixture of
acetonitrile:ammonium acetate/ammonia 15 mM at pH 7.0. Otherwise, samples of
MT complexes containing Cu(I) were measured as follows: 20 uL of protein solution
injected at 40 pL-min™!; capillary voltage 4400 V; dry temperature 90 °C; dry gas 6
L min; m/z range 800-2500. In this case, the carrier was a mixture of 10:90
acetonitrile:ammonium acetate/ammonia 15 mM at pH 7.0. For apo-MT peptides
and Cu-MT complexes analyses at acidic pH, 20 uL of sample was injected under
the same conditions as those used for divalent metal measures, excepting that the

carrier was a 5:95 mixture of acetonitrile:formic acid at pH 2.4.

5.2.4. Ultraviolet-Visible absorption spectroscopy (UV-Vis)

UV-Vis absorption spectroscopy is a classic method used to characterise
molecules by measuring their interaction with electromagnetic radiation. Then,
UV-Vis absorption spectroscopy measures the difference of intensity of
electromagnetic radiation passing through a certain medium at a certain
wavelength. Light absorption results from electrons’ excitation to higher energy
levels. The energy irradiated at the UV-Vis range (200-700 nm) involves energy
transitions of nonbonding n electrons and 1t electrons to Tt* excited states [266].
Molecules capable of absorbing at these wavelengths are called chromophores.

Due to their aromatic residue scarcity, free metal apo-MTs only show significant
absorption bands in the peptide bond region (180-260 nm). Carbonyl n-1t*
transition state at 213 nm displays the highest absorbance. When metal-MT
complexes are formed (e.g., Zn(Il)-MT, Cd(II)-MT, Cu(I)-MT...), new bands appear in
the range of 220 to 400 nm [42]. In general, when MTs show absorption bands to
the red of 220 nm, they can be directly related to metal-MT complexes. Although
Zn(II), Cd(II) and Cu(I) are spectroscopically silent, the effect of the ligand to these
metals permit the detection of ligand to metal charge transfer (LMCT) bands. Thus,
absorption arisen from the ligand (generally thiolates) to cadmium, zinc or copper
charge transfer is well characterised and UV-Vis spectroscopy, in this thesis, is
used to this end, evaluate the viability of the different metal-MT complexes. In

addition, UV-Vis spectroscopy was used for monitoring metal-exchange
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experiments, generating a spectrum at each metal addition. By subtracting two
consecutive steps spectra, the contribution of this metal addition step to the
formation or disappearance of certain chromophore can be evaluated.

UV-Vis absorption spectra were generated by means of a Diode array HP8452A
UV-Vis spectrophotometer (Hewlett-Packard, USA) with an integration time of 15
seconds and using 1 cm quartz cuvettes. Tris-HCl solution (at the same
concentration as in the samples) was recorded as blank. All spectra were processed
correcting background and sample concentration using GRAMS32 software
(GRAMS/AI v.7.02, Thermofisher Scientific, USA).

5.2.5. Circular Dichroism (CD)

Circular dichroism (CD) spectroscopy is a technique employed to characterise
optically active (chiral) compounds by means of polarised light (composed by right-
and left-circularly polarised light). Two superposed circularly polarised light
beams, rotating in opposite directions, pass through a solution containing a chiral
compound. Optical active chromophores possess distinct refractive index for right
and left polarisations, which means, both beams travel at different velocities,
which leads to a rotation of the plane of the light [267]. In the same way, one
polarised beam is absorbed (as in intensity) distinctly to its opposite and the
resultant radiation traces an ellipse [268]. This effect is known as circular
dichroism. Normally, CD instruments measure ellipticity 6 (in mdeg) but data is
reported as molar extinction variation Ae (in M'cm™), that is, differential absorbance
of right- and left- circularly polarised light (e-g;) corrected by the sample
concentration. A CD spectrum is yielded when At is plotted against wavelength A
(in nm). This spectrum depicts positive and negative bands, called Cotton effects,
at those wavelengths where the sample is CD active. These bands are coincident
with the corresponding UV absorption bands [268]. CD signals draw a Gaussian
distribution curve (positive or negative), representing a CD absorption band of a
unique chiral species. However, in a system, it is common to find more than one
chromophore. When two or more close-in-space chromophores are excited at a
similar wavelength and in a similar intensity, their excitation states are
asymmetrically coupled describing a characteristic sigmoidal curve (exciton
coupling).

As regard to MTs, metal-thiolate [M-(SCys),] chromophores are optically active
because achiral metal centres receive their asymmetry from the intrinsically chiral
cysteines [269]. Thus, despite CD spectroscopy has been historically used to assess

three-dimensional protein structures considering their amide bond signals, in MTs’
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field, CD has proved utility for characterising metal clusters. In fact, MTs only
present a specific three-dimensional structure and a strong chiral field when
metals are coordinated [6]. Therefore, MTs’ CD spectrum displays their folding
information and their metal coordination environment. As a drawback, when there
is more than a unique stable species in the medium, the resulting CD spectrum
represents a global measure of the whole metal-MTs’ system. At any rate, CD is a
valuable tool for monitoring MTs’ metal clusters during metal exchange
experiments, giving information about protein metallic centres while experimental
conditions change.

CD spectra were registered at 50 nm-min*! and 0.5 nm of resolution by means
of a Jasco-715 spectropolarimeter (Jasco Inc., Easton, USA) interfaced to a
computer (J700 software). Samples were recorded in 1 cm quartz cuvettes and kept
at 25 °C by a Peltier PTC-351S apparatus (TE Technology Inc., USA). A Tris-HCl
solution at the same concentration as the sample was used as a blank. All spectra
were processed, correcting blank and dilution effects using GRAMS32 software
(GRAMS/AI v.7.02, Thermo Scientific, USA).

5.2.6. Protein digestion

This methodology is widely used in proteomics for protein identification and
characterisation, specially complemented with mass spectrometry [270]. The MS
profile elaborated from the digested proteins permit to determine specific
fingerprints that can be used to identify these proteins in complex samples that
contain a whole proteome [271]. This method is based on the controlled cleavage
of a protein in specific amino acids or sequence of amino acids in order to obtain
smaller peptides of the full protein that will aid in its characterisation, especially
in the detection of posttranslational modifications and their sites [272, 273]. In
this PhD thesis, the enzyme employed to perform the protein digestion is trypsin
(Promega Biotech Ibérica S.L., Spain). This enzyme is prone to cleave the
polypeptide chain after lysine or arginine amino acids [274]. Moreover, it must be
considered that metallated MTs are protected against the action of trypsin [275],
for this reason, MTs are to be demetallated with EDTA before the digestion.

The procedure followed here is an adaptation from [276]. Starting with an

Eppendorf tube containing 200 pL of Zn(Il)-loaded LgiMT2 at a concentration of
8.42*10° M, 100 nL of EDTA at 3.2¥10” M were added to dispose of all Zn(II) ions
coordinated to the protein. After that, the protein solution was mixed with a

trypsin 10 pg/mL solution in a 1:20 protein:trypsin ratio (pH ~7.5-8.0). This

mixture was incubated at 37°C for four hours. The digestion was stopped by
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lowering the pH to 1.5 with formic acid (HCOOH) and the sample was measured by
ESI-MS.

5.3. Cd(I) and Cu(l) titrating agents

The Cd(II) or Cu(l) substitution experiments were performed on metal-MT
complexes (generally Zn-MT complexes) to complement the biochemical
characterisation of the MTs. These experiments are also referred as titration
experiments during this PhD Thesis and provided a deeper perspective on the
metal-binding features and the metal cluster formation. They allowed the
comparison between in vivo and in vitro Cd(Il)- and Cu(I)-metal clusters formation.

As the rest of the spectroscopic measures, these metal-exchange experiments
were performed under argon atmosphere, at 25 °C in a 1 cm quartz cuvette and
they were monitored by means of UV-Vis and CD spectroscopy. In addition,

aliquots were taken in some of the metal-addition steps to perform ESI-MS analysis.

5.3.1. Cd(II) solution

To perform metal-exchange experiments with Cd(II), a solution of CdCl, 1 mM
was prepared with milli-Q water. Concentration was corroborated by ICP-AES under

the same conditions explained in Section 5.2.2.

5.3.2. Cu(l) solution
An aqueous (30% CH,CN) solution of [Cu(CH;CN),]C10, complex was employed

as agent for metal-exchange experiments with Cu(l). This complex is highly
resistant to oxidation and its counter-ion (ClO,) has low coordinating capacity.
Cu(l)-complex synthesis was performed following Kubas, Monzyc and
Crumbliss instructions [277]. All the procedure was carried out under argon
atmosphere and all solutions were degassed before its use. On a suspension of 4.0
g Cu,0 in 80 mL CH;CN, 24.6 mL HCIO, 4.6 M were gradually added. The solution
was agitated at 100 °C under reflux till there was no white precipitate and it became
transparent blueish. The solution was filtered while it still was hot and the filtrate
is let to cool, first, at room temperature, after, in the fridge and finally in the
freezer overnight. Complex white crystals were gathered by filtration and washed
with 3 portions of 5-10 mL cold Et,O. After drying, the crystals are used to prepare
1 mM complex dilution with aqueous (30% CH;CN) solution under argon
atmosphere. Aliquots of 1-1.5 mL were prepared and frozen. One aliquot was used

to verify the correct concentration of the solution by ICP-AES.
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7.1. Data sheets of the parameters measured from the
recombinant productions

7.1.1. Arion vulgaris MT2

Primary structure:

GSMSGRGCNGTCNSNPCOCEDGCOQCGDACSCAQCNTCKCTNDGCKCGNECTATGSC

KCGTSCGCN

M.W.: 6400.06 (Average)
6395.12 (Monoisotopic)

num. Cys: 18 num. His:0 num. Met: 1 Special aa:
[Protein] oy - . 1
ICP (ppm) (x10-* M) Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT
conv. 87 1.43 5.4 = =
R acid | 65.1 1.07 7.2 - -
conv. -- 0.80 -- -- 4.0
Lok Al acid | 49 0.17 - - 14.4
Cu AVAMTZN- A | ony | <4 <0.07 - >12.0
(peak 1)
Cu AVAMTZN- A | ony | 31 0.51 = 14.5
(peak 2)
Cu- HroMT?2 L. A. conv. 5.4 0.09 -- 17.8
* N.A. = Normal aeration; L. A. = Low aeration

TR S

Figure 7.1.1.1. From left to right, HPLC spectra corresponding to the production of
Arion vulgaris MT?2 in Zn(Il)-, Cd(II)-, and Cu(Il)-enriched media (under normal and
low oxygenation conditions) of the cultures.
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7.1.2. Pomacea bridgesii MT1

Primary structure:
GSMSSSEAHAHHHGECAKECKKSKASCCESACTEECKKTPCNCGDKCKCSDGCKCQSC
SAPCKCDGTCQCGKGCTGADSCKCDRKCSCK
M.W.: 9235.51 (Average)

9228.58 (Monoisotopic)

num. Cys: 22 num. His: 4 num. Met: 1 Special aa:
ICP (ppm) [Protein] Metal-to-protein stoichiometry
(x10-*M)

type [S] In/MT Cu/MT Cd/MT
71-PbrMT1 conv. 95 1.29 7.4 -- --

acid - -- - - -

conv. 104 1.41 -- -- 5.3
Cd- PbrMT1 acid | 35 0.48 - - 8.6
é‘é’aibffg 1 A conv. | 9.5 0.13 2.3 13.4 -
gotaibgﬁ Y conv. | 15 0.2 2.0 12.4 .
Cu- PbrMT1 L. A. conv. - - - - -

* N.A. = Normal aeration; L. A. = Low aeration

Figure 7.1.2.1. From left to right, HPLC spectra corresponding to the production of
Pomacea bridgesii MT1 in Zn(II)-, Cd(II)-, and Cu(Il)-enriched media (under normal
oxygenation conditions) of the cultures.
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7.1.3. Pomacea bridgesii MT2

Primary structure:
GSMSSANPICTAECEKVPCNCGDKCGCADGCECQTCKRDACTAECRKTPCNCGDKCG
CGDGCKCQTCKRDACTAECKKTPCNCGDSC
M.W.: 8975.23 (Average)

8968.39 (Monoisotopic)

num. Cys: 23 num. His: 0 num. Met: 1 Special aa:
[Protein] oy . .
ICP (ppm) (x10-*M) Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT
Zn-PbrMT?2 conv. 31 0.40 5.7 - .
(peak 1) acid 13 0.17 7.6 - -
Zn-PbrMT?2 conv. 117 1.52 6.4 - -
(peak 2) acid 60 0.78 7.1 -- -
conv. 80 1.04 - - 6.9
Cd- PbrMT2 acid | 38.6 0.50 - - 11.0
Cu- PbrMT?2
(peak 1) N. A. cony. 14.2 0.19 - 15.6 -
Cu- PbrMT?2
(peak 2) N. A, conv. 22.4 0.29 - 16.4 =
Cu- PbrMT?2 L. A. conv. - = - - -
* N.A. = Normal aeration; L. A. = Low aeration

Figure 7.1.3.1. From left to right, HPLC spectra corresponding to the production of
Pomacea bridgesii MT2 in Zn(II)-, Cd(II)-, and Cu(Il)-enriched media (under normal
oxygenation conditions) of the cultures.
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7.1.4. Arion vulgaris MT1

Primary structure:
GSMSGKACTGACKSEPCQCGNNCQCGGDCDCSQCKTCKCTNEGCKCGONCTGQAT
CSCEKSCSCK
M.W.: 6556.41 (Average)

6551.35 (Monoisotopic)

num. Cys: 18 num. His: 0 num. Met: 1 Special aa:

ICP (ppm) Ezli%tfll\lg Metal-to-protein stoichiometry
type [S] Zn/MT Cu/MT Cd/MT
conv. 4?2 0.69 6.0 - =

Zn-AvuMTl acid | 41.9 0.69 7.2 - -
Cd- AvuMT1 conv. 16 0.26 - - 6.8
Cu- AvuMT1

(peak 1) N. A. SO 13 0.21 0.9 11.8 =
Cu- AvuMT1

(peak 2) N. A. SO 29 0.48 W 10.9 =
Cu- AvuMT1 L. A. conv. - - - - -

* N.A. = Normal aeration; L. A. = Low aeration

| | ! ! N ‘

Haek | % (B i i
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Figure 7.1.4.1. From left to right, HPLC spectra corresponding to the production of
Arion vulgaris MT1 in Zn(II)-, Cd(II)-, and Cu(Il)-enriched media (under normal and
low oxygenation conditions) of the cultures.
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7.1.5. Nerita peloronta MT1

Primary structure:
GSMSDPKGASCTTECKCDPCACGTNCKCGSDCTCSSCKKSSCKCAADSCACGKGCTG
PSTCKCDSGCSCR
M.W.: 6863.82 (Average)

6858.49 (Monoisotopic)

num. Cys: 19 num. His: 0 num. Met: 1 Special aa:
ICP (ppm) [Frotein] Metal-to-protein stoichiometry
(x10-*M)
type [S] Zn/MT Cu/MT Cd/MT
Zn-NpeMT1 conv. 134 2.09 5.9 -- --
Cd- NpeMT1 conv. 62 0.97 -- -- 5.5
Cu- NpeMT1
(peak 1) N. A. conv. 44 0.69 1.5 7.3
Cu- NpeMT1
(peak 2) N. A. conv. 61 0.95 1.9 7.1
Cu- NpeMT1 L. A. conv. -- - - -
* N.A. = Normal aeration; L. A. = Low aeration

Figure 7.1.5.1. From left to right, HPLC spectra corresponding to the production of
Nerita peloronta MT1 in Zn(I)-, Cd(Il)-, and Cu(Il)-enriched media (under normal
aeration conditions) of the cultures.
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7.1.6. Falcidens caudatus MT1 and 6 domain

Primary structure:

GSMSDVKPCNCADSCNCCCKDGACAGKKCECKVKCCQSGDCGCCODKCKCAGTCN
CGKGCTGPGDCTCDSGCSCKK
M.W.: 6863.82 (Average)

6858.49 (Monoisotopic)

num. Cys: 23 num. His: 0 num. Met: 1 Special aa:
[Protein] . . 1.
ICP (ppm) (x10-*M) Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT
/n-FcaMT1 conv. 197 2.56 6.9 - —-
Cd-FcaMT1 conv. 85 1.10 - - 6.4
Cu-FcaMT1
(peak 1) N. A. conv. 24 0.31 2.5 9.0
Cu-FcaMT1
(peak 2) N. A. conv. 38 0.49 2.5 8.3
Cu-FcaMT1 L. A. Cconv. - o= - -

* N.A. = Normal aeration; L. A. = Low aeration

L B

®.

Figure 7.1.6.1. From left to right, HPLC spectra corresponding to the production of
Falcidens caudatus MT1 in Zn(II)-, Cd(Il)-, and Cu(Il)-enriched media (under normal

aeration conditions) of the cultures.
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& domain of Falcidens caudatus MT1

Primary structure:
GSMSDVKPCNCADSCNCCCKDGACAGKKCECKVKCCQSGDCGCCQODK
M.W.: 4821.59 (Average)

4817.76 (Monoisotopic)

num. Cys: 14 num. His: 0 num. Met: 1 Special aa:
ICP (ppm) LoFriatil Metal-to-protein stoichiometry
(x10-*M)
type [S] In/MT Cu/MT Cd/MT
/n-6FcaMT1 conv. 87 1.81 4.5 - -
Cd- 8FcaMT1 conv. 100 2.08 - - 2.7
Cu- 6FcaMT1
(peak 1) N. A. conv. 18 0.37 - 6.3
Cu- 6FcaMT1
(peak 2) N. A. conv. 40 0.46 0.6 6.8
Cu- 6FcaMT1 L. A. conv. - - = —
* N.A. = Normal aeration; L. A. = Low aeration

. = .
Figure 7.1.6.2. From left to right, HPLC spectra corresponding to the production of

the § domain Falcidens caudatus MT1 in Zn(II)-, Cd(I)-, and Cu(Il)-enriched media
(under normal aeration conditions) of the cultures.
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7.1.7. Candida albicans MT1

Primary structure:
GSMSKFELVNYASGCSCGADCKCASETECKCASKK
M.W.: 3627.14 (Average)

3624.52 (Monoisotopic)

num. Cys: 6 num. His: 0 num. Met: 1 Special aa: Fand Y
ICP (ppm) [Protein] Metal-to-protein stoichiometry
(x10-*M)

type [S] n/MT Cu/MT Cd/MT
/n-CaCUP1 conv. 46 2.05 2.2 - -

conv. 36 1.60 -- -- 2.8
e el acid | 18 0.80 - = 3.7
Cu- CaCUPI N. A. conv. <4 <1.78 -- >06.5 -
Cu- CaCUP1 L. A. conv. <4 <1.78 - >4.9

* N.A. = Normal aeration; L. A. = Low aeration

il b Rk b o wabibk]

: i . .
® o @-non

=

Figure 7.1.7.1. From left to right, HPLC spectra corresponding to the production of
Candida albicans MT1 (CaCUP1) in Zn(II)-, Cd(I)-, and Cu(Il)-enriched media (under
normal and low aeration conditions) of the cultures.
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7.1.8. Lottia gigantea MT1

Primary structure:

GSMSSEKPSCCIAEYECCKTKLCCDTGPADCCKPGNKPDCCAPGKLQCKCPGTCACGV

GCTGVDNCKCGAGCSCEN

M.W.: 7648.90 (Average)
7643.00 (Monoisotopic)

num. Cys: 19 num. His: 0 num. Met: 1 Special aa: F and Y
[Protein] oy . . 1
ICP (ppm) (x10-*M) Metal-to-protein stoichiometry
type [S] Zn/MT Cu/MT Cd/MT
(Zprgifﬂl\gﬂ conv. | 31 0.48 6.6 - -
(ane';flgn conv. | 46 0.72 6.0 - -
Cd- LgiMT1 conv. 81 1.26 -- -- 7.3
go‘é'aigf;ﬂl NA T conv. | 11 0.17 - 12.9 -
gj“e'aigél;ﬂl N-A cony. | 10 0.16 - 15.1 -
((ij‘le'aig;l;/[Tl N-A ) conv. | 20 0.31 - 12.1 -
Cu- LgiMT1 L. A. conv. <4 <0.06 - >5.0 =
* N.A. = Normal aeration; L. A. = Low aeration
TE D = T o= 5
— iy |

Figure 7.1.8.1. From left to right, HPLC spectra corresponding to the production of
Lottia gigantea MT1 in Zn(Il)-, Cd(Il)-, and Cu(Il)-enriched media (under normal and

low aeration conditions) of the cultures.
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7.1.9. Lottia gigantea MT?2 and y domain

Primary structure:
GSMSSEKASCCIAEYECCKTKSCCDTGPADCCKPGNKPDCCAPGKLQCKCSGTCACGV

GCTGVDNCKCGAGCSCFN
M.W.: 7586.74 (Average)

7580.91 (Monoisotopic)

num. Cys: 19 num. His: 0 num. Met: 1 Special aa: F and Y
[Protein] . . 1
ICP (ppm) (x10-'M) Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT
n-LgiMT?2 conv. 54 0.84 8.0 = ==
Cd- LgiMT?2 conv. 67 1.04 -- -- 7.7
Cu- LgiMT2 N. A.
(peak 1) conv. 6.5 0.10 -- 15.5
Cu-LgIMIZN. A 1 ony. | 9.9 0.15 . 14.3
(peak 2)
Cu- LgiMT?2 L. A. conv. - - - -

* N.A. = Normal aeration; L. A. = Low aeration

.’.A

n-

Figure 7.1.9.1. From left to right, HPLC spectra corresponding to the production of
Lottia gigantea MT2 in Zn(Il)-, Cd(Il)-, and Cu(Il)-enriched media (under normal and
low aeration conditions) of the cultures.
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y domain of Lottia gigantea MT?2

Primary structure:
GSMSSEKASCCIAEYECCKTKSCCDTGPADCCKPGNKPDCCAPGKLQ
M.W.: 4852.57 (Average)

4848.96 (Monoisotopic)

num. Cys: 10 num. His: 0 num. Met: 1 Special aa: Y
ICP (ppm) [Froteini Metal-to-protein stoichiometry
(x10-*M)

type [S] In/MT Cu/MT Cd/MT
Zn-yLgiMT?2 conv. 97 2.75 2.6 -- --
Cd- yLgiMT?2 conv. 45 1.28 -- -- 3.7
Cu-vIgIMIZ N- A | onv. | 13 0.40 - 9.8 -
(peak 1)
SOk IS, £ o 20 0.57 - 7.2 =
(peak 2)
Cu- yLgiMT?2 L. A. conv. -- -- -- -- --

* N.A. = Normal aeration; L. A. = Low aeration

0 oy

Figure 7.1.9.2. From left to right, HPLC spectra corresponding to the production of
the y domain of Lottia gigantea MT2 in Zn(Il)-, Cd(II)-, and Cu(Il)-enriched media
(under normal aeration conditions) of the cultures.
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7.1.10. Nautilus pompilius MT1 and a« domain

Primary structure:

GSMSDRCDCIRTGNCICSDACKGDNCRCGDACKCQKNCSCPSCRVTCKCSGSCGCGA

GCTGADSCHCANTCSCK

M.W.: 7472.52 (Average)
7466.72 (Monoisotopic)

num. Cys: 21 num. His: 1 num. Met: 1 Special aa:
ICP (ppm) [Protein] Metal-to-protein stoichiometry
(x10-*M)
type [S] In/MT Cu/MT Cd/MT

/n-NpoMT1 convy. 92 1.30 6.5 -- -
Cd- NpoMT1 conv. 77 1.09 -- -- 6.6
Cu- NpoMT1 N. A. conv. <4 <0.06 -- >14.2 =
Cu- NpoMTT1 L. A. conv. - - - - -

* N.A. = Normal aeration; L. A. = Low aeration

®-

Figure 7.1.10.1. From left to right, HPLC spectra corresponding to the production of
Nautilus pompilius MT1 in Zn(II)-, Cd(II)-, and Cu(I)-enriched media (under normal
aeration conditions) of the cultures.
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a domain of Nautilus pompilius MT1

Primary structure:
GSMSDRCDCIRTGNCICSDACKGDNCRCGDACKCQKNCSCPSCRVT
M.W.: 4872.57 (Average)

4868.88 (Monoisotopic)

num. Cys: 12 num. His: 0 num. Met: 1 Special aa:
ICP (ppm) [Protein] Metal-to-protein stoichiometry
(x10-*M)

type [S] In/MT Cu/MT Cd/MT
Zn-aNpoMT1 conv. 115 2.75 3.2 - --
Cd- aNpoMT1 conv. 73 1.75 -- - 3.4
Cu-aNpoMT1 N. A.
Do) conv. -- -- -- --
CwaNpOMTLN- A | 0 | 5.9 0.14 - 13.3 -
(peak 2)
Cu- aNpoMT1 L. A. | conv. - -- -- -- --

* N.A. = Normal aeration; L. A. = Low aeration

o- B mam r‘

Figure 7.1.10.2. From left to right, HPLC spectra corresponding to the production of
a domain of Nautilus pompilius MT1 in Zn(Il)-, Cd(II)-, and Cu(Il)-enriched media
(under normal aeration conditions) of the cultures.
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7.1.11. Nerita peloronta MTZ2 and B domain

Primary structure:

GSMPNPKGPGCTEDCKAAQCQCGTNCRCSRDCPCNDCHKATCKCSGSCACGEGCSGP

QTCKCEDDCSCH

M.W.: 7075.93 (Average)
7070.55 (Monoisotopic)

num. Cys: 18 num. His: 2 num. Met: 1 Special aa:
[Protein] . .
ICP (ppm) (x10-*M) Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT

Zn-NpeMT?2 conv. 17 2.86 5.9 == =
Cd- NpeMT?2 conv. 86 141 -- -- 5.5
Sl WREHLE WL 25 oo 16 0.26 - 11.4 --
(peak 1)

Cu- NpeMT2 N-A- | oy | 16 0.26 : 12.0 -
(peak 2)

Cu- NpeMT?2 L. A. conv. -- - - -

* N.A. = Normal aeration; L. A. = Low aeration

=

e

Figure 7.1.11.1. From left to right, HPLC spectra corresponding to the production of
Nerita peloronta MT?2 in Zn(Il)-, Cd(I)-, and Cu(Il)-enriched media (under normal

aeration conditions) of the cultures.
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B domain of Nerita peloronta MT2

Primary structure:
GSMPNPKGPGCTEDCKAAQCQCGTNCRCSRDCPCNDCHKAT
M.W.: 4291.83 (Average)

4288.66 (Monoisotopic)

num. Cys: 9 num. His: 1 num. Met: 1 Special aa:
ICP (ppm) [Protein] Metal-to-protein stoichiometry
(x10-*M)
type [S] In/MT Cu/MT Cd/MT
Zn-BNpeMT?2 conv. 120 3.74 2.7 -- --
Cd- BNpeMT?2 conv. 120 3.74 -- -- 1.6
Cu- BNPeMIZN- A1 cony. | 19 0.59 - 5.3 -
(peak 1)
Cu- BNDEMTZN-A- |- cony | 19 0.59 . 5.6 .
(peak 2)
Cu- BNpeMT2 L. A. | conv. - -- -- -- -
* N.A. = Normal aeration; L. A. = Low aeration

£E 0% s @ @~

Figure 7.1.11.2. From left to right, HPLC spectra corresponding to the production of
B domain of Nerita peloronta MT2 in Zn(Il)-, Cd(Il)-, and Cu(ll)-enriched media (under
normal aeration conditions) of the cultures.
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7.1.12. Oikopleura dioica MT1

Primary structure:

GSMDPVCSFRCCEENCAGCVDCPAGCDPCKCTLEVCKKVCEGCKDCPPGCEPCKCEKC

STKKCKSNCCPTSTAE

M.W.: 7789.10 (Average)
7783.05 (Monoisotopic)

num. Cys: 20 num. His: 0 num. Met: 1 Special aa: F
[Protein] Y . . s
ICP (ppm) (x10-*M) Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT
(Zprg;)kdlll\)ﬂl conv. | 8 0.12 6.4 . .
(ane';)kdlzl\)ﬂl cony. 76 1.13 6.2 - --
Cd- OdiMT1 conv. 23 0.34 -- -- 9.7
(Cljalie-a(lz?)M TN £ conv. <4 <0.06 - >10.3 -
ﬁji'aﬁ%lfm N-A | cony | 83 0.12 . 15.3 .
Cu- OdiMT1 L. A. conv. -- -- - - --
* N.A. = Normal aeration; L. A. = Low aeratio
I
| i
J !
i t

Figure 7.1.12.1. From left to right, HPLC spectra corresponding to the production of
Oikopleura dioica MT1 in Zn(I)-, Cd(Il)-, and Cu(Il)-enriched media (under normal and
low aeration conditions) of the cultures.
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7.1.13. Oikopleura dioica MT?2

Primary structure:
GSMEVKRPNNCCPAKCLGCKGCPPGCEPCICNMDTCKNICNKCKECPKNEFGCDPCKC
PKCSKLGCTCDCCHKKCCVTDCDGCKTCPPGCEPCKCSMNACKKVCKQCKNCRKSES
GCDPCECSKCALKGCKCDCCPKDTCCEASCEGCKNCPPGCEPCKCTLNCCMKICDDCK
DCPKSENGCDPCNCRKCSRKGCNCDCCPSDDCCKASCEGCINCPPGCDPCECSMDECK
KICKKCNNCRKGESGCDPCECRKCSRNGCDCDCCPKDSCCEASCEGCTDCPQGCKPCK
CTMNSCMKTCDKCKDCPKSASGCDPCECLKCSRKGCECDCCPQKNDCCEAFCQGCKN
CPPGCNPCKCTLNFCAKICNECKDCPKSDIGCDPCNCVKCSAKGCKCDCCPKKCC
M.W.: 42860.48 (Average)

42826.29 (Monoisotopic)

num. Cys: 123 num. His: 1 num. Met: 7 Special aa: 3F
[Protein] oy . . s
ICP (ppm) (x10-*M) Metal-to-protein stoichiometry
type [S] Zn/MT Cu/MT Cd/MT
Zn-0diMT?2 conv. | LOD LOD LOD - --
Cd-OdiMT2 conv. | 64 0.15 - - 55.3
(production 1)
Cd- OdiMT?2
(production 2) conv. 50 0.12 - - 47.8
Cd- OdiMT2 conv. | 68 0.17 - - 40.4
(production 3)
Cu- OdiMT?2 N. A. conv LOD LOD - LOD
Cu- OdiMT?2 L. A. conv. - - - --
* N.A. = Normal aeration; L. A. = Low aeration

= el ST T ':”.'lh “»4 . T

@ L °--

Figure 7.1.13.1. From left to right, HPLC spectra corresponding to the production of
Oikopleura dioica MT?2 in Zn(II)-, Cd(II)-, and Cu(Il)-enriched media (under normal
aeration conditions) of the cultures.
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7.1.14. Ciona robusta MT1

Primary structure:

GSMDPCNCAETGVCNCVDCSNCSSCNCDPKICNCAKACCPK
M.W.: 4195.83 (Average)
4192.49 (Monoisotopic)

num. Cys: 12 num. His: 0 num. Met: 1 Special aa:
ICP (ppm) Ezli%tf;g Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT
/n- CroMT1 conv. 10 0.24 5.7 -- --
Cd- CroMT1 conv. 19 0.46 - -- 4.9
Cu- CroMT1 N. A. conv 13 0.31 - 10.6 --
Cu- CroMT1 L. A. conv. <4 <0.09 -- >3.8 --
* N.A. = Normal aeration; L. A. = Low aeration
|

Figure 7.1.14.1. From left to right, HPLC spectra corresponding to the production of
Ciona robusta MT1 in Zn(II)-, Cd(II)-, and Cu(Il)-enriched media (under normal and

low aeration conditions) of the cultures.
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7.1.15. Hallocynthea roretzi MT1

Primary structure:
GSMDPCKCSETGVCRCNDCTNCSKCKCDPALCNCRKGSKQCCGK

M.W.: 4669.45 (Average)
4665.85 (Monoisotopic)

num. Cys: 12 num. His: 0 num. Met: 1 Special aa:
ICP (ppm) [Frotein] Metal-to-protein stoichiometry
(x10-*M)
type [S] n/MT Cu/MT Cd/MT
/n- HroMT1 conv. 133 3.19 3.9 -- =
Cd- HroMT1 conv. 35 0.85 -- -- 4.2
Cu- HroMT1 N. A. conv 4.3 0.10 -- 11.8 --
Cu- HroMT1 L. A. conv. <4 <0.10 - >5.7 --
* N.A. = Normal aeration; L. A. = Low aeration

% S

Figure 7.1.15.1. From left to right, HPLC spectra corresponding to the production of

Hallocynthea roretzi MT1 in Zn(II)-, Cd(II)-, and Cu(Il)-enriched media (under normal
and low aeration conditions) of the cultures.
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7.1.16. Hallocynthea roretzi MT2

Primary structure:

GSMDPCKCSETGVCRCDNCKDCSNCKCDPTLCKCKKESKECCGK

M.W.: 4772.57 (Average)
4768.89 (Monoisotopic)

num. Cys: 12 num. His: 0 num. Met: 1 Special aa:
ICP (ppm) Ezli%tf;g Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT
Zn- HroMT?2 conv. 108 2.81 3.5 -- --
Cd- HroMT?2 conv. 50 1.20 -- -- 4.0
Cu- HroMT2 N. A. conv 5.2 0.13 -- 8.5 --
Cu- HroMT?2 L. A. conv. <4 <0.10 -- >7.9 --

* N.A. = Normal aeration; L. A. = Low aeration

Figure 7.1.16.1. From left to right, HPLC spectra corresponding to the production of

Hallocynthea roretzi MT2 in Zn(Il)-, Cd(II)-, and Cu(Il)-enriched media (under normal
and low aeration conditions) of the cultures.

el
© 1o
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7.1.17. Botryllus schlosseri MT1

Primary structure:
GSMNPCDCKNTGDCQCAGCGDCSGCNCDPALCKCSTSAKTCCAPSCNCKETGKCQC
ETCADCSKCNCDPNLCKCTSAKKSCCSADAAGPCNCKETGQCLCSNCSDCSNCNCDP
SLCKCASAEKACCAGPCNCKVTGKCLCVNCVDCTTCNCDPNLCKCTSAKKSCCFAEA
VGPCNCKETGHCLCSNCSDCSSCNCNPSLCKCASLEKACCSGPCNCKETGHCLCSNCSD
CSSCNCDPSLCKCASLEKACCSGPCNCKVTGVCHCANCVDCTNCNCDPAKCGCSSDK
GCCSASAASPCNCKETGNCRCDTCSDCSNCNCGLACKCSAANKGCCYAPCICRTSGKC
QCMNCTDCSCDQITCGCPMVKVR
M.W.: 37410.07 (Average)

37380.85 (Monoisotopic)

num. Cys: 105 num. His: 3 num. Met: 3 Special aa: Fand Y
ICP (ppm) Eili%tf;g Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT

/n- BscMT1 conv. 60 0.18 34.4 = =
Cd- BscMT1 conv. 12 0.04 = = 48.8
Cu- BSCMIIN- A cony | 4.3 0.01 - 41.8

(peak 1)

Cu- BscMT1 N. A. conv. <4 <0.01 . 5354

(peak 2)

Cu- BscMT1 L. A. conv. LOD LOD = LOD
* N.A. = Normal aeration; L. A. = Low aeration

e - P Te .ﬁ--_._. .-
Figure 7.1.17.1. From left to right, HPLC spectra corresponding to the production of
Botryllus schlosseri MT1 in Zn(II)-, Cd(Il)-, and Cu(ll)-enriched media (under normal
and low aeration conditions) of the cultures.
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7.1.18. Salpa thompsoni MT1

Primary structure:

GSMDPCNCNTSDMCHCDSCKDCSKCNCARKTCKCSTKGCCSPK
M.W.: 4588.31 (Average)
4584.69 (Monoisotopic)

num. Cys: 12 num. His: 1 num. Met: 2 Special aa:
ICP (ppm) Ezli%tf;g Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT
Zn- SthMT1 conv. 17 0.38 4.0 -- --
Cd- SthMT1 conv. 30 0.67 -- -- 4.3
Cu- SthMT1 N. A. conv <4 <0.09 -- >3.5 =
Cu- SthMT1 L. A. conv. -- -- -- -- --

* N.A. = Normal aeration; L. A. = Low aeration

Figure 7.1.18.1. From left to right, HPLC spectra corresponding to the production of
Salpa thompsoni MT1 in Zn(Il)-, Cd(II)-, and Cu(Il)-enriched media (under normal
aeration conditions) of the cultures.
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7.1.19. Salpa thompsoni MT?2

Primary structure:
GSMDPCNCKVTGACHCDQCTDCGKCSCNPANCKCSKPCCPK
M.W.: 4244.95 (Average)

4241.57 (Monoisotopic)

num. Cys: 12 num. His: 1 num. Met: 1 Special aa:
ICP (ppm) Ezli%tf;&; Metal-to-protein stoichiometry
type [S] In/MT Cu/MT Cd/MT
Zn- SthMT?2 conv. 46 1.01 4.3 -- --
Cd- SthMT?2 conv. 27 0.65 -- -- 4.5
Cu- SthMT2 N. A. conv LOD LOD -- LOD --
Cu- SthMT2 L. A. convy. -- -- - -- --
* N.A. = Normal aeration; L. A. = Low aeration

Figure 7.1.19.1. From left to right, HPLC spectra corresponding to the production of
Salpa thompsoni MT2 in Zn(Il)-, Cd(II)-, and Cu(Il)-enriched media (under normal
aeration conditions) of the cultures.
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7.1.20. Salpa thompsoni MT3

Primary structure:

GSMDPCNCODTQSCYCNSCTDCSKCACAKTTCKCSAKGCCSPI

M.W.: 4454.10 (Average)
4450.62 (Monoisotopic)

num. Cys: 12 num. His: 0 num. Met: 1 Special aa: Y
[Protein] oy . . 1.
ICP (ppm) (x10-M) Metal-to-protein stoichiometry
type [S] Zn/MT Cu/MT Cd/MT
Zn- SthMT3 conv. 28 0.67 4.1 -- --
Cd- SthMT3 conv. <4 <0.01 - - >6.5
Cu- SthMT3 N. A. conv <4 <0.01 - >4.0 --
Cu- SthMT3 L. A. conv. -- -- - - --
* N.A. = Normal aeration; L. A. = Low aeration

®-

Figure 7.1.20.1. From left to right, HPLC spectra corresponding to the production of
Salpa thompsoni MT3 in Zn(Il)-, Cd(II)-, and Cu(Il)-enriched media (under normal
aeration conditions) of the cultures.
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7.1.21. Salpa thompsoni MT4

Primary structure:
GSMDPCNCNTSVMCHCDTCESCSESNCAKQTCKSSTKRCCSPQ
M.W.: 4599.16 (Average)

4595.69 (Monoisotopic)

num. Cys: 10 num. His: 1 num. Met: 2 Special aa:
ICP (ppm) [Frotein] Metal-to-protein stoichiometry
(x10-*M)
type [S] n/MT Cu/MT Cd/MT
Zn- SthMT4 conv. 26 0.68 3.2 -- --
Cd- SthMT4 conv. 5 0.13 -- -- 5.6
Cu- SthMT4 N. A. conv LOD LOD -- LOD --
Cu- SthMT4 L. A. conv. - - - - --
* N.A. = Normal aeration; L. A. = Low aeration

n ‘ -

Figure 7.1.21.1. From left to right, HPLC spectra corresponding to the production of
Salpa thompsoni MT4 in Zn(II)-, Cd(II)-, and Cu(Il)-enriched media (under normal
aeration conditions) of the cultures.
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7.2. Experimental characterisation of the studied MTs

7.2.1. Non-specific metallothioneins

Sheet 7.2.1.1. Zn/Cd metal exchange experiment of in vivo Zn-PbrMT1
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Figure 7.2.1.1. CD, UV, and difference UV spectra registered during the Zn/Cd metal
exchange experiment of a 6.06 ptM solution of Zn-PbrMT1 at pH 7.0 and 25°C.
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Table 7.2.1.1. Evolution of the Zn/Cd metal exchange experiment of a 6.06 tM
solution of Zn-PbrMT1 followed by ESI-MS spectra at pH 7.0.

Eq |[pH7.0
Cd

Intens.
30004
0 20004

1000+

0 - i - i

1500
12503
10004
7309
5004
250

: e T
1200+ i

10004

1000

20007

15007

1000+

12504
10004

10

1580 1800 1620 1640 1660 168D 700 1720 " miz
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Sheet 7.2.1.2. Zn/Cd metal exchange experiment of in vivo Zn-PbrMT?2.

P

DC uv

Figure 7.2.1.2. CD and UV spectra registered during the Zn/Cd metal exchange
experiment of a 7.06 pM solution of Zn-PbrMT2 at pH 7.0 and 25°C.
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Table 7.2.1.2. Evolution of the Zn/Cd metal exchange experiment of a 7.06 ntM
solution of Zn-PbrMT?2 followed by ESI-MS spectra at pH 7.0.

Cd |pH7.0
Eq
H:m Zns Zn-*
| an I l//7Zn -
403: Zn Cd bbb bincnsct
, zgg Zn,Cd; <'5s Zn4Cd
102&" HMMMMM
. ZNnyCds Zn ,Cd,
ol " t II Zn Cd
| " Ceznca,
2002 Cd
| e '8Cd9
of = Clds Cd, Cdyg




184 | 7. Anmex

Sheet 7.2.1.3. Zn/Cu metal exchange experiment of in vivo Zn-PbrMT1

DC uv

Diff UV

Figure 7.2.1.3. CD, UV, and UV difference spectra registered during the Zn/Cu metal
exchange experiment of a 11 pM solution of Zn-PbrMT1 at pH 7.0 and 25°C.
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Table 7.2.1.3. Evolution of the Zn/Cu metal exchange experiment of a 11 ptM
solution of Zn-PbrMT1 followed by ESI-MS spectra at pH 7.0 and pH 2.4.

Eq [pH7.0 pH 2.4
Cu

200 A n A ‘

| M7M8I\/I Apo
.7 Mg Mo M., Cu, Cug
6 Mgl .Mlo T Cug
. I M10|M11M12 Cug
‘ My, Mg Cug

10 | ™ 2

12 iZZ MSIM|9 M' 1i Cu4 Cu8
| Mg Mg M,, Cu, Cug

100 M8 Mg CU4 CU8
20 © l ‘FM‘W‘“AIM H&ﬂ "

1660 161‘0 162‘0 163‘0 164‘0 165‘0 16é0 167‘0 168‘0 1GéOm/Z
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Sheet 7.2.1.4. Zn/Cu metal exchange experiment of in vivo Zn-PbrMT?2
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Figure 7.2.1.4. CD and UV spectra registered during the Zn/Cu metal exchange
experiment of a 7.06 pM solution of Zn-PbrMT2 at pH 7.0 and 25°C.
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Table 7.2.1.4. Evolution of the Zn/Cu metal exchange experiment of a 7.06 ptM
solution of Zn-PbrMT?2 followed by ESI-MS spectra at pH 7.0 and pH 2.4.

Eq |pH7.0 pH 2.4
Cu

o mo'_zn7Zn8 Apo
! e Apo*
» 1M, MgMyg | Apo
1 400 - /M
200 L‘"’M‘ A leA:S:AUS
° MM b
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1000 M12 Zzz CU CU12

] 8‘ ‘
3 400 o
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0 4 s A,
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0 o 3
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7.2.2. Characterisation of Zn-thioneins

Sheet 7.2.2.1. Zn/Cd metal exchange experiment of in vivo Zn;-AvuMT1

DC Diff UV

| I
220 230 240 250 260 270 280 290 300

T T T T T
3‘:'220 230 240 250 260 270 280 290 300

Figure 7.2.2.1. CD, UV and difference UV spectra registered during the Zn/Cd metal
exchange experiment of a 9.32 pM solution of Zn,-AvuMT1 at pH 7.0 and 25°C.
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Table 7.2.2.1. Evolution of the Zn/Cd metal exchange experiment of Zn-AvuMT1
followed by ESI-MS spectra at pH 7.0.

Eq |pH7
Cd
0 Intens. -
6] ] ZnNg
4%
05 -
1
2
3
5
7
3000 -
2000 -
1000 -
s . .
o8]
9 . Cds
3000 -
2000 -
1000 -
Y PV S, Y. VT W WS
1340 1360 1380 1400 1420 1440 1460 1480 m/z
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Sheet 7.2.2.2. Zn/Cu metal exchange experiment of in vivo Zn;-AvuMT1
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Figure 7.2.2.2. CD, UV and difference UV spectra registered during the Zn/Cu metal
exchange experiment of a 9.20 pM solution of Zn;-AvuMT1 at pH 7.0 and 25°C.
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Table 7.2.2.2. Evolution of the Zn/Cu metal exchange experiment of Zn-AvuMT1

followed by ESI-MS spectra at pH 7.0.

Eq pH 7.0
Cu
O \ni%ss_ Zn6
10
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5 0.0] . v a
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400 MG M8
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o v " .
4 |\/|8M9 My,
500]
3 b
- 0 T
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Table 7.2.2.3. Evolution of the Zn/Cu metal exchange experiment of Zn-AvuMT1
followed by ESI-MS spectra at pH 2.4.

Eq |pH24
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Sheet 7.2.2.3. Zn/Cd metal exchange experiment of in vivo Zn,-CaCUP1

DC uv Diff UV

Figure 7.2.2.3. CD, UV and difference UV spectra registered during the Zn/Cd metal
exchange experiment of a 17.2 pM solution of Zn,-CaCUP1 at pH 7.0 and 25°C.
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Sheet 7.2.2.4. Zn/Cu metal exchange experiment of in vivo Zn,-CaCUP1
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Figure 7.2.2.4. CD, UV and difference UV spectra registered during the Zn/Cu metal
exchange experiment of a 17.2 pM solution of Zn,-CaCUP1 at pH 7.0 and 25°C.
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Table 7.2.2.4. Evolution of the Zn/Cu metal exchange experiment of Zn-CaCUP1

followed by ESI-MS spectra at pH 7.0.

Eq
Cu

pH 7.0

Intens
10004
7504
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sl
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Table 7.2.2.5. Evolution of the Zn/Cu metal exchange experiment of Zn-CaCUP1
followed by ESI-MS spectra at pH 2.4.

Eq pH 2.4
Cu
Intens. CaCUP1-Zn amb 0 eq Cu_1-c,1_01_24348.d: +MS, 1.1-1.5min #38-50
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7.2.3. Characterisation of Cd-thioneins

Sheet 7.2.3.1. Characterisation of OdiMT1 fragments
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Figure 7.2.3.1. ESI-MS spectra measured at pH 7.0 of 12C fragment of OdiMT1 (A, C,
E) and t12C fragment (B, D, F) of the Cd(Il)- (A and B), Zn(II)- (C and D) and Cu(Il)-
enriched (E and F) MT productions. On the top left of each panel, it is showed the
stoichiometry found by ICP-OES of each production. (LOD= lower than limit of

detection)
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Sheet 7.2.3.2. Characterisation of CroMT1, HroMT1, HroMT?2, BscMT1 and BscMT1R4
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