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ABSTRACT 

The structural characterization of proteins and post-translational modifications as well as protein 

complexes and protein interactions is of utmost importance in order to understand biological processes. 

Biophysical approaches such as X-ray, NMR and electron microscopy excel in obtaining atomic details. 

However, many systems are not amenable to analysis using these methods. Mass spectrometry (MS) 

provides an underpinning resource for structural and functional proteomics, and thus it has been 

established as a complementary method in structural biology. In my doctoral research, I attempted to 

use native MS and MS-based proteomics approaches together with computer simulations to elucidate 

the structure-to-function relationship of a metalloprotein named metallothionein (MT). Metallothioneins 

are a family of low-molecular-weight, cysteine-rich proteins (~ 6-7 kDa) that bind up to seven Zn(II) 

ions and represent one of the main cellular Zn(II) buffer systems in the cell. A decade ago, it was 

demonstrated that under cellular free Zn(II) concentration (10-11 to 10-9 M), MTs must exist as partially 

Zn(II)-load species. Based on this, MTs gained a new biological function as a molecular sponge; MTs 

capture excess Zn(II) or donate Zn(II) to apoproteins. However, their mode of action has remained 

unknown due to the experimental challenges of studying these proteins. During my research, I designed 

an analytical methodology based on chemical labeling and mass spectrometry that allowed us to map 

the Zn(II) binding sites in these structures. Complementing this, I developed comprehensive data 

analysis software based on R language for the analysis of mass spectrometry data. Combining a set of 

MS and chemometric approaches with advanced molecular dynamics simulations, we also unveiled the 

molecular bases for the origin of the different Zn(II) binding affinities to MTs. Altogether it allowed us 

to shed light on the mode of functioning of these small yet important cellular proteins. 
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STRESZCZENIE 

Charakterystyka strukturalna białek i ich potranslacyjnych modyfikacji, oddziaływania białko-białko, a 

także charakterystyka powstałych kompleksów ma ogromne znaczenie dla zrozumienia procesów 

biologicznych. Techniki badawcze, takie jak techniki rentgenowskie, jądrowy rezonans magnetyczny 

(NMR) czy mikroskopia elektronowa (cryoEM) to metody strukturalne, które dostarczają 

szczegółowych informacji na poziomie atomowym. Mimo ogromnych walorów, ich zastosowanie w 

badaniu znaczącej ilości białek jest nadal niemożliwe z przyczyn technologicznych. Z pomocą 

przychodzi jednak spektrometria mas (MS), która poza możliwością jej użycia w badaniach 

strukturalnych, jest także podstawowym narzędziem w badaniach proteomicznych czy funkcjonalnych. 

Z tego powodu w biologii strukturalnej uznawana jest za wartościową metodę uzupełniającą. Metoda ta 

stała się też jedną z podstawowych technik badawczych w niniejszej pracy doktorskiej.  Użyte w niej 

metody proteomiki natywnej MS oraz kombinacja analizy MS z symulacjami komputerowymi 

stanowiły podstawę wyjaśnienia oddziaływań między strukturą a funkcją, zachodzących w ludzkiej 

metalotioneinie (MT). Metalotioneiny to rodzina niskocząsteczkowych białek bogatych w 

reszty cysteiny (~ 6 kDa), które zaangażowane są w utrzymanie homeostazy jonów Zn(II) i Cu(I). 

Wiążąc do siedmiu jonów Zn(II), metalotioneina stanowi jeden z głównych układów buforujących, 

utrzymujących stężenie Zn(II) w komórce na odpowiednim poziomie. Ze względu na zróżnicowane 

powinowactwo siedmiu jonów Zn(II), wahające się w przedziale stałej dysocjacji od 10-12 do 10-8 M, 

MT obecna jest w warunkach komórkowych w postaci form częściowo wysyconych jonami Zn(II) (Zn4-

6MT). Z tego tytułu białko to nazywane jest „gąbką molekularną”. Wychwytuje nadmiar Zn(II) 

lub przekazuje go apoproteinom w sytuacji jego deficytu. Jednakże molekularne podstawy tego 

mechanizmu pozostawały dotąd mało poznane. Nie znane było między innymi w jaki sposób fałdowane 

są częściowo-wysycone formy MT oraz czy te same struktury powstają, gdy jony metalu dysocjują z 

form o wyższym stopniu zmetalizowania. Odpowiedź na te pytania była niemożliwa ze względu na 

bariery technologiczne czy metodyczne. Celem pracy doktorskiej było zatem opracowanie nowej 

metodologii, opartej na połączeniu chemicznego znakowania MT ze spektrometrią masową. Pozwoliło 

to zlokalizować miejsca wiązania Zn(II) z atomową dokładnością w tychże strukturach. W trakcie 

realizacji badań, opracowano również kompleksowe oprogramowanie do analizy danych MS, działające 

w oparciu  o język R, dostępne dla każdego zainteresowanego. Łącząc metody MS i chemometrii z 

zaawansowanymi symulacjami dynamiki molekularnej, możliwe było opisanie molekularnych podstaw, 

odpowiadających za zróżnicowanie powinowactwa  Zn(II) w MT. Wyniki uzyskane w trakcie realizacji 

projektu doktorskiego przyczyniły się do wyjaśnienia sposobu funkcjonowania tych małych, 

reaktywnych, aczkolwiek bardzo ważnych białek komórkowych. 
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LIST OF ABBREVIATIONS USED 

 

Asp Aspartate 

CA Carbonic anhydrase  

CD Circular dichroism  

Cd(II) Cadmium 

CID Collision-induced dissociation  

Co(II) Cobalt 

CO2 Carbon dioxide  

CV Cyclic voltammetry  
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DFT Density function theory  

DPP Differential pulse polarography  

EPR Electron paramagnetic resonance spectroscopy 

ESI Electrospray ionization 

FRET Förster resonance energy transfer  

Glu Glutamate 

GSH Reduced glutathione  

GSSG Glutathione disulfide  
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LC-MS  Liquid chromatography-mass spectrometry 

LFSE Ligand field stabilization energy  
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LSV Linear sweep voltammetry  
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Multivariate curve resolution-alternating least 
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MD Molecular dynamics  

MD Molecular dynamics  

MS Mass spectrometry 
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PSM Peptide-spectrum match  

PTP 1B Protein tyrosine phosphatase 1B  
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SMD Steered Molecular Dynamics simulations  

SWV Square wave voltammetry  
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TFIIIA Transcription factor IIIA  
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VDW Van der Waals  

WT-PB  Well tempered-parallel bias 
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CHAPTER 1 

INTRODUCTION 

Zinc metalloproteome 

Although zinc (formally Zn(II)) was found to be essential for growth of the bread mold Aspergillus niger 

in 1869 by Jules Raulin, it was not until 1961 that zinc was recognized as an essential micronutrient for 

humans.1,2 Yet, the deficit of this metal ion represents a global public health problem: Nearly two billion 

people in developing countries are at risk for zinc deficiency and a broad spectrum of clinical 

deficiencies including Alzheimer’s disease, cancer and diabetes mellitus.2–4 The field of zinc 

biochemistry can be traced back to 1939, when it was discovered  by Keilin and Mann that an enzyme, 

carbonic anhydrase, contains stoichiometric Zn(II), which is crucial for its enzymatic activity.5 This was 

followed by the discovery fifteen years later of a second zinc enzyme, bovine pancreatic 

carboxypeptidase.6 Advances in protein purification methods rapidly extended this number to hundreds 

of enzymes in the next 25 years. The effort made by Bert L. Vallee and his group, who advanced the 

study of zinc proteins, led to the discovery of zinc proteins in every class of enzyme including 

hydrolases, lyases, oxidoreductases and ligases.7 It was found that the catalytic zinc sites are 

characterized by the coordination of Zn(II) by three amino acid ligand donors, with histidinyl (His or H) 

and aspartyl (Asp or D) or glutamate (Glu or E) being the most common ones. Such a tridentate zinc 

binding site leads to the so-called open coordination sphere: a fourth donor can come closer and bind 

Zn(II) fulfilling a tetrahedral coordination. An oxygen donor from a water molecule has been identified 

to play a crucial role in catalytic zinc sites as in lyases or hydrolases.8 For instance, binding of water to 

Zn(II) in carbonic anhydrase (CA) promotes the formation of a Zn(II)-bound hydroxide and subsequent 

nucleophilic attack on carbon dioxide (CO2) and formation of bicarbonate (HCO3
-).9 Generally, these 

proteins bind Zn(II) very tightly (Table 1). The native coordinating ligands in CA tune the Zn(II) 

reactivity, activating the water molecule: Zn(II) coordinates to the more electron-withdrawing His 

residues.10 The evolution of computer sciences and in particular the area of bioinformatics facilitated 

the estimation of approximately three thousand human proteins that require Zn(II) as a cofactor for 

different purposes.11 These include structural purposes such assisting in protein folding or modulating 

the structure-to-function relationship, regulatory roles or chemical catalysis.12 For instance, Zn(II) plays 

a role in regulating the enzymatic activity of the protein tyrosine phosphatase 1B (PTP 1B), which is 

inhibited upon Zn(II) binding to the catalytic zinc site (Table 1).13 Computer simulations revealed a 

coordination site formed by a Cys-phosphate, Asp and water molecules.14 The low affinity of PTP1B 

for Zn(II) responds to the physiological free Zn(II) concentration that upon fluctuations regulates the 

enzymatic activity. Although bioinformatics estimated that every tenth protein is a Zn(II)-binding 

protein, the impact of Zn(II) in the proteome is even greater when considering transient Zn(II)-protein 

interactions, interprotein metal binding sites or undiscovered coordination patterns.11,15 In fact, Zn(II) 

serves these functions (structural, catalytic or regulatory) under various coordination architectures: 
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catalytic, structural, clustered, transport and interprotein. One of the most important signatures or 

coordination patterns of structural zinc sites, is the so-called “zinc finger” (ZF). Discovered in 1985 by 

J.R. Miller, A.D. McLachlan and the 1982 Chemistry Nobel Prize winner Aaron Klug, the Xenopus 

laevis transcription factor IIIA (TFIIIA) contains repetitive sequences of cysteinyl (Cys or C) and 

histidinyl residues that bind Zn(II) and are separated with nonbinding amino acid residues (CX2-4CXnH3-

4H, where X is a non-coordinating residue).16 This characteristic signature forms small protein domains 

which interact with nucleic acids like the fingers of a hand holding a rod, and hence were named “zinc 

fingers”. The relevance of the classical zinc fingers was then greatly recognized as the Zn(II) binding to 

these proteins modulated the binding to DNA and thus the transcriptional activity. Zn(II) plays here such 

a structural role. The structural characterization indicated that these small protein domains adopt a ββα 

fold with a hydrophobic core stabilizing the ZF domain and bind Zn(II) from picomolar to femtomolar 

affinity.17 Beyond binding Zn(II) very tightly, structural zinc sites are usually kinetically stable such as 

the human TFIIIA, Sp1, CP1, or MTF1-1 (Table 1). Patterns other than classical ZF motifs involving 

CCCC or CCCH were found, as in Keap1 or in the transcription factor p53.18,19 The latter binds Zn(II) 

with femtomolar affinity, controlling the p53-DNA binding specificity and affinity. To date, this is one 

of the highest affinities reported, comparable to two other eukaryotic proteins, PDZ and LIM domain 1 

and Rad50.19–21 Two cysteinyl residues from two Rad50 protomers bind Zn(II) with an extraordinary 

affinity. Even though initially named a “half zinc finger”, the zinc hook is an interprotein Zn(II) binding 

motif recently identified in Rad50 protein, involved in DNA damage repair.21 As commented above, 

systems biology together with bioinformatics has extended the number of human zinc proteins to almost 

3,000 and does not include two types of zinc architectures: interprotein and transport. Generally, these 

sites cannot be readily identified by their signature. In an interprotein zinc site, two or more protomers 

coordinates the metal ion, the homodimer Zn(Rad50)2 being one of such example.22 The situation for 

interprotein zinc sites can be even more complex, as it may form the Zn(TRAIL)3 homotrimer as in the 

APO2L/TNF-related apoptosis-inducing ligand (TRAIL) or a Zn(hGH)(hPRL) heterodimer as in the 

prolactin receptor (hPRL) with growth hormone (hGH).15 This reflects the difficulty in finding an 

interprotein zinc site, where several ligands from different polypeptide chains are involved in charge 

donation to the metal ion. Transport sites are those in proteins that bind Zn(II) transiently, to which the 

signatures of Zn(II) binding sites, if there are any, are still incomplete. 15 Unlike structural zinc sites, 

which usually bind this metal ion very tightly23, transport zinc sites have significantly lower affinities 

for the metal ion.24 Having in mind that the biological role of these proteins is the fast mobilization of 

Zn(II), it is not surprising that they exhibit low affinity. There are two major families of zinc transporters, 

which play an important role translocating Zn(II) across the membranes. Transporters from the zinc-

regulated/iron-regulated-like (ZIP) protein family facilitate Zn(II) influx from either the extracellular 

milieu or intracellular compartments into the cytosol. On the other hand, the ZnT protein family exports 

cytosolic Zn(II) to extra- or intracellular compartments. The opposing actions of these two families of 

metal transporters sense, store and release Zn(II) to regulate its cellular levels. While ZnT proteins 
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reduce cytoplasmic Zn(II) concentrations, ZIP proteins increase them.25 A total of 14 human ZIP 

proteins have been identified so far, and the mechanisms of Zn(II) regulation are still under study.26 X-

ray structures of ZIP from Bordetella bronchiseptica, reveal a 3+2+3 transmembrane helix architecture 

and an inward-open conformation occluded at the extracellular side.27 Here, a total of seven metal 

binding sites, two of which form a binuclear metal center involving Asp, His and Glu residues were 

identified.27 ZnT proteins have been more widely studied in comparison to ZIP proteins. ZnTs exhibit a 

Zn(II)-for-protein exchange mechanism across the membrane. A recent cryo-EM structure of YiiP from 

S. oneidensis, a ZnT homolog, revealed a homodimeric architecture with three distinct Zn(II) binding 

sites in each protomer. The intramembranous site, in this case the transport site, formed a classical 

tetrahedral Zn(II) binding site, and is formed by three Asp residues and one His residue. Isothermal 

titration calorimetry (ITC) experiments determined a submicromolar range of Zn(II) binding affinity.28 

To understand the physiological scope of Zn(II)-protein interactions, the affinities of proteins for Zn(II), 

total and labile or “free” Zn(II) concentrations need to be considered altogether.29 At the cellular level, 

although the total Zn(II) concentration is in the submillimolar range, the “free” or labile Zn(II) 

concentration lies in the nanomolar to the picomolar range.30 This means that although total Zn(II) 

concentration in eukaryotic cells varies from 100 to 300 µM, the free or labile Zn(II) concentration is 

around six to seven orders of magnitude lower. Because of the affinities of Zn(II) to metal sites, in theory 

Zn(II) can compete with other metal ions binding with lower affinities such as iron. The “free” or 

available Zn(II) concentration is buffered sufficiently low despite the high total Zn(II) concentration to 

avoid Zn(II) binding to metal sites for Fe(II).31 Analogously to the pH buffering concept, the -log[Zn(II)] 

or pZn is controlled by the ratio between the apoprotein and the protein in complex with Zn(II), and the 

dissociation constant (Kd). Zn(II), besides proteins, also interacts with a vast number of biological 

ligands including peptides, amino acids, nucleic acids, and inorganic anions (e.g., Cl-, HS-, SO4
2-, HPO4

2-

, HCO3
-). Moreover, it exhibits an extraordinary coordination dynamic by which it can switch the ligand 

geometry and coordination number by using oxygen, nitrogen and sulfur donors without causing major 

energetic effort.29,32 All of this complexity has been an impediment determining the chemical nature of 

the ligands of free Zn(II) although they belong to this free zinc pool. Understanding the biological role 

of the cellular zinc pool or “free Zn(II)” is of utmost importance. Therefore, much effort has been 

expended to estimate free Zn(II). Through the use of sensitive fluorescence sensors free Zn(II) has been 

estimated in various cell types, determining concentrations in the picomolar range.33 To our knowledge, 

zinc buffering is dynamic and the cell buffering capacity also can change in order to handle Zn(II) fluxes. 

15 Not only the affinities of proteins for Zn(II) control the cellular availability, but also the 

compartmentalization of Zn(II) and the kinetic properties of Zn(II) dissociation from proteins are major 

factors to consider.32 The determination of cellular free Zn(II) in particular subcellular organelles 

presents more difficulties than in the cytosole, as standard fluorescence probes do not target particular 

cellular compartments. As a result, genetically encoded Förster resonance energy transfer (FRET)-based 

zinc sensors such as Zap or CALWY sensors have been used to determined free Zn(II) concentrations.34–
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36 Besides zinc transporters, metallothioneins have been identified to be involved in the homeostatic 

control of Zn(II) in mammalian cells. 25,30 These cellular proteins contain multiple clustered zinc sites 

that form metal clusters. Three different zinc sites in terms of affinity have been identified in 

metallothionein, from the nanomolar to the picomolar range.37 All of this protein machinery controls the 

spatiotemporal cellular Zn(II) availability, strictly regulating the Zn(II) availability and re-distribution 

in the cell (Figure 1). 

Table 1. Conditional dissociation constants (-log Kd) of zinc proteins and Zn(II)-peptide complexes. 

Zinc protein 
Binding 

site 
Function -log Kd 

Experimental 

conditions 

Method of 

determination 
ref 

Human carbonic 

anhydrase 

HHH Catalytic 12.0 pH 7.0 EAMB 38 

Bovine 

pancreatic 

carboxypeptidase 

HEH Catalytic 10.5 pH 8.0, 100 mM NaCl EQD 39 

Human TFIIIA CCHH Structural 8.6 pH 7.0, 50 mM NaCl RT 40 

Sp1 CCHH Structural 

12.7 pH 7.4, 100 mM 

NaClO4 

CDC 41 

7.6 pH 7.4 ITC 42 

9.2 pH 7.0, 100 mM NaCl RT 43 

MTF1-1 CCHH Structural 

11.6 pH 7.0, 100 mM 

NaClO4 

CDC 41 

11.4 pH 7.4, 100 mM 

NaClO4 

PAR 44 

CP-1 

CCHH Structural 
11.7 pH 7.0, 50 mM NaCl RT 45 

14.9 pH 7.0, 100 mM KCl CDC 46 

CCHC Structural 
11.5 pH 7.0, 50 mM NaCl RT 47 

15.0 pH 7.0, 50 mM KCl CDC 46 

CCCC Structural 
12.0 pH 7.0, 50 mM NaCl RT 47 

12.6 pH 7.0, 50 mM KCl CDC 46 

Human p53 CCCH Structural 14.8 pH 7.2, 100 mM NaCl FLC 19 

Human Rad50 CC+CC Structural 19.2a pH 7.4, 100 mM NaCl FLC 21 

Keap1 CCCC Structural 11.0 pH 8.0 PAR 18 

PDZ and LIM 

domain protein 1 

CCHC 

and 

CCCH 

Structural 14.5 pH 7.4, 100 mM NaCl CDC 20 

NMDA NR1a-

NR2a 

HHED Regulatory 8.0 pH 7.3 EAMB 48 

Human Protein 

tyrosine 

phosphatase 1B 

 Regulatory 7.8 pH 7.4, 100 mM 

KNO3 
EAMB 13 

Caspase 3 KEH Regulatory 8.1 pH 7.5, 100 mM NaCl EAMB 49 

EAMB – enzyme activity-based competition with chelating agents; EQ – equilibrium dialysis; RT– 

spectroscopic reverse titration; CDC – CD-monitored competition in metals buffers; ITC – isothermal 

titration calorimetry; FLC – fluorescence-based competition with complexones; PAR – spectroscopic 

competition with PAR. aDissociation constant determined for Zn(Rad50)2 stoichiometry (Kd12 with M2 

unit). 
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Mammalian zinc metallothioneins 

Mammalian metallothioneins are a family of low-

molecular-weight (~ 6-7 kDa) cysteine-rich (20-21 

residues) proteins involved in the homeostatic 

control of Zn(II) and Cu(I) ions (Figure 2). Besides 

these essential metal ions, MTs participate in 

cytotoxic processes binding toxic metal ions such 

as Cd(II), Pb(II) and Hg(II). There are four major 

isoforms (MT1-MT4) and multiple subisoforms, 

which differ in their tissue/cell localization but also 

in their metal-binding properties.50,51 They were 

identified by Margoshes and Vallee in 1957, when 

attempting to find a protein responsible for cadmium accumulation in mammalian kidneys. Originally, 

the term metallothionein was coined for holoprotein and thionein for the apoprotein. The field evolved 

towards the use of metallothionein as a general term leading to redundant concepts as “zinc 

metallothionein” instead of “zinc thionein”. Focusing on zinc, MTs bind up to seven Zn(II) ions and 

adopt a dumbbell-shape with two Zn(II)/thiolate clusters named α- and β-domains containing eleven and 

nine cysteinyl residues (ten in MT1b), respectively.52 In the N-terminal β-domain a maximum of three 

Zn(II) ions are bound, forming a Zn3(Cys)9 cluster, and in the C-terminal α-domain up to four Zn(II) are 

coordinated, assembling a Zn4(Cys)11 cluster (Figure 2).53 MTs exhibit two remarkable molecular 

properties: the seven Zn(II) binding sites have different affinities and a redox active Zn(II)/thiolate 

coordination environment.54,55 Since their discovery over 65 years ago it has been believed that MTs 

only function as a metal sink, capturing the excess of metal ions.56 It is not surprising that MTs acquired 

such a biological function, since experimentally it was determined that all of the seven Zn(II) bind 

cooperatively to MT with  picomolar affinity (Kd ~10-12 M). 57,58 Under such conditions MT would only 

buffer in a very narrow free Zn(II) concentration range and apoMT or thionein, and fully Zn(II)-loaded 

MT would be the most abundant species (Figure 3A). Further experiments that focused on the cysteine 

redox in MT discovered that MTs are redox proteins due to their tetrathiolate coordination environment 

that makes them more efficient Zn(II) donors in the presence of Zn(II) protein acceptors.37,59 For 

example, increasing glutathione disulfide (GSSG) triggered Zn(II) dissociation from Zn7MT.60 A new 

highly important function for MT was hypothesized, for which the stability constants determined could 

not explain such a role for metallothioneins. Subsequent studies reported that the MT fraction isolated 

from different cells and tissues were not fully saturated with Zn(II), and thus Zn7MT was not the only 

species present. 61 At the same time, emerging fluorescent zinc sensors were over and over reporting 

how the physiological cellular free Zn(II) concentration in eukaryotic cells varied between nanomolar 

(~10-8 M) and picomolar (~10-12 M) range.33,62 Considering such data and the spectroscopically 

determined Zn(II) binding properties of MTs, MTs would be excluded from participating in controlling 

Figure 1.  Overview of the cellular Zn(II) trafficking in a 

eukaryotic cell highlighting the role of metallothioneins 

and zinc transporters. 
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free Zn(II) concentrations since they could only buffer Zn(II) in a very narrow range, close to picomolar 

concentration (Figure 3A-B). A breakthrough in the MT field occurred around fifteen years ago after 

discovering that MT2 presents various affinities towards Zn(II).37 The use of highly sensitive fluorescent 

zinc sensors such as FluoZin-3 and chemical equilibrium calculations determined an apparent 

dissociation constant Kd of ~ 10-12 M for four zinc sites, two Zn(II) bind to human MT2 with an Kd of ~ 

10-10-11 M and the last Zn(II) is weakly bound with an Kd of ~ 10-8 M (Figure 3C). Opposite to the stability 

constants determined long ago, the different range of affinities from nanomolar to picomolar highlighted 

the possible role of MT as a cellular Zn(II) buffering system, serving as a Zn(II) acceptor and donor and 

matching these cellular free Zn(II) concentrations previously reported. Following up this idea, MT or 

more precisely thionein, loaded with four, five, six and seven Zn(II) ions would actually be present 

under physiological free Zn(II) concentration, providing a wide buffering range (Figure 3C). Upon a 

dynamic increase of cellular free Zn(II) concentration from zinc fluxes, Zn(II) may bind transiently to 

some proteins to exercise a particular function. In this sense, Zn(II) fluxes can lead to enzyme inhibition, 

activation of regulatory proteins or modulation of protein-protein interactions. On one hand, an excess 

above physiological free Zn(II) concentration leads to dysfunction of many proteins. On the other hand, 

a decrease of free Zn(II) concentration below essential levels required to maintain functional zinc 

proteins can also lead to protein dysfunction.12 Metallothioneins through the partially Zn(II)-loaded 

Figure 2. Structures of the Zn7MT2 protein solved by molecular dynamics (MD) simulations and the Cd5Zn2MT2 protein 

solved by X-ray crystallography. (A) A representative MD snapshot of the Zn7MT2 protein obtained upon replacing the 

Cd(II) with Zn(II) ions.244 (B) Human MT2 sequence indicated the Cys residues. (C) The Cd5Zn2MT2 protein solved by X-

ray crystallography and deposited in the protein data bank with ID 4MT2.53 The coordination of metal ions in the α- and β-

clusters are shown below each protein structure. Zn(II) and Cd(II) are represented by a purple and gray spheres, respectively, 

and the S atoms are shown in yellow. 
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species are involved in both processes, metal transfer to proteins and chelating Zn(II) from zinc sites in 

proteins (Figure 4). For example, several studies showed how Zn7MT transferred a single Zn(II) to the 

apo-form of sorbitol dehydrogenase (SDH), restoring its enzymatic activity.60 In this regard the 

glutathione redox couple modulates the rate but also the thermodynamics for the zinc transfer.60 While 

reduced glutathione (GSH) inhibits Zn(II) transfer 

from MT, oxidized glutathione (GSSG) increases the 

rate of Zn(II) transfer. Mass spectrometry studies 

further revealed that the Zn(II) ion was transferred 

from the β-domain in MT to the apoenzyme.63 Such 

data suggested a plausible location for the weakest 

zinc site in MT2 and show that MT plays a regulatory 

function distributing Zn(II) to other metal-dependent 

proteins. Metallothionein has also been demonstrated 

to transfer a Zn(II) ion to the apo-form of carbonic 

anhydrase, with subsequent activity reactivation.64 As 

mentioned above, carbonic anhydrase binds a single 

Zn(II) ion through three His residues with a fourth 

donor being water to closely form a tetrahedral 

coordination site. The Lewis acidity of Zn(II) 

activates the deprotonation of water at physiological 

pH. Later studies performed by Petering and 

collaborators reported an associative mechanism via 

direct protein-protein interaction for the metal transfer 

process.65 This report has already mentioned the 

reactivity differences between cadmium and zinc sites 

metallothioneins, in which cadmium sites were about 

two orders of magnitude less reactive. Other research 

has shown that metallothionein can inhibit protein tyrosine phosphatase 1B by Zn(II) donation.66 Not 

only enzymes accept Zn(II) from metallothionein but also zinc finger peptides.67 A single Zn(II) ion 

from each Zn7MT protein was transferred to apopeptides, a process that was abolished when both 

proteins were separated by a dialysis membrane.67 Thus, this report also suggested that metal transfer 

occurred via protein-protein interaction. Another factor to consider is the metallothionein/thionein 

(MT/T) ratio. As mentioned before, metallothionein does not exist as a single metal-loaded species, but 

multiple metal-loaded species coexist, acting as a zinc buffering system. Their fast dynamics and 

coexistence of these species impedes isolation and quantification of particular Zn-MT species. As a 

consequence, the metal-free with respect total metallothionein protein can be quantified through a 

differential Cys residue labelling approach. It has been demonstrated that this ratio “T/(T+MT)” varies 

Figure 3. Speciation simulation of zinc metallothionein 

based on three models. (A) Cooperative model with Kd 

= 10-11.8 M. (B) Non-cooperative model with Kd = 10-11.8 

M for each of the seven Zn(II) binding events. (C) 

Stepwise model based on three different Zn(II) binding 

sites. Four sites with a Kd of ~ 10-12 M, two sites with Kd 

of ~ 10-10-11 M, and one site with Kd of ~ 10-8 M.37 The 

term “T” shown in the plot refers to thionein. 
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in the range 0.08-0.50 in many tissues and cell lines.59,68 Considering the Zn(II) binding properties 

measured for MT2, one can relate this ratio to particular species (Figure 5). For instance, T/(T+MT) ~ 

0.14 would correspond to Zn6MT2. The term “MT/T” ratio is also associated with the cellular free zinc. 

Increase in the Zn(II) concentration leads to synthesis of thionein in the ribosome via Zn(II)-dependent 

transcription factors. Once thionein is produced, it is partially saturated with Zn(II). If the Zn(II) 

concentration is too low, MT donates Zn(II) and thionein is formed.50 Biophysical studies have 

incorporated the metallothionein buffer to study the zinc dissociation and association with other 

proteins. For example, a ratio of 0.4 T/(T+MT) was the threshold found with apoSDH. Below this value 

Zn(II) transfer to apoSDH occurred, while above this value Zn(II) transfer did not occur.66 On the other 

hand, PTP1B is inhibited at a values below 0.15 T/(T+MT), with a 0.08 midpoint. 66 The MT buffer also 

can modulate the formation of an interprotein Zn(II)-Lck-CD4 or zinc clasp complex. A value of 0.3 

T/(T+MT) causes a decrease in formation of the zinc clasp fraction by 20-40 %.69 Altogether, these 

studies demonstrate the role of the MT/T ratio as a zinc buffering system, and indeed the MT system is 

a key determinant of the biological activity of many components. 

After 65 years of research70 on MTs, chemical and biological studies have shed light into a new key 

player in cellular Zn(II) homeostasis, and the scientific community now may understand how Zn(II) and 

MTs play regulatory roles. 

Figure 4. Schematic representation of the crosstalk between the structural and zinc buffering properties of metallothionein. 

For the sake of example, the transcription factor p53 has been utilized here. When the cellular free Zn(II) concentration is 

below the physiological levels, the apoform of p53 is present and zinc MT donates Zn(II) ion to p53 to restore its activity. 

On the other hand, if excess of free Zn(II) is present may lead to protein dysfunction events as aggregation. Metallothioneins 

chelate such excess in order to restore cellular free Zn(II) levels and thus modulating the function of many proteins.  
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Structural studies on metallothioneins: challenges and opportunities 

Although much progress has been made in zinc biology and MTs over the last five decades, the 

structures and mode of action of the partially Zn(II)-loaded MT species were still missing. To date only 

one X-ray structure has been solved for rat liver MT2 that contains in the α-domain four Cd(II), and in 

the β-domain one Cd(II) and two Zn(II) ions (Figure 1).53  The presence of Cd(II) in the structure is due 

to the use of Cd(II)-induced MT in rat liver to obtain sufficiently high-yield expression for 

crystallography. MTs have proved to be a highly challenging objects to study using traditional 

biophysical techniques due to the lack of any secondary structure or aromatic amino acids, the 

spectroscopic silence of Zn(II) and the high Cys content that makes them susceptible to oxidation.50,71 

To further add to the difficulties, the only natural nuclear magnetic resonance (NMR) active nucleus of 

zinc is isotope (67Zn), a low sensitivity nucleus that yields broad NMR peaks. To ameliorate these issues, 

most of the biophysical data available have been collected using Cd(II)-substitute species since they 

render well-defined spectroscopic patterns including UV-Vis, circular dichroism (CD), NMR.72–74 

Moreover, historically metallothionein was discovered in the equine kidney cortex saturated with 

Cd(II).73 Particularly, 113Cd-NMR spectroscopy first determined that MT binds seven Cd(II) ions. 

Subsequent studies conducted using 113Cd-, 111Cd- and 109Cd-NMR spectroscopy and heteronuclear 

Figure 5. Metallothionein Zn(II)-loaded states and their role in cellular zinc buffering. (A) Relationship between the 

metallothionein buffer (T/(T+MT)), cellular free Zn(II) concentration and the partially Zn(II)-load MT species. (B) Structures 

of the metallothionein species obtained by molecular dynamics simulations.244 
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113Cd-1H NMR elucidated the Cd(II)-Cys connectivity and revealed a two-domain structure with CdxSy 

clusters in metallothionein.75–77  

 Despite both Cd(II) and Zn(II) forming a M7MT2 (where M represents a metal ion), there is a 

divergence of behavior in the thermodynamic and kinetic properties78. 113Cd-NMR spectroscopy studies 

have also revealed the mechanism of Cd(II) binding to MT to occur in two steps: four Cd(II) first bind 

to the α-domain forming a Cd4Cys11 cluster, then three Cd(II) bind to the β-domain forming a Cd3Cys9 

cluster.72,79 pH-titration studies have confirmed two clearly separated absorbance increase steps, one at 

pH ~3 and a second event at pH ~3.8.80 Regarding the stability data, the seven Cd(II) ions bind 

cooperatively to MT in a domain fashion, three to five orders of magnitude tighter than Zn(II); four 

Cd(II) are bound to the α-cluster with Kd ~10-15 M and then the β-cluster is formed with 3 Cd(II) ions 

(Kd ~10-13 M).77,80 Under such circumstances thionein loaded with four and seven Cd(II) would be the 

only relevant species. 

In contrast, pH titration performed on Zn7MT2 exhibits only one absorbance increase isotherm 

around pH 4-5, and there cannot be observed two events that correspond to binding to particular domains 

and cluster formation.81 With the spectroscopic methods used, researchers determined that the seven 

Zn(II) binding events are almost indistinguishable, and therefore estimated a picomolar affinity as an 

average binding affinity. However, the pH-titration curve was far more asymmetrical than a theoretical 

one that would correspond to a case where all seven Zn(II) are bound with similar picomolar affinity 

(Kd ~ 10-11.8 M). A later study used metal-controlled media to determine Zn(II) binding constants rather 

than following pH changes, which evinced that affinities of Zn(II) to MT2 differed and ranged from 

nanomolar (Kd ~ 10-8 M) to picomolar (Kd ~ 10-12 M).37 A retrospective view considering these data 

would indicate that such asymmetry in the pH titration curve can be ascribed to the gradually lowered 

affinities of Zn(II) to MT, and to the Zn(II) binding mechanism. 

At present, we and others have demonstrated that Cd(II) cannot be used indiscriminately as a Zn(II) 

isostructural replacement in MT studies.63,82,83 Structurally, NMR data obtained for Zn(II) and Cd(II) 

metallothionein indicated similar cluster geometry and shape for the fully metal-loaded proteins 

although small differences were found. These can be explained because of the metal ion differences: (i) 

the ionic radius for Cd(II) (109 ppm) is larger than Zn(II) (88 ppm), (ii) Cd(II) is a soft Lewis acid and 

Zn(II) is borderline84, (iii) the Cd–S bond is longer (~ 2.5 Å) compared to Zn–S ~ 2.3 Å. 

 In other studies, Co(II) was used as a spectroscopic probe for the Zn(II) binding processes and 

coordination modes.85–89 In principle, Co(II) usually binds with lower affinity to proteins than Zn(II) 

because of a thermodynamic penalty due to the ligand field stabilization energy (LFSE).90 The binding 

of Zn(II) and Co(II) to Cys proteins is accompanied by change in the coordination geometry from 

octahedral in water to tetrahedral in proteins. According to the crystal field theory since Co(II) is a d7 

metal ion, the change in the geometry comes with splitting in the energy levels of the d-orbitals between 
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the triply degenerate set (dxy, dxz, dyz) and the doubly degenerate set (dx2-y2 and dz2) of orbitals from the 

t2g and eg symmetrical groups. This change comes at the expense of penalty energy upon octahedral to 

tetrahedral geometry change, which does not occur in Zn(II) as it is a d10 ion as all five orbitals are 

occupied.91 Nevertheless, the direct observation of d-d bands in the visible range allows information to 

be gathered about coordination environments and metal geometry.41 One-dimensional 1H-NMR 

spectroscopy studies evidenced a Co(II) binding mechanism in which the first three Co(II) bind, forming 

independent CoxCysy sites, and do not share any Cys residue.87 The fourth Co(II) binds to the α-domain, 

giving rise to a Co3Cysy cluster, and the fifth Co(II) completes the four-metal cluster in the α-domain.87 

Another study which employed UV-Vis and electron paramagnetic resonance (EPR) spectroscopy 

determined that the first four Co(II) bind, forming independent sites by using terminal thiolates, and 

after addition of the fifth Co(II) metal clusters start to be formed.85 A third study used NMR and UV-

Vis spectroscopy combined with Cys labeling experiments to follow the Co(II) titration to 

metallothionein.88 Here, the use of Cys labelling with iodoacetamide allowed the stoichiometry of the 

CoxCysy cluster to be determined. Similar conclusions were obtained as the first three Co(II) bind to 

independent metal sites as CoCys4 until the addition of the fourth Co(II) when Co(II) sites begin to 

coalesce into clusters as Co4Cys11.  

In conclusion, these studies evidenced that the first three-four Co(II) ions bind independently and are 

redistributed between the α- and β-domain, prior to the formation of metal clusters.85–89 However, the 

results obtained for Co(II), as with Cd(II), need to be treated with caution when translating their 

conclusions to their Zn(II) counterpart complexes. The low resolution provided by spectroscopic 

techniques together with the intrinsic complexity of the partially Zn(II)-loaded species impeded their 

structural characterization, and their mode of action remained elusive.  

Biological mass spectrometry 

Well-established mass spectrometry-based proteomics plays a major role deciphering protein post-

translational modifications and protein abundances and charting protein interaction networks.92 In 

peptide-centric or bottom-up proteomics, proteins are identified and quantified after enzymatic digestion 

to amenable smaller peptides, whose sequences can be determined by different fragmentation methods 

combined with bioinformatics analysis.93 This technique is mostly used for high-throughput analysis of 

protein mixtures and can provide information about the entire proteome. The digested peptides derived 

from particular proteins generate “peptide patterns” that are used to identify the proteins to which they 

belong. Only a few peptides are actually required to confidently identify and in some cases quantify a 

protein. The main drawback of bottom-up MS is the loss of the peptide-to-proteoform connectivity 

(Figure 6).94 In addition to conventional proteomics, peptide-centric proteomics has expanded its role to 

structural biology by quite a few different approaches, including surface labeling techniques95 and 

chemical labeling.96 In contrast to MS-based proteomics, native mass spectrometry intends to analyze 

intact proteins and their non-covalent complexes preserving the native-like state.97 Although the term 
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“native MS” was coined later,98 the birth of this MS modality can be traced back to the 1990s,99–103 

immediately after the introduction of electrospray ionization.104,105 For what seemed like a long time, 

advances in the field lagged in comparison to peptide-centric MS. This is partially attributed to the 

challenges behind efficient ionization of large and intact protein complexes. Since the intention is to 

bring the analyte into the mass analyzer retaining most of its original structure and intermolecular 

interactions, samples are prepared with volatile salt solutions (e.g., ammonium acetate, formate or 

bicarbonate) at neutral pH, avoiding any sample preparation step that may induce protein denaturation.94  

The early years of applying MS to structural biology detected protein folding intermediates of the 

hen lysozyme or captured how the folded core of the molecular chaperone GroEL could be preserved in 

the gas phase.102,106 A turning point occurred in the field when after fine-tuning pressures, voltages and 

temperatures in the mass spectrometer, Rostom and Robinson recorded the mass spectrum of the 14-

mer 800 kDa GroEL chaperone.107 That a protein structure could be studied in the vacuum of a mass 

spectrometer was a concern shared by many.108,109 Over the years it has been confirmed, though it 

seemed at that time rather unlikely, that molecular assemblies can be studied in the gas-phase. 

 Upon such and many other successes,110–113 the past three decades have witnessed remarkable 

progress in native MS and established a new phase in structural biology. Two main challenges are 

inherent to the field: the transmission of high masses and the mass resolving power.94 Under native MS 

conditions the proteins attain fewer charges than under denaturing conditions, and mass analyzers with 

extended m/z range are usually required. The development beyond time-of-flight (TOF)-based mass 

analyzers114,115 and in particular Orbitrap mass analyzers boosted the number of applications in native 

MS.116–118 The other challenge, mass resolving power, is particularly relevant to native MS because  it 

not only depends on the instrumental resolution but also is sample-specific. The mass resolution 

obtained is largely affected by the desolvation of the protein during the transfer from the electrospray to 

the high vacuum region of the mass analyzer.118 With greater stripping of solvent molecules and salt 

ions there is better desolvation and therefore higher resolved mass spectra. Desolvation can be achieved 

by sample preparation through desalting procedures or during the measurement via ion activation. While 

the first one comes at the expense of sample loss, the second one needs to be carefully optimized to do 

not induced dissociation.119 Usually, the combination of both desalting and ion activation leads to the 

best performance. As the mass spectrometry instrumentation advances, larger and more heterogeneous 

systems such as viral particles in the mega-Dalton range, glycoproteins or intact membrane complexes 

are being explored.117,120,121 



 

13 
 

Notwithstanding, all of these exciting avenues were followed by new challenges. Measuring the 

masses of native complexes may not be enough to unambiguously identify structural information for 

heterogeneous systems.121 The accurate mass of a protein does not directly inform of its primary or 

higher structural levels. Hence, the use of tandem mass spectrometry also applies to native MS. Among 

all of the tandem MS approaches, native top-down MS is a powerful tool for higher-order structural 

characterization of protein complexes.122 In this approach, the intact protein samples are directly infused 

from the solution to the gas-phase without prior prefractionation steps.123 To date, because most online 

separation techniques do not work well with “native” buffers, the technique is mostly established for 

purified proteins. Nevertheless, some attempts have been made using overexpressed proteins in cell 

cultures without purification.124,125 

Identifying the right instrumental conditions for optimal transmission and desolvation while 

avoiding disrupting protein complexes is not a trivial task. In the most widely used activation method, 

collision-induced dissociation (CID), the internal energy of the ions is gradually increased through their 

collisions with neutral gas molecules, which eventually redistributes this energy to the backbone by a 

process called intra-vibrational redistribution (IVR).119 The accumulated energy is then released by the 

first promoting unfolding and noncovalent dissociation, and then inducing backbone cleavage. 

Therefore, CID has been used to confirm protein complex compositions, extracting subunit connectivity 

and architectures.120 However, CID is a low-energetic fragmentation process and the dissociation of the 

complexes may be incomplete. More energetic and site-specific electron.126,127 or photon-based128 

Figure 6. Native MS and tandem mass spectrometry approaches to interrogate protein samples. The cons column compares 

tandem MS approaches. Ox and P refer to oxidation and phosphorylation, respectively. 
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fragmentation methods induce backbone fragmentation without IVR, retaining the non-covalent 

interactions. Altogether, the abovementioned and other MS approaches and techniques constitute a 

powerful toolset for structural interrogation of proteins and assemblies. 

Mass spectrometry investigations of mammalian metallothioneins 

In an effort to better understand the structure-to-function relationship of these small yet important 

cellular proteins, high-resolution mass spectrometry has become an indispensable tool for 

metalloprotein and metallothionein studies attested by the high number of publications.63,82,127,129,130  

During the 1990s, Prof. Catherine Fenselau and coworkers were the first to employ electrospray 

ionization MS for studies in MTs, from simply monitoring the number of metal ions in recombinant 

MTs to more complex studies on protein-drug interactions. 131,132 These early reports were rapidly 

followed by Prof. Peter E. Hunziker’s work,133 and were extended by the group of Prof. Martin. J. 

Stillman that mostly focused on evidencing the metal-ion binding mechanism and metal speciation. 

83,134,135 Over the last three decades, Stillman’s group has made extensive use of electrospray to derive 

thermodynamic and kinetic information about metalation reactions of MT using a broad range of metal 

ions including arsenic, lead, aluminum, bismuth, and rhodium.136–138 At that time, the partially metalated 

MT species were poorly defined and only the description of the metal clusters in fully saturated MT 

with seven divalent metal ions (M7MT) was known. In theory, the complete metal binding to the 20 Cys 

residues in MT can take place by three mechanisms: a noncooperative, a cooperative and a mixed 

mechanism. On one hand, in a cooperative mechanism only apoMT and Zn7MT should be detected. On 

the other hand, in a noncooperative binding metal intermediates should become the most abundant 

species during a metal titration experiment. In the absence of any other effect, the binding constants 

should decrease equally since there are fewer binding sites available. In this regard, Stillman and the 

Russell group utilizing the signal intensities in the mass spectrum from direct metal titration to apoMT 

established a thermodynamic framework where all seven Zn(II) ions bind to MT with a Kd of ~ 10-11 M 

through the formation of a Zn4Cys11 cluster. 139,140 In another study, Prof. Stillman’s group used an apo-

form of carbonic anhydrase as a competitor for Zn(II) in metallothionein, and also determined picomolar 

affinities of Zn(II) to metallothionein.140 Such data contradicted the stability constants obtained in 

solution that revealed three different Zn(II) binding affinities to MT2.37 Over time, the description of 

Zn(II) binding forming a cluster dominated mechanism became less convincing. Newer reports from 

Stillman’s group intended to reconcile the conflicting results, reporting a switch between cooperative 

and noncooperative Zn(II) binding to MT protein as a function of pH.141 In their later study, the authors 

claimed that four Zn(II) ions bind independently to MT at physiological pH, and they only form a 

Znx(Cys)y cluster when it is saturated with seven Zn(II) ions.83 While this information seemed 

interesting, there was not yet direct evidence to support these hypotheses by the methods employed. 

Different metal-to-apoprotein samples were prepared in 10 mM ammonium formate, the pH adjusted to 

a desired units and then infused directly into the MS.83 Then, the relative signal intensities from different 
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metal-loaded MT species were used to build quantitative thermodynamic models. For example, a pH- 

dependent equilibrium was used to discern the binding mechanism, or metal titration experiments to 

determine stability constants. In this regard we should point out several considerations that may question 

the reported results. First, the stability of a metal-protein complex in the gas-phase can be strengthened 

due to differences in the dielectric permittivity between water and a vacuum that increases electrostatic 

interactions.142 Second, MS-compatible solutions (e.g. ammonium acetate/formate) do not constitute 

buffers at neutral pH.143 Buffering properties of commonly used ammonium acetate are at pH 4.75 ± 1 

and 9.25 ± 1, which correspond to the acetic acid and ammonium pKas. Ammonium formate can also be 

used as a pH buffer at 3.8 ± 1 and 9.2 ± 1 units. In fact, conjugate weak acid/base pairs are acetic 

acid/acetate (pKa 4.75) and ammonium/ammonia (pKa 9.25). During the desolvation process in the ESI 

plume, protonation of acetate generates acetic acid (in ESI positive mode) and favors the formation of 

[M + zH]z+ ions. This process therefore leads inevitably to acidification, likely close to the pKa values of 

acetic acid. A large pH shift can be in theory prevented by increasing ammonium acetate concentration. 

For instance, a pH drop to 6.5 units can be estimated when using 100 mM ammonium acetate as a 

solution. Because the authors used 10 mM ammonium formate solutions during the experiments, the pH 

could not be held as stated in the articles. In theory, the addition of 1 mM H+ from water oxidation, a 

process which occurs during electrospraying, to 10 mM ammonium formate could reduce the pH from 

7 to ~ 4 units. Inevitably, the pH adjusted in solution is not maintained during the ESI process.144 The 

third issue to address is the use of relative signal intensities to derive thermodynamic information such 

as stability constants. Different metal-load species can exhibit different ionization properties, and 

therefore the addition of a response factor should be considered in the Kds calculation.144 If all the above-

mentioned observations are taken into account for these results, then we can understand why the stability 

Figure 7. Comparison of the speciation simulation of zinc metallothionein (A) Model with Kds obtained from ESI-MS 

data.140 (B) Model with Kd obtained from nanoESI-MS data.139 (C) Model based on three different Zn(II) binding sites 

obtained from fluorescence spectroscopy.37 
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constants were overestimated compared to the solution values (Figure 7). In the light of these drawbacks, 

the binding pathways proposed had to be questioned.  

To gather information about metal-binding mechanisms, differential cysteinyl chemical labeling 

coupled to MS and ion mobility (IM)-MS has been latterly employed.82,129,130 In this approach, free and 

metal-bound Cys residues can theoretically be differentiated since only the free Cys would be alkylated. 

In one of our reports (not included in this doctoral dissertation), we combined iodoacetamide (IAM) 

labeling with a bottom-up MS approach to study the Zn(II)-binding mechanism.63 It was concluded that 

Zn(II) binds sequentially to the α-domain, until it forms an α-Zn4MT2 cluster. However, the β-domain 

which should be metal-free showed a degree of protection against the alkylation. As shown, the single 

labeling approach could not solve the riddle. Additionally, we performed an in-solution competition 

experiment between Zn7MT2 and the apoform of sorbitol dehydrogenase.  We found that one Zn(II) was 

transferred from the β-domain in Zn7MT2 to the apoSDH, thus supporting the existence of different 

Zn(II) binding affinities to MT2. The weak Zn(II) binding site was then related to the 1-20 region in 

MT2. The last report performed by the Russell group employed top-down MS and IM-MS experiments 

to study the early events of Zn(II) binding to MT2 (1-4 Zn(II) equivalents).82 The authors concluded that 

the sequence Asn18-Cys38 coordinates the first four Zn(II) and that the N- or C-termini weakly interact 

with Zn(II) ions. While altogether these structural studies reported a noncooperative Zn(II) binding 

mechanism, the metal location and coordination environment remained unclear and were a primary 

focus of this doctoral dissertation. 

Computer simulations 

Molecular dynamics (MD) simulations provide a powerful tool to study the structural and dynamic 

properties of protein systems.145 The atomistic level of information gained helps to address detailed 

mechanisms of protein folding,146,147 the basis for metal selectivity148,149 or the mechanism of action. 

14,150 In classical MD simulations, Newton’s equations of motions are propagated simultaneously to 

reproduce physical movements.151 The atoms are treated as spheres, bonds as springs and the interaction 

between all of the atoms is dictated by a potential energy functions or “force fields”. These potentials 

are usually parametrized according to experimental data so that they can reproduce laboratory 

observations. Within this approach, we may nowadays calculate trajectories with timescales ranging 

from hundreds of nanoseconds to a few microseconds, thus reaching structures that likely correspond to 

thermodynamic minima.152 Pushing the timescale limit achievable nowadays, a millisecond simulation 

was performed using an Anton supercomputer.153,154 The reliability of the configurations and simulations 

is related to the availability of an accurate force field.155 Those energetic parameters are well validated 

for amino acids, but developing accurate force fields for metal ions has proved to be very challenging. 

This is due to the difficulty to describe general partial charges of the atoms within the metal-ligand 

coordination that depend on the metal ion and its coordination number but also other factors such as the 

coordination environment and protonation state.156 Several force fields have been reported to study 
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Zn(II) sites in metalloproteins and can be classified according to how they describe the interaction 

between the metal ion and its ligand, being the most common nonbonded and bonded models.157 In the 

12-6 Lennard-Jones (LJ) nonbonded model the metal ion is generally modeled using an integer partial 

charge that equals to its oxidation state, so that the potential function only considered the electrostatic 

and van der Waals (VDW) interactions with surrounding ligands. Simulations of zinc proteins have 

shown an octahedral or trigonal bipyramidal Zn(II) complex instead of the expected tetrahedral Zn(II) 

complex identified in the X-ray structures. This has been attributed to the Zn(II) VDW parameters, 

parametrized to yield a hexahydrated Zn(II) complex in aqueous solution.156 Fine tuning the parameters 

in the potential function generally meets different demands and leads to a reasonable description of the 

metal coordination environment. In a bonded model, partial charges are usually calculated through the 

restrained electrostatic surface potential (RESP) methodology using semiempirical or ab initio 

calculations. The potential energy function besides nonbonded terms (electrostatic and VDW) also 

contains the bond, angle, and dihedral terms for the bonded interactions, which may lead to high 

accuracy to reproduce metal geometries. Despite its success, it still has drawbacks when modeling zinc 

proteins as it does not consider polarization and charge transfer effects akin to nonbonded models.157 In 

addition, the study of the mechanism of reaction that involves formation and breaking up of coordination 

bonds between a metal ion and its ligands requires special treatment.146,158 Therefore, to reasonably 

describe charge transfer from the metal ion to its ligands and polarization effects of the Zn(II) sites 

quantum mechanism should be incorporated either by using ab initio MD or a quantum 

mechanics/molecular mechanics (QM/MM) method.159 On the other hand, usually using these methods 

are prohibitive in sampling conformational spaces since they come at the expense of tremendous 

computational demands. Recently, a nonbonded zinc force field that incorporated the polarization 

effects of Zn(II) to its ligands was released demonstrating its suitability to reproduce metal geometries 

and binding affinities.160 This force field parametrized the nonbonded parameters for Zn(II)-binding 

ligands by means of QM techniques on zinc sites from X-ray structures.  

Unfortunately, during a classical MD simulation usually only a few metastable states are explored 

since biological processes such as Zn(II) unbinding/binding to proteins are on time scales far beyond 

those accessible by classical MD simulations. Therefore, enhanced sampling methods such as umbrella 

sampling, steered MD or metadynamics are of great interest to sample these types of events.161–163 These 

methods accelerate the conformational transitions between different metastable states although they 

require the use of descriptors or collective variables whose choice strongly affects the success of the 

sampling. The collective variables should be chosen based on chemical or physical intuition since it has 

to capture the process one is interested in studying. For example, in a chemical reaction where a bond is 

broken and another is formed, a proper collective variable would include the distances between these 

atoms.164 These methods when properly applied can explore complex free-energy landscapes.164,165  
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As regards metallothioneins, density function theory (DFT) has been employed to study the 

electronic structure of the MT clusters.166 The geometry of the individual MT clusters without the protein 

was first optimized. The initial set-up used the α- and β-domains of the human Cd7MT2167, and then to 

obtain the Zn(II) counterparts, Cd(II) was manually replaced by Zn(II). Terminal and bridging Cd–S 

and Zn–S bonds were characterized to be of different length, which is in agreement with X-ray data of 

some inorganic complexes. The NMR structure available for Cd7MT2 poorly described the electronic 

terminal/bridging effect, as all of the Cd–S bonds were similar, within 0.02 Å. Therefore, through DFT 

the description of these bonds could be further improved. On the other hand, the structure of rat MT2 

reproduced well differences between Cd–S and Zn–S bonds, yet once again there were no differences 

between terminal and bridging bonds. The authors concluded that all of the seven metal sites are distinct 

from each other due to the asymmetry of the cluster architectures, with an average of 2.60 Å and 2.39 

Å for Cd–S and Zn–S, respectively. Terminal bonds were actually 0.07 Å shorter than bridging bonds 

for both Zn–S and Cd–S bonds. Lengths for the metal-ligand bonds in the α- and β-domains were of 

similar length. In terms of metal selectivity, the authors found that in the α-domain there is a metal site 

with a preference toward Cd(II), while in the β-domain there are two specific metal sites, one with a 

preference for Zn(II) and the other for Cd(II). Overall, investigation of the electronic properties of the 

individual clusters has already highlighted their high asymmetry, which is more likely naturally 

designed to accommodate different metal ion affinities.166 Another DFT study performed on isolated 

metal clusters determined that even though the net charge of both metal clusters is -3e-, the β-cluster is 

less polarized by its environment, resulting in bridging and terminal Zn–S bonds (2.44 Å and 2.37 Å) 

that are longer than those in the α-domain (2.40 Å and 2.36 Å). This was attributed to the larger charge 

density and smaller volume, as a result of the evolution and function of the protein having different 

metal ion affinities.168 Another DFT and QM/MM work studied the effect of isolated metal clusters and 

the protein environment on thiolate reactivity with hydrogen peroxide (H2O2).169 The energy barrier for 

oxidation of the terminal thiolate in the β-cluster was found to be ~2 kcal mol-1 lower than for the 

bridging thiolate. Thiolate oxidation by H2O2 seems an efficient way for metal ion dissociation from 

MT. Indeed, such an event requires oxidation of several reactive thiolates. We need to bear in mind that 

in this work only the first step in the oxidation reaction was considered, i.e. the nucleophilic substitution 

leading to the formation of the sulfenate anion. The next step in the reaction – the nucleophilic attack of 

the thiolate to the sulfenate anion and formation of a disulfide – was omitted. Another missing point is 

that only the three most solvent exposed Cys residues were considered. Nevertheless, some meaningful 

insights were gained as they included the protein environment in their calculations through a QM/MM 

scheme. In these conditions, 21.5 kcal mol-1 was the energy barrier for the oxidation of the most reactive 

thiolate, which accounted for 3 kcal mol-1 from the protein environment.169 Molecular dynamics 

calculations in a vacuum on the apo-form of the domains have shown that the cysteinyl residues move 

to the exterior of the surface.170 The last study computed the free energy for Zn(II) dissociation upon 

oxidation with Ellman’s reagent yielding different disulfide products from the isolated domains by 
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means of QM/MM and MD simulations.158 In the β-domain the dissociation of each of the three Zn(II) 

ion yields three different products named by the disulfide bridge formed (Cys5-Cys21, Cys13-Cys26 

and Cys19-Cys29). In the α-domain, Zn(II) dissociation of each of the two Zn(II) that are in equivalent 

metal sites as in the β-domain yielded two disulfide products (Cys33-Cys48 and Cys57-Cys59). The 

methodology consisted in performing QM/MM minimizations on each configuration, and calculating 

single point QM/MM energies to be used in a thermodynamic reaction that subtracted free energy of 

products and reactants. It was determined that the protein environment in the aqueous solution makes 

each Zn(II) binding site distinct with different Zn(II) dissociation propensities. Moreover, some products 

yielded to higher flexibility, which results in different solvation effects as the Cys19-Cys29 in the β-

domain is more flexible than the analog in the α-domain, resulting in better solvation. The authors 

provided a physical basis for understanding why Zn(II) dissociation from the β-domain resulted in being 

thermodynamically more favorable. The progress made by this research, however, still could not provide 

a reasonable explanation for the different Zn(II) binding affinities in metallothioneins, as only the 

isolated domains were considered. One of the reasons to simplify the object of the study is the 

computational demand of calculating electronic properties of a full protein treated with quantum 

mechanics. The lack of an appropriate force field to model Zn(II) sites in proteins at that time impeded 

the extension of the molecular dynamics simulations to the two-domain protein. Fortunately, the 

research conducted on developing new and accurate force fields for zinc proteins allowed us to perform 

molecular dynamics and free energy studies on the zinc metallothionein protein, as will be described in 

the next chapters. 

Electrochemical studies assisted by chemometrics to study metallothioneins 

Electrochemistry studies the relationship between the electric field and chemical reactions, where the 

electricity can be measured as a result of a particular chemical change or viceversa.171 Voltammetry 

encompasses several electroanalytical techniques in which the current is measured as a function of the 

potential on a working electrode. In the case of solution equilibria involving metal ions and metal 

complexes, voltammetry can provide information about system speciation. Electroanalytical methods 

have been widely applied to metallothionein, as it can distinguish among free metal ions and those in 

complexation. The intrinsic complexity of metallothioneins, indeed the lack of secondary structures or 

aromatic amino acids together with the spectroscopic silent character of Zn(II) hindered the use of most 

biophysical techniques to structurally characterize metallothioneins. Thus, it is understandable why 

voltammetry has been employed to study the physicochemical properties of MTs and in particular 

changes in species distribution during Zn(II) and Cd(II) complexation or pH changes.172–175 Most of the 

studies used the peptidic fragment Lys-Cys-Thr-Cys-Cys-Ala of mouse liver MT1 as a model for MT 

characterization. The study of this peptide in absence and in complex with Zn(II) and Cd(II) has been 

done by using several electroanalytical methods such as differential pulse polarography (DPP), linear 

sweep voltammetry (LSV), cyclic voltammetry (CV) and square wave voltammetry (SWV).176–180 
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Among these techniques, DPP was the most suitable to study the speciation of the system as a function 

of parameters such as the solution pH or the metal concentration. Although SWV is very fast and exhibits 

better sensitivity and narrower peaks than DPP, the use of a single Hg drop electrode in each potential 

scan leads to more complex processes. DPP represents an alternative to SWV with good sensitivity, and 

because for each measurement a new Hg drop is used, the electrodic process is simplified.181 

Nevertheless, the interpretation of the voltammograms is usually very complex, to a larger extent when 

signals overlap in the voltammograms.182 Another factor that can exacerbate this issue appears when the 

relative intensities and morphologies of the electric signals vary during the experiment.183 In some cases, 

the voltammograms can be properly interpreted using an approach named “hard modelling”, which fits 

an assumed a priori theoretical model to the experimental data. Curve fitting and Fourier transform 

deconvolution belong to this group. Curve fitting has been used to resolve overlapping signals in 

voltammograms acquired for different metallothionein isoforms.184 The complex signals are first 

simulated as the sum of single peak models, as a Gaussian peak by using iterative least squares 

minimization. Then, an algorithm for optimization such as the Marquard procedure is used to fit the 

theoretical to experimental data. A common criterion for optimization is the minimum of the sum of 

deviation squares of a model from the real profile. However, postulating a theoretical model is very 

complicated because there are many processes involved, such as the electrode process or transport 

phenomenon.182 Another approach that emerged as a consequence of the chemometrics revolution is 

called “soft modelling”. Here, the identification of a model to describe the voltammograms comes from 

the numerical and statistical analysis of the experimental data. Multivariate curve resolution-alternating 

least squares (MCR-ALS) has been shown to be a powerful approach to study metal ion binding by 

voltammetric techniques.183,185–187 The pure voltammograms of the different electrochemical processes 

involved, and the concentration profiles can be extracted by applying MCR-ALS. From the calculated 

concentration profiles, the model of complexation and the equilibrium stability constants can be easily 

estimated.171,182 This technique, developed by Prof. R. Tauler, has been widely used as a soft-modelling 

approach to Zn(II) and Cd(II) binding to the peptidic fragment Lys-Cys-Thr-Cys-Cys-Ala from mouse 

liver MT1 and to the isolated α- and β-domain from mammalian MT2.180,181,183,185–187 To our knowledge, 

there has been no study that attempted to follow electrochemically the Zn(II) binding process to the two-

domain apoMT protein. These studies employed a peptide model or isolated domains, which have been 

shown not to mimic the physicochemical nature of the full protein. Definitely, chemometrics is 

necessary to extract all of the information provided by electrochemical methods. Nevertheless, the 

complexity of using MCR-ALS or other chemometrics approaches has hampered their use in 

electrochemistry, and to study metal binding to proteins.  
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CHAPTER 2 

RESEARCH AIMS  

The first aim of my doctoral work was to understand the mechanism of Zn(II) binding and unbinding to 

metallothioneins.  Steps required to attain this first objective were: (i) to reconcile the nature of the metal 

binding mechanism, indeed the degree of cooperativity, (ii) to investigate the reversibility of the 

mechanism and whether association and dissociation of Zn(II) to the protein go through the same protein 

intermediates, eventually leading to similar thermodynamic minima.  

The second main objective was to elucidate the spatial organization of zinc in the Zn1-7MT species. Due 

to the complexity of metallothionein, which lacks aromatic amino acids and secondary structural 

elements together with the spectroscopic silent character of Zn(II), most of the experimental methods 

lack sufficient resolution to provide structural information. Therefore, within this aim I attempted to 

develop experimental and computational methods to precisely locate the Zn(II) in all of the Zn1-7MT 

species at the single-residue level of information. 

The third and last aim was to determine the molecular bases for the differences in Zn(II) binding 

affinities to metallothioneins. A decade and half ago it was discovered that metallothionein binds Zn(II) 

with several affinities, but the microscopic reasons for the existence of zinc sites with different affinities 

still remained to be elucidated. Here, I undertook a search for physicochemical features of the Zn1-7MT 

species such as intramolecular forces, bond dissociation energies or solvation properties from a 

microscopic point of view, which would support the experimental evidence. 

Proposing a plausible explanation for these three aims in turn would make it possible to unravel the 

nature and selectivity of metallothioneins towards Zn(II) ions, where not only one protein but several 

proteoforms coexist under cellular conditions, representing a major cellular buffering system. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

A guide to good practice in chemometric methods for vibrational spectroscopy, electrochemistry, 

and hyphenated mass spectrometry 
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†Department of Chemical Biology, Faculty of Biotechnology, University of Wrocław, F. Joliot-Curie 14a, 50-383 Wrocław, 
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BIBLIOMETRIC DATA AND BRIEF HISTORY 

Early in my studies I started to be interested in chemometrics and programming languages, an interest 

that went hand by hand. With my few years of experience in other related fields, such as computer 

simulations and chemical biology, I have lived through the expansion of some chemometric techniques 

across those areas. Motivated by such growth, Prof. Krężel and I decided to write this article, which 

intends to incorporate a bibliographic review to analyze trends and a methodological manuscript. I still 

remember that time close to Christmas working in the lab when I received an email regarding our 

manuscript submitted to Trends in Analytical Chemistry, managed by Prof. Pawliszyn. To my surprise, 

the article was very well received and there were only a few minor comments that we addressed in the 

next days. Finally, our review was accepted approximately one month after submission. This journal 

with an IF of 12.296 and 140 points according to MEiN (2021) ranks as the first out of 83 journals in 

analytical chemistry and to date the article has been cited 12 or 16 times, according to Scopus or Google 

Scholar, respectively. 

SUMMARY 

Chemometrics is defined as the chemical discipline that uses mathematical and statistical methods for 

extracting the maximum chemical information from experimental measurements and/or to design and 

optimize experiments.188 Its origins can be traced back to the early 1970s when analytical chemists 

initiated the use of computers in chemistry.189 With the advent of informatics and personal computers, a 

new phase in chemistry was originated. All of the complex mathematical models were starting to be 

more practicable for those chemists not focused on mathematics and statistics. In one form or another, 

nowadays every scientist uses software to generate statistics that can be used to support some results. 

The technological revolution during the last decades and to some extent still ongoing has opened the 

capabilities to generate a massive amount of data. Although it seemed overwhelming, it pushed science 

towards new horizons where chemometrics plays a crucial role. From genomics to the post-genomics 

era and including proteo-, metabolo-, lipido- and fluxomics, the data flood generated requires 

comprehensive data treatment aimed at extracting (bio)chemical information. Chemometrics goes 

beyond such large experimental designs. It also assists in obtaining knowledge about chemical systems. 

Metallomics also benefits from such mathematical treatments. In particular, electrochemical methods 

have been widely applied to analyze proteins containing Cys residues, as is the case for metallothionein. 

Electrochemistry deals with the correlation between electrical and chemical effects, indeed studying 

chemical changes provoked by electric fields, or electrical energy production by chemical reactions. As 

mentioned in Chapter 1, metallothioneins are very challenging to study by spectroscopic techniques due 

to the lack of secondary structures, aromatic amino acids, and spectroscopic silence of Zn(II). Because 

of these reasons, metal complexation of metallothioneins has been studied by voltammetry.184–187 
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However, voltammetric methods usually present a major issue: the resolution of overlapping signals. 

Experimentally sometimes overlapping signals can be resolved by the use of some separation methods, 

or adjusting pH changes or the supporting electrolyte.190 Apart from chemical approaches, chemometrics 

methods are used. These can be classified into two types of approaches: “hard modelling” and “soft 

modelling”. Those methods based on curve fitting and Fourier transform are concerned with “hard 

modelling”. Briefly, curve fitting simulates complex signals as the sum of single peak models using 

iterative least squares minimization. The theoretical model is optimized to follow the experimental 

profile by applying a particular algorithm for optimization such as the Marquardt procedure. Here, as a 

criterion of optimization the minimum of the sum of deviation squares of the model from a real profile 

is used. The curve fitting approach has been used to resolve overlapping signals from voltammograms 

acquired for different MT isoforms forming complexes with Zn(II), Cd(II) and Cu(II).184 In this work, 

Gaussian peaks were used as peak models, and the minimal residual as an optimization criterion.184 

However, the disadvantage of these methods and deconvolution ones is the overfitting. On the other 

hand, “soft modelling” methods can be used to resolve overlapping signals, as factor analysis or 

multivariate curve resolution analysis with alternating least-squares optimization (MCR-ALS).171 The 

application of MCR-ALS to voltammetric data obtained in the study of Zn(II) and Cd(II) binding to 

metallothioneins has allowed the study of metal binding processes.185–187 Therefore, due to the nature of 

MT it is rather complicated to obtain a full description of the metal binding process from direct studies, 

and the use of chemometrics methods can be very useful. Nevertheless, there is a paucity of examples 

where chemometrics has been applied to study metal speciation to proteins due its complexity. It does 

not come as any surprise that even though statistical algorithms are embedded in software as a black 

box, many issues still arise. Their misuse has been promoted by the ready availability of statistical 

methods that are used in a blind manner by many users. There are plenty of examples in the literature 

with improper use of chemometrics and therefore reaching erroneous conclusions.191–193 Because of this 

issue, recent articles have greatly focused on the how-to of particular statistical methods.194–196 Our goal 

in this review was to design a guide to good chemometric practices from how to collect experimental 

data to data treatment. First, we collected all of the advances made from 2018 in the use of chemometrics 

according to three analytical techniques: spectroscopy, electrochemistry and mass spectrometry. 

Secondly, we divided the review into five parts: statistical design of experiments, signal pre-processing, 

exploratory data analysis, predictive modelling and statistical validation. In each section, we first 

described the mathematics behind the main chemometrics methods, then analyzed the trends in 

algorithms for the number of publications included, that is almost 400 research articles. Finally, we 

discussed the potential pitfalls during their application. This strategy provided us an overview of the 

most common algorithms used for every particular analytical technique at every step of the 

chemometrics pipeline. In the third and last part of the review, we incorporated two case studies where 

we have shown how to apply a chemometric methodology and interpret the results at every step. In this 

manner, we also indicated where and how to detect pitfalls. In order for anyone to reproduce the 
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examples, we included the R code in the supplementary information of the review. The vast number of 

research articles where chemometrics is used shows an ongoing revolution where chemometrics and 

technology will go hand in hand.  
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CHAPTER 4 

A chemometric-assisted voltammetric analysis of free and Zn(II)-loaded metallothionein-3 states 

Manuel David Peris-Díaz†, Lukas Richtera‡, Ondrej Zitka‡, Artur Krężel† and Vojtech Adam‡ 
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BIBLIOMETRIC DATA AND BRIEF HISTORY 

My first research internship in the Department of Chemistry and Biochemistry (Mendel University in 

Brno) dated back to 2018 and was financed by the Polish National Agency for Academic Exchange 

(NAWA). During that time, I met Dr. Lukáš Richtera, head of the Laboratory of Electrochemistry. With 

the aim of exclusively performing mass spectrometry experiments, it turned out that we could try an 

electrochemical method that was previously used in this laboratory to analyze the partially metal-loaded 

metallothioneins. After some time, already back in Wrocław, I received an email with many 

voltammograms, different experimental conditions and repetitions to figure out how these subtle 

chemical differences could be extracted from the electrochemical signals. The manual inspection of the 

data was unfortunately not really informative, as the voltammograms were rather similar for most of the 

samples. It was just then, that I thought that maybe applying some chemometric approaches could give 

us some answers, which eventually, it did. Surprisingly, our findings were very convergent with previous 

thermodynamic data obtained by spectroscopic studies, which gave a green light for further 

investigation. We presented our results in a research article published in Bioelectrochemistry, a journal 

with an IF of 5.373 and 100 points according to MEiN (2021), and to date it has been cited 4 times 

(Scopus and Google Scholar). 

SUMMARY 

The discovered Zn(II) binding properties of metallothionein established that thionein loaded with four, 

five and six Zn(II) ions together with Zn7MT2 are the most abundant species at physiological free Zn(II) 

concentration. Therefore, Zn4-7MT2 species act as intermediates in Zn(II) trafficking.37,197 Upon cellular 

Zn(II) fluctuations, MTs buffer Zn(II) ions supplying Zn(II) sufficiently to maintain protein functions 

and at the same time avoid Zn(II) excess that would result in unspecific and detrimental events. Excess 

above physiological free Zn(II) concentration leads to dysfunction of many proteins, while a decrease 

of free Zn(II) concentration below essential levels required to maintain functional zinc proteins can also 

lead to protein dysfunction.12 MTs are also involved in Zn(II) muffling, a mechanism by which Zn(II) 

binding proteins act in concert modulating Zn(II) fluxes in both the spatial and temporal dimensions.56 

Both buffering and muffling processes represent the main molecular mechanisms of intracellular Zn(II) 

homeostasis. Even though many studies have reported changes in MT at the transcript or protein level, 

structural information is crucial to understand the functional protein structure.198 The lack of secondary 

structures and aromatic amino acids together with the silent spectroscopic character of Zn(II) challenges 

obtaining structural information about partially Zn(II)-loaded species. Currently, mass spectrometry 

(MS) has provided a powerful tool to monitor stoichiometries and changes in protein conformation when 

combined with chemical labeling or ion mobility MS.199 There is a natural controversy as to whether the 

gas-phase structure retained similar features as in the solvent environment. As mentioned above 

(Chapter 1), growing evidence suggests that many noncovalent interactions survive in the vacuum of 
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the mass spectrometer and even dynamic information about high order structures is best obtained by this 

technique. Electrospray ionization combined with in-solution Cys residue chemical labeling is uniquely 

suited to map metal-binding sites from these intrinsically disordered structures. Notwithstanding, the 

“native” and thus thermodynamically favored Zn(II) sites in the partially Zn(II)-loaded MT species are 

at risk of change. Upon Cys residue labeling, Zn(II) may migrate to other sites, producing misleading 

results. Electrochemical methods and in particular the Brdička reaction have been extensively applied 

to quantify MT levels and differentiate fully Zn(II) loaded MT isoforms.187,200–202 This method measures 

the catalytic signal of hydrogen evolution on mercury electrodes from a protein with free RSH groups 

in ammonia buffer and Co(III) salt complex. The characteristic voltammogram measured for MTs 

comprises three main signals. One peak, named RS2Co, at Ep ~ 1.25 V corresponds to the reduction of 

the RS2Co complex which is formed as follows: In the first step the [Co(NH3)6]3+ is reduced and then 

hydrolyzed, forming [Co(H2O)6]2+ and ammonium. The aqueous Co(II) complex reacts with two 

cysteinyl residues of the protein, [Co(H2O)6]2+ + R(SH)2, leading to formation of an RS2Co complex. 

The latter produces a signal at Ep ~ 1.25 V corresponding to its reduction.203 Two peaks named Cat1 and 

Cat2 at Ep ~ 1.40 V and at ~ 1.55 V correspond to the hydrogen reduction at the mercury electrode. The 

Brdička reaction has proved to be very intricate and in consequence its mechanism is still not fully 

understood. The effort spent studying the influence of the parameters affecting the reaction have shown 

a linear dependence between Cat2 peak height and MT concentration. The good analytical parameters 

of Cat2 have been exploited to quantify MT levels in liver, kidney or heart tissues.202,204  

Although the Brdička reaction has been applied to differentiate apoMT from Zn7MT and between 

different MT isoforms, the characterization of partially Zn(II)-loaded MT species has never been 

considered. This work was intended to be a follow-up applying the Brdička reaction to differentiate the 

Zn(II)-loading status in MT species, which are active biological MT species at the cellular Zn(II) 

concentration. Recombinant protein produced in E. coli was first purified to obtain apoMT and then 

incubated with different Zn(II) molar equivalents and the metal-to-protein stoichiometry was first 

corroborated by native MS and then analyzed by the Brdička reaction. The initial inspection of the data 

revealed that the addition of seven metal ions to apoMT caused a decrease of Cat2 peak height, as 

previously reported.205 This can be understood since there is no free RSH group in Zn7MT, in contrast 

to apoMT, which contains all the twenty RSH groups free. A continuous decrease in Cat1 and Cat2 peak 

heights was observed until the addition of five Zn(II) ions, possibly because of the starting formation of 

ZnxCysy clusters and metal rearrangement between α- and β-domains. From the manual data treatment, 

no major electrochemical differences were found for Zn5-7MT3 species. All of them showed similar 

Cat1/Cat2 peak heights. A chemometric strategy was then performed in an attempt to overtake the 

possible limitations of manual analysis of the voltammograms. Through the methodology implemented 

that was based on different signal preprocessing schemes and an exploratory data analysis by principal 

component analysis we observed three different electrochemical fingerprints for the Zn1-2MT3, Zn3-
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6MT3 and Zn7MT3 species. Motivated by the natural aggrupation of the data, we then built an effective 

classificatory model by partial least squares and validated by permutation tests. Detailed analysis of the 

potential values in the models showed the ability of Cat1 to differentiate between these three groups. 

The natural aggrupation of the data can be linked to their structural features. The first two Zn(II) ions 

bind to form independent ZnCys sites. Binding of the third Zn(II) promotes formation of ZnxCysy 

clusters until the binding of the seventh Zn(II) where the protein is metal saturated with any free RSH 

group. Therefore, we have presented a free-label methodology able to respond to very narrow structural 

changes as it can differentiate metal environments, such as zinc sites or zinc clusters.  
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BIBLIOMETRIC DATA AND BRIEF HISTORY 

After a first research visit where I collected preliminary results on metallothioneins, I came back to the 

Department of Chemistry and Biochemistry (Mendel University in Brno) under an Erasmus scholarship 

with refined ideas. Intensive work in the company of Dr. Roman Guran was ahead of us. Our purpose 

was to develop a selective and specific chemical labelling strategy, that could be followed by mass 

spectrometry in order to map metal binding sites. What initially seemed trivial turned out to be in a 

bumpy road ahead. Throughout the process of looking at possibilities, Roman and I enjoyed a fruitful 

time. Well-deserved fast food and coffee were frequent during those long evenings. Our perseverance 

and commitment led us to achieve our goals, which has been reflected in a research article published in 

Analytical Chemistry, cited 6 times to date (Scopus and Google Scholar). This remarkable journal, with 

an IF of 6.986 and 140 points according to MEiN (2021), represents one of the most important forums 

for anyone in this field. I am very fortunate my research has been published there.  

SUMMARY 

Cysteine (Cys) is a cellular target for redox reactions that lead to post-translational modifications 

regulating protein function. Some of these modifications such as disulfides, S-glutathionylation, sulfenic 

acid or S-nitrosylation are reversible, highlighting their ability to function as a redox switch.206 The 

ionization constant (pKa) for the cysteinyl thiol group is 8.9, although this value is strongly influenced 

by the cysteine environment in peptide or protein. Although not linear, there is a correlation between 

the Cys pKa and its reactivity.207 The lower the thiol pKa is, the more the equilibrium is shifted between 

thiolate and thiol, and since thiolate is much strongly nucleophilic than thiol, the greater is its reactivity 

towards electrophiles. However, the protein environment is also a factor to consider. One clear example 

is the 1,000,000-fold difference in the reaction rate constant of hydrogen peroxide between 

peroxiredoxin 2 (pKa 5-6; ~ 107 M-1 s-1) and protein tyrosine phosphatase (pKa ~ 5; 20 M-1 s-1).206 Its 

nucleophilic properties also can explain why it is a major ligand present in many structural and catalytic 

metal binding sites, keeping the metal ion tightly bound to the protein. But also, the Cys redox properties 

make them an excellent ligand to participate in cellular metal buffering. For instance, oxidation of the 

sulfur ligands by oxidants such as nitric oxide, reactive species or reducible sulfur is a pathway to 

increase free Zn(II) concentration through the dissociation of Zn(II) bound to proteins.208 Therefore, 

because of the great interest to identify reactive Cys residues, many chemical tools have been 

developed.209 Thiol-reactive probes based on the reaction between nucleophilic thiolate and electrophile 

probes have been successfully developed and commercially implemented for the quantification of thiols 

or evaluation of the Cys redox status at the proteome level.210,211 Only the unmodified and free Cys 

residue would then react with the electrophile probe, therefore allowing Cys-redox differentiation. Some 

examples of these probes are methyl methanethiosulfonate, p-benzoquinone, iodoacetic acid, 

iodoacetamide (IAM) and N-ethylmaleimide (NEM). The latter ones, IAM and NEM, are undoubtedly 
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the most commonly used reagents following a nucleophilic substitution or addition, respectively, 

forming covalent products with sulfhydryl groups. The differences in chemical properties between these 

two probes enable their use in particular situations. For example, NEM exhibits faster kinetics than IAM, 

but it is less specific and can also label histidinyl and lysyl residues when used in large excess. IAM 

needs to be used at neutral or basic pH, while NEM can also be used at acidic pH.206,212,213 

Experimentally, the determination of Cys redox status is usually performed by a differential alkylation 

procedure based on blocking of a reduced free thiol by one alkylator followed by a reduction step in 

which those oxidized Cys residues are now free, and a second alkylation step.214 Despite the advances 

made, these methods may present serious drawbacks for their application to metalloprotein studies. 

Meanwhile a free Cys residue or its thiolate forms a covalent product when it is oxidized or post-

translationally modified, which is not the case when it binds metal ions. Its redox state does not 

significantly change in comparison to the formation of a covalent bond. Therefore, one needs to consider 

the thermodynamics and kinetics of a metal-protein site. While kinetically inert and highly 

thermodynamically stable zinc sites such as the structural Zn(II) binding site in p53 remained 

unmodified towards NEM, that may not be the case for structural and labile zinc sites. 19,215,216 For 

instance, a situation has been reported where a reactive Cys residue bound a metal ion but also had 

formed a covalent bond with an alkylator moiety.82,217 Therefore, we hypothesized that three possible 

situations need to be contemplated: (i) alkylation of a free Cys, (ii) alkylation of a metal-bound Cys 

residue followed by metal ion dissociation, and (iii) alkylation of a metal-bound Cys residue without 

metal ion displacement. 

To test the validity of each of these scenarios, we studied the kinetics and thermodynamic lability of 

Zn(II)-thiolate bonds in MT2, which serves as a good model since it binds Zn(II) with several binding 

affinities. Both IAM and NEM were added at different molar equivalents and the reaction was monitored 

over time by UV-Vis, MALDI-MS and ESI-MS. To illustrate how the metal ion influences 

thermodynamic stability of the protein complex, Cd7MT2 was used as it binds Cd(II) with low pico- and 

femtomolar affinity. We found similar reactivity for low- or moderate-affinity Zn(II) binding sites (Kd 

~10-7-10 M) and a free Cys residue with low pKa, which hampers their nucleophilic differentiation. In 

these cases, the lower reactivity of IAM can avoid unwanted metal ion dissociation during protein 

modification, in contrast to NEM, which easily alkylates and displaces the metal ions. On the other hand, 

our results support those obtained for the structural zinc site in p53: NEM might not be able to displace 

tightly bound metal ions in proteins, as Cd(II) is bound to MT2. 

 In the light of these results, we established appropriate reaction time and alkylator concentration 

ranges in order to develop a labelling strategy to map free Cys residues in Zn(II) binding proteins. Metal-

free MT2 was incubated with stoichiometric amounts of Zn(II) to form Zn1-7MT2 species, and then 

incubated with IAM to label free Cys residues. Through ESI-MS we demonstrated that IAM due to its 

low reactivity, small size and its hydrophilic properties permits its access to the buried free thiols in the 
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native protein without disturbing metal-binding properties. The IAM:Zn(II)-MT complexes were then 

subjected to bottom-up LC-MS proteomics to localize the free Cys and, therefore, those that had bound 

Zn(II). Nevertheless, the sequence coverage achieved did not suffice to detect and identify all of the 

IAM-Cys moieties. One possible reason could be that not all of the generated peptides produced stable 

gas-phase ions. To attempt to improve the sequence coverage and in turn the chances to identify Zn(II)-

Cys binding sites, the IAM-labeled ZnXMT2 protein samples were subjected to a second labelling step 

with NEM after removing Zn(II) by acidification and purification by µ-C18 column to label those Cys 

residues that had bound Zn(II). Such a strategy not only ensures metal ion chelation but also promotes 

protein unfolding and thereby facilitates NEM access to all of the Cys residues present in the protein. 

Afterward, protein sequencing by direct-infusion bottom-up MS yielded satisfactory sequencing 

coverage to map the Zn(II) binding sites in Zn1-7MT2 species. According to these results, 

metallothionein binds Zn(II) following a different mechanism than Cd(II); while the first four Cd(II) 

bind to the α-domain, the first four Zn(II) are redistributed between both the α- and β-domains. 

Therefore, the observed structural differences in the partially metal-loaded species provide a possible 

understanding of how MTs buffer Zn(II) ions. Through covalent labeling and mass spectrometry we 

have been able for the first time to (i) unravel mechanistic differences in the metal binding mechanism 

between Cd(II) and Zn(II) to MT, (ii) evaluate the kinetic and thermodynamic stabilities of the metal 

clusters and (iii) give a plausible location of zinc sites in the partially Zn(II)-loaded MT species. 

Moreover, although the focus of this research was on metallothionein, the potential of this methodology 

is very encouraging to study other regulatory zinc sites. 
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CHAPTER 6 

Mass spectrometry-based structural analysis of cysteine-rich metal-binding sites in proteins with 

MetaOdysseus R software 
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BIBLIOMETRIC DATA AND BRIEF HISTORY 

Mixed feelings come to my mind when I think about this article. Although the original idea remained, 

the article has been recomposed a couple of times. The first version, submitted to another journal, was 

rejected after three and a half months of revision. Although it did not seem fair at the time, the reviewers 

were certainly right. Considering their comments and suggestions, it took a while until the pandemic 

time hit us strongly enough to isolate us at home. It was during that time that I completely recomposed 

the article and included new functions, also supported by new experimental data. I included not only 

data collected during my Erasmus internship in Brno, but also some experiments from our new mass 

spectrometer and an external data set from Professor Robinson’s group. The article, cited 8 or 12 times 

(Scopus or Google scholar), was finally published in the Journal of Proteome Research, a very well 

established journal in the field with an IF of 4.466 and 100 MEiN points (2021). 

 SUMMARY 

The inception of mass spectrometry has opened up new horizons in structural biology, providing 

information not only about the primary structure but also about intermolecular interactions. Particularly, 

native electrospray ionization (ESI) can be exploited to examine protein assemblies and to determine 

the stoichiometry of complex protein-protein or protein-ligand complexes or protein topology. The 

advances made in MS instrumentation have brought unprecedented information on heterogeneity of 

biomolecules, (un)folding pathways and protein-ligand stabilities.218 As to whether the gas-phase ions 

retain the macroscopic features of the solution phase structures, there is no doubt that many of these 

intermolecular interactions survive in the vacuum of the instrument. Perhaps a key question to consider 

is how the structure is maintained from the atomistic point of view, and for how long it is stable. This 

knowledge also highlights that mass spectrometry can be used to study the dynamics of protein 

assemblies, such as the molecular details of amyloid fibril formation219 or protein folding.102,220 While 

the many different experimental and/or instrumental setups have advanced our capabilities to study more 

complex systems, it has become apparent that a major bottleneck is the interpretation of highly 

complicated mass spectra.221 Data analysis ideally comprises four steps: i) Processing raw mass spectra 

intended to filter true signals from noise. This includes techniques such as baseline removal, smoothing 

and peak picking. ii) Deconvolution of the charge from the m/z domain so the mass of each peak can be 

assigned; iii) Mass assignment of the deconvoluted masses; and iv) statistical scoring of the charge 

deconvolution and/or the mass assignment steps. Many supporting software programs have been 

released for the investigation of peptide-centric proteomics data and usually incorporate all 

abovementioned steps. Software such as Mascot, SEQUEST, MaxQuant, MS-GF+ and MetaMorpheus 

are some examples of protein/peptide database search engines and modeling tools.222–226 However, the 

development of software dedicated to native MS or top-down approaches has not been pursued with the 
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same effort, and laboratories still mostly rely on custom scripts to process the data. Certainly, a great 

number of programs and algorithms focused on charge deconvolution have been released and are used 

worldwide to analyze native MS data. These algorithms can be mainly classified into peak assignment 

or simulation algorithms. The first types are based on a peak detection followed by charge state 

determination using either multiple charge states or isotope peak spacing (e.g., MaxEnt, AutoMass, Z-

score and THRASH).227–231. Fast and well suited for simple spectra, usually they encounter problems 

with heterogeneous and complex data. A solution is the use of simulation algorithms, finding the mass 

and charge distribution that fits the experimental data best (e.g., CHAMP, Massign, UniDec and 

PeakSeeker).221,232–234 Charge  state deconvolution algorithms dedicated to protein-based top-down MS 

include UniDec, MS-Deconv, TopFD and THRASH231,233,235,236. Also common are the commercially 

available SNAP (Bruker Daltonics) and Xtract (Thermo Scientific)237. Among fragment identification, 

it is worth mentioning ProSight PTM, MS-TopDown, MS-Align+ and TopPIC. 236,238–240  

Regarding step iv, a universal statistical assessment (UniScore) of the charge deconvolution process 

has been recently introduced promoting an unbiased, algorithm-independent scoring system.241 

Although many charge deconvolution algorithms have been developed, to our knowledge, only one 

global pipeline (UniDec) is currently available.233  

In this work, we have developed a comprehensive data analysis pipeline named MetaOdysseus in R 

language. Usually, the structural investigation of proteins involves multiple MS-based approaches and 

sometimes instruments, which directly translates to the necessity of using different software. Therefore, 

one of our aims was to develop global, fast and easy software that can address most of the needs of a 

standard user for mass spectrometry-based structural analysis of metalloproteins. Thus, MetaOdysseus 

represents a global solution that can address mass spectra preprocessing, charge-state deconvolution, 

statistical scoring, and mass assignment for native MS, bottom-up and top-down experiments. We 

integrated several preprocessing schemes; a peak assignment and a mass spectra simulation algorithms 

for charge deconvolution; the UniScore scoring; and a targeted mass assignment engine. To benchmark 

the developed software against common tools, we analyzed assemblies of different complexity including 

chemically labeled proteins and metal-protein complexes acquired with low- and high-resolution but 

also a set of 17-175 kDa soluble proteins (e.g., myoglobin, bovine serum albumin (BSA), alcohol 

dehydrogenase (ADH), and herceptin). The results were presented in three case studies. The first one 

dealt with the deconvolution and assignment of ESI-MS spectra and compared against UniDec. In 

general, both types of software reported similar deconvolution scores, and we did not find differences 

in the mean distributions. In the second case, we approached the deconvolution and mass assignment of 

MALDI-MS spectra through two experiments and compared them with Bruker Daltonics: (1) intact and 

chemically Cys-labeled proteins and (2) peptide-mass fingerprint (PMF) proteins that were 

enzymatically digested with trypsin. Here, we incorporated preprocessing algorithms focused on 

removing the background and baseline noise commonly observed in MALDI. The quality mass 
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deconvolution and assignment algorithm was assessed by introducing a PMF score based on similarity 

descriptors. MetaOdysseus yielded higher accuracy and precision than Bruker Daltonics software. In 

the third case, the deconvolution and assignment of MS/MS spectra from bottom-up and top-down 

approaches were presented. In the bottom-up MS approach, we evaluated the spectrum matching 

problem for peptide identification and compared it to Mascot and MS-GF+ in terms of percentage of 

peptide-spectrum match (PSM), sensitivity, specificity and precision. MetaOdysseus provided the best 

metrics in any case. In the top-down approach, the deconvolution of a set of MS/MS spectra by 

MetaOdysseus was compared to the eTRASH algorithm and validated by manual inspection of the data. 

A higher number of true positives and lower number of false positive were obtained. In terms of protein 

identification, we validated the automatic results handled by MetaOdysseus with ProSight Lite, which 

required pinpointing manually the position of the custom modification, Zn(II) in this case. We 

demonstrated that MetaOdysseus outperforms common software such as Mascot, MS-GF+, or Bruker 

Daltonics and can not only be used for metal-binding proteins but also can be extended to any kind of 

protein system. Because of the flexible applicability of MetaOdysseus, it has been used to analyze the 

mass spectrometry data acquired during my doctoral studies. 
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CHAPTER 7 

An integrated mass spectrometry and molecular dynamics simulations approach reveals the 

spatial organization impact of metal-binding sites on the stability of metal-depleted 

metallothionein-2 species 
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BIBLIOMETRIC DATA AND BRIEF HISTORY 

Last but not least, I would like to introduce the reader to the history behind this article, which in fact 

reflects the progress made during several years of my study on metallothioneins by experimental work 

and computer simulations. Part of the experimental work constitutes what I did during my internship in 

Brno, while other experiments were done in house. These include some spectroscopic and mass 

spectrometric measurements. Worth mentioning are some LC-MS experiments done in Madrid by Dr 

V. de los Rios and Dr Roman Guran. Regarding the computational work, it began in 2019 when we 

contacted Prof. C. Domene to assist us in the development of a computational framework that could be 

used to study metal binding mechanisms in metallothioneins. Her suggestions inspired me to try 

different computational techniques. I remember how the first approach, the simplest (thermodynamic 

integration) from a battery of possibilities, apparently did a great job. It was not until a few months later 

when validating the results that I realized the issue was still present. Pushing the limits towards what 

seemed unlikely to happen, I figured out that through the optimization of an already existing method I 

was able to study mechanisms of Zn(II) binding to metallothionein, and to characterize the 

thermodynamic properties of the Zn1-6MT2 species to eventually shed light into the molecular basis for 

the existence of different zinc binding sites to MTs. The integration of a large number of experiments 

approached from a macroscopic and microscopic view reconciled years of research in a fundamental 

issue that was finally solved.The article, cited 5 and 6 times (Scopus and Google Scholar, respectively), 

was submitted to the Journal of the American Chemical Society, 15.419 IF and 200 MEiN (2021) points, 

which after a minor revision, accepted our manuscript and proposed it to be the main cover of the issue 

(Volume 143, Issue 40). The article has been very well received by the scientific community, which was 

reflected by an invitation to appear as a highlight in Nature Reviews Chemistry (Nat Rev Chem 5, 752, 

2021). 

 SUMMARY 

Although much progress has been made towards our understanding on Zn(II) buffering, questions and 

challenges still remain. Focused on finding relevant key players, metallothioneins have turned out to be 

indeed not a metal sink but kinetic and thermodynamic active Zn(II) proteins.30 Because of the lack of 

appropriate detection methods, it was believed for more than 40 years that all of the seven Zn(II) bind 

with the same affinity. The structural model of the representative and most studied isoform (human 

MT2) contains twenty Cys residues coordinating maximally seven Zn(II) ions in two domains. In the 

N-terminal, the β-domain encloses when fully saturated a Zn3(Cys)9 cluster formed by three bridging 

and six terminal sulfur donors. In the C-terminal, the α-domain contains a Zn4(Cys)11 where Zn(II) is 

bound by five bridging and six terminal ligand donors (Figure 2).50,53 Based upon its seemingly unique 

Zn(II) binding properties, MT proteins respond to changes to extracellular and intracellular Zn(II) 

concentration.50,242 MTs act as a Zn(II) buffering system, chelating excess Zn(II) or donating Zn(II) to 
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apoproteins, which finally restore the cellular free Zn(II) concentration. Such buffering function is due 

to the existence of three different types of zinc sites in MTs. Such data were gathered through the use of 

sensitive zinc fluorescence probes with a large signal increase upon Zn(II) binding. Four Zn(II) bind 

with picomolar affinity (Kd ~10-12 M), two Zn(II) ions bind with Kd ~10-10-11 M, and lastly one Zn(II) 

binds only with nanomolar affinity (Kd ~10-8 M)37 As a consequence of this fact, MTs exist as multiple 

species: Zn7MT, Zn6MT, Zn5MT and Zn4MT. Because the last Zn(II) ion is bound with low affinity, it 

is likely that under physiological cellular conditions the molar fraction of this species is very low. In 

fact, isolated MT fractions from several tissues and cells have shown that are not fully metal saturated, 

a fact supporting such thermodynamic features.50 In this research, we addressed a milestone question: 

what are the molecular bases for the origin of the different Zn(II) binding affinities to MTs? To answer 

this question, we utilized a set of mass spectrometry methods, spectroscopic and molecular dynamics 

simulations. First, we focused on solving the Zn(II) binding mechanism by using the developed dual-

labeling method (Chapter 5), albeit improved by incorporating a label-free liquid chromatography-mass 

spectrometry bottom-up approach. Thorough post-processing of the data, we proposed a quantitative 

Zn(II) binding mechanism to further understand how MT acquires Zn(II). We concluded that binding of 

one Zn(II) ion to apoMT can form two configurations; one would correspond to a compact conformer 

and another configuration to an extended conformer, as has been shown by ion mobility-MS.82 In the 

presence of two Zn(II) ions, we inferred two configurations: one where both α- and β-domains 

participate in metal binding and a second configuration where the two Zn(II) ions form a Zn2Cys6-7 

cluster in the α-domain. Following the absorptive features upon Zn(II) titration to apoMT by UV-Vis 

suggested the second configuration. When three Zn(II) ions are in the solution, MT binds two Zn(II) in 

the β-domain, forming a Zn2Cys6-7 cluster, and one Zn(II) is bound to the α-domain. The addition of one 

more Zn(II) causes the formation of two Zn2Cys6-7 clusters per domain. While the fifth Zn(II) ion binds 

to the β-domain, the sixth Zn(II) ion binds and fulfils the α-domain. Finally, the weakest and last Zn(II) 

ion binds to the β-domain. Our findings clearly disagreed with the metal binding mechanism previously 

reported based on Cd(II)-substituted species. Rendering well-defined spectroscopic signals, Cd(II) has 

been used as an isostructural Zn(II) probe to ameliorate the challenges present in partially Zn(II)-loaded 

states. When using Cd(II), the first four metal ions bind to the α-domain, and once this domain is filled, 

the remaining three metal ions bind to the β-domain.52 Even though Cd(II) has been used as an 

isostructural Zn(II) replacement bringing new experimental opportunities such as the presence of NMR 

active 111Cd and 113Cd nuclei,75–77 it follows distinct mechanisms of protein folding. To further test this 

hypothesis, we performed Cys labelling competition experiments with alkylation reagents on Zn4MT2 

and Cd4MT2 assisted by MS. We found that Zn4MT2 folds into a two-domain structure while Cd(II) 

clearly prefers to form a one-domain cluster. However, the use of covalent labelling can lead to concerns 

as to whether a native-like structure can be retained243. The addition of a molecule to a protein can in 

principle promote unfolding to some extent since the pI value is changed. Our data demonstrated that 

Cys alkylation in MT with small hydrophobic iodoacetamide (IAM) does not affect the charge state of 
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the protein ions in native ESI and therefore there is no evidence of protein unfolding. To further 

strengthen our results, the proteins were examined by a native top-down MS, a label-free approach 

where intact protein samples are directly infused into the mass spectrometer. A set of b-type fragments 

retaining Zn(II) ions were identified in the MS/MS spectra, which indicated that four Zn(II) ions are 

coordinated by residues from both α- and β-domains. Besides mass spectrometry, we studied the 

mechanism of Zn(II) binding to apoMT2 by electronic absorption, which allowed us to distinguish metal 

coordination environments, to some extent. By following changes between successive differential 

absorption spectra, we could define how Zn(II) binds, either forming a new independent ZnCys4 site or 

forming ZnxCysy clusters. However, after the addition of 4 Zn(II) equiv there was almost no change in 

the absorption features, a sign of the system being highly dynamic but also highlighting the lack of 

resolution of this in-solution approach. To disentangle mechanistic details of the Zn(II) binding 

mechanism, we performed steered MD simulations (SMD) and well-tempered (WT) parallel bias (PB) 

metadynamics.161–163 Protein unfolding mechanisms were approached by SMD, which concluded that in 

Zn7MT2 Zn(II) dissociates in a stepwise manner. The first Zn(II) is dissociated from the β-domain, while 

the second and third Zn(II) dissociate from the α-domain, leading to αZn2βZn2MT2 configuration. It 

was opposite in the case of Cd7MT2, where all first three Cd(II) dissociated from the β-domain, resulting 

in α-Cd4MT2 configuration. SMD therefore excellently agreed with the experimental results but also 

rendered information about protein unfolding and mechanostability properties of Zn1-7MT2 species at 

the molecular level. In the next step, we characterized the conformational landscape of Zn(II) binding 

to MT and obtained a quantitative estimation of the Zn(II) binding states through WT-PB metadynamics. 

Metadynamics is an enhanced sampling algorithm that accelerates slow degrees of freedom so it can 

sample conformational transitions between different states that in common timescales achieved by 

computer simulations would not be observed. In our case, this applies to study the (un)binding of Zn(II) 

from/to MT and characterize these Zn(II)-MT states. The spatial organization of Zn(II) in the partially 

Zn(II)-loaded states resembled those obtained by experimental methods and SMD simulations; Zn(II) 

ions are redistributed in both domains, and the last and weak Zn(II) localizes in the β-domain. Moreover, 

the estimated free energies obtained from metadynamics reproduced the experimental ones but also 

determined, which affinity corresponds to which binding site. Finally, we studied the structural 

properties of Zn(II)-MT2 configurations in order to understand the origin of the different binding 

affinities. The Zn1-6MT2 complexes showed a different degree of solvent participation during Zn(II) 

(un)binding events. This result indicates that the seven zinc sites present in MT2 are rather asymmetrical, 

which in turns affects the binding properties of Zn(II) ions to particular binding site. Another stabilizing 

factor observed was the hyper-reactive character of the Cys21 and Cys29 residues towards Zn(II), which 

was only turned on in the presence of the two-domain protein. Together, our data indicate that the 

conformational restraint imposed by a two-domain protein promotes several factors, which eventually 

modulate the Zn(II) binding properties of metallothionein and explain the nature and function of this 

small albeit key protein. 
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CHAPTER 8 

CONCLUSION 

The structural characterization of proteins and their post-translational modifications as well as protein 

complexes and protein interactions are of utmost importance in order to understand biological processes. 

Structural techniques such as crystal X-ray diffraction, NMR and electron microscopy excel in obtaining 

atomic details. However, many systems are not amenable to analysis using these methods. For instance, 

intrinsically disordered proteins or highly heterogeneous protein systems (e.g., protein-ligand complexes 

or viral particles) usually represent a major bottleneck. Bioinformatics analysis has estimated that at 

least 3,000 human proteins require Zn(II) as a cofactor for different purposes, including catalytic, 

structural, and regulatory roles. Structural and catalytic metal sites in proteins bind Zn(II) with picomolar 

to femtomolar affinity.17 While in eukaryotic cells the total Zn(II) concentration is estimated in the 

submillimolar range, the “free” Zn(II) concentration lies in the low nanomolar to the high picomolar 

range.56 Such data suggest a margin of affinity for most regulatory zinc sites in proteins. At least 24 zinc 

transporters and a dozen of metallothioneins (MTs) control the spatiotemporal cellular Zn(II) 

availability, strictly regulating the total and free Zn(II) concentrations and redistribution in the cell. The 

mammalian MT family consists of four major isoforms (MT1-MT4) and multiple subisoforms, which 

differ in their tissue/cell localization but also in their metal-binding properties. Generally, they are low-

molecular-weight (~ 6-7 kDa), cysteine-rich (20-21 residues) proteins that bind up to seven Zn(II) ions, 

but also participate in Cu(I) metabolism.50 To date, only one X-ray structure of Zn(II) and Cd(II) mixed 

rat full length MT2 protein has been solved, which shows that this protein when saturated with metal 

ions adopts a dumbbell shape with two metal-thiolate clusters, named α- and β-domains, containing 

eleven and nine cysteinyl residues, respectively. Although there are several NMR structural studies on 

isolated MT domains, the individual domains could not reproduce the physicochemical properties of the 

two-domain protein.63,244 In the N-terminal β-domain, a maximum of three Zn(II) ions are bound, 

forming a Zn3(Cys)9 cluster, and in the C-terminal α-domain up to four Zn(II) are coordinated, 

assembling a Zn4(Cys)11 cluster. Their Zn(II) binding affinities are in the nanomolar to picomolar range, 

matching the cellular free Zn(II) concentration, and thus demonstrate that MTs exist under cellular 

conditions as partially metal-depleted species (Zn4-6MT) besides fully loaded species (Zn7MT). In 

particular, four Zn(II) ions are bound with a Kd of ~ 10-12 M, two Zn(II) bind to MT2 with a Kd of ~ 10-

10-11 M, and the last Zn(II) is weakly bound with a Kd of ~ 10-8 M.37 In agreement, isolated MT2 from 

different cells and tissues has demonstrated that MT2 is not fully saturated with Zn(II).59 Based on this, 

MTs gained a new biological function as a molecular sponge; MTs capture excess Zn(II) or donate 

Zn(II) to apoproteins through these Zn4-7MT species. Notwithstanding, MTs have proved to be highly 

challenging objects to study by using traditional biophysical methods since they lack any secondary 

structure or aromatic amino acid residues but also because Zn(II) lacks NMR active nuclei. In 

consequence, most of the biophysical data and our knowledge on MTs have been shaped using Cd(II)-

substituted species since they render well-defined spectroscopic patterns including UV-Vis, circular 
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dichroism (CD), or 113Cd- and 109Cd-NMR.75–77 However, very recent research demonstrated that Cd(II) 

could not be used indiscriminately as a Zn(II) isostructural replacement since it binds with higher affinity 

and cooperativity than Zn(II) to MT.63,78,81 These discrepancies highlight the need for caution in 

extrapolating any conclusions obtained from Cd(II)-MTs to the relevant biological Zn(II) counterpart. 

Therefore, due to the low resolution provided by these spectroscopic techniques and the intrinsic 

complexity of the partially Zn(II)-loaded species, their structural characterization and mode of action 

remained elusive and were the focus of this doctoral work. In contrast to the technologies outlined above, 

mass spectrometry (MS) provides an array of powerful approaches dedicated to unraveling protein 

systems’ heterogeneity and structural features. All of this effort has been extended to the study of 

partially metal-depleted MT species for the last decade. From simple metal titration experiments to 

cysteine chemical labeling coupled to ion mobility, IM-MS has been employed to study metal-binding 

mechanisms in MTs.82,83,130,217 Notwithstanding this great progress, the Zn(II) localization in the partially 

Zn(II)-depleted species, the mechanism driving their formation, and more importantly the link between 

the structure and the function still remained unknown. 

Our journey started by focusing on MT3 (Chapter 4), an isoform mainly localized in the central 

nervous system, a key player in neuronal zinc and copper metabolism, and related to metal-linked 

neurodegenerative disorders such as Alzheimer’s disease. The structures formed upon incubating metal-

free MT-3 with stoichiometric amounts of Zn(II) were first corroborated by native MS and then 

examined by an electrochemical method named the Brdička reaction. This latter measures the catalytic 

signal of hydrogen evolution catalyzed by a protein with free SH groups. So far, it has been believed 

that all seven Zn(II) bind with picomolar affinity to MT and the localization grouped according to the 

domains. In this sense, during the metal binding mechanism the first four Zn(II) ions bind cooperatively 

to MT, forming Zn4MT in the α-domain, and then the β-domain is fulfilled with three Zn(II) ions. Signal 

processing by chemometrics methods (Chapter 3) extracted the subtle differences between these proteins 

and discerned three groups of metal-protein complexes Zn1-2MT3, Zn3-6MT3 and Zn7MT3. This 

approach revealed that Zn3-6MT3 structures should share common structural features although the 

molecular details were not elucidated.  

Encouraged by these results, we designed an analytical methodology based on high-resolution mass 

spectrometry and chemical labeling that can directly map metal-Cys binding sites (Chapter 5). The first 

step of the workflow involved using iodoacetamide (IAM) that binds free thiols to reveal which Cys 

residue remained free after the addition of every Zn(II) equivalent. Briefly, the Zn1-7MT species were 

first prepared as above, these were incubated with IAM, and the stoichiometry of IAM:Zn(II)-MT 

complexes were determined by native MS. The samples were then subjected to bottom-up LC-MS 

proteomics in which the proteins followed enzymatic digestion into smaller peptides, whose sequences 

were determined. In an idealized scenario, such an experiment would suffice to determine free Cys 

residues and, therefore, those that had bound Zn(II). Nevertheless, not all of the IAM-modified Cys 
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residues could be detected and identified. One possible reason could be a technical limitation; different 

fragmentation methods lead to a higher or lower sequence coverage. In our work, we used a conventional 

collisional induced dissociation (CID) fragmentation method, which has been shown to be possibly 

outperformed by alternative activation methods such as photon-induced or electron-induced 

fragmentation techniques. A complementary but not exclusive explanation is that not all of the generated 

peptides generated stable gas-phase ions. Therefore, to increase the chances to identify cysteinyl Zn(II) 

binding sites, we incorporated a secondary labeling step with N-ethylmaleimide (NEM) after chelating 

Zn(II) in ZnxIAMyMT species to bind the Cys residues that had bound Zn(II). Afterward, the proteins 

were sequenced by direct-infusion bottom-up MS, which successfully yielded enough sequencing 

coverage to map the metal-binding sites. Zn(II) binding to MT2, rather than following a cooperative 

mechanism as in the case of Cd(II) in which one domain is the first to fill up, we found that the four 

Zn(II) ions are redistributed between both the α- and β-

domain. The potential of this methodology is very 

encouraging for its future use to study other regulatory 

Zn(II) sites. 

One of the main issues regarding such analytical 

methods is usually the difficulty of the data analysis. We 

found that although much proteomic software has been 

developed, the existing software usually presents deficits 

for some of the main data analysis steps (processing, 

identification, scoring). Therefore, we have developed an 

automatic and free software named MetaOdysseus, 

focusing on furthering the characterization of metal-binding sites by chemical labeling (Chapter 6). It 

addresses the charge-state deconvolution, statistical scoring, and mass assignment of protein complexes 

for different experimental approaches (native MS, bottom-up, and native top-down experiments) and 

mass spectrometry platforms (electrospray and MALDI ion sources and Orbitrap and TOF mass 

analyzers). We analyzed assemblies of different complexity including chemically labeled proteins and 

metal-protein complexes acquired with low- and high-resolution but also a set of 17-175 kDa soluble 

proteins (e.g., myoglobin, BSA, ADH, and herceptin). We have demonstrated that, for all of the cases, 

MetaOdysseus outperforms the commonly existing software such as Mascot, MS-GF+, or Bruker 

Daltonics and thus can not only be used for metal-binding proteins but can also be extended to any kind 

of protein system. 

In our latest research (Chapter 7), we focused on a milestone question: What are the microscopic 

forces governing these metallothionein species? Unraveling these molecular features would indeed give 

an argument for the differentiation of Zn(II) binding affinities to MTs, which in turn are crucial for zinc 

buffering in eukaryotic cells. To address this aim, we have performed comprehensive research utilizing 

Figure 8. Schematic crosstalk of the Zn(II) binding 

properties, MTs species’ mechanostability, and the 

cellular free Zn(II) concentration. Purple circles 

refer to Zn(II) ions. 
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a battery of mass spectrometry methods and molecular dynamics simulations. First, we confirmed the 

metal-binding sites by using the developed dual-labeling method, albeit improved by adding a label-free 

LC-MS bottom-up MS and by native top-down MS. Such an approach enabled us to propose a 

quantitative Zn(II) binding mechanism in all Zn1-6MT2 species. Then, we disentangled the mechanistic 

details of the Zn(II) (un)binding to MT2 at the molecular level by using steered MD and well-tempered 

parallel bias metadynamics. Next, we estimated free energies as a function of two different reaction 

coordinates that permitted extraction of Zn(II)-MT2 configurations. These findings were in excellent 

agreement with the MS data, which strengthened our conclusions about how Zn(II) is redistributed 

among metallothionein. Finally, we discovered that particular intermolecular interactions and the hyper-

reactivity of some Cys residues are the molecular bases for Zn(II) affinity differentiation. This integrated 

strategy precisely unraveled the exact location and chemical coordination of Zn(II) ions along all of the 

Zn(II)-loading MT states but also unveiled the molecular bases for the origin of the different Zn(II) 

binding affinities to MTs.  

To conclude, on one hand the methodological approaches developed in my thesis open the way to 

study other metal-binding sites in proteins. Such a versatile combination can be exploited for several 

purposes, from the identification and structural characterization of the responsible residues coordinating 

the metal ions to the explanation of the mechanisms of binding. In my case, it has revealed the 

abovementioned features of metallothioneins, thereby elucidating how the MT system composed of 

several metal-loaded species acts as a cellular Zn(II) buffering system. Some proteins bind Zn(II) 

transiently while others are permanently saturated, and such flexibility comes with the potential to fulfil 

a biological role. By controlling the free Zn(II) in a narrow range, the cell modulates the metal loading 

status of the proteins. Metallothionein, one protein but with many proteoforms, orchestrates Zn(II) 

donation to and acceptance from many biological proteins and other cellular ligands due to its wide pZn 

buffering range. Moreover, the free Zn(II) concentration not only dictates whether a protein would bind 

a Zn(II) or not, but also controls the metal ion selectivity. Altogether, this PhD thesis sheds light into 

metallothionein and how it controls the cellular free Zn(II) concentration at physiological levels. 
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Chemistry at the Faculty of Chemistry, from the University of Valencia, Spain. During my studies, I 

conducted a research project in the Department of Analytical Chemistry under the supervision of Prof. 

M. C. García-Álvarez-Coque and Prof. J.J. Baeza-Baeza. The goal of the project was to develop a new 

mathematical and experimental approach for column characterization in high-performance liquid 

chromatography. In 2016, I pursued a two-year Master’s degree in Research in Molecular, Cellular and 

Genetic Biology at the Faculty of Biology, University of Valencia. The primary research was performed 

in the Group of Biomarkers and Precision Medicine Unit at the Medical Research Institute-Hospital La 

Fe under the supervision of Dr. Agustin Lahoz. During the training, I conducted research on mass 

spectrometry-based metabolomics studies on lung cancer cells. The aim of the project was to identify 

metabolites of response to tyrosine kinase inhibitors, a targeted therapy for EGFR. Following graduation 

in 2017, I moved to Wrocław, Poland, and started a PhD in the Department of Chemical Biology under 

the supervision of Prof. Artur Krężel. During this time, I worked on the biophysical characterization of 

partially Zn(II)-loaded metallothionein states by different structural approaches. Financed by an 

Erasmus scholarship, I carried out research at the Department of Chemistry and Biochemistry at the 

Mendel University in Brno, Czech Republic, under the supervision of Prof. Vojtech Adam. Additionally, 

I received an NCN Preludium grant on the structural interrogation by ion-mobility mass spectrometry 

methods of p53 proteins and several mutants and studied how Zn(II) and mutation affect the p53-DNA 

binding affinity and specificity. To incorporate a biological source of Zn(II), I employed the biologically 

active Zn-MT species. I conducted part of this research in the Michael Barber Centre for Collaborative 

Mass Spectrometry at the University of Manchester under the supervision of Prof. Perdita Barran. There, 

I spent over four months supported by an NCN Etiuda program. Moreover, I participated in other related 

projects in my research group, such as the characterization of Zn(II) and Ag(I)-coupled folding 

mechanisms on zinc fingers. As a result of my research, I have received several awards/stipends 

including the Max Born Award from the mayor of Wrocław (2019), the award for young researchers in 

Poland from the Minister of Education and Science (2021-2024) and the FNP START scholarship 

(2022). Thanks to the START scholarship, I will perform a short stay at the Biomolecular Mass 

Spectrometry and Proteomics group, at the Utrecht University under the supervision of Prof. Albert J.R. 

Heck.  The results concerning my doctoral thesis are presented in this doctoral work. 
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