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ABSTRACT 

In-cell NMR spectroscopy has proven to be an ideal technique for the 

characterization of the functional processes and maturation steps of 

biomolecules as it allows to study their structural and dynamic properties and 

networks of interactions directly in living cells, with atomic resolution. In fact, 

in-cell NMR allows to characterise a biomolecule within its physiological 

environment, where it is conditioned by different physicochemical parameters, 

such as pH, redox potential, viscosity, the presence of interaction partners and 

where it can undergo the eukaryotic post-translational modifications. 

With the aim to extend the applicability of in-cell NMR, this thesis describes the 

development of a DNA vector, based on the piggyBac transposon system, that 

allows the stable integration and the expression of inducible genes of interest in 

the genome of mammalian cells. 

Furthermore, in this thesis it is shown how the in-cell NMR methodology can 

be successfully applied in order to study the interaction between proteins and 

metal ions. In particular, the interaction of copper with the first domain of the 

X-chromosome linked inhibitor of apoptosis protein (XIAP) has been studied in 

living cells, as well as in vitro. In fact, this multidomain metalloprotein has been 

related to the regulation of the intracellular copper homeostasis, in addition to 

its very well-known role of inhibitor of apoptosis, which involves this protein in 

the onset of several diseases including cancer. Although XIAP has been 

intensively studied for more than twenty years, and the structures of all its 

single domains are known, there is no data on the conformation of the           

full-length protein, as it has never been purified in such form. In this thesis it is 

described a protocol for the expression and the purification of the full length 

XIAP, which allowed to characterize in vitro its quaternary structure and its 

overall conformation, by integrating different structural biology techniques, 

such as NMR, SAXS and EPR. 

Finally, in-cell NMR spectroscopy has been applied to investigate the effect of 

cadmium treatment on the metal binding and redox state of the superoxide 

dismutase 1 (SOD1) in human cells. In this work we demonstrate that, unlike 



what previously assumed, cadmium does not replace zinc bound to 

intracellular SOD1. Instead, it causes the premature oxidation of the cysteines 

involved in SOD1 intramolecular disulfide bond, compromising its correct 

maturation and explaining the reported decrease in superoxide dismutase 

activity in cadmium-exposed tissues. The mechanism proposed in this thesis 

establishes a novel link between cadmium toxicity, zinc homeostasis and 

reduced SOD1 activity, which does not involve direct cadmium binding to 

SOD1, and contributes to a better understanding of cadmium toxicology at the 

molecular level. 
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1.1 Structural Biology 

Structural biology is a scientific discipline which combines molecular biology, 

biochemical and biophysical techniques in order to study the structure and 

dynamics of macromolecules, such as proteins and nucleic acids and their 

interaction and complexes, trying to characterize their three-dimensional 

structure and its relation with their biological function. This is of fundamental 

importance for describing living matter at the atomic level and for 

understanding the functioning mechanism of cellular processes. In fact, the 

structure of a biomolecule is related to its functional features, and this concept 

is of fundamental importance in biology, pharmacology and medicine. The 

description of a biological macromolecule, as well as of its complexes, at 

atomic-level and the comprehension of the cellular processes in which it is 

involved are critical for the development of novel drugs and therapeutic 

treatments against human diseases. Macromolecules like proteins perform most 

of the cellular functions thanks to their specific conformation, generated by the 

spatial arrangement of the amino acid sequences that compose them, i.e. their 

tertiary and quaternary structure (apart from the intrinsically disordered 

proteins), which also defines their interactions with specific cellular partners. In 

this regard, structural biologists rely on various investigative techniques which 

allow them to perform structural characterizations of macromolecules, at 

atomic-level resolution. These techniques are: Nuclear Magnetic Resonance 

(NMR), X-ray crystallography and, recently, cryo-Electron Microscopy (cryo-

EM). Additionally, low-resolution techniques that provide important 

complementary information for the structural characterization of 

macromolecules are: Electron Paramagnetic Resonance (EPR), Small Angle      

X-ray Scattering (SAXS), Fluorescence Resonance Energy Transfer (FRET) and 

others. Each of the aforementioned techniques have great potential, 

nevertheless they also have limitations, mainly linked to the intrinsic 

characteristics of the samples, such as the complexity and the size of the 

macromolecules, which do not allow to select a single technique of structural 

investigation as the “definitive approach”. Consequently, these methodologies 
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can currently be considered as complementary in providing information for the 

structural characterization of biological macromolecules with different 

characteristics and peculiarities. In fact, the winning strategy in structural 

biology has proven to be the integration these techniques, in order to take 

advantage of the potentialities of each one of them, in the effort to obtain the 

most complete and accurate result. 

 

1.2 In-cell NMR 

Among the techniques which represents one of the “analytical pillars” of 

structural biology, NMR spectroscopy allows to obtain atomic resolution 

information on the structure and dynamics of a molecule in solution. NMR 

spectroscopy is based on the absorption of radiofrequencies by nuclear spins 

when a molecule is placed in a magnetic field. The radiofrequencies induce 

nuclear spin transitions in NMR-active nuclei. In biomolecules 1H, 15N and 13C 

nuclei are typically observed. Through NMR spectroscopy information on the 

molecular structure is obtained, as the nuclear spin resonating frequency and its 

relaxation properties are determined by the surrounding of the nucleus. With 

respect to the other main analytical techniques used in Structural Biology, i.e.  

X-ray crystallography and cryo-EM, NMR has the advantages to allow the non-

destructive characterization of macromolecules in solution, at room 

temperature, and to observe time-dependent and dynamic processes, such as 

ligand binding and redox state variations. In fact, both X-ray crystallography 

and cryo-EM require static samples, in which the proteins are immobilized in 

crystals and/or frozen and thus, far away from their physiological 

environment. 

The progress of the NMR technology in terms of higher resolution and 

sensitivity of the instruments, by means of higher magnetic fields and cryo-

cooled probes, allowed us to perform multi-dimensional NMR experiments on 

complex systems such as living cells. As a result, a new frontier of NMR was 

born when an isotope-labelled protein was observed in living bacterial cells for 

the first time (Serber et al., 2001). Such pioneering approach was named in-cell 
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NMR, and in the following years has been further developed, by extending its 

applicability to eukaryotic cells (Selenko et al., 2006), and to human cells 

(Inomata et al., 2009). These achievements attracted the interest of the scientific 

community, as the ability to observe macromolecules directly in their 

physiological environment is of fundamental importance to study processes 

related to human diseases. Consequently, further methods have been 

developed for the delivery of exogenous proteins and DNA into human cells in 

order to perform in-cell NMR experiments, such as the permeabilization of the 

cellular membrane obtained by streptolysin O, or by electroporation (Ogino et 

al., 2009; Theillet et al., 2016; Dzatko et al., 2018). However, the methods based 

on the insertion of proteins previously purified from bacteria present some 

disadvantages concerning the internalization efficiency and the potential 

introduction of artefacts, due to the non-native proteosynthetic system. 

Consequently, some methods were developed in order to obtain the protein 

expression, at suitable levels for NMR experiments, directly in yeast (Bertrand 

et al., 2012), in insect cells (Hamatsu et al., 2013) and more importantly in 

human cells (Banci et al., 2013). In mammalian cells, this was achieved 

transfecting the cells with constitutively inducible expression vectors, 

containing the gene encoding the protein of interest (Fig. 1). 

 

Fig. 1: Protein expression in mammalian cells for in-cell NMR experiments. (a) Mammalian cells 

are seeded in a culture flask and grown in unlabelled medium. (b) The plasmid containing a 

gene of interest (green arrow) is delivered by transient transfection in labelled medium.            

(c) Protein expression is carried out in labelled medium. (d) Cells expressing the protein of 

interest (green) are harvested and placed in a 3 mm Shigemi NMR tube for in-cell NMR analysis 

(image credit: Luchinat and Banci, 2018). 
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Thanks to this major improvement, in the following years, in-cell NMR proved 

to be an ideal technique for the characterization of functional processes and 

maturation steps of biomolecules with atomic resolution, thus allowing us to 

study their structural and dynamic properties and their networks of 

interactions directly in living human cells. In fact, in-cell NMR allows the 

characterization of a biomolecule within its physiological environment, where it 

is affected by different physicochemical parameters, such as pH, redox 

potential, viscosity, the presence of interaction partners and where it can 

undergo the typical eukaryotic post-translational modifications, which are 

fundamental for its function (Theillet et al., 2012; Barbieri et al., 2015; Smith et 

al., 2015; Mercatelli et al., 2016; Luchinat et al., 2017; Li et al., 2017; Capper et al., 

2018; Barbieri et al., 2018; Luchinat and Banci, 2018). 

 

1.3 Aims of the research 

Considering the growing potential of in-cell NMR as a powerful Structural 

Biology analytical technique, the aim of my doctoral research was to further 

develop and apply in-cell NMR methods in order to investigate proteins in 

mammalian cells. In this regard, during my doctorate, I contributed to extend 

the applicability of in-cell NMR, developing a DNA vector that allows the stable 

integration and the expression of inducible genes, encoding specific proteins of 

interest, in mammalian cells. This method could be also extendable to other cell 

lines, such as embryonic stem cells, with the perspective to induce their 

differentiation towards specific cell types. A successful outcome of this method 

would add two important improvements to in-cell NMR, i.e. would make 

possible to induce the overexpression of a specific gene encoding a protein, 

without requiring the transfection with exogenous DNA, and would allow to 

perform structural investigations on proteins in their physiological tissues (e.g. 

neural cells, epithelial cells, etc.). 

During my doctorate, I also applied the in-cell NMR methodology, combining it 

with in vitro measurements, to study the interaction between proteins and metal 

ions. In particular, I studied the interaction of copper with different domains of 
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the X-chromosome linked inhibitor of apoptosis protein (XIAP), a multifunction 

cytosolic metalloprotein that is involved in many important cellular processes, 

including copper homeostasis. Furthermore, I characterized in vitro the 

quaternary structure and the overall conformation of the full length XIAP, 

integrating different structural biology techniques. Finally, I studied the effects 

of cadmium on the maturation of the superoxide dismutase 1 (SOD1) in 

mammalian cells by NMR. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2. RESEARCH PROJECTS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11 

 

2.1 Development of inducible mammalian cell lines for in-cell NMR 

2.1.1 Overview 

In-cell NMR spectroscopy has proven to be an ideal technique for the 

characterization of the functional processes and maturation steps of 

biomolecules, as it enables the study of their structural and dynamic properties 

and networks of interactions directly in living cells, with atomic resolution. The 

method currently employed relies on the protein over-expression in human 

embryonic kidney (HEK293T) cells by transient transfection with exogenous 

DNA mediated by polyethylenimine (PEI) (Aricescu et al., 2006). The genes 

encoding the proteins of interest are cloned in the pHLsec plasmid (modified 

from Aricescu et al., 2006) and their expression is controlled by the strong 

constitutive cytomegalovirus early enhancer/chicken β actin (CAG) promoter 

(Niwa et al., 1991; Fukuchi et al., 1994). In this way, the expression of such 

genes starts when the internalization of the DNA vector is completed. This 

method has proven to be very efficient to obtain the intracellular protein levels 

required to perform in-cell NMR, but does not allow to control or modulate the 

gene expression by an external triggering signal and it requires a new 

transfection for each sample. Therefore, the opportunity to perform 

experiments on cell lines stably transfected with inducible genes encoding the 

protein of interest would constitute a significant further improvement for the 

technique. This study aims to create mammalian cells lines stably transfected 

with inducible genes of interest, in order to obtain the overexpression of specific 

proteins at suitable levels for in-cell NMR experiments. The genes that have 

been chosen for this purpose are those encoding the copper transport protein 

human ATX homolog 1 (HAH1), superoxide dismutase 1 (SOD1) and the 

copper chaperone for superoxide dismutase (CCS). In order to maximize the 

gene expression and consequently the intracellular protein levels, an efficient 

method for the integration of multiple copies of each gene in the genome of the 

host cells was required. Indeed, spontaneous integration of exogenous DNA in 

the host genome of mammalian cells is an inefficient process that leads to very 

low number of integrated copies of the genes of interest, resulting in low 
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protein levels, therefore classical protocols are not suitable for in-cell NMR. On 

the basis of this consideration, we decided to use a different approach which 

could allow the integration of a larger number of copies of our target genes into 

the host genome. To this purpose, one of the most promising approaches to 

date relies on the piggyBac (PB) transposon (Wu et al., 2006). Transposons or 

“jumping genes” are mobile genetic elements that can change their position 

within a genome, often resulting in the duplication of the genetic sequence. The 

PB transposon relies on the action of the homonymous trasposase, which is 

responsible for the excision and insertion of such mobile genetic material via a 

“cut and paste” mechanism. More precisely, during transposition, the PB 

transposase identifies specific sequences termed inverted terminal repeats 

(ITRs) located at the edges of the transposon, excises their content and 

efficiently inserts it into TTAA chromosomal sites, showing a “palindromic” 

preference for regions where T and A repetitive sequences are respectively 

located upstream and downstream from the central TTAA site (Wilson et al., 

2007). Previous estimation of the number of insertions, performed through 

integration analysis, reported 575 potential PB integration sites within the 

genome of HEK293 and HeLa cells (Wilson et al., 2007), and 228 in the genome 

of human T cells (Galvan et al., 2009). The high transposition efficiency and the 

ability to transpose DNA fragments up to 14 kb, makes PB transposon suitable 

for a variety of gene therapy studies (Wilson et al., 2007). Therefore, considering 

the potentials of the PB transposon, we chose to use this technique in order to 

achieve the integration of multiple gene copies, controlled by an inducible 

promoter, within the genome of mammalian cells. This method could allow to 

extend the applicability of the inducible systems for in-cell NMR to other cell 

lines, such as murine Embryonic Stem Cells (mESCs). 

 

2.1.2 Methodologies 

The host vector pCyL-50:PB containing the ITRs (Wang et al., 2008) and the 

vector encoding the PB trasposase pCMV-HyPBase (Yusa et al., 2011) were 

kindly provided by the Wellcome Trust Sanger Institute. The pCyL-50:PB host 
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vector was modified to allow cloning of the mammalian expression cassette, 

through the MXS-chaining protocol (Sladitschek and Neveu, 2015). The 

mammalian expression cassette used in this study contains a bidirectional     

Tet-On promoter, inducible by doxycycline, which controls the expression of 

the genes encoding HAH1, SOD1, or CCS (Fig. 2). 

 
Fig. 2: Schematic representation of the mammalian expression cassette containing a 
bidirectional Tet-On promoter, controlling the expression of the genes encoding HAH1, SOD1 
or CCS (TRE: Tetracycline responsive element; CMV: Cytomegalovirus minimal promoter; 
  H2B: Histone H2B; bGHpA: Bovine growth hormone polyadenylation signal; PGK: Mouse 
phosphoglycerate kinase 1 promoter; NeoR: Neomycin resistance; rtTA: Reverse tetracycline-
controlled transcriptional activator). 
 

Such bidirectional Tet-On promoter contains a tetracycline responsive element 

(TRE), composed by seven copies of the tetracycline operator tetO, between two 

minimal cytomegalovirus (CMV) promoters with opposite orientation. The 

aforementioned mammalian expression cassettes were then cloned in the 

modified PB host vector, obtaining three distinct new vectors encoding HAH1 

(pCyL-9071neo, 9304 bp), SOD1 (pCyL-9073neo, 9562 bp) and for CCS (pCyL-

9075neo, 9922 bp). The correct ligation of the genes of interest was screened by 

analysing the restriction profiles of each plasmid (using EcoRI and KpnI). 

HEK293 cells were chosen first as, unlike HEK293T, they are sensitive to 

neomycin analogues (such as G418). HEK293 cells were co-transfected with the      

pCyL-9073neo host vector, along with the pCMV-HyPBase plasmid (at the ratio 

of 2:1). During co-transfection (lasted 48 hours), HEK293 cells were maintained 

in Dulbecco’s modified Eagle’s medium (DMEM; high glucose, D6546, Sigma) 

supplemented with L-glutamine, antibiotics (penicillin and streptomycin) and 

2% FBS (Gibco) in uncoated 75 cm2 plastic flasks and incubated at 310 K and 5% 

CO2. The stable integration of the gene was then evaluated by maintaining the 

cells for three weeks under antibiotic selective pressure with G418 (0.75 
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mg/mL), without adding penicillin and streptomycin in the media, as they 

negatively compete with G418. Finally, colonies of monoclonal cell lines 

encoding SOD1 derived from single cells were obtained, which were manually 

selected under an inverted phase contrast optical microscope (OPTIKA XDS-2) 

and seeded separately. The expression test was performed by Western Blot, 

comparing the protein amounts (normalized on the total protein concentration 

of the cell lysates) obtained in stably transfected monoclonal HEK293 cells 

induced with 1 μg/mL of doxycycline, with those obtained transiently 

transfecting HEK293T cells with 25 μg of PB host vector encoding SOD1 and 

inducing the expression with 1 μg/mL doxycycline under the same 

experimental conditions. 

The PB host vectors were further modified by replacing the gene conferring 

geneticin resistance with that for puromycin resistance, to allow selection of 

stable HEK293T cells. The newly obtained vectors, conferring the puromycin 

resistance, i.e. pCyL-9071puro (9155 bp), pCyL-9073puro (9413 bp), pCyL-

9075puro (9773 bp), were screened again by analysing their restriction profiles 

(using HindIII, SalI and XbaI) and were used to stably transfect HEK293T cells 

following the same procedure described above. The four polyclonal HEK293T 

cell lines stably transfected with the inducible genes encoding HAH1, SOD1, 

CCS and poly-A (negative control), were maintained under antibiotic selective 

pressure for two weeks with puromycin (2 μg/mL). 

 

2.1.3 Results & Discussion 

We first tested the efficiency of the PB transposon on a cell line optimised for 

protein expression, such as HEK293. Thus, we cloned the mammalian 

expression cassette (Fig. 2) in the pCyL-50:PB vector, obtaining three different 

PB host plasmids carrying the inducible genes encoding HAH1, SOD1 and CCS 

(Fig. 3). Consequently, the pCyL-9073neo host vector has been used to transfect 

HEK293 cells, obtaining stably transfected cells with the inducible gene 

encoding SOD1. However, the expression test indicated that the protein levels 

were still not sufficient for in-cell NMR experiments and were notably lower in 
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comparison with the expression levels obtained in HEK293T cells transiently 

transfected with the same plasmid (Fig. 4). 

 
Fig. 3: Schematic representation of the pCyL-9073neo plasmid containing the mammalian 
expression cassette with the gene encoding SOD1 and the ITRs recognised by the PB trasposase. 
The pCyL-9071neo (9304 bp) and the pCyL-9075neo (9922 bp) plasmids, contain respectively the 
genes HAH1 and CCS instead of SOD1. (F1 ori: Bacteriophage 1 origin of replication; AmpR: 
Ampicillin resistance; Ori: Origin of replication; CAP bs: Catabolite activator protein binding 
site; lac promoter: Lactose promoter; lac operator: Lactose operator). 
 

 
Fig. 4: Western Blot performed in order to compare the efficiency (in terms of amount of SOD1 
normalized on the total protein concentration of the cell lysates) of the PB integration 
methodology, with that currently employed in our laboratory for in-cell NMR experiments. 
Lane 1: HEK293T transiently transfected with pHLsec-SOD1; lane 2: HEK293T transiently 
transfected with the plasmid containing the mammalian expression cassette shown in Fig. 2, 
induced with 1 μg/mL of doxycycline; lane 3: HEK293T transiently transfected with pCyL-
9073neo, induced with 1 μg/mL of doxycycline; lane 4: HEK293 transiently transfected with 
pHLsec-SOD1; lane 5: HEK293 transiently transfected with the plasmid containing the 
mammalian expression cassette shown in Fig. 2, induced with 1 μg/mL of doxycycline; lane 6: 
HEK293 transiently transfected with pCyL-9073neo, induced with 1 μg/mL of doxycycline; 
lane 7: monoclonal HEK293 stably transfected with the inducible gene encoding SOD1, induced 
with 1 μg/mL of doxycycline. 
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Overall, in the aforementioned expression test, HEK293T cells showed better 

results, in terms of protein levels, in all the analysed cases. This fact prompted 

us to modify again the PB host vectors shown in Fig. 3, replacing the gene 

conferring geneticin resistance with that for puromycin resistance, in order to 

adapt it for the neomycin-resistant HEK293T cells. The newly obtained PB host 

plasmids have been screened again, through restriction enzyme analysis of 

ligation (Fig. 5), and finally, were used to stably transfect HEK293T cells. 

 
Fig. 5: Restriction analysis of the puromycin resistant PB host vectors. a) Agarose gel 

electrophoresis: lane 1: pCyL-9029puro incubated with HimdIII+SalI+XbaI; lane 2: pCyL-

9071puro incubated with HimdIII+XbaI; lane 3: pCyL-9073puro incubated with 

HimdIII+SalI+XbaI; lane 4: pCyL-9075puro incubated with HimdIII+SalI+XbaI. b) Example of 

the restriction profile of the pCyl-9071puro vector obtained by the Serial Cloner 2.6 software. 

 

At the moment, four polyclonal cell lines stably transfected with the inducible 

genes encoding HAH1, SOD1, CCS and poly-A (control) have been selected. As 

next step, from the aforesaid polyclonal cell lines, some monoclonal lines will be 

selected and their efficiency in terms of protein expression will be tested by 

Western Blot and by in-cell NMR. 

 

2.1.4 Perspectives 

Once the efficiency of this method will be optimised on HEK293T cells, 

obtaining samples suitable for in-cell NMR experiments, the PB vector will be 

used to stably transfect mESCs at multiple chromosomal sites. As further step, 

considering the characteristic of pluripotency of the mESCs, we are planning to 

develop a set of protocols for the selective and controlled differentiation of the 

stem cells towards specific cell lines. Such challenging project, would allow to 
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perform in-cell NMR experiments on cells adopting cellular phenotypes of 

specific tissues, depending on the physiological environment were the protein 

target of study exerts its function. 
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2.2 Characterization of XIAP-BIR1 in mammalian cells by NMR 

2.2.1 Overview 

The X-chromosome linked inhibitor of apoptosis protein (XIAP) is a 497-residue 

cytoplasmic zinc binding protein, ubiquitously expressed in all human cells 

except peripheral blood leukocytes (Liston et al., 1996). XIAP contains three 

zinc-binding baculovirus IAP repeat (BIR) domains at the N-terminal region, an 

ubiquitin associated (UBA) domain and a C-terminal, zinc-binding really 

interesting new gene (RING) domain (Fig. 6). 

 
Fig. 6: Schematic representation of XIAP protein. 

 

XIAP is a member of the IAP family, and was first recognised as a potent 

inhibitor of apoptosis, impeding directly the proteolytic activity of caspases 

(Deveraux et al., 1997). More precisely, through its BIR2 domain and a portion 

of the linker between BIR1 and BIR2, XIAP binds and inhibits the effector 

caspases 3 and 7 (Sun et al., 1999; Riedl et al., 2001; Chai et al., 2001), and 

through its BIR3 domain inhibits the initiating caspase 9 (Srinivasula et al., 

2001). XIAP is frequently overexpressed in tumours, in which it potentiates cell 

survival and resistance to chemotherapeutics, and thus it has become an 

important target for the development of cancer treatments aimed to antagonize 

the interaction of XIAP with caspases (Schimmer et al., 2006; Nakagawa et al., 

2006; Mizutani et al., 2007; Lopes et al., 2007; Mannhold et al., 2010; Fulda and 

Vucic, 2012; Baggio et al., 2018). Furthermore, its BIR1 domain, after 

dimerization, interacts with TAK binding protein 1 (TAB1), which in turn 

recruits transforming growth factor β activated kinase 1 (TAK1), with 

consequent activation of NF-κB and cell survival pathways (Fig. 7) (Lu et al., 

2007). Consequently, the impairment of the BIR1-TAB1 assembly would have a  
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Fig. 7: Dimeric BIR1/TAB1 complex. TAB1 is shown with helices in yellow, β strands in cyan, 

and loops in pink, respectively. BIR1 is shown with helices in green, β strands in blue, and loops 

in gray. b) Schematic model for XIAP-mediated TAK1 and NF-κB activation (image credit: 

taken and modified from Lu et al., 2007). In this model the UBA domain is missing. 

synergistic action to the pro-apoptotic anticancer drugs. Moreover, XIAP has 

been reported to be involved the homeostasis of copper, and direct copper 

binding has been reported at multiple sites within the BIR domains (Burstein et 

al., 2004; Mufti et al., 2006, 2007; Galbán and Duckett, 2010; Liang et al., 2014). 

However, such interaction has not yet been characterized in cell. While the 

crystallographic structure of BIR1 is known (Lu et al., 2007), its structural 

properties in solution have not been characterized, including the function of the 

first 19 N-terminal residues of the domain, which were not resolved in the 

crystallographic structure. Consequently, in this study we sought to 

characterize through high-resolution NMR spectroscopy the BIR1 domain of 

XIAP in vitro and in the cytoplasm of E. coli, X. laevis oocytes and human cells, 

in order to provide a deeper description of the behaviour of this domain in its 

physiological environment. Furthermore, we evaluated the effects of copper 

addition in the oxidized and reduced states on BIR1. Our results, in accordance 

with the crystallographic structure, demonstrate that BIR1 forms a homodimer 

in solution, and that such dimerization can be impaired by two mutations 

(D71N and R72E) at the interface of the dimer, obtaining well-folded 

monomers. In-cell NMR experiments indicate that intracellular BIR1 interacts 

with intracellular partners or other cellular components, which decrease its 

tumbling rate causing the broadening of most signals beyond detection, while 

the N-terminal residues, which are absent in the crystal structure, are 
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unstructured and thus free to rotate. Concerning the interaction with copper, 

we showed that Cu(II) does not substitute the zinc ion in the zinc-finger motif, 

unlike what previously reported (Liang et al., 2014); that Cu(I) and (II) do not 

bind specifically to BIR1, both in vitro and in-cell, but rather Cu(II) serves as 

oxidant of cysteine 12 in causing the formation of a disulfide bond, most likely 

with glutathione or with the cysteine 12 of the other subunit of the homodimer.  
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2.2.2 Attached article 
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2.3 Characterization of XIAP-BIR3 interaction with CCS and copper 

2.3.1 Overview 

As mentioned above, XIAP has been reported to be involved in the intracellular 

homeostasis of copper (Burstein et al., 2004; Mufti et al., 2006, 2007; Galbán and 

Duckett, 2010; Liang et al., 2014). It has been proposed that at basal intracellular 

copper levels, XIAP binds and ubiquitinates the copper-free form of CCS 

through its BIR3 domain (Brady et al., 2010). Notably, this ubiquitination 

enhances its ability to deliver copper to SOD1, rather than triggering the 

degradation of CCS. On the contrary, at elevated copper levels, when the 

cellular pool of apo-SOD1 is depleted and the copper-bound CCS accumulates 

in the cytosol, XIAP ubiquitinates CCS at a different position, targeting it for 

degradation (Fig. 8). 

 
Fig. 8: Proposed model of CCS regulation by distinct ubiquitination pathways (image credit: 

Brady et al., 2010). 

 

Furthermore, it has been hypothesized that, when the intracellular copper 

concentration is high, CCS interacts with BIR3 and transfers copper to XIAP 

(Fig. 8). Reportedly, copper-bound XIAP has a reduced activity and is thought 

that, under these conditions, it ubiquitinates itself promoting its own 

degradation, and triggering in this way the caspase-induced apoptosis (Brady 

et al., 2010). In summary, in the hypothesized mechanism two kinds of 
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ubiquitination occur: an enhancing one, at basal copper levels, and an inhibiting 

one at high intracellular copper levels. Such intriguing mechanism has not been 

proven at the molecular level, therefore the aim this study is to better 

investigate, through NMR spectroscopy, how the interaction between BIR3 and 

CCS occurs, and if this domain is able to bind copper. 

 

2.3.2 Methodologies 

In vitro experiments: 

The gene of the BIR3 domain (encoding the a.a. 241-356 of human XIAP) was 

cloned in the pET-15 vector (for the expression in E. coli cells), between NdeI 

and XhoI restriction enzyme sites. The pET15-BIR3 plasmid was transformed in 

BL21 Rosetta (DE3) pLysS E. coli cells. The transformed bacteria were grown to 

mid-log phase at 37 °C and 180 rpm in M9 minimal medium, containing 

(15NH4)2SO4 as only nitrogen source, in the presence of 100 μM ZnSO4, and 

were induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). 

After induction the cells were grown for other 4 hours. Harvested cells were re-

suspended in binding buffer (Tris 50 mM, NaCl 500 mM, Imidazole 20 mM, pH 

7.5), supplemented with protease inhibitor tablets (Roche) and lysed via 

sonication (10’’ ON, 50’’ OFF, at 60% of amplitude for 40’). The lysate was 

loaded on a 5mL HisTrap FF affinity column, previously equilibrated with the 

binding buffer, and the protein was recovered with the elution buffer (Tris 50 

mM, NaCl 500 mM, Imidazole 500 mM, pH 7.5). The His-tag was cleaved by 

incubating overnight with thrombin. Finally, BIR3 was transferred in NMR 

buffer (KPi 50 mM, NaCl 500 mM, DTT 5 mM, pH 6) using a desalting column. 

CCS, previously cloned in a pTH-27 plasmid, was expressed in BL21 (DE3) 

Codon Plus RIPL E. coli cells gown in unlabelled medium and then purified in 

the same NMR buffer of BIR3 (Banci et al., 2012).  

2D 1H-15N SOFAST-HSQC NMR spectra of BIR3 alone (145 μM, 15N-labelled) 

were acquired on a 700 MHz Bruker Avance III spectrometer equipped with a 

TXO CryoProbe at 298 K. For monitoring the interactions with CCS and/or 

copper, 1H-15N HSQC spectra of BIR3 titrated under anaerobic conditions with 
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1 eq. of CCS and/or 1 eq. of Cu(I) were acquired at the same spectrometer at 

298 K. 

In-cell NMR experiments: 

For the in-cell NMR experiments, the sequence encoding the BIR3 domain (i.e. 

the a.a. 241-356 of human XIAP) was cloned into the pHLsec vector, between 

EcoRI and XhoI restriction enzyme sites. HEK293T cells were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM; high glucose, D6546, Sigma) 

supplemented with L-glutamine, antibiotics (penicillin and streptomycin) and 

10% FBS (Gibco) in uncoated 75 cm2 plastic flasks and incubated at 310 K and 

5% CO2. Cells were transiently transfected with the pHLsec-BIR3 plasmid, 

using polyethylenimine (PEI) in the ratio 1:1, in 15N labelled medium 

(BioExpress6000), supplemented with 2% FBS (Banci et al., 2013). 1H-15N 

SOFAST-HMQC spectra were acquired directly on living HEK293T cells (and 

lysates) on a 950 MHz Bruker Avance III spectrometer equipped with a TCI 

CryoProbe, at 298 K. 

 

2.3.3 Results & Discussion 

In vitro experiments: 

The 2D NMR spectrum of BIR3 indicates that in solution the domain is well 

structured (Fig. 9a). In order to evaluate the interaction of BIR3 with copper, 

BIR3 was titrated with 1 eq. of Cu(I). The results of such experiment did not 

provided any evidence of an interaction between BIR3 and the metal (Fig. 9b). 

Next, in order to evaluate the interaction of BIR3 with CCS, BIR3 was titrated 

with one eq. of CCS, but even in this case no significant chemical shift 

perturbation was observed (Fig. 9c). Finally, to test whether a metal-mediated 

protein-protein interaction occurred, we added 1 eq. of Cu(I) in the 

aforementioned sample; again, no spectral changes were observed (Fig. 9d). 

Summarising, the results of this study did not provided any evidence of an 

interaction between BIR3 and CCS, and demonstrated that BIR3 is not able to 

bind Cu(I). 
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Fig. 9: a) 1H-15N HSQC (700 MHz, 298 K) spectrum of solution BIR3 (145 μM); b) overlay of the 
1H-15N HSQC (700 MHz, 298 K) spectrum obtained from the titration of BIR3 (145 μM) with 1 

eq. of Cu(I) (red), on the spectrum “a” (black); c) overlay of the 1H-15N HSQC (700 MHz, 298 K) 

spectrum obtained from the titration of BIR3 (145 μM) with 1 eq. of unlabelled CCS (blue), on 

the spectrum “a” (black); d) overlay of the 1H-15N HSQC (700 MHz, 298 K) spectrum obtained 

from the titration of BIR3 (145 μM) with 1 eq. of CCS and 1 eq. of Cu(I) (magenta), on the 

spectrum “a” (black). 
 

In-cell NMR experiments: 

The results obtained acquiring 1H-15N SOFAST-HMQC spectra directly on 

living HEK293T cells suggest that the BIR3 domain, after its translation, 

interacts with a partner or a cellular structure which decreases its tumbling rate. 

This can be deduced from the fact that we identify fewer signals attributable to 

BIR3 in the spectra acquired on living cells, than in those acquired on the cell 

lysate and in vitro (Fig. 10). 
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Fig. 10: Overlay of the 2D 1H-15N SOFAST-HMQC (950 MHz, 298 K) spectra of BIR3 acquired on 

living HEK293T cells (red) and on the lysate (black). 

 

2.3.4 Perspectives 

In contrast with what previously reported, the results of the experiments 

performed on BIR3 did not provide any evidence of a specific interaction of 

such domain with Cu(I) and with CCS. This finding, combined with the fact 

that also BIR1 did not bind copper, prompted us to study the structural 

conformation of the full length XIAP, in order to address many questions that 

remain unexplained concerning: the structure of the full length protein; the 

ability of XIAP to bind copper and its binding sites; the conformational changes 

resulting from the hypothesised metal binding; and to determine if the 

interaction with Cu(I) and with CCS requires the entire protein to occur. 
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2.4 Structural characterization of full length XIAP integrating NMR, SAXS 

and EPR data. 

2.4.1 Overview 

A multitude of studies has been published on XIAP in the last two decades, and 

the structures of all the single domains of XIAP have been determined (Sun et 

al., 1999; Lu et al., 2007; Hui et al., 2010; Lukacs et al., 2013; Nakatani et al., 

2013). Despite this, there is still no information about their spatial arrangement 

in the full length protein. XIAP is involved in many cellular processes in which 

exerts different functions: i) inhibition of the apoptotic cascade (Liston et al., 

1996; Deveraux et al., 1997); ii) activation of NF-κB pathway (Lu et al., 2007); iii) 

E3 ligase activity, through which XIAP regulates several important pathways, 

such as the inflammatory and cell death signalling (Witt and Vucic, 2017; Vucic, 

2018); iiii) involvement in copper homeostasis (Mufti et al., 2007). Taken 

together, all these processes require that in the cell XIAP constantly interacts 

with one or more different partners. Consequently, the conformation of the full 

length protein and the spatial arrangement of its domains could modulate 

differently the various interactions of XIAP. Therefore, it becomes of 

fundamental importance to determine the structural conformation of the full 

length XIAP, to better understand whether/how its many interactions are 

mutually influenced and how the arrangement of the various domains plays a 

role in its different functions. To this aim, we used an integrative approach 

combining structural techniques: NMR, SAXS and EPR with biophysical 

techniques: Size Exclusion Chromatography with Multi-Angle Light Scattering 

(SEC-MALS) and Inductively Coupled Plasma Atomic Emission Spectrometry 

(ICP-AES). Such integrated approach provided several types of information 

that allowed the structural characterization of full length XIAP. Specifically, 

SEC-MALS experiments demonstrated that in solution XIAP forms a 115 kDa 

homodimer, and ICP-AES confirmed that XIAP homodimer contains 10 zinc 

atoms. The NMR data suggested that only the inter-domain linkers of XIAP 

have a certain degree of flexibility, while the folded regions assume a rigid 

conformation of high molecular weight, not allowing the detection of signals 
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belonging to the structured domains. This is in accordance with the data 

obtained by EPR, since the broad components of the continuous wave spectra 

are the most abundant, suggesting that XIAP assumes a poorly flexible 

conformation in the regions where the paramagnetic tags are located (i.e. on 

BIR2 and BIR3). Finally, combined fitting of the SAXS data with DEER-EPR 

distance restraints provided a low resolution structure of the full length XIAP 

dimer, compatible with a discoidal and flat conformation. This study provides 

the first structural characterization of the XIAP homodimer, adding useful 

information that will help to elucidate the role of this multifunctional protein 

involved in many cellular processes. 
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Introduction 

The X-chromosome linked Inhibitor of Apoptosis Protein (XIAP) is 497-residue 
cytoplasmic, zinc binding protein, ubiquitously expressed in human cells except 
peripheral blood leukocytes (Liston et al., 1996). XIAP contains three zinc-
binding BIR (Baculovirus IAP Repeat) domains at the N-terminal region, an 
UBA (Ubiquitin Associated) domain and a C-terminal, zinc-binding RING 
(Really Interesting New Gene) domain. 
XIAP is a member of the IAP family, and was first recognised as a potent 
inhibitor of apoptosis, impeding directly the proteolytic activity of caspases 
(Deveraux et al., 1997). More precisely, through its BIR2 domain and a portion 
of the linker between BIR1 and BIR2, XIAP binds and inhibits the effector 
caspases 3 and 7 (Sun et al., 1999; Riedl et al., 2001; Chai et al., 2001), while 
through its BIR3 domain inhibits the initiating caspase 9 (Srinivasula et al., 
2001). XIAP is frequently overexpressed in tumors, in which it potentiates cell 
survival and resistance to chemotherapeutics, and thus it has become an 
important target for the development of cancer treatments aimed to antagonize 
the interaction of XIAP with caspases (Schimmer et al., 2006; Nakagawa et al., 
2006; Mizutani et al., 2007; Lopes et al., 2007; Mannhold et al., 2010; Fulda and 
Vucic, 2012; Baggio et al., 2018). 
Moreover, literature reports the involvement of XIAP in several fundamental 
cellular processes. Through its BIR1 domain, XIAP is involved in the NF-κB 
pathway (Lu et al., 2007). Furthermore, it has been demonstrated that the RING 
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domain has an E3 ubiquitin ligase activity (Nakatani et al., 2013); this activity is 
responsible for the ubiquitination of important substrates such as RIP1 and 
RIP2, involved respectively in the pro-inflammatory TNF and NOD2 signalling 
pathways (Witt and Vucic, 2017; Goncharov et al., 2018). As a result, mutations 
in the XIAP gene have been related to inflammatory diseases such the X‐linked 
lymphoproliferative syndrome type‐2 (XLP2) (Damgaard et al., 2013) and the 
inflammatory bowel disease (IBD) (Pedersen et al., 2014). Finally, literature 
reports that XIAP also takes part in the maintenance of the intracellular copper 
homeostasis and that its downregulation may contribute to the onset of copper 
toxicosis such as Wilson’s disease (Mufti et al., 2006; Galbán and Duckett, 2010). 
This multi-functional role of XIAP raised several questions about how this 
protein is able to perform so many activities, and which are the structural 
features that allows to XIAP to engage so many different interactions. From the 
structural point of view, all the single domains of XIAP have been characterized 
(Sun et al., 1999; Liu et al., 2000; Lu et al., 2007; Hui et al., 2010; Lukacs et al., 
2013; Nakatani et al., 2013), and it is known that the BIR1 and the RING 
domains forms homodimers (Lu et al., 2007; Nakatani et al., 2013; Hou et al., 
2017), but there is no information about their spatial arrangement, as the 
conformation of the full length XIAP has never been determined. Consequently, 
a structural characterization of the full length protein is essential in order to 
elucidate the relation between its structural features and the numerous cellular 
processes and interactions in which this protein is involved. In this study we 
used an integrative approach, combining Nuclear Magnetic Resonance (NMR), 
with Small-Angle X-ray Scattering (SAXS) and Electron Paramagnetic 
Resonance (EPR), in order to provide the first low-resolution structural 
characterization of the full length XIAP. 
 
Materials & Methods 

Protein expression and purification: 
The gene encoding XIAP was cloned in the pENTR vector for the Gateway 
cloning technology and subcloned in the pDEST-HisMBP vector (which adds a 
His tag followed by the Maltose Binding Protein at the N-terminus of the 
protein), utilizing the pENTR/TEV/D-TOPO cloning kit (Invitrogen). E. coli 
BL21 (DE3) Codon Plus RIPL cells were transformed with the plasmid pDEST-
HisMBP-XIAP, grown in LB medium (or in 15N M9 medium) supplemented 
with 100 μM ZnSO4 at 37 °C and 170 rpm. At mid-log phase the cells were 
induced with 0.75 mM IPTG, and then grown overnight at 18 °C and 170 rpm. 
The cells were harvested and re-suspended in 100 mL of binding buffer (Tris 20 
mM, TCEP 1 mM, Imidazole 5 mM, pH 8) supplemented with protease 
inhibitor tablets (Roche) and lysed by sonication (10’’ ON, 50’’ OFF, at 60% of 
amplitude for 40’). The lysate was passed through a 5 mL HisTrap FF affinity 



50 

 

column (GE healthcare Life Sciences) and washed with the elution buffer (Tris 
20 mM, TCEP 1 mM, Imidazole 500 mM, pH 8). The His-MBP tag was cleaved 
incubating overnight with TEV in dialysis (5 L). As final purification step, a gel 
filtration using a HiLoad 16/600 Superdex 200 pg column (GE Healthcare Life 
Sciences) was performed in order to separate XIAP from the His-MBP tag and 
to transfer the protein in the final buffer (Tris 20 mM, TCEP 0.5 mM, pH 7.4). 
The eluted fractions were checked by SDS-PAGE, and those containing pure 
XIAP were collected and concentrated with an Amicon Ultra centrifugal filter 
device (MWCO = 50 kDa). 
 
NMR: 
NMR spectra were acquired at 310 K on a 700 MHz Bruker Avance Neo 
spectrometer equipped with a TCI CryoProbe. 2D 1H-15N HSQC on a sample of 
15N-XIAP (160 µM monomer concentration) in Tris 20 mM buffer, 0.5 mM 
TCEP, pH 7.4. The spectra were processed with Bruker TopSpin. 
 
SEC-MALS: 
Size Exclusion Chromatography with Multi-Angle Light Scattering (SEC-
MALS) was performed on full length XIAP (30 μM), utilizing a Superdex 200 
10/300 GL column (GE healthcare Life Sciences) at a flowrate of 0.3 mL/min, 
by an instrumentation including a multi-angle light scattering, with a quasi-
elastic light scattering detector, and a refractometer with extended range (Wyatt 
Technology), connected to a high-performance liquid chromatographer (HPLC). 

CD: 
Circular Dichroism experiments were performed on 2.2 μM samples of the full 
length XIAP by a JASCO J-810 spectrometer and the spectra were analysed with 
the DichroWeb software. 

ICP-AES: 
The Zinc/protein ratio of the full length XIAP (5 μM) was determined by 
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) 
measurements, carried out by a Varian 720 ES simultaneous ICP-AES equipped 
with a CETAC U5000 AT+ ultrasonic nebulizer. 

SAXS: 
Synchrotron radiation X-ray scattering from full length XIAP in solution was 
collected at the EMBL P12 beamline of the storage ring PETRA III (DESY, 
Hamburg, Germany, (Blanchet et al., 2015). Images were recorded using a 
photon counting Pilatus-2M detector at a sample to detector distance of 3.1 m 
and a wavelength (λ) of 1.2 Å covering the range of momentum transfer (s) 0.01 
< s< 0.5 Å-1; with s=4πsinθ/λ. To obtain data from a monodisperse sample, SEC-
SAXS mode was employed (size exclusion chromatography directly coupled to 
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the scattering experiment). Here, the eluent from a Superdex 200 10/300 GL 
(GE healthcare Life Sciences) column is passed through an UV-cell (280 nm, 
Agilent) and then to the SAXS capillary were 1-s sample exposures are recorded. 
As mobile phase SEC buffer (Tris 20 mM, TCEP 0.5 mM, pH 7.4.) was used. 100 
μL of purified sample (7.5 mg/mL) were injected and the flow rate was 0.5 
mL/min. SAXS data were recorded from macromolecular free fractions 
corresponding to the matched solvent blank (frames 1,389–1,804 s) which eluted 
directly after the peak corresponding to the separated XIAP dimers (elution 
time maximum = 20.7 min, 10.4 mL; frames 1,244–1,281 s). Data reduction to 
produce the final scattering profile of dimeric full length XIAP was performed 
using standard methods. Briefly, 2D-to-1D radial averaging was performed 
using the SASFLOW pipeline (Franke et al., 2017). CHROMIXS was used for the 
visualization and reduction of the SEC-SAXS datasets (REF). Aided by the 
integrated prediction algorithms in Chormix the optimal frames within the 
elution peak and the buffer regions were selected. Then, single buffer frames 
were subtracted from sample frames one by one, scaled and averaged to 
produce the final subtracted curve. 
The indirect inverse Fourier transform of the SAXS data and the corresponding 
probable real space-scattering pair distance distribution (p(r) versus r profile) of 
full lenght XIAP was calculated using GNOM (Svergun, 1992), from which the 
Rg and Dmax were determined. The p(r) versus r profile was also used for volume 
and subsequent molecular weight estimates of the XIAP dimers, as evaluated 
by the datporod (Porod volume) (Petoukhov et al., 2012), datmow (Fischer et al., 
2010), and datvc (Rambo and Tainer, 2013) modules of the ATSAS 2.8 package. 
The ab initio bead modeling of XIAP was performed using DAMMIF (Franke 
and Svergun, 2009). Because SAXS data can be ambiguous with respect to shape 
restoration DAMMIF was run 10 times, and the consistency of the individual 
models was evaluated using the normalized spatial discrepancy (NSD) metric 
(where NSD <0.9 represents spatially similar) (Volkov and Svergun, 2003). 
From this the most probable model was selected for further analysis. Ab initio 
modelling was performed with and without adding symmetry constraints (p2 
symmetry to reflect the dimeric state of the protein). The resolution estimate of 
the model ensemble was estimated with SASRES (Tuukkanen et al., 2016). The a 
priori shape classification of the SAXS data was determined with DATCLASS 
(Franke et al., 2018). 
The molecule masses (MM) was evaluated based on concentration independent 
methods as described in (Hajizadeh et al., 2018). Further analysis of the 
flexibility of the samples was addressed with Ensemble Optimization Method 
(EOM). For this, ensembles of models with variable conformations are selected 
from a pool of randomly generated models such that the scattering from the 
ensemble fits the experimental data, and the distributions of the overall 
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parameters (e.g. Dmax) in the selected pool are compared to the original pool 
(Tria et al., 2015). 
The SAXS data (as summarized in Table X) and ab initio bead models as well as 
rigid body reconstruction of full length XIAP have been deposited into the 
Small-Angle Scattering Biological Data Bank (SASBDB) (Valentini et al., 2015) 
under the accession code (to be determined). 

EPR: 
In order to perform EPR and EPR-DEER experiments the MTSL (S-(1-oxyl-
2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) 
nitroxide spin label was selected for Site-Directed Spin Labeling (SDSL) 
(Hubbell et al., 2013; Klare, 2013). WT XIAP possesses four cysteine residues 
(C12, C202, C213 and C351) that are not involved in zinc coordination. Given 
the homodimeric nature of XIAP, labeling the same cysteine residue on each 
monomer would provide a symmetrical distance restraint. Mutations were 
sequentially introduced on the WT XIAP gene using the Quick Change II 
mutagenesis kit (Invitrogen), and the resulting genes were checked by DNA 
sequencing. Two triple mutants of XIAP were chosen for the SDSL reaction, 
termed XIAP C202 (i.e. XIAP C12A, C213G, C351S) and XIAP C351 (i.e. C12A, 
C202S, C213G).  
SDSL reaction was performed by incubating XIAP mutants with a 10-fold 
excess of MTSL. The reaction was kept for 2 hours at room temperature under 
continuous agitation, after which an identical amount of MTSL was added to 
the solution to improve the labelling yield. After 4 hours, the unreacted spin 
label was eliminated by washing several times the reaction solution with Tris 20 
mM, pH 7.4 buffer using an Amicon Ultra centrifugal filter device (MCWO = 50 
kDa). The resulting samples were checked by X-band EPR to ensure the 
complete MTSL removal and to calculate the relative spin concentrations from 
double integration of the signals. Using a calibration curve, the total spin 
concentrations resulted equal to 30 μM and 60 μM for the two XIAP mutants 
labeled with MTSL nitroxide on C202 (XIAP C202R1) and C351 (XIAP C351R1), 
respectively. X-band (9.8 GHz) continuous wave EPR experiments were 
performed at room temperature on a Bruker ELEXSYS E580 spectrometer. The 
parameters used were the following: microwaves power = 10 mW, magnetic 
field modulation amplitude = 0.1 mT, field sweep = 10 mT, receiver gain= 60 
dB. The spectra were accumulated 9 times to increase the S/N ratio. 
Simulations were performed with SimLabel program (GUI of EasySpin 
software) (Etienne et al., 2017), to obtain the components of the experimental 
spectra and the relative parameters (g-tensor, A splitting constants and τC 
correlational times). 
Q-band experiments were performed using the standard EN5107D2 resonator 
and an Oxford helium system to keep temperature at 50K. 4-pulse DEER 
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experiments (34 GHz) were recorded with a Hanh-echo pulse sequence π/2 – τ 
– π – τ – echo with 20 ns (π/2) and 40 ns (π), τ1 = 200 ns and τ2 was set 
accordingly to relative spin-spin relaxation time. The pump ELDOR pulse was 
centred at the central resonance and the observed frequency was set with an 
offset of 56 MHz. The total acquisition time was 20-24 hours to increase the S/N 
ratio. All DEER measurements were performed with 8-steps nuclear 
modulation average. 
DEERANALYSIS2013 software was used to correct background echo decay 
involving a second order polynomial baseline correction, and successively to 
obtain the relative distance distribution (Jeschke, 2002, 2012). 
 
Results 

The integrated approach used in this study allowed the collection of several 
information for the structural characterization of the full length XIAP. SEC-
MALS experiments indicated that the protein in solution is monodisperse and 
forms a homodimer of approximately 115 kDa (Fig. 1). Each monomer of full 
length XIAP contains five zinc fingers: one in each BIR domain, and two in the 
C-terminal RING domain (Sun et al., 1999; Liu et al., 2000; Nakatani et al., 2013; 
Hou et al., 2017). The metallation state of the samples used in this study as 
determined by ICP-AES resulted in 10 zinc ions per XIAP homodimer, 
indicating that all zinc binding sites are occupied. In principle, the multidomain 
nature of XIAP could allow a certain degree of relative flexibility of the single 
domains. Therefore, heteronuclear NMR spectroscopy was employed to 
qualitatively assess the dynamic nature of the XIAP homodimer. Only a small 
number of amide crosspeaks (~70) were visible in the central region of the 1H-
15N HSQC spectrum of XIAP (Fig. 2). These signals likely arise from the 
unstructured regions of the protein, i.e. the N-terminus and the linkers between 
the domains. No signals typical of a folded protein were detected, indicating 
that the conformation of XIAP is sufficiently rigid to cause broadening beyond 
detection of the signals arising from the structured regions, due to the slow 
rotation of the dimer in solution. NMR experiments optimized for high 
molecular weight systems did not provide additional information due to the 
low sample concentration imposed by the aggregation propensity of XIAP (data 
not shown). Further evidence of a rigid conformation assumed by the 
structured domains of XIAP was derived from the EPR experiments. For this 
purpose, full length XIAP was labelled with MTSL either at cysteine 202 on the 
BIR2 domain (XIAP C202R1) or at cysteine 351 on the BIR3 domain (XIAP 
C351R1). The X-band CW-EPR spectrum of XIAP C202R1 at room temperature 
exhibits a line-shape typical of the presence of a multi motional components 
(Fig. 3A, black line). In fact, the simulation revealed the presence of a sharp 
component (τc = 0.1 ns) (Fig. 3A, blue line), relative to a very flexible 
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conformation, and a broader signal (τc = 2.5 ns) (Fig. 3A, pink line), specific of a 
more rigid structure. The broad component is the most abundant (92%), 
indicating that XIAP has a rigid structure surrounding cysteine 202. Similar 
results were obtained for XIAP C351R1: The CW-EPR spectrum (Fig. 3B, black 
line) shows the presence of two minor sharp components characteristic of very 
flexible conformations, with spin label tumbling times of 0.1 ns and 0.5 ns (Fig. 
3B, pink and green lines respectively), while most of the EPR signal (84%) arises 
from a broader component (τc = 3.3 ns) (Fig. 3B, pink line), revealing that also in 
proximity of cysteine 351 the protein assumes a rigid structure. Overall, these 
findings suggest that the XIAP homodimer in solution adopts a relatively 
compact conformation. 
To confirm this, SAXS was performed to obtain the primary structural 
parameters and overall shape characteristics of dimeric XIAP in solution. In-line 
SEC-SAXS was employed, based on the results from SEC-MALS, indicating the 
presence of trace amounts of higher molecular weight species. The latter are 
removed during the chromatography step so that the scattering intensity data is 
measured solely from the separated dimeric form. The radius of gyration (Rg) 
through the dimer elution peak is consistent (36–38 Å), suggesting that indeed 
the solute is monodisperse. The final averaged SAXS profile of dimeric full 
length XIAP is shown in Figure 4A, and the Guinier plot of the SAXS data is 
linear (Fig. 4B), as expected for aggregate-free, monodisperse systems, yielding 
an Rg of 37 ± 0.6 Å. Compared to expected molecule mass of 115 kDa, this 
suggests that XIAP has a relatively globular isotropic mass distribution. The 
corresponding p(r) versus r profile (Fig. 4C) supports this observation as the 
distribution of vector lengths is almost Gaussian with a maximum particle 
dimension (Dmax) of ∼122 Å. The a priori shape classification of the SAXS data 
places XIAP in the “flat/compact” regime. The final structural parameters 
extracted from the data, including volume and molecular mass estimates, are 
consistent with dimeric XIAP and the SEC-MALS results (Table 1). In addition, 
the ab initio low resolution structure indicated that the quaternary structure of 
the XIAP homodimer is compatible with a discoidal and flat conformation (Fig. 
4D). Here, the most probable model determined with a P2 symmetry is shown. 
The overall projected ensemble resolution was determined to be 40 +/- 3 Å. 
Quantitative flexibility analysis was performed using the EOM which fits the 
experimental data using scattering computed from conformational ensembles 
(Fig. 4A). Over 14000 models with randomized linkers were generated based on 
the atomic structures from the individual domains: BIR1 (2POI.pdb), BIR2 
(4J3Y.pdb), BIR3 (4KMP.pdb), UBA (2KNA.pdb) and RING (4IC2.pdb). The 
missing linker residues (117 in total) as well as 21 N-terminal residues make up 
for ~23% of the overall sequence. To account for the dimerization, P2 symmetry 
was partially applied by constraining the BIR1 as well as the RING dimer 



55 

 

interface as seen in the crystal structure (2POI.pdb and 4IC2.pdb). The narrow 
distributions of the overall parameters in the selected structures compared with 
those the original pool (Fig. 5A&B) suggest that XIAP is compact and that the 
orientation of the individual domains is rather rigid and not as flexible as one 
would expect. Figure 5C, shows representative models from the selected pools. 
In general, these comprise a similar volume as the generated ab initio models 
(overlaid as grey surface representation). 
The reduce degree in flexibility suggests that rigid body modelling will result in 
realistic structures. We, therefore, sought to obtain a low-resolution structural 
model of the XIAP homodimer by combining EPR-derived distance restraints 
with SAXS data. For this, Q-band DEER measurements on XIAP C202R1 and 
XIAP C351R1 were performed. Since the protein is a homodimer, the values 
calculated from the DEER experiments correspond to the distances between 
two spin-labeled cysteines 202 (or 351) located one on each monomer. For XIAP 
C202R1 the distance distribution calculated has a single maximum at 38 ± 6 Å 
(Fig. 6), while for XIAP C351R1 oscillation of the echo-detected signal was not 
observed (Fig. 7), indicating that the two cysteines 351 of each monomer are 
located farther than the estimated upper limit of the DEER experiment in our 
experimental conditions (> 80 Å). These volume fractions are indeed reflected 
in a large volume fraction of the EOM determined models (model 5 and 6 
comprising roughly 50% volume fraction, table 2). Further we performed 
modelling approaches with CORAL. In this rigid body modelling approach 
possible models are generated by adding dummy residues to mimic the missing 
N-terminal and linker residues (Fig. 8). Attempts with and without adding the 
restrain of 40 Å between cysteine 202 of the BIR1 domain resulted in a number 
of different structural rearrangements of the folded domains. Here we 
conclude, that even though the flexibility of full length XIAP is restricted, the 
data cannot be described with one unique model. 
 
Conclusions 

Given the number of different pathways in which XIAP is involved, it becomes 
necessary to know whether its three-dimensional structure can affect or 
modulate them in any way. This is especially critical when considering that 
several of XIAP domains are being heavily studied as potential anticancer drug 
targets (Fulda and Vucic, 2012). As is normally the case with many 
multidomain proteins, only the structures of the single domains have been 
relied upon for drug screening and for investigating protein-protein 
interactions, and the overall protein conformation has never been properly 
accounted for. Here, by integrating complementary data from different 
structural and biophysical techniques, we provided a first low-resolution model 
of full length XIAP, and we assessed the degree of flexibility of the protein. 
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XIAP behaved homogenously in solution, and was mainly present as a 
heterodimer, with negligible amounts of higher molecular weight species. Most 
strikingly, despite the fact that unstructured N-terminus and the inter-domain 
linkers comprise more than 20% of the overall sequence, our data indicate that 
the XIAP homodimer is a rigid entity. This is clearly observed by both ab initio 
modeling and ensemble fitting based on the SAXS data, and is corroborated by 
the fact that the folded domains cannot be detected by solution NMR on non-
deuterated samples. Furthermore, only ~70 NMR signals from unfolded regions 
were detected, i.e. about one half of the total expected unfolded residues, 
suggesting that some of the inter-domain linkers could actually fold as part of 
the overall 3D structure. Rigid body modeling combining SAXS and EPR-DEER 
distance restraints revealed a challenging task, due to the data being too sparse 
compared to the number of degrees of freedom of the XIAP dimer. Despite this, 
our findings highlight the fact that XIAP assumes quite a compact and rigid 
conformation, and should not be treated with simplistic “beads on a string” 
models when studying the interactions with its many partners. Based on this 
evidence, further refinement of the XIAP dimer structure should be made 
possible by including in the calculations electron density maps obtained by 
single-particle cryo-electron microscopy, which – in the case of a more rigid 
structure – could even allow single-particle reconstruction at a higher 
resolution. 
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Figures: 

 

 

Fig. 1: SEC-MALS performed on full length XIAP (30 μM). 

 

 

Fig. 2: 1H-15N HSQC (700 MHz, 310 K) spectrum acquired on full length of 
XIAP (160 µM monomer concentration). 
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Fig. 3: X-band CW-EPR spectra at room temperature and relative simulations 
respectively of XIAP C202R1 (A) and XIAP C351 (B). 
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Fig. 4: SAXS data, primary structural parameters and overall shape 
characteristics. A) Averaged SEC-SAXS profile of XIAP through the dimeric 
elution peak (black) and corresponding fit against the data from the EOM 
approach (see Fig. 5, λ²=3.9 with no systematic deviation ). B) Guinier plot of   
ln I(s) versus s2. C) p(r) versus r profile of XIAP. D) ab initio bead model 
reconstruction, top and side view; a.u., arbitrary units. 
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Fig. 5: Flexibility assessment. A&B) Distribution for structural parameters (A, 
Rg; B, Dmax) of selected models (red) compared to those of initial random pool 
(black). C) representative conformations are shown as cartoons (folded 
domains) and spheres represent linkers and N-terminal residues. For 
orientation, the models are overlayed with the ab initio model (shown as grey 
surface). The monomeric subunits are in red and blue. 
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Fig. 6: Q-band DEER trace (A), relative background correction (B) and 
calculated distance distribution (C) for XIAP C202R1. 

 

 

Fig. 7: Q-band DEER trace without echo oscillation obtained for XIAP C351R1. 
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Table 1: Structural parameters for XIAP. 

 

 

Table 2: Structural parameters of selected EOM models. 
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Fig. 8: Rigid body modelling. Representative confirmations from rigid body 
modelling are shown as cartoons (folded domains), and spheres represent 
linkers and N-terminal residues. The monomeric subunits are in red and blue. 
Cys202 from the BIR2 domains are shown as yellow spheres. 
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2.5 Cadmium effects on Superoxide dismutase 1 in human cells 

2.5.1 Overview 

Cadmium is a toxic environmental and food contaminant whose effects are 

proving to be increasingly lethal for human health. Cadmium can spread in the 

environment due to natural processes, like volcanic eruptions, weathering and 

erosion, but during the last decades its dispersal has been considerably 

increased due to anthropogenic activities i.e.: i) Mining, smelting and refining 

of non-ferrous metals; ii) production of cadmium-pigmented plastics, paints 

and enamels, and cadmium-stabilized polyvinyl chloride (PVC) materials; iii) 

production and use of agricultural phosphate fertilizers; iiii) combustion of 

fossil fuel, burning of municipal waste, in particular cadmium-containing 

plastics, batteries and electronic refuse (UNEP, 2008). Due to the high solubility 

of its compounds in water, cadmium gets easily absorbed by plants and thus it 

enters in the human food chain as a nutritional and tobacco contaminant 

(Satarug and Moore, 2004; Sarwar et al., 2010). Unlike many other metals that 

are fundamental for the cellular physiology, cadmium is a xenobiotic substance 

role for all living organisms. It is a potent cumulative toxin with a very low 

excretion rate and a half-life that in humans has been estimated around 15-25 

years (Suwazono et al., 2009). In mammals, after its absorption through the 

respiratory and digestive system, cadmium mainly accumulates several tissues 

including kidneys, liver, lungs, bones, testicles and in the brain, where it exerts 

its detrimental effects by causing severe oxidative stress (Bertin and Averbeck, 

2006; Nair et al., 2013). For these reasons, cadmium holds the seventh position 

in the ranking of the most hazardous substances for human health, when 

considering both toxicity and exposure frequency (ATSDR, 2017), and it has 

been classified as a category 1 carcinogen by the International Agency for 

Research on Cancer (IARC, 2009). Cadmium is not a Fenton-like metal, and 

consequently is not responsible for the direct formation of reactive oxygen 

species (ROS), but rather it increases their intracellular concentration and their 

damaging effects by altering the balance of the cellular anti-oxidative defence 

system (Nair et al., 2013). In fact, cadmium is thought to replace metals from 
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their catalytic sites (Bonomi et al., 1994; Moulis, 2010; Malgieri et al., 2011, 2014), 

to deplete anti-oxidant metabolites like glutathione, ascorbic acid and vitamin 

E, to cause mitochondrial damage by inhibiting the electron transport chain and 

to alter the enzymatic activity of anti-oxidant proteins (Fig. 11) (Thévenod, 2009; 

Gobe and Crane, 2010; Cuypers et al., 2010; Nair et al., 2013). 

 

Fig. 11: Schematic overview of the components involved in cellular Cd-induced oxidative stress: 

Reactive Oxygen Species (ROS); antixidants (AOx); catalase (CAT); superoxide dismutase 

(SOD); glutathione peroxidase (GPx); glutathione reductase (GR); glutathione (GSH); ascorbic 

acid (AsA); vitamin E (VitE); (image credit: taken and modified from Nair et al., 2013). 

 

One of the main players in the cellular defence against cadmium toxicity are 

metallothioneins (MTs), a family of highly conserved proteins, composed by 

~60 amino acids, one third of which are conserved cysteines. The cysteines form 

two metal-thiolate clusters (α and β), which are capable of binding a series of 

metal ions, such as Zn2+, Cd2+ and Cu+, inducing the folding of the protein 

(Sutherland and Stillman, 2011). Humans have 11 functional isoforms of MTs, 

divided in 4 subfamilies (MT1-4), that share a high grade of homology and that 

are differentially expressed according to the tissue (Coyle et al., 2002). Despite 

their small size and their simple structure, MTs play a fundamental role in 

scavenging xenobiotic toxic metals such as Cd2+, Hg2+ and Pb2+, radical 

scavenging, maintaining the intracellular redox balance, protecting against 

DNA damage, and maintaining the intracellular zinc homeostasis (Cai et al., 

2000; Chiaverini and De Ley, 2010; Kimura and Kambe, 2016). The expression of 

MTs is triggered and enhanced by the intracellular free Zn2+ concentration. 

Specifically, it has been reported that under physiological conditions MTs bind 

seven Zn2+ ions, but when a toxic metal enters in a cell, it binds to MTs, 
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replacing the Zn2+ ions which are released in the cell. The surplus of 

intracellular free Zn2+ then binds to the metal regulatory transcription factor 1 

(MTF-1), activating it and triggering the transcription of MTs (Fig. 12). 

 

Fig. 12: Overview of mammalian MTF-1 regulation and the transcription mechanism of the 

genes encoding MTs (image credit: Günther et al., 2012). 

 

Among the anti-oxidant proteins affected by cadmium exposure, literature 

reports the involvement of cadmium in the alteration of the enzymatic activity 

of SOD1 (Jurczuk et al., 2004; Thévenod, 2009). SOD1 is a metalloenzyme which 

exerts an essential anti-oxidant action, catalysing the dismutation of O2•- to 

H2O2 and O2 with very high reaction rates (McCord and Fridovich, 1969; Tainer 

et al., 1982; Getzoff et al., 1992). The enzymatic activity of SOD1 is fundamental 

for the maintenance of the physiological cellular conditions and requires the 

correct folding of the protein, which in turn is strictly connected with the metal 

binding and the disulfide bond formation. In fact, incorrect SOD1 maturation 

has been associated to the onset of severe disease states, such as amyotrophic 

lateral sclerosis (ALS) (Rosen et al., 1993; Lindberg et al., 2002; Pasinelli et al., 
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2004; Valentine et al., 2005; Banci et al., 2007). In vitro, cadmium has been shown 

to bind to the zinc and copper sites of SOD1 (Kofod et al., 1991), which are 

required for the structural stability and catalytic activity of SOD1, respectively. 

Nevertheless, the mechanism by which cadmium affects the enzymatic activity 

of SOD1 it is not yet clear, i.e. it is not known if cadmium is able to displace one 

of the metals which are essential for the correct folding and for the catalytic 

activity of the protein. Consequently, the aim of this study is to evaluate the 

effects of cadmium exposure on the maturation of SOD1 in human cells by in-

cell NMR, in order to determine whether in the cellular environment cadmium 

is able to bind to the zinc and/or copper sites, or it affects the intracellular 

SOD1 maturation otherwise. 

This study revealed an interesting relationship between the SOD1 redox state, 

the availability of Zn2+ and the Cd2+-induced overexpression of MTs. While 

Cd2+ itself does not directly bind to SOD1, it is able to induce the premature 

formation of SOD1 intramolecular disulfide bond, interfering with its correct 

maturation pathway. Furthermore, Cd2+ alters the cellular zinc homeostasis by 

causing a strong induction of MTs. Such induction is negatively modulated by 

overexpression of SOD1 itself, likely because the increased SOD1 levels 

interfere with the activation of MTF-1 by binding free Zn2+ with high affinity. 

While in our experiments the levels of SOD1 are artificially increased, our 

findings suggest that in cells with endogenously high levels of SOD1, such as 

neurons, under certain conditions, SOD1 itself could sensitize the cells to Cd2+ 

toxicity, by sequestering the Zn2+ displaced by Cd2+, inhibiting the cellular 

response against Cd2+ and further altering the cellular redox balance. Finally, as 

an interesting remark from the methodological point of view, we report that the 

strong induction of MTs resulted in the observation of NMR signals from     

MT-2A. To the best of our knowledge, this is the first time that signals from an 

protein synthesized by genomic DNA, i.e. not delivered into the cells nor 

ectopically expressed, could be detected by solution NMR in human cells. 
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Abstract 

Cadmium is a toxic pollutant that in recent decades has become more 

widespread in the environment due to anthropogenic activities, significantly 

increasing the risk of exposure. Concurrently, a continually growing body of 

research has begun to enumerate the harmful effects that this heavy metal has 

on human health. Consequently, additional research is required to better 

understand the mechanism and effects of cadmium at the molecular level. The 

main mechanism of cadmium toxicity is based on the indirect induction of 

severe oxidative stress, through several processes that unbalance the anti-

oxidant cellular defence system. In fact, among the many detrimental effects of 

cadmium, it has been reported its involvement in the alteration of the 

enzymatic activity of SOD1, one of the main antioxidant proteins of many 

tissues, including the central nervous system. SOD1 misfolding and 

aggregation is correlated with cytotoxicity in neurodegenerative diseases such 

as amyotrophic lateral sclerosis. We assessed the effect of cadmium on SOD1 
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folding and maturation pathway directly in human cells through in-cell NMR. 

Cadmium does not directly bind intracellular SOD1, instead causes the 

formation of its intramolecular disulfide bond in the zinc-bound form. 

Metallothionein overexpression is strongly induced by cadmium, reaching 

NMR-detectable levels. The intracellular availability of zinc modulates both 

SOD1 oxidation and metallothionein overexpression, strengthening the notion 

that zinc-loaded metallothioneins help maintaining the redox balance under 

cadmium-induced acute stress. 

 

Significance 

Despite a vast body of literature on cadmium toxicity, its underlying molecular 

mechanisms are not yet fully elucidated. A consequence of cadmium exposure 

is intracellular redox unbalance and oxidative stress, partly caused by the 

displacement of native metals from metalloenzymes. Such mechanism was 

thought to alter the enzymatic activity of SOD1 in vivo. We show instead that 

cadmium does not bind to intracellular SOD1, whereas it interferes with the 

correct maturation by causing its premature oxidation via an indirect 

mechanism modulated by metallothionein overexpression and zinc availability. 

This is the first example of how a high resolution cellular technique such as in-

cell NMR can elucidate a long-standing question in the biochemistry of 

cadmium. 

 

Introduction 

Cadmium is a potent environmental and food contaminant that is ranked as the 

seventh most hazardous substance for human health when considering both 

toxicity and exposure frequency (1). Furthermore, it has been classified as a 

category 1 carcinogen by the International Agency for Research on Cancer (2). 

Cadmium can spread in the environment due to natural processes like volcanic 

eruptions and erosion, but during recent decades anthropogenic activities such 

as agriculture and industry have significantly boosted its dispersal in soil and 

water (3). Cadmium compounds are very soluble in water, facilitating its 
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uptake by plants and consequently human exposure as a food and tobacco 

contaminant (4, 5). Cadmium is not a physiological element for any living 

organism, and furthermore is a cumulative toxin with an extremely long 

estimated half-life (up to 13.6 - 23.5 years) due to its very low excretion rate (6). 

In mammals, the main accumulation sites of cadmium are kidneys, liver, lungs, 

bone, testes and brain, where it causes severe oxidative stress and other 

detrimental effects (7, 8). Unlike iron and copper, cadmium is not a Fenton-like 

metal, consequently it is not involved directly in the production of Reactive 

Oxygen Species (ROS). Rather, it increases their intracellular production and 

their harmful effects by altering the balance of the cellular anti-oxidative 

defence system. In fact, cadmium is thought to be responsible for the 

replacement of metals from their catalytic sites (9–12); the depletion of anti-

oxidant metabolites, like glutathione, ascorbic acid and vitamin E; the inhibition 

of the electron transport chain, resulting in mitochondrial damage; and the 

alteration of the enzymatic activity of anti-oxidant proteins (13–15). One of the 

main cellular defence tools against cadmium are metallothioneins (MTs), a 

family of highly conserved, cysteine-rich small proteins with several key 

functions: toxic metal and radical scavenging, maintenance of the intracellular 

zinc homeostasis, maintenance of the intracellular redox balance and protection 

against DNA damage (16–18). Mammalian MTs have about 60 amino acids, one 

third of which are cysteines, forming two metal-thiolate clusters. The protein 

fold is induced by metal ions (such as Zn2+ Cd2+ and Cu+), and cluster 

formation (19). Human MTs have 11 functional isoforms divided in 4 

subfamilies (MT1-4), which share a high degree of homology and are 

differentially expressed depending on the tissue (20). Among the anti-oxidant 

proteins affected by cadmium intoxication, literature reports the involvement of 

cadmium in the alteration of the enzymatic activity of Superoxide dismutase 1 

(SOD1) (13). SOD1 is a metalloprotein that exerts a fundamental anti-oxidant 

role catalysing the dismutation of O2•- to H2O2 and O2 with extremely high 

reaction rates (21-23). SOD1 enzymatic activity is essential for the maintenance 

of the physiological cellular conditions and requires correct protein folding, 

metal binding and disulfide bond formation. The impairment of SOD1 
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maturation has been also related to the onset of severe disease states, including 

amyotrophic lateral sclerosis (ALS) (24-28). 

In vitro, cadmium has been shown to bind to the zinc and copper sites of SOD1 

(29), which are necessary for the structural stability and catalytic activity of 

SOD1, respectively. In vivo, however, opposing effects have been reported on 

SOD1 activity in response to cadmium exposure, and evidence of alteration at 

the protein level is lacking (30-32). Therefore, it is not clear whether/how 

cadmium affects SOD1 folding and metallation within the cell, i.e. in the 

presence of the native SOD1 metal ions and under the control of the cellular 

metal and redox homeostasis.  

Given these contrasting premises, we sought to evaluate the effects of cadmium 

treatment on the maturation of SOD1 in human cells by in-cell NMR, to 

determine whether cadmium binds to the zinc and/or copper sites or it affects 

intracellular SOD1 maturation by other mechanisms. To this aim, in-cell NMR 

is the ideal technique, as it is able to analyze proteins at atomic resolution 

directly in living cells. The same technique has been applied previously to 

observe changes in the intracellular SOD1 folding, metallation and redox state 

as a consequence of the physiological maturation and/or in response to external 

stimuli (33-36). 

 

Materials and Methods 

In-cell NMR: 

In-cell NMR experiments have been performed as previously described (37) on 

living human embryonic kidney cells (HEK293T), under three main 

experimental conditions: i) exposure to Zn2+ (added in the culture at the time of 

transfection with SOD1); ii) exposure to Cd2+ (added in the culture 24h after the 

transfection with SOD1); iii) exposure to Zn2+and Cd2+ (both added in the 

culture at the aforementioned times). HEK293T cells were grown on uncoated 

75 cm2 plastic flasks at 37 °C in 5% CO2 atmosphere, and were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM; high glucose, D6546, Sigma) 

supplemented with L-glutamine, antibiotics (penicillin and streptomycin) and 
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10% FBS (Gibco). Cells were transiently transfected with the pHLsec plasmid 

(38) encoding human SOD1, using polyethylenimine (PEI) in the ratio 1:1, in 15N 

labelled media (BioExpress6000, Cambridge Isotope Laboratories, Inc.), 

supplemented 2% FBS in the presence/absence of Zn2+ as ZnSO4 10 μM. 24 

hours after the transfection, 10 μM of CdCl2 was added to the cell cultures; such 

concentration was chosen considering previous experiments performed on 

Hep3B and N2A cells (31, 39). After 24 hours of exposure to cadmium, the cells 

were collected and placed in a 3 mm Shigemi NMR tube for NMR analysis. 1H 

WATERGATE (3-9-19) and 1H-15N SOFAST-HMQC NMR spectra were 

acquired on living HEK293T cells and on lysates at a 950 MHz Bruker Avance 

III or at a 900 MHz Bruker Avance HD spectrometer both equipped with a TCI 

CryoProbe, at 308 K. The cell lysates were obtained by freeze-thaw lysis in 

phosphate buffered saline (PBS) buffer, pH 7.4, followed by centrifugation at 

14000 rpm. For the [15N]-cysteine selective labelling of metallothioneins, 

untransfected HEK293T cells were grown in homemade medium containing 

[15N]-cysteine (Cambridge Isotope Laboratories, Inc.); NMR spectra were 

acquired on the corresponding cell lysate at 298 K. All NMR spectra were 

acquired and processed using Bruker Topspin software. 

The intracellular oxidation state of E,Zn-SOD1 was determined from the 

intensities of the signals arising from G10 and N53 Nδ1 in each oxidation state 

in the 1H-15N NMR spectra. The amount of oxidized/reduced E,Zn-SOD1 in 

each condition are reported as percentages over total E,Zn-SOD1 ± s.d. 

calculated over two identical cell samples. 

 

In vitro NMR: 

Recombinant SOD1 was demetallated as previously described (40) by repeated 

dialyses against 10 mM EDTA in 50 mM acetic acid at pH 3.5. The buffer was 

then replaced with PBS, pH 7.4. Reduction of SOD1 disulfide bond was 

performed by incubating apo-SOD1SS with 50 mM of DTT for 40 min at 37 °C. 

DTT was then removed in oxygen-free PBS buffer.  

In vitro NMR titration experiments were performed at 950 MHz in anaerobic 

conditions. E,Zn-SOD1SH was obtained by titrating 150 μM apo-SOD1SH in PBS 
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buffer, pH 7.4, with 1 equivalent of ZnCl2. Titration with Cd2+ was performed 

by addition of increasing equivalents of CdCl2 to a sample of 150 μM apo-

SOD1SH. 1H WATERGATE (3-9-19) and 1H-15N SOFAST-HMQC NMR spectra 

were acquired at 298 K after each addition. 

 

Real-Time PCR: 

Gene expression analysis by Real-Time PCR has been performed using 2^(-

ΔΔCT) comparative method of quantification (41). Briefly, total RNA (1 µg), 

extracted with TriReagent™ (Sigma-Aldrich S.r.l. Milan, Italy at 

http://www.sigma-aldrich.com) was reverse transcribed using iScript™ cDNA 

Synthesis Kit for RT-qPCR (Bio-Rad Laboratories S.r.l., Segrate (MI), Italy, at 

http://www.bio-rad.com/) according to the manufacturer's instructions. 

Human specific TaqMan Gene Expression Assays employed for gene 

expression studies were purchased from Thermo Fisher Scientific INC and 

listed in Table S1. The quantification of target gene mRNA levels was 

performed employing TaqMan Universal Master Mix (Thermo Fisher Scientific 

INC). Each measurement was carried out in triplicate, using the automated ABI 

Prism 7500 Sequence Detector System (Thermo Fisher Scientific INC) as 

described previously (42). The quantification has been performed by 

simultaneous amplification of the target gene together with the housekeeping 

(GAPDH) in order to normalize expression data. Results were analysed by ABI 

Prism Sequence Detection Systems software, version 1.7 (Applied Biosystems, 

Foster City, CA). The 2^(−ΔΔCT) method was used as a comparative method of 

quantification. 

 

Results 

SOD1 overexpressed in human cells either under basal conditions or exposed to 

Cd2+ and/or Zn2+ was analyzed by in-cell NMR to determine its metallation 

and redox state. Under basal conditions, two states of SOD1 were observed, i.e. 

the disulfide-reduced, monomeric metal-free protein (apo-SOD1SH) and the 

dimeric form with one Zn2+ bound per monomer (E,Zn-SOD1, Fig. 1), mostly in 
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the reduced state (66 ± 5% E,Zn-SOD1SH over total E,Zn-SOD1). This is 

consistent with previous reports and is due to SOD1 being in excess with 

respect to the available intracellular zinc (33). When Cd2+ was added to the 

cells, a sizable fraction (70 ± 4%) of the zinc-bound form was found to be 

oxidized (E,Zn-SOD1SS), as revealed by the changes in relative signal intensity 

in the 2D NMR spectra, while the apo-SOD1SH form was unaffected (Fig. 1). 

Cadmium binding to the zinc or to the copper binding site was not observed in 

our experimental conditions, as determined by comparison with the in vitro 

NMR spectra. Indeed, the signals of intracellular SOD1 (Fig. 2a) match those of 

in vitro E,Zn-SOD1 (Fig. 2b), while those of SOD1 metallated in vitro with either 

up to four equivalents of Cd2+ per SOD1 monomer have different chemical 

shifts, both in the amide (Fig. 2c,d) and in the histidine region (Fig. 2e).  

When excess Zn2+ was added to the cell culture, intracellular SOD1 was fully 

metallated with one Zn2+ per monomer, and mostly found in the reduced state 

(85 ±4% E,Zn-SOD1SH), as previously reported (33, 35). When both Zn2+and 

Cd2+ were supplemented, a small fraction (34 ± 10%) of SOD1 was oxidized 

(E,Zn-SODSS), while the rest of the protein remained reduced (E,Zn-SOD1SH), as 

that observed in the Zn2+-treated cell sample (Fig. 3). The considerably smaller 

fraction of oxidized SOD1, compared to the sample supplemented only with 

Cd2+, suggested that a protective mechanism against oxidative stress had been 

activated by supplementing Zn2+. We hypothesized that such effect could have 

been exerted by metallothioneins (MTs), considering their protective role 

against cadmium, their involvement in zinc homeostasis and their intracellular 

anti-oxidant action. Indeed, MTs are well known to be overexpressed in cell 

lines and tissues as a consequence of cadmium exposure (43, 44). Interestingly, 

analysing the NMR data, several additional amide crosspeaks not originating 

from any known state of SOD1 were observed in the 2D spectra of cells treated 

with both Cd2+ and Zn2+ (Fig. S1). To further investigate the origin of these 

signals, we performed additional in-cell NMR experiments on cells not 

transfected with the plasmid encoding SOD1, that were grown in either 

uniform-15N or [15N-cysteine] labelled medium and subsequently exposed to 

Cd2+. The unknown crosspeaks were also present in the resulting NMR spectra 
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(Fig. 4a), indicating that they did not arise from SOD1 but from some other 

protein(s) upregulated upon Cd2+ treatment. Strikingly, many signals (~20) 

were also present in the [15N-cysteine] labelled sample (Fig. 4a and Fig. S2). 

Such a high ratio of cysteine residues is typical of MTs. Therefore, MT 

overexpression could explain the additional crosspeaks in Cd2+-treated cells, 

and the lower amount of oxidized SOD1. 

To confirm that MTs are overexpressed as a consequence of cadmium exposure 

and to identify which MT isoforms are upregulated the most, we performed 

Real-Time PCR experiments on mRNA extracts from cells either untreated or 

treated with Cd2+ and/or Zn2+. Real-Time PCR analysis revealed that, indeed, 

expression of MTs was greatly increased upon Cd2+ treatment in our 

experimental conditions (Fig. 4b and Table S2). Specifically, in cells treated with 

Cd2+ MT-1X expression was increased ~280-fold compared to the untreated cell 

sample, while MT-2A expression was increased ~210-fold; MT-1F was also 

overexpressed to a lesser extent (~20-fold). Considering that in the control 

sample MT-1X and MT-2A are expressed respectively ~8 and ~60 times more 

than MT-1A (taken as reference, Fig. 4c and Table S2), the levels of MT-1X and 

MT-2A in Cd2+-treated cells reached up to ~2200 and ~12500 times the basal 

MT-1A levels, respectively, by far higher than any other isoform, thus 

suggesting that the observed NMR signals arise from these isoforms. In cells 

treated with both Cd2+ and Zn2+, an increase in the levels of MT-1X and (even 

more pronounced) MT-2A was observed (respectively, ~290- and ~320-fold), 

while in cells treated only with Zn2+ a much lower MT overexpression was 

observed (Fig. 4d,e and Table S3).  

Real-Time PCR MTs expression analysis was also performed on cells 

overexpressing SOD1 as it occurs in the in-cell NMR samples upon 

supplementation of Cd2+ and/or Zn2+. Interestingly, in cells expressing SOD1 a 

different behaviour was observed in defect of Zn2+ versus excess of Zn2+, upon 

Cd2+ treatment. In defect of Zn2+, Cd2+ treatment induced the expression of MT-

1X and MT-2A at lower levels (~210- and ~110-fold, respectively, compared to 

basal levels) than in untransfected cells, while excess Zn2+ in SOD1-expressing 

cells restored the Cd2+-induced expression of MT-1X and MT-2A to even higher 
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levels (~860- and ~250-fold, respectively) than in untransfected cells (Fig. 4e and 

Table S3). These data are consistent with the fact that MTs were not detected by 

NMR in cells expressing SOD1 in defect of Zn2+ (Fig. S3). 

Upregulation of MTs was much lower in cells (both untransfected and 

transfected with SOD1) treated with Zn2+ in excess but not exposed to Cd2+ (Fig. 

4d). Taken together, these data indicate that cadmium is the main trigger of MT 

overexpression and that SOD1 and zinc supplementation can modulate Cd2+-

induced MT overexpression in opposite ways. 

 

Discussion 

In-cell NMR allows a direct assessment of the intracellular state of SOD1 upon 

Cd2+ treatment, and therefore can provide a close-to-physiological picture of the 

effect of cadmium exposure on SOD1 in human cells. Previous in vitro NMR 

studies demonstrated that Cd2+ is able to bind to the zinc and copper sites of 

SOD1 (29), while studies on animal models showed that Cd2+ affects the 

superoxide dismutase activity in several tissues (30–32). We therefore sought to 

determine whether direct binding of Cd2+ to SOD1 can occur in living cells. By 

in-cell NMR, we did not observe any direct Cd2+ binding to SOD1, as SOD1 was 

present only with one Zn2+ bound per monomer or in the apo state. Indeed, 

both the amide chemical shifts and those arising from the metal-coordinating 

histidines observed in the Cd2+-treated cells were identical to those of E,Zn-

SOD1 in vitro, and differed from those observed when apo-SOD1 was titrated in 

vitro with increasing equivalents of Cd2+ (Fig. 2). Moreover, different species 

were formed simultaneously during the titration and residual apo-SOD1 was 

still present after up to two equivalents of Cd2+. This behaviour suggests that, in 

vitro, Cd2+ binds to SOD1 relatively weakly and with low selectivity towards 

either the zinc or the copper site, and provides further evidence against Cd2+ 

binding to SOD1 in cells. 

Instead, a clear effect of Cd2+ treatment was the oxidation of intracellular SOD1, 

i.e. the formation of the intrasubunit disulfide bond between C57 and C146. 

This outcome is likely a consequence of an intracellular redox unbalance caused 
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by Cd2+. The disulfide bond formation is required for the correct maturation of 

SOD1, as it stabilizes the protein structure and is essential for its activity (45, 

46). Moreover, the ability of an exogenous redox-reactive compound to stabilize 

SOD1 by promoting disulfide oxidation has also been reported (36). While 

cysteine oxidation contributes to stabilize the protein, it could interfere with the 

native maturation pathway, as SOD1 needs to interact with its partner copper 

chaperone for SOD1 (CCS) in order to bind copper (47, 48). SOD1 interacts with 

CCS more efficiently in the reduced state (49, 50). Upon interaction, CCS 

delivers copper to SOD1 and catalyzes its oxidation, thus producing mature 

SOD1 (51, 52). The premature oxidation of SOD1 could therefore prevent the 

interaction with CCS and impair copper delivery, as shown previously in yeast 

(53) and with human SOD1 in vitro (52). Such effect would be consistent with 

the decrease of superoxide dismutase activity reported in vivo (13, 30). Cd2+-

mediated SOD1 oxidation did not occur in the presence of excess Zn2+, thus 

suggesting that Zn2+ could modulate the extent of the effect of Cd2+. Notably, 

this mechanism cannot involve mature Cu,Zn-SOD1, as the disulfide bond is 

already formed and Cd2+ would not be able to replace either zinc or copper, 

which is bound to SOD1 with even higher affinity. 

Furthermore, we observed that Cd2+ treatment strongly induced the 

overexpression of the metallothionein isoforms MT-1X and MT-2A. 

Interestingly, while MT overexpression is a well known consequence of Cd2+ 

exposure (43, 44), MT-1X and MT-2A reached such high levels in our 

experimental conditions that they could be observed by in-cell NMR. While in 

principle the high spectral resolution should allow separating the signals of 

MT-1X and MT-2A, only one set of resonances could be identified due to the 

low signal-to-noise ratio and likely because most signals have the same 

chemical shift due to the high structural similarity of the two isoforms, which 

have an overall sequence identity > 90% and share a central stretch of 38 

identical residues. Strong MT induction required the presence of Cd2+, and was 

also observed in HEK293T not transfected with the SOD1 gene, where Zn2+ 

supplementation further potentiated the MT induction. Interestingly, SOD1 

overexpression negatively modulated the level of Cd2+-mediated MT induction, 
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and indeed in such experimental conditions, where SOD1 was partially 

oxidized upon Cd2+ treatment, MT-1X/MT-2A did not reach sufficiently high 

levels to be detected in the NMR spectrum. Conversely, supplementation of 

both Cd2+ and Zn2+ to cells overexpressing SOD1, i.e. in the experimental 

conditions where SOD1 was mostly reduced, Cd2+-mediated MT induction was 

restored, and high MT-1X/MT-2A levels were observed in the NMR spectrum.  

Such interplay between Zn2+, MT expression and SOD1 oxidation can be 

rationalized by considering the role of MTs in the cellular homeostasis of zinc. 

Zinc is an essential metal for the correct functionality and health of the cell. 

However, due to its high affinity for biological molecules, its intracellular 

availability has to be regulated to avoid uncontrolled binding to non-native 

acceptors. MTs, along with the other high affinity zinc-binding proteins, 

contribute to buffering the intracellular Zn2+ concentration (18). Furthermore, 

both MTs and Zn2+ are involved in the cellular redox homeostasis (54, 18). 

When intracellular Zn2+ increases, it binds to the metal regulatory transcription 

factor-1 (MTF-1), activating it and triggering the transcription of more MTs (55). 

Consequently, when Cd2+ is added to the cells it displaces Zn2+ from MTs and 

other proteins, releasing it in the cytoplasm and causing it to activate MTF-1, 

inducing MTs overexpression. In turn, overexpressed MTs protect the cells by 

directly binding Cd2+ and possibly by exerting other antioxidant functions (18). 

When Cd2+ is added to cells overexpressing SOD1, the released Zn2+ is 

immediately sequestered by SOD1, which has a much higher affinity than MTF-

1 and MTs, preventing the activation of MTF-1 and decreasing MTs 

overexpression as a consequence. Instead, when both Zn2+ and Cd2+ are 

supplemented, overexpressed SOD1 is fully metallated by the excess of Zn2+, so 

that the amount released by the MTs can still bind to MTF-1, restoring the high 

induction of MTs to NMR-detectable levels. Finally, the different oxidation state 

of SOD1 observed when supplementing both Zn2+ and Cd2+ can be explained 

with the fact that in cells with higher levels of MTs the cellular redox balance is 

partially restored, preventing the premature oxidation of SOD1.  
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Conclusions 

In this work, the effect of cadmium treatment on the metallation and redox state 

of SOD1 was investigated directly in human cells by in-cell NMR. Our study 

revealed an interesting relationship between the SOD1 redox state, the 

availability of Zn2+ and the Cd2+-induced overexpression of MTs. While Cd2+ 

itself does not bind SOD1 in place of Zn2+, it is able to induce the premature 

formation of SOD1 intramolecular disulfide bond, interfering with its correct 

maturation pathway. Furthermore, Cd2+ alters the cellular zinc homeostasis 

causing a strong induction of MTs. Such induction is negatively modulated by 

the overexpression of SOD1 itself, likely because the increased SOD1 levels 

interfere with the activation of the MT transcription factor MTF-1. While in our 

experiments the levels of SOD1 are artificially increased, our findings suggest 

that in cells with endogenously high levels of SOD1, such as neurons, under 

certain conditions, SOD1 itself could sensitize the cells to Cd2+ toxicity, by 

sequestering the Zn2+ displaced by Cd2+, inhibiting the cellular response against 

Cd2+ and further altering the cellular redox balance.  

Finally, as an interesting remark from the methodological point of view, we 

report that the strong induction of MTs resulted in the observation of NMR 

signals from MT-1X/MT-2A. To the best of our knowledge, this is the first time 

that signals from a protein synthesized by genomic DNA, i.e. not delivered into 

the cells nor ectopically expressed, could be detected by solution NMR in 

human cells.  
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Figures 

 

 

Fig. 1. Cd2+ induces intracellular SOD1 oxidation. Overlay of 1H-15N NMR 

spectra acquired on human cells expressing [U-15N] labelled SOD1 in defect of 

Zn2+ either untreated (black) or treated (red) with Cd2+ in the external medium. 

The bottom panels show enlarged areas of the whole spectra (dotted 

rectangles). Representative signals affected by the formation of the C57-C146 

disulfide bond are labelled. 
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Fig. 2. Intracellular SOD1 binds Zn2+, not Cd2+. Enlarged view of 1H-15N NMR 

spectra of (a) Cd2+-treated human cells expressing [U-15N] labelled SOD1 in 

defect of Zn2+; (b) E,Zn-SOD1SH in vitro; (c) apo-SOD1SH titrated in vitro with 1 

equivalent per monomer of Cd2+; (d) the same sample of (c) titrated with 2 

(black), 3 (red) and 4 (blue) equivalents per monomer of Cd2+. The signals 

sensitive to different metallation states (arising from G61 and T135) are labelled. 

(e) Imino region of the 1H NMR spectra acquired on the same samples as in (a-

d). 
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Fig. 3. Excess of Zn2+ prevents Cd2+-induced SOD1 oxidation. Overlay of 1H-
15N NMR spectra acquired on human cells expressing [U-15N] labelled SOD1 in 

excess of Zn2+ either untreated (black) or treated (magenta) with Cd2+ in the 

external medium. The bottom panels show enlarged areas of the whole spectra 

(dotted rectangles). Representative signals affected by the formation of the C57-

C146 disulfide bond are labelled. 
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Fig. 4. Cd2+ treatment induces MT overexpression to NMR-detectable levels. 

(a) Overlay of 1H-15N NMR spectra acquired on untransfected cells treated with 

Cd2+ either [U-15N] labelled (black) or [15N-cysteine] labelled (red); (b-e) Real-

Time PCR analysis: (b) expression of different MT isoforms in Cd2+-treated 

untransfected cells, relative to basal (i.e. untransfected cells not treated with 

Cd2+); (c) basal expression of different MT isoforms relative to that of MT1A; (d) 

expression of MT1X and MT2A in cells not treated with Cd2+, overexpressing 

SOD1 in defect/excess of Zn2+, relative to basal; (e) expression of MT1X and 

MT2A in cells treated with Cd2+, overexpressing SOD1 in defect/excess of Zn2+, 

relative to basal. Ctrl: untransfected cells; +Zn2+: untransfected cells treated 

with excess Zn2+; o/eSOD1: cells overexpressing SOD1; o/eSOD1 +Zn2+: cells 

overexpressing SOD1 treated with excess Zn2+.  
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Fig. 5. Cd2+-induced SOD1 oxidation is modulated by Zn2+ and MT levels. 

Schematic drawing of the proposed mechanism of SOD1 oxidation as a function 

of Cd2+, Zn2+ and MTs. Left panel: when SOD1 is not overexpressed, Zn2+ (cyan) 

is displaced by Cd2+ (gray) and activates MTF-1 (green), which strongly induces 

MTs expression; the high levels of MTs contribute to restore the cellular redox 

balance by sequestering Cd2+. Center panel: when SOD1 is overexpressed, it 

sequesters the Zn2+ displaced by Cd2+ causing a decreased MTs induction; Cd2+ 

is not efficiently sequestered by MTs and causes redox imbalance, leading to 

SOD1 oxidation. Right panel: when excess Zn2+ is supplemented, overexpressed 

SOD1 is metallated and the strong induction of MTs is restored, thus 

preventing SOD1 oxidation. 

  



94 

 

Supporting Information 

Polykretis et al.  

 

 

Fig. S1. Cd2+-induced MTs are detected by NMR in cells overexpressing 
SOD1 in excess of Zn2+. Overlay of 1H-15N NMR spectra acquired on human 
cells expressing [U-15N] labelled SOD1 in excess of Zn2+ and treated with Cd2+ 
(grey, same as the magenta spectrum in Fig. 3) and untransfected [U-15N] 
labelled cells (blue, same as the black spectrum in Fig. 4a). Signals arising from 
MTs that are not overlapped with SOD1 signals are indicated (red arrows).  
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Fig. S2. Many cysteine signals are detected following treatment with Cd2+. 
1H-15N NMR spectrum acquired for xx hours at 298 K on the lysate obtained 
from untransfected, [15N-cysteine] labelled cells treated with Cd2+ (the 
corresponding in-cell NMR spectrum is shown in Fig. 4a, red). The strongest 
signals arises from [15N-cysteine]-glutathione (GSH).  
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Fig. S3. MTs are not detected by NMR in Cd2+-treated cells overexpressing 
SOD1 in defect of Zn2+. Overlay of 1H-15N NMR spectra acquired on human 
cells expressing [U-15N] labelled SOD1 in defect of zinc and treated with Cd2+ 
(grey, same as the red spectrum in Fig. 1) and untransfected [U-15N] labelled 
cells (blue, same as the black spectrum in Fig. 4a). MT signals that would not 
overlap with SOD1 signals are indicated (red arrows).   
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Table S1: TaqMan Gene Expression Assays employed for expression analysis of 
MTs. 

 
 

Table S2: MTs expression in Cd2+-treated cells relative to basal levels and basal 
levels of each MT relative to MT1A. Values in 2^(-∆∆Ct) ± s.d. (n = 3) 

 
 

Table S3: Expression of MT1X and MT2A in different conditions relative to 
basal. Values in 2^(-∆∆Ct) ± s.d. (n = 3). 
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COCLUSIONS 

During my doctoral studies I have been involved in several research projects, 

which had the common objective of understanding cellular processes at the 

molecular level in physiologically relevant settings. Among these, in-cell NMR 

constitutes the common line that connects most of my doctoral research activity, 

along with the study of the interaction of proteins with metal ions. 

Regarding the development of a method that allows the inducible expression of 

target genes in stably transfected mammalian cell lines, the PB transposon 

methodology revealed to be a promising approach. In fact, we were able to 

obtain mammalian cell lines which integrated, likely in multiple copies, the 

expression cassette containing the inducible target genes. Furthermore, such 

mammalian cell lines positively reacted to the induction, starting the expression 

of the gene encoding the protein of interest. While the expression levels were 

still not sufficient to obtain suitable samples for in-cell NMR experiments, there 

are several parameters which can still be optimized in order to further improve 

the transposition and/or the induction efficiency, and consequently increase the 

intracellular protein concentration. 

By in-cell NMR, we were able to determine the redox state of XIAP-BIR1 in the 

cytoplasm of mammalian cells. Furthermore, by performing additional in vitro 

experiments we showed that, in contrast with previous studies, copper does not 

substitute zinc in the zinc-finger motif, and does not have a specific binding site 

on XIAP-BIR1. Concerning XIAP-BIR3, we could not obtain significant 

structural information by in-cell NMR due to the fact that the in the cytoplasm 

the domain interacts with a cellular component or with a partner which 

increases it tumbling rate. However, the data obtained from the in vitro 

experiments demonstrated that XIAP-BIR3 does not interact with copper 

and/or with CCS, contrarily to previous studies. Such results prompted us to 

elucidate the structural conformation of the full length XIAP, in order to better 

understand whether the spatial arrangement of its domains could affect its 

different functions, including the putative interaction with CCS. In fact, even if 

XIAP has been intensively studied during the last twenty years, the structure of 
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the full length protein is still unknown. We were able to purify the full length 

XIAP and we employed structural and biophysical techniques through an 

integrated approach, which allowed us to characterize the overall structural 

and dynamic properties of the protein for the first time. Our data indicate that 

full length XIAP assumes a compact homodimeric structure in solution, which 

could be amenable to be further refined by cryo-EM analysis in the near future. 

Finally, in-cell NMR allowed us to demonstrate how cadmium exposure affects 

SOD1 in human cells, an ubiquitous anti-oxidant protein. In this work we 

demonstrated that, unlike what previously assumed, cadmium does not replace 

zinc bound to intracellular SOD1. Instead, it causes the premature oxidation of 

the cysteines involved in SOD1 intramolecular disulfide bond. Such oxidation 

at an early stage of maturation would then interfere with CCS-mediated copper 

delivery, thus explaining the reported decrease in superoxide dismutase 

activity in cadmium-exposed tissues. In addition, the mechanism that we 

proposed in this study establishes a new relation between cadmium toxicity, 

zinc homeostasis and reduced SOD1 activity, which does not involve direct 

cadmium binding to SOD1 and that might help to better understand the toxicity 

mechanism of this heavy metal at molecular level. It is also noteworthy that in 

this study we could detect for the first time the signals of a protein encoded by 

genomic DNA, without recurring to transfection or exogenous protein delivery. 

In conclusion, in-cell NMR proved again to be a powerful approach uniquely 

suited to observe and to characterise different structural and chemical states of 

a protein directly in living cells. Thus, it is of critical importance to develop 

advanced approaches that will allow the application of in-cell NMR to 

investigate at the structural level relevant biological processes, under 

increasingly physiological conditions. 
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