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Fig. 1: Schematic representation of a mitochondrion 

1.1 Mitochondria 
 

Mitochondria are essential organelles found in the cytoplasm of almost all eukaryotic cells and 

they are responsible for several processes that are critical for cell survival. Mitochondria 

generate most of the cell's supply of adenosine triphosphate (ATP), used as a source of chemical 

energy1. Additionally they are involved in a range of other processes, such as signaling, cellular 

differentiation, cell death, as well as the control of the cell cycle and cell growth2. Mitochondria 

have been implicated in several human diseases, including mitochondrial disorders and cardiac 

dysfunction, and may play a role in the aging process. 

These organelles are rod-shaped and range in size from 0.5 to10 μm. The structure is composed 

of different compartments that carry out specialized functions. These compartments are the outer 

membrane, the intermembrane space (IMS), the inner membrane, and the matrix (Fig. 1). The 

inner membrane is highly convoluted, forming folds called cristae. The cristae greatly increase 

the inner membrane's surface area for hosting the enzymes essential for respiratory chain. 

Mitochondria also contain own DNA and ribosomes for synthesis of few proteins which are 

localized to the matrix. 

 

1.1.a Structure 
 

Outer membrane 

The outer mitochondrial membrane encloses the entire organelle and has a protein-to-

phospholipid ratio identical to that of 

the eukaryotic plasma membrane 

(about 1:1 by weight). It contains 

large numbers of integral proteins 

called porins. These porins render it 

permeable to molecules of about 5 

kDa or less (the size of the smallest 

proteins)3 Larger proteins can enter 

the mitochondrion if a signalling 

sequence at their N-terminus binds to 

a large multisubunit protein called 

Translocase of the Outer Membrane, 

which then actively moves them across the membrane.4 

http://en.wikipedia.org/wiki/Eukaryote
http://en.wikipedia.org/wiki/Cell_(biology)
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Intermembrane space 

The intermembrane space is the region between the outer membrane and the inner membrane. 

Because the outer membrane is freely permeable to small molecules, the concentrations of small 

molecules such as ions and sugars in the intermembrane space are similar to the cytosolic ones3. 

However, large proteins must have a specific signalling sequence to be transported across the 

outer membrane, the protein composition of this space is different from the protein composition 

of the cytosol. Disruption of the outer membrane permits proteins in the intermembrane space to 

leak into the cytosol, leading to certain cell death.5 

Inner membrane 

The inner mitochondrial membrane contains proteins with several types of functions:3 1) 

performs the redox reactions of oxidative phosphorylation, 2) ATP synthase, which generates 

ATP in the matrix, 3) specific transport proteins that regulate metabolite passage into and out of 

the matrix,4) protein import machinery, 5) mitochondria fusion and fission protein 

The inner membrane is freely permeable only to oxygen, carbon dioxide, and water. It has a very 

high protein-to-phospholipid ratio (more than 3:1 by weight). The inner membrane hosts around 

1/5 of the total protein in a mitochondrion.3 In addition, the inner membrane is rich in an unusual 

phospholipid, cardiolipin. This phospholipid is usually characteristic of mitochondrial and 

bacterial plasma membranes.6 Cardiolipin contains four fatty acids rather than two and may help 

to make the inner membrane impermeable.3 Unlike the outer membrane, the inner membrane 

does not contain porins and is highly impermeable to all molecules. Almost all ions and 

molecules require special membrane transporters to enter or exit the matrix. Proteins are 

translocated into the matrix via the Translocase of the Inner Membrane (TIM) complex or via 

Oxa1.4 In addition, there is a membrane chemical potential across the inner membrane formed by 

the action of the enzymes of the electron transport chain. 

Cristae 

The inner mitochondrial membrane is compartmentalized into numerous cristae, which increase 

the surface area of the inner mitochondrial membrane, enhancing its ability to produce ATP. For 

typical liver mitochondria the area of the inner membrane is about five times greater than the 

outer membrane. This ratio is variable and mitochondria from cells that have a greater demand 

for ATP, such as muscle cells, contain even more cristae. These are not simple random folds but 

rather invaginations of the inner membrane, which can affect overall chemiosmotic function.7 

The Matrix 

The matrix is the space enclosed by the inner membrane. It contains about 2/3 of the total protein 

in a mitochondrion.3 The matrix is important in the production of ATP with the help of the ATP 
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synthase contained in the inner membrane. The matrix contains a highly-concentrated mixture of 

hundreds of enzymes, special mitochondrial ribosomes, tRNA, and several copies of the 

mitochondrial DNA genome. Of the enzymes, the major functions include oxidation of pyruvate 

and fatty acids, and the citric acid cycle.3 

 

1.1.b Function 
 

The most important role of mitochondria is the synthesis of ATP (Fig. 2). Mitochondrion 

accomplishes this vital role in the matrix by oxidizing pyruvate and NADH which are produced 

in the cytosol during glycolysis. Pyruvic acid is first oxidized by NAD+ producing NADH and it 

is then decarboyxlated producing carbon dioxide and acetyl-CoA. The acetyl-CoA is delivery to 

the citric acid cycle where NADH, FADH2 are generated and protons are pumped into the IMS 

generating an electrochemical gradient. The inner membrane contains 5 complexes that are very 

important for ATP production: NADH dehydrogenase, succinate dehydrogenase, cytochrome c 

reductase, cytochrome c oxidase and ATP synthase.  

 

 

Mitochondria have other additional functions: regulation of the membrane potential, apoptosis- 

programmed cell death8, calcium signaling (including calcium-evoked apoptosis)9, cellular 

proliferation regulation10, regulation of cellular metabolism10, certain haems synthesis reactions11 

and steroid synthesis12. 

Fig. 2 Diagram of the electron transport chain in the mitochondrial intermembrane space 

http://www.mitochondrial.net/showcitationlist.php?keyword=acetyl-CoA
http://en.wikipedia.org/wiki/Steroid
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1.1.c Diseases 
 

Mitochondrial diseases result from failures of the mitochondria which are present in every cell of 

the body except red blood cells. Diseases of the mitochondria appear to cause the most damage 

to cells of the brain, heart, liver, skeletal muscles, kidney and the endocrine and respiratory 

systems. Depending on which cells are affected, symptoms may include loss of motor control, 

muscle weakness and pain, gastro-intestinal disorders and swallowing difficulties, poor growth, 

cardiac disease, liver disease, diabetes, respiratory complications, seizures, visual/hearing 

problems, lactic acidosis, developmental delays and susceptibility to infection. Mitochondrial 

and metabolic medical conditions are often referred to as mitochondrial cytopathies. 

Mitochondrial cytopathies actually include more than 40 different identified diseases that have 

different genetic features. The common factor among these diseases is that the mitochondria are 

unable to completely degrade food and oxygen in order to generate energy. Mitochondrial 

disorders may be caused by mutations, acquired or inherited, in mitochondrial DNA (mtDNA) or 

in nuclear genes that code for mitochondrial components. They may also be the result of 

acquired mitochondrial dysfunction due to adverse effects of drugs, infections, or other 

environmental causes. There are no cures for mitochondrial diseases, but treatment can help 

reduce symptoms, or delay or prevent the progression of the disease. Certain vitamin and 

enzyme therapies like Coenzyme Q10, B complex vitamins, might be helpful for some patients. 

Other treatments that might be prescribed include diet therapy and antioxidant treatments as 

protective substances. 

 

1.2 Translocation of proteins into mitochondria 
 

The most part of the mitochondrial proteome is synthesized by ribosomes in the cytosol and then 

imported into mitochondria. Which is the driving force that targets these proteins to the right 

mitochondrial compartments? The cytosolic precursors contain a targeting signals. These 

targeting signals can be distinguished in a cleavable presequence at the N-terminus or an internal 

targeting signal. The N-terminal targeting sequences are also called Matrix-Targeting Sequences 

(MTSs), they direct the preproteins into the matrix and they consist of 10-80 amino acid residues 

and in most of cases are proteolitically removed by the mitochondrial processing peptidase 

(MPP)13,14. Numerous mitochondrial preproteins, however, do not carry cleavable presequences, 

but contain internal signals in the mature part of the protein. Proteins of this type are for example 

http://en.wikipedia.org/wiki/Mutations
http://en.wikipedia.org/wiki/MtDNA
http://en.wikipedia.org/wiki/Drugs
http://en.wikipedia.org/wiki/Infections
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the carrier proteins of the inner membrane, some intermembrane proteins and the outer 

membrane proteins15-17. The nature of these signals still remains largely unknown. 

Once these proteins are targeted to the mitochondria, they translocate through the mitochondrial 

membranes, and sorted to the different mitochondrial compartments. These pathway are 

mediated by specific machineries in the outer and inner mitochondrial membranes (Fig. 3). 

These machineries are in particular the preprotein Translocase of the Outer Membrane (TOM) 

that allows all types of preproteins to cross 

the outer membrane. In the inner 

membrane, there are two different 

translocases: the presequence translocase 

(TIM23 complex), which works with the 

matrix molecular chaperone Hsp70, 

allowing the preprotein translocation into 

the matrix and the carrier translocase 

(TIM22 complex) that mediates the 

insertion of hydrophobic proteins into the 

inner membrane. Apart from the TOM 

complex, in the outer membrane there is 

another complex (TOB/SAM complex), that catalyzes the membrane insertion and assembly of 

β-barrel proteins. Moreover the import of cysteines-rich proteins in the intermembrane space is 

dependent on the combined action of the TOM complex and the Mia40-ALR disulfide relay 

system in the intermembrane space. 

 

1.2.a The TOM complex 
 

The TOM complex (Translocase of the Outer Membrane) is the major translocase in the 

mitochondria membranes. It cooperates with other mitochondrial translocases to sort proteins 

into the outer membrane, the intermembrane space. The TOM complex, is a multisubunit 

complex of ca. 450 kDa composed of seven subunits (the so-called TOM holo complex): Tom70, 

Tom40, Tom22, Tom20, Tom7, Tom6, Tom518 (Fig. 3). The TOM complex mediates the 

translocation across and insertion into the outer membrane of virtually all nuclear encoded 

mitochondrial preproteins. Hence, it should be able to recognize and decode all types of 

mitochondrial targeting signals. Preproteins are recognized on the mitochondrial surface by the 

receptor subunits of the TOM complex, Tom20, Tom22, and Tom70. Subsequently, preproteins 

Fig. 3: Translocation and assemly of proteins 
into mitochondria. (Reprint from Pfanner N, 
2006). 
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Fig. 4: Protein translocation across and into the outer 
mitochondrial membrane. (Reprint from Wiedemann et al., 
JBC, 2004). 

are transferred into the protein conducting channel of the TOM complex, also known as the 

General Import/Insertion Pore (GIP), and translocated through the outer membrane into the 

intermembrane space. TOM core complex is constituted by a central core termed GIP and two 

initial receptors (Tom20 and Tom70) which are more loosely associated with this complex. They 

are both anchored in the outer membrane with N-terminal transmembrane region and expose 

hydrophilic domains to the cytosol. Tom20 and Tom70 have different substrate specificity, but 

also a partially overlapping function. Tom20 is the major receptor for the MTS presequence-

containing preproteins whereas Tom70 recognizes precursors of inner membrane proteins 

lacking a N-terminal presequence. 

Structural analysis of a part of the 

cytosolic domain of Tom20 in a 

complex with a prepeptide, showed 

the presence of a binding groove for 

the hydrophobic surface of the 

MTS19. On the other hand, TPR 

(TetratricoPeptide Repeat) 

motives of Tom70 contain a site 

for docking of the chaperones 

Hsp90 and Hsp70 which deliver precursors of members of the solute carrier family to the TOM 

complex. Both the receptors pass on the precursor proteins to the GIP core. The TOM complex 

contains a central subunit called Tom40 (Fig. 4), a β-barrel protein which forms a translocation 

channel and three small subunits, Tom5, Tom6 and Tom7. Tom22 serves as an additional 

receptor of the complex and has a central role in the integrity of the TOM complex20. The 

receptor domains of Tom20, Tom22 and Tom70 are exposed to the cytosol and form a so-called 

cis-binding site. It is assumed that the increasing affinities for targeting signals drive 

translocation through the TOM complex21-23. 

 

1.2.b The TIM23 Translocase 
 

The TIM23 complex is the major preprotein translocase of the inner membrane of mitochondria. 

It mediates translocation of preproteins across and their insertion into the inner mitochondrial 

membrane. This translocation is driven by the electrochemical potential across the inner 

membrane and by the hydrolysis of ATP. The TIM23 complex can be divided into different 
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Fig. 5: The TIM23 complex is the major 
translocase of the inner membrane. The 
complex can be structurally and 
functionally subdivided into the 
membrane-embedded translocation unit 
(light grey) and the import motor (dark 
grey) located at the matrix face of the 
channel. (Reprint from Mokranjac et al., 
Biochem Soc Trans, 2005). 

parts: those ones which form a membrane-embedded part of the complex and those ones which 

form the import motor (Fig. 5). 

The membrane sector is constituted of three subunits, Tim50, Tim23 and Tim17. The import 

motor is formed by Tim14(Pam18), Tim16(Pam16), Tim44, Mge1 and mtHsp70. The TIM23 

complex contains two additional proteins, Tim21 and Pam17 which are, however, neither 

essential for cell viability nor for the function of the complex. 

Protein import across and into the inner 

membrane depends on the membrane potential. 

The net negative charge on the matrix side of the 

inner membrane creates an electrochemical force 

on the positively charged presequences and 

contributes to their translocation across the inner 

membrane24. Furthermore this membrane 

potential seems to activate and open the channel 

formed by Tim23 and Tim1725,26. This potential 

is necessary only during the initial steps of the 

import through the TIM channel and not during 

the translocation of the mature portion of the 

preprotein24,27. 

The translocation of preproteins into the matrix 

requires the action of the import motor of the 

TIM23 complex. It is a Hsp70 chaperone 

system. Its key player is mtHsp70 whose ATP-

dependent reactions of binding to and release 

from the translocating polypeptide lead to the vectorial transport into the matrix.  

 

1.2.c The TIM22 pathway 
 

The inner membrane proteins of mitochondria belong to several different families. These 

proteins follow different sorting pathways. Solute carriers and hydrophobic TIM subunits 

(Translocase of the Inner mitochondrial Membrane) are inserted into the inner membrane by the 

inner membrane complex, TIM22 translocase. Inner membrane proteins with only one 

transmembrane region, are arrested at the level of the TIM23 complex. The last class of the inner 

membrane proteins follows the soluble translocation in the matrix (Fig. 6). 
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Fig. 6: Sorting 
pathways of 
inner membrane 
proteins. (Reprint 
from Neupert et 
al., Annu Rev 
Biochem, 2007). 

 
The TIM22 complex is constituted of three membrane proteins Tim22, Tim54 and Tim18 with 

which the small Tim proteins, Tim9, Tim10 and Tim12, are connected. Tim22 is the core of the 

complex and is able to mediate the insertion of carrier proteins even in the absence of Tim54 and 

Tim18. The small Tim subunits form a complex bound to the IMS side of the TIM22 complex28. 

All the substrates of this pathway are membrane proteins with transmembrane segments that 

exposes their N- or C- termini in the IMS. The targeting information of these proteins takes place 

at three levels: at the surface of mitochondria to mediate the binding to the Tom70 receptor, in 

the IMS to bind to the Tim9-Tim10 complex and the level of the inner membrane for the 

insertion by the TIM22 translocase. 

Membrane insertion is dependent on the membrane potential29,30. This insertion is facilitated by 

the Oxa1 complex31. Oxa1 belongs to a huge family of proteins with members in mitochondria, 

chloroplasts and bacteria32,33. 

 

1.2.d The TOB/SAM complex 
 

The Tom complex transfers preproteins across the outer membrane and mediates the insertion of 

proteins into the outer membrane. There are different classes of outer membrane proteins that 

follow different insertion processes. An interesting class is represented by β-barrel membrane 

proteins. Their insertion into the outer membrane requires the concerted action of both TOM 

complex and the Translocase of Outer β-Barrel proteins (TOB)34, also called the Sorting and 

Assembly Machinery (SAM) complex35. 

The TOB complex is constituted by three components: Tob55 and two hydrophilic subunits. 

Precursor of β-barrel proteins interact with the receptors of the TOM complex and they pass 

through the TOM channel. In the IMS, complexes of Small Tim proteins guide the precursors 
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from TOM to TOB complex, which inserts and assemblies them into the outer membrane (Fig. 

7). 

 
 

1.2.e Protein import into the intermembrane space 
 

Proteins that are targeted to IMS are involved in a lot of processes such as the control of the 

regulated cell death and are directed into IMS via two different routes: the bipartite presequences 

pathway and the redox-dependent MIA pathway. 

Some proteins contain a N-terminal MTS followed by a hydrophobic sorting signal, which 

arrests translocation in the matrix through the TIM23 complex. So the precursors are laterally 

transferred into the inner membrane and bipartite presequences are removed by proteolytic 

cleavage or remain attached to the inner membrane through transmembrane domains16,36-38. 

Other IMS proteins which have low molecular weight (less than 15-20 kDa), are synthesized 

without a presequence and contain highly conserved cysteines motifs that can form disulfide 

bonds and/or bind metal ions16,39. The translocation of these proteins across the TOM complex 

requires their oxidative trapping in the IMS. The folding is reached by the acquisition of 

cofactors/metal and/or the formation of disulfide bridges. This type of transport is regulated by 

MIA (Mitochondrial IMS import and Assembly) machinery40-4342-45. Two essential members of 

the MIA machinery have been identified, Mia40 and ALR. This import pathway represents the 

first example where transport of proteins is coupled to the formation of covalent bonds between 

Mia40 and the translocating substrate. 

 

1.3 The disulfide relay system in the IMS of mitochondria 
 

The bacterial cytoplasm is a compartment that maintains the cysteine residues of most of the 

proteins in their reduced state. This reduced state is preserved by the thioredoxin system and the 

glutathione/glutaredoxin system44,45. The corresponding mitochondrial compartment, the matrix 

space, also contains similar thioredoxin and glutathione/glutaredoxin systems to maintain its 

highly reducing potential46. The bacterial periplasm has a more oxidative environment and most 

Fig. 7: Working model of the 
import mechanism of 
mitochondrial ß-barrel 
membrane proteins. (Reprint 
from Paschen et al., Trends 
Biochem Sc, 2005). 



Introduction 
 

11 

of proteins contain disulfide bridges40,47,48, which can be formed by an oxidative folding pathway 

constituted by proteins of the Dsb family, DsbA and DsbB49,50. The IMS of mitochondria 

counterpart is supposed to be reducing since porins allow the free passage, across the outer 

membrane, of small molecules (up to 6 kDa) such as reduced glutathione51. However, IMS has a 

GSH/GSSG ratio that indicate a redox potential of –255mV for the IMS, which is more 

oxidizing than the cytoplasm and the matrix (the values of the redox potential are respectively –

286 and –296 mV)52 and it does not contain glutaredoxins. In IMS it is possible to distinguish 

three classes of proteins that contain disulfide bonds arranged in a CHCH motif: the CX3C motif, 

the CX9C motif and other Cys-rich proteins. 

 

1.3.a Proteins with CX3C motif 
 

The small Tim proteins are ATP-independent molecular chaperones of the mitochondrial IMS 

that facilitate the import and insertion of outer and inner membrane proteins53-55. These 

chaperones are soluble heterohexameric, a3b3 complexes of about 70 kDa consisting of either the 

essential Tim9 and Tim10 subunits56-59, or the non-essential Tim8 and Tim13 subunits60,61. 

Tim12, the fifth member of this family, is found only on the surface of the inner membrane in 

association with the TIM22 insertion machinery.  

These proteins are about 10 kDa in size, they are conserved from yeast to mammals and plants 

and share a characteristic twin CX3C motif. These cysteines are crucial for the folding of the 

proteins62,63. In the folded state, the four cysteines are juxtaposed to form two intramolecular 

disulfides, an inner pair connecting the second and third cysteine and an outer pair connecting 

the first and fourth cysteine64. Formation of these intramolecular disulfide bonds is essential for 

the correct folding of the small Tim proteins into hexameric complexes, as demonstrated by the 

crystal structures of the Tim9/Tim10 and the Tim8/Tim13 complexes62,65. 

The small Tim proteins are produced in the cytoplasm without a targeting signal and they are 

translocated across the TOM40 channel in a fully reduced state. In the following step, the MIA 

machinery, through the Mia40 protein41,66, catalyses the oxidative folding of the incoming 

precursors. In the last step the oxidized proteins are able to form the native heterooligomeric 

complex64. Mia40 determines the specificity of the substrate into the IMS by selective binding to 

a specific cysteine residues of the precursors, thus performing a receptor-like function64,67. In this 

proposed pathway the other component of MIA machinery, ALR, is involved in a following step 

of the process, reoxidizing the reduced disulfide of Mia40, in such a way regenerating Mia40 

chaperone in the correct redox state to accept another molecule of precursor68,69. The general 
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hypothesis that has been formulated suggest that ALR, Mia40, and IMS precursors constitute the 

disulfide relay system. 

 

1.3.b Proteins with CX9C motif 
 

Most of the proteins with twin CX9C motif have a particular arrangement containing a coiled-

coil-helix-coiled-coil-helix (CHCH) folding domain. Typical examples of this proteins family 

are Cox17, Cox19 and Mia4070-73. These proteins are also substrates of the Mia40/ALR 

machinery. Recently, it has been found that in yeast and human, Cox17 import into the IMS is 

catalyzed by a disulfide relay system involving Mia40 and ALR proteins, which can facilitate the 

formation of the partially oxidized Cox172S-S state40. 

Cox17 is an essential and highly conserved protein in eukaryotic organisms. Yeast and 

mammalian Cox17 share six conserved cysteine residues, which are involved in complex redox 

reactions as well as in metal binding and transfer. Cox17 is a the mitochondrial copper 

chaperone responsible for supplying copper ions, through the assistance of Sco1, Sco2, and 

Cox11, to Cytochrome c Oxidase74,75. CcO (Cytochrome-c Oxidase) is the terminal complex in 

the respiratory chain that transfers electrons from cytochrome-c to molecular oxygen76. Electron 

transfer by CcO is supported by two haems and three copper ions located in subunits I and II 

(Cox1 and Cox2) containing CuB and binuclear CuA copper centers, respectively77. Cox17 exists 

in both the cytoplasm and mitochondrial IMS70 and yeast lacking Cox17 are respiratory-deficient 

due to a complete lack of CcO activity71. 

The human form of Cox17 is a 63-residue protein and it can exist in the IMS in three different 

oxidation states: from the fully oxidized protein with three disulfide bonds to a partially oxidized 

form with two disulfide bonds or to a fully reduced state where no disulfide bonds are 

present78,79. The partially oxidized state can bind one Cu(I) ion with two consecutive Cys 

residues at positions C23 and C2474, whereas the fully oxidized state is not able to bind copper78.  

The importing protein Mia40 (Mitochondrial Import and Assembly 40) is essential for viability 

of cells in S. cerevisiae41,42. The protein is highly conserved form yeast to humans and this high 

conservation through evolution reflects its important function. 

Mia40 resides in the IMS, either as soluble protein or as N-terminally anchored to the inner 

membrane41,66. In fungi, the protein is synthesized as preprotein with a MTS followed by a 

hydrophobic transmembrane segment. Thus, the protein is imported into mitochondria via the 

TOM and the TIM23 complexes in a membrane potential-dependent manner. The N-terminal 

targeting signal is removed by the Matrix Processing Peptidase and the protein is laterally sorted 
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to the inner membrane by the hydrophobic segment. Thereby, the protein is anchored to the inner 

membrane with its major part protruding into the IMS42,66. On the other hand, Mia40 homologs 

in higher eukaryotes lack the N-terminal signal which includes this transmembrane region and 

the mitochondrial targeting signal41, so these proteins are smaller in size and soluble in the IMS 

of mitochondria. All homologs have a highly conserved domain of about 60 aminoacid residues. 

This domain contains six invariant cysteine residues in a CPC-CX9C-CX9C arrangement. 

Replacement of a cysteine pair either in the CPC or in one of the CX9C segments with a pair of 

serine residues was lethal, indicating the crucial role of the cysteine residues for the function of 

Mia40p42. 

The human form of Mia40, 142-residue protein, adopts different redox states indicating redox 

switches of its cysteine residues40. Substrate proteins for Mia40 are IMS proteins of less than 20 

kDa containing characteristic cysteine motifs, organized in twin CX3C, twin CX9C or CX2C 

motifs80. Among them there are the copper chaperone Cox17 and the small Tim proteins. 

It has recently been found that Mia40 is the first component of the oxidative folding trap 

machinery41,42,66. Mia40 binds transiently to precursor proteins such as Cox17 and Tim10, 

imported into the IMS, facilitating their passage across the outer membrane and their trapping in 

the IMS40.  

Mitochondria lacking functional Mia40 are selectively inhibited in the import of these proteins 

and have reduced endogenous levels of them as a consequence41,42,66. 

Mia40 forms a transient intermediate with imported precursor proteins via an intermolecular 

disulfide bond as demonstrated by Mesecke and colleagues40. In a cascade of oxidoreductase 

reactions, electrons are then transferred from Mia40 to ALR and finally to either oxygen or 

cytochrome c63. 

 

1.3.c Proteins with disulfide bonds in the IMS 
 

In the IMS there are other proteins with disulfide bonds that do not contain a twin CX3C motif 

nor a twin CX9C motif such as Cox11, Sco1, CCS1, SOD1 and ALR. 

Cox11 is necessary to incorporate copper into the CuB site of cytochrome c oxidase81,82. It has 

been suggested that a dimeric form of the protein might be stabilized by an intermolecular 

disulfide bond83. Another protein involved in the assembly of cytochrome c oxidase is Sco184. 

Yeast Sco1 is constituted by a single transmembrane segment anchored to the inner 

mitochondrial membrane and an IMS soluble domain. The IMS domain harbours a single CX3C 

motif and these cysteines residues can be involved in disulfide exchange redox reactions85-87. 
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The copper/zinc-superoxide dismutase (SOD1) and its copper chaperone CCS1 are distributed 

between the intermembrane space and the cytosol, in addition to the nucleus and lysosomes. The 

role of SOD1 in the IMS should be to protect the cell from the damage of superoxide radicals 

generated by the respiratory chain88. The active enzyme is an homodimer that has one 

intramolecular disulfide bond and one copper and one zinc ion bound per monomer89. The 

activation of the SOD1 requires the copper chaperone CCS1, which forms an intermolecular 

disulfide bond to introduce copper and the disulfide bond into SOD1. SOD1 is imported into the 

intermembrane space in an immature form, lacking copper and zinc and a disulfide bridge and 

subsequently CCS1 is required for SOD1 maturation in the intermembrane space90, in such a 

way the latter protein is trapped in the IMS. Recently, Mia40 has been shown to be essential for 

trapping CCS1 and SOD1 in the IMS, being CCS1 the potential substrate of Mia40. 

Another class of IMS proteins includes sulfhydryl oxidases that are capable of forming disulfide 

bonds de novo.91 In general, these enzymes exist as homodimers, use FAD as essential cofactor 

and use oxygen or other proteins as final acceptors of electron. Typically they contain a CXXC 

motif, involved in the redox-reaction, close to the FAD moiety and amino- and/or carboxy-

terminal segments having Cys-conserved residues or motifs. Sulfhydryl oxidases typically 

function in intracellular compartments, i.e., endoplasmatic reticulum91 and IMS, to promote 

cysteine pairing by transfer of electrons from thiol groups directly or indirectly to molecular 

oxygen. 

One of this protein is ALR. The Saccharomyces cerevisiae protein Erv1 (essential for respiration 

and vegetative growth 1)92 and the human homologue ALR (augmenter of liver regeneration) are 

sulfhydryl oxidases working in the intermembrane space of mitochondria. ALR is found in a 

large number of different cell-types and tissues. Its activity is essential for the survival of the 

cell, for the biogenesis of mitochondria and for the supply of cytoplasmic proteins with 

mitochondrially assembled iron–sulphur clusters. A common peculiarity is a CXXC motif 

adjacent to the FAD mojety.91 Erv was found to be critical for mitochondrial biogenesis, 

respiratory chain function and progression through the cell cycle. High-resolution structures have 

already been determined by X-ray crystallography for Saccharomyces cerevisiae Erv293,94, 

Rattus norvegicus augmenter of liver regeneration (ALR)95-97, Arabidopsis thaliana ALR 

(AtALR)98 and African Swine Fever Virus (ASFV) pB119L99. 

Two isoforms of ALR are found to be present in hepatocytes. The shorter protein consists of 125 

amino acids (15 kDa) and lacks 80 residues at the amino terminus with respect to the longer 

protein which consists of 205 amino acids (24 kDa). The 15 kDa ALR protein exists only in the 

nucleus while the 24 kDa ALR protein is located in the cytosol and in the IMS100. 
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The ALR protein is a 48 kDa homodimer linked head–to-tail by two intermolecular disulfide 

bonds. Each monomer is arranged in a cone-shaped helical bundle (α1-α5) and is able to bind 

one molecule of FAD in a no covalent manner The N-terminal tail contains the CRAC motif, the 

putative catalytic site. In addition to this motif, a second cysteine pair is found in the C-terminus 

region and it has been proposed to work as “shuttle” of electrons between the N-terminal shuttle 

domain and FAD moiety. A working model predicts that a cysteine of the CRAC motif forms a 

mixed disulfide with an exogenous thiol group of the substrate101,102. In a second step another 

exogenous thiol group breaks the now formed mixed disulfide bond and leaves the active site 

reduced. The active site is regenerated by donating two electrons to CEEC site and then to the 

adjacent FAD, with the formation of one net disulfide. In this exchange of disulfides, the “shuttle 

motif” could mediate the redox communication between the CEEC motif and the substrate 

moiety.  

The FAD moiety is then reoxidized by shuffling of electrons to cytochrome c which transfers the 

electrons to the final electron acceptor oxygen. In an alternative pathway molecular oxygen may 

directly reoxidize ALR producing hydrogen peroxide. Hydrogen peroxide is then converted to 

water by the cytochrome c peroxidase103. 

Several data have demonstrated that ALR is involved in oxidation reactions of Mia40 which are 

required for the translocation of proteins into IMS. The absence of functional ALR leads to 

inhibition of the import of small proteins into IMS40,63. ALR seems to be involved in the 

reoxidation of Mia40, after its reaction with precursor proteins40, being this interaction between 

Mia40 and ALR taking place via disulfide bonds40. These data are also confirmed by the fact that 

in absence of ALR, Mia40 accumulates predominantly in the reduced form. 
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1.4 Aims and topics of the research 
 

The general aim of my PhD project was investigate the cascade of oxidoreductase reactions 

involving the Mia40/ALR machinery in the IMS. In particular, the attention was focused on the 

characterization at the molecular level of the electron transfer cascade involving Cox17/small 

Tims, Mia40 and ALR protein partners. 

In order to characterize the oxidative folding mechanism, the first step is the structural 

determination of Mia40, since it was not available in PDB. Indeed, the wild-type human Mia40 

solution structure is essential to clarify the disulfide exchange mechanism and the recognition 

mechanism occurring between the two partners. In a second step we have to characterize the 

covalent complexes between Cox17/small Tims and Mia40 by solution NMR spectroscopy in 

order to understand which is driving force that induce the oxidative protein folding. 

Finally, to elucidate how Mia40 is regenerated in the IMS, we need to characterize its interaction 

with its physiological partner, ALR. As previously described for Mia40, first we have to 

characterize the structure of ALR in both isoforms and the electron transfer mechanism 

occurring between the FAD-binding domain and the putative electron shuttling motifs within 

ALR. Then the following step will be to clarify the disulfide transfer mechanism at the atomic 

level between Mia40 and ALR and how the two partners specifically recognize each other motif. 

The relevance of understanding the molecular basis of the Mia40/ALR-dependent protein import 

machinery relies on that many substrates that undergo such kind of process are vital for the 

function and biogenesis of mitochondria. Indeed, these substrates are 'actors' in the electron 

transport chain, in metabolic processes and in superoxide detoxification process, in transport of 

polypeptides and metal ions. While the functions of many of the single components have been 

studied over the last years, we are now beginning to understand and clarify how IMS proteins are 

transported into the mitochondria after their synthesis in the cytosol, how they interact each other 

and how the influence of the Cys-redox state or metals on these processes can regulate the 

mitochondrial function.  
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X-ray crystallography and NMR spectroscopy are the two main techniques that provide 

structures of macromolecules at atomic resolution. Both techniques play a key role in structural 

and system biology for understanding the molecular functions and mechanisms of proteins which 

are involved in various physiological processes. Whereas X-ray crystallography requires single 

crystals, NMR measurements can be carried out in solution with possibility to adjust conditions, 

such as temperature, pH and salt concentration, to be as close as possible to the physiological 

fluids. Moreover NMR measurements not only provide structural data but also give information 

on the internal motions of proteins on various time scales, on protein folding and on intra-, as 

well as, intermolecular interactions supported also by molecular docking programs, such as 

HADDOCK (High Ambiguity Driven protein-protein DOCKing). 

 

2.1 NMR solution structure 
 

The standard step for NMR structure determination can be summarized with the following flow-

chart: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The power of NMR technique respect the other spectroscopic techniques, results from the fact 

that each NMR active nucleus gives rise to an individual signal in the spectrum that can be 

resolved by multi-dimensional NMR techniques. This becomes more difficult for larger 

molecular structures (more than 50 kDa) and puts a practical limit to the molecular size that can 
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be studied in detail by NMR. The standard protocol includes the preparation of an homogeneous 

and pure sample of the protein solution, the recording and handling of the NMR datasets, and the 

structural interpretation of the NMR data. 

 

2.1.a Sample preparation 
 

The first step to solve the three dimensional structure of biological macromolecules is the 

preparation of the sample, since a highly pure protein is required to perform the experiments. In 

fact, an inhomogeneous preparation and/or aggregation of the protein may severely compromise 

the structure determination. Therefore the first step in every protein NMR study involves 

optimization of the experimental conditions such as pH, ionic strength, and temperature that can 

often be adjusted to mimic physiological conditions. The macromolecule under study should be 

stable in the optimized conditions as long as possible. Proteins with a molecular weight larger 

than 10 kDa must be isotope enriched in 15N and 13C for an efficient structure determination 

because the most abundant carbon isotope (12C) does not give a NMR signal and the most 

abundant nitrogen isotope (14N) has undesired NMR properties. Triple labelled sample, 2H, 13C 

and 15N, is necessary for protein with larger size (more than 30 kDa). 

 

2.1.b NMR spectroscopy 
 

1D NMR spectra of biological macromolecules contain hundreds or even thousands of resonance 

lines which cannot be resolved in a such kind of spectra. So, the interpretation of NMR data 

require correlations between different nuclei, which are implicitly contained in 1D spectra but 

often difficult to extract. Multidimensional NMR spectra provide both, increased resolution and 

correlations which are easy to analyze. The crucial step in increasing the dimensionality of NMR 

experiments lies in the extension from one to two dimensions. A higher dimensional NMR 

experiment consists of a combination of two-dimensional (2D) experiments. All 2D NMR 

experiments use the same basic scheme which consists of the four following, consecutive time 

periods 

excitation - evolution - mixing - detection 

 

During the excitation period the spins are prepared in the desired state from which the chemical 

shifts of the individual nuclei are observed during the evolution period t1. In the mixing period 

the spins are correlated with each other and the information on the chemical shift of one nucleus 
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ends up on another nucleus of which the frequency is measured during the detection period t2. A 

resonance in the 2D spectrum, such as a cross peak, represents a pair of nuclei that suitably 

interact during the mixing time. The extension from a 2D to a n-dimensional (nD) NMR 

experiment consists in the combination of (n-1) two-dimensional experiments which contains 

only one excitation and one detection period but repeats the evolution and mixing times (n-1) 

times. A typical nD NMR experiment thus follows the scheme: 

 

excitation - (evolution - mixing)n–1 - detection 

 

where the bracket repeats (n–1) times. Only during the detection period the signal is physically 

measured and this period is often referred to as the direct dimension in contrast to the evolution 

periods which are referred to as indirect dimensions. 

The NMR multidimensional measurements almost always use protons (1H) and depending on the 

isotope labelling, 13C and/or 15N nuclei. For example a 3D spectrum can be obtained by 

correlating the amide groups with the α-carbon nuclei attached to nitrogen. The chemical shifts 

of these carbon nuclei are used to spread the resonances from the 2D plane into a third 

dimension. The sensitivity observed with these types of nuclei greatly increases if the sample is 

fully isotope labelled with 13C or 15N. The proton offers the best sensitivity and for this reason 

constitutes the preferred nucleus for detection of the NMR signal. The other nuclei are usually 

measured during evolution periods of multidimensional NMR experiments and their information 

is transferred to protons for detection. 

Beside 1H NMR, 13C direct detection technique provides a valuable alternative to overcome fast 

relaxation.1 Due to the smaller magnetic moment of the 13C nucleus, the transverse relaxation 

rates on 13C spins are much slower than 1H. By exciting 13C spins directly, the signal loss due to 

the fast relaxation of 1H during the magnetization transfer can be reduced.  

In proteins which are isotope labelled with 15N and 13C J couplings between 1H, 15N and 13C 

allow through-bond correlations across the peptide bonds. COSY- and TOCSY-type 

experiments, where COSY stands for COrrelation SpectroscopY and TOCSY for Total 

Correlation Spectroscopy, correlate different nuclei via J coupling.2,3 

Through-space correlations are instead measured via the nuclear Overhauser effect (NOE) and 

provide the basis for geometric information required to determine the structure of a 

macromolecule.4 The NMR method for protein structure determination relies on a network of 

distance constraints derived from NOEs between nearby hydrogen atoms in the protein.5 NOEs 

connect pairs of hydrogen atoms separated by less than about 6 Å. In contrast to COSY-type 
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experiments the nuclei involved in the NOE correlation can belong to amino acid residues that 

may be far apart along the protein sequence but close in space. For molecules with a molecular 

weight of more than 5 kDa the intensity of an NOE is approximately proportional to r-6 and to 

the molecular weight, where r is the distance between the two interacting spins. NMR 

experiments which measure the NOE are often referred to as NOESY experiments where 

NOESY stands for NOE SpectroscopY.6 

 

2.1.c Backbone and side chains resonance assignment 
 

For the analysis of NMR spectra and to solve the 3D structure, nearly complete assignments of 

signals in the spectra to individual atoms in the molecule are required. The application of 

multidimensional NMR spectroscopy allowed the development of general strategies for the 

assignment of resonance frequencies in proteins. All procedures use the known protein sequence 

to connect nuclei of amino acid residues which are neighbors in the sequence. 

For larger proteins extensive signal overlap prevents complete assignments of all 1H signals in 

proton spectra. This barrier can be overcome with 3D NMR technique and uniformly 13C and 15N 

labelled proteins. The resonance assignment of single (15N or 13C) labelled proteins using 3D 

experiments is basically an extension of a previous established strategy which exclusively relies 

on homonuclear 1H experiments. 

In 13C, 15N-labeled proteins a sequential assignment strategy is based on through-bond 

correlations across the peptide-bonds between sequential amino acids. Most of these correlation 

experiments use the three types of nuclei 1H, 15N, 13C and are referred to as triple resonance 

experiments. 

The triple resonance experiments 

exclusively correlate the resonances of 

the peptide backbone (HNi, Ni, Cαi, Hαi, 

Cαi-1, COi and COi-1). Figure 1 shows 

the spin system of the peptide backbone 

and indicates the size of the coupling 

constants used for magnetization 

transfer in double 13C-, 15N-labelled 

proteins. The 3D experiments used to 

identify the backbone resonances are 

HNCA and HNCACB, HN(CO)CA and 

Figure 1. Spin system of the peptide backbone and the size of 

the 1J and 2J coupling constants that are used for 

magnetization transfer in 13C-, 15N-labelled proteins. 
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HN(CO)CACB, HNCO and HN(CA)CO HBHA(CBCACO)NH.7 The HNCACB for example, 

correlates each 1H-15N group with both the intra- and the neighboring inter-residue Cα and Cβ. 

These four types of connectivities are discriminated using the HN(CO)CACB experiment, in 

which only the inter-residue HN-Cα and Cβ couplings are observed. 

Similar strategy can be used to assign the other resonances in the other triple resonance spectra. 

In the case of proteins with a molecular weight larger than 30 kDa the use of TROSY-type 

experiments8 is required. TROSY experiment can reduce the signal loss, which is the direct 

consequence of the slower correlation tumbling of large molecules which results in faster 

relaxation and consequently broader lines in the NMR spectrum. TROSY uses constructive 

interference between different relaxation mechanisms and works best at the highest available 

magnetic field strengths in the range of 700 to 900 MHz proton resonance frequency. With 

TROSY the molecular size of proteins accessible for detailed NMR investigations has been 

extended several fold. The TROSY technique benefits a variety of triple resonance NMR 

experiments as the 3D HNCA and HNCOCA9 and the TROSY-based NOESY experiments for 

the collection of structural constraints are also available.10 

Since the Hα and Cα/β chemical shifts have been assigned, 3D H(C)CH-TOCSY and (H)CCH-

TOCSY11 experiments are then used to link the side chain spin systems to the backbone 

assignments. These two experiments provide information for the assignment of the side chain 

protons and of the side chain carbons, respectively. 

A complete set of backbone chemical shifts for all Hα, Cα, Cβ and CO resonances can be used to 

predict the secondary structure of the protein.12 One technique in particular, the Chemical Shift 

Index (CSI)13 has been widely used for the quantitative identification and location of secondary 

structure in proteins. The method relies on the fact that the chemical shifts of the different nuclei 

in the protein backbone are related both to the type of amino acid and to the nature of the 

secondary structure they are located in. By comparing the actual chemical shift for a nucleus in a 

specific amino acid with a reference value, it is possible to predict in what secondary structure 

element the nucleus resides. The reference value that you compare with is the random coil 

chemical shift for that same nucleus in the same amino acid. 

PECAN14, Protein Energetic Conformational Analysis from NMR chemical shifts, optimizes a 

combination of sequence information and residue-specific statistical energy function to yield 

energetic descriptions most favorable to predicting secondary structure. Compared to prior 

methods for secondary structure determination, PECAN provides increased accuracy and range, 

particularly in regions of extended structure. 
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Another system for the secondary structure prediction is TALOS+ (Torsion Angle Likelihood 

Obtained from Shift and sequence similarity)15 which allowed to predict phi and psi backbone 

torsion angles using a combination of five (HA, CA, CB, CO, N) chemical shift assignments for 

a given protein sequence. 

 

2.1.d Collection of conformational constraints 
 

For use in structure calculation, geometric conformational information in the form of distances 

and/or torsion angles has to be derived from the NMR experiements. The latter have to be 

supplemented by information about the covalent structure of the protein, such as the amino acid 

sequence, bond lengths, bond angles, chiralities, and planar groups, as well as by steric repulsion 

between non-bonded atom pairs. Although a variety of NMR parameters contain structural 

information, an important information comes from NOE measurements which provide distance 

information between pairs of protons. Supplementary constraints can be derived from through 

bond correlations in the form of dihedral angles6. Further, PECAN and TALOS data provide, as 

mentioned before, informations on the type of secondary structure. Such information can be 

included in a structure calculation by restricting the local conformation of a residue to the α-

helical or β-sheet region of the Ramachandran plot through torsion angle restraints. Furthermore, 

hydrogen bonds can be experimentally detected via through-bond interactions16 and they can be 

useful during structure calculations of proteins. The intensity of a NOE, i.e. the volume V of the 

corresponding cross peak in a NOESY spectrum17,18 is related to the distance r between the two 

interacting spins by: 

V=<r-6>f (τc) (1) 

 

NOEs are usually treated as upper interatomic distance rather than as precise distance restraints. 

Adding the information on the distance between pairs of protons and their position in the 

polypeptide sequence allows construction of possible arrangements in which all distance 

constraints are fulfilled.  

Using NMR constraints, UNIO calculation programs fold a random generated 3D structure, in 

order to maximize the agreement between the structure and the experimental structural 

constraints. A NMR structure is represented by a family of conformers which are in good 

agreement with the experimental constraints imposed. The precision of the structure is measured 

by the root-mean-square-deviation (RMSD) of the coordinates of the protein atoms for each 
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conformer of the family from the mean structure and the accuracy of the structure is measured by 

an average target function of the family. 

 

2.1.e Structure calculation, refinement and validation 
 

Starting from chemical shifts and NOESY spectra the calculation of the structure of the proteins 

have been done with the programs ATNOS-CANDID19 coupled with CYANA-2.120 by using 

torsion angle dynamics algorithm. In this algorithm, the molecular dynamics simulation uses 

torsion angles as degree of freedom, while bond lengths, angles, and backbone peptide plane 

angles are fixed. 

In particular, ATNOS/CANDID program, based on the backbone and side-chains assignment, 

allow to obtain the automated NOESY peak picking (ATNOS) and the automated NOE 

assignment (CANDID). During the integration time steps, the best conformation was searched 

by minimized the deviation between the constraints and obtained conformations. Compared with 

other algorithms, torsion angle dynamics provides at present the most efficient way to calculate 

NMR structures. 

At the end of the structure calculation, an important question is if the structure calculation was 

“successful”. There are two important parameters to consider: i) whether the calculated 

structures fulfill the given restraints, ii) whether the calculations converge. The first parameter 

could be described by statistical report of the target function. In each calculation, 20 or 30 

conformers, among 200 or 400 conformers, with lowest final target functions were chosen to 

represent the solution structures. The average values of target function of the represent structures 

should be smaller than 1 Å2 and each single violation should be smaller than 0.3 Å2. The second 

parameter was evaluated by RMSD between these models. Only the family structure with 

backbone RMSD values close or less than 1 Å will be considered as “good”. 

The “good” structures obtained from torsion angle dynamics finally will be refined in AMBER 

program.21 In the final refinement, force field parameters are also considered. The refinement in 

explicit water box after the refinement in vacuum and a short molecular dynamic step 

calculations make the structure qualities further improved. 

The minimized structures could be imperfect or show a wrong fold, even if RMSD and target 

function values are accepted. The defect could be induced by only a few wrong assigned NOEs 

or other wrong local constraints. The validation package provides a tool to understand the quality 

of the structures. In this thesis, programs PROCHEK_NMR22,23, WHATIF24 and iCING 

webserver are used for the evaluations of the structure quality. The solution structures will be 
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accepted if more than 90% residues fall into the allowed region of Ramachandran plot and less 

than 1% residues in the disallowed region. 

PROCHEK_NMR22,23 provides a detailed check on the stereochemistry of a protein structure, 

while WHATIF24 try to assess the quality of a structure primarily by checking whether a number 

of different parameters are in agreement with their values in databases derived from high-

resolution X-ray structures. 

 

2.2 Molecular Docking for the study of protein-protein 

interaction 
 

Molecular docking have been investigated through the program HADDOCK 2.125. In the latter 

the docking process is driven by ambiguous (AIRs) and unambiguous interaction restraints, 

which are ambiguous and unambiguous distances between all solvent exposed residues involved 

in the interaction. HADDOCK protocol defines active and passive residues. The active residues 

are all residues showing a significant chemical shift perturbation after the formation of the 

complex, with a solvent accessibility higher than 50%; the passive residues are the residues 

which are surface neighbors of the active and have a solvent accessibility usually higher than 

50%. 

The docking protocol consists of three consecutive steps: 

a) rigid body minimization driven by interaction restraints (it0), in which 1000 structures of 

the complex have been generated; 

b) the best 200 structures in terms of total intermolecular energy were further submitted to 

the semiflexible simulated annealing in which side-chains and backbone atoms of the interface 

residues are allowed to move (it1); 

c) final refinement in Cartesian space in a explicit solvent (water). 

Finally the 200 structures obtained are clustered using a threshold of 7.5 Å of RMSD among the 

structure of the cluster.  

Clusters containing at least 4 structures were considered and analyzed on the basis of 

HADDOCK score value (HADDOCK score: 1.0*Evdw+0.2*Eelc+0.1*Edist+1.0*Esolv, where the 

four terms are respectively: van der Walls energy, electrostatic energy, distance restrains energy 

and desolvation energy), RMSD and Buried Surface Area. 
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2.3 15N relaxation in proteins 
 

Protein dynamics has an increasing relevance to understand how biological and chemical 

phenomena occur. Macromolecular functions are often associated to energetic transition, which 

are intimately connected with structural changes and molecular flexibility. The measurement of 
15N relaxation rates in isotopically enriched proteins is particularly useful for obtaining dynamics 

information since the relaxation of this nucleus is governed predominantly by the dipolar 

interaction with directly bound proton and by the chemical shift anisotropy (CSA) mechanism. 

In an 15N relaxation experiment, one creates non-equilibrium spin order and records how this 

relaxes back to equilibrium. At equilibrium, the 15N magnetization is aligned along the external 

field, and this alignment can be changed by radio frequency pulses. The magnetization will relax 

back to equilibrium along the direction of the magnetic field with a constant time called 

longitudinal relaxation time T1. When outside equilibrium the magnetization can have also a 

component perpendicular to the external magnetic field. The time constant for this spin 

component to return to equilibrium is called transverse relaxation time, T2. A third source of 

relaxation parameter is the heteronuclear NOE. This is measured by saturating the proton (1H) 

signal and observing changes in the 15N signal intensities. The relaxation parameters are related 

to the spectral density function, of the 1H-15N bond vector by the following equations26,27: 
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in which d=(μ0hγNγH/8πr3
NH) and c=ωNΔN/√3. Rex is a term introduced to account for 

microsecond to millisecond conformational exchange contributions to R2. 

The dynamic information contained in the relaxation rates are represented by the values of the 

spectral density function, J(ω), at several frequencies. The descriptions of the dynamics requires 

therefore the identification of a suitable model for the spectral density function, which must be 

consistent with the experimental relaxation rates. The spectral density is often expressed in terms 

of global tumbling parameters, and of local motional parameters. 
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2.3.a Data analysis 
 

Spectra Density Mapping 

The spectral density mapping approach was developed by Peng and Wagner in 199228. It makes 

use of six different relaxation parameters, which are used to map the spectral density function. 

These parameters are: 1) the longitudinal 15N relaxation rate, R1, 2) the transverse 15N relaxation 

rate, R2, 3) the 1H→15N heteronuclear NOE, 4) the relaxation rate of longitudinal two-spin order 

RNH(2HzNz), 5) the relaxation rate of anti-phase 15N coherence RNH(2HzNx,y) and 6) longitudinal 

relaxation of the amide protons. 

The method of spectral density mapping does not require any assumption regarding the form of 

the spectral density functions. Values of the spectral density functions of 1H-15N vectors are 

directly sampled at several relevant frequencies (e.g. 0, ωH-ωN, ωH+ωN, ωH, ωN). 

Drawbacks in this method reside in the fact that the three measurable relaxation parameters, R1, 

R2 and heteronuclear NOE, are insufficient to determine uniquely the values of the spectral 

density function at the five relevant frequencies in equations (2) to (4) and that anomalous 

behavior can be expected for the spectral densities at the three highest frequencies28. These 

problems can be overcome by a more recent approach called reduced spectral density mapping, 

in which the values of the spectral density function at ωH-ωN, ωH+ωN and ωH frequencies can be 

combined in a average spectral density <J(ωH)>29,30. A comparison of J(ω) measured at high and 

low frequencies provides a quantitative measure of the breadth of the frequency distribution 

accessed through the spatial fluctuations of the bond and the overall tumbling of the molecule. 

Model Free Approach 

A different method, called Model Free approach, has been introduced by Lipari and Szabo31. 

This model assumes that the overall rotation of the molecule can be described by a single 

correlation time (isotropic motion) and that this overall motion and the internal motions are 

independent. Then the total correlation function can be factored as: 

C(t)= C0(t)× CI(t)  (5) 

Where C(t) is the total correlation function, C0(t) is the correlation function characterizing the 

overall rotation and CI(t) is the correlation function characterizing the internal motions. As a 

consequence, the global spectral density function can be expressed as a weighted sum of 

Lorentzian functions. This is correct rigorously for isotropic rotational diffusion and 

approximately for anisotropic rotational diffusion. 
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The Lipari and Szabo formalism employs a minimum number of parameters to describe the 

overall isotropic tumbling motion of a macromolecule and the internal motions of the 1H-
15Nbond vector. The central equation in the Model Free Approach is: 
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where τm is the correlation time as a result of the isotropic tumbling motion of the entire 

molecule. The effective correlation time resulting from internal motions is described by τe, where 

τ -1=τm
-1+τe

-1. The order parameter S2 describes the degree of spatial restriction of the internal 

motion of the 1H-15N bond vector. It satisfies the inequality 0 ≤ S ≤ 1 and lower values indicate 

larger amplitudes of internal motions. As a consequence, for a nucleus rotating as a whole with 

the molecule, all contributions to the spectral density function derive from the overall tumbling; 

alternatively, extra contributions will be described by other motions with correlation times faster 

than the overall tumbling. 

An extended form of the model-free spectral density function has been developed by Clore and 

coworkers32 to describe internal motions that take place on two distinct time scales, differing by 

at least an order of magnitude. 

The contribution to relaxation of exchange processes 

The presence of exchange processes occurring in the micro-millisecond time scale produces 

dephasing of magnetization and contributes to make the transverse relaxation time shorter. 

A method to obtain a detailed analysis of exchange contribution is the measurement of R2 rates 

as a function of the refocusing times τCPMG(=1/(2νCPMG), where νCPMG is the frequency of 

repetition of 180° pulses during the Carr-Purcell-Meiboom-Gill (CPMG) sequence33 The 

contribution of the exchange processes (Rex) to the transverse relaxation rate can be expressed as 

follow34: 
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pA and pB are the populations of the sites A and B in a two-site exchange process, δω is the 

difference of Larmor frequencies between the sites and τex is the time constant for the exchange 

process. 
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2.4 X-ray crystallography 
 

X-ray crystallography can provide high-resolution structures of biological molecules such as 

proteins and nucleic acids and their complexes at atomic level. In order to visualize proteins in 

atomic resolution it is necessary to work with electro-magnetic radiation with a wavelength of 

around 0.1nm or Å35. The diffraction from a single molecule is too weak to be detectable. So, in 

order to amplify the signal it is necessary an ordered and repeated three-dimensional array of 

molecules, the crystal. If the crystal is well ordered, the diffraction will be measurable at high 

resolution and a detailed structure will result. The X-rays are diffracted by electrons in the 

structure and consequently the result of a X-ray experiment is a three-dimensional map showing 

the distribution of electrons in the structure36. From this electron density, the mean positions of 

the atoms in the crystal can be determined, as well as their chemical bonds chemical, their 

disorder and various other informations. The optimization of the crystallization conditions is 

very important since from the optimization will depend diffraction properties of a protein, and so 

this process can take a long time until a well-diffracting crystal (< 2.5 Å) is obtained. Protein 

crystals are almost always grown in solution. The most common approach is to lower the 

solubility of its component molecules gradually; if this is done too quickly, the molecules will 

precipitate from solution, forming a useless dust or amorphous gel on the bottom of the 

container. Crystal growth in solution is characterized by two steps: nucleation of a microscopic 

crystallite (possibly having only 100 molecules), followed by growth of that crystallite, ideally to 

a diffraction-quality crystal. It is extremely difficult to predict good conditions for nucleation or 

growth of well-ordered crystal37. In practice, favorable conditions are identified by screening; a 

very large batch of the molecules is prepared, and a wide variety of crystallization solutions are 

tested. The various conditions can use one or more physical mechanisms to lower the solubility 

of the molecule; for example, some may change the pH, some contain salts of the lyotropic series 

or chemicals that lower the dielectric constant of the solution, and still others contain large 

polymers such as polyethylene glycol (PEG) that drive the molecule out of solution by entropic 

effects. It is also common to try several temperatures for encouraging crystallization, or to 

gradually lower the temperature so that the solution becomes supersaturated. These methods 

require large amounts of the target molecule, as they use high concentration of the molecule(s) to 

be crystallized. The two most used methods for protein crystallization are both vapor diffusion 

techniques. These are known as the “hanging drop” and “sitting drop” methods38. Both entail a 

droplet containing purified protein, buffer, and precipitant being allowed to equilibrate with a 

larger reservoir containing similar buffers and precipitants in higher concentrations. Initially, the 
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droplet of protein solution contains an insufficient concentration of precipitant for crystallization, 

but as water vaporizes from the drop and transfers to the reservoir, the precipitant concentration 

increases to a level optimal for crystallization. Since the system is in equilibrium, these optimum 

conditions are maintained until the crystallization is complete.  
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4.1 Conclusions 
 

Recently a disulfide relay system, comparable to the one existing in ER, has been discovered to 

operate in the intermembrane space (IMS) of mitochondria.1 The essential components of this 

pathway are the oxidoreductase Mia40 and the sulfhydryl oxidase ALR. Substrates of this 

protein machinery are Cys-rich proteins, such as Cox17 and small Tims, which, once passed 

through the TOM channel and reached the IMS, encounter Mia40, that has a key role in their 

oxidative trapping. 

The structure determination of Mia40 was crucial to understand the electron transfer mechanism 

between Mia40 and its substrates (Cox17 and small Tims) and the substrate recognition-binding 

site of Mia40. The structure of the protein revealed a new type of oxidoreductase constituted by a 

folded central region. This region is formed by an α-hairpin core, common to other IMS proteins 

containing twin CX9C or CX3C motifs, kept together by two intramolecular disulfide bonds. The 

core of Mia40 is preceded by a N-terminal lid with a CPC motif, which is the active site of the 

oxidoreductase. 

 
We demonstrated that Mia40 introduces disulfides into the Cox17 and small Tims substrates. 

During the electron transfer between the oxidized and the reduced state, the CPC motif functions 

as the active site. An hydrophobic cleft, adjacent to the CPC motif, is the substrate recognition-

binding site and also stabilizes the interaction between Mia40 and its partners (Cox17 and small 

Tims) to form the covalent intermediate complexes between Mia40 and the substrates. 

Furthermore, we showed that this interaction induces the folding of these substrates, indicating 

Fig. 8: Import and folding 
pathway of CX9C proteins in 
the IMS of mitochondria. The 
precursor protein is imported 
across the TOM channel in a 
fully unfolded and reduced 
state. After its translocation is 
specifically recognized and 
bound by the oxidized form of 
Mia40 forming a transient 
intermolecular disulfide 
bridge. The subsequent 
transfer of disulfide to the 
substrate triggers its oxidative 
folding. 



Conclusions and Perspectives 
 

142 

that Mia40 also acts as a molecular chaperone for their substrates (Fig. 8). This mode of 

interaction determines an induced folding process concomitantly with the oxidation reaction. 

In order to regenerate active Mia40, needed to keep alive the oxidative-folding process with the 

incoming precursor, the sulfhydryl oxidase ALR enables the reoxidation of the Mia40 protein.2 

As in the case of Mia40, the structural characterization of ALR is important to study the 

molecular recognition between Mia40 and ALR. We solved the X-ray structure of the short form 

of human ALR. The structure is constituted by a 24-kDa homodimer connected by two 

intermolecular disulfide bonds. Each monomeric subunit has a cone-shaped five-helical bundle 

fold and the mouth of the cone is located near the FAD moiety, bound through hydrophobic 

interactions. Helix 3 contains residues C62 and C65, the catalytic site of the protein and it 

positioned close to the FAD moiety. NMR data show that ALR maintains the same structural 

properties in solution, behaving as a rigid dimer. 

The long form of human ALR, which is found in the IMS, maintains the same cone-shaped five-

helical bundle fold (α1-α5) of the short form but its additional ~80 residue long N-terminal 

shuttle domain is largely unstructured and highly flexible. However, a number of NH cross-

peaks belonging to residues close to the CXXC-FAD redox centre show significant chemical 

shift variations, indicating that the segment of the N-terminal shuttle domain interacts with the 

FAD-binding domain in the proximity of the catalytic site. 

Finally, we found that Mia40 is efficiently reoxidized by long form of ALR. The CPC motif of 

Mia40 and the CRAC motif of ALR are involved in the electron transfer mechanism, i.e. the 

disulfide bond formed by the two cysteine residues of the CRAC motif is reduced by Mia40 

concomitantly with the formation of two disulfide bonds within the CPC motif of Mia40. 

 

4.2 Perspectives 
 

The interaction between Mia40 and ALR needs to be better clarified. Specifically, how the 

electrons are shuttled from CRAC motif to the FAD moiety and how the protein recognition 

process between the long form of ALR and Mia40 functions are still open questions. So our 

future goal will be the structural characterization of covalent intra-molecular Cys-bridged ALR 

forms (disulfide formed between CRAC motif and CEEC catalytic motif) as well as covalent 

Cys-bridged complex formed between Mia40 and ALR. 

The functional link between two different mitochondrial pathways (oxidative protein folding and 

respiratory chain) is represented by the interaction between ALR and cyt c and the subsequent 
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electron transfer between cyt c and CcO. The future work will focus on the characterization of 

the electrons transfer reaction and protein-protein recognition between ALR and cyt c. 
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