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1.1. Aims of the research 
 

Structural biology has changed the way in which we look at biological systems. Since 

the birth of atomic-resolution techniques scientists have started to create a molecular 

view of living organisms in ever increasing detail. Together with the increasing 

knowledge of biomolecular structures, also came a better understanding of many 

biological and pathological mechanisms at molecular level, which opened new ways to 

design drugs and cure diseases.  

However, the global picture of the living cell is still escaping full understanding, due to 

its intrinsic complexity. The cellular environment is an extremely complex and crowded 

system, and all the molecular players which act inside are influenced and may be 

regulated by a myriad of interacting partners (Figure 1). In recent years, awareness has 

grown in the scientific community that is not sufficient anymore to characterize 

structure, function and interactions of isolated proteins, taken out of the real context: 

Figure 1. Artistic rendition of a mitochondrion inside a eukaryotic cell. 
Mitochondrial membranes and membrane proteins (green), proteins of the IMS 
(teal), proteins of the cytoplasm and of the mitochondrial matrix (blue) and 
ribosomes (magenta) are shown. From “The Machinery of Life” by David S. 
Goodsell, 2nd ed., 2009, XII, Springer Ed. Reproduced with permission of 
Springer. 
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there is the need for atomic-detail techniques to study proteins in their native 

environment, i.e. in fully-functional, living cells1.  

Among the atomic-resolution techniques available today, NMR is the most promising 

one to be extended to complex systems such as living cells, as it is non-destructive, 

works with samples dissolved or suspended in aqueous solutions at room temperature, 

and is able to selectively observe a given species in a complex mixture with the help of 

selective isotopic enrichment. The in-cell NMR approach, which consists in observing a 

selectively labelled protein or nucleic acid in living cells through high resolution NMR 

experiments, has indeed proven to be a powerful instrument to obtain structural and 

functional information in situ, thus overcoming the limitation of studying 

macromolecules isolated from the other cellular components. 

After biosynthesis, most proteins need to undergo a series of modifications in order to 

reach the functional state, such as binding of metal ions and/or other cofactors, and 

formation of intra- or intermolecular disulfide bonds between cysteine residues, all of 

which influence the protein folding state and quaternary structure. Such processes are 

often strictly regulated by the cells; they require the protein to interact with specific 

partners and chaperones, and are dependent on the specific cellular compartment in 

which they occur. In order to obtain a biologically meaningful picture of such protein 

maturation processes, it is therefore important to characterize them in the environment 

where they really occur.  

The aim of this doctorate project is to apply and extend the in-cell NMR approach to 

study protein folding and maturation processes in living cells. This approach, which still 

relies on protein overexpression, has been extended to cultured human cells. Observing 

the proteins in human cells allowed understanding how the correct cellular environment 

influences protein folding and redox state, how it controls the availability and binding 

of the metal cofactors, and how it mediates the effect of specific interacting partners in 

ways which are yet to be modelled in vitro. The technique was applied to study the 

functional processes involving two human proteins, superoxide dismutase 1 (SOD1) and 

Mia40, both essential proteins for the functioning of the cell, which have different 

maturation pathways and exert their role in different cellular compartments. The 

complete sequence of maturation events leading to active SOD1 was followed, both in 
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E. coli cells, in which the folding and redox state of the apo protein and the zinc-

containing species were characterized, and in human cells, where the full process of 

maturation was reproduced, and the role of its specific metallochaperone CCS in copper 

delivery and disulfide bond formation was investigated. Finally, the folding state of 

Mia40 in the cytoplasm was characterized, prior to mitochondrial import, also in 

dependence of the cytoplasmic redox-regulating proteins glutaredoxin 1 and thioredoxin 

1.  

 

1.2. In-cell NMR 
 
In the past years, solution NMR has been applied on cells and tissues to obtain 

fingerprints of the cellular metabolism, mainly by following changes in intensity and 

chemical shift of 1H or heteronuclear resonances of small biomolecules (e.g. glucose or 

ATP)2,3. With the increase in resolution and sensitivity of the NMR instruments, 

provided by higher magnetic fields and cryo-cooled probes, multi-dimensional NMR 

experiments have become applicable on complex systems such as living cells. The 

combination of heterologous protein overexpression with selective isotopic labelling 

and the acquisition of heteronuclear NMR experiments directly on living bacterial cells 

were at the basis of the first application of the in-cell NMR approach4. In the following 

years, several works have shown the potential of in-cell NMR, and provided a wide 

range of applicability in the study of macromolecular crowding5,6, protein structure and 

folding7-11, protein-protein interactions12,13, interaction with drugs14,15, nucleic acids16, 

or other cellular components6,17, and protein phosphorylation13,18,19. Most of the initial 

research has been limited to proteins overexpressed in E. coli cells, due to the high 

protein concentrations obtainable and to the easiness in growing and handling the cells 

(Figure 2 a,b). Recently, efforts have been undertaken to observe proteins in eukaryotic 

cells. The main reason for that is that eukaryotic cells provide higher biological 

significance when studying eukaryotic proteins, as the physiological environment in 

which those proteins exert their functions in living organisms is matched. Methods have 

been developed to observe proteins in live eukaryotic cells by NMR, which usually rely 

on the insertion of pure, isotopically labelled proteins (produced in E. coli) from outside 
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the cells (Figure 2 c-e). Xenopus laevis oocytes have been used for this purpose18-21, 

exploiting their considerable size to physically inject a concentrated solution of labelled 

protein with a micro-syringe. Other methods, which allow working on human cells, still 

require the protein to be inserted from outside, either by fusion with a cell-penetrating 

peptide (e.g. HIV-TAT) to penetrate the plasma membrane15, or by using pore-forming 

toxins (e.g. streptolysine O) to permeabilize the membrane to allow protein insertion22. 

A recent work has proposed yeast as a suitable organism for protein overexpression and 

detection by NMR23. 

 

 

 

 

 

Figure 2. Previously developed approaches to in-cell NMR in bacterial and eukaryotic cells. 
In E. coli cells, one or more proteins are heterologously expressed (a,b). In X. laevis oocytes proteins 
are mechanically inserted by micro-injection (c). In cultured human cells, proteins are inserted either 
by fusion with a cell-penetrating peptide (d) or by permeabilizing the plasma membrane with pore-
forming toxins (e). From Ito Y, Selenko P. Cellular structural biology. Curr Opin Struct Biol., 2010, 
Oct;20(5):640-8. 
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1.3. Maturation of superoxide dismutase 1 

1.3.1. Superoxide dismutase 1 
 
Superoxide dismutase 1 (SOD1) 

is a well-characterized 

cuproenzyme which is highly 

conserved in eukaryotes and also 

found in some prokaryotes 

(Figure 3). It has an antioxidant 

role in the cell, as it catalyzes the 

dismutation of the superoxide 

anion, which is a toxic by-

product of cellular respiration, to 

molecular oxygen and hydrogen 

peroxide through the reaction 

2O2
- + 2H+  H2O2 + O2

24. SOD1 is ubiquitously expressed in all tissues in mammals, 

and is primarily localized in the cytosol, although it has been also found in small 

amounts in the nucleus, in peroxisomes and in the IMS of mitochondria25-29. In order to 

reach the enzymatically active dimeric form, SOD1 has to undergo several post-

translational modifications: the protein has to dimerize and bind zinc and copper ions, 

and the formation of an intrasubunit disulfide bond between Cys 57 and Cys 146 has to 

occur30-33.  

The apo protein, the active enzyme and most of the intermediate species have already 

been structurally characterized by solution NMR34-36, and some parts of the maturation 

process have been characterized at molecular level in vitro37. However, the way in 

which the whole maturation process occurs in vivo is still unknown. Many studies on 

SOD1 maturation have been carried on with cell cultures or animal models, but they 

usually relied on indirect assays, such as enzymatic activity assays, which are able to 

monitor only the fully mature protein38,39, or assays for functionalized thiols, which 

distinguish different oxidation states of the cysteines39,40. Understanding how human 

SOD1 reaches its mature form in the cells is of critical importance, because 

Figure 3. Structure of human Cu,Zn-SOD1. 
Solution structure of oxidized, dimeric Cu, Zn superoxide 
dismutase 1. Copper and zinc ions (blue and green, 
respectively) are shown as spheres; the disulfide bonds are 
shown as sticks. Rendered from PDB ID: 1L3N. Banci L. et. 
al. Eur. J. Biochem. 2009, 269: 1905-1915. 
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accumulation and aggregation of immature forms of the protein is linked to the onset of 

amyotrophic lateral sclerosis (ALS), a neurodegenerative disease which affects 5000-

6000 people per year in the U.S. only*,41-44. Mutations in the sequence of hSOD1 cause 

the onset of the familial form of the disesase (fALS), which accounts for 10% of ALS 

cases45. However, aggregation of immature forms of wild-type SOD1 has been also 

linked to a fraction of the sporadic ALS cases46. In the cell, apo-SOD1 is thought to 

bind zinc spontaneously, whereas it needs a specific chaperone for copper binding and 

formation of the internal disulfide bond. 

 

1.3.2. Copper chaperone for SOD1 
 

To reach the functional form, SOD1 

needs a specific chaperone. The copper 

chaperone for SOD1 (CCS) is a multi-

domain metallochaperone whose 

principal role, in the current model, is 

that of delivering the copper ion to SOD1 

through the formation of a transient 

SOD1-CCS heterodimer47,48. Although 

CCS-independent maturation of SOD1 

has been reported for the human variant 

(and in some other organisms), the 

majority of SOD1 present in the human 

cells requires CCS to become 

enzymatically active49,50. CCS also has 

disulfide isomerase activity, and it has an 

active role in the oxidation of SOD1 cysteines40. CCS is a dimeric protein and each 

monomer is made of three distinct domains (Figure 4). The N-terminal domain 1 (D1) 

of human CCS is homologous of the Atx1-like metallochaperones, sharing the same 

fold, and is responsible for the delivery of a Cu(I) ion to SOD151. Domain 2 (D2) of 
                                                 
* http://www.alsa.org/about-als/who-gets-als.html 

Figure 4. Structure of human CCS. 
Structure of a monomer of human CCS. D1 (Atx-
like domain) is shown in violet; D2 (SOD-like) in 
cyan; D3 in yellow. Copper and zinc ions (orange 
and blue, respectively) are shown as spheres; the 
cysteines residues are shown as yellow sticks.  

D3 

D2 

D1 
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CCS is structurally similar to SOD1, and is responsible for the formation of a transient 

heterodimeric complex between SOD1 and CCS, favouring the metal transfer and 

cysteine oxidation reactions52. Although similar to SOD1, D2 does not bind copper 

(although in humans D2 binds zinc, which is essential for structural stability). The C-

terminal domain 3 of CCS (D3) is a short polypeptide chain which lacks secondary 

structure. It contains a CXC motif, which is responsible for the formation of the 

disulfide bond between cysteines 57 and 146 of SOD1, through a mechanism which 

involves the formation of an intermolecular disulfide bond between SOD1 and CCS52, 

and requires molecular oxygen in vitro40.  

Some aspects of the mechanism of the interaction between SOD1 and CCS have been 

elucidated at molecular level by NMR in vitro37 (Figure 5). Upon interaction of SOD1 

with different constructs of CCS, it has indeed been confirmed that D1 of CCS is 

Figure 5. Steps of the interaction of SOD1 with the copper chaperone for SOD1. 
A schematic of the steps of CCS-dependent copper binding and formation of the disulfide bonds of 
SOD1 as reported in vitro. (1) Zinc binding occurs spontaneously; (2) a heterodimer between CCS and 
SOD forms; (3) copper transfer from D1 of CCS occurs before (4,5) exchange of the disulfide bond 
through interaction with D3 of CCS; (5) active, dimeric Cu,Zn-SOD1 is formed. From (37). 
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responsible for delivering Cu(I) to E,Zn-SOD1, and the mechanism does not involve 

D3, as was previously suggested53. Instead, D3 is required in vitro to oxidize cysteines 

of Cu,Zn-SOD1SH, but is not able to oxidize those of E,Zn-SOD1SH. No mechanistic 

details have been reported, however, on the effect of CCS on the SOD1 species in 

different metallation states in vivo. 

 

1.4. Mia40 folding in the cytoplasm  

1.4.1. Mitochondrial oxidative folding 
 
Mitochondria are essential 

organelles found in the 

cytoplasm of almost all 

eukaryotic cells. They are the 

main energy source of the 

cells, as they generate most of 

the cells supply of ATP, the 

main chemical energy vector 

of living organisms54. They are 

also involved in a range of 

other processes, such as 

signalling, cellular 

differentiation, cell death, cell 

cycle and cell growth control55-

57. Mitochondria are small, rod shaped or filamentous organelles, and are organized in 

several sub-compartments (Figure 6). The innermost compartment, the mitochondrial 

matrix (MM), is enclosed by the inner mitochondrial membrane (IM), which presents 

invaginations towards the matrix increasing its surface. The IM is enclosed by the outer 

mitochondrial membrane (OM), which separates mitochondria from the cytosol. 

Between the two membranes lies the inter-membrane space (IMS). Although some 

proteins and nucleic acids are encoded in the mitochondrial DNA, (such as subunits of 

Figure 6. Internal structure of the mitochondrion. 
The innermost compartment is the mitochondrial matrix 
(blue), enclosed by the inner membrane, which invaginates to 
form cristae (yellow). Between the inner membrane and the 
outer membrane (orange) is enclosed the inter-membrane 
space (colourless). From Wikimedia Commons. 
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the respiratory chain complexes, ribosomal RNAs and tRNAs), all other mitochondrial 

proteins are synthesized in the cytoplasm from nuclear DNA. All these proteins thus 

have to cross the OM through a multi-subunit translocation complex of the outer 

membrane (TOM)58,59. Some of them are then translocated through another complex in 

the inner membrane (translocator of the inner membrane, TIM) and reach the 

matrix60,61. A family of small proteins of the IMS, presenting a characteristic coiled-coil 

helix, coiled-coil helix (CHCH) folding domain, is imported through an independent 

mechanism58,62. They contain CXnC-CXnC cysteine motifs, and are imported through 

the TOM channel as reduced, unfolded polypeptides. In the IMS, these proteins interact 

with Mia40, which catalyzes folding through the formation of intramolecular disulfide 

bonds. Once oxidized and folded, they are unable to cross the outer membrane back, 

and therefore they are trapped in the IMS63. Among these small IMS proteins are 

Cox17, which is a copper chaperone essential for delivering Cu(I), through interaction 

with Sco1, Sco2 and Cox11, to the CuA site of cytochrome c oxidase, the fourth 

transmembrane complex of the respiratory chain64-66; and the small Tim proteins, which 

are chaperones essential for import and maturation of mitochondrial integral membrane 

proteins67-69. Although the function of several other substrates of Mia40 is still 

unknown, it is clear that the mitochondrial oxidative folding pathway has a fundamental 

role for respiration, mitochondrial protein biogenesis and likely other cellular functions. 

 

1.4.2. Mia40 
 
Mia40 is a small protein of the IMS, which is the main component of the oxidative 

folding pathway of the IMS70,71. Like its substrates, it has a CHCH fold, and it presents 

a CX9C-CX9C motif, where the cysteines are paired to form two structural disulfide 

bonds which hold together two alpha-helices in the mature form72,73. In addition, it has 

an active CPC redox site on the N-terminal side of the alpha-helices, which can form a 

third disulfide bond, and is crucial for the oxidation of the reduced substrates (Figure 

7). Mia40 interacts with its substrates, after they enter the IMS through the TOM 

channel in the unfolded reduced state, through a shallow hydrophobic cleft between the 

alpha-helices and the CPC motif. An internal targeting signal (ITS)74 present on the 
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substrate polypeptide binds to the 

hydrophobic cleft of Mia40 

(Figure 8), and orients the 

substrate in a way to expose a 

cysteine side chain to the active 

CPC site of Mia40, where a mixed 

disulfide bond is formed between 

the substrate cysteine and the 

docking cysteine of Mia40 (Cys55 

in the human variant).  It has been 

shown by NMR that covalent 

binding to Mia40 induces alpha-

helical folding in the substrate in 

correspondence of the ITS signal interacting with the hydrophobic cleft of Mia40, thus 

demonstrating the chaperone role of Mia4073. A second disulfide exchange reaction 

then occurs within the substrate, inducing the folding of the second alpha-helix and the 

release from Mia40, which is now CPC-reduced (Figure 9). The reduced active site of 

Mia40 is re-oxidized by reaction with the Augmenter of Liver Regeneration protein, 

ALR (human homolog of yeast Erv1), a FAD-linked thiol oxidase, which in turn 

shuttles electrons to cytochrome oxidase (and eventually to O2) via reaction with 

cytochrome c75. Together, Mia40/ALR form the disulfide relay system of the IMS of 

mitochondria, regulating the import and folding of small protein substrates which are 

Figure 7. Structure of the folded region of Mia40. 
The NMR structure of the central, folded region of 
oxidized Mia40 is shown. The N-terminal catalytic CPC 
motif (red) is in the reduced state. The core region 
containing the twin CX9C motif (blue and cyan) is 
oxidized and presents a CHCH fold. From (72). 

Figure 8. Mia40 hydrophobic 
cleft. 
The conserved residues making 
up Mia40 hydrophobic cleft are 
shown (red). The N-terminal lid 
contains the catalytic CPC 
motif (yellow), which reacts 
with the substrates upon their 
interaction with the cleft. From 
(72). 
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essential for mitochondrial function70,76. Yeast Mia40 is anchored to the inner 

mitochondrial membrane by a trasmembrane helix, and is targeted to mitochondria by 

an N-terminal mitochondrial targeting sequence (MTS)77,78. Human Mia40 has evolved 

differently with respect to the yeast homolog. It is a much smaller, soluble protein (142 

amino acids vs. 403 of yeast Mia40), which lacks both the transmembrane segment and 

the MTS, while the CPC active site and the disulfide-linked alpha-helices are 

conserved79. Consequently, human Mia40 is thought to be imported into the IMS 

through the same pathway of its substrates, and in the IMS it is likely oxidized by pre-

existing Mia40, in a self-propagating fashion71,80. In order to translocate to the IMS 

through the TOM channel, Mia40 needs to be unfolded, and the cysteines in the CX9C-

CX9C have to be reduced. Therefore, Mia40 must remain unfolded and completely 

reduced during its entire journey through the cytoplasm, until it is imported into 

Figure 9. Steps of the oxidative folding mechanism of CHCH domain-containing proteins in the 
IMS. 
Substrates of the oxidative folding pathway are imported in the IMS through the TOM channel in the 
unfolded state. Upon interaction with Mia40, an intermolecular disulfide bond is formed, inducing the 
formation of the first -helix. The oxidized substrate is then released from Mia40. From (73). 
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mitochondria. However, the factors which prevent Mia40 oxidation in the cytoplasm are 

currently unknown. 

 

1.4.3. Glutaredoxin and thioredoxin systems 
 
The cytoplasm has a redox potential more reducing compared to the IMS, due to the 

higher ratio between reduced and oxidized glutathione (GSH and GSSG, 

respectively)81. The effect of this reducing environment on cytoplasmic proteins is 

thought to be exerted by specific redox-regulating pathways, which exploit the reducing 

pools of GSH, and ultimately NADPH, to catalyze reduction of protein disulfide bonds. 

These pathways involve the glutaredoxin and thioredoxin systems82. Thioredoxins are a 

family of proteins sharing the same fold (Trx fold), which members are found in all 

living organisms, from bacteria to higher eukaryotes83. In humans, two members of the 

thioredoxin family, thioredoxin 1 (Trx1) and glutaredoxin 1 (Grx1), exert a thiol 

oxidoreductase function on a broad range of substrates in the cytoplasm, and have an 

important role in the cellular thiol regulation and oxidative stress defence 83,84. Both 

Trx1 and Grx1 have been shown to reduce disulfide bonds in their substrates, via 

Figure 10. Schematic summary of the functions of the thioredoxin and glutaredoxin systems. 
In the cytoplasm, the thioredoxin and glutaredoxin systems have diverse functions. While both Grx1 and 
Trx1 catalyze the reduction of disulfide bonds, they have different substrates. Grx1 is linked to GSH and 
glutathione reductase activity, and is also able to reduce mixed protein-GSH disulfides. Trx1 has been 
shown to have a chaperone activity on certain substrates independent of its redox activity, as an 
additional way to control protein folding. From Berndt C. et al. Thioredoxins and glutaredoxins as 
facilitators of protein folding. Biochim Biophys Acta. 2008 Apr;1783(4):641-50. 
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specific mechanisms (Figure 10). The Trx system requires three components: after 

reducing the substrate, oxidized Trx1 is reduced by thioredoxin reductase, which in turn 

takes the electrons from NADPH. The Grx system requires four components: oxidized 

Grx1 is reduced by GSH, producing GSSG. GSSG is then reduced to GSH by 

glutathione reductase 1, again taking the electrons from NADPH 82. Therefore, only 

Grx1 is functionally dependent on the glutathione pool of the environment, while Trx1 

is directly dependent on the availability of NADPH. Additionally, Grx1 is also able to 

react with protein-glutathione mixed disulfide bonds82,85, and has a potential role in 

regulating the activity of many cytoplasmic proteins which have been found to be 

glutathionylated under some conditions such as oxidative stress86. 

Given their broad range of effects, it has been recently hypothesized that the Grx and 

Trx systems could play a role in keeping in the reduced and unfolded state the substrates 

of the mitochondrial disulfide relay system, while they are still in the cytoplasm, in 

order to keep them in an import-competent state87. Recently, it was shown in S. 

cerevisiae that the Trx system favours the reduced state of the small Tim proteins in the 

cytoplasm, and therefore it regulates mitochondrial biogenesis88. As Mia40 follows the 

same maturation pathway through the TOM channel, its redox state may also be 

regulated by Trx1 and Grx1 in the cytoplasm. 
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2.1. In-cell NMR sample preparation 
 
To produce cell samples suitable for NMR detection of protein signals, some general 

conditions have to be met, which are valid for protein expression in both bacterial and 

human cells. NMR is an intrinsically insensitive technique, therefore a cell sample must 

contain a sufficiently high amount of protein to be detected. The lower limit for 

detection is dependent on the behaviour of the specific protein inside the cells, and on 

the total acquisition time of the NMR experiment. Moreover, there is a limit for the total 

duration of the NMR experiments, which is given by the survival time of the cells. To 

obtain meaningful in-cell NMR data, it is obviously necessary that most of the cells are 

still intact and alive. High levels of cell death would result in the cellular content being 

released from broken cells in the external buffer. A solution for both these problems is 

the use of fast NMR experiments, which enable faster recycling between scans and 

increase the sensitivity per unit time. A third requirement is high labelling selectivity of 

the protein with respect to the cells. This condition is needed in heteronuclear 

experiments, to allow observing the protein signals above the background signals 

arising from other molecules. To obtain high labelling selectivity, it is important that the 

expression time, during which the cells grow in labelled medium, is short enough with 

respect to the growth rate of the cells. In some cases however, there is no need for 

isotopic labelling, e.g. when the 1H signals to be observed fall in a region of the proton 

spectrum which is free from cellular background (as in the case of the histidine 

resonances of SOD1). When working with either E. coli or human cell samples, all 

these requirements are taken into account to optimize the experimental conditions for 

protein expression. 

 

2.1.1. Bacterial cells 
 
The workflow followed for preparing samples of bacterial cells for in-cell NMR 

experiments is summarized in Figure 11. Competent E. coli BL21 cells are transformed 

with a vector suitable for heterologous protein expression, which contains the gene 

encoding the protein of interest. The transformed cells are grown in unlabelled LB 
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growth medium overnight, to generate sufficient biomass for NMR samples. Cells are 

harvested by mild centrifugation and re-suspended in M9 medium, either uniformly 15N 

labelled (unlabelled glucose is used as carbon source), or with amino acid-selective 

labelling (unlabelled glucose is added, plus the other unlabelled 19 amino acids, in order 

to minimize isotopic scrambling due to the amino acid metabolism). After a short 

recovery time, protein expression is induced by addition of isopropyl -D-1-

thiogalactopyranoside (IPTG). After the expression phase (4 hours for human SOD1), 

cells are centrifuged, washed once with clean M9 buffer and re-suspended in 1 pellet 

volume of M9 buffer with 10% D2O, producing a ~50% v/v cell slurry which is then 

placed in the NMR tube. Bacterial cells in M9 buffer remain in suspension for a 

sufficient time (3-4 hours) for acquiring in-cell NMR experiments. For metal binding 

experiments, cells are incubated with the metal either during protein expression or 

immediately after, depending on the metal toxic effects. Incubation with zinc did not 

have any effect on protein expression, and was carried on during expression of SOD1, 

while for copper binding experiments cells were incubated with copper after protein 

Figure 11. Workflow of an in-cell NMR experiments on E. coli cells. 
The general protocol to prepare a sample of E. coli cells for in-cell NMR is schematically shown (straight 
arrows). Cells transformed with the gene of interest are first grown in unlabelled medium. After 
switching to labelled medium, protein expression is induced. Cells are then collected, suspended in buffer 
and put in the NMR tube. After the NMR experiments, a small sample of cells is taken for plating colony 
test, and the rest is pelleted again for cell lysis. The supernatant and the cell lysate are checked by NMR. 
From (9). 
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expression. After incubation, cells are washed once in M9 buffer by centrifugation. 

After NMR acquisition, cells are removed from the tube and pelleted. The supernatant is 

checked by NMR to ensure that no protein leakage due to cell disruption has occurred. 

Cell lysates are obtained by disrupting the cells through sonication. Cells are suspended 

in an equal amount of M9 buffer (or other lysis buffer), sonicated and centrifuged, and 

the supernatant is collected for NMR analysis. A plating test is performed to estimate 

cell viability after the NMR experiments. Two volumes of the cell slurry, taken before 

and after the experiments, are sequentially diluted 1:10 in M9 buffer several times. A 

set of dilutions from both samples (e.g. 10-5-10-7) is plated on LB-agar Petri dishes and 

incubated overnight. The number of colonies on plates at the same dilution is then 

counted, and the ratio between the two samples gives an estimate of cell viability. 

 

2.1.2. Human cells 
 
Human cell samples for in-cell NMR are prepared as follows. Cultured human 

embryonic kidney 293T (HEK293T) cells are continuously propagated in culture flasks 

for adherent cells, by incubation under controlled 5% CO2 atmosphere. HEK cells have 

a doubling time of ~24 h, and are propagated every 3-4 days by 1:10 dilution and 

plating on a new flask. They maintain unaltered properties for ~20 propagation steps, 

after which a new cell culture is started from a frozen cell stock. During cell growth, 

Dulbecco’s modified Eagle medium (DMEM) is used, supplemented with 10% foetal 

bovine serum (FBS), L-glutamine and antibiotics (penicillin and streptomicillin). The 

expression vector containing the gene of interest is inserted into the cells by transient 

transfection mediated by branched polyethylenimine (PEI). PEI is a positively charged 

polymer commonly used as transfection reagent, as it forms large complexes with DNA, 

with a net positive charge, which are internalized by the cells through endocytosis 

(Figure 12). This method provides high transfection efficiency, as many copies of 

vector per cell are internalized89. A mixture of DNA and PEI in 1:2 ratio (w/w) is 

incubated for 20’ in a small volume of expression medium, to allow the formation of the 

complex. The mixture is then added to adherent cells and diluted to the final volume 

with expression medium supplemented with 2% FBS. Protein expression is carried out 
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in 24-72 h (usually 48 hours gives the optimal balance between expression level and 

cell growth). For unlabelled cell samples conventional DMEM medium is used, while a 

homemade equivalent of DMEM is used for amino acid-selective labelling. For 15N 

labelling, U-15N mammalian medium is used (BioExpress® 6000, CIL). Metal binding 

experiments are carried on by following the same toxicity criteria followed for E. coli 

cells. Cells are incubated with zinc during the 48 h expression time, whereas copper is 

added after protein expression, and incubated for additional 18-24 h. For simultaneous 

co-expression of two proteins, the same transfection protocol is applied, where PEI is 

mixed with two DNA vectors containing the two genes separately. Once inside the cells, 

both proteins are expressed. The amount of DNAs can be varied to obtain different 

expression levels for each protein (although the expression level is not linear with the 

DNA amount).  

To prepare the NMR sample, cells are detached by incubation with trypsin, and washed 

Figure 12. Polymer-mediated DNA transfection. 
Schematic representation of cationic polymer-mediated DNA 
transfection of mammalian cells. A complex is formed between 
negatively charged DNA and the polymer (e.g. PEI). The complex is 
internalized by the cells; subsequently the DNA is released  and it 
migrates to the nucleus. From http://www.nano-lifescience.com. 
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twice in phosphate buffer saline (PBS) buffer through gentle centrifugation. Cells are 

re-suspended in ~2 pellet volumes of fresh DMEM in 15% D2O and pipetted in an 

NMR tube. Cells are sedimented to the bottom with the help of a manual centrifugation 

device. The human cell sample preparation steps are summarized in Figure 13. 

After the NMR experiments, cells are re-suspended in their supernatant and pelleted 

again out of the tube. As with E. coli cells, the supernatant is checked by NMR for 

protein leakage. Cell disruption is obtained by 6-8 freeze-thaw cycles in liquid nitrogen 

on the cells suspended in PBS. After centrifugation, the supernatant containing the 

cytoplasmic extract is recovered. Cell viability is estimated by staining with trypan blue. 

The trypan blue dye selectively stains damaged or dead cells, as is able to diffuse 

through damaged cell membranes, and accumulates in the cytoplasm. Conversely, the 

plasma membrane of healthy cells is not permeable to the dye. Two aliquots of cells 

taken before and after the NMR experiment are diluted and incubated with trypan blue. 

They are then laid on a Burker chamber (or hemocytometer), and counted under a 

microscope. The ratio of stained over total cells gives an estimate of cell death. On 

average, dead cells increase from 5-6% before NMR to 8-9% after ~2 hours of NMR 

Figure 13. Workflow of an in-cell NMR experiment on E. coli cells. 
A sample of cultured human cells for in-cell NMR is prepared as shown. Cells are first grown in 
unlabelled medium. They are then transiently transfected with pHLsec vector containing the gene of 
interest, and the medium is replaced with isotopically labelled medium. After protein expression 
(usually 48 h), the cells are collected, washed in PBS and put in a 3 mm Shigemi NMR tube. In-cell 
NMR experiments are then acquired.  
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experiments. Comparing the NMR spectra of the supernatant with the in-cell NMR 

spectra, a cell death lower than 10% is considered acceptable. 

 

2.2. NMR experiments 
 
NMR is an intrinsically insensitive technique. Although this limit has been much 

mitigated by the advent of cryoprobes and more powerful spectrometers, many 

heteronuclear NMR experiments, which are commonly used on labelled samples of 

complex molecules such as proteins, can last several hours, or even days when diluted 

samples are analyzed. Therefore, only a subset of these NMR experiments can be 

applied on living cell samples without incurring in cell disruption. Fast recycling NMR 

experiments provide a way to overcome this limitation.  

 

2.2.1. SOFAST-HMQC 
 
The Heteronuclear 1H-15N Single 

Quantum Coherence (1H-15N 

HSQC) is a commonly used 2D 

experiment which correlates the 

chemical shift of amide protons with 

that of the corresponding nitrogen 

atom90. It provides a unique 

fingerprint of the backbone of a 

protein, and is often used as a 

starting point for more complex 

heteronuclear experiments for 

backbone resonance assignment. The band-Selective Optimized Flip-Angle Short-

Transient heteronuclear multiple quantum coherence 1H-15N SOFAST-HMQC is a fast-

recycling pulse sequence which provides the same information, in about 30% of the 

time with respect to standard 1H-15N experiments at the same S/N ratio91 (Figure 14). It 

relies on enhanced spin-lattice relaxation to increase the repetition rate of the 

Figure 14. SOFAST-HMQC pulse sequence. 
Band-selective shaped pulses are used on the proton 
channel, to selectively perturb the amide protons. The 
proton excitation pulse (filled symbol) is given at the 
flip angle , and has a polychromatic PC9 shape. The 
inversion pulse (open symbol) is given as a RE-BURP 
symmetric shape. From (91). 
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experiment without losing S/N. By use of band-selective pulses on the proton channel, 

only the amide resonances are perturbed during the pulse sequence, leaving the water 

proton and the aliphatic proton resonances unperturbed, and significantly shortening the 

T1 of the amide protons. Additionally, an optimized flip angle is used, which allows for 

more efficient excitation at high repetition rates. By varying the length of the shaped 

pulses, and the offset with respect to the water resonance, the excitation window can be 

tuned on the amide resonance range of the specific protein, and cleaner water 

suppression can be obtained. The recycle delay of the experiment is then adjusted to 

maximise S/N ratio per unit time. In experimental conditions of this work, adjusting the 

excitation pulse length did not increase the S/N ratio, therefore a 90° shaped pulse was 

used. 
1H-15N SOFAST-HMQC experiments applied on cell samples expressing 15N labelled 

proteins provide spectra with good S/N ratio in ~30’ on E. coli cells, while ~1 hour is 

necessary for human cell samples where the protein concentration is in the tens-of-μM 

range. 

 

2.2.2. 1H NMR spectra 
 
In principle, proteins expressed in E. coli or human cells could be detected with 1H-only 

NMR experiments. The obvious problem in not using heteronuclear experiments is that 

no filter is applied to observe the protein, which is then obscured by the signals arising 

from other cellular components. In some instances however, a set of protein resonances 

falls in a region of the 1H spectrum which is free from background signals, and 1H NMR 

spectra can be of use, without any labelling scheme being required. In the case of the 

histidine protons of SOD1, which provide useful information on the protein metallation 

state, sequences with a binomial pulse for water suppression (3-9-19 pulse train) 

provide the highest sensitivity. By differently manipulating proton magnetization at 

different offsets from the water resonance, water protons can be flipped back on the z-

axis while keeping the histidine protons on the plane, thus avoiding magnetization 

losses due to proton exchange with water.  
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2.3. Protein purification 

2.3.1. Human SOD1 
 
U-15N labelled samples of human SOD1 in different metallation and redox state are 

used as in vitro references, to interpret the in-cell NMR data. SOD1 is produced by 

heterologous expression in E. coli. After cell lysis, a first purification step is performed 

with anionic exchange chromatography with DEAE Sepharose resin; the protein is 

eluted in a gradient of NaCl. The fractions containing SOD1 are collected for a second 

step of purification with size-exclusion chromatography (SEC) with Superdex75 resin. 

The fractions containing pure SOD1 are collected and concentrated. To obtain apo-

SOD1, protein demetallation is carried on in several dialysis steps against sodium 

acetate buffer supplemented with EDTA at increasing pH (starting from ~3.5), in order 

to remove both copper and zinc ions by decreasing the histidines affinity for the metals. 

Finally, the buffer is exchanged against phosphate buffer at pH=7. To obtain E,Zn-

SOD1, one equivalent per monomer of zinc is added at pH=5. For copper binding, one 

equivalent of copper is added at neutral pH. To produce the reduced-cysteine species, 

50 mM DTT is incubated at pH>7.  

 

2.3.2. Human Mia40 
 
Mia40 is produced by heterologous expression in E. coli, as a fusion protein with His-

tagged maltose-binding protein (MBP) to increase protein yield and solubility. In a first 

purification step, the fusion construct is loaded on a Hi-Trap Ni-chelating resin and 

eluted in 400 mM imidazole. Mia40 is then cut from MPB by incubation with Tobacco 

Etch Virus (TEV) protease, and the reaction mixture is loaded again on Ni-chelating 

resin to remove the His-tagged MBP. Finally, two SEC steps are performed in 

phosphate buffer at pH=7 to obtain pure Mia40. Reduction of the structural disulfide 

bonds of Mia40 is performed by incubating Mia40 at 95° 10’ with 10 mM DTT in 

phosphate buffer. 
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3.1. In-cell NMR in E. coli to Monitor Maturation Steps of hSOD1 
 

In all living organisms, most proteins need to undergo a series of modifications, in order 

to reach the functional state, after they are synthesized in the cytoplasm. Such 

maturation steps include binding of cofactors such as small molecules or metal ions, 

change in the cysteines redox state with formation of disulfide bonds, and formation of 

quaternary structure. These processes may be deeply influenced by the intracellular 

environment, therefore, for their correct understanding, it is necessary to study them 

inside the cells, with an atomic-detail technique. In this work, the first steps of 

maturation of human superoxide dismutase 1 (hSOD1) were characterized in E. coli 

cells. The cytoplasm of E. coli is used as a model of the eukaryotic cytoplasm, having 

similar macromolecular crowding, pH and redox potential. By overexpressing SOD1 in 

E. coli cells, different maturation states were characterized. When expressed in absence 

of metal ions, SOD1 was found in the partially unfolded, monomeric apo state. In that 

state, only part of the amide resonances was detected in-cell, corresponding to the 

residues of the flexible loops, while the resonances of the structured part were 

broadened beyond detection. This effect could be due to weak, non-specific interactions 

occurring between the apo protein and other cellular components, which would slow 

down the tumbling of the structured part broadening the signals. When SOD1 was 

expressed in presence of zinc ions in the culture medium, it bound zinc and dimerized. 

Interestingly, zinc binding in cells was selective, as only the species with one zinc ion 

per monomer was detected (E,Zn-SOD1), whereas purified SOD1 easily binds a second 

zinc ion to the copper binding site, giving rise to a mixture of species. By expressing 

selectively 15N-cysteine labelled SOD1, the cysteine redox state in-cell was determined. 

Both the apo and the zinc-containing protein were in the reduced state in the cytoplasm, 

thus indicating that disulfide bond formation does not occur spontaneously after the 

zinc-binding step, but likely requires copper binding and/or the intervention of the 

specific copper chaperone (CCS).  
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Figure S1. 
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Figure S2. 
 
 
 
 

 



   3. RESULTS 

 41 

Figure S3. 
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Supporting Information S1. Reaction with AMS 

 

Reaction with 4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid (AMS) was 

performed directly on cell samples in oxygen-free conditions [1]. 1 mL of cell culture 

was precipitated with 10% trichloroacetic acid (TCA), washed with 80 μL acetone and 

re-suspended in 100 μL 100 mM Tris pH 7 + 2% SDS. 10 μL of the mixture obtained 

was incubated 1 h at 37°C with 20 mM AMS, and finally run on a non-reducing SDS-

PAGE. The same reaction was performed on in vitro samples of hSOD1S-S and 

hSOD1SH-SH. 20 μL of an in vitro protein sample (0.2 mM) were precipitated with 10% 

TCA, washed with 40 μL acetone and re-suspended in 50 μL 100 mM Tris pH 7 + 2% 

SDS. 10 μL of the mixture obtained was incubated 1 h at 37°C with 20 mM AMS. 
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Supporting Information S2. Cell and lysate samples preparation 

 

Cell samples preparation 

The M9 buffer used in all cell cultures was checked through ICP-AES for traces of zinc. 

The concentration of Zn2+ was below the detection limit of 0.04 μM. 

Cell samples for in-cell NMR were prepared as follows: a cell culture was grown 

overnight at 30°C in 35 mL of LB medium. After gentle centrifugation (3000 g) for 20 

minutes, the cells were re-suspended in 50 mL of M9 minimal medium [M9 buffer (7 

g/L K2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, pH 7.4), 2 mM MgSO4, 0.1 mM CaCl2, 1 

mg/L biotin, 1 mg/L thiamine, antibiotic] containing 1 g/L (15NH4)2SO4 and 3 g/L of 

unlabelled glucose to obtain an OD600 of ~1.6. After 10 min recovery time, 

overexpression was induced with 0.5 mM IPTG, and carried out at 30°C for 4 h. The 

cells were washed once with 50 mL of metal-free M9 buffer in order to remove 

nutrients, metal ions and any excreted by-product, and they were harvested through 

gentle centrifugation. The pellet was then re-suspended in metal-free M9 buffer until 

500 μL of a ~50% v./v. cell slurry were obtained. 50 μL of D2O were added, and the 

final volume was put in a 5 mm NMR tube.  

 

Cell lysates preparation 

Cleared cell lysates for in-cell NMR experiments were prepared as follows: after 

removal of the supernatant to be checked by NMR, the cell pellet was re-suspended in 

an equal volume of metal-free M9 buffer. The cells were then lysed by ultrasonication. 

Then the lysate was centrifuged at 18000 g for 20 minutes, the supernatant was 

collected and its volume was brought to 500 μL with M9 buffer. 50 μL of D2O were 

then added. The final dilution of the cytoplasm in M9 buffer is around 1:2.  
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Supporting Information S3. hSOD1 purification protocol 

 

Pure hSOD1 protein was prepared as follows: a cell culture (BL21(DE3) Gold 

(Stratagene), transformed with a pET28a plasmid containing the WT hSOD1 gene) was 

grown overnight at 30°C in 750 mL LB, harvested and re-suspended in 2.25 L 15N-

labelled M9 medium. After 4 h from induction with 0.5 mM IPTG at 30°C the cells 

were harvested and re-suspended in 20 mM Tris, pH 8 buffer for lysis. The cleared 

lysate was loaded on an anion exchange column (DEAE Sepharose Fast Flow resin, GE 

Healthcare) for a first purification of hSOD1 by elution with NaCl gradient. The 

collected fractions containing hSOD1 (checked by SDS-PAGE) were further purified by 

gel filtration (Superdex75 16/60 column, GE Healthcare) in 20 mM Tris, 100 mM 

NaCl, pH 8 buffer. Fractions containing pure hSOD1 were collected. ZnSO4 was added 

to the protein solution to increase hSOD1 stability, and 1 mM DTT was added in all 

buffers to prevent protein aggregation through disulfide bridges. 
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3.2. Atomic-resolution monitoring of protein maturation in live human 
cells 
 

Understanding protein functional processes requires atomic-level description of all 

players, ideally in their real cellular context. The in-cell NMR approach is perhaps the 

most suitable to give important information at the atomic scale on protein structure and 

dynamics in a cellular environment. While E. coli cells can be used to characterize 

proteins either alone or with an interacting partner, they may not fully reproduce the 

true intracellular conditions of eukaryotic cells. Many eukaryotic proteins require 

specific chaperones to obtain their correct fold, or to be targeted to specific cellular 

compartments. Also, the availability of metal cofactors is strictly controlled by the cell, 

which has complex metal homeostasis pathways. In this work, the complete sequence of 

maturation of human SOD1 was characterized in living human cells by NMR. The 

protein expression approach was extended to cultured human cells, by adapting a 

protocol for transient protein expression in mammalian cells to obtain sufficient 

intracellular levels of labelled protein to be detected by NMR. In addition to the initial 

folding states of SOD1, the processes of copper uptake and disulfide bond formation 

were investigated. By growing cells in defect of metal ions, apo-SOD1 was obtained, in 

analogy with what was seen in E. coli cells. When zinc was supplemented, E,Zn-SOD1 

quantitatively formed, again in a selective manner. Incubation with copper ions only 

resulted in partial formation of Cu,Zn-SOD1, suggesting that the increased protein 

production would overload the cellular machinery, preventing complete maturation of 

SOD1. This in turn allowed the effect of copper chaperone for SOD1 to be studied, by 

co-expressing both proteins at comparable levels. Interestingly, while co-expression of 

CCS had a minor effect in increasing the amount of Cu,Zn-SOD1 upon cell incubation 

with copper, it strongly affected the amount of oxidized SOD1 formed. Indeed, even 

without supplementing copper, half of the total SOD1 had the disulfide bond formed, 

while in combination with copper 100% of SOD1 was oxidized in presence of CCS. 

This result highlighted the need of intracellular CCS for disulfide bond formation, and 

also suggested a possible mechanism for CCS to oxidize the E,Zn-SOD1 species, 

through a copper-independent mechanism which was not observed in vitro. 
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Abstract 

 

Structural studies of biological molecules are typically carried out in vitro, 

far from the physiological conditions of the cellular context. Here we describe the 

maturation process of a protein, human superoxide dismutase 1 (SOD1), observed 

directly in live human cells using high-resolution NMR. We could thus follow at 

atomic resolution the complete sequence of events in the SOD1 post-translational 

modification: zinc binding, homodimer formation, copper uptake and oxidation of 

the intrasubunit disulfide bond. Co-expression of the copper chaperone for SOD1 

(CCS) revealed its essential role in catalyzing the SOD1 intramolecular disulfide 

bond oxidation, through both copper-dependent and independent mechanisms. 

The approach described here is applicable to a broad range of proteins, and opens 

up a new way to study physiological events, in molecular detail, within a cellular 

environment. 

 

 

Functional understanding of cellular processes requires a detailed characterization 

of molecular players, their structural and dynamic properties, and their networks of 

interactions. Biomolecules should ideally be characterized within their cellular milieu, 

to match the physiological environment including pH, redox potential, viscosity, and the 

presence of all relevant interaction partners. A new approach to structural biology is 

therefore needed to explore the cellular context with atomic resolution techniques. In 

principle, in-cell NMR1-5 represents an ideal method to monitor protein structure during 

functional processes, in "close to physiological" conditions. However, in practical 

terms, one must overcome a number of technological limitations in order to: 1) express 

(or co-express, where appropriate) isotopically labelled proteins within cells derived 

from a suitable organism: human proteins, for example, should be endogenously 

synthesised and studied within human cells; 2) establish experimental conditions to 

maintain cellular viability inside the NMR tube and to reduce data acquisition time, 

while increasing measurement sensitivity. We sought to address these challenges and 

attempt to directly monitor the steps involved in post-translational modifications of a 
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model protein, human superoxide dismutase 1 (SOD1), within live human cells. 

Furthermore, we aimed to define the role of the copper chaperone for SOD1 (CCS), 

which was proposed to make a major contribution to SOD1 maturation6,7. A correct 

understanding of this process is important considering the fundamental role played by 

SOD1 in the cellular defence against oxidative stress8. Impaired SOD1 maturation has 

been linked to disease states, including the onset of amyotrophic lateral sclerosis9-11. 

Finally, we further assessed the general applicability of this approach to other human 

proteins. 

We expressed human SOD1 transiently in HEK293T cells12 and modulated its 

expression levels by varying the amount of transfected cDNA (see Methods). We 

estimated the endogenous concentration of SOD1 in HEK293T cells, under our culture 

conditions, to be 10±2 μM (Supplementary Fig. 1). Previously, levels up to 40 μM 

SOD1 have been reported in the cytoplasm of mammalian cells13,14. Following 

recombinant expression, the maximal intracellular SOD1 monomer concentration we 

could achieve was 360±30 μM (Supplementary Fig. 2). However, we could still detect 

SOD1 by in-cell NMR at intracellular concentrations 45±10 μM. The distribution of 

SOD1 was assessed in isolated nuclear, cytoplasmic and mitochondrial fractions from 

cellular extracts. Independently of the total protein level, the majority of SOD1 is 

present in the cytoplasm (Supplementary Fig. 3). Less than 1% of total SOD1 is 

localized in the mitochondrial fraction (Supplementary Fig. 3), a value somewhat lower 

than previously reported15,16. 

When cells were grown in medium without supplements of zinc or copper ions, 

two forms of SOD1 could be detected, in similar amounts: the monomeric, metal-free 

species (apo-SOD1) and the dimeric species with one Zn2+ ion bound to each subunit 

(E,Zn-SOD1) (Supplementary Fig. 4a); the NMR data were analyzed by taking 

advantage of previous in vitro spectra and backbone assignments17,18. This mixture of 

species is likely due to the presence of residual zinc in the culture media (calculated 

around 4.5 μM in 10% foetal bovine serum (FBS)-supplemented medium and 1 μM in 

2% FBS-supplemented medium1). Cysteines 57 and 146, forming an intrasubunit 

                                                 
1 Zinc concentrations were taken from Sigma-Aldrich Media Expert (http://www.sigmaaldrich.com/life-
science/cell-culture/learning-center/media-expert.html) 
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disulfide bond in the mature enzyme, were reduced in both species as revealed by NMR 

spectra of the 15N-Cys selectively labelled proteins (Fig. 1a). The presence of only these 

two species was further confirmed by NMR spectra acquired on cell extracts 

(Supplementary Fig. 4b). The 1H-15N SOFAST-HMQC spectrum of the metal-free 

SOD1 species was consistent with its equivalent produced in E. coli cells without 

addition of metal ions19, only the crosspeaks of the less structured parts being detected. 

Addition of Zn2+ to the culture medium eliminated signals from the apo-SOD1 

species in the spectra of the 15N-Cys selectively labelled protein (Fig. 1b). The 

uniformly-15N labelled cell sample yielded a good quality spectrum of E,Zn-SOD1 (Fig. 

1c), which could be improved after removing the background signals arising from non-

selective labelling of cellular components, by subtracting a spectrum of cells transfected 

with the empty vector (Supplementary Fig. 5). Therefore, in vivo, Zn2+ ions are 

efficiently uptaken by cells and bound in stoichiometric amounts, specifically to the 

native binding site of the dimeric SOD1 species, as further confirmed by 1H-15N 

crosspeak analysis (Supplementary Fig. 6). On the contrary, when reduced apo-SOD1 

was exposed to Zn2+ ions in vitro or in cell lysates, even at sub-stoichiometric 

concentrations, a mixture of apo-SOD1, E,Zn-SOD1 and Zn,Zn-SOD1 forms was 

generated19. Therefore, site-selectivity of Zn2+-binding can only be achieved within a 

cellular context. 

Prokaryotes have simple mechanisms for copper uptake and excretion20, while in 

eukaryotic cells these processes are tightly regulated21,22. Accordingly, when copper 

was added as Cu(II) salt to the culture medium of E. coli cells it was readily and 

stoichiometrically bound to recombinantly expressed SOD1, forming Cu(I),Zn-SOD1 

(Supplementary Fig. 7a,c). Cu(II) was therefore reduced to Cu(I) and bound SOD1 only 

in this redox state. Importantly, Cu(I) added to E. coli cells either as an acetonitrile or 

glutathione complex did not become available to E,Zn-SOD1 (Supplementary Fig. 7d). 

In-cell NMR spectra also show that in E.coli the SOD1 intrasubunit disulfide bridge is 

oxidized in a sizable fraction (around 50%, Supplementary Fig. 7b). Unlike bacteria, 

copper entrance in eukaryotic cells and its delivery to copper-binding proteins require a 

number of steps, involving specific chaperones responsible of its intracellular 

trafficking23-25. When HEK293T cells overexpressing SOD1 were incubated for 24 h 
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with 100 μM Cu(II) in the medium (the highest concentration of copper that still 

allowed good cell viability during the NMR experiment), only around 25% of the total 

SOD1 protein incorporated copper, again in the Cu(I) state (Fig. 2a). The remaining 

protein fraction contained only one zinc ion per subunit, as observed from the 1H 

histidine signals in the 1D 1H NMR spectrum (Fig. 2a and 2b). Additionally, the spectra 

of the 15N-Cys selectively labelled protein showed only ~20% SOD1 intrasubunit 

disulfide bond formation (Fig. 3a). Copper incorporation of SOD1 in eukaryotes was 

shown to be dependent on the CCS protein26-28. Although a basal expression-level of the 

hCCS gene does occur during normal cell growth, it is likely that the amount of SOD1 

produced in our experimental setup was too high to allow for complete copper insertion 

via the CCS-dependent pathway. However, a CCS-independent copper insertion 

pathway has also been reported for human SOD129,30 and might have contributed to the 

partial formation of Cu(I),Zn-SOD1 observed (Fig 2a). 

Simultaneous overexpression and isotopic enrichment of both hSOD1 and hCCS 

was accompanied by a reduction in the overall SOD1 expression levels (Supplementary 

Fig. 2). Nevertheless, the signals of SOD1 were still easily identified (Fig. 3b and 3c), 

with minimum interference from CCS due to the larger molecular mass of the latter. 

Intracellular protein concentration in these experiments ranged between 70±10 μM and 

45±10 μM SOD1, and between 50±10 μM and 15±3 μM CCS (Supplementary Fig. 2). 

Co-expression of SOD1 and CCS in zinc supplemented medium resulted in dimeric, 

zinc-containing, SOD1 species. No difference in SOD1 metal content was found with 

respect to the cell sample with basal CCS level (Supplementary Fig. 8). However, 

spectra recorded from cells co-expressing the two proteins revealed a partial oxidation 

(around 50%) of the SOD1 intrasubunit disulfide bond (Fig. 3b), as monitored on 15N-

Cys selectively labelled proteins. This result is consistent with a mechanism of CCS-

mediated SOD1 disulfide oxidation which, unexpectedly, does not require copper 

insertion into SOD1. 

When cells co-expressing SOD1 and CCS were incubated for 24h in Cu(II) 

containing medium, a higher ratio of Cu(I),Zn-SOD1 vs E,Zn-SOD1 was obtained 

(~1:1, Fig. 2d) compared with cell samples with basal CCS level, indicating that CCS 

promotes copper incorporation in SOD1. The redox state of hSOD1 cysteines 57 and 
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146 is affected by both overexpression of CCS and presence of copper. Indeed, when 

cells overexpressing both hSOD1 and CCS were incubated with Cu(II), the intrasubunit 

disulfide bridge of hSOD1 was completely oxidized (Fig. 3c). 

We next attempted to explore the above mechanism at lower concentrations of 

SOD1 and CSS, as close as possible to the reported physiological levels13,14. At 45±10 

μM SOD1 and 15±3 μM CCS, complete disulfide formation in E,Zn-SOD1 was 

observed (Supplementary Fig. 9a and 9d), whereas additional incubation with copper 

resulted in the complete formation of oxidized Cu(I),Zn-SOD1 (Supplementary Fig. 9b 

and 9c). These results suggest that only the relative amounts of species are affected by 

recombinant protein expression levels, but not the sequence of maturation events. We 

speculate that even lower levels of SOD1, undetectable by NMR, would result in the 

complete formation of mature SOD1, even with the endogenous levels of CCS and 

copper. In such conditions, however, no information on the intermediate maturation 

steps would be obtained. By overexpressing only SOD1, the components of its 

maturation pathway are not sufficiently abundant to complete the process, and thus 

intermediate SOD1 maturation states are detected. Furthermore, by selectively 

increasing single components (e.g. CCS, or copper), specific steps of SOD1 maturation 

can be recovered, and different SOD1 states detected. With this “knock-in” approach 

(as it works the opposite of the conventional knock-out approach), combined with some 

a priori knowledge of the components involved, we can understand which of them are 

necessary for each step of the process. 

The key steps of SOD1 maturation observed by in-cell NMR are schematically 

summarized in Fig. 3d. Specifically, we found that: apo-SOD1 is largely unfolded and 

monomeric in the HEK293T cytoplasm; zinc uptake occurs without the need of any 

chaperone; copper uptake and oxidation of the Cys57-Cys146 disulfide bond occur 

partially in the cells exposed to Cu(II) (which is reduced to Cu(I)); copper loading and 

the complete oxidation of the above mentioned cysteines is achieved in cells co-

expressing SOD1 and CCS. Importantly, our experiments also reveal that, within a 

physiological context, CCS is able to oxidize the intramolecular SOD1 disulfide bond in 

the absence of copper bound to SOD1. This finding, while consistent with the 

previously reported effect of CCS overexpressed in vivo in promoting SOD1 disulfide 
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bond formation31, demonstrates that the cysteine oxidation step can occur in vivo 

independently of copper transfer, thus differing from the mechanism observed in vitro32. 

We sought to establish whether the approach described here is applicable to 

proteins beyond hSOD1. We selected four other proteins [Mia40, Atox1, glutaredoxin-1 

(Grx1) and thioredoxin (Trx)] with different properties such as those relative to protein 

fold, binding of metal ions and redox potential of cysteine residues. Following the same 

protocol established for SOD1 and CCS, all these targets were highly expressed 

(Supplementary Fig. 10a). They were visible in the 1H NMR spectra above the cellular 

background, and Mia40 and Atox1 could be detected on 1H-15N SOFAST-HMQC 

spectra on uniformly 15N labelled cell samples (Supplementary Fig. 10b,c). Grx1 and 

Trx only became visible upon cell lysis, suggesting that some interaction occurs in the 

cytoplasm which makes the protein tumbling slower on average, thus broadening the 

amide crosspeaks beyond detection (Supplementary Fig. 10d,e). Such molecules may be 

successfully characterized through different kinds of NMR techniques (such as solid-

state MAS NMR for slow tumbling proteins)33. 

Successful application of in-cell NMR to proteins expressed endogenously in 

mammalian cells relies on efficient transfection of the cell population, relatively high 

expression levels of the molecule of interest, applicability of different labelling 

strategies and maintenance of cell integrity during the experiment. All these aspects 

have been successfully addressed in this study, allowing us to follow a functional 

process such as the maturation steps, metal uptake processes and protein oxidation of 

hSOD1 directly in live human cells. We also determined the sequential, physiological 

order of the events in the SOD1 post-translational modification process, information 

that cannot be retrieved in vitro. To our knowledge this is the first time a complete 

protein maturation process has been followed in a living cell, in atomic detail. 

Importantly, this strategy may be applicable for many other protein targets, and thus 

opens the way for a broad range of molecular level, in-cell structural studies of proteins. 
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Figures: 
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Figure 1. Zn(II) added to the culture medium promotes binding of one Zn2+ 

ion per apo-SOD1 subunit in the cytoplasm. 1H-15N SOFAST HMQC spectra were 

acquired on human cells expressing 15N-cysteine labelled SOD1: a, in absence of 

metals; b, with Zn(II) added to the culture medium. Assigned cysteine residues are 

indicated in red. When two species of SOD1 are present, dark grey labels indicate the 

species to which each crosspeak belongs (E,E-SOD1SH: reduced apo-SOD1; E,Zn-

SOD1SH: reduced SOD1 containing one Zn2+ ion per subunit). Unlabelled crosspeaks 

correspond to cellular background signals; c, 1H-15N SOFAST HMQC acquired on 

human cells expressing uniformly 15N-labelled SOD1 in Zn(II)-supplemented medium. 

The region between 8.0 and 8.5 (1H) ppm contains overlapped signals arising from non-

specific labelling of the cells, which can be subtracted to obtain a cleaner spectrum 

(Supplementary Fig. 5). By comparing the chemical shift of the assigned crosspeaks in 

the in-cell spectrum with backbone assignments of SOD1 in different metallation and 

redox state in vitro17,18 it was possible to assess the species present in the cytoplasm 

(Supplementary Fig. 6). 
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Figure 2. Cu(II) addition to the culture medium induces Cu(I) binding to a 

fraction of cytoplasmic SOD1. Histidine region of 1H NMR spectra were acquired on 

human cells expressing unlabelled SOD1: a, in Zn(II)-supplemented medium, after 

incubation with Cu(II); b, in Zn(II)-supplemented medium without incubation with 

Cu(II); c, in medium without added metals. d, 1H NMR spectrum of human cells co-

expressing SOD1 and CCS in Zn(II)-supplemented medium, after incubation with 

Cu(II). Histidine protons unambiguously assigned to Cu(I),Zn-SOD1 species are 

indicated. 
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Figure 3. The redox state of SOD1 is influenced by both copper binding and 

the presence of CCS. 1H-15N SOFAST HMQC spectra were acquired on human cells: 

a, expressing 15N-cysteine labelled SOD1 in Zn(II)-supplemented medium, after 

incubation with Cu(II); b, co-expressing 15N-cysteine labelled SOD1 and CCS in 

Zn(II)-supplemented medium; c, co-expressing 15N-cysteine labelled SOD1 and CCS in 

Zn(II)-supplemented medium, after incubation with Cu(II). Assigned cysteine residues 

are indicated in red. When two species of SOD1 are present, dark grey labels indicate 

the disulfide redox state of each species. Unlabelled crosspeaks are cellular background 

signals. d, drawing summarizing SOD1 maturation steps. Left cell: SOD1 expressed in 

cells with no addition of metals is present mainly it the apo form, which is monomeric 

and partially unfolded. A fraction of SOD1 binds the zinc present in the expression 

medium. Central cell: when Zn(II) (cyan) is added to the expression medium SOD1 

quantitatively binds one zinc ion per monomer and dimerizes; the intrasubunit disulfide 

bridge is completely reduced. Right cell: when both Zn(II) and Cu(II) (blue) are added 

to the expression medium, and CCS is co-expressed, a fraction of SOD1 binds Cu(I) 

(orange); the disulfide bridge is completely oxidized (yellow circles). 
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Methods: 

Constructs 

For constructing the mammalian expression plasmids, genes encoding full-length 

human SOD1 (amino acids 1-154, GenBank accession number: NP_000445.1), CCS 

(amino acids 1-274, GenBank accession number: NP_005116.1), Mia40 (amino acids 1-

142, GenBank accession number: NP_001091972.1), Atox1 (amino acids 1-68, 

GenBank accession number: NP_004036.1), glutaredoxin-1 (amino acids 1-106, 

GenBank accession number: NP_001112362.1) and thioredoxin (amino acids 1-105, 

GenBank accession number: NP_003320.2) were amplified from cDNA by PCR and 

sub-cloned into the pHLsec12 vector between EcoRI and XhoI restriction-enzyme sites. 

All clones were verified by DNA sequencing. 

 

Cell culture and transfection 

HEK293T cells were maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM high glucose, D6546, Sigma) supplemented with L-glutamine, antibiotics 

(penicillin/streptomycin) and 10% foetal bovine serum (FBS, Gibco) in uncoated 75 

cm2 plastic flasks, and were incubated at 310 K, 5% CO2 in a humidified atmosphere. 

Cells were transiently transfected with the pHLsec plasmid containing the hSOD1 

cDNA using polyethylenimine (PEI), as described elsewhere12. Different DNA:PEI 

ratios were tested for maximizing protein expression (PEI was kept constant at 50 

μg/flask), and an optimal ratio of 1:2 was found (25 μg/flask DNA, 50 μg/flask PEI). 

For co-expression of SOD1 and CCS, cells were transfected with plasmids containing 

hSOD1 and hCCS constructs in different amounts and ratios. The highest expression of 

both proteins was obtained by transfecting in a 1:1:2 hSOD1:hCCS:PEI ratio, thus 

doubling the total DNA amount. Lower expression levels of SOD1 were obtained by 

transfecting cells with a 1:4 hSOD:PEI ratio. To decrease the expression levels of both 

proteins, cells were transfected with a 1:1:4 hSOD1:hCCS:PEI ratio. PEI was always 

kept constant at 50 μg/flask. Different times of SOD1 expression were tested (1, 2, 3, 6 

days), and the highest amount of protein was reached after 2 days (48 hours) of 

expression. During protein expression, cells were incubated at 310 K in 75 cm2 flasks. 

Commercial DMEM media were used for unlabelled in-cell NMR samples: 
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BioExpress6000 medium (CIL) was used for uniform 15N labelling, while for selective 
15N-cysteine labelling a reconstituted medium was prepared following the DMEM 

(Sigma) reported composition, in which 15N-cysteine was added together with all the 

other unlabelled components. All expression media were supplemented with 2% FBS. 

Zn(II) was supplemented as ZnSO4, which was added to the expression media to a final 

concentration of 10 μM immediately after transfection. Cu(II) was supplemented as 

CuCl2, added to a final concentration of 100 μM after 48 hours of protein expression, 

and incubated for 24 hours. Protein expression levels were monitored by comparing the 

protein band intensities in the cell extracts with bands of in vitro samples of known 

concentration run on Coomassie-stained SDS-PAGE. 

 

Human cell samples for in-cell NMR 

Samples for in-cell NMR were prepared following a reported protocol3 with some 

variations: HEK293T cells from a 75 cm2 culture flask were detached with trypsin-

EDTA 0,05% (Gibco) and resuspended in 20 mL DMEM containing 10% FBS to 

inactivate trypsin. Cells were gently centrifuged (800 g), resuspended in 10 mL PBS, 

washed once with PBS and finally resuspended in one cell pellet volume of DMEM 

medium supplemented with 90 mM glucose, 16 mM HEPES buffer, 20% D2O (for a 

final 10% D2O amount). The cell suspension was transferred to a 3 mm Shigemi NMR 

tube; the glass plunger was not used. Cells were allowed to settle at the bottom of the 

tube, thus filling up the active coil volume. The supernatant was kept during the NMR 

experiments to obtain good field homogeneity. After the experiments, cells were 

resuspended in the supernatant, removed from the NMR tube and spun down again to 

collect the medium for protein leakage check (Supplementary Fig. 11). Cells were lysed 

by freeze/thaw method after suspending them in one pellet volume of PBS buffer 

supplemented with 0.5 mM EDTA and AEBSF (4-(2-Aminoethyl) benzenesulfonyl 

fluoride hydrochloride). The lysate was centrifuged at 16000 g, 30’, 4°C and the cleared 

cell extract was collected for NMR and SDS-PAGE analysis. 
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NMR experiments 

NMR experiments were acquired at a 950 MHz Bruker Avance™ III spectrometer 

equipped with a CP TCI CryoProbe™. 1D 1H and 2D 1H,15N-SOFAST-HMQC34 

spectra were acquired at 305K. The total acquisition time for each cell sample ranged 

from 1 to 2 h. The supernatant of each cell sample was checked in the same 

experimental conditions, in order to exclude the presence of any signal arising from the 

protein leaked out of the cells. In the above experimental conditions, very low protein 

signal was detected in the external medium (< 10% of the signal in cells). The same 

NMR spectra were also acquired on the cell extracts. Cell viability before and after 

NMR experiments was assessed by Trypan Blue staining35. Cell viability remained 

above 90%, as damaged cells ranged from 3% before the experiments to 8% after the 

experiments. 

 

E. coli cell samples 

Samples of E. coli cells expressing human SOD1 were prepared as previously 

described19. For copper incorporation experiments, after 4 h expression of SOD1 cells 

were incubated with either 100 μM Cu(II)SO4, Cu(I)-acetonitrile complex or Cu(I)-

glutathione complex for 15’. Cells were then washed once with M9 buffer and collected 

for NMR sample preparation. NMR spectra on E. coli cell samples were acquired at 

305K at an 800 MHz Bruker Biospin™ spectrometer equipped with a TXI 

CryoProbe™. 
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Supplementary Figure 1. Endogenous SOD1 levels in untransfected 

HEK293T cells were measured by Western Blot analysis. Untransfected HEK293T 

cells were analyzed by Western Blot, and the endogenous amount of SOD1 was 

estimated by comparing band intensities with different dilutions of a sample of pure 

SOD1 at known concentration. SOD1 was stained using a rabbit anti-human SOD1 

polyclonal primary antibody (BioVision) diluted 1:100 at 2μg/mL and a goat anti-rabbit 

IgG-peroxidase secondary antibody for detection (Sigma), diluted at 1:80000. 
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Supplementary Figure 2. Overexpression of SOD1 and CCS in human cells. 

Coomassie-stained SDS-PAGE of cell extracts from NMR samples of human cells 

expressing SOD1 (lane 1) and co-expressing SOD1 and CCS (lane 2) in Zn(II)-

supplemented medium. Cell extracts were obtained by freeze/thaw lysis followed by 

centrifugation. Protein bands and reference molecular weights are indicated. Protein 

concentration was estimated by comparing band intensities with serial dilutions of a 

pure SOD1 sample at known concentration, run on the same SDS-PAGE.  
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Supplementary Figure 3. Cellular fractionation shows that SOD1 is present 

mainly in the cytoplasm. Coomassie-stained SDS-PAGE of sub-cellular fractions 

obtained from human cells expressing SOD1 using a mitochondria isolation kit for 

cultured cells (Thermo Scientific). The nuclear fraction was obtained by washing once 

the pellet obtained after cell rupture, and resuspending it in PBS buffer. C = cytoplasm; 

M = mitochondria; N = nuclei. Relative dilutions are 1:16 (C), 1:1 (M), 1:10 (N) 

respectively. SOD1 concentration was estimated via SDS-PAGE by comparing each 

fraction at different dilutions with a in vitro sample of SOD1 of known concentration. 
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Supplementary Figure 4. SOD1 is present both in the metal-depleted form 

(apo-SOD1SH) and in the zinc-containing form (E,Zn-SOD1SH) in cells without 

metal supplementation of tissue culture media. 1H-15N SOFAST HMQC spectra were 

acquired: a, on human cells expressing uniformly 15N-labelled SOD1; b, on the 

corresponding cell extract. In the in-cell NMR spectrum (a) only the the crosspeaks of 

the unfolded region of apo-SOD1SH are detected, (at 8.0-8.5 ppm 1H, above the cellular 

background signals) while the peaks of the folded region are broadened beyond 

detection. Most of the crosspeaks of apo-SOD1SH are detected in the cell extract (b), 

together with those of E,Zn-SOD1SH, while no crosspeaks from other species are 

detected. 
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Supplementary Figure 5. Spectral crowding is reduced by subtracting the 

background signals arising from the non-selective labelling of cellular components. 

a, 1H-15N correlation spectrum of cytoplasmic E,Zn-SOD1SH free of background signals 

obtained by subtracting to the 1H-15N SOFAST-HMQC spectrum shown in Figure 1c 

the spectrum b, of a cell sample transfected with the empty pHLsec vector, containing 

only signals from cellular components. The two spectra were acquired in the same 

experimental conditions. 
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Supplementary Figure 6. Combined Chemical Shift Difference (CCSD) plot 

of in-cell SOD1 vs. in vitro E,Zn-SOD1 and Zn,Zn-SOD1. CCSD plot of a subset of 

1H-15N resonances of SOD1 showing that the cytoplasmic zinc-containing SOD1 

species corresponds to in vitro E,Zn-SOD1SH. CCSDs between cytoplasmic SOD1 and 

Zn,Zn-SOD1SH (blue) are higher on average than CCSDs between cytoplasmic SOD1 

and E,Zn-SOD1SH (orange). CCSDs were calculated using the formula: 

( ) ( )21521 5
2

1

2

1
NHCCSD δδ Δ+Δ= . 
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Supplementary Figure 7. Cu(II) addition to E. coli cells induces formation of 

Cu(I),Zn-SOD1 and partial disulfide oxidation. 1H-15N SOFAST HMQC spectra of 

E. coli cells expressing: a, uniformly 15N-labelled SOD1; b, 15N-cysteine labelled SOD1 

in Zn(II)-supplemented medium, after incubation with Cu(II). Assigned cysteine 

residues in b are indicated in red. When two species of SOD1 are present, dark grey 

labels indicate the disulfide redox state of each species. Unlabelled crosspeaks are 

cellular background signals; c, 1H histidine NMR spectrum of E. coli cells expressing 

SOD1 incubated with Cu(II); d, NMR spectrum of E. coli cells expressing SOD1 

incubated with Cu(I)-acetonitrile complex.  
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Supplementary Figure 8. Histidine region of 1H NMR spectra acquired on 

human cells co-expressing SOD1 and CCS. a, cells co-expressing unlabelled SOD1 

and CCS; b, expressing unlabelled SOD1 (scaled down to match the intensity of SOD1 

peaks in a); c, expressing unlabelled CCS. Cell samples were transfected in Zn(II)-

supplemented medium. 
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Supplementary Figure 9. When SOD1 is expressed at lower amounts, CCS 

catalyzes the complete formation of the disulfide bond, and incubation with copper 

results in the complete formation of Cu,Zn-SOD1. 1H-15N SOFAST HMQC spectra 

were acquired on human cells expressing lower amounts of SOD1 (45 ± 10 μM) and 

CCS (15 ± 3 μM): a, 15N-cysteine labelled SOD1 and CCS in Zn(II)-supplemented 

medium; b, 15N-cysteine labelled SOD1 and CCS in Zn(II)-supplemented medium, after 

incubation with Cu(II). Assigned cysteine residues are indicated in red. In both spectra, 

the cysteine crosspeaks of reduced SOD1 are not detected. Histidine region of 1H NMR 

spectra acquired on the same cells: c, after incubation with Cu(II); d, without incubation 

with Cu(II). Histidine protons unambiguously assigned to Cu(I),Zn-SOD1 species are 

indicated. Complete copper delivery to SOD1 is observed. 
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Supplementary Figure 10. In-cell NMR detection of non hSOD1 protein 

targets. a, Coomassie-stained SDS-PAGE of cell extracts showing the overexpression 

of Mia40 (lane 1), Atox1 (lane 2), glutaredoxin-1 (Grx1, lane 3) and thioredoxin (Trx, 

lane 4); b, 1H-15N SOFAST HMQC spectrum of HEK293T cells expressing U-15N 

labelled Mia40; c, 1H-15N SOFAST HMQC spectrum of HEK293T cells expressing U-

15N labelled Atox1; d, 1H-15N SOFAST HMQC spectrum of HEK293T cells expressing 

U-15N labelled glutaredoxin-1; e, 1H-15N SOFAST HMQC spectrum of HEK293T cells 

expressing U-15N labelled thioredoxin. Mia40 (b) and Atox1 (c) are clearly detected 

above the cellular background, while glutaredoxin-1 (d) and thioredoxin (e) are not 

detected due to slow tumbling in the cytoplasm. 
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Supplementary Figure 11. NMR spectra of the cell sample supernatants 

confirm the absence of protein leaked out of the cells. 1H-15N SOFAST HMQC 

spectra were acquired on the supernatants obtained from each cell sample, after the 

actual in-cell NMR experiments, to check whether protein leakage has occurred.  a, 1H 

projection of the 1H-15N SOFAST HMQC supernatant spectrum (shown in b) of cells 

containing U-15N E,Zn-SOD1 (black line) compared to the 1H projection of the in-cell 

NMR spectrum (grey line); b, 2D 1H-15N SOFAST HMQC supernatant spectrum; c, 2D 

1H-15N SOFAST HMQC supernatant spectrum of a cell sample containing 15N-cysteine 

labelled SOD1 and CCS. 
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3.3. Visualization of redox-controlled protein fold in living cells  
 

Most of the human proteins are encoded by nuclear DNA, and are synthesized in the 

cytoplasm (or directly targeted to the ER). This is also true for the majority of 

mitochondrial proteins, and for every protein of the mitochondrial IMS. There are 

several mechanisms for importing such proteins into the mitochondria, most of which 

require the proteins to cross the outer membrane through the TOM channel. A class of 

small proteins of the IMS (which harbour a CHCH structural motif) is imported through 

the TOM in the unfolded state. Once in the IMS, these proteins are oxidatively folded 

by Mia40, which is part of the IMS disulfide relay system. These proteins, including 

Mia40 itself, need to be unfolded and reduced in the cytoplasm in order to be imported, 

although no atomic-resolution study has proved this. Thiol redox control in the 

cytoplasm is mainly exerted by the thioredoxin and glutaredoxin systems, which 

regulate the redox state of protein disulfides exploiting the reducing power of NADPH, 

through GSH-dependent (Grx1) and independent (Trx1) pathways. In this work, human 

Mia40 was transiently expressed in the cytoplasm of human cells, the folding and redox 

states were characterized by NMR and their dependence on the thiol redox systems was 

investigated. Upon overexpression, Mia40 was found to be oxidized and folded in the 

cytoplasm, despite the reducing environment given by the high GSH:GSSG ratio. The 

folding state of Mia40 was then investigated after co-expression of Grx1 or Trx1. 

Interestingly, Grx1 prevented oxidation of Mia40, decreasing the signal intensity of the 

folded species in the NMR spectra, while Trx1 had no effect, and only folded Mia40 

was detected. As no interaction was observed in vitro between Mia40 and Grx1, this 

effect is likely to occur indirectly, possibly by means of different cellular substrates of 

the Grx1 system.  
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Most mitochondrial proteins are encoded by nuclear DNA, thus they are 

synthesized in the cytoplasm and imported into mitochondria. Several proteins of 

the intermembrane space (IMS) are imported through an oxidative process, being 

folded through the formation of structural disulfide bonds catalyzed by Mia40, 

and then trapped in the IMS. To be imported, these proteins need to be reduced 

and unfolded; however no structural information in situ exists on these proteins in 

the cytoplasm, prior to their mitochondrial import. In humans, Mia40 itself is 

imported through the same mechanism, though its folding state in the cytoplasm is 

unknown. Here we provide atomic-level details on Mia40 folding state in the 

human cell cytoplasm through in-cell NMR. We showed that overexpressed 

cytoplasmic Mia40 is folded, and that its folding state is specifically dependent on 

the glutaredoxin-1 (Grx1) system. Indeed, high Grx1 levels keep Mia40 unfolded, 

while thioredoxin-1 (Trx1) does not affect Mia40. 

 

 

The majority of the human proteins is produced by nuclear DNA and is released in the 

cytoplasm and/or in the ER. These proteins then need to complete their folding and 

maturation process which could involve several steps, from cofactor binding to cysteine 

oxidation to other post-translational modifications. Furthermore, if the protein destiny is 

a cellular compartment other than the cytoplasm, some or all maturation and folding 

steps could need to take place in the final cellular localization. This is particularly true 

for a large share of proteins present in the inner membrane space (IMS) of 

mitochondria, but which do not feature any target sequence for this organelle 1-3. They 

are in an unfolded state in the cytoplasm and therefore they can enter mitochondria, 

thanks to their conformational freedom which allows them to go through the TOM 

channel 1. Once entered the IMS they reach the native form by folding, which blocks 

them in a defined, more rigid conformation, thus preventing them from crossing back 

the outer membrane 4-6. It is therefore evident that the folding state of a protein has to be 

dependent on the cellular compartment where the protein is located, and on its 

properties. It has been shown that the import of some of these IMS proteins is in fact 
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modulated by cytosolic thiol-disulfide regulation systems 7. However no detailed, 

atomic resolution study has yet confirmed such findings. 

In the present work we show, by exploiting in-cell NMR 8-12, that indeed the properties 

of the cell compartment in terms of redox-regulating components influence the folding 

state of one of such proteins, whose oxidation state is compartment dependent. We have 

specifically characterized Mia40, a hub protein for the mitochondrial protein import 

process. Mia40 is an oxidoreductase which catalyzes in the IMS the formation of 

internal disulfide bonds on its protein substrates through the intermediate formation of a 

mixed disulfide bond between the substrate and its catalytic CPC motif 6,13-15. Together, 

these proteins constitute the disulfide relay system of the IMS5,16. Upon interaction with 

Mia40 and subsequent formation of their disulfide bonds, the substrates of Mia40 

become folded and are trapped in the IMS 17,18. Interestingly, Mia40 itself obtains its 

final structure in the IMS upon the formation of two internal disulfide bonds, likely by 

acting as a substrate of itself 14,19. Like the other substrates of the disulfide relay system, 

also Mia40 has to cross the outer mitochondrial membrane in an unfolded, reduced 

state. Glutaredoxin 1 (Grx1) and thioredoxin 1 (Trx1) are cytoplasmic oxidoreductases 

involved in the regulation of protein thiol groups and in the cellular defence against 

oxidative stress 20,21. Trx1 was recently shown to be responsible for facilitating the 

mitochondrial import of the small Tim proteins 7. It can be hypothesized that other small 

proteins of the IMS sharing the same import mechanism, including Mia40, are regulated 

by such thiol-regulating proteins. 

We show here that Mia40, even in the reducing environment of the cytoplasm, is largely 

in the oxidized, folded state when it is overexpressed, thus indicating that the high 

cytoplasmic level of reduced glutathione is not sufficient alone to maintain the reduced 

state of Mia40. Co-expression of glutaredoxin 1 20,22 (at comparable level) keeps Mia40 

in the unfolded, reduced state, while co-expression of thioredoxin 1, which has a similar 

role in keeping protein thiols reduced in the cytoplasm 20,23, has no effect on the 

oxidation state of Mia40. Additionally, glutaredoxin 1 does not catalyze the reduction of 

Mia40 in presence of reducing agents in vitro, implying some effect of the cytoplasmic 

environment which is not reproduced in vitro. These results indicate the presence of a 

specific redox regulation mechanism involving Grx1, which keeps the endogenous 
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Mia40 reduced in the cytoplasm, allowing it to reach the outer mitochondrial membrane 

in the reduced, import-competent state.  

 

Results and Discussion 

Mia40, overexpressed in the cytoplasm of human cells, took a folded conformation, as 

monitored through 1H-15N and 1H NMR spectra, which corresponds to the functional 

state of Mia40 that is normally found in the IMS (Figure 1a), and is the same 

conformation of oxidized Mia40 in vitro (Mia402S-S, Supplementary Figure S1a). The 

central region of the protein is stably folded in two -helices while the N- and C-

terminal regions are intrinsically unfolded. The crosspeaks of the folded part were well 

dispersed in the spectrum, while the peaks of the intrinsically unfolded regions appeared 

as strong overlapped signals, which fall in the central part of the spectrum, together with 

background signals arising from cellular metabolites. The methyl region of the 1H NMR 

spectrum provided more sensitivity to assess the relative amount of folded Mia40 

(Figure 1b).  The same species was observed in the cell extracts obtained from cell lysis, 

with no apparent change in the folding state (Figure 2a,b). The amount of folded protein 

in the cell extracts was estimated around 51 ± 5 μM by NMR, very close to the total 

protein amount (60 ± 15 μM) as measured by Western Blot analysis on the same 

extracts (Figure 3). When Mia40 was co-expressed in the cytoplasm together with 

glutaredoxin 1 (Grx1), a large fraction of it was present in the reduced, unfolded state. 

This was clearly monitored through the 1H-15N NMR spectra in which the crosspeaks of 

the folded part of Mia40 were barely detected, while the crosspeaks of the unfolded 

parts were still visible, both in intact cells (Figure 1c,d) and in cell extracts (Figure 

2c,d). In presence of Grx1, only around 25%, 14 ± 2 μM over a total of 60 ± 10 μM, of 

Mia40 present in the cytoplasm was in the oxidized state (Mia402S-S), compared to 

~90% in absence of Grx1. In the cytoplasm Grx1 is invisible to NMR, as its signals are 

broadened beyond detection as a consequence of its slow tumbling rate, which is likely 

due to interactions with the cellular environment (a similar effect has been reported for 

several proteins overexpressed in E. coli cytoplasm, including wild-type ubiquitin 24, 

cytochrome c 25, E. coli thioredoxin and FKBP 26). This behaviour was confirmed by the 

empty 1H-15N spectra when only Grx1 was expressed (Supplementary Figure S2a). The 
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NMR properties of cytoplasmic Grx1 therefore allowed us to obtain 1H-15N NMR 

spectra of Mia40 free of interference from Grx1 signals. 

The effect of human thioredoxin 1 on Mia40 state was also investigated. Similarly to 

Grx1, Trx1 in the human cell cytoplasm is not detectable by NMR, consistently with 

what previously reported in E. coli 26 (Supplementary Figure S2c). Contrarily to Grx1, 

when Trx1 was co-expressed together with Mia40, it did not affect the folding state of 

Mia40. Indeed, all cytoplasmic Mia40 was found in the folded state (Figure 1e,f and 

2e,f) (62 ± 7 μM over a total of 61 ± 18 μM). Therefore, the two thiol-regulating 

proteins have different effects on Mia40, despite being reported to have overall similar 

functions in the cytoplasm (Figure 4). 

At difference to what was observed in the cells, fully reduced Grx1 had no effect on 

Mia40 redox state in vitro. U-15N Mia402S-S was incubated in reducing conditions, either 

in the presence of dithiothreitol (DTT) or reduced glutathione (GSH), with increasing 

concentrations of unlabelled, fully reduced Grx1, and each step was monitored by 

NMR. No change in the spectrum occurred upon addition of up to 2 eq of Grx1 to 

Mia402S-S and 48 h incubation, thus excluding a direct mechanism of reduction of 

Mia40 by Grx1. In a control experiment, U-15N Mia402S-S (Supplementary Figure S1a) 

was completely reduced by heat denaturation at 95°C in buffer containing either DTT or 

GSH. No protein degradation occurred. In both cases the protein remained reduced 

when cooled down at 25°C (Supplementary Figure S1c). The 1H-15N crosspeaks of the 

-helical region disappeared, in analogy with what was observed in the cytoplasm in 

presence of Grx1. The alkylation reaction with AMS visualised on SDS-PAGE 

confirmed the complete reduction of all cysteines (Supplementary Figure S1b,d). Upon 

removal of the reducing agent and exposure to air, Mia40 rapidly reverted back to the 

folded conformation. To test whether Grx1 could bind fully reduced Mia40 and prevent 

its oxidation, 2 eq of Grx1 were added to a sample of U-15N labelled Mia40 unfolded in 

presence of GSH. Upon exposure to air Mia40 rapidly folded, thus indicating that Grx1 

did not protect reduced Mia40 from oxidation. 

The current model of Mia40 maturation pathway requires that the protein, which is 

natively expressed in the cytoplasm from nuclear mRNA, crosses the outer 

mitochondrial membrane through the TOM channel in a reduced and unfolded 
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conformation. No Mia40 has been reported to reside in the cytoplasm, except for the 

time required to translocate to the mitochondria 27. However, when Mia40 is 

overexpressed, it does not translocate quantitatively to the mitochondria, and close to 

the total of Mia40 remains in the cytoplasm. Our results show that in this situation, 

cytoplasmic Mia40 reaches the folded state, which is therefore a thermodynamically 

favoured conformation in the cytoplasm. Therefore, in physiological conditions there is 

the need for a mechanism to keep Mia40 reduced until it reaches the outer 

mitochondrial membrane, as the amount and ratio of cytoplasmic GSH is apparently not 

sufficient for that purpose.  

Overexpression of Grx1 allows Mia40 to remain largely in the reduced, unfolded state. 

Conversely, when oxidized Mia40 is incubated in vitro with Grx1 in presence of a 

reducing agent it does not change its redox state, and the complete reduction of the 

structural disulfide bonds is only possible upon heat denaturation in reducing 

conditions. The lack of a direct interaction of Grx1 with Mia40 suggests that the effect 

of Grx1 on the oxidation state of intracellular Mia40 is not the result of a direct 

interaction between the two proteins, but is mediated by some other component of the 

cytoplasm. The action of Grx1 on the folding and the maintenance of the reduced state 

of Mia40 in the cytoplasm is very specific. Indeed, the behaviour of Mia40 in presence 

of Trx1 is quite different. Like Grx1, Trx1 regulates the redox state of cytoplasmic 

proteins, by reducing their disulfide bonds 20,23. Trx1 has also been reported to act as a 

co-chaperone to facilitate the folding of its substrates 28,29. When Trx1 is overexpressed 

together with Mia40, however, it does not affect the state of Mia40, which folds almost 

completely. The remarkably different behaviour of Grx1 indicates that the increase of 

reduced, unfolded Mia40 is not dependent on a generic increase in reducing power in 

the cytoplasm, which would be provided by both the Grx1 and Trx1 systems. Instead, 

Grx1 has a specific – although likely indirect – effect on Mia40 redox state, implying a 

link between the Grx1 redox regulation system and the Mia40 maturation pathway in 

the cytoplasm. 

We have here characterized the folding state of Mia40 in the cytoplasm, obtaining 

atomic-level information in living human cells by NMR. This approach allowed us to 

understand how the folding of Mia40 is controlled by the cytoplasmic redox-regulation 
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system specifically involving Grx1. These results also show the general relevance of 

atomic resolution studies performed in living cells, which are needed to describe 

cellular physiological processes such as the redox-controlled protein folding, and to 

understand how other pathways involved can affect and regulate such processes. 

 

 

Methods 

Overexpression of Mia40, Grx1 and Trx1 in human cells was performed by following a 

protocol previously established 12,30. Briefly, the cDNA sequences encoding Mia40 

(amino acids 1-142, GenBank accession number: NP_001091972.1), Grx1 (amino acids 

1-106, GenBank accession number: NP_001112362.1) and Trx1 (amino acids 1-105, 

GenBank accession number: NP_003320.2) were amplified by PCR and sub-cloned into 

the pHLsec vector 12,30 between EcoRI and XhoI restriction enzyme sites. The clones 

were verified by gene sequencing. Transient transfection was obtained by treating the 

cells with a DNA:polyethilenimine mixture. The amount of the overexpressed protein in 

the cells reached a maximum after ~48 hours. Intracellular distribution was assessed by 

separating the cytoplasmic and the mitochondrial fractions from cell extracts using a 

mitochondria isolation kit for cultured cells (Thermo Scientific). ~1% of the total Mia40 

was estimated to be localized in the mitochondrial fraction. 

NMR spectra were acquired on cell samples overexpressing either unlabelled or 

uniformly U-15N labelled Mia40. The amount of folded Mia40 in the cell extracts was 

measured by NMR through standard addition of pure, folded Mia40 at known 

concentration. The 1H resonance at −0.7 ppm of Ile 53 H  was used as a marker of the 

folded conformation of Mia40. Total Mia40 was determined on the same cell extracts 

by Western Blot analysis, by using the same pure Mia40 sample at increasing dilutions 

as a reference.  

Grx1 was co-expressed with Mia40, either unlabelled or with uniform 15N labelling. 

The optimal DNA ratio of 1:0.75:2 hMia40:hGrx1:PEI was chosen, which kept the 

intracellular amount of Mia40 unaltered, and allowed the co-expression of a comparable 

amount of Grx1 (as estimated by comparing the bands on SDS-PAGE). The relative 

amount of folded Mia40 was determined as above. Trx1 was co-expressed with Mia40 



   3. RESULTS 

 95 

by transfecting different amounts of hMia40 and hTrx1 DNAs. Three 

hMia40:hTrx1:PEI ratios were tested (1:0.5:2, 1:0.75:2, 1.25:0.75:2), and about the 

same intracellular Mia40 levels were obtained, while the amount of Trx1 was estimated 

to be one order of magnitude lower.  

U-15N labelled Mia40 for in vitro experiments and unlabelled Mia40 for NMR 

quantifications were produced as previously described 3. Glutaredoxin 1 for in vitro 

interaction with Mia40 was produced as follows: a pTH34 vector containing the human 

Grx1 gene (N-term fused with His-tag and TEV recognition site) was transformed in E. 

coli BL21(DE3) Gold competent cells. Cells were grown at 37 °C in minimal medium 

until O.D. 0.6 and then induced with 0.5 mM IPTG for 16 h at 25 °C. Glutaredoxin 1 

was purified by affinity chromatography using a nickel chelating HisTrap (GE 

Healthcare) column. After digestion with AcTEV protease (Invitrogen) O/N at 25 °C 

the protein was separated from the affinity tag in a HisTrap column. The sample buffer 

was then exchanged with 50 mM potassium phosphate, 0.5 mM EDTA, pH=7. 

NMR experiments were acquired at a 950 MHz Bruker Avance™ III spectrometer 

equipped with a CP TCI CryoProbe™. 1D 1H and 2D 1H,15N-SOFAST-HMQC 31 

spectra were acquired at 305K. The total acquisition time for each cell sample ranged 

from 1 to 2 h. The supernatant of each cell sample was checked for protein leakage in 

the same experimental conditions. The same NMR spectra were also acquired on the 

cell extracts. Cell viability before and after NMR experiments was assessed by Trypan 

Blue staining 32. Cell viability remained above 90%, as damaged cells ranged from 3% 

before the experiments to 8% after the experiments. 
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Figure 1. The folding state of Mia40 in the cytoplasm is dependent on the presence of 

different redox-regulating proteins. NMR spectra were acquired on human cells 

expressing uniformly 15N-labelled Mia40 in the cytoplasm. (a, c, e) 1H-15N SOFAST 

HMQC spectra. The strong, overlapped crosspeaks between 8.0 and 8.5 ppm (1H) 

correspond to the unfolded regions, while the weaker, dispersed crosspeaks belong to 

the residues of the folded region of Mia40. (b, d, f) aliphatic region of 1H spectra 

showing the 1H  peak of Ile 53, which is a marker of the folded conformation of Mia40 

and falls in a cellular background-free region. (a, b) Spectra of cells expressing Mia40. 

(c, d) Spectra of cells co-expressing Mia40 and Grx1. (e, f) Spectra of cells co-

expressing Mia40 and Trx1. 
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Figure 2. NMR spectra acquired on the cell extracts corresponding to the samples in 

Figure 1. NMR spectra were acquired on the cell extract of samples expressing 

uniformly 15N-labelled Mia40. The relative amounts of the two Mia40 folding states 

remained unchanged upon cell lysis. (a, b) Spectra of cell extract containing Mia40. (c, 

d) Spectra of cell extract containing Mia40 and Grx1. (e, f) Spectra of cell extract 

containing Mia40 and Trx1. Upon cell lysis, both Grx1 and Trx1 became visible in the 
1H-15N spectra (c, e).  
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Figure 3. The total amount of Mia40 in the cell extracts is measured by Western Blot 

analysis. Samples of cell extracts were blotted at increasing dilutions together with 

samples of pure Mia40 at known concentrations. (a) Cell extract from cells expressing 

Mia40 alone. (b) Cell extracts from cells expressing Mia40 + Grx1 and Mia40 + Trx1. 

The blots were stained with a primary antibody against Mia40 (Abcam). A calibration 

curve was obtained for each blot from the intensities of the standard Mia40 samples. 

The concentration of Mia40 in the cell extracts was calculated for each dilution from the 

calibration curve, and averaged.  
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Figure 4. Effect of Grx1 and Trx1 on Mia40 folding state in the cytoplasm. Total 

Mia40 (orange bars) measured on cell extracts by Western Blot analysis is compared 

with folded Mia40 (blue bars) measured by NMR. When only Mia40 is expressed, it is 

largely present in the folded state in the cytoplasm. Co-expression of Grx1 causes a 

decrease of folded Mia40. Co-expression of Trx1 has no effect on the folding state of 

Mia40.  
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Supplementary Figure S1: Oxidized, folded Mia40 is reduced in vitro upon heat 

denaturation in reducing conditions. 1H-15N SOFAST HMQC spectra were acquired on 

pure U-15N Mia402S-S (a) before and (c) after denaturation at 95°C in presence of 10 

mM GSH. After denaturation, the crosspeaks of the N- and C-terminal unfolded 

segments of Mia40 are still visible (with sharper lines), while those corresponding to the 

core segment of oxidized Mia40 disappear. AMS reaction was performed on Mia40 

samples before and after denaturation, which were run on Coomassie-stained SDS-

PAGE (b, d), confirming the reduction of the two structural disulfide bonds.  
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Supplementary Figure S2: The amide signals of cytoplasmic Grx1 and Trx1 are 

broadened beyond detection. 1H-15N SOFAST-HMQC spectra were acquired on 

samples of human cells expressing (a) Grx1 and (c) Trx1, and on the corresponding cell 

extracts (b, d). Only the cellular background signals were visible in the spectra of intact 

cells, where the amide crosspeaks of Grx1 and Trx1 are broadened beyond detection. 

Upon cell lysis, the crosspeaks of both proteins were detected. 
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Introduction 

 

Cu,Zn-SOD1 is strongly implicated in the onset of the familial form of 

amyotrophic lateral sclerosis (fALS), as SOD1 protein aggregates have been found in 

dead motor neurons of ALS patients and transgenic mice1. Furthermore, 20% of fALS 

cases have been linked to mutations in the SOD1 gene2. More than 100 fALS-linked 

SOD1 mutations have been described, which are scattered throughout SOD1 amino acid 

sequence3. The pathogenicity of SOD1 has been demonstrated to be due to a gain of 

toxic function, and it has been linked to the presence of protein aggregates rich in SOD1 

content at the late stage of the ALS disease1. As in other neurodegenerative diseases, the 

insoluble aggregates are not the toxic species, which causes motor neuron death and 

triggers the onset of the disease. Instead, soluble oligomeric intermediates in SOD1 

aggregation process are thought to be responsible of the toxic gain of function4. In one 

hypothesis, the oligomers are formed through oxidation of the two free cysteines of 

SOD1 (6 and 111), forming amyloid-like structures5.  

Mature Cu,Zn-SOD1 is stably folded in a dimeric quaternary structure, and is not 

prone to aggregation, whereas the intermediate species of the maturation process (i.e. 

metal-depleted SOD1 species) are more likely to lose their quaternary structure and to 

oligomerize6. Therefore, an impaired maturation process leads to accumulation of 

immature SOD1 species, which are prone to oligomerization.  

In this work currently in progress, the maturation process of a set of fALS mutants 

is studied through the in-human-cell NMR approach, which was previously applied to 

wild-type SOD17. The outcome of the maturation process in different cellular 

conditions (e.g. presence of metals and/or CCS chaperone) will be compared with the 

wild-type scenario, providing direct atomic-level information on how each mutation 

affects the ability of intracellular SOD1 to acquire its mature state. Currently, two 

SOD1 fALS mutants – T54R and I113T – are being characterized in the cytoplasm of 

human cells. These two mutations occur close to the homodimer interface of SOD1. The 

previous in vitro studies show that T54R and I113T mutations have opposite effect on 

the oligomerization rate of the apo species8. T54R SOD1 has an oligomerization rate 

slightly slower than WT SOD1, likely due to the Arg54-Asn19 interaction which 
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stabilizes the homodimeric state9. I113T instead has an oligomerization rate more than 

twice that of WT SOD18. Both mutants have similar folding properties to WT SOD1: 

the apo state is partially unstructured, while the zinc-bound species is dimeric and more 

stably folded. 

 

 

Results 

 

T54R and I113T SOD1 mutants were overexpressed in HEK293T cells in zinc-

supplemented U-15N labelled medium, and their folding and metallation state were 

determined. Cytoplasmic T54R SOD1 quantitatively bound one zinc ion per monomer  

(Figure 1a), and was in the dimeric state. This finding is consistent with the reported 

wild-type-like (WTL) behaviour of T54R SOD1 in vitro8,9. Instead, cytoplasmic I113T 

SOD1 in the same zinc-supplemented medium remained mostly in the apo state, which 

is largely unstructured and likely monomeric (Figure 1b). This outcome is consistent 

with the reported lower zinc affinity in vitro of I113T SOD1 compared to WT SOD110. 

Other studies reported a WTL behaviour also for I113T SOD1, which was able to 

rescue SOD1 activity in sod1  yeast mutants3, implying that copper insertion in the 

mutant protein had occurred. The formation of copper-containing, zinc-deficient mutant 

SOD1 species (which have been reported to be toxic11) can be hypothesized. 

Further experiments will elucidate the role of CCS and copper in the maturation of 

T54R and I113T SOD1 mutants. Concurrently, the intracellular behaviour of other 

fALS mutants will be investigated (e.g.  A4V, G37R, G93A). 
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Figures 

 

 

 

Figure 1: SOD1 fALS mutants were characterized in the human cell cytoplasm in 

zinc-supplemented U-15N medium. (a) T54R SOD1 1H-15N correlation spectrum (red) 

overlayed to the WT SOD1 spectrum (black); (b) I113T SOD1 1H-15N correlation 

spectrum (red) overlayed to the WT SOD1 spectrum (black). Below each spectrum, the 

position of the mutation on the surface of SOD1 homodimer is shown [adapted from 

(8)]. T54R SOD1 behaves like WT SOD1, as one zinc per monomer is bound, and a 

homodimer is formed. I113T on the contrary does not bind zinc, and remains in the apo 

state, likely as a monomer.  
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In this doctorate project, the in-cell NMR approach was applied to follow protein 

functional processes, such as binding of metals and changes in the folding and cysteine 

redox state. Starting from a single protein expressed in E. coli cells, the approach was 

then extended to human cells, where multiple maturation steps were followed, some of 

which were dependent on the strictly regulated metal homeostasis of human cells, and 

as such would not be reproduced faithfully in bacterial cells. Finally, by simultaneously 

expressing two proteins, the effect of a partner on the final state of the maturating 

protein was investigated.  

The sequence of events that allow human SOD1 to reach the mature state was 

thoroughly investigated. It was shown in E. coli cells that SOD1 spontaneously binds 

zinc, when this is added to the external medium, and reaches a folded, dimeric – and 

still reduced – state. In human cells, the effects of copper supplementation and co-

expression of the chaperone CCS were studied, and the crucial role of CCS in 

catalyzing SOD1 internal disulfide bond formation without simultaneous copper 

transfer to SOD1 was shown for the first time. By following the same approach, a set of 

fALS-linked mutants of SOD1 is currently being characterized in the human cell 

cytoplasm, and the effects of each mutation at different steps of SOD1 maturation 

pathway are investigated.  

Through the protein expression approach for in-human-cell NMR, the folding and redox 

state in the cytoplasm of the mitochondrial protein Mia40 was studied, obtaining clues 

on how the Grx1 redox regulation system has a specific role in keeping Mia40 unfolded, 

so that it can be imported into the mitochondria.  

The newly developed protein expression approach in cultured human cells proved 

feasible for protein detection by NMR, and should be applicable to a range of soluble 

proteins. Additionally it gives the advantage, compared to protein insertion from 

outside, of being able to follow a protein maturation sequence starting right after its 

biosynthesis. Hopefully, it will complement the other in-cell NMR approaches, and may 

be integrated with them, to shed light on functional processes of increasing complexity 

in human cells, at atomic resolution.  

Further development should focus on improving the sensitivity of the NMR 

experiments, by developing fast pulse sequences specifically optimized for cell samples. 
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The selectivity of the labelling should also be improved, to increase the ratio between 

protein and background signals. Importantly, both this factors will help decreasing the 

lower limit of protein concentration in the cell needed for NMR detection, hopefully 

reaching levels closer to the physiological conditions.  

 A further direction for development would be the extension of in-cell NMR to specific 

cell lines, which are already used as a model of tissues or for studying specific 

pathologies. If applied to such cellular systems, in-cell NMR could be combined with 

other cell biology techniques, such as live cell imaging techniques, protein functional 

assays, cell function assays and immunoblotting or immunoprecipitation techniques, 

thus providing direct correlation between the whole-cell view and the structural features 

of the underlying components. In this context, the approach of in-cell NMR by protein 

expression in human cells should easily integrate with those cell biology techniques, 

which already rely on the overexpression of proteins in cultured cells, that would 

complement the atomic-level description with information on the cellular localization of 

the protein and on the functional and metabolic state of the cell.  
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