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ABSTRACT 

 
Mitochondria are involved in numerous cellular processes such as respiration, 

ATP production, calcium signalling and apoptosis. About 99% of mitochondrial 

proteins are nuclear-encoded and need to be imported into mitochondria for 

their function. The MIA pathway is used by many cysteine-containing proteins 

for their import into the mitochondrial intermembrane space (IMS). The 

pathway comprises two essential proteins: the disulphide carrier and import 

receptor Mia40, and the FAD-dependent sulphydryl oxidase Erv1. Together 

these proteins form a disulphide relay system inside the IMS. Initially, 

substrate proteins are imported in their cysteine-reduced form, which is 

oxidised by Mia40 in the IMS. Then, the now reduced Mia40 is in turn re-

oxidised by Erv1. Finally, reduced Erv1 can transfer the electrons to oxygen 

directly, or via cyt c, to the respiratory chain. The overall aim of this study is 

to understand the structural and functional mechanisms of Erv1, from the 

effect of single mutations (R182H) to its quaternary structure and 

thermodynamic properties. The results are described in three chapters. First, 

biophysical techniques were used to evaluate the oligomerisation state of 

Erv1. Contrary to general belief, the results show that Erv1 adopts a tetramer 

conformation in solution. Tetramerisation provides Erv1 with a higher thermal 

stability, though it does not affect its oxidase activity. The second result 

chapter focuses on understanding the effects of a medically relevant mutant, 

Erv1 R182H, on the structure and function of the protein. The results show 

that at the physiological temperature of 37°C the mutant is less stable and 

becomes completely inactive after a few enzymatic cycles. The activity defect 

is linked to a weaker binding of the FAD cofactor in the mutant. Lastly, the 

third result chapter looks at the electron transfer within Erv1 from a 

thermodynamic perspective. Standard reduction potentials were determined 

for two of the three redox centres in Erv1. The results differ from those 

previously published, but are consistent with the current model of electron 

transfer in Erv1. Taken together, the results presented here offer an insightful 

perspective into the molecular mechanisms regulating Erv1. 
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A BIT OF WISDOM 

 

 

 

 

 

I hope to do it better in time. I myself am very far from satisfied with this but, well, 

getting better must come through doing it and through trying. 

 

Vincent van Gogh 

 

 

 

 

 

 

 

 

To doubt everything, or, to believe everything, are two equally convenient solutions; 

both dispense with the necessity of reflection. 

 

Henri Poincaré 

 

 

 

 

 

 

 

 

People learn something everyday, and a lot of times it’s that what they learned the day 

before was wrong. 

 

Bill Vaughan 
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1. INTRODUCTION 

 
Bioblasts, or what we now know as mitochondria, were first identified during 

the nineteen century by Richard Altmann and Carl Benda. Since then, they 

have been involved in numerous cellular processes such as respiration, 

adenosine triphosphate (ATP) production, calcium signalling, steroid 

biosynthesis and apoptosis (McBride et al., 2006). Furthermore, many 

diseases can be related to mitochondria, from neurodegenerative diseases like 

Alzheimer or Parkinson to premature aging, blindness and cancer (Wallace, 

2005, Brandon et al., 2006, Bishop et al., 2010). 

 

 A typical eukaryotic cell harbours between a hundred and several 

thousand mitochondria, which fuse and divide to form a continuous dynamic 

network permeating the entire cell. The mitochondrion is separated from the 

cell’s cytosol by a double membrane, a legacy of its bacterial origin. Hence, 

the mitochondrion is divided into four distinct compartments: matrix, inner 

membrane (IM), intermembrane space (IMS) and outer membrane (OM). 

However, the IM is highly folded and parts of it reach into the matrix forming 

tubular structures called cristae. This further divides the IMS into two sub-

compartments that are separated by cristae junctions: the intracristal space 

and the luminal space found between the IM and the OM (Frey and Mannella, 

2000, Mannella, 2006).  

 

 Mitochondria contain about 10% of the total cellular protein content, 

and yet, the mitochondrial genome is rather small counting only 8 and 13 

proteins in yeast and humans, respectively. Most mitochondrial proteins are 

nuclear-encoded and need to be imported into mitochondria for their function 

(Chacinska et al., 2009, Stojanovski et al., 2012). In the following sections the 

various mitochondrial import pathways are briefly described, with emphasis on 

the mitochondrial IMS import and assembly (MIA) pathway. Next, a detailed 

explanation is given on the structure and function of sulphydryl oxidases, with 

emphasis on Erv1, the disulphide generator of the MIA pathway and the main 

focus of this study. Last, the current knowledge on the MIA pathway, including 

its substrate proteins and the pathway components, is reviewed in detail. 
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Figure 1.1 Mitochondrial compartments 

Mitochondria can be divided into four compartments: matrix, outer membrane (OM), 

inner membrane (IM) and intermembrane space (IMS). The IM invaginations are 

called cristae. 
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1.1. Import and sorting into mitochondria 

 
The past two decades have seen a boom in the understanding of mitochondrial 

protein biogenesis. Eukaryotic cells have developed several mechanisms for 

the import of the approximately 99% of mitochondrial proteins that are 

nuclear-encoded. Although there is still plenty to be elucidated at the 

mechanistic level, much is already known about the general import pathways. 

Mitochondrial precursor proteins are generally synthesised in the cytosol and 

stabilised by cytosolic chaperons before their post-translational import (Young 

et al., 2003, Chacinska et al., 2009, Zara et al., 2009). There are five major 

mitochondrial import pathways regulated by various protein complexes (Figure 

1.2). These complexes are very dynamic with certain protein subunits being 

on and off a complex depending on the incoming precursor protein. Recent 

findings also suggest at least two of these complexes sometimes link to form a 

super-complex and expedite protein import (Chacinska et al., 2009, 

Stojanovski et al., 2012).   

 

 The final destination of precursor proteins depends on their 

mitochondria targeting signals, which can be divided into two major groups: 

1) N-terminal positively charged amphipatic -helices and, 2) internal 

targeting signals. The N-terminal targeting signals are the most ubiquitous 

and direct precursor proteins to either the IM or the matrix. Among the 

internal targeting signals three types have so far been identified: a) a -signal 

in the last strand of -barrel proteins sends them to the OM, b) a 

mitochondrial IMS sorting signal (MISS) directs proteins to the IMS, and c) 

some multiple internal targeting signals found in the hydrophobic 

transmembrane domains of certain IM proteins (Chacinska et al., 2009, 

Stojanovski et al., 2012). The current wealth of knowledge regarding the 

mitochondrial import pathways is summarised below. 
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Figure 1.2 Overview of mitochondrial import and sorting pathways 

Precursor proteins are imported post-translationally into mitochondria. Some -helical 

proteins (pink) are inserted directly into the OM by Mim1. All other mitochondrial 

proteins must traverse the OM via the TOM complex before they are directed to 

downstream sorting pathways. Matrix and some IM proteins (blue) use the TIM23 

pathway. The PAM complex is needed for the complete translocation of matrix proteins 

through the IM. IMS proteins (red) require both Mia40 and Erv1 for their import and 

oxidative folding. Multi-spanning IM carrier proteins (green) are chaperoned by the 

small Tim complexes to the TIM22 complex where they are inserted into the IM. 

Finally, OM -barrel proteins (black) are also chaperoned by the small Tim complexes 

but are instead directed to the SAM complex for their insertion into the OM. TOM: 

translocase of the outer membrane, TIM: translocase of the inner membrane, PAM: 

presequence translocase-associated motor, SAM: sorting and assembly machinery, 

IM: inner membrane, IMS: intermembrane space, OM: outer membrane. 
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1.1.1. TOM – Entry gate into mitochondria 

 
The translocase of the outer membrane (TOM) acts as the entry gate for 

nuclear-encoded mitochondrial proteins. Except for a few -helical proteins of 

the OM, all other precursor proteins must first pass through the TOM complex 

before they are sorted to their respective mitochondrial compartments (Figure 

1.1). The TOM complex is composed of seven proteins (Figure 1.3). Tom40 is 

a -barrel protein that forms the pores through which precursor proteins are 

translocated (Hill et al., 1998). Tom20 and Tom70 recognise N-terminal and 

internal targeting signals, respectively (Brix et al., 1997, Wu and Sha, 2006). 

Tom22 mediates the transfer of precursor proteins from Tom20 to Tom40 (van 

Wilpe et al., 1999, Shiota et al., 2011). Finally, the three small proteins Tom5, 

Tom6 and Tom7 contribute to the biogenesis, stabilisation and dynamics of the 

TOM complex (Dekker et al., 1998, Model et al., 2001). 

1.1.2. TOM/TIM22 – Insertion into the mitochondrial IM 

 
The translocase of the inner membrane 22 (TIM22) facilitates the insertion of 

multi-spanning membrane proteins into the mitochondrial IM (Figure 1.3 A). 

The import through the TIM22 pathway is best described by the biogenesis of 

metabolite carrier proteins like the ATP/ADP carrier or the dicarboxylate 

transporter (Sirrenberg et al., 1996). Carrier precursor proteins contain an 

internal targeting signal that is recognised by Tom70 in the surface of 

mitochondria (Wiedemann et al., 2001). The precursor proteins then traverse 

the TOM complex in a loop-like conformation using energy derived from the 

ATP hydrolysis of cytosolic chaperons (Young et al., 2003, Wu and Sha, 2006, 

Zara et al., 2007). Next, the Tim 9/10 hexameric complex chaperones the 

precursor proteins through the aqueous IMS, keeping them from aggregation 

and delivering them to the TIM22 complex (Curran et al., 2002, Baker et al., 

2009). The protein Tim12 binds the Tim 9/10 complex before the interaction 

with the TIM22 complex (Gebert et al., 2008). Four proteins form the TIM22 

complex: Tim54, Tim22, Tim18 and Sdh3. Precursor proteins initially interact 

with Tim54, which supposedly provides a binding site for the Tim 9/10/12 

complex. They are then inserted into the IM through the Tim22 protein 

(Rehling et al., 2003). The precise mechanism has yet to be unravelled but it 

requires the membrane potential and Tim22 dimerisation (Kovermann et al., 

2002). Finally, Tim18 contributes to the assembly of the TIM22 comple 



 21 

(Wagner et al., 2008). The function of Sdh3 is unknown but the protein was 

shown to interact with Tim18 (Gebert et al., 2011). 

 

 

 

 

 

 

Figure 1.3 TOM/TIM22 pathway 

Precursor proteins with hydrophobic internal targeting signals are delivered to Tom70 

by cytosolic chaperones. Translocation through the TOM complex occurs in a loop 

conformation. The small Tim 9/10 complex then chaperones the precursor proteins 

through the IMS towards the TIM22 complex. Tim12 and Tim54 mediate the transfer 

from the small Tim 9/10 complex to the Tim22 channel. Finally, precursor proteins are 

folded and released into the IM in a process requiring the membrane potential (). 

Tim18 and Sdh3 are required for the assembly and stability of the TIM22 complex. IM: 

inner membrane, IMS: intermembrane space, OM: outer membrane.  
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1.1.3. TOM/TIM23 – Import into the mitochondrial matrix and 

insertion into the IM 

 
The translocase of the inner membrane 23 (TIM23) is in charge of 

translocating precursor proteins into the mitochondrial matrix and also of 

inserting single-spanning membrane proteins into the mitochondrial IM (Figure 

1.4). The complex is composed of Tim23, Tim17 and Tim50. Another protein, 

Tim21, is found on and off the complex (Stojanovski et al., 2012). Tim21 

directly connects the TIM23 complex to the TOM complex, thereby preventing 

precursor proteins to interact with the IMS (Chacinska et al., 2005). All 

precursor proteins of this pathway contain a canonical N-terminal targeting 

signal that is recognised by the cytosolic domain of Tom20 (Brix et al., 1997). 

After going through the TOM complex the precursor proteins immediately 

interact with the IMS domain of Tim50. Then, they simultaneously interact 

with Tim50 and Tim23 while their C-terminal is still inside the TOM complex 

(Dekker et al., 1997, Chacinska et al., 2003, Tamura et al., 2009, Gevorkyan-

Airapetov et al., 2009). The insertion into Tim23 of the precursor proteins N-

terminal depends on the membrane potential (van der Laan et al., 2007). It is 

at this stage that the pathway for matrix and IM proteins differs. Besides the 

N-terminal targeting signal, IM precursor proteins also include a hydrophobic 

stop-transfer signal. This signal is identified by the TIM23 complex, which then 

releases the precursor protein into the mitochondrial IM (Alder et al., 2008). 

Finally, to obtain the mature protein the matrix processing peptidase (MPP) 

cleaves the N-terminal targeting signal (Taylor et al., 2001). Interestingly, the 

TIM23 complex that promotes IM insertion is coupled to the respiratory chain 

complexes cytochrome bc1 (complex III) and cytochrome c oxidase (complex 

IV). Association with these two complexes appears to stimulate the insertion 

into the IM in a yet uncharacterised manner (Dienhart and Stuart, 2008). 

 

 For precursor proteins directed to the matrix, the energy from the 

membrane potential is not sufficient for their complete translocation through 

the TIM23 complex. The presequence translocase-associated motor (PAM) 

functions on the matrix side of the TIM23 complex and provides extra energy 

derived from the hydrolysis of ATP (Stojanovski et al., 2012). Its central 

component is the mitochondrial heat shock protein 70 (mt-hsp70) that 

converts the energy from ATP hydrolysis into the vectorial translocation of 
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precursor proteins. The PAM complex includes several other proteins whose 

function is to regulate mt-hsp70 activity and aid in its binding to the TIM23 

complex (Neupert and Herrmann, 2007). Once inside the matrix, the N-

terminal targeting signal is cleaved by MPP to obtain the mature protein 

(Taylor et al., 2001). Remarkably, in this last stage of the pathway the TIM23 

complex has lost Tim21 and is therefore no longer bound to the TOM complex 

(Chacinska et al., 2003). 

 

 

Figure 1.4 TOM/TIM23 pathway 

Precursor proteins with an N-terminal targeting signal are preferentially recognised by 

Tom20 on the surface of mitochondria. The proteins traverse the OM through the TOM 

complex and are directed to the TIM23 complex by their interaction with Tim50. The 

TOM complex and the TIM23 complex are connected in a super-complex that prevents 

precursor proteins from interacting with the IMS. Entrance of the N-terminal sequence 

from precursor proteins into the TIM23 complex depends on the membrane potential 

(). (A) Precursor proteins with a hydrophobic stop-transfer signal are released into 

the IM. The TIM23 complex is no longer linked to the TOM complex but is now bound 

to cytochrome bc1 and cytochrome c oxidase (COX) of the respiratory chain. The 

mature protein is obtained by cleavage of the N-terminal targeting signal by MPP. (B) 

For their complete translocation, matrix proteins require the energy from both the  

and ATP hydrolysis by Hsp70. MPP cleaves the N-terminal targeting signal to obtain 

the mature protein. The TIM23 complex has lost Tim21 and is no longer bound to the 

TOM complex, but is now linked to the PAM complex. Pam16, Pam17, Pam18 and 

Pam44 help in the function of Hsp70 and in the binding of Hsp70 to TIM23. Mge1 

contributes to the ATP hydrolysis activity of Hsp70. MPP: Mitochondrial processing 

peptidase, IM: inner membrane, IMS: intermembrane space, OM: outer membrane.  
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1.1.4. TOM/SAM – Insertion of -barrel proteins into the mitochondrial 

OM 

 
The sorting and assembly machinery (SAM) controls the insertion and folding 

of -barrel proteins into the mitochondrial OM (Figure 1.5 A). Tom40 and porin 

are among the proteins that employ this pathway (Wiedemann et al., 2004). 

The SAM complex is composed of three membrane proteins: Sam50, Sam53 

and Sam57. In this import pathway precursor proteins enter the IMS through 

the TOM complex and immediately interact with one of the small Tim 

hexameric complexes (Tim 9/10 or Tim8/13) (Wiedemann et al., 2004). Next, 

the precursor proteins are chaperoned to the SAM complex where their -

signal is recognised by Sam53. Complex formation between the -signal, 

Sam53 and the pore-forming Sam50 initiates the insertion of the precursor 

protein into the SAM complex (Kutik et al., 2008). Lastly, the precursor 

proteins are folded and inserted into the mitochondrial OM by an unidentified 

mechanism occurring inside the SAM complex (Paschen et al., 2005, Kutik et 

al., 2008). The final release of the precursor proteins requires both Sam57 

and the N-terminal of Sam50 (Chan and Lithgow, 2008). 

1.1.5. Mim1 – Insertion of -helical proteins into the mitochondrial OM 

 
The insertion of -helical proteins into the mitochondrial OM by Mim1 is the 

latest mitochondrial import pathway discovered (Figure 1.5 B). As such, it is 

also the least understood of all the pathways. The precursor proteins of this 

pathway are simply inserted into the OM without having to go through the 

TOM complex (Stojanovski et al., 2012). Single-spanning membrane proteins 

like Tom20 and Tom70 only require Mim1 for their insertion as (Becker et al., 

2008, Hulett et al., 2008, Popov-Celeketic et al., 2008), while multi-spanning 

membrane proteins such as Ugo1 appear to need both Mim1 and the Tom70 

receptor (Otera et al., 2007, Papic et al., 2011). The mechanisms of precursor 

protein recognition and further insertion into the OM have not been identified.   
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Figure 1.5 TOM/SAM and Mim1 pathways 

A) Precursors of OM -barrel proteins use cytosolic chaperones for their delivery to 

 the TOM complex. The mechanism of translocation into the IMS is unknown 

 but, on the IMS side of the TOM complex, the precursor proteins are bound by 

 the small Tim complexes (Tim 9/10 or Tim 8/13). A -signal is then recognised 

 by Sam35, which promotes the interaction with the core protein Sam50. 

 Finally, the precursor proteins are folded and inserted into the OM. The 

 mechanism has not been elucidated but the final release into the OM requires 

 Sam57. OM: outer membrane, IMS: intermembrane space. 

B) Some OM -helical proteins do not require the TOM complex for their 

 mitochondrial import. Single-spanning transmembrane proteins employ Mim1 

 for their direct insertion into the OM, whereas multi-spanning transmembrane 

 proteins require both Mim1 and Tom70 (but not the TOM complex) for their 

 insertion. These two import pathways are still not well understood. OM: outer 

 membrane, IMS: intermembrane space. 
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1.1.6. MIA pathway – Import into the mitochondrial IMS 

 
The MIA pathway mediates the import of small, cysteine-containing IMS 

proteins that contain a MISS signal (Figure 1.6). The pathway employs two 

essential proteins, Mia40 and Erv1, each with redox-active disulphides. First, 

precursor proteins traverse the OM through the TOM complex and are tethered 

in the mitochondrial IMS by Mia40 (Naoe et al., 2004, Lutz et al., 2003). The 

interaction between Mia40 and precursor proteins is stabilised by formation of 

an intermolecular disulphide bond. The final result of this interaction is a 

precursor protein with a new disulphide bond and Mia40 with a reduced 

disulphide. Erv1 then reactivates Mia40 by oxidising the reduced disulphide 

(Mesecke et al., 2005). Finally, Erv1 itself is re-oxidised by reacting with either 

oxygen or cyt c (Bihlmaier et al., 2007, Bihlmaier et al., 2008), Interestingly, 

the latter reaction creates a link between the MIA pathway and the respiratory 

chain. The MIA pathway, and specifically Erv1, is reviewed in full in later 

sections. 

 

 

Figure 1.6 MIA pathway 

Precursor proteins enter the IMS in a cysteine-reduced form. The proteins are first 

oxidised by the disulphide carrier Mia40. Next, Mia40 is re-oxidised by the sulphydryl 

oxidase Erv1, which in turn is re-oxidised by either oxygen or cyt c. IM: inner 

membrane, IMS: intermembrane space, OM: outer membrane. 
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1.2. Disulphide bond formation in the cell 

 
Disulphide bonds are one of the most recurrent and important features in 

biological structures, where they most commonly play a role in stabilising the 

folding of proteins. However, disulphide bonds also participate in a wide 

variety of biological processes, from redox switches that regulate a protein’s 

activity to being essential components in the active site of enzymes (Sevier 

and Kaiser, 2006, Wouters et al., 2010). 

 

 Proteins with disulphide bonds are mostly found in oxidative 

environments like the ER of eukaryotic cells and the periplasmic space of 

gram-negative and gram-positive bacteria (Table 1.1) (Inaba, 2010, Depuydt 

et al., 2011). Recently, however, a disulphide relay system was discovered 

inside the mitochondrial IMS that can insert disulphide bonds into a variety of 

substrate proteins (Herrmann and Riemer, 2012, Fischer and Riemer, 2013). 

Although the specific components of all these systems are different, they 

generally employ three factors: a disulphide carrier, a disulphide generator 

and an electron-accepting factor (Table 1.1). The disulphide carrier directly 

inserts disulphide bonds into unfolded or partially folded proteins, and usually 

has low substrate specificity. On the other hand, disulphide generators have 

narrower substrate specificity and only transfer their disulphide bonds to the 

disulphide carriers. This prevents the oxidising disulphide carriers from 

randomly inserting disulphide bonds into proteins and small molecules. Lastly, 

an electron-accepting factor is required that can take electrons from the 

reduced disulphide in the disulphide generator. These factors are generally 

protein cofactors like FAD and quinones that can use the electrons to reduce 

oxygen. 

 

Table 1.1 Disulphide generating systems 

Disulphide 

carrier 

Disulphide 

generator 

Electron-

acceptor 

Cellular 

localisation 

DsbA DsbB Quinone 
Periplasm of gram-

negative bacteria 

BdbD BdbC Quinone 
Periplasm of gram-

positive bacteria 

Pdi1p/PDI 
Ero1/ Ero1 a 

& B 
FAD 

ER of yeast/mammalian 
cells 

Mia40 Erv1/ALR FAD 
IMS of yeast/mammalian 

cells 

vvG4L 
vvE10R + 

A2.5L 
FAD 

Viral proteins in bacterial 
cytosol 
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 The disulphide generators are one of the most intriguing components of 

these pathways; they have solved the problem of disposing the electrons 

generated from introducing disulphide bonds during protein folding. Here, a 

detailed explanation is given on the sulphydryl oxidases, a blooming group of 

disulphide carriers that includes Erv1, as a prelude to the disulphide relay 

system of the mitochondrial IMS. 

1.2.1. Sulphydryl oxidases: De novo formation of disulphide bonds 

 
Sulphydryl oxidases are the net generators of disulphide bonds inside the cell. 

Whereas disulphide carriers simply exchange disulphide bonds between two 

proteins, sulphydryl oxidases catalyse the formation of new disulphide bonds 

by reducing oxygen to hydrogen peroxide. To do this, the proteins employ the 

FAD cofactor as a mediator to help transfer electrons from a reduced 

disulphide to oxygen (Kodali and Thorpe, 2010). 

 

 The electron transfer from a reduced disulphide to the isoalloxazine ring 

of FAD is believed to occur as depicted in Figure 1.7. Initially, rupture of the 

sulphydryl oxidase’s disulphide bond (S1-S2) is achieved by the nucleophilic 

attack of a thiolate anion (S3) from a substrate protein to the outermost 

sulphur of the disulphide bond (S2). Computational analyses have suggested 

the optimal position of attack is for the incoming sulphur to be in line with 

both sulphur atoms of the protein disulphide (Bach et al., 2008). Once an 

intermolecular disulphide bond is formed between the attacking sulphur (S3) 

and the outermost sulphur (S2), the remaining sulphur (S1) in the sulphydryl 

oxidase is free to form a charge-transfer complex with the isoalloxazine ring. 

Evidence for formation of this complex comes from both biophysical and 

structural approaches using wild-type or single cysteine mutants of various 

sulphydryl oxidases (Banci et al., 2012, Guo et al., 2012, Schaefer-Ramadan 

et al., 2013). The intermolecular disulphide bond (S3-S2) is next broken by the 

attack of a second thiolate anion (S4) from the substrate protein, freeing the 

outermost sulphur (S2) and producing a new disulphide bond (S3-S4) on the 

substrate protein. The negatively charged innermost sulphur (S1) then attacks 

C4a of the isoalloxazine ring, covalently binding FAD. Next, an attack from the 

outermost sulphur (S2) breaks the C4a adduct and reforms the initial 

disulphide bond (S1-S2) of the sulphydryl oxidase. In this step, both electrons 
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from the C4a adduct remain with the isoalloxazine ring, thereby reducing FAD 

(Kodali and Thorpe, 2010). Lastly, the transfer of electrons to oxygen 

regenerates the oxidised flavin and produces hydrogen peroxide. The steps 

controlling this last reaction are not well understood (Mattevi, 2006). 

 

 Sulphydryl oxidases are key components of the disulphide bond 

formation pathways mentioned earlier. As such, they are found in various 

parts of the cell like the ER, extracellular matrix and mitochondrial IMS (Kodali 

and Thorpe, 2010, Sevier, 2012). Sulphydryl oxidases can be divided into two 

different groups for their study: the ERV protein group and the Quiescin-

sulphydryl oxidase (QSOX) protein group. The proteins in these groups all 

have an Erv fold (section 1.2.1.1), but otherwise differ in size, oligomerisation 

state, substrate specificity and the presence of other protein domains. 

 

 

 

 

 

Figure 1.7 Model mechanism for the reaction of a sulphydryl oxidase 

Proposed mechanism: The outermost sulphur of the disulphide bond in the protein 

(blue) is attacked by a thiolate substrate (green, 2) to form an intermolecular 

disulphide bond (3). A second thiolate from the substrate breaks the intermolecular 

disulphide bond (4) giving rise to a charge-transfer complex (5). The innermost 

sulphur attacks C4a of the isoalloxazine ring (6) forming an adduct (7). The outermost 

sulphur then breaks the adduct (8) to reform the original disulphide bond in the 

protein (9). In total, two electrons and two protons are transferred to the isoalloxazine 

ring. Finally, oxygen reacts with the reduced flavin to form hydrogen peroxide and 

oxidised flavin (1). 
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1.2.1.1. ERV protein family 

 
The ERV family, also known as the ERV/ALR family, takes its name from a 

highly conserved Erv protein fold first recognised in Erv2 from S. cerevisiae 

(Gross et al., 2002). The acronym derives from Erv1, a homologue of Erv2, 

which was found to be essential for respiration and vegetative growth (Lee et 

al., 2000). In general, proteins in this family have molecular weights ranging 

from 15 to 30 kDa and contain a flexible and unstructured N- or C-terminal 

domain besides the Erv fold (Figure 1.8). 

 

 The Erv protein fold consists of about 100 amino acids and includes the 

essential CXXC redox-active disulphide, the CX16C structural disulphide and 

the FAD cofactor (Figure 1.9 A). The crystal structure of the Erv domain has 

been elucidated for five proteins in the family: Arabidopsis thaliana Erv1 

(AtERv1), S. cerevisiae Erv1 (ScErv1), S. cerevisiae (ScErv2), Rattus 

norvegicus ALR (RnALR) and Homo sapiens ALR (HsALR) (Gross et al., 2002, 

Wu et al., 2003, Vitu et al., 2006, Daithankar et al., 2010, Guo et al., 2012). 

The Erv fold consisted of four tightly folded -helices (H1 to H4) and a small 

fifth -helix (H5) just outside the four-helix bundle (Figure 1.9 B). The crystal 

structures showed all proteins adopt a head-to-tail dimer conformation, with 

one subunit placed at a 55° angle with respect to the other (Figure 1.10 A). 

Helices H1 and H2 include conserved hydrophobic residues in their outer faces 

that form the dimer interface and are required to keep the protein in its dimer 

conformation (Figure 1.10 B) (Vitu et al., 2006, Fass, 2008, Guo et al., 

2012)). The dimer is further stabilised by salt bridges and hydrogen bonds 

also between residues from H1 and H2 (Figure 1.10 C) (Guo et al., 2012). A 

single cysteine residue just outside the Erv fold of HsALR and RnALR was 

found to promote formation of inter-subunit disulphide bonds (Wu et al., 2003, 

Daithankar et al., 2010). However, this may be considered a particular case 

because this lonely cysteine is not found in any other protein of the ERV 

family. 
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Figure 1.8 ERV family of proteins 

Schematic construct, from N- to C-terminus, of proteins in the ERV family. The block 

(orange) represents the conserved Erv fold with the CXXC redox-active disulphide, the 

CX16C structural disulphide and the FAD cofactor. The CXnC shuttle disulphide may be 

found at the N- or C-terminal in a flexible and unstructured polypeptide. Erv1 in 

Leishmania tarentolae also includes a Kinetoplastida-specifc second (KISS) domain. 

Sc: Sacharomyces cerevisiae, Hs: Homo sapiens, At: Arabidopsis thaliana, Lt: 

Leishmania tarentolae. 
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Figure 1.9 The Erv fold 

A) Schematic construct, from N- to C-terminus, of the Erv fold. 

B) Crystal structure of ScErv1 showing one subunit with the Erv fold. The 

 structure is composed of a four-helix bundle (H1 to H4) and a small -helix 

 (H5). The isoalloxazine ring of FAD (red) is surrounded by H1 to H4, while the 

 adenine moiety is enclosed by H1, H4 and H5. The CXXC redox-active 

 disulphide is  located at the N-terminus of H3. The CX16C structural disulphide 

 connects H4 to H5. PDB: 4E0H. 
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Figure 1.10 Dimer structure of the Erv domain 

A) Crystal structure of ScErv1 showing the dimer conformation of the Erv domain 

 with the FAD cofactor (red) and the disulphide bonds (yellow). The two dimer 

 subunits (blue and magenta) are arranged in a head-to-tail dimer tilted at a 

 55°. PDB: 4E0H 

B) Aromatic residues (blue and magenta sticks) forming the dimer interface of 

 ScErv1. PDB: 4E0H 

C) Residues (blue and magenta stick) forming hydrogen bonds (green) in the 

 dimer interface of ScErv1. PDB: 4E0H 
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 The Erv fold encloses the FAD cofactor. The isoalloxazine ring is buried 

in the four-helix bundle (H1 to H4) while the small fifth -helix (H5) helps 

surround the adenine moiety (Figure 1.9 B). FAD adopts a peculiar 

conformation with the isoalloxazine and adenine moieties roughly parallel to 

one another, which so far has not been found in any other flavoproteins 

(Figure 1.11 A) (Fass, 2008). The two rings are about 10 Å apart at their 

closest point between the C8 methyl group of the isoalloxazine ring and the N7 

nitrogen of the adenine moiety. This new conformation is partly stabilised by 

aromatic residues stacked successively above and below the FAD rings in a 

configuration reminiscent of that found in DNA (Fass, 2008). Additionally, 

polar amino acid residues also assist in the binding of FAD (Figure 1.11 C). For 

instance, the adenine moiety forms hydrogen bonds with a cysteine and two 

aspartate residues from H3. The phosphate groups of FAD are stabilised by 

hydrogen bonds with an arginine residue in H1, a histidine residue in H3 and a 

lysine residue found in the loop between H4 and H5. Finally, hydrogen bonds 

are also formed between the isoalloxazine ring and a tryptophan residue in H1 

and either a histidine or an aspartate residue in H3. Most of these residues are 

highly conserved in the amino acid sequence of proteins in the ERV family, 

highlighting their importance for the binding of FAD (Figure 1.12). The only 

exception is the histidine/aspartate in H3 but either residue is still capable of 

forming a hydrogen bond.  

 

 There is one more residue, an arginine at the end of H5, which also 

links to the adenine moiety of FAD through a hydrogen bond in some of the 

proteins in the family (Figure 1.11 B). For example, it was found in ScErv1, 

AtErv1 and HsALR, but not in ScErv2 where the substituting glutamate did not 

form a hydrogen bond. Recent reports brought to attention the importance of 

this arginine for the FAD binding and overall function of proteins in the ERV 

family. Di Fonzo et al. (2009) showed that a histidine to arginine (R194H) 

mutation in HsALR was the cause of autosomal recessive myopathy in 

children. Furthermore, defects were also observed in the corresponding yeast 

ScErv1 R182H mutant strain (Di Fonzo et al., 2009). A complementary study 

then suggested that rupture of the arginine to FAD hydrogen bond in HsALR 

weakens the binding of FAD (Daithankar et al., 2010). Thus, although not 

strictly conserved, this arginine residue appears to be very important in 

stabilising FAD.  
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F

igure 1.11 Binding of FAD in the Erv fold 

A) Crystal structure of ScErv1 showing the new conformation of FAD found in the 

 ERV family. The adenine moiety and the isoalloxazine ring are almost parallel 

 with a distance of ~10 Å between their closest atoms. In blue sticks are the 

 conserved aromatic residues that form the DNA-like stacking conformation. 

 PDB: 4E0H 

B) Medically relevant arginine residue (R182) in ScErv1 that forms a non-

 conserved hydrogen bond (green) with the 2’-OH of the ribose moiety of FAD. 

 PDB: 4E0H 

C) Interactions stabilising the binding of FAD in the Erv fold of ScErv1. Several 

 polar residues form hydrogen bonds (dashed lines) with FAD. Additionally, 
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 some hydrophobic residues (green) further stabilise the binding. Most, but not 

 all, of these interactions are conserved in other ERV proteins. 

 

 

 

 

 

 

 

 

 

 
ScErv1 67  -GEASELMPGSRTYRKVDPPDVEQLGRSSWTLLHSVAASYPAQPTDQQKGEMKQFLNIFS 

HsALR  85  -------QKRDTKFREDCPPDREELGRHSWAVLHTLAAYYPDLPTPEQQQDMAQFIHLFS 

RnALR  78  -------QKRDIKFREDCPQDREELGRNTWAFLHTLAAYYPDMPTPEQQQDMAQFIHIFS 

AtErv1 56  -TNSSSLQKLPLKDKSTGPVTKEDLGRATWTFLHTLAAQYPEKPTRQQKKDVKELMTILS 

ScErv2 57  DARLKEIEKQTIMPLMGDDKVKKEVGRASWKYFHTLLARFPDEPTPEEREKLHTFIGLYA 

 

ScErv1 126 HIYPCNWCAKDFEKYIRENAPQVESREELGRWMCEAHNKVNKKLRKPKFDCNFWEKRWKD 

HsALR  138 KFYPCEECAEDLRKRLCRNHPDTRTRACFTQWLCHLHNEVNRKLGKPDFDCSKVDERWRD 

RnALR  131 KFYPCEECAEDIRKRIDRSQPDTSTRVSFSQWLCRLHNEVNRKLGKPDFDCSRVDERWRD 

AtErv1 115 RMYPCRECADHFKEILRSNPAQAGSQEEFSQWLCHVHNTVNRSLGKLVFPCERVDARWGK 

ScErv2 117 ELYPCGECSYHFVKLIEKYPVQTSSRTAAAMWGCHIHNKVNEYLKKDIYDCATILEDYDC 

 

  ScErv1 186 GWDE---------------- 

  HsALR  198 GWKDGSCD------------ 

  RnALR  191 GWKDGSCD------------ 

  AtErv1 175 LECEQKSCDLHGTSMDF--- 

  ScErv2 177 GCSDSDGKRVSLEKEAKQHG 
 

Figure 1.12 Sequence alignment of the Erv domain 

Sequence alignment of the Erv domain for proteins in the ERV family. In yellow are 

the conserved cysteines forming the CXXC redox-active disulphide and the CX16C 

structural disulphide. In green are the semi-conserved hydrophobic residues that form 

the dimer interface. In magenta are the highly conserved residues that stabilise the 

DNA-like stacking conformation of FAD. In blue are the conserved residues that bind 

FAD through hydrogen bonds. Sc: Sacharomyces cerevisiae, Hs: Homo sapiens, Rn: 

Rattus norvegicus, At: Arabidopsis thaliana. 
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 Another feature of the Erv fold is the highly conserved CX16C disulphide 

bond that links H4 with the N-terminus of H5 (Figure 1.9 B) (Gross et al., 

2002, Fass, 2008). Although this disulphide bond does not participate in the 

electron transfer activity within the Erv fold, it does play a structural role in 

keeping the helix bundle more tightly folded (Ang and Lu, 2009).  

 

 Lastly, the Erv fold also includes the CXXC redox-active disulphide 

located at the N-terminus of H3 (Figure 1.9 B). This disulphide is almost 

perpendicular to the re side of the isoalloxazine ring with the second cysteine 

(C*) at ~3.5 Å of the C4a atom (Figure 1.13) (Gross et al., 2002, Fass, 2008). 

This configuration allows for the charge-transfer complex needed in the 

electron transfer between the CXXC redox-active disulphide and FAD (Banci et 

al., 2012, Guo et al., 2012, Schaefer-Ramadan et al., 2013). Despite the 

disulphide bond being solvent-accessible, the small crevice is only big enough 

to accept small reducing agents like DTT. Bulkier molecules such as TCEP or 

substrate proteins cannot reach the CXXC redox-active disulphide and thus 

cannot directly reduce the Erv fold (Ang and Lu, 2009).  

 

 To overcome the inaccessibility of the CXXC redox-active disulphide, 

proteins in the ERV family developed a CXnC shuttle disulphide that transfers 

electrons from the substrate proteins to the Erv fold. Its precise location varies 

for proteins in the family, but is always found in a flexible, unstructured and 

very mobile polypeptide generally directly attached to the Erv fold (Figure 

1.8). For instance, in ScErv2 and AtErv1, the shuttle disulphide is found in a 

C-terminal polypeptide (Sevier et al., 2001, Levitan et al., 2004); however, in 

ScErv1, RnALR and HsALR the polypeptide with the shuttle disulphide is 

located at the N-terminal (Hofhaus et al., 2003, Wu et al., 2003, Daithankar et 

al., 2009). Finally, the shuttle disulphide in Erv1 from Leishmania tarentolae 

(LtErv1) is also located at the N-terminal but, in this case, the protein also 

includes a Kinetoplastida-specific second (KISS) domain wedged between the 

Erv fold and the flexible polypeptide (Eckers et al., 2013). 

 

 The number (n) and identity of the amino acid residues between the 

two cysteines in the CXnC shuttle disulphide is also not conserved among the 

proteins in the family (Figure 1.8). They go from just one residue (n=1), like 

in ScErv2, up to four residues (n=4) as in PfErv1 (Sevier et al., 2001, Basu et 

al., 2012). The only report that has addressed the relevance of these residues 
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observed that the CXnC shuttle disulphide of ScErv2 can tolerate up to n=4 

residues, but that n=0 is inactive (Vala et al., 2005). Interestingly, studies on 

small peptides showed that the oxidation and reduction of CXnC disulphides 

are very slow for n=0 or n5 (Zhang and Snyder, 1989), adding further 

support to the findings on ScErv2. 

 

 

 

 

 

 

 

 

Figure 1.13 The CXXC redox-active disulphide bond in the Erv fold 

The CXXC redox-active disulphide (yellow) is almost perpendicular to the re side of the 

isoalloxazine ring of FAD. The second cysteine (C*) is close enough (~3.5 Å) to rapidly 

interact with C4a. PDB: 4E0H 
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1.2.1.2. QSOX protein family 

 

The main difference between QSOX and ERV proteins is in their number of 

structured protein domains; whereas ERV proteins only have one Erv domain, 

a generic QSOX protein comprises at least three domains (Figure 1.14): 1) a 

thioredoxin domain (Trx1) with a CXXC redox-active disulphide, 2) a helix-rich 

region (HRR) domain of unknown function and, 3) an Erv domain similar to 

those of the ERV family (Coppock and Thorpe, 2006, Heckler et al., 2008). 

Thus, proteins in the QSOX family are bigger and range in size from 50 to 80 

kDa. Additionally, QSOX proteins in metozoans, but not in protozoans and 

plants, have a second thioredoxin domain (Trx2) that lacks the CXXC 

disulphide (Coppock and Thorpe, 2006, Kodali and Thorpe, 2010). Most QSOX 

proteins also have a C-terminal transmembrane sequence, although 

alternative soluble isoforms have also been found in certain species (Kodali 

and Thorpe, 2010, Sevier, 2012). The domains are ordered, from N- to C-

terminal, in the sequence Trx1, Trx2, HRR and Erv (Kodali and Thorpe, 2010). 

 

 The proposed function of QSOX proteins is to aid in the oxidative folding 

of substrate proteins by inserting de novo disulphide bonds. Interestingly, 

unlike ERV proteins, QSOX proteins do not need to partner with a disulphide 

carrier for their function. The Trx1 domain contains a CXXC redox-active 

disulphide capable of directly interacting with substrate proteins. Next, the 

reduced disulphide of Trx1 shuttles the electrons to the CXXC redox-active 

disulphide of the Erv domain (Raje and Thorpe, 2003, Kodali and Thorpe, 

2010). Studies with Trypanosoma brucei QSOX showed the disulphides of the 

Trx1 and Erv domains are at least 40 Å apart. However, the Trx1 domain can 

undergo a drastic rotation to bring the two CXXC disulphides within binding 

distance (Alon et al., 2012). Lastly, electrons are transferred to FAD and from 

there to oxygen (Hoober et al., 1996, Kodali and Thorpe, 2010). QSOX 

proteins have thus remarkably combined the functions of disulphide carriers 

and disulphide generators into one big protein. 

 

 Despite the oxidative power displayed by QSOX proteins, conclusive 

evidence is still lacking of which substrate proteins they interact with inside 

the cell (Sevier, 2012).  Their intracellular location is surprisingly diverse, with 

QSOX proteins found in the ER, Golgi, secretory granules and even in the 
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nuclear membrane. They have also been found in secreted fluids such as egg 

white, semen, milk, tears and blood serum. Although absent in fungi, in 

humans there are several QSOX isoforms distributed mostly in the placenta, 

stomach, esophagus and lungs (Coppock and Thorpe, 2006, Kodali and 

Thorpe, 2010). Overall, the widespread locations of QSOX proteins suggest 

they play an important role in oxidative folding, but further research is still 

needed to identify their cellular protein substrates. 

 

 

 

 

 

Figure 1.14 QSOX family of proteins. 

Schematic construct, from N- to C-terminus, of proteins in the QSOX family. The 

QSOX proteins in metazoans (HsQSOX 1 and 2, GgQSOX1) have an additional inactive 

Trx2 domain. Trx1: thioredoxin domain with a CXXC redox-active disulphide, Trx2: 

thioredoxin domain lacking the CXXC disulphide, HRR: Helix-rich region, Erv: Erv 

domain, TM: Transmembrane domain, Hs: Homo sapiens, Gg: Gallus gallus, At: 

Arabidopsis thaliana, Tb: Trypanosoma brucei. 
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1.3. MIA pathway: Disulphide relay system of the mitochondrial IMS 

 
The MIA pathway regulates the import and folding of cysteine-containing IMS 

proteins. Two essential proteins, Mia40 and Erv1, are at the core of the 

pathway and together form a disulphide relay system inside the mitochondrial 

IMS (Herrmann and Riemer, 2012, Fischer and Riemer, 2013). 

1.3.1. Substrates of the MIA pathway 

 
The proteins that employ the MIA pathway generally contain two or more 

cysteine residues and have a molecular weight beneath 30 kDa. For their 

study, they can be divided into three groups (Table 1.2): 1) classical 

substrates with either a twin CX3C or twin CX9C motif, 2) substrates with other 

CXnC motifs, and 3) substrates with a canonical N-terminal mitochondria 

targeting signal (Fischer and Riemer, 2013). Proteins in this last group contain 

cysteine residues but do not require the MIA pathway for their import, only for 

their correct folding (Wrobel et al., 2013). 

 

 Although various proteins have been directly shown to be substrates of 

the MIA pathway, there are still dozens of potential substrates. If fact, a 

proteomic approaches have identified over 30 IMS proteins with CX9C motifs 

(Longen et al., 2009, Cavallaro, 2010). Because these proteins lack an N-

terminal mitochondrial targeting signal, it is very likely they employ the MIA 

pathway for their import. Thus, the actual count of MIA pathway substrates 

could be well past the current number of verified substrates. 

 

Table 1.2 MIA pathway substrates 

Twin CX3C  

Twin CX9C 

Other 

CXnC 

N-terminal  

targeting signal 

Tim8, Tim9, 

Tim10, Tim12, 

Tim13, Cox17, 

Cox19, Mdm1 

Erv1, Sod1, 

Ccs1, Atp23 

Mia40 

Tim22 
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1.3.2. Mia40: Disulphide carrier and chaperone of the IMS 

 
Mia40 is the initial point of contact for substrate proteins. It is a protein of 403 

amino acids embedded in the mitochondrial IM, with a large part of it exposed 

to the IMS (Chacinska et al., 2004, Naoe et al., 2004, Terziyska et al., 2005). 

The protein can be thought of as two separate domains (Figure 1.15 A): the 

N-terminal domain (residues: 1-284) that includes the N-terminal 

mitochondria targeting signal and a transmembrane anchor, and the C-

terminal domain (residues: 284-403) that contains the redox-active CPC motif 

essential for the disulphide carrier activity of Mia40. 

 

 In the MIA pathway, Mia40 transfers disulphide bonds from the 

disulphide generator Erv1 to the substrate proteins. Although originally 

considered to be involved only in the import of IMS proteins, recent reports 

have suggested Mia40 can also oxidise proteins already found in the IMS and 

whose mitochondrial import is independent of the MIA pathway. For example, 

Tim22 is a cysteine-containing IM protein that enters mitochondria through 

the TIM22 pathway (Kurz et al., 1999, Wagner et al., 2008). However, its final 

oxidative folding and assembly was shown to require Mia40 (Wrobel et al., 

2013). Another role of Mia40 is that of a chaperone without the insertion of 

disulphide bonds into the substrate proteins. In this case the import of Atp23, 

with all its cysteine residues mutated to serines, still depended on Mia40 

(Weckbecker et al., 2012).  Lastly, in another MIA-pathway-independent role, 

the CPC motifs of two Mia40 proteins were found to coordinate a [2Fe-2S] 

cluster. The studies also showed Mia40 uptakes iron in vivo, suggesting 

Fe/S_Mia40 could have a still unidentified function inside the cell (Spiller et 

al., 2013). 

 

 Mia40 homologues can be found throughout the eukaryotic kingdom. 

Unlike Mia40 in fungi, where the protein is anchored to the IM, plants and 

animals have a soluble Mia40 consisting of only the C-terminal domain of their 

fungal counterparts (Hofmann et al., 2005, Terziyska et al., 2005, Chacinska 

et al., 2008). Prediction of mitochondrial-targeting signals for Mia40 

homologues revealed that proteins in the fungi kingdom probably contain a 

mitochondrial-targeting signal (~90% probability), but those in plants and 

animals do not (Chacinska et al., 2008). The reason why fungal Mia40 has 
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retained, or developed, a mitochondrial-targeting signal is unknown since it is 

not required for its import and function in the IMS. 

 

 The activity of Mia40 resides entirely on its C-terminal domain. Studies 

with human Mia40, itself equivalent to only the C-terminal domain of S. 

cerevisiae Mia40, showed the protein can fully complement a yeast ∆MIA40 

deletion strain (Grumbt et al., 2007, Chacinska et al., 2008). Furthermore, a 

highly conserved ~70 amino acids core located in the C-terminal domain 

(Mia40c: residues 284-353) was demonstrated to be sufficient for yeast cell 

viability (Chacinska et al., 2008). Mia40c includes six invariant cysteine 

residues: C296, C298, C307, C317, C329 and C339 – hereafter called C1M-

C6M, which are arranged in a CPC and two CX9C motifs (Figure 1.15 A). Mass 

spectrometry analyses initially revealed the formation of three disulphide 

bonds: C1M-C2M, C3M-C6M and C4M-C5M (Grumbt et al., 2007). This finding was 

further confirmed by the crystal structure of Mia40c (Figure 1.15 B), which 

showed a rigid N-terminal loop followed by two anti-parallel -helices (H1M 

and H2M) in a helix-turn-helix conformation (Kawano et al., 2009). The C3M-

C6M and C4M-C5M disulphide bonds link the two -helices, while the C1M-C2M 

disulphide bond is solvent-exposed and readily available for reduction (Grumbt 

et al., 2007, Kawano et al., 2009). In vitro and in vivo analyses using cysteine 

to serine mutants of Mia40 established that only C1M-C2M and C3M-C6M have 

an effect on protein activity. The C1M-C2M disulphide bond participates in 

intermolecular disulphide bond formation with both MIA pathway substrate 

proteins and Erv1. However, only C2M is able to initiate the interaction with 

Erv1, whereas either C1M or C2M can form a disulphide bond with substrate 

proteins. The disulphide alternates between its oxidised and reduced state but 

does not influences the overall structure of Mia40 (Kawano et al., 2009, 

Terziyska et al., 2009). Contrarily, both the C3M-C6M and the C4M-C5M 

disulphide bonds play a role in keeping the tertiary structure of Mia40. The 

C3M-C6M disulphide bond appears to be more important because its removal 

also strongly diminished the activity of Mia40 (Kawano et al., 2009, Terziyska 

et al., 2009). 
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Figure 1.15 Mia40 

A) Schematic construct, from N- to C-terminus, of ScMia40 showing the conserved 

 Mia40 core (residues: 284-355) and the non-conserved N-terminal domain. 

 TM: Transmembrane. 

B) Crystal structure of fully oxidised ScMia40 core (residues: 284-355). The twin 

 CX9C motif forms two disulphide bonds (C3M-C6M and C4M-C5M, in yellow) that 

 connect the two anti-parallel -helices (H1M and H2M
). The CPC redox-active 

 disulphide (C1M-C2M) is located in a fixed loop at the N-terminal. PDB: 2ZXT 
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 The crystal structure of Mia40c displayed a hydrophobic cleft positioned 

near the redox-active C1M-C2M disulphide bond (Figure 1.16 A). Hydrophobic 

residues protruding from H1M, H2M and the N-terminal loop contribute to the 

cleft and help maintain the loop in a rigid framework (Figure 1.16 B) (Kawano 

et al., 2009, Endo et al., 2010). This hydrophobic cleft is the point of anchor 

for substrate proteins. Mutation of four phenylalanine residues to glutamate 

resulted in either a lethal (F315E, F318E) or a temperature-sensitive (F311E, 

F334E) phenotype in the corresponding yeast strains. However, substitution of 

the phenylalanine residues for leucine or alanine did not cause any visible 

growth defect, suggesting it is the hydrophobicity of the residues that is 

important (Kawano et al., 2009). Interestingly, the Mia40 F311E and Mia40 

F334E temperature-sensitive strains could be restored by overexpressing 

Erv1. This suggests these two residues do not only participate in substrate 

binding but also in the interaction of Mia40 with Erv1 (Kawano et al., 2009).  
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Figure 1.16 The hydrophobic cleft in Mia40 

A) Molecular surface of Mia40 core (residues: 284-355) showing the hydrophobic 

 cleft (red) that recognises both substrate proteins and the N-terminal domain 

 of Erv1. C2M (yellow) of the CPC motif is looking towards the cleft. Adapted 

 from Sideris et al. (2009) 

B) Cyrstal structure of ScMia40 core (residues: 284-355) showing the hydrophobic 

 residues (red sticks) from H1M, H2M and the N-terminal loop that contribute to 

 the hydrophobic cleft. Phenylalanine residues that have been shown to be 

 important for substrate recognition are labelled. PDB: 2ZXT 
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1.3.3. Erv1: Sulphydryl oxidase of the mitochondrial IMS 

 
The first mention of Erv1 came in studies of S. cerevisiae petite mutants 

where the protein was found to be essential for respiration and vegetative 

growth (Lisowsky, 1992). Erv1 is a sulphydryl oxidase of 189 amino acids 

belonging to the ERV protein family, with six cysteine residues arranged in 

three disulphide bonds: C30-C33, C130-C133 and C159-C176 – hereafter 

called C1-C2, C3-C4 and C5-C6 (Lee et al., 2000, Lange et al., 2001). The 

protein can be divided into a C-terminal domain (residues: 73-189) and a 

highly mobile N-terminal domain (residues: 1-72) (Figure 1.8). Neither the N-

terminal domain nor the C-terminal domain are able to recover a ∆ERV1 yeast 

deletion strain. However, a combination of both does restore cell viability, 

indicating the two domains are required for the function of Erv1 in vivo (Bien 

et al., 2010).   

 

 The function of Erv1 in the MIA pathway is to act as a generator of new 

disulphide bonds. It re-oxidises the CPC motif of Mia40 and then transfers the 

electrons to either oxygen or cyt c (Ang and Lu, 2009, Bien et al., 2010). 

Although this function is well established, Erv1 has also been involved in the 

cell division cycle, the preservation of mitochondria morphology, the 

maintenance of mtDNA, the biogenesis of cytosolic Fe/S clusters and the 

maturation of the heme cofactor (Lisowsky, 1992, Lisowsky, 1994, Lange et 

al., 2001). However, because the main role of Erv1 is as part of a 

mitochondrial import pathway, it is difficult to assess whether its involvement 

is not due to an indirect defect in the import of other essential proteins. For 

example, a yeast strain with an arginine to histide (R182H) mutation displayed 

impaired complex IV activity, mtDNA instability, altered mitochondria 

morphology, lower cysteine-containing IMS protein content and slower growth 

at 37°C (Di Fonzo et al., 2009, Sztolsztener et al., 2013). Whether these 

defects are a direct or indirect cause of Erv1 malfunction is currently unknown. 

 

 The crystal structure of the Erv1 C-terminal domain showed the protein 

adopts an angled head-to-tail dimer conformation, similar to those observed 

for other proteins in the ERV family (Section 1.2.1.1) (Guo et al., 2012). 

Additionally, size exclusion chromatography experiments also indicated the C-

terminal domain adopts a dimeric structure (Bien et al., 2010, Guo et al., 
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2012). For Erv1, the dimer interface covers an area of 1830 Å2 and is formed 

by the hydrophobic residues L90, L97, V101, F120, I123, F124 and I127. Polar 

residues S104, E116, G119, H126 and P129 also contribute to the dimer 

interface by forming hydrogen bonds (Guo et al., 2012). 

 

 The C-terminal domain includes the Erv fold. In it, C3-C4 is the redox-

active disulphide and C5-C6 the structural disulphide. Mutation of one or both 

cysteines in C3-C4 completely abolished the oxidase activity of Erv1 against 

reducing agents like DTT or TCEP, indicating the C3-C4 disulphide is essential 

for Erv1 activity (Hofhaus et al., 2003, Ang and Lu, 2009). In fact, neither an 

Erv1 C3S mutant nor an Erv1 C4S mutant was capable of recovering a ∆ERV1 

yeast deletion strain, suggesting that the C3-C4 redox-active disulphide is also 

required for the function of Erv1 inside the cell (Hofhaus et al., 2003, Bien et 

al., 2010). On the other hand, the C5-C6 disulphide plays a structural role in 

stabilising the Erv fold. Thermal denaturation analyses showed that deletion of 

either C3-C4 or C5-C6 influences the overall stability of Erv1, but the effect 

was stronger for C5-C6. The removal of C5-C6 lowered the melting 

temperature of Erv1 by 30°C, from 68°C for the wild-type to 38° for the C5,6S 

mutant. Furthermore, at the physiological temperature of 30°C about 20% of 

the C5,6S mutant appeared unfolded. Instead, deletion of C3-C4 exhibited a 

milder defect with a melting temperature of 52°C for Erv1 C3,4S (Ang and Lu, 

2009).  

 

 The N-terminal domain of Erv1 includes the C1-C2 shuttle disulphide, 

which is thus called because its function is to transfer electrons between bulky 

reducing agents (e.g. TCEP, Mia40) and the C3-C4 redox-active disulphide.  

Mutation of one or both cysteines in C1-C2 resulted in the cell death of the 

yeast strain, indicating both cysteines are essential for Erv1 function in vivo 

(Hofhaus et al., 2003, Bien et al., 2010). In vitro assays then showed that 

removing the C1-C2 disulphide suppressed the activity of Erv1 against Mia40, 

but not against DTT (Hofhaus et al., 2003, Ang and Lu, 2009). Thus, the N-

terminal domain, and more precisely the C1-C2 disulphide, is required for the 

interaction of Erv1 with the hydrophobic cleft of Mia40. In fact, in the case of 

HsALR, NMR experiments using confirmed its N-terminal domain interacts with 

the hydrophobic cleft of human Mia40 (Banci et al., 2011). These initial 

hydrophobic interactions are further stabilised by formation of an 

intermolecular disulphide bond between Erv1 and the CPC motif of Mia40.   
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 So far no crystal structure of full-length Erv1 has been published, 

perhaps due to the high mobility of the N-terminal domain. However, the 

crystal structure of a full-length Erv1 C1,4S mutant allowed for the 

determination of a partial structure of the N-terminal domain (Figure 1.17 A) 

(Guo et al., 2012). This mutant has a C2-C3 inter-domain disulphide bond that 

restrained the motion of the N-terminal domain. Remarkably, formation of the 

C2-C3 disulphide bond promoted the folding of a small -helix (H0) in the N-

terminal domain from residues 36 to 47, which were followed by a defined 

loop from resides 14 to 35. However, the linker segment (48 to 83) from H0 to 

the C-terminal domain was not visible in the crystal structure, meaning the N-

terminal could belong to either dimer subunit (Guo et al., 2012). Interestingly, 

the interaction between the N-terminal and the C-terminal domains goes 

beyond the formation of the C2-C3 inter-domain disulphide bond. Hydrogen 

bonds also help stabilised the interaction, from N-terminal to C-terminal 

domain (Figure 1.17 B): S32 and N34 to V87, L36 to D86, R31 to P84 and D24 

to W132. Finally, hydrophobic contacts of two N-terminal domain patches 

(I21/I22 and T35) with their corresponding C-terminal domain patches (W132 

and V87) also contribute to the interaction (Figure 1.17 C). 
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Figure 1.17 Crystal structure of ScErv1 C1,4S 

A) Crystal structure of ScErv1 C1,4S showing subunit B (blue) connected to the 

 partial structure of an N-terminal domain (orange) by a C2-C3 inter-domain 

 disulphide bond (yellow). FAD is in red. The PDB: 3E0I 

B) Crystal structure of ScErv1 C1,4S showing the residues that form hydrogen 

 bonds (green) between the N-terminal (orange) and C-terminal (blue) 

 domains. The C2-C3 inter-domain disulphide bond is in yellow. PDB: 3E0I 

C) Crystal structure of ScErv1 C1,4S showing the hydrophobic residues that 

 further stabilise the interaction between the N-terminal (orange) and C-

 terminal (blue) domains. The C2-C3 inter-domain disulphide bond is in yellow. 

 PDB: 3E0I. 
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1.3.4. The MIA import pathway in detail 

1.3.4.1. Substrate proteins in the cytosol 

 
Most MIA pathway substrate proteins are imported post-translationally. A 

recent report using mammalian cells indicated substrate proteins remain in the 

cytosol for several minutes before their import, suggesting the same may 

occur with yeast proteins (Fischer et al., 2013). Only the cysteine-reduced and 

unfolded substrate proteins can enter mitochondria, both their fully and 

partially oxidised conformations are import-incompetent (Figure 1.18) (Lu and 

Woodburn, 2005, Morgan and Lu, 2008). Recently, the Trx and glutharedoxin 

(Grx) systems have been involved in keeping the substrate proteins reduced 

in the cytosol (Durigon et al., 2012, Banci et al., 2013a). First, deletion of the 

entire Trx system lowered the steady-state levels of Tim9 and Cox 19. Trx1 

was then shown to enhance mitochondrial import of Tim9 and Cox19 in 

organello, presumably by keeping the proteins in their cysteine-reduced 

conformation. Finally, in vitro assays showed Trx1 is indeed able to reduce 

partially oxidised, one-disulphide bonded Tim9, but not its fully oxidised, two-

disulphide bonded conformation (Durigon et al., 2012). On the other hand, 

mammalian Grx1, and to a lesser extent mammalian Trx1, were shown to 

keep human Mia40 in its reduced conformation when overexpressed in the 

cytoplasm of mammalian cells (Banci et al., 2013a). Thus, it appears both 

redoxin systems contribute to keeping the substrate proteins reduced and 

their relevance might be dictated by the species. Interestingly, earlier reports 

demonstrated that the binding of zinc by substrate proteins keeps them in 

their cysteine-reduced conformation even in the presence of GSSG (Morgan et 

al., 2009). However, no evidence has yet been available to indicate substrate 

proteins bind zinc inside the cell. 

 

 It is still unclear how MIA pathway substrate proteins are targeted to 

mitochondria. Studies have now identified a MISS (mitochondrial IMS sorting 

signal), also called ITS (IMS-targeting signal), in proteins with a twin CX3C or 

twin CX9C motif (Milenkovic et al., 2009, Sideris et al., 2009). This signal is 

sufficient to direct non-mitochondrial proteins to the IMS independently of its 

location in the protein (Sideris et al., 2009). However, no MISS/ITS 

recognition site has been identified in the surface of mitochondria and, 

moreover, other substrate proteins completely lack this signal. Curiously, the 
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only common denominator in all substrate proteins appears to be the presence 

of hydrophobic residues near the cysteine that first reacts with Mia40, but for 

this reaction to occur the substrate proteins must already be inside the IMS. 

 

 

 

 

 

 

 

 

 

Figure 1.18 Keeping the substrate proteins reduced in the cytosol 

The substrate proteins of the MIA pathway are kept reduced in the cytosol by the 

thioredoxin (Trx) and glutaredoxin (Grx) systems. Additionally, zinc binding may also 

play a role in keeping precursor proteins from oxidation. Only the fully cysteine-

reduced substrate proteins can enter the mitochondrial IMS through the TOM complex. 

Partially oxidised and fully oxidised substrate proteins are import-incompetent. It is 

unknown if zinc-bound substrate proteins can enter mitochondria, but if so, then 

Hot13 could participate in sequestering zinc before oxidative folding. 
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1.3.4.2. Disulphide relay in the IMS 

 
Substrate proteins enter the mitochondrial IMS through the TOM complex 

(Lutz et al., 2003). Inside the IMS Mia40 functions both as an import receptor 

and a disulphide carrier. The interaction between Mia40 and the substrate 

proteins is best understood for those with a twin CX3C or twin CX9C motif. 

These proteins have a MISS/ITS signal consisting of 9 amino acid residues, 

including the docking cysteine (the cysteine that first reacts with Mia40) 

(Figure 1.19 A). The location of the docking cysteine differs in each substrate 

protein; for example, in Tim9 and Tim10 (twin CX3C) it appears to be the first 

cysteine (C1), whereas for Cox 17 (twin CX9C) it is the third cysteine (C3) 

(Milenkovic et al., 2007, Sideris and Tokatlidis, 2007). Hydrophobic residues in 

positions 3, 4 and 7 from the docking cysteine are also very important for 

recognition by Mia40. These three residues all face the same side of an -helix 

in the substrate proteins, and are thus poised to interact with the hydrophobic 

cleft of Mia40 (Figure 1.19 A) (Milenkovic et al., 2009, Sideris et al., 2009). In 

fact, mutation of any of the first two residues (-3 or -4) inhibits the reaction 

between Mia40 and the twin CX3C small Tim proteins. The remaining residues 

in the 9 amino acid sequence, although not essential, play a cooperative role 

and substitution of all of them strongly hinders protein import (Milenkovic et 

al., 2009, Sideris et al., 2009). 

 

 The oxidised conformation of twin CX3C or twin CX9C proteins has two 

disulphide bonds stabilising a helix-loop-helix structure (Figure 1.19 B) (Webb 

et al., 2006, Banci et al., 2008). The initial interaction with Mia40 yields a 

substrate protein with one disulphide bond. In the current mechanism, the 

docking cysteine attacks the CPC disulphide of Mia40 thereby forming an 

intermolecular disulphide bond with the substrate protein (Milenkovic et al., 

2007, Sideris and Tokatlidis, 2007, Banci et al., 2010). During this process 

part of the substrate protein folds into the first -helix. This folding is 

encouraged by the interaction between the hydrophobic cleft of Mia40 and the 

hydrophobic residues in the MISS/ITS (Figure 1.19 C) (Banci et al., 2010). 

Release from Mia40 is then achieved by the nucleophilic attack of another 

cysteine from the substrate protein, forming an intramolecular disulphide 

bond. In this last step the first -helix of the substrate protein acts as a 

scaffold for the formation of the second -helix, producing a protein with a 
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more native-like fold (Banci et al., 2010). Up to this point the mechanism is 

well understood. However, how the second disulphide bond is formed is 

currently under debate. 

 

Figure 1.19 Mitochondrial IMS sorting signal 

A) Consensus sequence for the mitochondrial IMS sorting signal (MISS) of twin 

 CX3C and twin CX9C proteins. The docking cysteine (blue) is C1 for twin CX3C 

 proteins and C3 for twin CX9C proteins. At positions ±3, ±4 and ±7 the 

 residues are hydrophobic. These residues, as well as the docking cysteine, are 

 facing the same side of the -helix that interacts with the hydrophobic cleft of 

 Mia40. Ar: aromatic, Hy: hydrophobic. 

B) Crystal structure of fully oxidised Tim9 (twin CX3C motif protein) showing the 

 two anti-parallel -helices connected by two disulphide bonds. PDB: 3DXR 

C) Putative binding of Tim9 (green) to the hydrophobic cleft (red) of Mia40. The 

 intermolecular disulphide bond is in yellow. Adapted from Banci et al. (2009). 
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 One mechanism suggests substrate proteins go through several rounds 

of oxidation by Mia40 (Figure 1.20). In this case, the partially oxidised 

substrate protein would be recognised by a second Mia40 molecule, which 

would then insert a second disulphide bond ((Bien et al., 2010). The re-

oxidation of Mia40 would be achieved by the subsequent interaction with Erv1. 

The evidence to support this hypothesis comes from in vitro studies where 

Mia40, when in large excess, was enough to completely oxidise twin CX3C and 

twin CX9C substrate proteins (Bien et al., 2010). Alternatively, under in vitro 

aerobic conditions oxygen has been shown to easily form the second 

disulphide bond on a partially folded protein (Banci et al., 2009). Finally, a 

second disulphide bond could also potentially be inserted by small molecules 

like GSSG. 

 
 

 
 

 

Figure 1.20 First model of substrate protein oxidation 

In the first proposed model the substrate proteins (Tim9) traverse the OM through the 

TOM complex (1). Then, Mia40 recognises and inserts one disulphide bond into Tim9 

(2). The second disulphide bond can be inserted by a second Mia40 molecule, oxygen 

or GSSG (3). Reduced Mia40 is re-oxidised by Erv1 (4) to re-start the pathway. IM: 

inner membrane, IMS: intermembrane space, OM: outer membrane. 



 56 

 Another mechanism proposed that substrate protein oxidation goes 

through a protein-Mia40-Erv1 ternary complex (Figure 1.21). The suggested 

steps in the mechanism are as follows: step 1) Mia40 transfers one disulphide 

bond to the substrate protein; step 2) Erv1 re-oxidises the CPC disulphide of 

Mia40; step 3) Mia40 can now insert a second disulphide bond to the substrate 

protein; step 4) Mia40 is re-oxidised by a second Erv1 molecule (Stojanovski 

et al., 2008). The evidence for this hypothesis comes from blue-native gel 

electrophoresis where a complex of Tim9, Mia40 and Erv1 was identified 

during the in organello mitochondrial import of radioactive Tim9. The ternary 

complex was resistant to DTT, indicating intermolecular disulphide bonds are 

not involved (Stojanovski et al., 2008). How this complex can be formed is a 

mystery because both Erv1 and the substrate proteins employ the same 

binding site in Mia40. 

 

 

Figure 1.21 Second model of substrate protein oxidation. 

In the second model substrate proteins (Tim9) enter the IMS through the TOM 

complex (1) and form a ternary complex with Mia40 and Erv1. Mia40 undergoes two 

reduction/oxidation cycles where Erv1 re-oxidises Mia40 allowing it to insert two 

disulphide bonds into Tim 9 before its release (2). The final products of this step are 

fully oxidised Tim9, reduced Mia40 and reduced Erv1. In the last step, reduced Mia40 

is re-oxidised by a second Erv1 molecule (3) to produce oxidised Mia40 and reduced 

Erv1. IM: inner membrane, IMS: intermembrane space, OM: outer membrane. 
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 For the disulphide relay to continue, reduced Erv1 must be re-oxidised 

(Figure 1.22). As a sulphydryl oxidase, Erv1 has been shown to readily 

transfer electrons to oxygen in vitro (Lee et al., 2000, Ang and Lu, 2009). 

However, cyt c has also emerged as a second electron acceptor of Erv1. 

Indirect evidence of cyt c involvement in the MIA pathway was obtained by 

following the steady-state percentage of oxidised Mia40 inside the cell. First, 

deletion of the cyt c genes in the cyc1/cyc7 yeast mutant strain decreased 

the percentage of oxidised Mia40. Inhibition of cyt c reductase activity also 

decreased the percentage of oxidised Mia40. However, inhibition of cyt c 

oxidase activity had the opposite effect (Bihlmaier et al., 2007). Because Erv1 

has been shown to directly interact with cyt c in mitochondria (Dabir et al., 

2007), these observations can best be explained by a diminished re-oxidation 

of Erv1 by cyt c. Furthermore, the shifts in the percentage of oxidised Mia40 

were not observed in a cyc1/cyc7 yeast strain, confirming the requirement 

of cyt c ((Bihlmaier et al., 2007). 

  

 Dabir et al. (2007) proposed an alternative pathway that combines the 

use of both oxygen and cyt c as electron acceptors (Figure 1.22). After its 

reaction with reduced Erv1, cyt c can transfer the electrons to oxidised 

cytochrome c peroxidase (Ccp1). The now reduced Ccp1 can then remove the 

H2O2 previously produced during the reaction of Erv1 with oxygen. In this 

manner the final product of the Erv1 re-oxidation is H2O, and not the harmful 

H2O2 (Dabir et al., 2007). However, these observations were obtained mostly 

in vitro and their relevance inside the mitochondrial IMS is still in question. 

1.3.4.3. Other components of the MIA pathway 

 
A third protein has also been implicated in the MIA pathway. The helper of Tim 

13 (Hot13) is a non-essential IMS protein with a conserved zinc-finger, 

(Curran et al., 2004). The protein is not essential in yeast but a HOT13 

deletion mutant showed a reduction of the steady-state levels of the small Tim 

proteins, a slight decrease in their import into mitochondria and, finally, a 

decrease in the steady-state percentage of oxidised Mia40 (Mesecke et al., 

2008). Because the activity of Mia40 and Erv1 is inhibited by zinc ions 

(Morgan et al., 2009), Hot13 has been proposed to act as a zinc chelator that 

helps keep Mia40 and Erv1 in their active conformations (Mesecke et al., 

2008). Still, because Hot13 is not essential for cell viability, its role as a 
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chelator in the MIA pathway may be considered a back up in case of fortuitous 

zinc binding by Mia40 or Erv1. 

 

 

 

 

 

 

Figure 1.22 The re-oxidation pathways of Erv1 

Reduced Erv1 can transfer electrons to either oxygen (1) or cyt c (2). From cyt c, the 

electrons can be delivered to the respiratory chain (3) or, alternatively, to cytochrome 

c peroxidase (Ccp1) (4). The now reduced Ccp1 can use the electrons to form H2O (5) 

from the H2O2 first produced in the reaction of Erv1 with oxygen. IM: inner membrane, 

IMS: intermembrane space, OM: outer membrane. 
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2. AIM AND OBJECTIVES 

 
The overall aim of this study is to understand, at the molecular level, the 

functional mechanism of the sulphydryl oxidase Erv1, a key component of the 

MIA pathway. 

 

There were three major objectives: 

 

1. Analysing the effect of oligomerisation on the stability and function of Erv1. 

 

Hypothesis: Erv1 adopts a tetrameric quaternary structure in solution, which 

confers it with better folding and higher stability. 

 

At the start of this project the oligomerisation state of Erv1 was unknown but 

assumed to be dimeric. Here, the oligomerisation state of Erv1 in solution was 

defined using MALLS. Furthermore, the impact of metal ions, FAD content and 

inter-subunit disulphide bonds on the stability of the tetramer was followed 

using SEC and UV-visible spectroscopy. Lastly, the folding, thermal stability 

and oxidase activity of the Erv1 tetramer was compared with that of a low-

FAD-content Erv1 ‘dimer’ using CD and oxygen consumption assays. In this 

way, it is expected to first decipher the oligomerisation state of Erv1 and then 

identify the factors that would affect it, as well as the advantages that Erv1 

oligomerisation may provide. 

 

2. Understanding the molecular basis behind autosomal recessive myopathy 

using the yeast protein Erv1 R182H. 

 

At the start of this project nothing was known on the effect of the R182H 

mutation on the Erv1 protein, or of R194H on ALR. Thus, the objectives were 

to characterise the possible effects, if any, that the mutation may have on the 

folding, stability and activity of Erv1.  

 

Initially, the effects on the structure were analysed using a combination of 

SEC, MALLS and CD. Next, both UV-visible and fluorescence spectroscopy 

were employed to study the binding of the FAD cofactor in the mutant protein. 

However, to study the activity of Erv1, the Mia40c purification protocol was 
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first optimised to increase the yield and remove the iron from Fe-Mia40c. 

Additionally, a protocol for the anaerobic reduction of cyt c was also 

established before the Erv1-cyt c activity assays could be carried out. Once 

this was achieved, both oxygen consumption assays and anaerobic cyt c 

reduction experiments were used to study the effect of the R182H mutation on 

the activity of Erv1. By comparing the results of Erv1 R182H with those of the 

wild-type protein, it is expected that any difference that appears in the folding, 

stability or activity of Erv1 may be linked with the phenotypes observed for 

the mutant inside the cell. 

 

3. Elucidating the thermodynamics of the electron transfer mechanism in Erv1. 

 

Hypothesis: The electron transfer within Erv1 is uphill. 

 

How the electrons flow within Erv1, from one redox centre to the other, is 

already known. Here, to address whether the flow is thermodynamically 

favourable, an attempt was made to measure the standard reduction 

potentials of the 3 redox centres in Erv1. First, a protocol for the titration of 

FAD was established to measure the standard reduction potential of the 

cofactor under anaerobic conditions. Next, a second protocol also needed 

establishing to measure the midpoint of reduction of the C130-C133 active-

site disulphide, also under anaerobic conditions. Additionally, the interaction 

between the redox centres was further analysed by doing anaerobic 

experiments on the wild-type and the Erv1 double-cysteine mutants. Lastly, 

the reduction intermediates of Erv1 were identified by EPR and spectroscopic 

techniques. Overall, by measuring the standard reduction potential of each 

redox centre in Erv1 we can determine whether the electron flow always goes 

from a more negative towards a more positive value (downhill) or vice versa 

(uphill). 
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3. MATERIALS AND METHODS 

3.1. Solutions 

 
Binding buffer:  40 mM imidazol, 50 mM Tris-HCl, 150 mM NaCl, pH 7.4 

Washing buffer: 80 mM imidazol, 50 mM Tris-HCl, 150 mM NaCl, pH 7.4 

Elution buffer:  500 mM imidazol, 50 mM Tris-HCl, 150 mM NaCl, pH 7.4 

Dialysis buffer 1: 50 mM Tris-HCl, 150 mM NaCl, 350 mM EDTA, pH 8 

Dialysis buffer 2: 50 mM Tris-HCl, 150 mM NaCl, 50 mM EDTA, pH 8 

Dialysis buffer 3: 50 mM Tris-HCl, 10 mM NaCl, 1 mM EDTA, pH 8 

Buffer A (BA): 50 mM Tris-HCl, 150 mM NaCl, pH 7.4 

Buffer AE (BAE): 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 7.4 

Buffer B:  50 mM Tris-HCl, 10 mM NaCl, 0.3 mM EDTA, pH 8 

Buffer C:  50 mM Tris-HCl, 1 M NaCl, 0.3 mM EDTA, pH 8 

Urea solution: 8 M Urea, 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA,  

   pH 7.4 

3.2. Site-directed mutagenesis 

 
The ERV1 mutants were done using the QuickChange site-directed 

mutagenesis kit with Pfu DNA polymerase (Stratagene) and the primers listed 

in table 3.1. The plasmid pET-24a(+) (Novagen) containing the ERV1 WT gene 

was used as template for the polymerase chain reaction with the program 

shown in table 3.2. The constructs were verified by DNA sequencing. 

 

 The constructs pET-24a(+) ERV1 C30,33S and pET-24a ERV1 

C130,133S were generated previously in the laboratory (Ang & Lu, 2009). 

 

 

Table 3.1 Primers for site-directed mutagenesis 

 Forward Reverse 

Erv1 R182H 
5’-TAA TTT CTG GGA AAA ACA CTG GAA 
GGA CGG CTG GGA CGA-3’ 

5’-TCG TCC CAG CCG TCC TTC CAG TGT 
TTT TCC CAG AAA TTA-3’ 
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Table 3.2 Site-directed mutagenesis program 

Step Temperature (°C) Time (s) 

Initial denaturation 95 30 

Denaturation 95 30 

Annealing 55 60 

Extension 68 840 (14 min) 

Cycles: 18 

 

3.3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels 

were run using the Biorad mini-Protean III system (Bio-Rad). Typically, 

samples were mixed with an equal volume of 2X SDS- PAGE (4% (w/v) SDS, 

8% (v/v) glycerol, 0.02% (w/v) bromophenol blue, 80mM Tris-HCl, pH 6.8) 

sample buffer, heated at 100°C for 5 minutes and spun on a bench-top 

centrifuge (20-25°C, 13 000 rpm, 10 min) before loading. 

3.4. Protein purification 

 
Erv1: The pET-24a(+) plasmid containing the ERV1 WT or mutant gene 

(R182H, R182A, W183F, C30,33S or C130,133S) was expressed in E. coli 

Rosetta-gamiTM 2 cells (Novagen). Cells containing the plasmid were grown in 

6 liters of Luria-Broth (LB) (Formedium Ltd.) media with 50 µg/mL of 

kanamycin (Fisher Scientific) at 37°C until an OD600 of 0.3-0.4. Cells were 

then cooled down at 4°C for ~20 min. Expression of the Erv1-His6 tagged 

protein was induced overnight (no longer than 16 h) at 16°C by addition of 

isopropyl -D-1 thiogalactopyranoside (IPTG) (ForMedium Ltd.) and FAD 

(Sigma) to final concentrations of 0.5 mM and 10 µM, respectively. Cells were 

harvested by centrifugation (4°C, 5000 rpm, 15 min) using an Avanti® J-26 

XP centrifuge (Beckman Coulter) and then the pellet was resuspended in 

binding buffer (40 mM imidazol, 50 mM Tris-HCl, 150 mM NaCl, pH 7.4) to 

~0.2 mg/mL. The resuspended cells were again complemented with 10 µM 

FAD unless otherwise stated in the results. Cells were disrupted by sonication 

(12/48 s ON/OFF, 35% amplitude, 60 min) in the presence of 3 EDTA-free 

protease inhibitor cocktail tablets (Roche) using a Bandelin sonicator 
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(SONOPLUS). The cell lysate was centrifuged (4°C, 17 000 rpm, 60 min) using 

an Avanti® J-E centrifuge (Beckman Coulter) and the protein was confirmed 

to be in the supernatant with a 12% SDS-PAGE gel. 

  

 The supernatant obtained from the 6 L was then added to a column with 

5 mL of Ni-NTA His-Bind beads (Novagen) pre-equilibrated with binding buffer. 

The column was washed with at least 5X bed volumes (BV) of binding buffer, 

followed by 10X BV of washing buffer (80 mM imidazol, 50 mM Tris-HCl, 150 

mM NaCl, pH 7.4). The bound Erv1-His6 protein was eluted with 15-20 mL of 

elution buffer (500 mM imidazol, 50 mM Tris-HCl, 150 mM NaCl, pH 7.4) and 

an extra 10 µM FAD was added unless stated otherwise. All column steps were 

performed at 4°C. The proteins were divided into 500 µl aliquots, snap-frozen 

with liquid nitrogen and kept at -80°C until use. 

 

 Before their use the proteins were further purified by size exclusion 

chromatography (SEC) using an ÄKTAdesign (Pharmacia Biotech) and a 

Superdex 200 10/300 GL gel filtration column (GE Healthcare). 

 

Mia40c (amino acids 284–403): The pGEX 4T-1 Vector (GE Healthcare) 

containing the MIA40c gene was expressed in E. coli BL21 (DE3) cells 

(Stratagene). Cells containing the plasmid were grown in 12 liters of LB media 

with 100 µg/mL of ampicillin (Fisher Scientific) at 37°C until an OD600 of 0.3-

0.4. Expression of the GST-Mia40c tagged proteins was induced for 16-20 h at 

16°C by addition of IPTG to a final concentration of 0.5 mM. Cells were 

harvested by centrifugation (4°C, 5000 rpm, 15 min) and then resuspended in 

buffer A (BA: 50 mM Tris-HCl, 150 mM NaCl, pH 7.4) to ~0.2 mg/mL. Cells 

were disrupted by sonication (12/48 s ON/OFF, 35% amplitude, 60 min) in the 

presence of 6 EDTA-free protease inhibitor cocktail tablets. The cell lysate was 

centrifuged (4°C, 17 000 rpm, 60 min) and the protein was confirmed to be in 

the supernatant with a 15% SDS-PAGE gel. 

 

 The supernatant was mixed with 20 mL of Glutathione Sepharose 4B 

beads (GE Healthcare) pre-equilibrated with BA and left swirling at 4°C for 16 

h. The column was washed with 15X BV of BA and then thrombin was added 

to a 10-15 U/mL final concentration. After incubation for ~20 h at 4°C the 

cleaved protein was collected and the fractions containing Mia40c were pooled 

together. When necessary the protein was concentrated by centrifugation 
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(15°C, 4000 rpm) using a 20 mL, 5-kDa cutoff VivaspinTM tube (GE 

Healthcare) and a Sigma 3-18 K centrifuge (SciQuip). The protein was kept at 

-80°C until use. 

 

 The affinity-purified protein includes an iron-bound form of Mia40c. The 

protein was therefore treated to 3 dialysis steps (4°C, 24 h each) in BA buffer 

with diminishing EDTA concentrations (350 mM, 50 mM and 1 mM) to remove 

most of the iron. Further purification was done by ion exchange 

chromatography (IEC) using a 5 mL HiTrap Q HP column (GE Healthcare), 

buffer B (50 mM Tris-HCl, 10 mM NaCl, 0.3 mM EDTA, pH 8) and increasing 

amounts of buffer C (50 mM Tris-HCl, 1 M NaCl, 0.3 mM EDTA, pH 8) 

according to the gradient in table 3.3. The Mia40c protein not containing iron 

was then collected, concentrated as before and divided into 500 µl samples. 

The protein was kept at -20°C until use.  

 

Table 3.3 Ion exchange chromatography – Mia40c  

Step Gradient (%C) Column volumes 

Column wash 0 5 

1 10 5 

2 15 6 

3 20 5 

Wash 100 5 

Equilibration 0 10 

*Buffer B: 50 mM Tris-HCl, 10 mM NaCl, 0.3 mM EDTA, pH 8 
*Buffer C: 50 mM Tris-HCl, 1 M NaCl, 0.3 mM EDTA, pH 8 

  

3.5. Anaerobic assays 

 
For all anaerobic experiments the assays were done within an anaerobic glove 

box (Belle Technology), with oxygen levels maintained below 2 ppm. Buffers 

were made anaerobic by extensive bubbling with oxygen-free nitrogen, prior 

to incubation inside the anaerobic glove box. Furthermore, the proteins were 

purified using either a Superdex 200 10/300 GL or a Superdex 75 10/300 GL 

column and an ÄKTApurifier system also within an anaerobic glove box. 



 65 

3.5.1. Preparation of partially reduced Mia40c 

 
Partially reduced Mia40c (pr-Mia40c) was made by incubating the IEC-purified 

protein with 8 mM Tris(2-carboxyethyl)phosphine (TCEP) (~pH 7) for 1 h at 

25°C. Excess TCEP was removed using a Superdex 75 10/300 GL column and 

an ÄKTApurifier within an anaerobic glove box. pr-Mia40c was stable inside the 

glove box for several hours, or could alternatively be stored in liquid nitrogen 

overnight without any discernible oxidation. The protein concentration was 

measured using the extinction coefficient in table 3.4. 

3.5.2. Preparation of cyt c 

 
Cyt c: Solid cyt c (Sigma) from S. cerevisiae was first dissolved in buffer AE 

(BAE: 50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, pH 7.4). Typically, the 

partially oxidised (~70%) protein was treated with 40 mM of potassium 

ferricyanide for 1 h at 25ºC to further oxidise it. Removal of excess potassium 

ferricyanide was done with a Superdex 75 10/300 GL column inside an 

anaerobic glove box. Only the peak representing the cyt c monomeric fraction 

was used for the experiments. 

 

 Cyt c protein concentration and oxidation state were measured using 

the extinction coefficients in table 3.4. The UV-visible spectra of SEC purified 

proteins were measured after treatment with potassium ferricyanide (fully 

oxidised) or sodium dithionite (fully reduced, Sigma). The oxidation state was 

calculated by interpolating the absorbance at 550 nm of untreated SEC 

purified cyt c.  

3.5.3. FAD redox titrations 

 
Electron potential measurements were conducted in BAE with protein 

concentrations (based on bound FAD) of 30-80 µM. Mediators for improved 

conductivity between the protein and electrode were added. Typically, these 

were (final concentrations): 2 µM phenazine methyl sulfate (E1/2 80 mV vs 

normal hydrogen electrode (NHE)), 7 µM 2-hydroxy-1,4-naphthoquinone (E1/2 

-145 mV vs NHE), 1 µM benzyl viologen (E1/2 -311 mV vs NHE), and 0.3 µM 

methyl viologen (E1/2 -430 mV vs NHE). Sodium dithionite solutions (in BAE) 

were made up fresh inside the glove box immediately before the experiment. 

Small volumes (0.5 – 5 µl) of the solution were gradually added to reduce the 
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protein (~5 mL). Adequate time (10-20 min) was allowed for electronic 

equilibration following each addition of reductant, and prior to the spectrum 

being recorded at a stabilised reduction potential. Spectra were recorded from 

300 to 800 nm using a fiber optic probe (Varian) immersed in the protein 

solution and connected to a Cary 50 Bio UV-visible spectrophotometer. The 

electron potential was monitored using a SevenEasy pH meter (METTLER 

TOLEDO) with a Pt/Calomel electrode and a correction factor of +240 mV to 

adjust the electron potential. The protein was mixed slowly throughout the 

assay using an 8.5 mm magnetic flea on a magnetic stirrer. The experiments 

were done at 25ºC. 

 

 To calculate the standard redox potentials (E0) the collected data were 

fitted to the Nernst equation (Section 6.3) with the measured electron 

potential (E) and the normalised FAD absorbance (Abs) as the independent 

and dependent variables, respectively. Briefly, the absorbance at either 460 or 

453 nm (depending on the protein) was normalised (from 0 to 1) and the 

maximum (Abs=1) was set as the initial concentration of oxidised FAD. The 

amount of reduced FAD was then calculated by taking Red=1-Abs and these 

values were used to calculate the E0 for each measurement. The number of 

electrons was always restricted to z=2. The standard redox potentials in this 

work represent the average of at least 2 independent experiments. All fittings 

were done using the Origin 8.5 software. 

3.5.4. FAD electron titration 

 

Electron titrations of the FAD cofactor in Erv1 were conducted in BAE using 

protein concentrations (based on bound FAD) ranging from 30 to 60 µM. A 

freshly made sodium dithionite solution was titrated using an anaerobic FAD 

solution of known concentration (450 = 11.3 mM-1 cm-1). This titration was 

done before and after the Erv1 assays to obtain an average normality. Small 

known volumes (0.5-2 µl) of dithionite solution were then used to reduce the 

protein. The UV-visible spectrum was recorded from 250 to 700 nm after each 

addition (equilibration time of 10-15 min) using a Cary 50 Bio UV-visible 

spectrophotometer. The point at which the reduction of FAD was complete (no 

further decrease in absorbance at either 460 or 453 nm, depending on the 

protein) marked the number of electrons required for complete FAD reduction. 

The values presented here are the average of 2 independent experiments. 
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3.5.5. Alkylation assay 

 
Thiol-disulphide redox state was followed using the agent 4-acetamido-4’-

maleimidylstilbene-2,2’-disulphonic acid (AMS) assay. The thiol-modifier AMS 

(Molecular Probes) covalently links any free thiols resulting in an increase in 

the molecular weight of 0.5 kDa per thiol. In the assay, protein samples were 

taken along the FAD electron potential experiment and mixed with an equal 

volume of anaerobic 2X SDS-PAGE sample buffer containing 2 mM AMS. The 

positive control for complete oxidation of the Erv1 C3-C4 disulphide was made 

by mixing the protein with 1 mM dithiothreitol (DTT, Sigma), then adding 10 

mM AMS and finally adding 2X SDS-PAGE sample buffer. The samples were 

run on a 15% SDS-PAGE gel. 

3.5.6. Electron paramagnetic resonance 

 
Aerobic proteins were concentrated using 3 kDa cutoff Amicon Ultra-0.5 mL 

centrifugal filters (Merck Millipore) and a bench top centrifuge at 14 000 rpm. 

Buffer exchange into anaerobic BAE was done using 1 mL of Bio-Gel P-6DG 

resin (Bio-Rad) in a crystal Pasteur pipette inside an anaerobic glove box. A 

sodium dithionite solution was slowly added to reduce the protein to the point 

of maximum semiquinone formation (maximum absorbance at λ = 585 nm). 

The protein was then transferred to an electron paramagnetic resonance (EPR) 

tube, sealed and snap-frozen with liquid nitrogen outside the glove box. 

Proteins were kept at ~4 K in liquid helium until the analysis. EPR spectra 

were recorded at X-band frequency using a Bruker ELEXSYS E500 

spectrometer equipped with an ESR900 cryostat (Oxford Instruments). The 

sample temperature was 15 K. Spectra were recorded at non-saturating 

microwave power (50 μW), using 100 KHz modulation frequency and 0.2 mT 

modulation amplitude. 16 scans were co-added and an ‘NMR gaussmeter’ 

(teslameter) was used to determine g values. 

3.5.7. Stopped flow 

 
All anaerobic fast kinetic experiments were done using a stopped flow 

instrument (Applied Photophysics) inside an anaerobic glove box. The assays 

used the smaller 5 mm path-length stopped flow cell. 
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 Figure 3.1 shows a diagram of a single mixing stopped flow instrument. 

Typically, each reacting species is placed inside one of two syringes (A and B). 

A driving piston then pushes both syringes simultaneously into the mixer. The 

applied force is sufficient for the mixture to enter a cell where either the 

fluorescence or the absorbance can be measured. In this study, two cells with 

different path-lengths (5 and 10 mm) were used depending on the assays, 

mainly to diminish the amount of protein required for each experiment.  

 

 

Figure 3.1 Single mixing stopped flow instrument. 

 

Erv1-cyt c reaction: The effect of the Erv1 R182H mutation on the Erv1 

interaction with cyt c was studied by following cyt c reduction. In the 

experiment, partially reduced Mia40 (syringe A, 60 µM) was rapidly mixed with 

a cyt c/Erv1 wt (or R182H) solution (syringe B, 80 µM cyt c) where the Erv1 

concentration was as stated in the text (either 0.2 or 3 µM inside the cell). The 

proteins were temperature equilibrated for 30 min before the start. The 

reduction of cyt c was followed by its change in absorbance at 550 nm. 

 

 The plots shown in this work represent the average of 4 repeats done 

on the same day. The low yield of the Mia40c purification and the large 

quantities required in doing these assays (despite the use of a smaller 

cuvette) made it unfeasible to perform independent experiments. Instead, for 

comparison, both Erv1 wt and Erv1 R182H were tested jointly using the same 

pr-Mia40c and cyt c protein preparations. 
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3.6. Aerobic assays 

3.6.1. Fluorescence 

 
Fluorescence measurements were recorded using a Cary Eclipse fluorescence 

spectrophotometer (Varian Ltd.) in a 1 cm path-length quartz cuvette. Erv1 

proteins were diluted in BAE and the FAD fluorescence emission was recorded 

from 400 to 650 nm after excitation at either 450 or 460 nm. The experiments 

were done at 25ºC. 

 

FAD release: The release of FAD from Erv1 during its reaction with pr-Mia40c 

was followed by the increase in fluorescence at 530 nm (Em. slit: 10). For 

each assay, 140 µM of pr-Mia40c at 37°C were placed in the cuvette and the 

reaction was started by addition of Erv1 to a 1.5 µM concentration. Excitation 

of FAD was done at 455 nm (Ex. Slit: 20). The kinetic profiles represent the 

average of 4 independent experiments. 

3.6.2. Multiangle laser light scattering 

 
Multiangle laser light scattering analysis was done with purified protein applied 

to a Superdex 200 10/300 GL column running at a flow rate of 0.71 mL/min in 

BAE. Samples eluting from the column passed through an in-line DAWN 

HELEOS-II laser photometer ( = 658 nm) and an Optilab rEX refractometer. 

Light scattering intensity and eluant refractive index were analyzed using 

ASTRA v5.3.4.13 software to give a weight-averaged molecular mass. The 

standard deviations represent the precision of a single measurement. The light 

scattering analyses are courtesy of Marjorie Howard from the Faculty’s 

Biomolecular Core Facility at the University of Manchester, UK. 

3.6.1. UV-visible 

 
Absorption spectra of all SEC-purified proteins was recorded from 250 to 700 

nm, at 1 nm intervals, in a 1 cm path-length quartz cuvette (Hellma Analytics) 

using a Cary 50 Bio UV-Visible spectrophotometer (Varian Ltd.).  

 

 Measurement of the FAD extinction coefficient for Erv1 was done by 

releasing FAD with 1% SDS. Free FAD concentration was then calculated using 

450 = 11.3 mM-1 cm-1 (Koziol, 1971). The proteins were in BAE and the 

experiments were done using 3 different protein dilutions. The extinction 
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coefficients are summarised in table 3.4. Unless otherwise stated all Erv1 

concentrations indicate FAD concentration. 

 

Table 3.4 Extinction coefficients  

Protein λ (nm)  (mM-1 cm-1) 

Erv1 wt 460 12.3 

Erv1 R182H 460 11.8 

Erv1 R182A 460 --- 

Erv1 W183F 460 --- 

Erv1 C1,2Sa 460 11.1 

Erv1 C3,4Sa 453 12.1 

Cyt c reduced 550 29.5 

Cyt c oxidised 550 8.4 

apo-Erv1b 280 42.3 

pr-Mia40cb 280 11.7 

a Ang et al. (2009). Buffer A 
b Calculated using the ProtParam tool on the ExPASy server. 

 

FAD content: To calculate the FAD/Erv1 ratio the FAD concentration was 

measured by releasing FAD as previously explained. The protein concentration 

of the same sample was then measured using the BCA assay according to the 

manufacturer’s protocol. All percentages represent the average of at least 4 

independent measurements. 

 

FAD dissociation: An 8 M Urea solution (8 M Urea, 50 mM Tris-HCl, 150 mM 

NaCl, 1 mM EDTA, pH 7.4) was mixed with Erv1 to give a final concentration 

of 10 µM protein and 7 M Urea. FAD release was monitored by the change in 

absorbance at 496 nm. The experiments were done at 25ºC. 

 

 The exponential decay half-life (



 ) was calculated by fitting the 

decrease in absorbance at 496 to equation 1 in section 5.3, using A496 and 

time as the dependent and independent variables, respectively. The profiles 

and half-lives presented in this work represent the average of 3 experiments 

done on the same day. All fittings were done using the Origin 8.5 software. 
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3.6.4. Circular dichroism 

 
Circular dichroism was done using a Chirascan CD spectrometer Far-UV and 

near-UV spectra of Erv1 proteins were recorded with a 0.2 mm (far-UV) or a 5 

mm (near-UV) path-length quartz cuvette (Hellma Analytics). Each spectrum 

represents an average of 4 independent experiments, and in each individual 

experiment the spectrum was measured 4 times from 200 to 260 nm (far-UV) 

or 250 to 320 nm (near-UV), at 1 nm intervals. All measurements were done 

in BAE buffer at 25°C.  

 

Thermal denaturation: The temperature stability of Erv1 in BAE was measured 

at 222 nm (far-UV, 0.22 mg/ml) or 272 nm (near-UV, 0.5 mg/ml) in 1°C 

intervals from 10-90°C, with a temperature increase of 1 °C/min. The thermal 

denaturation profiles represent the average of 4 independent experiments. 

The melting temperature (TM) was calculated by obtaining the first derivative 

of each profile and then finding the maximum. The melting temperatures 

reported here represent the average of 4 independent measurements. 

3.6.5. Oxygen consumption assay 

 
Oxygen consumption was monitored using a Clark-type oxygen electrode 

(Hansatech Instruments). Electrode calibration was done at each temperature 

according to the manufacturer instructions. The Erv1 proteins were always 

pre-incubated for 30 min to 2 hours at the reaction temperature (25 or 37°C) 

before being placed in the oxygen electrode chamber, and this did not affect 

the activity of the proteins. For measurements with TCEP as electron donor, 

495 µl of Erv1 were placed in the oxygen electrode chamber and the reaction 

was started by addition of 5 µl of TCEP to a 5 mM final concentration. The 

experiments were done in BAE in the presence or absence of 80 units of 

Superoxide dismutase (Sigma). The profiles and relative initial rates represent 

the average of 3 assays done on the same day for Erv1 wt and Erv1 R182H. 

 

 For measurements with pr-Mia40c (section 3.5.1) as electron donor, the 

reaction was initiated by addition of Erv1 (typically 5-10 µl) to a pr-Mia40c 

solution in BAE. Erv1 and pr-Mia40 concentrations are as stated in the text. 

The profiles and relative initial rates represent the average of 3 assays done 

on the same day. The low yield of the Mia40c purification and the large 

quantities needed to do the assays (at least 3 repeats for reliable profiles) 
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made it difficult to perform independent experiments on different days. 

Instead, for comparison, both Erv1 wt and Erv1 R182H were tested together 

with the same calibration of the oxygen electrode and using the same pr-

Mia40c preparation. 

3.6.6. Stopped flow 

 
FAD association: Erv1 apo-proteins were prepared by treating the SEC-purified 

proteins with 8 M Urea in BA buffer while bound to a 1 mL HisTrap HP column 

(GE Healthcare). FAD release was followed by the absorbance at 280 nm using 

an ÄKTAprime and deemed finished after the baseline was achieved. Apo-

proteins were then washed considerably (~30 BV) with BA prior to their 

elution with elution buffer. Buffer exchange into BAE was done using a 

Superdex 200 10/300 GL column and the apo-protein concentration was 

measured using the extinction coefficient in table 3.4. 

 

 For the experiments, equimolar amounts of apo-protein (syringe A, 40 

µM) and FAD (syringe B, 40 µM) were rapidly mixed using a stopped flow 

instrument (Applied Photophysics). FAD binding was followed at 496 nm. The 

experiments were done at 25ºC. 

3.6.7. Reverse-phase chromatography 

 
Reverse-phase chromatography was done using an Ultimate 3000 standard 

high-pressure liquid chromatography (HPLC) system (Dionex) and an Aeris 

widepore 3.6 µm, XB-C18, 150 x 4.6 mm HPLC column (Phenomenex). 

Solvents acetonitrile (ANC, Fisher Scientific) and water (Sigma-Aldrich) were 

both HPLC grade. Trifluoroacetic acid (TFA, Sigma-Aldrich) was used as ion-

pairing agent. Typically, 20-40 µg of total protein was injected in volumes of 

50 µl and run with the gradient: 27.5 to 39.5% ACN, 0.2% TFA, 1 mL/min, 80 

min. 

 

 Reduced proteins were made by incubating either Mia40c or Erv1 C3,4S 

with 1 mM DTT for 20 min at 25°C. TFA was then added to stop the reaction 

prior to injection. 
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4. RESULTS AND DISCUSSION I:  CHARACTERISATION OF THE 

OLIGOMERISATION STATE OF ERV1. 

4.1. Introduction 

 
Oligomerisation is defined as the transient or permanent association of two or 

more polypeptide chains. A survey indicated that at least 35% of proteins 

form homo- or hetero-oligomers inside the cell (Goodsell and Olson, 2000). 

Furthermore, from an evolutionary standpoint, protein oligomerisation 

presents various advantages including higher thermal stability, the possibility 

for more complex functions and the capacity for allosteric control (Nooren and 

Thornton, 2003, Ali and Imperiali, 2005) 

 

 Proteins of the ERV family are believed to adopt a dimer conformation. 

This idea is supported by crystallisation studies where the core domain of 

various ERV proteins displayed dimeric quaternary structures (Gross et al., 

2002, Wu et al., 2003, Levitan et al., 2004, Daithankar et al., 2010, Guo et 

al., 2012). Furthermore, purified full-length recombinant proteins formed 

disulphide-bonded dimers visible in non-reducing SDS-PAGE, adding to the 

conclusion that the proteins indeed form dimers (Lee et al., 2000, Daithankar 

et al., 2010, Guo et al., 2012). However, previous research in our laboratory 

appeared to contradict the idea that Erv1 is a dimer. Whereas the core domain 

of Erv1 definitely adopted a dimer quaternary structure, SEC analyses 

suggested full-length Erv1 may exist in higher oligomeric conformations (Ang, 

2010). At the time of this study no report had so far addressed the 

oligomerisation state of the full-length proteins under non-denaturing 

conditions. 

  

 Here, a direct approach using MALLS was employed to first determine 

the oligomerisation state of Erv1. Experiments were then designed to 

investigate the stability of the oligomerisation state and discover possible 

advantages offered by the oligomerisation of Erv1. 
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4.1. Purification of Erv1 wt 

 
The purification of Erv1 wt is a well-established protocol in our laboratory and, 

as such, the protein was successfully purified from E. coli Rosetta-gamiTM 2 

cells (Section 3.4). Figure 4.1 shows a reducing SDS-PAGE of an Erv1 

purification procedure. Briefly, the protein was properly overexpressed (Figure 

4.1, lane 2) and found to be soluble (Figure 4.1, lane 4). After binding to Ni-

NTA His-Bind beads, the Erv1-(H)6 tagged protein was eluted using 500 mM 

imidazol (Figure 4.1, lane 7). The protein used for the assays presented in this 

work was further purified by SEC using a Superdex 200 and shown to be over 

90% pure (Figure 5.1, lane 8). This result is similar to those previously 

obtained for the wild-type Erv1 purification (Ang, 2010). Furthermore, 

although no additional assays were employed to confirm the integrity of the 

protein, thus purified Erv1 has been previously shown to be intact by mass 

spectrometry in our laboratory.  

 

 

 

Figure 4.1 SDS-PAGE of a purification of Erv1 wt 

Reducing SDS-PAGE of an Erv1 wt affinity purification visualised using coomassie-blue 

staining. Lanes: 1) cells grown to log phase, 2) overnight induction at 16°C, 3) 

sonication pellet, 4) sonication supernatant, 5) flowtrough from Ni-NTA His-Bind 

beads, 6) wash with 80 mM imidazol, 7) elution with 500 mM imidazol, 8) after SEC.  
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4.3. Determination of the oligomerisation state of Erv1 

 
The initial step in this study was to determine the oligomerisation state of full-

length recombinant Erv1. The protein was purified with a C-terminal His6-tag 

linked by a leucine and glutamate residue. First, Erv1 was run through a 

Superdex 200 SEC column using BA buffer, as in the earlier protocol. A SEC 

column is tightly packed with small agarose beads, each of which has zigzag-

shaped conduits through their middle. Proteins can either pass through the 

conduct or go around the beads. The smaller the protein the more it tends to 

pass through the conduct and, therefore, takes longer to elute. Figure 4.2 

shows Erv1 eluted at ~12.5 mL with a shoulder at ~10.5 mL. The peak was 

quite broad starting at ~9.5 mL and ending at ~14.5 mL. The smaller peak at 

~8.5 mL represents soluble aggregates of molecular weights higher than 200 

kDa for they eluted at the same position as the void volume (V0) of the 

column. Because Erv1 eluted before the biggest molecular weight marker 

(albumin: 67 kDa), the only conclusion that can be drawn from this 

observation is that the molecular weight of Erv1 is likely to be greater than 67 

kDa. 

 

 One explanation for the high molecular weight considers the fortuitous 

presence of metal ions, namely zinc. Coordination of zinc by cysteine and 

histidine residues is a common feature of proteins with zinc finger motifs 

(Brayer et al., 2008). In the case of Erv1, zinc has been shown to inhibit its 

oxidase activity, probably by binding to its disulphide bonds while in their 

reduced state (Morgan et al., 2009). Thus, two Erv1 molecules could 

potentially be united with their disulphide bonds separately coordinating zinc, 

thereby increasing the apparent molecular weight of Erv1. To check this 

hypothesis 1 mM EDTA was added to the BA buffer and the protein was run 

again through the same SEC column (Figure 4.2). Erv1 eluted at a similar 

position (~12.7 mL) as in the absence of EDTA, but in this case the peak was 

much narrower (from ~12.0 to ~14.5 mL). The shoulder at ~10.5 mL was 

greatly decreased suggesting protein in this position shifted to the main peak 

at ~12.7 mL. Overall, this result indicates peak broadening is mainly due to 

Erv1 forming high oligomers by coordinating metal ions. However, the high 

oligomeric species found at ~12.7 mL does not require metal ions for its 

formation. 
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Figure 4.2 Size exclusion chromatography of Erv1 in the presence of 

EDTA 

Size exclusion chromatography of full-length recombinant Erv1 on a Superdex 200 

10/300 GL column run using either BA buffer (orange) or BA + 1 mM EDTA (blue). 

Proteins were assayed directly after affinity purification. Molecular weight markers: 

albumin (67 kDa), ovalbumin (43 kDa), chymotrpsin (26 kDa) and ribonuclease A 

(13.7 kDa). Void volume V0 = 8.5 mL. 
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 SEC is a technique that separates proteins based both on their 

molecular weight and their shape. Measured apparent molecular weights are 

generally inaccurate for proteins that do not have a molten-globule shape. 

Therefore, to obtain a more accurate molecular weight, Erv1 was analysed by 

MALLS coupled to the same Superdex 200 column (Figure 4.3). This technique 

determines the molecular weight based on the intensity of scattered light at 

various angles independently of protein shape (Wyatt, 1993). The experiment 

showed Erv1 has a molecular weight of 88 ± 2 kDa. Because the Erv1 

monomer has a molecular weight of 22 kDa (Lee et al., 2000), the data is 

consistent with Erv1 forming a tetramer. Furthermore, the even molecular 

weight distribution throughout the peak indicates that only one oligomeric 

species is present. 

 

These results demonstrate the full-length recombinant Erv1 used in the 

laboratory adopts a tetramer conformation. The stability of the quaternary 

structure does not depend on the presence of metal ions. During the course of 

this study a report indicated full-length Erv1 adopts a dimer conformation. 

Their conclusion was based on SEC experiments where Erv1 eluted between 

the molecular weights markers of 67 and 43 kDa (Bien et al., 2010). Both this 

and their approach used the exact same protein construct. Hence, further 

studies were performed with Erv1 to determine if different conditions could 

affect its oligomerisation state. 
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Figure 4.3 Multiangle laser light scattering of Erv1 

Multiangle laser light scattering of full-length recombinant Erv1 (blue). Only the main 

peak (~12.7 mL) from a previous size exclusion experiment was used for the assay. 

The measured molecular weight (olive green) is 88 ± 2 kDa, indicating the protein 

adopts a tetramer conformation. 
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4.4. Determination of the effects of FAD binding on the 

oligomerisation state of Erv1 

 
Purification of recombinant Erv1 includes addition of FAD during protein 

induction (10 µM), cell lysis (50 µM) and after affinity purification (50 µM). All 

of these FAD supplements were shown to increase the final percentage of 

bound FAD (100x[FAD]/[Protein]) in the purification of S. cerevisiae Erv2 

(Gross et al., 2002). Figure 4.4 A shows a typical SEC profile of Erv1 when 

purified without the last two FAD supplements (Erv1-FAD). The protein eluted as 

two peaks at ~12.2 and ~13.5 mL. This result suggests peak 1 (P1) could be 

attributed to a tetramer and peak 2 (P2) to a lower oligomerisation state of 

Erv1. To check whether the lower oligomerisation state of P2 was related to a 

change in the FAD binding percentage of Erv1, the fraction of this peak was 

incubated with 10-fold excess FAD (1 h, 25°C) and then re-analysed using the 

same size exclusion column (Figure 4.4 B). The results show incubation with 

FAD restored the tetramer conformation of Erv1, as compared with Erv1 

purified with all three FAD supplements (Erv1+FAD). This suggests a link exists 

in Erv1 between oligomerisation state and FAD binding. 

  

 The previous results imply P2 has a lower percentage of FAD bound to 

Erv1. Indeed, comparison of the UV-visible spectra of P2 with that of Erv1+FAD 

shows decreased absorptions at 275, 380 and 460 nm for P2 (Figure 4.5). This 

could be explained by a lower amount of FAD present in the sample. Because 

protein concentrations are the same in both samples the result also suggests a 

lower FAD to protein ratio for P2. To conform this, FAD binding percentages 

were calculated by independently measuring protein concentration using the 

BCA assay and FAD concentration after its release from Erv1 by 1% SDS (free 

FAD 



FAD 11.3 mM-1 cm-1
) (Koziol, 1971). Erv1+FAD gave a FAD binding 

percentage of 96 ± 6%. However, P2 of Erv1-FAD gave a FAD binding 

percentage of 20 ± 1%. Hence, these results demonstrate that a lower FAD to 

protein ratio can shift the quaternary structure of Erv1 towards lower 

oligomerisation states.   
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Figure 4.4 Size exclusion chromatography of Erv1 purified with or 

without FAD supplement 

A) Size exclusion chromatography of Erv1 without FAD supplemented during cell 

 lysis and after affinity purification (Erv1-FAD). The protein was run on a 

 Superdex 200 10/300 GL column in BAE buffer. P1: Peak 1, P2: Peak 2. 

B) Size exclusion chromatography of Erv1
+FAD

 (blue, 0.5 mg/mL), P2 of A  (cyan, 

 0.5 mg/mL) and P2 of A pre-incubated with 10 fold FAD (black, 0.5 mg/mL). 

 *Unknown peak.  



 81 

 
 
 

 
 

 
 
 

 
 

250 300 350 400 450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

0.5

A
b

s

Wavelength (nm)

 Erv1
+FAD

 P2

 

Figure 4.5 UV-visible spectra of different oligomerisation states of 

Erv1 

UV-visible spectra of Erv1
+FAD

 (blue) and P2 of Erv1
-FAD

 (cyan) taken after SEC (Figure 

4.3 B). The spectra were normalised to the same protein concentration as measured 

by Bradford assay. 
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 Next, MALLS was used to determine the oligomerisation state of each 

peak in Erv1-FAD (Figure 4.6 A). Initially, the results show P1 has a molecular 

weight ranging from 85 to 115 kDa, whereas P2 has a molecular weight 

between 35 and 50 kDa. In MALLS, when a peak displays a molecular weight 

line descending from high to low without oscillating around a specific value, it 

generally indicates the presence of a mixture of oligomerisation states. 

Furthermore, in this assay the molecular weights were overestimated because 

the light scattering baseline was not properly achieved due to the presence of 

protein aggregates. A run of P1 alone gave lower molecular weights between 

73 and 96 kD, but there was still no horizontal line designating a fixed 

molecular weight (Figure 4.6 B). This may be explained by a small contribution 

from P2 that could affect the measurements. Thus, a fair assumption would be 

that P1 indeed contains tetrameric Erv1.  

 

 However, P2 of Erv1-FAD gave two discernible overlapping peaks (P3 and 

P4) when reloaded on the column by itself: one with molecular weights from 

45 to 48 kDa and one with molecular weights from 28 to 37 kDa (Figure 4.6 

C). Therefore, P3 corresponds to dimeric Erv1, while P4 may be attributed to 

monomeric Erv1. These results show P2 of Erv1-FAD actually represents a 

mixture of dimer and monomer that could not be separated. At this point, it is 

still unknown if the mixture represents separate dimers and monomers 

indistinguishable by SEC or an equilibrium between the two. Nevertheless, it is 

clear that a lower percentage of bound FAD not only disrupts tetramer 

formation but also opens the possibility of forming Erv1 monomers. 
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Figure 4.6 Multiangle laser light scattering of Erv1 purified without 

FAD supplement 

A) Multiangle laser light scattering of Erv1 without FAD supplemented during cell 

 lysis and after affinity purification  (Erv1-FAD). Molecular weight of: P1= 85 to 

 115 kDa, P2 = 35 to 50 kDa. The molecular weights are overestimated because 

 the light scattering did not reach a proper baseline. 

B) Multiangle laser light scattering of P1 from A. Only one peak is observed with 

 the molecular weight going from 73 to 96 kDa. 

C) Multiangle laser light scattering of P2 from A. Two peaks can be 

 distinguished. Molecular weight of: P3 = 45 to 48 kDa, P4 = 29 to 37 kDa. 

10 11 12 13 14 15 16 17 18

0.0

0.2

0.4

0.6

0.8

1.0

 Erv1
-FAD

Elution (ml)

R
e

fr
a
c

ti
v

e
 I

n
d

e
x

0

10

20

30

40

50

60

70

80

90

100

110

120P2

M
o

le
c
u

la
r 

W
e

ig
h

t 
(k

D
a

)

P1

10 11 12 13 14 15 16 17 18
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

 P1

Elution (ml)

R
e
fr

a
c
ti

v
e
 I

n
d

e
x

50

55

60

65

70

75

80

85

90

95

100

M
o

le
c
u

la
r 

W
e
ig

h
t 

(k
D

a
)

7 8 9 10 11 12 13 14 15 16 17 18
0.00

0.05

0.10

0.15

0.20

0.25

 P2

Elution (ml)

R
e
fr

a
c
ti

v
e
 I

n
d

e
x

20

25

30

35

40

45

50

55

60

P4
M

o
le

c
u

la
r 

W
e
ig

h
t 

(k
D

a
)

P3

 

 

C 



 84 

4.5. Effect of the oligomerisation state on the folding and thermal 

stability of Erv1 

 
Modification of the quaternary structure is sometimes accompanied by a 

change in the secondary structure of the protein. The next step was therefore 

to compare the secondary structure of Erv1+FAD and P2 using circular dichroism 

(CD). In the far-UV region (wavelengths 180 to 260 nm), the chromophore 

under study is the peptide backbone giving a weak and broad nπ* signal 

centred at around 220 nm and an intense ππ* signal at around 190 nm. 

Hence, CD data collected in this region provides information regarding the 

folding of secondary structures. Figure 4.7 A shows the far-UV CD spectra of 

Erv1+FAD and P2. Peaks at 208 and 220 nm are characteristic of α-helical 

proteins (Martin and Schilstra, 2008), indicating the secondary structure of 

both oligomerisation states is mostly α-helical. This observation agrees with 

the published crystal structure of core domain Erv1 (Guo et al., 2012). 

However, P2 displayed an overall decrease in its CD intensity (~30%) 

compared to Erv1+FAD. This can be interpreted as a percentage of protein in P2 

being either misfolded or unfolded. Furthermore, subtraction of the P2 

spectrum from that of Erv1+FAD produced a bell-shaped peak centred at 230 

nm (Figure 4.7 A, inset). Positive peaks in this wavelength range are 

characteristic of a strong interaction between two or more aromatic residues in 

the protein structure (Martin and Schilstra, 2008). The data therefore reveals 

that the structure of Erv1+FAD includes close contacts between two or more 

aromatic residues that strongly interact with each other. However, in P2, 

although new aromatic-aromatic interactions could potentially be formed, the 

overall result due to the lower secondary folding is the loss of this type of 

interactions, which resulted in the weaker CD signal at 230 nm for P2. 

Collectively, this analysis indicates the tetramer conformation of Erv1+FAD is 

better folded than the conformation of P2. The results also highlight that some 

aromatic interactions may be important or only found in the tetramer, perhaps 

even form part of an unknown inter-subunit interface. 

 

 Next, CD was also used to examine the thermal stability of the different 

oligomerisation states of Erv1. Because Erv1 is mostly α-helical, the signal at 

222 nm was chosen to follow its secondary structure in a temperature-
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dependent manner (Figure 4.7 B). The results show Erv1+FAD remained fully 

folded up to temperatures of 40-45°C, then it gradually unfolded until it 

became completely unfolded at temperatures of ~75°C. P2, however, 

remained folded only up to ~30°C and was completely unfolded at 

temperatures of ~70°C. The melting temperatures (TM) of Erv1+FAD and P2 are 

68.3 ± 4.8°C and 58.0 ± 1.4°C, respectively, indicating tetramerisation 

conferred Erv1 with higher thermal stability. 
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Figure 4.7 Secondary structure and thermal stability of different 

oligomerisation states of Erv1 

A) Far-UV circular dichroism spectra of Erv1+FAD (blue, 0.22 mg/ml) and P2 (cyan, 

 0.22 mg/ml) in BAE buffer at 25°C. The spectra represent the average of 4 

 independent experiments. Inset: subtraction of the P2 spectrum from that of 

 the Erv1+FAD. The peak centred at 230 nm is characteristic of aromatic-aromatic 

 interactions. 

B) Thermal denaturation of Erv1+FAD  (blue) and P2 (cyan) in BAE buffer. Protein 

 unfolding was followed by far-UV circular dichroism at 222 nm (0.22 mg/ml).

 Temperature increase: 1 ºC/min, 10-90ºC. The curves represent the average 

 of 4 independent experiments. 
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4.6. Effect of the oligomerisation state on the oxidase activity of Erv1 

 
Changes in quaternary structure are often coupled with changes in protein 

function or activity. Sulphydryl oxidases such as Erv1 employ oxygen as an 

electron acceptor and, as such, their activity can be easily followed using an 

oxygen consumption assay. Hence, the effect of the oligomerisation state on 

the activity of Erv1 was studied using an oxygen electrode where the oxygen 

concentration decreases upon mixing of Erv1 with a disulphide reducing agent 

(e.g. DTT, TCEP). The disulphide reducing agent TCEP was used as electron 

donor in the experiments. TCEP is a bulkier molecule than the more generally 

employed reducing agent DTT and cannot interact directly with the C3-C4 

redox-active disulphide of Erv1 (Ang and Lu, 2009). As a result, TCEP best 

mimics the physiological Mia40-Erv1 interaction. 

  

 It has also been shown that in the absence of superoxide dismutase 

(SOD) an unwanted superoxide/TCEP-catalysed oxygen consumption may 

overshadow the Erv1-mediated reaction (Daithankar et al., 2012). Reactions 

were therefore conducted by adding 5 mM TCEP to 1 µM Erv1 in the presence 

of 80 U/mL SOD (Figure 4.8). The results show that, upon addition of TCEP, 

P2 consumes oxygen slightly faster than Erv1+FAD. The calculated relative 

initial rates are 0.910 ± 0.018 and 1.054 ± 0.051 µM/s for Erv1+FAD and P2, 

respectively. Thus, despite its different oligomerisation state and higher level 

of unfolding, P2 displayed no reduction in the oxidase activity. It follows that 

enhancement of the oxidase activity of Erv1 is unlikely to be the reason 

behind tetramerisation. 
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Figure 4.8 Oxidase activity of different oligomerisation states of Erv1 

Oxygen consumption of Erv1+FAD (blue, 1 µM) and P2 (cyan, 1 µM) in the presence of 

80 U/mL of superoxide dismutase. Reactions were done in BAE buffer and started by 

addition of 5 mM TCEP. The Erv1 concentrations are based on FAD content. The 

profiles represent the average of at least 2 assays on the same day. 
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4.7. Effect of reducing agents on the oligomerisation state of Erv1 

 
The previous section demonstrated that tetramerisation does not improve the 

oxidase activity of Erv1. One possible explanation is that the functionally 

“active conformation” of Erv1 is the dimer. To check this theory, an oxidase 

reaction was conducted inside a size exclusion column using Erv1+FAD. The 

column was first equilibrated with BAE buffer plus 5 mM TCEP and 80 U/mL 

SOD. Then, Erv1+FAD was injected and its oligomerisation state determined 

based on its elution position (Figure 4.9 A). The results show Erv1+FAD 

remained a tetramer as it eluted at the same position as when ran in BAE 

buffer without TCEP. Therefore, under the reaction conditions of ~250 µM O2, 

5 mM TCEP and 80 U/mL SOD the protein still reacts as a tetramer. 

 

 A closer look at figure 4.9 A shows Erv1 is still mostly oxidised during 

the assay (the absorbance at 460 nm indicates the FAD cofactor is not fully 

reduced in BAE + TCEP). Thus, an assay was devised to study the 

oligomerisation state of Erv1 while in a fully reduced state (reduced C1-C2 and 

C3-C4 disulphides as well as FAD). To achieve this, Erv1+FAD was run through a 

size exclusion column using anaerobic BAE buffer ± 1 mM TCEP inside an 

anaerobic glove box (Figure 4.9 B). The lack of oxygen helps to maintain Erv1 

in its reduced state. Despite addition of 1 mM TCEP the majority of the protein 

still eluted as a tetramer. A small fraction of the protein eluted at ~13.9 mL, a 

position attributed to the dimer conformation. However, this small peak may 

represent a fraction of Erv1 that has lost FAD (Section 4.4). Therefore, even in 

its fully reduced state Erv1 remains a tetramer. 

 

 Overall, these results indicate a strong reducing environment does not 

affect the quaternary structure of Erv1. Even though Erv1 forms disulphide-

bonded dimers (Ang, 2010), the results imply these inter-subunit disulphides 

are not needed for tetramerisation. It is still possible that the micromolar 

concentrations (> 20 µM) required for the assays are too high to visualise 

Erv1 in a complete dimer conformation. Nevertheless, it does appear Erv1 

functions as a tetramer during its oxidase activity. 
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Figure 4.9 Size exclusion chromatography of Erv1 in the presence of 

the reducing agent TCEP. 

A) Size exclusion chromatography of Erv1 using either BAE buffer (blue) or 

 BAE + 5 mM TCEP, 80 U/mL SOD (olive green). The proteins were run on a 

 Superdex 200 PC 3.2/30 column at room temperature. Under the reaction 

 conditions of ~250 µM O2, 5 mM TCEP and 80 U/mL SOD the protein still reacts 

 as a tetramer. 

B) Size exclusion chromatography of Erv1 (0.5 mg) using either anaerobic BAE 

 buffer (blue) or anaerobic BAE + 1 mM TCEP (blue, dashed). The proteins were 

 run on a Superdex 200 10/300 GL column at 20°C inside an anaerobic glove 

 box. Even when fully reduced Erv1 remains a tetramer. 
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4.8. Discussion 

 
The crystal structure of the core domain of proteins in the ERV family showed 

them to adopt a homodimer conformation (Gross et al., 2002, Wu et al., 2003, 

Levitan et al., 2004, Daithankar et al., 2012, Guo et al., 2012). The Erv fold 

consists of five α-helices, four of which are used to surround the FAD cofactor 

while the short fifth helix remains just outside the bundle (Section 1.2.1.1, 

Figure 1.9). The dimer interface is formed by hydrophobic residues on helix 1 

(H1) and helix 2 (H2) of each fold, with the two subunits poised at a 55° angle 

with respect to one another (Fass, 2008). Recently, the crystal structure of the 

core domain of Erv1, which includes the Erv fold, demonstrated the protein 

also forms homodimers (Guo et al., 2012). The results presented in this 

chapter looked instead at the quaternary structure of full-length Erv1. Unlike 

the construct used for crystallisation, the protein employed in this study also 

includes the flexible N-terminal domain (residues: 1-82). 

 
 During the course of this study one report directly addressed the 

oligomerisation state of full-length Erv1 and suggested the protein adopts a 

dimeric quaternary structure (Bien et al., 2010). Initially, an experiment using 

mitochondria with co-expressed Erv1-His and Erv1-HA tagged proteins showed 

that, when Erv1-His was pulled down using His-specific beads, Erv1-HA was 

also purified. This result thus indicated that the protein oligomerises inside 

mitochondria. A second result using protein crosslinkers and SDS-PAGE then 

showed the protein could form dimers. However, the crosslinking was not 

complete for there was still a strong band representing the monomer and, 

additionally, the upper part of the gel was not published. Hence, the possibility 

of a higher oligomerisation state for Erv1 should not be discarded. The last 

result showed the purified protein eluted between the molecular weight 

markers of 67 and 43 kDa in a SEC experiment, which lead to the protein 

being considered a dimer (Bien et al., 2010). However, the MALLS 

experiments presented here showed that, when Erv1 elutes between the 67 

and 43 kDa markers, the peak actually represents a mixture of dimer and 

monomer that could not be separated. A link was identified between the 

oligomerisation state of Erv1 and the FAD binding percentage of Erv1. When 

Erv1 exhibited a low FAD content (~20%) the protein eluted below the 67 kDa 

marker in SEC. On the other hand, if Erv1 had a high percentage of protein-
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bound FAD (~95%) then it eluted above the 67 kDa marker. Thus, it is 

conceivable the dimer conformation reported for full-length Erv1 actually 

corresponds to a protein with a low percentage of FAD bound to it. 

 

 In support of a tetramer Erv1 the MALLS analysis determined a molecular 

weight of 88 kDa for full-length Erv1. Considering the monomer has a 

molecular weight of 22 kDa (Lee et al., 2000), the data indicates that Erv1 

adopts a tetramer conformation in solution. Furthermore, oligomerisation can 

be useful for a protein to improve or control its function and folding stability 

(Nooren and Thornton, 2003). Here, CD studies showed the Erv1 ‘dimer’ is 

about 30% less folded than the Erv1 tetramer, suggesting tetramerisation is 

coupled to a higher folding in Erv1. Additionally, tetramerisation conferred on 

Erv1 a higher resistance to temperature, with a difference in TM of ~10°C 

between Erv1 ‘dimer’ and Erv1 tetramer, and was either a cause or a pre-

requisite of a high FAD content. On the other hand, the oxidase activity of 

Erv1 was not affected suggesting tetramerisation does not offer an advantage 

in the activity. However, a fault in these assays is that they were done using 

different concentrations (~20 µM for SEC, 1 µM for oxygen consumption) 

without a previous knowledge of the Erv1 dissociation constant (Kd). Thus, it is 

possible that, upon dilution, the tetramer dissociates into dimers or even 

monomers thus giving the impression of having the same activity as Erv1 

‘dimer’. Generally, it is highly important to know the Kd of a protein to be 

certain that the same oligomerisation state is present on each assay. Lastly, 

more experiments are required to ascertain the oligomerisation state of Erv1, 

starting by analytical ultracentrifugation (AUC) that could be employed to 

confirm the formation of a tetramer and obtain the Kd of Erv1. Another 

important point that needs to be addressed is the removal of the his-tag to 

ensure that tetramer formation is not due to its presence. 

4.9. Conclusion 

 
Collectively, the results presented here indicate full-length Erv1 forms a 

tetramer under the conditions tested here, which increased its secondary 

structure folding and thermal stability. Tetramer formation was independent of 

intermolecular disulphide bonds but tightly linked to FAD binding in Erv1.  

However, it remains to be seen if Erv1 remains a tetramer at low sub-

micromolar concentrations and also whether it forms tetramers in vivo. 
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5. RESULTS AND DISCUSSION II: CHARACTERISATION OF THE 

ERV1 R182H MUTATION 

5.1. Introduction 

 
Enzymes are highly evolved catalysts in charge of conducting a variety of 

reactions. They come in all types, from big and complex structures capable of 

catalysing very specific reactions to small proteins often not even substrate 

specific. A common trait, however, is that mutations in the active site of an 

enzyme generally leads to changes in its function. 

 

 ALR, the human counterpart of Erv1, works as an enzyme in the 

mammalian MIA pathway (Lisowsky et al., 2001, Farrell and Thorpe, 2005). 

Recently, a single arginine to histidine substitution (R194H) in the C-terminal 

end of ALR was identified as the cause of autosomal recessive myopathy (Di 

Fonzo et al., 2009). Two copies of a defective ALR gene were found in three 

children from healthy parents. The children were affected by congenital 

cataract, progressive muscular hypotonia, sensorineural hearing loss and 

developmental delay (Di Fonzo et al., 2009). At a cellular level the effects 

included a lower cysteine-containing protein content, abnormal mitochondrial 

morphology, reduction of respiratory-chain activity and increased 

accumulation of mitochondrial DNA (mtDNA) deletions (Di Fonzo et al., 2009). 

The mutant equivalent Erv1 R182H in S. cerevisiae also showed reduced 

respiratory-chain activity, higher level of mtDNA mutability, altered 

mitochondrial morphology and a thermosensitive phenotype with delayed cell 

growth in solid medium at 37°C (Di Fonzo et al., 2009). Further experiments 

then showed a lower mitochondrial content of MIA pathway substrates and 

mislocalisation of Mia40 to the cytosol (Sztolsztener et al., 2013). These 

defects are however not a cause of Erv1 degradation for it was shown the Erv1 

R182H mutant is expressed and localised similarly to the wild-type 

(Sztolsztener et al., 2013). 

 

 Here, the purified Erv1 R182H mutant was studied in vitro using a range 

of biophysical techniques. First, the effects of the mutation on the folding and 

stability of Erv1 were characterised. Then, the activity of Erv1 R182H was 

compared with that of Erv1 wt at different temperatures. Lastly, the link 

between Erv1 activity and the stability of FAD binding was also investigated. 
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5.2. Purification of the Erv1 R182H mutant 

 
The Erv1 R182H mutant was successfully purified from E. coli Rosetta-gamiTM 

2 cells (Section 3.4). Reducing SDS-PAGE showed the protein was properly 

overexpressed (Figure 5.1, lane 2) and found mostly in the supernatant 

(Figure 5.1, lane 4). The final protein after affinity purification was yellowish in 

colour and mostly pure with only a few extra bands below 15 kDa (Figure 5.1, 

lane 7). Further purification by SEC using a Superdex 200 indicated the main 

peak represents Erv1 R182H at approximately 90% pure (Figure 5.1, lane 8). 

In this study both Erv1 wt and Erv1 R182H were purified on average at 8 mg 

of protein per gram of E. coli cells.  

 

 

 

 

Figure 5.2 SDS-PAGE of a purification of Erv1 R182H 

Reducing SDS-PAGE of an Erv1 R182H affinity purification visualised using coomassie-

blue staining. Lanes: 1) cells grown to log phase, 2) overnight induction at 16°C, 3) 

sonication pellet, 4) sonication supernatant, 5) flowtrough from Ni-NTA His-Bind 

beads, 6) wash with 80 mM imidazol, 7) elution with 500 mM imidazol, 8) after SEC.  
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5.3. Effect of the R182H mutation on the oligomerisation state of Erv1 

 
The initial step in the characterisation of the Erv1 R182H mutant was to 

determine its oligomerisation state. To that end, the protein was first run 

through a Superdex 200 SEC column in BAE buffer (Figure 5.2 A). Erv1 R182H 

eluted in two peaks, a small peak at ~12.7 mL and a large peak at ~14 mL. 

This indicates a small proportion of Erv1 R182H forms a tetramer but the 

majority of it has a lower molecular weight than that of Erv1 wt (section 4.1). 

By comparing its elution with that of the protein markers, an apparent 

molecular weight of ~67 kDa was estimated, suggesting a trimer conformation 

(Erv1 monomer = 22 kDa). 

 

 As mentioned earlier, SEC does not offer an accurate measurement of 

the molecular weight for proteins that do not have a molten-globule shape. To 

obtain a more accurate weight the Erv1 R182H mutant was next analysed by 

MALLS (Figure 5.2 B). The result shows the main peak of Erv1 R182H has a 

molecular weight of 44 ± 1 kDa, revealing the mutant protein to be a dimer. 

Thus, although the mutation is not located at the dimer interface identified in 

the crystal structure of Erv1 (Fass, 2008, Guo et al., 2012), the single amino 

acid substitution clearly changes its oligomerisation state. It is possible that 

the R182H mutation is instead localised in a yet unidentified oligomerisation 

interface important for tetramer formation. 
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Figure 5.3 Oligomerisation state of Erv1 wt and Erv1 R182H 

A) Size exclusion chromatography of Erv1 R182H (red) on a Superdex 200 

 10/300 GL column run in BAE buffer. The protein was assayed directly after 

 affinity purification. Molecular weight markers: albumin (67 kDa), ovalbumin 

 (43 kDa), chymotrpsin (26 kDa) and ribonuclease A (13.7 kDa). Void volume 

 V0 = 8.5 mL. For comparison, Erv1 wt is in light blue. 

B) Multiangle laser light scattering of Erv1 R182H (red). The fraction 

 corresponding to the main peak from a previous size exclusion experiment was 

 used for the assay. The molecular weight (olive green) of Erv1 R182H is 44 ± 1 

 kDa, indicating the mutant adopts a dimer conformation. 
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5.4. Effect of the R182H mutation on the FAD binding of Erv1 

 
Enzymes occasionally use cofactors to help them in their function. Often, a 

mutation near the cofactor can affect the enzymes ability to bind them. Thus, 

the next step in the characterisation looked at the binding of FAD by Erv1 

using various spectroscopic techniques. First, the UV-visible spectra of both 

Erv1 wt and Erv1 R182H were clearly superimposed (Figure 5.3 A). A slight 

but reproducible difference in the FAD maximum absorption wavelength (



max

FAD) 

was observed in the spectra; whereas Erv1 wt gave a 



max

FAD of 460 nm, the 

Erv1 R182H mutant gave a 



max

FAD
 of 459 nm. Still, superimposition of the 

spectra does not necessarily mean both proteins bind FAD with the same FAD 

to protein ratio. The FAD binding percentage was therefore calculated using 

the BCA assay for protein concentration and treatment with 1% SDS to 

measure the FAD concentration. The percentages were similar for Erv1 wt and 

Erv1 R182H with values of 96 ± 6 and 93 ± 6%, respectively. The results are 

summarized in Table 5.1. 

 

 Another characteristic of FAD that could be affected by the mutation is 

its standard reduction potential (



E o). A change in the 



E o would signify a 

difference in the reactivity of the mutant. Thus, measurements of the 



E o of 

FAD were taken using the same techniques later described in section 6.1. A 



E o 

of -152 ± 12 mV (z=2) was obtained for the Erv1 R182H mutant, which is 

similar to the one measured for Erv1 wt (Table 5.1; Section 6.2).  

 

 Next, the effect of the R182H mutation on FAD fluorescence was 

analysed. Figure 5.3 B shows a ~5 fold increase in the FAD fluorescence 

emission intensity (530 nm) of Erv1 R182H over that of Erv1 wt. This finding 

suggests a stronger quenching of FAD fluorescence in Erv1 wt compared to 

that in the Erv1 R182H mutant. Flavoenzymes quench the fluorescence of 

their flavin cofactor (FMN, FAD) by stacking aromatic residues around it, which 

can interact with the excited isoalloxazine ring (Munro and Noble, 1999). 

Hence, a stronger quenching can be taken as a signal of a tighter FAD binding 

in Erv1 wt. 
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Figure 5.4 FAD spectra of Erv1 wt and Erv1 R182H 

A) UV-visible spectra of Erv1 wt (blue) and Erv1 R182H (red) normalised at 275 

 nm. 

B) FAD fluorescence of Erv1 wt (blue, 10 µM) and Erv1 R182H (red, 10 µM). The 

 Erv1 R182H mutant shows less quenching of the emission intensity. Excitation 

 = 460 nm. Protein concentrations based on FAD content. 
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Table 5.1 FAD binding of Erv1  

Protein λmax(nm)  (mM-1 cm-1) %FAD Eo(mV) 

    Erv1 wt 460 12.3 96±6 -157±7 

    Erv1 R182H 459 11.8 93±6 -152±12 

  

 Further evidence of a weaker FAD binding in the mutant arose when the 

chemical stability of Erv1 was evaluated by treating the proteins with urea. 

Initially, Erv1 was bound to a 1 mL HisTrap HP column. Then, a urea gradient 

(08 M) was applied while the release of FAD was followed at 460 nm (Figure 

5.4 A). Erv1 wt required 8 M urea to completely unbind its FAD, whereas Erv1 

R182H only needed 4.5 M urea. This pointed to weaker binding of FAD in the 

Erv1 R182H mutant. The conclusion was further supported by kinetic studies 

where the wild-type and mutant proteins were treated with 7 M urea and the 

release of FAD from Erv1 was followed by the decrease in absorbance at 496 

nm (Figure 5.4 B). In the assays, fitting of the absorbance at 496 nm to an 

exponential decay (equation 1, section 3.6.3) gave relative half-lives (



 ) of 

1.82 ± 0.17 and 0.30 ± 0.05 min for Erv1 wt and Erv1 R182H, respectively, 

indicating FAD was released ~6 times more quickly from the mutant protein 

than from the wild-type. 

 



A  A0
1

2 
t


                                             (1)

A  =  Absorbance

A0 =  Initial absorbance

 t   =  time

   =  half - life of decaying quantity

 

 

 In spite of these differences, when equimolar amounts of FAD and 

either apo-Erv1 wt or apo-Erv1 R182H were mixed, both proteins bound FAD 

with similar kinetics (Figure 5.4 C). The result indicates the on-rate constant 

(kon) for the binding of FAD by apo-Erv1 is the same for both proteins. 

Therefore, considering the faster release of FAD shown before (Figure 5.4 A 

and B), it follows that the weaker FAD binding in Erv1 R182H most likely 

relates to a different off-rate constant (koff). 
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 Collectively, these results agree with previous findings using the ALR 

R194H mutant (Daithankar et al., 2010). In both cases the mutant proteins 

exhibited a weaker FAD binding, with different off-rate constants compared to 

the wild-types. 
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Figure 5.5 Stability of FAD binding in Erv1 wt and Erv1 R182H 

A) FAD release from Erv1 wt (blue, 2 mg) and Erv1 R182H (red, 2 mg). Proteins 

 were bound to a 1 ml HisTrap HP column and then treated with a 0 to 8 M urea 

 gradient. The release of FAD was followed by its absorbance at 460 nm.  

B) Kinetics of FAD release followed at 496 nm after addition of 7 M Urea to 10 µM 

 Erv1 wt (blue) and Erv1 R182H (red). Fitting to an exponential decay gave 

 relative half-lives of 1.87 ± 0.17 and 0.30 ± 0.05 for Erv1 wt and Erv1 R182H, 

 respectively. Values represent the average of 3 assays on the same day. 

C) FAD uptake by apo-Erv1 wt (blue) and apo-Erv1 R182H (red). Equimolar 

 amounts (20 µM inside the cell) of FAD and apo-Erv1 were used. Binding was 

 followed at 496 nm using a stopped-flow instrument. 
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5.5. Effect of the R182H mutation on the folding of Erv1 

 
The R182H mutation changes the oligomerisation state of Erv1 and its ability 

to bind FAD. A plausible explanation for these two alterations is a modification 

of the secondary structure folding of Erv1. Thus, further characterisation of 

Erv1 R182H was done by circular dichroism (CD). The CD signal on the far-UV 

region is generally employed for the study of secondary structures (Section 

4.4) and here both Erv1 wt and Erv1 R182H were analysed under identical 

conditions (Figure 5.5 A). The results show peaks at 195, 208 and 220 nm 

characteristic of α-helical proteins (Martin and Schilstra, 2008). However, as in 

the case of P2 (section 4.5), the change in the oligomerisation state in the 

Erv1 R182H mutant was accompanied by a lower level of secondary folding 

(~20% less) than that of the wild-type. Furthermore, when the spectrum of 

Erv1 R182H was subtracted from that of Erv1 wt a peak centred at 230 nm 

was again generated (Figure 5.4 A, inset), suggesting that the same strong 

aromatic-aromatic interactions that were lost in the Erv1 wt ‘dimer’ (P2 in 

section 4.5) are also absent in Erv1 R182H. 

 

 Near-UV CD is commonly used to study tertiary structure pockets where 

phenylalanine, tyrosine and tryptophan residues are the absorbing 

chromophores. As such, the technique was employed to test whether there is 

also a difference in tertiary structure between Erv1 wt and Erv1 R182H. The 

near-UV CD spectra of both proteins are presented in figure 5.4 B. The signal 

around 272 nm represents absorption by tyrosine residues, whereas signals at 

285 and 292 nm represent absorption by tryptophan residues (Martin and 

Schilstra, 2008). However, not all aromatic residues contribute to the spectra. 

In general, immobilised aromatic residues or those that closely interact with 

other neighbouring aromatic residues produce the strongest signals (Martin 

and Schilstra, 2008).  This means the weaker signals at 285 and 292 nm of 

the Erv1 R182H spectrum can best be interpreted as coming from lost 

interactions between aromatic residues. 

 

 Jointly, both far and near UV CD results show the R182H mutation 

modifies the overall conformation of Erv1, decreasing its secondary folding by 

about 20% and causing some changes on its tertiary structure. The data also 

adds further evidence to support the observation that strong interactions 

between two or more aromatic residues are important for tetramerisation. 
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Figure 5.6 Circular dichroism spectra of Erv1 wt and Erv1 R182H 

A) Far-UV circular dichroism spectra of Erv1 wt (blue, 0.22 mg/ml) and Erv1 

 R182H (red, 0.22 µM) in BAE buffer at 25°C. The spectra represent the 

 average of 4 independent experiments. Inset: subtraction of the Erv1 R182H 

 spectrum from that of Erv1 wt. The peak centred at 230 nm is characteristic of 

 aromatic-aromatic interactions. 

B) Near-UV circular dichroism of Erv1 wt (blue, 0.5 mg/ml) and Erv1 R182H (red, 

 0.5 mg/ml) in BAE buffer at 25°C. Signal at 272 nm represents tyrosine 

 residues. Signal at 285 and 292 nm represent tryptophan residues. The spectra 

 represent the  average of 4 independent experiments. 
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5.5. Effect of the R182H mutation on the oxidase activity of Erv1 

5.5.1. At 25°C 

 
One function of Erv1 is to catalyse the transfer of electrons from partially 

reduced Mia40 (pr-Mia40) to oxygen (Lee et al., 2000, Mesecke et al., 2005, 

Ang and Lu, 2009, Tienson et al., 2009). Thus, the oxidase activity of Erv1 wt 

and Erv1 R182H was studied using an oxygen consumption assay. First, TCEP 

was used as the reducing agent to best imitate the electron transfer from 

Mia40 to Erv1 (Ang and Lu, 2009). Reactions were started by addition of 5 mM 

TCEP to 3 µM Erv1 in the presence of 80 U/mL SOD. Figure 5.6 A presents 

oxygen consumptions profiles for Erv1 wt and Erv1 R182H at 25°C. Clearly, 

both proteins consumed oxygen with similar kinetics when TCEP was used as 

electron donor at 25°C (Table 5.2). 

 

 Next, the physiological substrate Mia40 core (Mia40c) was employed 

(Figure 5.6 B). Exchange of full-length Mia40 for Mia40c inside S. cerevisiae 

displayed no phenotype (Terziyska et al., 2009), but Mia40c is easier to purify 

and was thus employed in these assays. Partially reduced Mia40c (pr-Mia40c) 

consists of Mia40c with a reduced CPC motif and was made by treating Mia40c 

with TCEP. The excess reducing agent was then removed by SEC and the 

protein was immediately used. When 35 µM of pr-Mia40c were used as 

electron donor the reaction again proceeded with similar kinetics for both Erv1 

wt and Erv1 R182H (Table 5.2). This indicates the mutation does not affect 

the reaction of Erv1 with Mia40. 

 

 Taken together, these results suggest the electron transfer from Mia40 

to Erv1, and from there to O2, is not affected in the Erv1 R182H mutant when 

the reactions are done at 25°C. Again, the results agree with those reported 

for ALR where the R194H mutation did not affect its oxidase activity at 25°C 

(Daithankar et al., 2010). 
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 Figure 5.7 Oxidase activity of Erv1 wt and Erv1 R182H at 25°C 

A) TCEP as electron donor: Oxygen consumption of Erv1 wt (blue, 3 µM) and 

 Erv1 R182H (red, 3 µM) at 25ºC in the presence of 80 U/ml of superoxide 

 dismutase. Reactions were done in BAE buffer and started by addition of 5 mM 

 TCEP. The profiles represent the average of 3 assays on the same day. 

B) Mia40 as electron donor: Oxygen consumption of Erv1 wt (blue, 3 µM) and 

 Erv1 R182H (red, 3 µM) at 25°C using 35 µM pr-Mia40c as electron donor. 

 Reactions were done in BAE buffer. The profiles represent the average of 3 

 assays on the same day. 
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5.5.2. At 37°C 

 
The first report on the Erv1 R182H mutation showed a growth defect in yeast 

at 37°C (Di Fonzo et al., 2009). It therefore stands to reason the activity of 

Erv1 R182H might only be destabilised at temperatures near 37°C. To start, 

an oxygen consumption assay was performed at 37°C using 5 mM TCEP as 

electron donor in the presence of SOD (Figure 5.7 A). When an Erv1 

concentration of 3 µM was used, Erv1 wt consumed oxygen slightly faster than 

Erv1 R182H but the mutant was still capable of reacting with the TCEP/O2 

couple (Table 5.2). 

 

 In order to be thorough, various Erv1 concentrations were checked for 

defects in their reaction with TCEP. Interestingly, when the Erv1 concentration 

was lowered to 0.2 µM the oxidase activity of Erv1 R182H stopped after a few 

enzymatic cycles (Figure 5.7 B); whereas Erv1 wt continued to steadily 

consume oxygen even after 300 s, Erv1 R182H completely stopped reacting 

after about 150 s. The mutant consumed in total ~5 µM of oxygen giving a 

protein turnover ([O2]/[Erv1]) of ~25 before the reaction came to a halt. To 

confirm these results, increasing concentrations of Erv1 wt and Erv1 R182H 

were checked for their final oxygen consumption (Figure 5.7 C). The total 

amount of oxygen consumed before Erv1 R182H broke down increased with 

protein concentration, suggesting the mutant undergoes a certain number of 

turnovers before it stops. More importantly, in the assay, at Erv1 

concentrations of 3 µM or more the Erv1 R182H mutant consumed the same 

amount of oxygen as Erv1 wt, thus hiding the activity defect. 

 

 The results showing Erv1 R182H concentrations of 3 µM conceal the 

activity defect question the significance of the oxidase activity studies done at 

25°C. When similar experiments were conducted using 0.2 µM Erv1 and 5 mM 

TCEP, the results now exhibited an activity defect for the Erv1 R182H mutant 

(Figure 5.7 D). However, the effect was not as strong as at 37°C. The mutant 

still reacted with similar kinetics as Erv1 wt up to ~200 s, then it started to 

slow down but was still viable after ~600 s. Overall, the data points towards 

an oxidase activity defect in Erv1 R182H that is otherwise hidden unless the 

right set of conditions are used. Furthermore, the defect is stronger at 

temperatures of 37°C. 
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Figure 5.8 TCEP as electron donor: Oxidase activity of Erv1 wt and 

Erv1 R182H at 37°C 

A) Oxygen consumption of Erv1 wt (blue, 3 µM) and Erv1 R182H (red, 3 µM) at 

 37ºC in the presence of 80 U/ml of superoxide dismutase. Reactions were done 

 in BAE buffer and started by addition of 5 mM TCEP. The profiles represent the 

 average of 3 assays on the same day. 

B) As in A only the Erv1 concentration was 0.2 µM. 

C) Final oxygen consumed by increasing concentrations of Erv1 wt (blue) and Erv1 

 R182H (red) at 37ºC. Reaction started by addition of 5 mM TCEP in the 

 presence of 80 U/ml of SOD. Values represent the average of 2 measurements 

 on the same day. 

D) As in A only the Erv1 concentration was 0.2 µM and the temperature 25ºC. 
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 The next step was to check whether the fault in the Erv1 R182H mutant 

was due only to a specific interaction with TCEP, or whether it was also 

present during the reaction with Erv1’s physiological substrate Mia40. In figure 

5.8 a similar behaviour to that observed with TCEP can also be seen when pr-

Mia40c was used as electron donor. Despite the temperature of 37°C, if Erv1 

concentrations of 3 µM are used then both Erv1 wt and Erv1 R182H react with 

similar kinetics when mixed with 35 µM of pr-Mia40c (Figure 5.8 A, Table 5.2). 

On the other hand, if the Erv1 concentration is set to 0.2 µM then Erv1 R182H 

breaks down after consuming ~12 µM of pr-Mia40c, giving a protein turnover 

of ~60 (Figure 5.8 B). Thus, the activity defect is not unique to the interaction 

of Erv1 with TCEP. 

 

Table 5.2 Relative initial rates of Erv1 

[C] Protein 
TCEP (µM/min) pr-Mia40c (µM/min)a 

25°C 37°C 25°C 37°C 

3 µM 
Erv1 wt 126.5±0.5 173.1±9.1 103.9±8.5 149.3±32.2 

Erv1 R182H 124.9±8.5 124.5±3.1 102.9±6.6 134.2±6.3 

0.2 µM 
Erv1 wt 4.2±0.2 7.7±1.5 17.0±1.5 31.3±1.8 

Erv1 R182H 3.8±1.3 3.7±0.2 11.8±0.4 13.5±0.4 

All rates represent an average of at least 2 measurements done on the same day, with Erv1 wt and Erv1 
R182H done together. 
a For the assays with 3 µM Erv1, 35 µM of pr-Mia40c were used; whereas 60 µM of pr-Mia40c were used 

with 0.2 µM Erv1. 

 

 The data presented demonstrates that, at the restrictive temperature of 

37°C, the R182H mutation halts the oxidase activity of Erv1. However, Erv1 

R182H is capable of fully reacting with pr-Mia40c when high enough 

concentrations of Erv1 are used. This particular result suggests that the 

Mia40-Erv1 interaction is not specifically affected in the mutant, but that any 

failed interaction more likely represents a breakdown of Erv1 itself. Because 

the dissociation constant (Kd) of Erv1 R182H is not known, it is possible that at 

low concentrations the mutant becomes a monomer thereby releasing FAD. 

However, simple dilution of the protein was not sufficient to render the mutant 

inactive and cause the release of FAD as explained in section 5.8. Thus, a 

possible change in oligomerisation state, although not ruled out, it could not 

be directly behind the observed activity defect. Lastly, at similar Erv1 

concentrations, different protein turnovers were obtained for TCEP and pr-
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Mia40c as electron donors suggesting that the reaction intermediates may play 

a role in the activity defects. Additional explanation on this difference is given 

in the discussion.   

 

Figure 5.9 Mia40 as electron donor: Oxidase activity of Erv1 wt and 

Erv1 R182H at 37°C 

A) Oxygen consumption of 3 µM Erv1 wt (blue) and Erv1 R182H (red) at 37ºC 

 using 35 µM pr-Mia40c as electron donor. Reactions were done in BAE buffer. 

 The profiles represent the average of 3 assays on the same day. 

B) Oxygen consumption of 0.2 µM Erv1 wt (blue) and Erv1 R182H (red) at 

 37ºC using 60 µM pr-Mia40c as electron donor. Reactions were done in 

 BAE buffer. The profiles represent the average of 3 assays on the same day. 
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5.6. Effect of the R182H mutation on the reduction of cyt c 

 
The previous section showed that the R182H mutation causes a defect on the 

oxidase activity of Erv1. The defect is present independently of whether TCEP 

or pr-Mia40c is used as electron donor. Therefore, one possibility is that the 

defect is specific to the interaction of Erv1 with oxygen. Earlier reports have 

demonstrated cyt c also works as an electron acceptor of Erv1 both in vitro 

and in vivo (Allen et al., 2005, Dabir et al., 2007, Bihlmaier et al., 2008). This 

allows cyt c to be used as an alternative to oxygen to study the activity of 

Erv1. To that end, an assay was established to check whether the Erv1-cyt c 

reaction was also affected in the Erv1 R182H mutant. 

 

 Reduction of the heme cofactor in cyt c can be followed by its change in 

absorbance at 550 nm. To avoid any oxygen interference the oxygen was 

removed from all solutions by bubbling nitrogen through them. Additionally, 

the experiments were done inside an anaerobic glove box where the oxygen 

concentration is kept below 2 ppm. In the experiments cyt c reduction was 

followed after rapidly mixing a solution of Erv1 + cyt c (syringe A) with pr-

Mia40c (syringe B) using a stopped flow instrument. 

 

 First, final concentrations after mixing of 3 µM Erv1, 40 µM cyt c and 30 

µM pr-Mia40c were used (Figure 5.9 A). At 25°C, both Erv1 wt and Erv1 

R182H displayed the same kinetic curves indicating the two proteins reduced 

cyt c with similar rates. When the assay was repeated at 37°C the Erv1 R182H 

mutant reduced cyt c somewhat faster than Erv1 wt. These results suggest 

that, even at the restrictive temperature of 37°C, the reaction between Erv1 

R182H and cyt c is not affected. 

 

 Previous assays established Erv1 concentrations of 3 µM could hide the 

oxidase activity defect of Erv1 R182H. Hence, the cyt c reduction assays at 

37°C were repeated using only 0.2 µM Erv1. Figure 5.9 B shows the Erv1 

R182H mutant fails to reduce cyt c after a few catalytic cycles. However, an 

accurate measurement of the protein turnover was difficult because of 

background reduction of cyt c by pr-Mia40c. Still, the results do indicate the 

Erv1-cyt c reaction is also slowed down by the R182H mutation. Furthermore, 
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the activity defect of Erv1 R182H is not specific for the reaction with oxygen or 

with cyt c.  

 

 

Figure 5.10 Reduction of cyt c by Erv1 wt and Erv1 R182H 

A) Cyt c reduction by 3 µM Erv1 wt (red) and Erv1 R182H (blue) followed at 550 

 nm. Concentrations inside the cell: 3 µM Erv1, 30 µM pr-Mia40c and 40 µM cyt 

 c. Reactions were done in BAE buffer using an anaerobic stopped flow. The 

 profiles represent the average of 4 repeats on the same day. 

B) As in A only the Erv1 concentration inside the cell was 0.2 µM. The 

 temperature was 37°C. The black line represents background reduction of cyt c 

 by pr-Mia40c. The profiles represent the average of 4 repeats on the same day. 
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5.7. Effect of the R182H mutation on the thermal stability of Erv1 

 
The activity of an enzyme generally increases with temperature until it reaches 

a critical point. Any further rise in temperature then causes the enzyme to 

unfold or aggregate, thereby decreasing or completely losing its activity. A 

likely explanation for the loss of activity in Erv1 R182H is therefore that the 

protein may not be properly folded at temperatures nearing 37°C. To check 

this, circular dichroism was selected, as it is a proven technique used to follow 

protein unfolding. Initially, the far-UV CD signal at 222 nm was used to follow 

the secondary structure of Erv1 R182H as the temperature increased. Figure 

5.10 shows Erv1 R182H is still folded up to temperatures of 30-35°C. Then it 

unfolded with a steep slope until it reached a temperature of ~70°C, at which 

point the protein was completely unfolded. The TM for Erv1 R182H was 59.5 ± 

3.5°C. When compared with Erv1 wt (TM = 68.3 ± 4.8°C, section 4.3), the 

Erv1 R182H mutant is, on the whole, less thermally stable. In fact, its thermal 

behaviour is reminiscent of that of Erv1 ‘dimer’ (section 4.3). This suggests 

the lower thermal stability of Erv1 R182H is a consequence of the protein 

adopting a dimer conformation, as opposed of a tetramer for Erv1 wt. 

Nevertheless, the protein appeared mostly folded (~90%) at 37°C suggesting 

that large-scale protein unfolding is not the cause behind the Erv1 R182H 

activity defect. 

 

 To further study the effect of temperature on the structure of Erv1, 

thermal denaturation coupled with near-UV CD was used to look at the 

unfolding of the tertiary structure. In some cases, the technique proves more 

sensitive to small, localised changes in structure than far-UV CD. Figure 5.10 

also shows the unfolding of Erv1 wt and Erv1 R182H when followed by near-

UV CD at 272 nm. Again, the TM decreased from 69.4 ± 1.4°C for Erv1 wt to 

58.6 ± 1.4°C for Erv1 R182H. Furthermore, the curves did not vary when 

different wavelengths (285 and 292 nm) were selected to follow protein 

unfolding. Both proteins also showed no considerable disruption in structure at 

37°C. Thus, although near-UV CD only looks at certain pockets of tertiary 

structure (those containing phenylalanine, tyrosine and tryptophan), this 

result suggests no great change occurs in the vicinity of aromatic residues in 

Erv1 at temperatures near 37°C.  
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Figure 5.11 Thermal stability of Erv1 wt and Erv1 R182H 

Thermal denaturation of Erv1 wt (blue) and Erv1 R182H (red). Protein unfolding was 

followed by far-UV CD at 222 nm (0.22 mg/ml, BAE) and near-UV CD at 272 nm (0.5 

mg/ml, BAE). Temperature increase: 1 ºC/min, 10-90ºC. The curves represent the 

average of 4 independent experiments. 
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5.8. Effect of the R182H mutation on FAD binding during the 

enzymatic cycle of Erv1 

 
The experiments in section 5.4 showed FAD is more weakly bound in Erv1 

R182H than in Erv1 wt. Accordingly, previous reports using the human 

analogue ALR also showed a weaker FAD binding in the corresponding ALR 

R194H mutant (Daithankar et al., 2010) . However, it is unknown whether a 

connection exists between this weaker FAD binding and the activity defect of 

Erv1 R182H. One possibility is that during the enzymatic activity of the mutant 

FAD is somehow destabilised or released. To test this hypothesis, the binding 

of Erv1 to FAD after its enzymatic reaction was analysed by both UV-visible 

and fluorescence spectroscopy (Figure 5.11 A). To this end, 1.5 µM of Erv1 wt 

or Erv1 R182H was mixed with 140 µM of pr-Mia40c and the reaction was 

conducted for 25 min at 37°C. As a control, 1.5 µM of each protein was also 

incubated for 25 min at 37°C but without pr-Mia40c. 

 

 The UV-visible spectra showed that the position of the FAD maximum 

absorption wavelength (



max

FAD
) was the same for Erv1 wt regardless of whether 

pr-Mia40c was added (+pr-Mia40c) or not (-pr-Mia40c), with 



max

wt_FAD  460 nm. 

However, the 



max

FAD
 of Erv1 R182H shifted from 459 nm to 450 nm when the 

protein underwent a reaction (Figure 5.11 A). A 



max

FAD
 of 450 nm is typical of 

free FAD (Koziol, 1971) indicating the cofactor is no longer bound to Erv1 

R182H. Because the 



max

FAD
 did not change for the control of Erv1 R182H (-pr-

Mia40c), the data suggests the release of FAD resulted from the reaction with 

pr-Mia40c. 

 

 To further validate the hypothesis, FAD release from Erv1 R182H was 

also followed using FAD fluorescence. The same samples used in the UV-

visible assays were checked for their FAD fluorescence when excited at 450 

nm. Figure 5.11 A shows the FAD fluorescence spectra of Erv1 wt does not 

change despite reacting with pr-Mia40c. However, in the case of Erv1 R182H, 

a ~2.2 fold increase in fluorescence intensity at 525 nm was evident when the 

protein reacted with pr-Mia40c. As mentioned before, Erv1 quenches the 

fluorescence of FAD by means of the aromatic residues surrounding the 

cofactor (Munro and Noble, 1999). Hence, the increase in fluorescence 

intensity most likely indicates the discharge of FAD into the solution. Lastly, to 
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corroborate that FAD is only released upon reaction with pr-Mia40c, and not 

by mere dilution of the protein, the FAD fluorescence was followed over time 

as the reaction proceeded. Figure 5.11 B shows that the FAD fluorescence in 

Erv1 R182H stays the same despite the low concentration (1.5 µM) and the 

temperature of 37°C, indicating FAD remained bound to the mutant under 

these conditions. However, in the presence of pr-Mia40c, the FAD fluorescence 

increased over time suggesting FAD was released from Erv1 R182H as the 

reaction occurred. Taken together, these results show FAD is released because 

and during the enzymatic reaction of Erv1 R182H. 
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Figure 5.12 FAD binding of Erv1 wt and Erv1 R182H with or without 

addition of pr-Mia40c 

A) UV-visible spectra and FAD fluorescence (Ex: 450 nm) of Erv1 wt (blue, 1.5 

 µM) and Erv1 R182H (red, 1.5 µM) with (–) or without (--) having undergone a 

 reaction with 140 µM pr-Mia40c. The reaction was conducted at 37ºC for 25 

 min in BAE buffer. 

B) Kinetics of FAD release followed by the increase in FAD fluorescence of 1.5 µM 

 Erv1 wt (blue) and Erv1 R182H (red) with (–) or without (--) having undergone 

 a reaction with 140 µM pr-Mia40c at 37°C in BAE buffer. The curves represent 

 the average of 4 independent experiments. 
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5.9. Discussion 

 
Enzymes are well-tuned machines that catalyse a variety of specialised 

reactions. As such, small changes in their amino acid coding sequence can 

often lead to a complete disruption of their activity. Recently, Di Fonzo et al. 

(2009) reported the first disease-causing mutation directly related to the MIA 

pathway. A single amino acid substitution in human ALR, where the arginine at 

position 194 was exchanged for a histidine, was pinpointed as the cause 

behind autosomal recessive myopathy (Di Fonzo et al., 2009). When this 

project began little was known regarding the effects of the corresponding Erv1 

R182H mutant on yeast S. cerevisiae and no reports had addressed how the 

mutation affected the protein. In this broad study evidence is presented that 

shows the R182H mutation affects Erv1 in four ways: 1) it lowers the 

secondary structure folding and changes its oligomerisation state, 2) it 

weakens its binding of FAD, 3) it lowers its thermal stability and, 4) the 

binding of FAD is further impaired in Erv1 R182H during its catalytic reaction, 

which disrupts its activity. Thus, this work serves as a first approach towards 

understanding autosomal recessive myopathy from a molecular mechanism 

standpoint.  

5.9.1. The R182H mutation affects the folding of Erv1 

 
The initial results in this chapter demonstrated the R182H mutation changes 

the quaternary structure of Erv1: whereas Erv1 wt forms a tetramer of 88 

kDa, Erv1 R182H formed a dimer of 44 kDa. However, the mutated arginine 

(R182) is far from the dimer interface identified on the crystal structure of the 

C-terminal domain Erv1 (Guo et al., 2012), so its importance on the 

oligomerisation state must be explained otherwise. One possibility requires 

R182 to be part of another inter-subunit interface not visible on the crystal 

structures. Because the core domains of proteins in the ERV family all 

crystallised as dimers (Fass, 2008), it is conceivable the second interface that 

would produce the tetramer conformation was not apparent in the structures. 

If such were the case, far- and near-UV CD experiments suggested this 

second interface would probably involve aromatic residues on both sides. 

 

 A second possibility links the weaker FAD binding in Erv1 R182H with its 

change in oligomerisation state. There is precedence in the relationship 
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between cofactor binding and oligomerisation state in flavoproteins: both 

dihydrolipoamide dehydrogenase and vanillyl-alcohol oxidase form a higher 

oligomer upon correctly binding their FAD cofactor (Lindsay et al., 2000, 

Tahallah et al., 2002). Moreover, in the case of Erv1, mutations of certain 

residues in the vicinity of FAD have been shown to alter its oligomerisation 

state. The mutants Erv1 W183F, Erv1 C3S and Erv1 C4S all form dimers 

(unpublished results) and closely interact with FAD (Guo et al., 2012). It 

follows that alteration in the binding of FAD by Erv1 R182H could potentially 

cause the protein to dimerise. 

5.9.2. The R182H mutation weakens the stability of FAD binding in Erv1 

 
The next part of this chapter explored the difference in FAD binding between 

Erv1 wt and Erv1 R182H. Both proteins exhibited a similar FAD content of 

approximately 96%. During the course of this study a report addressed the 

effect of the R194H mutant on human ALR and showed the mutant contained 

20% less FAD than ALR wt (Daithankar et al., 2010). Such difference may be 

explained by two reasons: 1) a specifically stronger effect on ALR R194H 

compared to Erv1 R182H or, 2) the faster protein induction of ALR at 30°C 

compared with our slower induction of Erv1 at 16°C during protein purification 

perhaps affected the mutants more so than the wlld-type.  

 

 Regardless of the similar FAD content in Erv1 wt and Erv1 R182H, 

additional data showed the mutation does indeed affect the binding of FAD. 

The FAD fluorescence was more strongly quenched in Erv1 wt than in Erv1 

R182H. This difference could be explained by changes in the 

microenvironment surrounding FAD. Flavoproteins normally quench their 

cofactor fluorescence by stacking aromatic residues that interact with the 

excited isoalloxazine ring (Munro and Noble, 1999, Lakowicz, 2006). In the 

case of Erv1, highly conserved tyrosine (Y128) and tryptophan (W95) residues 

are parallel to the isoalloxazine ring of FAD (Guo et al., 2012). The lower 

quenching of FAD fluorescence in Erv1 R182H therefore suggests a looser 

stacking of aromatic residues, which translates into a higher mobility or 

shifting of the isoalloxazine ring and thus weaker FAD binding. 

 

 Further evidence for the weaker binding of FAD in Erv1 R182H came from 

urea denaturation experiments. When Erv1 wt and Erv1 R182H were treated 
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with 7 M urea the mutant released its FAD much faster than the wt. In fact, at 

this urea concentration, the release of FAD from Erv1 R182H was ~6 times 

faster than from Erv1 wt. Conversely, FAD uptake by apo-Erv1 wt and apo-

Erv1 R182H proceeded with similar kinetics. Thus, in combination the results 

indicate the on-rate constant for the binding of FAD by Erv1 is the same for 

both proteins. However, the off-rate constant is bigger for Erv1 R182H, which 

leads to a larger dissociation rate constant and weaker FAD binding. A 

previous report also showed a quicker FAD release for ALR R194H when 

treated with 6 M guanidine-hydrochloride. Furthermore, both ALR wt and ALR 

R194H displayed the same on-rate constant thus confirming the validity of our 

results (Daithankar et al., 2010). 

5.9.3. The loss of enzymatic activity is due to impaired FAD binding in Erv1 

R182H 

 
The results presented here indicate the R182H mutation affects the activity of 

Erv1. The activity defect was stronger at temperatures of 37°C and occurred 

regardless of whether TCEP or pr-Mia40c was used as electron donor, and was 

also present when both oxygen or cyt c was used as electron acceptor. This 

suggests the problem lies in Erv1 R182H itself and not on its interaction with 

other proteins/molecules. 

 

 Interestingly, the defect was dependent upon the initial concentration of 

Erv1 and was more readily visible as the concentration decreased. Thus, one 

possibility is that, upon dilution, the protein dissociates into monomers that 

are inactive or unstable. In this regard the dissociation constant (Kd) would 

need to be established for the mutant, or at least verify that at the 

concentrations employed the oligomerisation state of the protein has not 

changed. However, a couple of observations indicate that a potential change in 

oligomerisation state is not the direct cause behind the activity defects. First, 

in the oxygen consumption assays with TCEP as substrate Erv1 was generally 

diluted first and then incubated at this low concentration. Regardless of the 

incubation period (5-15 min) the defect was consistently the same. A similar 

behaviour was also observed in the cyt c reduction experiments where Erv1 

was diluted to 0.4 µM, a concentration known to produce a defect, and 

incubated for 1 hour before doing the reaction. Taken together, because the 

defect is not dependent upon the incubation period, these observations 
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suggest mere dilution of the mutant protein is not sufficient to impair its 

binding of FAD. Instead, UV-visible and FAD fluorescence experiments showed 

that the binding of FAD in Erv1 R182H becomes increasingly impaired only 

during its enzymatic reaction. When the mutant protein was incubated with pr-

Mia40c the fluorescence of FAD increased, indicating either it was released 

from the protein or a weaker quenching. That was not the case when Erv1 

R182H was simply diluted. As a control it was shown that the FAD 

fluorescence in Erv1 wt remains the same in both cases. In conclusion, an 

impaired binding of its FAD cofactor causes the defect in the activity of Erv1 

during its catalytic reaction, which likely perturbs the flow of electrons inside 

the protein. Furthermore, the effect appears stronger as the concentration is 

lowered because it causes Erv1 to go through more catalytic cycles, thereby 

inactivating it faster. 

  

 In a previous report, Daithankar et al. (2010) found no clear defect on 

the activity of ALR R194H at 25°C when assayed using DTT or human Mia40 

as electron donors (Daithankar et al., 2010). With DTT as the disulphide 

reducing agent, ALR R194H was ~60% more efficient than ALR wt as 

compared by their kcat/Km values. With human Mia40, a lower rate constant 

kcat for ALR R194H was compensated by an equally lower Km, thus making the 

mutant as efficient as the wt (Daithankar et al., 2010). Furthermore, the 

catalytic efficiency kcat/Km of both ALR wt and ALR R194H was the same when 

the human Mia40/cyt c couple was used at 25°C (Daithankar et al., 2010). 

Here, the initial oxygen consumption experiments also exposed no difference 

in the oxidase activity of Erv1 wt and Erv1 R182H when done at 25°C and high 

protein concentrations. Thus, it would be interesting to check whether the 

activity of human ALR R194H is actually affected at the restrictive temperature 

of 37°C. 

 

5.9.4. The Big Picture 

 
The S. cerevisiae Erv1 R182H mutant strain exhibited genetic instability of 

mtDNA, mitochondrial morphological changes, lower complex IV activity, lower 

levels of IMS proteins that require the MIA pathway and mislocalisation of 

Mia40 to the cytosol (Daithankar et al., 2010, Sztolsztener et al., 2013). Some 

of these effects could be explained by a breakdown of Erv1 R182H that 
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subsequently causes the mitochondrial import pathways to fail. Erv1 is part of 

the MIA pathway and, as such, is responsible for the import of a variety of 

proteins (Herrmann and Riemer, 2012, Fischer and Riemer, 2013). Among 

these are Cox19 and Cox 17, both of which are required for complex IV 

assembly (Rigby et al., 2007) and have decreased levels in the yeast Erv1 

R182H strain (Sztolsztener et al., 2013). Cox19 is a metallochaperone whose 

function is to deliver copper directly to complex IV. Cox17 instead transfer its 

copper to Sco1 and Cox11 who then deliver it to complex IV (Rigby et al., 

2007). In this case, a disruption of the MIA pathway would lower the import 

level of Cox 19 and Cox17 that in turn would result in decreased complex IV 

assembly and activity. Additionally, other proteins like the small Tims also 

require the MIA pathway for their import. These proteins function as 

chaperons in other mitochondrial protein import pathways that coordinate 

entrance of a wide number of proteins (Section 1.1 and Appendix C). Hence, 

when their mitochondrial levels are lowered, as is the case in yeast Erv1 

R182H, the import of several other essential proteins (AAC carrier, Tim23) is 

also affected. Generally speaking, a basic disruption of the MIA pathway could 

create a plethora of side effects as those seeing in the yeast Erv1 R182H 

mutant strain. 

5.10. Conclusion 

 
Overall, the data showed the mutation lowered the secondary structure 

folding, changed the oligomerisation state and decreased the thermal stability 

of Erv1 by approximately 10°C. Furthermore, the binding of FAD was also 

affected in the Erv1 R182H mutant. Conversely, unlike the results reported for 

ALR R194H, the activity of Erv1 was in this case  affected by the mutation due 

to a stronger impaired binding of FAD during the enzymatic reaction. Thus, 

this chapter provides an initial appraisal of the effects of the R182H mutation 

on Erv1 while complementing the findings on ALR R194H 
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6. RESULTS AND DISCUSSION III: REDOX CHARACTERISATION 

OF ERV1 

6.1. Introduction 

 
Oxidation-reduction (redox) reactions are concerned with the transfer of 

electrons between two species. The standard reduction potential (



E o) of a 

species expresses its affinity for electrons; in other words, the likelihood that a 

species is reduced during a redox reaction. Thus, in a reaction between two or 

more redox centres, the difference in 



E o indicates the thermodynamically 

favourable direction of electron flow from the more negative redox centre 

towards the more positive one. 

 

 There are three known redox centres in Erv1 (Figure 6.1 A): the C1-C2 

shuttle disulphide, the C3-C4 redox-active disulphide, and the FAD cofactor. 

All these centres are required for electrons to flow through Erv1 under 

physiological conditions. (Lee et al., 2000, Hofhaus et al., 2003, Dabir et al., 

2007, Ang and Lu, 2009). The current model of electron flow within Erv1 

(Figure 6.1 B) indicates electrons first reach it through the interaction between 

its C1-C2 shuttle disulphide and Mia40. Next, electrons are quickly passed to 

the C3-C4 redox-active disulphide. The proximity of C3-C4 to FAD facilitates 

electrons being then transferred to FAD. Finally, electrons are released unto 

oxygen or cyt c (Ang and Lu, 2009, Bien et al., 2010). Recently, Dabir et al. 

(2007) measured the standard reduction potentials of the three redox centres 

in Erv1. They reported a 



E o of -320 mV for the C1-C2 shuttle disulphide, -150 

mV for the C3-C4 redox-active disulphide and -215 mV for FAD (Dabir et al., 

2007). Based on these values the flow of electrons from C3-C4 to FAD in Erv1 

is not favoured thermodynamically. 

 

 A second discrepancy arises when the 



E o of the C1-C2 shuttle disulphide 

is placed in the context of the MIA pathway. Standard reduction potentials 

have been determined for each redox centre involved in the pathway (Figure 

6.1 C). Substrate proteins like Tim9, Tim10 or Cox17 have standard reduction 

potentials ranging from -310 to -340 mV. These values represent a four-

electron transfer where two disulphide bonds are simultaneously introduced 

into the proteins (Lu and Woodburn, 2005, Voronova et al., 2007, Morgan and 
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Lu, 2008). Mia40, the link between substrates and Erv1, has a 



E o of -290 mV 

for the two-electron reduction of its CPC disulphide bond (Tienson et al., 

2009). Thus, the more positive 



E o indicates the electron transfer from 

substrates to Mia40 is thermodynamically favourable. However, the 



E o of the 

C1-C2 shuttle disulphide of Erv1 (-310 mV) is more negative than that of 

Mia40. This means electrons preferentially flow from Erv1 to Mia40, and not 

the other way around. 

 

 Finally, the 



E o of the mitochondrial IMS (



E IMS

o ) was recently measured at 

-306 mV. This value was shown to be directly linked with the 



E o of the cytosol 

but independent of that of the mitochondrial matrix (Kojer et al., 2012). 

Furthermore, the same report also suggested that a correlation exists between 

the 



E IMS

o  and the concentration of Erv1. Indeed, the 



E IMS

o  shifted towards more 

positive and oxidising values when the Erv1 concentration was increased 

(Kojer et al., 2012).  This broad understanding of the Erv1 redox behaviour, 

particularly with respect to the standard reduction potentials of its three redox 

centres, is the first step in elucidating the connection between Erv1 and the 



E IMS

o
 

 

 In this chapter, the standard reduction potentials of the redox centres in 

Erv1 were measured. Initially, standard reduction potentials were obtained for 

FAD in Erv1 wt and the double cysteine mutants Erv1 C1,2S and Erv1 C3,4S. 

The number of electrons required to completely reduce the FAD in Erv1 was 

then determined for all three proteins. A 



E o for the C3-C4 redox-active 

disulphide was also obtained using a thiol-alkylation assay couple with SDS-

PAGE. Lastly, an attempt was made to measure the 



E o of the C1-C2 shuttle 

disulphide. 
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Figure 6.1 Standard reduction potentials of the MIA pathway 

A) Schematic representation of Erv1. The three redox centres are: the C1-C2 

 shuttle disulphide, the C3-C4 redox-active disulphide and FAD. In yellow is the 

 flexible N-terminal domain. In orange is the C-terminal domain with the Erv 

 fold. 

B) Electron flow in the MIA pathway. Electrons are transferred from the small Tims 

 to Mia40 (1), and then to the Erv1 C1-C2 shuttle disulphide (2). Electrons can 

 then go to the C3-C4 redox-active disulphide of the same (3b) or alternate 

 subunit (3a). Next, electrons move from Erv1 C3-C4 to FAD (4). The final 

 electron acceptor is either oxygen or cyt c (5). 

C) Standard reduction potentials of the different components involved in the MIA 

 pathway. The number of electrons exchanged in each redox reaction is 4 

 (Tim9, Tim10, Tim13, Cox17), 2 (Mia40, Erv1, O2) and 1 (cyt c). 
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6.2. Purification of the Erv1 C1,2S and Erv1 C3,4S mutants 

 

The Erv1 C1,2S and Erv1 C3,4S double cysteine mutants were successfully 

purified from E. coli Rosetta-gamiTM 2 cells (Section 3.4) as previously shown 

(Ang, 2010). Briefly, both mutants were properly overexpressed (Figure 6.2 

top and bottom, lanes 2) and found mostly in the supernatant (Figure 6.2, 

lanes 4). Final protein purity after SEC was over 90% for both proteins (Figure 

6.2, lanes 8).  

 

 

Figure 6.2 SDS-PAGE of a purification of Erv1 C1,2S and Erv1 C3,4S. 

 

Reducing SDS-PAGE of an Erv1 C1,2S and an Erv1 C3,4S affinity purification 

visualised using coomassie-blue staining. Lanes: 1) cells grown to log phase, 2) 

overnight induction at 16°C, 3) sonication pellet, 4) sonication supernatant, 5) 

flowtrough from Ni-NTA His-Bind beads, 6) wash with 80 mM imidazol, 7) elution with 

500 mM imidazol, 8) after SEC.  
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6.3. Determination of the standard reduction potential of FAD in Erv1 

wt 

 
In the accepted model of electron flow within Erv1 the FAD cofactor functions 

as the last electron acceptor. Unlike disulphide bonds, FAD can participate in 

both one- and two-electron transfers, thereby making it an ideal candidate to 

react with both oxygen (z=2) and cyt c (z=1). Yet, the reported value for the 



E o of FAD in Erv1 (-215 mV) is more negative than that of the C3-C4 redox-

active disulphide (-150 mV) (Dabir et al., 2007). This suggests that either FAD 

is not the last electron acceptor in Erv1 or the electron transfer from C3-C4 to 

FAD is thermodynamically unfavourable. Alternatively, the 



E o may not have 

been accurately determined. Therefore, the redox behaviour of Erv1 was 

initially studied by checking the value for the 



E o of FAD.  

 

 Reduction of FAD by stepwise addition of sodium dithionite inside an 

anaerobic glove box allows us to calculate its 



E o by fitting the captured data to 

the Nernst equation (2). Various mediators (section 3.5.4) are used to bridge 

the reduction of FAD with the measured electron potential of the solution. 

Figure 6.3 A shows the UV-visible spectra recorded during a typical FAD redox 

titration of Erv1 wt at pH 7.4. Initially, fully oxidised FAD exhibited peaks at 

380 and 460 nm characteristic of protein-bound flavin (Massey, 2000). Then, 

addition of sodium dithionite shifted the electron potential of the solution 

towards more negative values and decreased the absorbance of both FAD 

peaks. In addition, a new shoulder arose beyond 530 nm suggesting the 

formation of a semiquinone intermediate (section 6.7). Finally, further addition 

of sodium dithionite completely reduced FAD and made the shoulder disappear 

from the spectra. 

 

 The peak at 460 nm was chosen to follow the reduction of FAD during 

the redox titration. Thus, the absorbance at 460 nm was plotted versus the 

electron potential and the resulting data fitted to the Nernst equation (Figure 

6.3 B). This equation relates the measured electron potential (



E) with the 

temperature, concentration of oxidised and reduced FAD, number of electrons 

transferred (z) and the 



E o of the species under study. Reduction of FAD from 

fully oxidised to fully reduced is a two electron process and, as such, the 

fitting for z=2 gave a 



E o of -157 ± 7 mV. This places the 



E o of FAD in Erv1 at 

a far more positive value (by ~60 mV) than the one previously reported by 
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Dabir et al. (2007). Furthermore, this 



E o is also closer in value to that of FAD 

in the short form human ALR (



E o =-178 mV, Table 6.2) (Farrell and Thorpe, 

2005). 

 



E  E o 
RT

zF
ln

Reduced  ared
Oxidised  aox









                                             (1)

R Gas constant  8.314 (J  K 1mol1)

T   Temperature (K)

F   Faraday constant  9.648x104  Cmol1

z   Number of electrons transferred

a =  Activity =  1

 

 

 A closer examination of the plot in figure 6.2 B exposed an unusual FAD 

reduction from electron potentials -180 to -280 mV. Reduction of FAD in this 

region occurred with a considerably gentler slope compared to the expected 

behaviour dictated by the Nernst equation (Figure 6.3 B, red line). One 

possible explanation for this deviation involves the reduction of a second Erv1 

redox centre. Therefore, the next step in this study measured the number of 

electron equivalents required for complete FAD reduction in Erv1. 
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Figure 6.3 FAD redox titration of Erv1 wt 

A) Representative UV-visible spectra of Erv1 wt (64 µM in BAE) recorded at 

 various electron potentials during an anaerobic reduction of FAD by increasing 

 amounts of sodium dithionite. FAD goes from fully oxidised (black line) to fully 

 reduced (olive green line). Peaks at 380 and 460 nm are characteristic of 

 protein-bound flavin. The shoulder beyond 530 nm marks the formation of a 

 semiquinone intermediate (section 6.7).  

B) Plot of normalised absorbance at 460 nm versus electron potential for the 

 experiment in A. The data was fitted using the Nernst equation for z = 2 and T 

 = 298 K (red line). The average of 2 independent experiments gave a standard 

 reduction potential of -157 ± 7 mV. 
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6.4. Determination of the number of electrons required for complete 

FAD reduction in Erv1 

 
Erv1 has three known redox centres: two disulphide bonds and the FAD 

cofactor (Lee et al., 2000, Dabir et al., 2007). Both the reduction of a 

disulphide bond and that of FAD require two electrons. Hence, six electrons in 

total could potentially be needed to completely reduce FAD if a redox 

equilibrium was established between all three redox centres. 

 

 An electron titration using a sodium dithionite solution of known 

concentration was used to calculate the electrons needed to completely reduce 

FAD in Erv1 wt. Figure 6.4 A shows the UV-visible spectra of Erv1 wt after the 

addition of an increasing number of electron equivalents (electrons/FAD) of 

sodium dithionite. Again, the absorbance at 460 nm decreased upon reduction 

and a shoulder appeared beyond 530 nm representative of a semiquinone 

intermediate. Addition of 2 electron equivalents did not however yield the 

spectrum of fully reduced FAD, and the semiquinone intermediate was still 

present at this stage. When FAD reduction was followed using the absorbance 

at 460 nm the data showed only about 85% of FAD was reduced after the 

initial addition of 2 electron equivalents (Figure 6.4 B). An extra supplement of 

~2 more electron equivalents then completely reduced FAD. Therefore, the 

results indicate a total of 3.7 ± 0.2 electrons are needed to achieve full 

reduction of FAD in Erv1 wt. 

 

 The requirement of approximately 4 electron equivalents implies two 

redox centres were reduced during the electron titration, one of which was 

FAD. Furthermore, it also suggests the 



E o of this redox centre and that of FAD 

are close enough in value to share electrons. To determine which of the two 

disulphide bonds was being reduced alongside FAD, the Erv1 C1,2S and Erv1 

C3,4S double cysteine mutants were analysed for their electron equivalents 

requirement. 
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Figure 6.4 Electron titration of FAD in Erv1 wt 

A) UV-visible spectra of Erv1 wt (28 µM in BAE) recorded after addition of 0.00, 

0.53, 1.07, 1.60, 2.14, 3.03, 3.56, 4.09 and 4.45 electron equivalents 

(electrons/FAD) of sodium dithionite inside an anaerobic glove box. FAD goes 

from fully oxidised (black) to fully reduced (olive green). 

B) Plot of normalised absorbance at 460 nm versus electron equivalents for the 

 assay in A. Addition of 2 electron equivalents only reduced ~85% of FAD, 

 whereas 3.7 ± 0.2 electron equivalents were needed to reduce FAD completely. 

 The value represents the average of 2 independent experiments. 
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6.5. Determination of the number of electron equivalents and standard 

reduction potential of FAD in the double cysteine mutants Erv1 

C1,2S and Erv1 C3,4S 

 
The results obtained for Erv1 wt indicated that a second redox centre was 

simultaneously reduced with FAD. The two other redox centres in Erv1 are the 

C1-C2 shuttle disulphide and the C3-C4 redox-active disulphide. Thus, to 

identify which disulphide bond was reduced, electron titration experiments 

were conducted using the double cysteine mutants Erv1 C1,2S and Erv1 

C3,4S. As shown in figure 6.5 A, the UV-visible spectrum of Erv1 C1,2S 

exhibited peaks at 380 and 460 nm, similar to those of Erv1 wt and in 

accordance with earlier reports (Ang and Lu, 2009). Addition of sodium 

dithionite decreased the absorbance of these two peaks but, interestingly, in 

this case the shoulder beyond 530 nm was not reliably visible. Moreover, 

addition of 2 electron equivalents did not yield the spectrum of fully reduced 

FAD. Analysis of the data showed only about 95% of FAD was reduced after 

addition of 2 electron equivalents, and a total of 4.2 ± 0.4 electron equivalents 

were needed to completely reduce the FAD in Erv1 C1,2S (Figure 6.5 B). It 

therefore follows that the C1-C2 shuttle disulphide is unlikely to be the other 

redox centre being reduced during the electron titration of FAD in Erv1 wt. 

 

 Next, the electron requirement of Erv1 C3,4S was investigated (Figure 

6.5). Its UV-visible spectrum exhibited peaks at 377 and 453 nm, reflecting its 

close proximity to FAD and in full agreement with published literature (Ang et 

al., 2009, Guo et al., 2012). Again, addition of sodium dithionite decreased 

the absorbance of both these peaks and there was no evidence of a shoulder 

beyond 530 nm (Figure 6.6 A). In this case, however, reduction of the FAD 

cofactor occurred more rapidly. The spectrum for fully reduced FAD was 

obtained after adding just 2.22 electron equivalents. Indeed, data analysis 

showed removal of C3-C4 lowered the electron requirement for complete FAD 

reduction to just 2.3 ± 0.2 electron equivalents (Figure 6.6 B). The result is 

consistent with the fact that C4 was shown to be near enough (~3 Å) to 

interact with the FAD cofactor in the structure of Erv1 (Guo et al., 2012). In 

combination, these two results suggest reduction of C3-C4 is required to 

completely reduce FAD in Erv1 wt. Hence, electrons added during an Erv1 wt 
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electron titration are distributed between the FAD cofactor and the C3-C4 

redox-active disulphide. 

 

Figure 6.5 Electron titration of FAD in Erv1 C1,2S 

A) UV-visible spectra of Erv1 C1,2S (41.5 µM in BAE) recorded after addition of 

 0.00, 0.45, 0.90, 1.76, 2.07, 2.34, 2.88, 3.56 and 4.50 electron equivalents of 

 sodium dithionite inside an anaerobic glove box. Fully oxidised Erv1 C1,2S 

 (black) exhibited peaks at 380 and 460 nm. FAD goes from fully oxidised to 

 fully reduced (olive green). 

B) Plot of normalised absorbance at 460 nm versus electron equivalents for the 

 assay in A. Addition of 2 electron equivalents to Erv1 C1,2S (green) only 

 reduced ~95% of FAD, whereas 4.2 ± 0.4 electron equivalents were needed to 
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 reduce FAD completely. The value represents the average of 2 independent 

 experiments. For comparison, Erv1 wt is in light blue. 

 

 

Figure 6.6 Electron titration of FAD in Erv1 C3,4S 

A) UV-visible spectra of Erv1 C3,4S (34 µM in BAE) recorded after addition of 

 0.00, 0.48, 0.95, 1.43, 1.90, 2.22, 2.54 and 3.17 electron equivalents of 

 sodium dithionite inside an anaerobic glove box. Fully oxidised Erv1 C3,4S 

 (black) exhibited peaks at 377 and 453 nm. FAD goes from fully oxidised to 

 fully reduced (olive green). 

B) Plot of normalised absorbance at 453 nm versus electron equivalents for the 

 assay in A. Only 2.3 ± 0.2 electron equivalents were needed to completely 

 reduce FAD in Erv1 C3,4S (magenta). The value represents the average of 2 

 independent experiments. For comparison, Erv1 wt is in light blue.
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 The effect of each disulphide bond on the Erv1 redox behaviour was 

further studied by measuring the 



E o of FAD in Erv1 C1,2S and Erv1 C3,4S. To 

that end, FAD redox titration experiments as described in section 6.3 were 

conducted for each mutant and are shown in figures 6.7 A and B. Next, in the 

case of Erv1 C1,2S, fitting of the absorbance at 460 to the Nernst equation 

gave a 



E o of -145 ± 1 mV for z=2 (Figure 6.7 C). This value is close to the 



E o 

of FAD measured in this study for Erv1 wt (Table 6.1). Moreover, the more 

gradual FAD reduction between electron potentials -180 and -280 mV was also 

displayed in this mutant. This result indicates that the mutation of the C1-C2 

shuttle disulphide does not alter the 



E o of FAD in Erv1. 

 

 On the other hand, fitting of the absorbance at 453 nm for Erv1 C3,4S 

displayed an excellent fit to the Nernst equation (Figure 6.7 C). The 



E o of FAD 

in Erv1 C3,4S was measured at -198 ± 5 mV for z=2, displaying a shift in 



E o
 

towards more negative and reducing values. This change in 



E o may be 

explained by the proximity of C3-C4 to FAD in Erv1. Disulphide bonds are 

generally willing acceptors of electrons and, consequently, can pull the 

electron cloud away from the FAD cofactor. Hence, when in the vicinity of a 

disulphide, FAD is less negative and thus more capable of accepting electrons 

(more positive 



E o).  

 

 Taken together the results suggest it is the electron distribution 

between C3-C4 and FAD that causes the slower FAD reduction in Erv1 wt. 

Furthermore, 2 electron equivalents are needed to reduce FAD and another 2 

to reduce C3-C4, giving the total of 4 electron equivalents calculated for Erv1 

wt. The results support the C3-C4 redox-active disulphide as the second redox 

centre reduced simultaneously with FAD. The standard reduction potentials 

and electron equivalents requirements for Erv1 wt, Erv1 C1,2S and Erv1 C3,4S 

are summarised in Table 6.1. 

 

Table 6.1 Redox behaviour of FAD in Erv1  

Protein E° (mV) Electrons/FAD 

    Erv1 wt -157 ± 7 3.7 ± 0.2 

    Erv1 C1,2S -145 ± 1 4.2 ± 0.4 

    Erv1 C3,4S -198 ± 5 2.3 ± 0.2 

 All values represent an average of at least 2 independent experiments. 
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Figure 6.7 FAD redox titration of Erv1 C1,2S and Erv1 C3,4S 

A) Representative UV-visible spectra of Erv1 C1,2S (56 µM in BAE) recorded at 

 various electron potentials during an anaerobic reduction of FAD by increasing 

 amounts of sodium dithionite. FAD goes from fully oxidised (black) to fully 

 reduced (olive green). 

B) As in A but for Erv1 C3,4S (30 µM in BAE). 

C) Plot of normalised absorbance versus electron potential for Erv1 C1,2S (460 

nm, green) and Erv1 C3,4S (453 nm, magenta). The data were fitted (solid 

lines) using the Nernst equation for z = 2 and T = 298 K. The average of at 

least 2 independent experiments gave a standard reduction potential of -145 ± 

1 mV for Erv1 C1,2S and -198 ± 5 mV for Erv1 C3,4S. For comparison, Erv1 wt 

is in light blue. 
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6.6. Determination of the standard reduction potential of the C3-C4 

redox-active disulphide of Erv1 

 
As described in the previous section, the gentle reduction of FAD between 

electron potentials -180 and -280 mV represents an electron distribution with 

the C3-C4 disulphide. Therefore, a thiol modification assay was used to 

confirm the interaction between C3-C4 and FAD, and determine the 



E o of C3-

C4. To do this, the AMS reagent covalently binds any accessible free thiols and 

shifts a protein’s molecular weight by 0.5 kDa per free thiol. Proteins with 

oxidised or reduced disulphide bonds thus run at different speeds on SDS-

PAGE depending on their number of free thiols. 

 

 To start, samples were taken along an FAD redox titration of Erv1 C1,2S 

and were immediately mixed with anaerobic SDS-PAGE sample buffer 

containing 1 mM AMS. The Erv1 C1,2S mutant was used to avoid any possible 

interference from the C1-C2 shuttle disulphide; the sample buffer was used to 

completely unfold the protein thus exposing the cysteines of the C3-C4 redox-

active disulphide. The results (Figure 6.8 A) show that, at an electron potential 

of -112 mV, there was only one band of ~22 kDa corresponding to Erv1 C1,2S 

with C3 and C4 forming a disulphide bond (Ox). Then, as the electron 

potential shifted towards more negative and reducing values, an additional 

band appeared (~23 kDa) indicating two AMS molecules were bound to Erv1 

C1,2S. This new band represents Erv1 C1,2S with a reduced C3-C4 disulphide 

(Red). Finally, at an electron potential of -348 mV, all the Erv1 C1,2S had the 

C3-C4 disulphide in its reduced conformation. It follows that, from -140 to -

300 mV, there is a correlation between the amount of reduced C3-C4 

disulphide and the electron potential measured during an FAD redox titration. 

This directly confirms the change in slope in FAD redox titrations of Erv1 wt is 

due to reduction of the C3-C4 redox-active disulphide. What is more, 

somewhere between electron potentials -257 and -275 mV, 50% of the C3-C4 

disulphides are reduced. Hence, it can be estimated that the midpoint electron 

potential of the C3-C4 redox-active disulphide is about -266 ± 9 mV. 

 

The AMS assay confirmed a redox equilibrium exists in Erv1 between its 

C3-C4 redox-active disulphide and the FAD cofactor. Thus, provided enough 

time is allowed for the equilibrium to be reached, a plot of FAD absorbance 
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versus electron potential can be used as an indirect measurement of the C3-

C4 redox-active disulphide midpoint electron potential. Figure 6.8 B shows two 

independent FAD redox titration experiments for Erv1 C1,2S where extra 

points were taken from electron potentials -140 to -300 mV. Although an 

attempt to fit the data to the Nernst equation was unsuccessful, still a 

midpoint electron potential was estimated from the assays. If the absorbance 

at -190 mV is taken as C3 and C4 forming mostly a disulphide bond, and the 

absorbance at -300 mV as C3 and C4 being completely reduced, the electron 

potential at which the initial absorbance (at -190 mV) is halved represents the 

reduction of 50% of the C3-C4 disulphide bonds. In this manner a midpoint 

electron potential of -245 mV was obtained for the C3-C4 redox-active 

disulphide of Erv1. 

 

Based on these two different measurements the midpoint electron 

potential of the Erv1 C3-C4 redox-active disulphide is around -256 ± 11 mV at 

pH 7.4. 
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Figure 6.8 Midpoint electron potential of the C3-C4 redox-active 

disulphide 

A) SDS-PAGE showing an AMS assay of samples taken at different points along a 

 FAD redox titration of Erv1 C1,2S. The C3-C4 redox-active disulphide is 

 increasingly reduced as the electron potential moves towards more negative 

 values. Ox: Erv1 C1,2S with intact C3-C4 disulphide. Red: Erv1 C1,2S with two 

 AMS molecules bound to reduced C3 and C4. AMS = 0.5  kDa. Positive control: 

 Erv1 C1,2S first treated with 1 mM DTT and then 10 mM AMS. A midpoint 

 electron potential of -266 ± 9 mV was estimated from the data. 

B) Zoom in of a plot of normalised absorbance at 460 nm versus electron potential 

 for two different FAD redox titrations of Erv1 C1,2S. This region represents the 

 redox equilibrium between FAD and the C3-C4 redox-active disulphide of Erv1. 

 A midpoint electron potential of -245 mV was estimated  from the data. 
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6.7. Determination of the standard reduction potential of the C1-C2 

shuttle disulphide in Erv1 

 
Both Erv1 and Mia40 form the central backbone of the MIA pathway, within 

which, the function of Erv1 is to reoxidise pr-Mia40 by means of its C1-C2 

shuttle disulphide (Herrmann and Riemer, 2012). However, the reported 



E o of 

C1-C2 is -320 mV, making it more reducing than that of the CPC disulphide in 

Mia40 (



E o
 = -290 mV ) (Dabir et al., 2007, Tienson et al., 2009). To complete 

the study on the redox behaviour of Erv1 several attempts were made to 

measure the 



E o
 of its C1-C2 shuttle disulphide. 

 

 The 



E o
 of a disulphide bond can be determined by first establishing a 

redox equilibrium between a species of known 



E o and the protein of interest. 

Typically used species, such as the GSH/GSSG couple, can sometimes form 

GSH-protein adducts that may shift the redox equilibrium and affect the 

measurements (Aslund et al., 1997). To avoid this, pr-Mia40c was instead 

selected as the species to establish a redox equilibrium with Erv1 C3,4S. The 

Erv1 C3,4S double cysteine mutant was chosen to disrupt the electron transfer 

from the C1-C2 shuttle disulphide to FAD. This methodology of using direct 

protein-protein redox equilibrium has been successfully employed for proteins 

like glutaredoxin 1 and 3 from E. coli (Aslund et al., 1997). After 

establishment of the redox equilibrium, the oxidised and reduced protein 

conformations need to be separated and quantified. In these experiments, 

reverse-phase chromatography (RPC) was used to separate proteins based on 

their distinct hydrophobicities.  

 

 Initially, a mixture of oxidised Mia40c and oxidised Erv1 C3,4S was run 

on an XB-C18 HPLC column using a water to acetonitrile gradient (Figure 6.8 

A). The two oxidised proteins were easily separated, with oxidised Mia40c 

eluting as two peaks at 13.4 and 15.9 min and oxidised Erv1 C3,4S eluting as 

one peak at 51.0 min. The identity of the peaks was then confirmed by 

analysing the individual proteins. Next, a mixture of pr-Mia40c and reduced 

Erv1 C3,4S was run under the same experimental conditions as the oxidised 

proteins (Figure 6.9 B). The results show pr-Mia40c eluted as only one peak at 

18.2 min, whereas reduced Erv1 C3,4S eluted at 51.4 min. Superimposition of 

the two chromatography profiles (Figures 6.9 C and D) shows sufficient 

separation between the oxidised and reduced conformations of Mia40c. 
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However, the two peaks of Erv1 C3,4S clearly overlapped, suggesting their 

current separation is not enough to accurately quantify each individual 

conformation. 

 

 The experiments shown here represent the best results obtained so far. 

Mixtures of Mia40c and Erv1 C3,4S were successfully separated using RPC. 

Furthermore, the oxidised and reduced conformations of Mia40c were also 

successfully separated. However, a good separation was not achieved for the 

oxidised and reduced conformations of Erv1 C3,4S. Various other conditions 

than the one shown here were also tried for their ability to separate these two 

conformations. Among these, exchanging negatively-charged ion-pairing agent 

TFA for positively-charged tetraethylammonium sharpened the Erv1 C3,4S 

peak but considerably broadened the Mia40c peak. Moreover, neither 

extending the gradient nor narrowing the acetonitrile concentrations improved 

the resolution. Alternative methods to determine the 



E o
 of the C1-C2 shuttle 

disulphide are given in the discussion. 
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Figure 6.9 Reverse-phase chromatography of Mia40c and Erv1 C3,4S 

A) Reverse-phase chromatography of oxidised Mia40c and oxidised Erv1 C3,4S 

 run on an Aeris widepore XB-C18, 150 x 4.6 mm HPLC column. *Unknown 

 species. 

B) Reverse-phase chromatography of pr-Mia40c and reduced Erv1 C3,4S run on 

 an Aeris widepore XB-C18, 150 x 4.6 mm HPLC column. *Unknown species. 

C) Zoom in of A and B superimposed around the Mia40c region. Oxidised Mia40c 

 (blue) appears as two peaks with retention times of 13.7 and 15.9 min. pr-

 Mia40c (olive green) eluted as just one peak with a retention time of 18.5 min. 

D) Zoom in of A and B superimposed around the Erv1 C3,4S region. Oxidised Erv1 

 C3,4S (blue) eluted with a retention time of 51.4 min. Reduced Erv1 C3,4S 

 (olive  green) eluted with a retention time of 51.0 min. 
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6.8. Identification of the redox intermediate in Erv1 

 
The FAD redox titration experiments presented in section 6.3 exposed the 

formation of a redox intermediate as Erv1 wt became increasingly reduced. 

The isoalloxazine ring of FAD can exist in three different oxidation states 

(Figure 6.10): fully oxidised, semiquinone and fully reduced (Massey, 2000). 

While in its semiquinone state, isoalloxazine can also be found as two different 

types (neutral or anionic) distinguishable by their UV-visible spectrum and 

electron paramagnetic resonance (EPR) profile. Figure 6.11 A shows the UV-

visible spectrum of fully oxidised and partially reduced Erv1 wt. Partially 

reduced Erv1 wt was obtained by adding 1.4 electron equivalents of sodium 

dithionite inside an anaerobic glove box. Untreated Erv1 wt exhibited peaks at 

380 and 460 nm characteristic of fully oxidised FAD. However, upon reduction, 

the absorbance of the peaks decreased and their position shifted to 360 and 

450 nm with a new shoulder appearing beyond 530 nm. These red shifts and 

the shoulder beyond 530 nm are typical features of a blue neutral 

semiquinone (Massey and Palmer, 1966, Massey, 2000). This semiquinone 

state results from the addition of one electron and one proton (H+) to the 

oxidised state of FAD (Figure 6.10). 

   

 To confirm this result, the same sample used in the UV-visible assay 

was further analysed by EPR. Figure 6.11 B shows a first-derivative X-band 

EPR spectrum with a signal centred at 



g = 2.0038 and a line-width of 18 G. This 

G-value, along with the broad line-width, indicates the flavin radical is a blue 

neutral semiquinone. Furthermore, a semiquinone concentration of ~11 µM 

was determined by comparing the area of the peaks with that of a known 

standard. This indicates about 7 % of the total FAD present (153.8 µM) was in 

a blue semiquinone state. 

 

 Overall, based on both UV-visible and EPR experiments, the redox 

intermediate was identified as a blue neutral semiquinone. No evidence was 

found for the presence of a red anionic semiquinone at the conditions tested. 
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Figure 6.10 Isoalloxazine redox states 

 The isoalloxazine ring of FAD can adopt three redox states: Fully oxidised (A), 

 semiquinone (B and C) and fully reduced (D). In its semiquinone state

 isoalloxazine can form a blue neutral semiquinone (B) or a red anionic 

 semiquinone (C). Conversion from fully oxidised to the semiquinone state 

 requires a one-electron reduction; whether the semiquinone is neutral or 

 anionic generally depends on pH. Alternatively, fully oxidised FAD can be 

 transformed into fully reduced FAD by a two-electron reduction plus addition of 

 two protons (H+). 
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Figure 6.2 Semiquinone formation in Erv1 

A) UV-visible spectra of 153.8 µM fully oxidised (blue) or partially reduced (red) 

 Erv1 wt. Partially reduced Erv1 wt was obtained by adding 1.4 electron 

 equivalents (electrons/FAD) of sodium dithionite inside an anaerobic glove box. 

 The spectrum of partially reduced Erv1 wt displays the characteristic traits (a 

 shoulder beyond 530 nm) of a blue neutral semiquinone. BAE buffer, pH 7.4. 

B) First-derivative X-band electron paramagnetic resonance spectra of the 

 partially reduced Erv1 wt from A. The signal is centred at g = 2.0038 with a 

 line width of 18.0 G. These values indicate the presence of a blue neutral 

 semiquinone. 
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6.9. Discussion 

 

The electron transfer between two redox centres can be uphill (from a more 

positive to a more negative ) or downhill (from a more negative to a more 

positive ). However, reactions do not always follow the direction of electron 

flow dictated by the standard reduction potentials. In the case of Erv1 the 

current model suggests the initial electron transfer is downhill from C1-C2 

(



Eo  320 mV) to C3-C4 (



Eo  150  mV), followed by an uphill transfer to 

FAD (



Eo  215 mV). In this model the highly positive standard reduction 

potentials of oxygen (+820 mV) and cyt c (+250) create an electron sink that 

drives the reaction forwards (Dabir et al., 2007). This chapter presented 

alternative values for the standard reduction potentials that allow us to offer a 

second model where the electron transfer from FAD to C3-C4 is downhill. 

6.6.1. The 



E o of FAD is more reducing than previously reported. 

 
The first part of this study focused on the 



E o of the FAD redox centre in Erv1. 

The results determined a 



E o of -157 ± 7 mV for FAD; however, Dabir et al. 

(2007) reported a 



E o of -215 mV, which is different from the value obtained 

here (Dabir et al., 2007). The reduction of FAD requires the uptake of two 

protons at pH values below the pKa of reduced FAD, making all measured 

standard reduction potentials dependent upon pH. Thus, the pH must be taken 

into account when comparing the standard reduction potentials measured in 

two different experiments. Using an adjustment of -59 mV per pH unit 

increase the reported 



E o of -215 mV at pH 7.0 becomes -238.6 mV at pH 7.4. 

It follows that the 



E o presented here is about 80 mV more positive than the 

one previously published. When comparing both methodologies, Dabir et al. 

(2007) employed a slightly similar technique to the one used here but 

measured fewer titration points (9 compared to >25 for this assay). Their 

experiments used lower Erv1 concentrations (10 µM) and higher amounts of 

mediators (3 mediators at 10 µM each), which masked the UV-visible spectra 

of FAD: there was no visible FAD peak at ~460 nm but instead there was a 

peak at ~520 nm. Furthermore, there were no isosbestic points during the 

titration due to shifts in the UV-visible baseline (Dabir et al., 2007). Overall, 

although it is difficult to pinpoint a specific mistake in the measurements done 

by Dabir et al. (2007), the data they presented raised some doubts. 
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6.6.2. A downhill electron flow from C3-C4 to FAD 

 
Two methodologies, AMS assay and FAD titration, were used in this study to 

estimate a midpoint electron potential of -256 ± 11 mV for the C3-C4 redox-

active disulphide. This value is more negative than the  of FAD measured 

here, which indicates a downhill flow of electrons from C3-C4 to FAD. A closer 

examination of the FAD electron titration experiments provided additional 

support for this conclusion. In the assays, FAD in Erv1 wt required ~4 

electrons equivalents to be fully reduced, indicating a redox equilibrium was 

established between FAD and C3-C4. More importantly, FAD was always the 

redox centre to take up most of the electrons at the start, with about 85% of 

FAD being reduced after the addition of 2 electron equivalents. This indicates 

that, between FAD and C3-C4, it is FAD the redox centre more willing to take 

electrons and, accordingly, it must have the more positive . 

 

 The discrepancies between the two models may just represent a 

difference in the assigning of the measured standard reduction potentials to 

the redox centres in Erv1. In the previous assays the measurement of the  

of C3-C4 was done by monobromobimane (mBBr) fluorescence (Dabir et al., 

2007). First, an equilibrium was established between Erv1 and various redox 

buffers. The excess redox buffer was then removed and mBBr was added to 

Erv1. The binding of mBBr to protein thiols formed a fluorescent adduct and, 

therefore, the reduction of disulphide bonds was followed by the increase in 

mBBr fluorescence. The data presented by Dabir et al. (2007) displayed two 

transitions in the mBBr fluorescence intensity: one large transition (80% 

intensity increase) at -330 mV and one small transition (20% intensity 

increase) at -150 mV (Dabir et al., 2007). From this data the conclusion was 

that two disulphide bonds were being reduced: C1-C2 and C3-C4. However, in 

theory, if two thiols were exposed with each transition then both transitions 

should have displayed a similar increase in fluorescence, which was not the 

case. Furthermore, only the large transition at -330 mV could be verified by 

tryptophan fluorescence despite a tryptophan (W132) being located between 

C3 and C4 (Guo et al., 2012). Thus, another possible explanation for the 

transition at -150 mV, and one that agrees with our reported  of FAD, is 

that the small increase in fluorescence represents a minor amount of reduced 

C3-C4 that was found in redox equilibrium with reduced FAD. 
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6.6.3. Redox behaviour of other ERV proteins 

 
The redox behaviour of Erv1 can be placed in context with the other two 

proteins of the ERV family that have been studied so far: ScErv2 and short 

form HsALR (sf-HsALR). In the case of sfALR only 2 electron equivalents were 

needed to completely reduce FAD, even in the presence of the C3-C4 redox-

active disulphide (Table 6.2) (Farrell and Thorpe, 2005). Therefore, the 

difference between the standard reduction potentials of FAD and C3-C4 in sf-

HsALR is big enough that the redox equilibrium is totally shifted towards 

reduced FAD. However, both Erv1 and Erv2 required 4 electron equivalents to 

completely reduce their FAD cofactor (Table 6.2). But, unlike Erv1, addition of 

2 electron equivalents to Erv2 only reduced ~50% FAD suggesting the 

standard reduction potentials of the FAD and C3-C4 redox centres are closer in 

value in Erv2 than in Erv1 (Wang et al., 2007). Finally, the  of FAD in Erv1 

is more positive than those reported for Erv2 (-200 mV) and sf-HsALR (-178 

mV, Table 6.2) (Farrell and Thorpe, 2005, Wang et al., 2007). Thus, when 

compared with other proteins of the ERV family, the redox behaviour of Erv1 is 

somewhere between that of ScErv2 and sf-HsALR. However, in all three cases 

the  of FAD is more or as positive as that of the C3-C4 redox-active 

disulphide, suggesting the electron transfer from C3-C4 to FAD is downhill.  

 

Table 6.2 FAD redox behaviour of proteins in the ERV family 

Protein E°(mV) Electrons/FAD  

  Erv1 wta -157 4 This report 

  Erv1 wtb -215 --- Dabir et al. (2007) 

  Short form ALRa -178 2 Farrel et al. (2005) 

  Erv2a -200 4 Wang et al. (2007) 

a Done at pH 7.4-7.5 
b Done at pH 7.0 

 

6.6.4 The 



E o
 of the C1-C2 shuttle disulphide 

 

The final piece of the puzzle was concerned with the  of the C1-C2 shuttle 

disulphide. Unfortunately, all attempts to measure it proved unsuccessful. 

Although the oxidised and reduced conformation of Mia40c were easily 

separated by RPC, that was not the case for Erv1 C3,4S. The C1-C2 shuttle 
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disulphide is located in the flexible and unstructured N-terminal domain of 

Erv1 (Banci et al., 2013b). Therefore, it is not unexpected that the reduction 

of the C1-C2 disulphide does not lead to the exposure of hydrophobic 

residues. 

 

 Two solutions have been considered in order to improve the separation 

of the oxidised and reduced conformations of Erv1 C3,4S. The first one 

involves adding a thiol-binding agent, such as AMS, that upon binding to the 

reduced conformation would greatly increase the hydrophobicity of Erv1 

C3,4S. The oxidised and reduced conformations can then be separated by 

RPC. A second possible solution involves the use of mass spectrometry to 

separate and quantify the two conformations. After a redox equilibrium is 

reached between Erv1 C3,4S and Mia40c, the samples are treated with 

iodoacetate to trap the reduced cysteines. Next, DTT is used to break the 

disulphide bond of the oxidised state and the samples are now treated with 

(1,2, 13C) bromoacetate. Following trypsin, treatment the samples are finally 

run through a mass spectrometer. In this case the oxidised and reduced 

conformation of each protein are separated based on the 4 Da difference in 

mass created by the heavy carbons of the acetate. This approach has been 

successfully employed before to measure the  of the active site disulphides 

of human protein disulphide isomerase (PDI) (Chambers et al., 2010). 

 

6.8. Conclusion 

 

The 



E o of FAD in Erv1 wt and the double cysteine mutants Erv1 C1,2S and 

Erv1 C3,4S was measured in this study. The results showed the 



E o of FAD is 

strongly influenced by the presence of the C3-C4 redox-active disulphide. The 

close proximity of C3-C4 to FAD allows for an electron distribution between 

the two redox centres, with 4 electron equivalents being needed to fully 

reduce the FAD in Erv1. The midpoint electron potential of the C3-C4 redox-

active disulphide was also measured and shown to be more negative than that 

of FAD. Based on these results an alternative model for the electron transfer 

within Erv1 was proposed where the electron flow from C3-C4 to FAD is 

downhill. More experiments are required to calculate the standard reduction 

potential of C1-C2 and complete the electron pathway. 
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7. OVERALL CONCLUSIONS AND OUTLOOK 

 
The overall aim of this study was to investigate the molecular mechanisms 

regulating the structure and function of the mitochondrial sulphydryl oxidase 

Erv1. 

 

 The first part of this study looked at the stability of the quaternary 

structure of Erv1 using various biophysical techniques. The results showed 

Erv1 forms a tetramer under the conditions tested, offering an alternative 

model for the oligomerisation state of Erv1. Tetramer formation conferred 

Erv1 with more secondary folding, higher FAD binding and increased thermal 

stability. However, the oligomerisation state needs also be addressed after 

removal of the His tag from Erv1 to ensure that tetramerisation is not caused 

by the exogenous tag. More importantly, at this point it is unknown whether 

Erv1 adopts a tetramer or a dimer conformation in vivo and this point should 

be clarified. If Erv1 does in fact form a tetramer, then its dissociation constant 

needs to be measured to verify that the same oligomerisation state is present 

in all the experiments. This is of particular importance in the activity assays 

because we do not know if the dimer and tetramer conformations of Erv1 

have the same or different activity. Overall, the conclusions drawn for the 

oligomerisation state of Erv1, both in vitro and in vivo, remain speculative and 

experiments such as AUC and blue-native electrophoresis need to be carried 

out to complement them. 

 

 Many other questions still need to be addressed to know whether the 

tetramer conformation is physiologically relevant. At this point it is unknown 

how the tetramer is formed and which residues are important for 

oligomerisation. Furthermore, the question remains why Erv1 forms tetramers 

when other proteins in the ERV family form dimers? What advantage does 

oligomerisation provide to Erv1?  

 

 The second part of this study represents the first report addressing the 

Erv1 R182H mutant from a protein standpoint. In terms of structure the Erv1 

R182H mutant formed dimers in solution, had a lower thermal stability, and 

displayed a weaker binding of the FAD cofactor. Furthermore, both the 

oxidase and cyt c reduction activity of Erv1 R182H were also affected, defects 
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which were apparently not shared by the corresponding ALR R194H mutant 

(Diathankar et al., 2010). However, because the conditions under which the 

experiments were performed are not the same, it would be interesting to 

check whether the Erv1 R182H activity defect could be now reproduced in the 

mammalian protein. This would be a major step towards understanding why 

the R194H mutation has such devastating effects on mammalian cells. 

 

 Another important finding presented here offers an alternative 

explanation for the reported in vivo results that suggest both the Mia40-Erv1 

and the Erv1-cyt c interactions are directly affected by the R182H mutation 

(Di Fonzo et al., 2009; Sztolsztener et al. 2013). Our results showed that an 

impaired binding of the FAD cofactor causes the failure in the activity of Erv1 

R182H during its catalytic reaction. Because the results indicate the enzyme 

itself is inactivated, this would indirectly affect the interaction with Mia40 and 

cyt c giving the impression that the mutation directly disrupts these 

interactions. However, the question arises of why is the enzyme only 

inactivated during the enzymatic reaction? Stability assays suggested FAD 

remains bound to the oxidised state of the mutant even after 24 h at 37°C 

and low (1.5 µM) protein concentrations (unpublished results), but loss its 

activity at different time points of a catalytic reaction depending on the 

electron donor that was used. These observations suggest the unstable 

conformation of Erv1 R182H, the one with impaired FAD binding, might best 

be represented by an intermediate of its catalytic reaction (e.g. Erv1-FADH2). 

Thus, the next question that would need to be addressed is which of the Erv1 

reactions intermediates is the one that inactivates the protein?  

 

 Finally, although the results presented in this study discovered a defect 

in the activity of Erv1 R182H, it remains to be seen if this defect indeed 

translates into a disrupted MIA pathway. Failure of the MIA pathway 

components could potentially affect the import and oxidative folding of 

proteins going to the IMS, IM or matrix. Because MIA pathway substrates are 

involved in a diversity of mitochondrial functions, this would offer a likely 

explanation for the various phenotypes observed in the Erv1 R182H yeast 

strain. Therefore, in vitro import assays into mitochondria from a Erv1 R182H 

yeast strain would help elucidate if the mutation affects protein import, 

specially if the assays are done at the restrictive temperature of 37°C. 

Furthermore, measuring the steady-state levels of matrix and IM proteins in 
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this yeast strain would offer support that the mutation disrupts protein import 

into mitochondria. 

 

 The third part of this study focused on the redox behaviour of Erv1. The 

redox potentials of the FAD and the C130-C133 redox centres were 

determined to be -157 and -255 mV, respectively. These new values denote a 

downhill electron flow from C130-C133 to FAD. The results disagree with a 

previous report where FAD appeared to be more reducing than C130-C133. 

Instead, a downhill electron flow was further supported by electron titration 

experiments that showed the FAD redox centre is reduced before the C3-C4 

redox centre, indicating FAD has the most oxidising redox potential of the 

two. However, the standard reduction potential of the C1-C2 shuttle 

disulphide is still lacking, and will need to be measured to complete our 

understanding of the electron transfer within Erv1. 

 

 Recently, the redox potential of the mitochondrial IMS (



E IMS

o
) was 

determined to be -306 mV and was shown to be regulated by the redox 

potential of the cytosol (Kojer et al., 2012). Interestingly, the redox state of 

Mia40 depended on the 



E IMS

o
, but the opposite was not valid because 

upregulation of Mia40 did not change the 



E IMS

o
. On the other hand, the 

upregulation of Erv1 did shift the 



E IMS

o
 towards more oxidising values, a 

phenotype also obtained by the upregulation of cytosolic glutathione 

reductase (Kojer et al., 2012). Therefore, it is possible that Erv1 plays a role 

in regulating the 



E IMS

o
. Because Mia40 did not display a similar effect as Erv1, 

it suggests the function of Erv1 on the 



E IMS

o
 is independent of the MIA 

pathway. However, neither is it a direct interaction of Erv1 with the 

GSH/GSSG redox buffer because GSH is not a substrate of Erv1. Thus, now 

that new 



E o
  for the redox centres in Erv1 have been measured, the question 

remains of if and how Erv1 regulates the 



E IMS

o
? 
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8. APPENDICES 

Appendix 1: Determination of superoxide production by Erv1 

 
Reduction of oxygen by flavoenzymes can yield water, superoxide (O2

-) or 

hydrogen peroxide (H2O2) as the final product (Massey, 1995). Recently, 

studies using human ALR showed that its rate of oxygen consumption 

decreased in the presence of superoxide dismutase (SOD), an enzyme that 

scavenges O2
- (Daithankar et al., 2012). Here, similar experiments using Erv1 

also showed a decrease in the rate of oxygen consumption when 5 mM TCEP 

was used as electron donor (Figure 9.1). In the absence of SOD the rate of 

oxygen consumption was 380 µM/min, but when SOD was added (80 U/mL) 

the rate of oxygen consumption decreased to 132 µM/min. 
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Figure 9.1 Formation of superoxide by Erv1 

Oxygen consumption profile of Erv1 wt (3 µM) in the presence (—) or absence (-·-) of 

80 U/mL of superoxide dismutase. Reactions were done at 25ºC in BAE with 5 mM 

TCEP as electron donor. The difference in the rate of reaction represents the 

superoxide/TCEP-mediated oxygen consumption. 
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 This unexpected result is explained by an oxygen-phosphine radical 

chain reaction that consumes oxygen independently of ALR, and which was 

initiated by O2
- (Figure 9.2). Thus, in the presence of SOD the side reaction 

was absent and the rate of oxygen consumption decreased (Daithankar et al., 

2012). The percentage of oxygen consumed that is transformed into O2
- can 

be calculated by taking advantage of this side reaction (Daithankar et al., 

2012). In the absence of SOD the total turnover number (



TNNo SOD) can be 

defined by the sum of three separate turnover numbers (equation 1): 1) 

production of water or H2O2 (



TNH2O or H2O2
), 2) production of O2

- (



TN
O2

 ), and 3) 

oxygen consumption propagated by a factor F from the interaction of O2
- with 

TCEP (



F  TN
O2

 ). The total turnover number in the presence of SOD (



TNSOD) 

also includes the production of O2
- and that of water or H2O2. However, in this 

case, and assuming O2
- dismutates without reacting with TCEP, there is an 

extra oxygen molecule (



0.5TN
O2

 ) formed by SOD (equation 2). Equations can 

then be obtained for 



TN
O2

  and 



TNH2O or H2O2
 by subtracting these two total 

turnover numbers and rearranging the formulas (equation 3 and 4). Using the 

propagation factor for TCEP F=4.5 (Daithankar et al., 2012) a superoxide 

percentage of 38% was obtained (equation 5). This means about a third of the 

oxygen consumed is released as O2
- when TCEP is used as electron donor of 

Erv1. The remaining 62% is released as either water or H2O2. 
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Figure 9.2 Proposed mechanism for the superoxide-catalysed oxygen 

consumption. 

The chain reaction is initiated by superoxide reacting with phosphine (e.g. TCEP, THP) 

to form a phosphinium radical cation and hydrogen peroxide. Propagation steps 

include various phosphinium radical species with the overall consumption of oxygen 

and phosphine. Termination can occur by superoxide dismutation or the reaction of 

superoxide with a phosphinium radical cation. 
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Appendix 2: Effect of other mutations on Erv1 

 
Chapter 5 showed the enzymatic activity of Erv1 fails in the Erv1 R182H 

mutant. Protein break down is due to a weaker FAD binding that causes FAD 

to be released during a reaction. And yet, the actual link between the defect 

and the R182H mutation is still missing. Why is FAD more weakly bound in 

the mutant? One possibility is that the hydrogen bond between R182 and the 

2’-OH of the ribose moiety of FAD (Figure 9.3 A) (Guo et al., 2012) is 

disrupted in the Erv1 R182H mutant. To test the importance of hydrogen 

bonding in the stability of FAD binding other Erv1 mutants were tested for 

their oxidase activity (Figure 9.3 B). Initially, the tryptophan to phenylalanine 

mutant Erv1 W183F was checked for its oxygen consumption using 5 mM 

TCEP at 37°C. This mutant was selected because it has completely lost the 

hydrogen bond between W183 and FAD, and is close to R182. The mutant 

also forms a dimer so is structurally similar to Erv1 R182H. The data shows a 

much stronger oxidase activity defect for the Erv1 W183F mutant. At 

concentrations of 1 µM Erv1 R182H consumed ~60 µM of oxygen but Erv1 

W183F only consumed ~12 µM of oxygen. This result implies the complete 

removal of a hydrogen bond that links the protein to FAD, in the region near 

R182, causes a strong defect on the oxidase activity of Erv1. 

 

 Next, when the arginine at position 182 was mutated into alanine (Erv1 

R182A), the results obtained were quite puzzling. The Erv1 R182A mutant 

complete lacks the ability to make a hydrogen bond with FAD at position 182, 

and yet, its oxidase activity was somewhere between that of Erv1 wt and Erv1 

R182H (Figure 9.3 B). Its final oxygen consumption was ~130 µM. Thus, the 

extent to which the hydrogen bond between R182 and FAD is important 

remains unclear. 
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Figure 9.3 A Weaker hydrogen bond linked to the Erv1 R182H defect 

A) Crystal structure of ScErv1 showing the hydrogen bond (dotted green) between 

 arginine at position 182 and the 2’-OH of the ribose moiety of FAD. PDB: 4E0H. 

B) Oxygen consumption profile of Erv1 wt (blue, 1 µM), Erv1 R182H (red, 1 µM), 

 Erv1 R182A (dark red, 1 µM) and Erv1 W183F (magenta, 1 µM) using 5 mM 

 TCEP as electron donor. Reactions were done at 37ºC in BAE buffer in the 

 presence of 80 U/mL of superoxide dismutase. 
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Abstract: Correct and timely folding is critical to the function of all proteins. The 

importance of this is illustrated in the biogenesis of the mitochondrial intermembrane space 

(IMS) “small Tim” proteins. Biogenesis of the small Tim proteins is regulated by dedicated 

systems or pathways, beginning with synthesis in the cytosol and ending with assembly of 

individually folded proteins into functional complexes in the mitochondrial IMS. The 

process is mostly centered on regulating the redox states of the conserved cysteine 

residues: oxidative folding is crucial for protein function in the IMS, but oxidized 

(disulfide bonded) proteins cannot be imported into mitochondria. How the redox-sensitive 

small Tim precursor proteins are maintained in a reduced, import-competent form in the 

cytosol is not well understood. Recent studies suggest that zinc and the cytosolic 

thioredoxin system play a role in the biogenesis of these proteins. In the IMS, the 

mitochondrial import and assembly (MIA) pathway catalyzes both import into the IMS and 

oxidative folding of the small Tim proteins. Finally, assembly of the small Tim complexes 

is a multistep process driven by electrostatic and hydrophobic interactions; however, the 

chaperone function of the complex might require destabilization of these interactions to 

accommodate the substrate. Here, we review how folding of the small Tim proteins is 

regulated during their biogenesis, from maintenance of the unfolded precursors in the 

cytosol, to their import, oxidative folding, complex assembly and function in the IMS.  
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1. Introduction 

Mitochondria are essential eukaryotic organelles harboring 1000–2000 different proteins. 

Approximately 99% of the total mitochondrial proteins are encoded by nuclear DNA, synthesized as 

precursors in the cytosol, and imported into mitochondria via elaborate transport machineries. The 

small Tim (translocases of the inner membrane) proteins are a group of small intermembrane space 

(IMS) proteins with a strictly conserved “twin CX3C” zinc-finger motif [1]. Members of the small Tim 

family are conserved and have been found in mammals, yeast and plants. Saccharomyces cerevisiae, 

for example, has five known small Tim proteins: Tim8, Tim9, Tim10, Tim12 and Tim13; of which 

Tim9, Tim10 and Tim12 are essential for cell viability [1–5]. The small Tim proteins play an essential 

chaperone-like role during the import of mitochondrial membrane proteins. They are in charge of 

chaperoning these hydrophobic membrane proteins through the aqueous mitochondrial IMS, 

transporting them from the translocase of the outer membrane (TOM) complex towards either the inner 

membrane (IM) or the outer membrane (OM) of mitochondria [6]. Their importance is illustrated by 

the fact that defects in human Tim8 lead to deafness dystonia syndrome [7,8]. For their function, the 

small Tim proteins assemble into at least two hexameric complexes, Tim9-Tim10 and Tim8-Tim13, 

where each complex includes three molecules of each subunit bound in an alternating form [9,10]. 

All mitochondrial IMS proteins are synthesized in the cytosol and have to be imported into 

mitochondria for their function. A unique feature for most of the IMS proteins is that their  

post-translational import is regulated by their cysteine redox state [11,12]. The biogenesis of the small 

Tim proteins is tightly coupled with their oxidative protein folding, which can be divided into four 

sequential steps: (i) In the cytosol the precursor proteins are kept in a reduced and unfolded form by 

cytosolic factors [13,14]; (ii) mitochondrial import of the reduced precursor proteins through the TOM 

complex [15]; (iii) oxidative protein folding in the IMS regulated by the mitochondrial import and 

assembly (MIA) pathway [16–18]; (iv) assembly of the oxidized, partially folded proteins into 

hexameric small Tim complexes [19,20]. All of these steps depend on the redox state of the conserved 

cysteine residues—while only reduced unfolded proteins can be imported into mitochondria, protein 

folding and complex formation requires disulfide bond formation. Here, we review the current 

knowledge regarding each step of the biogenesis and folding of the mitochondrial small Tim proteins 

with focus on Tim9 and Tim10. We will also discuss how the small Tim hexameric complex is 

assembled, and the mechanism by which this complex might perform its chaperone function. 

2. Keeping the Precursor Protein Reduced and Unfolded in the Cytosol 

Tim9 and Tim10 are two of the most important and best-characterized small Tim proteins. Circular 

dichroism and thiol-modification analyses showed that in the absence of a reducing agent the proteins 

are folded in an α-helical conformation stabilized by two pairs of intramolecular disulfide  

bonds [19,21,22]. The proteins become unfolded upon addition of a disulfide reducing agent (e.g., 
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DTT, TCEP) even in the absence of a protein denaturant. Mitochondrial import analyses showed that 

the Cys-reduced states can be imported into mitochondria, whereas when oxidized the proteins are 

folded and import-incompetent [15,19,22] (Figure 1).  

Figure 1. Only the Cys-reduced small Tim precursor proteins are import-competent. The 

small Tim proteins have to be kept in their reduced conformation while in the cytosol. 

Neither the fully nor the partially oxidized proteins can be imported into mitochondria. 

Oxidation could be brought about by GSSG, oxygen or reactive oxygen species (ROS). 

Partially oxidized proteins can be reduced by the cytosolic Thioredoxin system. Additionally, 

the reduced proteins could be stabilized by zinc binding, although it is uncertain whether the 

zinc-bound form can be imported directly. 

 

Glutathione, present in its reduced (GSH) and oxidized (GSSG) forms, is considered to be the major 

thiol-disulfide redox buffer of the cell. The total glutathione concentration in the cell is typically 

between 5 and 10 mM, and is mainly found in the reduced form in the cytosol and mitochondria [23].  

In vitro studies have shown that GSSG at low micromolar concentrations is sufficient to oxidize the 

small Tim proteins and hinder their mitochondrial import [19,22]. Furthermore, once oxidized even  

10 mM GSH is not sufficient to reduce the proteins [21,22]. The standard redox potentials for several 

small Tim proteins were determined [21,22] and showed similar values in the range of −0.31 to  

−0.33 V. Such low redox potentials are consistent with the oxidized proteins being stable in the 

mitochondrial IMS. However, because the IMS has a similar reducing environment to that of the 

cytosol [24], it suggests that precursor proteins could potentially be oxidized before they are imported. 

A few MIA pathway substrate proteins were recently shown to remain in the cytosol for several 

minutes before their import [25], which further reinforces the danger for precursor protein oxidation 

while in the cytosol. Therefore, after the precursor proteins are synthesized, a mechanism must exist to 

maintain them in a Cys-reduced and import-competent conformation, as well as to protect them from 



Int. J. Mol. Sci. 2013, 14 16688 

 

 

oxidative folding, aggregation and subsequent degradation in the cytosol. A recent study suggested that 

degradation of non-imported IMS precursor proteins is accomplished by the ubiquitin proteasome [26]. 

Chaperones are important players in the biogenesis of mitochondrial proteins [27–30]. In 

mammalian cells, Hsp70 and a mitochondrial import stimulation factor (MSF) were shown to target 

presequence-containing matrix precursors to mitochondria [30]. Furthermore, the Hsp70 and Hsp90 

chaperones were identified to target IM carrier precursor proteins to mitochondria. In yeast, Hsp70 was 

shown to facilitate the import of both matrix and IM proteins [27–30]. However, so far no studies have 

been reported as to whether the cytosolic chaperones are involved in the import of mitochondrial IMS 

proteins. In the absence of evidence for the role of chaperones, two models have been proposed to keep 

the small Tim proteins in their Cys-reduced, import-competent conformation in the cytosol: zinc 

binding and the cytosolic thioredoxin (Trx) system. 

2.1. Role of Zinc Ions 

All the small Tim proteins contain a strictly conserved “twin CX3C” zinc-finger motif. In vitro 

experiments have shown that both Tim9 and Tim10 can bind Zn2+ in their reduced form, at a molar 

ratio of 1:1, with Kd values between 8.0 × 10−8 and 8.0 × 10−10 M−1 determined using different  

methods [2,31,32]. Upon binding, the proteins undergo a small yet detectable conformational change 

that can be seen by both far UV circular dichroism and fluorescence. Removal of any of the cysteines 

in Tim9 or Tim10 abolishes zinc binding, indicating that all four cysteines are involved in zinc 

coordination [13,21,32]. In the presence of zinc ions the rate of oxidative folding of Tim9 by GSSG is 

about 14-fold slower than that of the apo-proteins (no zinc). Thus, zinc-binding can stabilize the 

reduced form and keep it from oxidation [21,22]. However, though the total cellular zinc concentration 

is estimated to be somewhere between 0.1 and 0.5 mM [33], the free zinc concentration in the cells is 

believed to be very low (~10−12 M) [34–37]. Furthermore, experimental results showed that zinc is a 

strong inhibitor of the sulfhydryl oxidase Erv1, a component of the MIA pathway used for the import 

of the small Tim proteins. Consequently, at the zinc concentration that most of the small Tim proteins 

can bind zinc, their mitochondrial import is inhibited [13]. Therefore, if zinc does work as a chaperone 

in the cytosol, it may work in cooperation with another unknown factor and must be removed at some 

point during protein import. To this end, the IMS protein Hot13 (Helper of Tim) has been suggested to 

act as a zinc-chelator protein that is involved in assembly or recycling of the small Tim proteins, and 

helps maintain the MIA components in a zinc-free state [38,39]. 

2.2. Role of the Cytosolic Redoxin Systems  

A second model is based on our recent finding that the cytosolic Trx system facilitates the import of 

mitochondrial small Tim proteins [14]. Thioredoxins and glutaredoxins (Grx) are ubiquitous 

oxidoreductases in charge of thiol regulation and oxidative stress defense. Their main function is to 

reduce disulfide bonds found in proteins [40]. In the yeast S. cerevisiae, the Trx system comprises 

Trx1, Trx2, Trx reductase and NADPH. Trx1 and Trx2 act on substrate proteins while Trx reductase 

takes electrons from NADPH and transfers them to Trx1 and Trx2. Durigon et al. [14] recently showed 

that a ∆trx1trx2 double deletion mutant has a strong growth defect under respiratory conditions. The 

mutant strain also has lower mitochondrial levels of the small Tim proteins. Importantly, mitochondrial 
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import studies confirmed that the import levels of both Tim9 and Tim10 increased significantly in the 

presence of the Trx1 system. A similar result was also obtained for Cox19, a CX9C motif-containing 

substrate of the MIA pathway. Furthermore, an efficient disulfide bond transfer reaction was 

reconstituted using purified Tim10 and the Trx1 system. In vitro assays have also shown that Trx1 is 

capable of reducing the partially oxidized, one-disulfide-bonded intermediates of Tim10, while the 

fully oxidized protein was Trx-resistant [14]. These results suggest that the Trx system 

counterbalances the oxidative folding in the cytosol by reducing any early folding intermediates, which 

were shown to be import-incompetent as well [22].  

A very recent study based on in vivo NMR analysis showed that overexpressed human Mia40  

(a twin CX9C motif-containing protein) was oxidatively folded in the cytosol of human embryonic 

kidney cells, and its folding state depended on the cytosolic Grx1 system and to a lesser extent on the 

Trx1 system [41]. Interestingly, while overexpressed human Mia40 is largely trapped in the cytosol, it 

has been shown that overexpressed yeast Mia40 is successfully imported into yeast mitochondria [42]. 

This difference may be because human Mia40 does not have an N-terminal mitochondria-targeting 

signal and is imported through the MIA pathway, while yeast Mia40 does have an N-terminal targeting 

signal and is imported via the translocase of the inner membrane 23 (TIM23) pathway [43–46]. 

However, purified human Grx1 cannot reduce human Mia40 in vitro, thereby implying an indirect link 

to the redox state of Mia40 [41].  

In summary, both zinc-binding and the cytosolic Trx system can maintain the small Tim proteins in 

Cys-reduced forms. Due to its inhibitory activity, zinc alone is unlikely to be the major player in 

maintaining the precursors in their import-competent form in the cytosol. The Trx system not only 

facilitates the import of the small Tim proteins, but also of non-zinc binding proteins such as Cox19. 

Indeed, both the Trx system and the human Grx system are able to keep the CX9C motif precursors 

proteins in their reduced form by preventing their oxidative folding at an early stage, and can thus 

facilitate the import of mitochondrial IMS proteins. Therefore, these systems appear to be an important 

primary factor in mediating the biogenesis of the redox-sensitive IMS proteins by reductively 

unfolding the proteins. Whether the cytosolic Grx system, particularly the yeast mitochondrial  

OM-anchored Grx2 [47], also plays a role in the import of the small Tim proteins is unknown. More 

studies are still required to understand the detailed molecular mechanisms of protein folding/unfolding 

in the cytosol. 

3. Import, Folding and Oxidation  

The small Tim proteins are found in their oxidized states in purified mitochondria and in vivo [19]. 

The identification of a disulfide relay system (Mia40-Erv1 system) in the mitochondrial IMS indicated 

that oxidative protein folding occurs in the IMS and completely changed the view of how IMS proteins 

fold and get imported [11,12]. For a long time it was believed that the IMS, like the cytosol, has a 

reduced environment and thus would not support protein disulfide bond formation. Conversely, 

oxidative protein folding has now been suggested as the reason many IMS proteins, including the 

small Tim proteins, are trapped inside the IMS [15,16]. In contrast to the less studied and ill-defined 

mechanism in the cytosol, many studies have been carried out in understanding the Mia40-Erv1 system 

(MIA pathway) and the molecular mechanism of oxidative protein folding in the mitochondrial IMS. 
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There are many excellent reviews about this disulfide relay system [11,12,48,49] and it will, therefore, 

only be explained briefly in this review. We will instead focus on the import and folding of the small 

Tim proteins, which are proven substrates of the MIA pathway. 

3.1. Disulfide Relay System of the IMS 

The MIA machinery localized inside the mitochondrial IMS was found to be required for import of 

many cysteine-rich IMS proteins, including the small Tim proteins [44,45,50]. The system includes 

two essential proteins: the disulfide carrier Mia40 that recognizes and transfers disulfides to newly 

imported substrate proteins, and the sulfhydryl oxidase Erv1 that reoxidizes reduced Mia40. Lastly, 

both oxygen and cytochrome c can act as the electron acceptors of Erv1 [11].  

Figure 2. Proposed model for oxidative folding of the small Tim proteins. (1) Nucleophilic 

attack of the C1 cysteine from the small Tim proteins; (2) Mia40-dependent folding 

initiated by hydrophobic interactions at the MISS/ITS segment, and stabilized by formation 

of an intermolecular disulfide bond; (3) Nucleophilic attack of the C4 cysteine from the 

small Tim proteins; (4) Mia40-independent folding. The second helix is formed using the 

first helix as scaffold, and stabilized by formation of the first intramolecular disulfide bond 

in the small Tim proteins (C1–C4); (5) The second disulfide bond could be formed by either 

oxygen, GSSG or Mia40. 

 

3.2. Import of the Small Tim Proteins 

The small Tim proteins, like other mitochondrial proteins, reach the IMS by passing through the 

TOM complex in the OM. All small Tim proteins have an internal targeting signal called MISS 

(mitochondrial IMS sorting signal), or ITS (IMS-targeting signal). Inside the IMS, Mia40 functions 

both as an import receptor and a disulfide carrier. The MISS/ITS includes a cysteine residue that is 

important for mitochondrial import and docking to Mia40 (as a receptor) [51,52]. Systematic 
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mutagenesis studies showed that, for Tim9 and Tim10, the MISS/ITS consists of 9 amino acids 

upstream of the first (N-terminal) cysteine (C1). Apart from the docking cysteine, hydrophobic residues 

at positions −3, −4, as well as an aromatic residue at position −7 from the cysteine are important; the 

consensus sequence is thus X[Ar]XX[Hy][Hy]XXC (Ar: aromatic residue; Hy: hydrophobic residue). 

These residues are arranged such that they point towards the same side of the α-helix (Figure 2). 

Indeed, an upstream or downstream shift of the docking C1 cysteine in Tim9, where upon the distance 

from the hydrophobic residues to the cysteine is changed by a full helix turn, strongly impairs binding 

of the protein to Mia40 and its mitochondrial import [52]. This is because the hydrophobic residues are 

no longer in contact with the cleft in Mia40. On the other hand, swapping the MISS/ITS from the  

N-terminal to the C-terminal end of Tim10 does not affect its import, indicating its mitochondrial 

import occurs post-translationally. Furthermore, the MISS/ITS peptide is also sufficient for targeting 

non-mitochondrial proteins to the mitochondrial IMS [51,52]. 

3.3. Oxidative Folding of the Small Tim Proteins  

Upon interaction with Mia40, the MISS/ITS becomes folded and forms an amphipathic helix that 

has the crucial hydrophobic and aromatic residues on one side and the non-essential residues on the 

other side. The hydrophobic side of the helix fits well into the hydrophobic cleft of Mia40. The folding 

of the small Tim MISS/ITS is induced by Mia40 via these hydrophobic interactions, and is further 

stabilized by formation of an intermolecular disulfide bond between the docking cysteine (C1) of small 

Tims and a redox active cysteine of Mia40 [16–18,53]. Thus, these hydrophobic residues are crucial 

for the initial folding as they are precisely positioned to interact with Mia40 [18,51,52]. However, how 

the small Tim proteins become fully folded and oxidized after their initial interaction with Mia40 is 

still unclear.  

The sequence of events after substrate recognition by Mia40 is better understood when looking at 

the folding steps of another MIA pathway substrate, human Cox17 (hCox17). hCox17 is part of a 

group of IMS proteins with a conserved twin CX9C motif. A study by Banci et al. [18] showed that 

oxidation and folding are coordinated events in the hCox17 protein. The MISS/ITS segment of the 

protein is downstream of the docking cysteine Cys45 (C3) and initially binds the hydrophobic cleft of 

Mia40, forming an intermolecular disulfide bond. Upon binding, the MISS/ITS segment folds into an 

α-helix spanning 15 residues downstream of the docking cysteine, while the rest of the protein remains 

unfolded [18]. In the absence of the docking cysteine the protein can still bind Mia40, albeit with a 

weaker affinity. Moreover, without the formation of the intermolecular disulfide bond the MISS/ITS 

segment remains unfolded [18]. Therefore, a disulfide bond is required to stabilize the initial folding of 

hCox17. The second step involves the nucleophilic attack of Cys36 (C2) to break the intermolecular 

disulfide bond. The reaction creates the internal C2–C3 disulfide in hCox17 while, simultaneously, the 

second α-helix is formed. Interestingly this step is independent of Mia40-hCox17 uses the hydrophobic 

side of its first helix as a scaffold for the formation of the second helix [18]. Here, again, disulfide 

bond formation (oxidation) is coordinated with protein folding. After these two folding steps hCox17 

has acquired the same secondary structure as the fully mature protein, but is still lacking one disulfide 

bond. This agrees with another finding showing that the outer disulfide bond (C1–C4) of yeast Cox19 

(another CX9C protein) cannot be formed in the absence of the inner disulfide (C2–C3) [54]. The outer 
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disulfide bond can be formed by different components depending on the surrounding conditions. 

Under aerobic conditions oxygen can easily oxidize the cysteines to form the second disulfide on an 

already-folded protein [55], whereas Mia40 can also completely oxidize the protein when found in vast 

excess [54]. Alternatively, in vivo assays have also suggested that Erv1 forms a tertiary complex with 

Mia40 and the small Tim proteins under certain conditions [56], thus creating the opportunity for Erv1 

to insert the second disulfide. 

The folding of small Tim proteins is less understood, mainly because the reduced proteins at high 

concentration tend to degrade and render any NMR analysis difficult [18]. Unlike hCox17, the small 

Tim proteins have a twin CX3C motif, their docking cysteine is C1 and the MISS/ITS segment is 

upstream of C1. This means the outer disulfide is likely formed before the inner disulfide, contrary to 

what is seen for hCox17. Indeed, a double mutation of the outer disulfide cysteines (C1,4S) strongly 

inhibits the Tim9 interaction with Mia40 [16]. Additionally, a peptide corresponding to the MISS/ITS 

segment of Tim9 including the C1 cysteine (RLYSNLVERC) was shown to bind Mia40 through an 

intermolecular disulfide bond [18,52]. Upon binding Mia40, the previously unfolded peptide was able 

to adopt a stable α-helix conformation [18]. Thus, the Mia40-induced folding of the MISS/ITS 

segment appears to be general for proteins with either a twin CX3C or CX9C motif (Figure 2). How the 

second disulfide bond is formed is an important controversial question and more experiments are 

needed to address it. 

3.4. Oxidized Tim9 and Tim10 

The fully oxidized small Tim proteins have a helix-loop-helix structure where the two helices are 

linked and stabilized by two intramolecular disulfide bonds, C1–C4 and C2–C3 [9,10,57]. The disulfide 

bonds are required to maintain the secondary structure of the proteins and also render them more 

resistant to trypsin digestion [19,31]. Sedimentation equilibrium studies showed that in a condition 

mimicking the physiological environment (Tris-HCl, pH 7.4, 150 mM NaCl) Tim9 forms a dimer and 

Tim10 a monomer [20,58]. No information is known regarding the oligomerization state of other small 

Tim proteins. So far no crystal structure of the individual small Tim proteins has been published. 

However, NMR studies have shown that both the N- and C-terminus of Tim10 are unstructured, 

whereas only the C-terminus of Tim9 is flexible [31]. Overall, both Tim9 and Tim10 exist in a  

molten-globule state in which secondary structures are formed, but the proteins do not pack together in 

a unique way [31]. Far UV circular dichroism studies showed that the individual oxidized small Tim 

proteins have similar secondary structure to that of the proteins in the hexameric complex [31]. 

4. Complex Assembly 

4.1. Assembly Process of the Tim9-Tim10 Complex 

Formation of the hexameric Tim9-Tim10 complex from the individual subunits can be divided into 

four kinetic steps (Figure 3). Stopped-flow experiments coupled with mutagenesis showed clear salt 

concentration dependence in the rate of assembly in the first two steps, but not in the last two steps. 

Furthermore, the overall rate of assembly depends on the pH in a bell-shaped profile, with two pKa 

values similar to the isoelectric points of Tim9 and Tim10. 
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Figure 3. Tim9-Tim10 hexameric complex assembly. The process can be separated into 

four kinetic steps: formation of a heterodimer (i), a tetramer (ii), a hexamer (iii) and a  

final hydrophobic rearrangement (iv). The two initial fast steps are controlled  

mainly by electrostatic interactions, whereas the final two slow steps are driven by  

hydrophobic interactions. 

 

The initial step consists in the formation of a Tim9*10 heterodimer. Monomeric Tim10 binds 

allosterically to dimer Tim9, substituting one of the Tim9 subunits [20]. Two factors could favor 

heterodimerisation: (i) the central loop structures of Tim9 and Tim10 complement each other better 

than if they were to form an homodimer; (ii) Aryl groups in Tim9 and methionine residues in  

Tim10 interlace in the intersubunit surface, and this arrangement appears to improve the fit of the 

heterodimer [10]. These interactions with Tim9 also cause the flexible Tim10 structure to become 

more defined [31]. Once formed, the dimers quickly associate to form a tetramer further stabilized by 

electrostatic interactions. This is consistent with the presence of important intersubunit salt bridges 

formed between both sides of the Tim9/10 interfaces [59]. The third step includes the slow 

incorporation of another Tim9*10 dimer to form a hexameric complex. Lastly, hydrophobic-driven 

rearrangements produce the final complex [20,60]. As this multistep process occurs efficiently in vitro, 

there is not thought to be any cofactor assisting it. Interestingly, the major hydrophobic areas located 

between the N- and C-terminal helices may be less protected in the later hexameric assembly 

intermediates, suggesting that these complexes could play a role in substrate binding.  

4.2. Structure of the Tim9-Tim10 Complex  

Oxidative folding in the IMS allows the arrangement of the small Tim proteins into hexameric 

complexes. The crystal structures of the human and yeast Tim9-Tim10 complex have been solved, as 

well as that of the yeast Tim8-Tim13 complex [9,10,59]. All three complex structures are similar, 

adopting a donut-shaped configuration with an outer diameter of 50–60 Å, and an inner pore of  

10–15 Å (Figure 4A). The structures resemble those of the prefoldin and Skp chaperones in terms of 

overall architecture [61–63]. The Tim9-Tim10 hexamer consists of three molecules of each subunit, 

arranged in a circle, with an inner, downward-pointing circle made from the subunits N-termini  

(often referred to as “tentacles” as in prefoldin and Skp), and an outer, outward-pointing circle  

(“α-propellers”) made from the C-termini tilted outwards at 60° [10]. The steric bulk of the disulfide 

bonds in the individual subunits generate the characteristic structure of the complex, by causing the 

helices to splay outwards [10,59] (Figure 4B). Intermolecular salt-bridges between lysine and 

glutamate residues are critical to complex stability, while hydrophobic residues in the core are 

sequestered by junctions formed between inner and outer helices with the intermolecular contacts 

generally occurring in the N-terminal regions of the inner helices, and in the core regions of the outer 
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helices (Figure 4C,D). Additionally, hydrophobic residues form clusters in which two residues from one 

subunit (e.g., Tim9 V70 and F74) are surrounded by several hydrophobic residues from the neighboring 

subunit [64]. There is not an obvious hydrophobic pocket for substrate binding, suggesting that a 

conformational change is required for the chaperone function of the Tim9-Tim10 complex. 

Figure 4. Tim9-Tim10 hexameric complex. (A) Crystal structure of yeast Tim9-Tim10 

complex, top (left) and side (right) view respectively (PDB: 3DXR). Tim9 (yellow) and 

Tim10 (blue). The outer layer is formed by the six C-terminal helices (α-propellers) and the 

inner layer by the six N-terminal helices (tentacles); (B) Structure of Tim9 and Tim10 

showing the two helices linked by intramolecular disulfide bonds (orange) (PDB: 3DXR); 

(C) Conserved salt bridge between a glutamate residue in the loop of Tim10 and a  

lysine residue in the outer helix of Tim9; (D) Alignment of Tim9 and Tim10 amino  

acid sequences. Fully conserved residues are marked with asterisks (*). Helical regions and 

the central loop are marked in blue and yellow respectively. Conserved cysteine residues 

are highlighted in green. Key charged residues are highlighted in pink (positively charged) 

and light blue (negatively charged), and salt bridges between them are marked with  

a dotted line. Central residues of hydrophobic clusters are highlighted in orange.  

Sc: Saccharomyces cerevisiae, Sp: Schizosaccharomyces pombe, Nc: Neurospora crassa, 

Hs: Homo sapiens, Xl: Xenopus laevis, Gg: Gallus gallus, Dm: Drosophila melanogaster, 

Ce: Caenorhabditis elegans. 
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4.3. Stability of the Tim9-Tim10 Complex 

Various parts of Tim9 and Tim10 have been studied for their role in complex formation and 

stability using purified proteins, in organelle analysis, and in vivo approaches. The importance of the 

N- and C-terminus of Tim9 and Tim10 in complex stability has been studied both in vitro and in vivo. 

Deletion of the C-terminus of Tim10 inhibits its interaction with Tim9 and, therefore, stops complex 

assembly. Similarly, a deletion of the C-terminus of Tim9 destabilized the complex. In contrast, 

mutation of the N-terminus of either Tim10 or Tim9 showed no considerable effect on complex 

formation [65]. Together, these data suggest that the C-termini (“propeller blades”) of Tim9 and 

Tim10 are significantly more important for hexameric complex formation/stability than the  

N-termini (“tentacles”). 

The roles of specific amino acids of Tim9 and Tim10 in complex stability have also been 

investigated. The four conserved cysteine residues in the proteins form two pairs of intramolecular 

disulfide bonds while in the complex. They are required for complex formation and constricting the 

neck of the fixed-angle helical hairpin [59]. Their importance is highlighted by the human Tim8 

cysteine mutation, C66W, found to cause deafness dystonia syndrome [7,8]. In vitro studies showed 

that reduced proteins in the presence or absence of zinc, or after blocking of the cysteines, are 

prevented from forming the hexameric complex [7,19,31,66]. Incorporation into the complex shields 

the disulfide bonds, making them resistant to DTT [19], whereas the individual subunits can be 

reduced [1,22]. A recent study showed that loss of any disulfide bond results in greatly reduced 

complex formation in vivo and instability of both proteins, but surprisingly has little effect on cell 

growth [67].  

Other important stabilizing interactions are the intersubunit salt-bridges buried at the Tim9 and 

Tim10 interface [59]. Particularly important to these interactions are the glutamate residues Tim9E52 

and Tim10E58 (N-terminal to the third cysteine in both Tim9 and Tim 10), and the nearby lysine 

residues Tim9K51 and Tim10K56 [59,68]. Stability of the Tim9-Tim10 complex in mitochondria is 

heavily disrupted by mutation of any of these residues [42,46,47]. These charged residues are highly 

conserved and located in the core region of the complex. The key intersubunit interactions are formed 

by the Tim9E52-Tim10K68 and the Tim9K62-Tim10E58 salt-bridges. However, as with the conserved 

cysteine residues, mutation of these charged residues, while significantly affecting detection of the 

Tim9-Tim10 complex, did not necessarily result in cell death. For example, the tim9-19 mutant (a 

Tim9E52G mutation) does not form detectable levels of Tim9-10 complex, but still supports slow  

cell growth [69]. 

In contrast to the role of the cysteines and the salt-bridge interactions, the hydrophobic interactions 

between adjacent subunits are potentially more dynamic [59,64]. In vitro experimental studies and 

computational simulations suggested that dynamics of the hydrophobic interactions play a subtle and 

yet important role in stabilizing and regulating the function of the Tim9-Tim10 complex. Two 

hydrophobic clusters (A and B) were identified, each centered on key residues (Figure 3D, Val70 and 

Phe74 of Tim9 for cluster A, Val76 of Tim10 for cluster B) from one subunit that are surrounded by 

several hydrophobic residues from the other subunit [64]. Interestingly, at increased temperatures the 

stabilizing effect of these hydrophobic interactions is predicted to become destabilizing, which is in 

agreement with experimental results of a decreased rate of late-stage complex assembly at elevated 
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temperatures [64]. However, more experiments are required to know whether mutations of these 

hydrophobic residues disrupt complex formation or simply disturb its function in import of its 

substrate proteins. 

Tim9 and Tim10 have also been shown to form a ternary hexameric complex with Tim12. Tim12 is 

an essential IMS protein in yeast associated peripherally with the translocase of the inner membrane 22 

(TIM22) complex of the IM [70]. Tim12 is believed to link the Tim9-Tim10 complex with the TIM22 

translocase during import of Tim9-Tim10 substrates. Although the Tim9-Tim10-Tim12 complex is 

less studied, it appears to consist of three Tim9, one Tim10, and two Tim12 [71]. Whether the complex 

forms through displacement of Tim10 molecules by Tim12 or through de novo interaction with free 

Tim9 and Tim10 subunits is not currently known. 

5. Functional Mechanism of the Small Tim Proteins 

The biological function of the small Tim proteins is to assist in the import of hydrophobic proteins 

into the mitochondrial inner and outer membranes [2–4,6,72]. The exact mechanism of substrate 

interaction and release from the small Tim proteins is not yet known. It is also not clear which form of 

the proteins, Tim9, Tim10 or the Tim9-Tim10 complex acts as the functional chaperone during the 

import of their substrate proteins; while it is generally believed that the hexameric complexes are 

essential for the chaperone function, some studies suggest that complex formation might not 

necessarily be required. Moreover, there is some level of substrate specificity between the two 

homologous small Tim complexes: the Tim8-Tim13 complex has been linked to Tim23 insertion [73], 

while Tim9-Tim10 is involved in the insertion of a wide range of OM and IM proteins, in particular the 

carrier proteins of the IM [2,3]. Here, we summarize the experimental results and proposed models that 

are based on the most studied model substrate of Tim9-Tim10: the ATP/ADP Carrier (AAC) protein.  

5.1. Import of AAC 

AAC, a mitochondrial IM protein, is one of the best-studied proteins in terms of its import and 

interaction with the small Tim proteins [2–4]. It belongs to a large family of IM carrier proteins that 

contain non-cleavable targeting sequences. AAC spans the IM six times comprised of three modular 

repeats of paired transmembrane domains. In contrast to the small Tims and many other mitochondrial 

proteins, AAC and carrier proteins are not necessarily imported into mitochondria as a linear 

polypeptide chain, and proper import appears to be dependent on the full intact protein [74,75]. Import 

of AAC can be divided into five stages [76–78]. The initial interaction with cytosolic chaperones 

(stage 1) is followed by association with the TOM complex (stage 2) in an ATP-dependent manner. 

Then the precursor passes through the IMS chaperoned by the small Tim proteins (Stage 3), followed 

by a membrane potential-dependent IM insertion by the TIM22 complex (Stage 4). Finally, the AAC is 

released and assembled into its functional form in the IM (Stage 5) (Figure 5A). 
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Figure 5. Small Tim function in carrier protein biogenesis. (A) Biogenesis of AAC. Stage 

I, precursor in the cytosol is bound by chaperones. Stage II, precursor engages the TOM 

complex at the mitochondrial OM. Stage III, precursor is bound by the small Tim proteins 

and chaperoned through the IMS. Stage IV, precursor interacts with Tim12 (in purple) and 

reaches the TIM22 complex. Stage V, the carrier protein is fully inserted in the IM and 

dimerizes into its functional form; (B) Model for small Tim proteins interaction with the 

AAC substrate. AAC binding is initiated through the N-termini of the small Tim subunits. 

AAC could either substitute a Tim9 subunit (competitive displacement) or cut across some 

of the complex subunits (bisecting dimerization). The two models are not mutually 

exclusive and at least one Tim9 subunit remains in close proximity to the substrate. 
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5.2. Models for Tim9-Tim10 Chaperone Function 

The chaperone function of the small Tim proteins can be conceived as a multi-step process. It 

requires a mechanism that can both recognize and bind the substrate, and then release it. The first 

model for small Tim function proposed that the substrate binding is provided by individual Tim10 

molecules, with the role of Tim9 being to stabilize Tim10 when it is not interacting with substrate. 

This model was proposed mainly based on studies showing that Tim10 can interact with AAC, 

whereas no stable interactions between Tim9 and AAC were detected using the same approaches 

(NMR, protein cross-linking and peptide spot assay) [2,4,10,75]. Furthermore, the Tim10-AAC 

interactions were severely disrupted by deletion of 30 amino acids at the Tim10 N-terminus [65], 

indicating a critical role for the N-terminal of Tim10 in substrate interaction. It was suggested that the 

loop regions of Tim10 line up in anti-parallel with AAC matrix loops (“carrier signatures”), with 

hydrophobic and complementary charged residues making contact [2]. However, Tim9 does not 

contain these complementary sequences and would therefore be unable to interact with AAC [4]. 

Instead, Tim9 function might be explained by the observation that mutations of tim9 that result in low 

protein levels correlate with a reduction in Tim10 protein [4,67], suggesting that Tim10 is only stable in 

the presence of Tim9. As such, the interaction with Tim9 serves only to protect Tim10 from  

Yme1-mediated degradation. A simple model generated from these data is that Tim10 interacts and 

chaperones precursor AAC, while Tim9 acts to maintain an available pool of Tim10 in the absence  

of substrate. 

The crystal structure of the mammalian Tim9-Tim10 complex supported the idea that Tim10 is the 

primary protein involved in substrate binding [10]. In contrast to the homologous Tim8-Tim13 

complex, which can be modeled to encompass its relatively small substrate Tim23 in its central  

cavity [9], the structure of the Tim9-Tim10 hexameric complex does not appear to accommodate the 

AAC molecule, and the hydrophobic residues predicted to interact with the substrate are buried in 

intersubunit interactions [8,42]. Thus, substrate binding most likely takes place through conformational 

changes and/or subunit rearrangements that expose the binding surfaces of Tim10. Two models were 

proposed for how the substrate-binding regions might transition from being buried in the Tim9-Tim10 

hexamer to binding AAC. In each case, one subunit is displaced and replaced by two helices of AAC. 

In the bisecting dimerization model, two transmembrane helices of AAC cut across the tentacles of a 

subunit in a tail-to-tail orientation. In the competitive displacement model, transmembrane helices four 

and five (H4, H5) of AAC displace a Tim9 subunit, with the H4-H5 loop of AAC positioned similarly 

to the loop regions of the small Tim proteins (Figure 5B). This model could explain why the AAC  

H4-H5 segment showed strongest binding to Tim10 in peptide spot assays [79,80]. The two models are 

not mutually exclusive but explain available experimental results from different angles, and they could 

work in combination allowing the rest of the substrate to fit within the complex [8]. In support of  

these models, the presence of a low-populated excited state of Tim9-Tim10 complex with disrupted 

intersubunit hydrophobic interactions would allow the complex to “breathe”, thus providing an 

explanation for the initial substrate interaction with Tim10 [64]. In this scenario, some complexes will 

be more thermodynamically stable (“closed”) and some will be more energetic (“open”). In the open 

phase some hydrophobic residues are exposed allowing Tim10 to interact with incoming precursors. 
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As discussed in Section 4.3, no consistent picture appears connecting the status of the Tim9-Tim10 

complex, its interaction with substrate and cell viability. Interestingly, some mutations lack detectable 

Tim9-Tim10 hexameric complex on blue-native gels, but still can import AAC [42,45,46,57], 

suggesting the complex is not required for AAC import. However, several lines of evidence  

support the involvement of both Tim9 and Tim10 in substrate interaction. For example, Tim9 can  

co-immuno-precipitate AAC [80], and crosslinks between AAC and Tim9 are detectable under certain  

conditions [3,81]. Introduction of a fifth cysteine residue into Tim9 allowed clear crosslinking of Tim9 

to AAC [56,57], strongly suggesting that these proteins are in close proximity. Furthermore, a Tim9  

N-terminal deletion mutant, Tim9∆N10, in which Tim10 remains stable, does not properly import 

AAC in vitro [59]. Thus, overall it seems that both Tim9 and Tim10 are in proximity to the substrate, 

and the presence of both proteins is required for normal substrate interaction. While Tim10 might 

provide the majority of the binding surfaces for AAC, it is more useful to view both Tim9 and Tim10 

acting in concert to chaperone substrates through the IMS. 

Taken together, the available data supports a model (Figure 5B), in which Tim9-Tim10 complex 

recognizes incoming substrate through the N-terminal tentacle regions of Tim9 and Tim10. This 

recognition triggers opening of the complex by promoting destabilization of the hydrophobic 

interactions between subunits, enabling helices of AAC to be incorporated into the complex and 

displacing a Tim9 subunit in the process via the “competitive displacement” mechanism. It is likely 

that, while Tim10 provides most of the substrate-binding capacity, at least one Tim9 subunit remains 

in close proximity to AAC during its transit through the IMS. It must be stated, however, that the 

models proposed remain speculative. Structural information on the conformation of the small Tim 

proteins while engaged in binding to substrate is required to fully understand the functional mechanism 

of the small Tim chaperones. 

6. Conclusions 

The biogenesis and function of the mitochondrial small Tim proteins is a process requiring correct 

protein folding at both a spatial and temporal level. Much of this process is centered on the four strictly 

conserved cysteine residues in each protein. The cysteines must remain reduced for the proteins to be 

imported into mitochondria. As a result, oxidative folding regulates the import of individual proteins, 

their stability, and their final assembly into a functional complex. The function of the small Tim 

proteins in chaperoning mitochondrial membrane precursors might, on the other hand, depend on more 

complicated, dynamic hydrophobic interactions. Despite the knowledge gained thus far, much remains 

to be investigated. For example, how the redoxin systems, metal ions, cytosolic chaperones and the 

proteasome all interact in the maintenance and degradation of the small Tim proteins while in the 

cytosol. Additionally, the detailed oxidative folding pathway of the small Tim proteins in the IMS 

remains a speculative model, with the proposed steps and order of disulfide bond formation still 

requiring experimental backup. Lastly, deciphering how the small Tim complexes remodel to 

incorporate both different subunit compositions, as well as incoming substrates, should help clarify the 

functional molecular mechanism of these chaperone proteins. Answering these and other questions will 

provide a clearer picture of oxidative protein folding in the IMS and the essential roles the small Tim 

proteins play in mitochondrial protein biogenesis. 
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Thiol-disulphide redox regulation has a key role during the
biogenesis of mitochondrial intermembrane space (IMS) proteins.
Only the Cys-reduced form of precursor proteins can be imported
into mitochondria, which is followed by disulphide bond
formation in the mitochondrial IMS. In contrast to the wealth
of knowledge on the oxidation process inside mitochondria, little
is known about how precursors are maintained in an import-
competent form in the cytosol. Here we provide the first evidence
that the cytosolic thioredoxin system is required to maintain the
IMS small Tim proteins in reduced forms and facilitate their
mitochondrial import during respiratory growth.
Keywords: redox regulation; mitochondrial import;
thioredoxin; oxidoreductase; folding
EMBO reports (2012) 13, 916–922. doi:10.1038/embor.2012.116

INTRODUCTION
Mitochondria has important roles in various regulatory processes
ranging from ATP generation to cell growth and apoptosis. Not
surprisingly, therefore, mitochondrial dysfunction leads to life-
threatening diseases, including diabetes, stroke, Alzheimer, and
cancer. Protein import is essential for the biogenesis of mitochon-
dria, as the majority (99%) of mitochondrial proteins are
synthesized in the cytosol on cytosolic ribosomes, and thus have
to be imported into mitochondria for their function. How
precursor proteins are imported into mitochondria is a subject of
intensive study and at least four main import pathways have now
been characterized [1,2]. In contrast, little is known about how
mitochondrial precursors are maintained in an import-competent
form in the cytosol.

The import of many essential mitochondrial intermembrane
space (IMS) proteins is regulated by their thiol-disulphide redox
state [3–6]. Although disulphide bond formation is crucial for the

function of these proteins inside mitochondria, oxidized precursor

proteins cannot be imported into mitochondria and only Cys-

reduced forms are import-competent [5,7,8]. Many IMS proteins,

such as members of the ‘small Tim’ (e.g., Tim9, Tim10) and Cox17

(e.g., Cox17, Cox19) families, contain conserved Cys residues.

Import of these proteins depends on the redox-sensitive

mitochondrial import and assembly (MIA) pathway. Mia40 and

Erv1 are the central components of the MIA pathway; they form a

disulphide relay system in the IMS mediating the import and

oxidative folding of these Cys-containing proteins [2,9].
Using the small Tim proteins as models, it has been shown that

the oxidized proteins are thermodynamically stable under cellular

glutathione redox conditions [7,10,11]. These proteins have a

standard redox potential of � 0.31V to � 0.33V, which is more

negative than that of the glutathione redox conditions in both the

cytosol and mitochondrial IMS [7,10,12,13]. Such a redox stability

of the small Tim proteins is consistent with their oxidized

(disulphide bonded) state in the IMS, but not their reduced (thiol)

states in the cytosol. Furthermore, studies showed that the

precursors become oxidized during mitochondrial import and

that this oxidation kinetically competes with their import [7].

Cytosolic factors are required to maintain these redox-sensitive

precursors in a Cys-reduced, import-competent form in the cytosol

before their import into mitochondria. Although zinc-binding can

stabilize the small Tim proteins in their reduced forms in vitro, their

relatively low-binding affinities (submicromolar to nanomolar)

suggest that zinc-binding might not be the only or an important

stabilizing factor during normal cell growth conditions [14,15].

How these redox-sensitive IMS precursors are maintained in an

import-competent form in the cytosol is unknown.
The thioredoxin (Trx) and glutaredoxin (Grx) systems are

ubiquitous oxidoreductases required for cellular thiol regulation

and oxidative stress defence [16,17]. In the yeast Saccharomyces

cerevisiae, there are two cytosolic Trx homologues (Trx1, 2) and

two classical dithiol Grx homologues (Grx1, 2) located in the

cytosol. A main function of these enzymes is to reduce disulphide

bonds in their substrate proteins using electrons donated by

nicotinamide adenine dinucleotide phosphate (NADPH). Oxidized

Trx is reduced directly by NADPH and thioredoxin reductase (Trr),

whereas Grx is reduced by glutathione using electrons donated by
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NADPH through glutathione reductase (Glr). In this present study
we show that the cytosolic Trx system is required for yeast
growth under respiratory condition and facilitates the import
of mitochondrial MIA substrates by maintaining the precursors in a
reduced form. An efficient disulphide bond transfer reaction
was reconstituted using purified proteins, and we show that the
Trx system preferentially catalyses the reduction of folding
intermediates, rather than the fully oxidized protein.

RESULTS AND DISCUSSION
The Trx system is required for respiratory growth
To determine whether the cytosolic Trx and Grx systems are
required for mitochondrial function, the wild-type (WT), trx and
grx mutant strains were spotted onto fermentative and respiratory
growth media (Fig 1). Although a double TRX deletion mutant
(trx1 trx2) grows somewhat slower than the WT strain during
fermentative growth (YPD), it is particularly inhibited for growth
under respiratory conditions (YPEG). In contrast, the double GRX
deletion mutant (grx1 grx2) grew comparably to the WT under
both conditions. These results indicate that the Trx system might
have an important role during the biogenesis of mitochondria.
Growth of both the trx1 and trx2 single mutants was unaffected
under respiratory conditions, consistent with an overlapping
role for the two Trx proteins. This indicates that the respiratory
growth defect of TRX deletion mutant (trx1 trx2) is not simply
because of respiratory reactive oxygen species (ROS) production,
as trx2 mutants are hypersensitive to ROS, in contrast to trx1
mutants that have WT levels of resistance [18]. Taken together,
these results indicate that the cytosolic Trx system is required for
maintaining mitochondrial function and probably facilitating the
biogenesis of mitochondria. However, we cannot rule out that
the defects seen in the trx1 trx2 mutant strain is also contributed
by other effects, as Trx proteins participate in various processes
and have many client proteins.

To assess the function of Trx in biogenesis of mitochondrial
proteins, protein expression was examined. While antibodies
against Trx and Grx confirmed the deletion of these proteins, there
were no obvious differences in the levels of the mitochondrial
proteins (Mia 40 and MtHsp 70), although Tim9 and Tim10 seem
to be slightly decreased in the trx1 trx2 mutant (Fig 2A). To check
this, mitochondria were isolated from the WT and mutant cells
grown in YPEG, and protein concentrations determined. The
steady-state levels of mitochondrial proteins from all four
subcompartments are similar (not shown). This was not surprising,
as the mutant was not unviable but grows slowly, and a small
intensity difference will not be detectable by western blot. A
similar result was shown for a TOM5 (a non-essential component
of the mitochondrial TOM translocase complex) deletion
mutant [19]. Thus, the levels of the mitochondrial proteins
under more stressful conditions were analysed. Cells were
grown in fermentative YPD followed by a medium shift to
respiratory YPEG for 6 h before mitochondria were isolated. The
results clearly showed that the levels of the small Tim proteins
(Tim9, Tim10 and Tim13) were decreased in the mitochondria of
the trx1 trx2 mutant strain, while no obvious decrease was
observed for the other control proteins (Fig 2B). The same
mitochondrial isolation and western blotting experiment were
performed three times, and the levels of the small Tim proteins of
the mutant strain were statistically lower than that of the WT strain
(Po0.05, Fig 2C). These results provide in vivo evidence that the
cytosolic Trx system is involved in facilitating biogenesis of
the mitochondrial small Tim proteins.

The Trx system facilitates the import of IMS proteins in vitro
To verify whether the Trx system has an effect on the import of
mitochondrial proteins, mitochondrial import was examined using
radiolabelled Tim9 and Tim10, synthesized in rabbit reticulocyte
lysates, in the presence or absence of purified Trx1, Trr1 and/or
NADPH. To eliminate the effect of metal ions such as Zn2þ , all
import experiments were carried out in the presence of 2mM
EDTA. After import for 30min, reactions were treated with trypsin
to remove un-imported materials, and mitochondrial import was
analysed using SDS–PAGE (Fig 3A), revealing that in the presence
of the Trx1 system (lane 2) the import level was increased
compared with the control (lane 1; Fig 3A). A partial Trx system
(without Trx1 or Trr1) slightly enhanced the import level, but not
as efficiently as the full system. It should be noted that small
amounts of the Trx and/or Grx system components might be
present in reticulocyte lysates; however, the addition of the
purified yeast system clearly increased import (lane 1 versus lane 2)
confirming that the Trx system facilitates import of the small Tim
proteins. The same effect was observed when Cox19, a CX9C motif
containing substrate of the MIA pathway (Fig 3A), was used as an
import substrate. In contrast, no obvious effect was observed on the
import of the matrix marker proteins F1-ATPase subunit-b (F1b) and
mtHsp60, the inner membrane (IM) protein AAC, or the outer
membrane porin. A time-course experiment confirmed that the Trx
system increases the import of the small Tim proteins (Fig 3B). While
the import seems to reach a stationary level after 5min in
the absence of Trx system, it was continuously increased with the
presence of the Trx system over the whole time course. Furthermore,
an 4-acetamido-40-maleimidylstilbene-2,20-disulfonic acid (AMS)
assay showed that the redox state of mitochondrial Mia40 was not

WT

WT

trx1 trx2

trx1 trx2

trx1

trx2

YPD YPEG

grx1 grx2

Fig 1 | The cytosolic Trx system is required for mitochondrial function.

(A) Spot testing of cell growth with the wild-type (WT) and mutant yeast

strains. The WT, trx1 trx2 and grx1 grx2 double or trx1 and trx2 single-

deletion strains were spotted on YPD (left column) and YPEG (right

column) plates at a series of 10-fold dilutions, followed by incubation at

30 1C for 2 days. grx, glutaredoxin; Trx, thioredoxin.
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affected by the addition of the components of Trx system in the
reactions (Fig 3C), and Mia40 was mainly in the oxidized state as
shown previously [20]. Taken together, these results indicate that (i)
the Trx system selectively facilitates the import of the redox-sensitive
precursors of mitochondrial IMS proteins, and (ii) the general
mitochondrial import machineries are not affected by the presence
of the Trx system.

The Trx system keeps small Tims in reduced forms
We anticipated that the mechanism of enhanced import of the
small Tim proteins was that the Trx system can maintain

the precursors in a reduced form. To confirm this idea,
following the import assay described above, the redox state of
the remaining un-imported proteins was analysed using the AMS
thiol-modification assay (Fig 4A). The results indicate that while
all the un-imported proteins were oxidized in the control (lane 1),
the Trx1 system can maintain a large fraction of the proteins in a
reduced form (lane 2). A small fraction of reduced proteins also
existed in the reaction containing Trx1 (lane 4), but not Trr1 alone
(lane 3). The same result was obtained for both Tim9 and Tim10.

Our results indicate that the presence of the Trx system causes
an increased level of reduced precursors, and improved import of
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Fig 2 | Effects of the Trx system on protein expression level. (A) Western blots of cellular extracts from the wild-type (WT) and mutant cells. Yeasts were

grown to exponential phase in YPEG medium, then lysed and analysed using antibodies against the indicated proteins. Cytosolic protein G6PDH was

used as a loading control. (B) Western blots with mitochondria isolated from the WT and mutant cells. The WT and trx1 trx2 yeast cells were grown in

YPD to OD600 of 10 and shifted to YPEG for 6 h. Then mitochondria were isolated and analysed using antibodies against the indicated proteins. 25, 50

and 75mg mitochondria were loaded. The IMS proteins (Tim9, Tim10, Tim13 and Cytb2); Mia40: IMS/IM anchored; the outer membrane Tom40;

IM AAC; and matrix protein malate dehydrogenase (MDH), mtHsp70 and co-chaperone GrpE were analysed. (C) Quantification of proteins in the

mitochondria isolated from the WT (black solid squares) and trx1 trx2 (blue open squares) cells as described in B. The levels of the small Tim proteins

were significantly different (by Student’s t-test: Tim10 Po0.05 at all points, Tim9 and Tim13 Po0.05 at 50 and 75mg), and not significantly different for

the marker proteins. Error bars represent s.e. (n¼ 3). grx, glutaredoxin; IM, inner membrane; IMS, intermembrane space; Trx, thioredoxin.
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these precursors. However, as the mitochondrial import system
contains many components, it remained possible that our results
could be because of an indirect effect of the Trx system on some
of these components. To address this, we asked whether the Trx
system can directly reduce disulphide bonds of the small Tim
proteins. Purified oxidized Tim10 was incubated with purified
Trx1 in the presence and absence of purified Trr1 for 10min,
followed by the AMS assay. The results showed that a fraction of
Tim10 was reduced by the presence of the Trx1 system (Fig 4B,
lane 3), suggesting that Tim10 is a substrate of the Trx1 system.
Consistently, the small Tim proteins cannot be reduced by Trx1 or
Trr1 alone (lanes 2 and 4; note that in the absence of Trr1, Trx1
was in the oxidized inactive form). Thus the small Tim proteins
can be reduced by the Trx system directly. However, only a
fraction of the protein was reduced under these experimental
conditions, indicating that the fully oxidized proteins might not be
very good substrates of the Trx1 system.

Small Tims proteins are good substrates of Trx system
There are two intramolecular disulphide bonds in Tim9 and
Tim10 formed between the Cys residues of the twin CX3C motif in
juxtaposition (C1–C4, and C2–C3). Previous work showed that
oxidative folding of the small Tim proteins occurs through
formation of single disulphide–bonded intermediates and that
these intermediates are also import-incompetent [7]. Thus, we
asked whether the Trx system can reduce these folding
intermediates more efficiently. For this, double Cys mutants with

each disulphide bond mutated to Ser (C1,4S and C2,3S) were
used. As shown in Fig 4C, all the Cys mutants can be fully reduced
by the Trx1 system, and a time-course analysis confirmed that
reduction of the mutants was very rapid. While only about
10% of native Tim10 was reduced after 10min, all of the
single disulphide–bonded mutants were reduced within 1min
(Fig 4D). Thus, reduction of the single-disulphide intermediates by
the Trx1 system is at least 100-fold faster than that of the fully
oxidized proteins.

To obtain more quantitative results, the reactions were
measured by following absorption changes at 340 nm because
of NADPH oxidation (Fig 5A), and the results were analysed using
the Michaelis–Menten equation (Fig 5B). The catalytic constant
kcat and Michaelis constant Km were determined to be 23min� 1

and 6.0 mM for Tim10C1,4S, and 29.0min� 1 and 5.3 mM for
Tim10C2,3S, respectively, and the substrate efficiency (kcat/Km)
was 3.8� 106 M� 1min�1 for Tim10C1,4S, and 5.5� 106 M� 1

min� 1 for Tim10C2,3S. This substrate efficiency is similar
to that of the well-characterized substrates of Trx, such as
ribonucleotide reductase, arsenate reductase and insulin [21–23].
This result confirms that both single-disulphide intermediates
are excellent substrates of the Trx system, supporting our
conclusion that the Trx system maintains the small Tim proteins
in a reduced form in the cytosol and thus facilitates their
mitochondrial import.

To understand why the Cys mutants, but not the WT proteins,
are excellent substrates of the Trx system, overall folding of
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these proteins was studied using far-ultraviolet circular dichroism
(CD; Fig 5C). As shown previously, the WT proteins are
folded with a-helical structure, which becomes unfolded
on addition of a reducing agent, Tris(2-carboxyethyl)phosphine
(TCEP). Clearly, both double Cys mutants of Tim10 display
significantly lower CD signals than the oxidized WT protein
(Fig 5C curves a, b and c). Oxidized Tim10C1,4S seems to
be as unfolded as the reduced protein, and there is no obvious
spectrum change on addition of TCEP (curves b and e). In
comparison to the WT protein, Tim10C2,3S is partially folded and
becomes unfolded on addition of TECP (curves c and f). Thus,
together with the above enzyme kinetic study, our results revealed
that the Trx enzymes preferably react with Tim10 in an unfolded
or partially folded state. In other words, the Trx enzymes react
with the folding intermediates preferably and effectively rather
than the folded small Tim proteins, indicating a stereoselective
control mechanism. This result is consistent with the fact
that all the well-known substrate proteins of the Trx enzymes
have a solvent-exposed disulphide bond. Such a stereoselective
mechanism will not only allow the enzyme to recognize a
wide range of substrates, but also to reduce disulphide bonds
effectively at an early stage of protein folding. We presume
that apart from the small Tim proteins, many more redox-
sensitive proteins can be maintained in a reduced state
through the redoxin system by preventing the formation of early
folding intermediates.

CONCLUSION
In summary, whereas the MIA pathway is used for import and
oxidative folding of many Cys-containing IMS proteins inside
mitochondria, here we provide the first evidence that the
cytosolic Trx system is required to keep the precursors in a
reduced form in the cytosol and thus to facilitate their
mitochondrial import. The Trx system specifically facilitates the
import of redox-sensitive IMS proteins without affecting matrix
and membrane proteins, through an efficient disulphide bond
transfer reaction that could be reconstituted using purified
proteins. Further, we show that single-disulphide folding inter-
mediates of the small Tim proteins are excellent substrates of the
Trx system. The Trx enzyme preferentially recognizes unfolded or
partially folded Tim10, and thus catalyses the reduction of the
folding intermediates rather than the fully oxidized small Tim
proteins. Our findings provide important insight into the initial
steps of mitochondrial protein biogenesis, specifically how
mitochondrial precursors are maintained in an import-competent
form in the cytosol.

METHODS
Materials. 4-Acetamido-40-maleimidylstilbene-2,20-disulfonic acid
were obtained from Invitrogen Molecular Probes. EDTA was from
BDH Co, and all other chemicals were obtained from the Sigma at
the highest grade. The yeast strains used in this study were the
isogenic derivatives of W303 as described previously [18].
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Protein preparations. Oxidized WT and mutant Tim10 were
purified as described previously in buffer AE (50mM Tris, pH 7.4,
150mM NaCl, 1mM EDTA) [10,24]. Trx1 and Trr1 were purified
as described previously [25], and followed by gel filtration
(Superde � 200 column). Flavin adenine dinucleotide was
added to Trr1 before gel filtration. Trx1 concentration was
determined using extinction coefficient of 10,095M� 1 cm� 1 at
280 nm, and Trr1 concentration was determined based on
extinction coefficient of 11,300M�1 cm�1 for flavin adenine
dinucleotide at 450 nm.

Miscellaneous. All experiments were carried out at 25 1C in buffer
AE unless stated. AMS assay was performed as described in [7].
CD spectra were recorded as described in [14]. Mitochondria
isolation and protein import analysis were performed as described
previously [26,27]. All import reactions were performed in the
presence of 2mM EDTA. For steady-state levels of mitochondrial
protein analyses, the WT and trx1 trx2 yeast cells were first grown
in YPD until OD600 of 10 and then, cells were isolated by
centrifugation, washed twice with autoclaved milli-Q water, then
shifted to grow in YPEG for 6h before the mitochondria were
isolated. For the Trx enzyme kinetic analysis, WT or mutant Tim10
(1–50mM) was mixed with 0.1mM Trx and 140mM NADPH,
and the reaction was initiated by adding 0.1mM Trr1. The
oxidation of NADPH was followed at 340nm using a Cary300
spectrophotometer (Varian Ltd).
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Mia40 is a highly conserved mitochondrial protein that plays an
essential role in the import and oxidative folding of many proteins
of the mitochondrial intermembrane space. Mia40 uses its redox
active CPC motif to shuttle disulfides between its client proteins
(newly imported proteins) and the thiol oxidase Erv1. As a thiol
oxidoreductase, no cofactor was found in Mia40, nor is a cofactor
required for this function. In the present study we, for the first time
based on both in vitro and in vivo studies, show that yeast Mia40
can exist as an Fe–S (iron–sulfur) protein as well. We show that
Mia40 binds a [2Fe–2S] cluster in a dimer form with the cluster
co-ordinated by the cysteine residues of the CPC motifs. The
biological relevance of the cofactor binding was confirmed in vivo

by cysteine redox state and iron uptake analyses, which showed
that a significant amount of cellular Mia40 binds iron in vivo.
Furthermore, our oxygen consumption results suggested that the
Fe–S-containing Mia40 is not an electron donor for Erv1. Thus we
conclude that Mia40 is a novel Fe–S protein with a new cluster-
binding motif (CPC), and apart from the thiol oxidoreductase
activity, Mia40 may have another important, as yet undefined,
function in cells.

Key words: CXC motif, cysteine redox state, iron–sulfur cluster,
metal binding, mitochondrion.

INTRODUCTION

The mitochondrion is a vitally important organelle that
performs essential functions in many biological processes
from ATP generation and Fe–S (iron–sulfur) cluster biogenesis
to signalling and cell death (apoptosis) [1–3]. Mia40 is an
evolutionarily conserved protein located in the mitochondrial IMS
(intermembrane space) of eukaryotic cells and in some organisms
is tethered to the mitochondrial inner membrane. Although Mia40
of S. cerevisiae is anchored to the inner membrane through its N-
terminal hydrophobic segment, the essential function of Mia40
relies on the conserved IMS-located C-terminal domain [4,5]. A
well-characterized function of Mia40 is that it acts as an oxidative
translocator or thiol oxidoreductase in the redox-regulated MIA
(mitochondrial intermembrane space assembly) pathway [6–9].

Protein import is essential for the biogenesis of mitochondria,
because approximately 99 % of mitochondrial proteins are
synthesized in the cytosol and thus have to be imported into
mitochondria for their function. The mitochondrial IMS harbours
many proteins that contain conserved cysteine residues, such as
members of the ‘small Tim’ (e.g. Tim9 and Tim10) and Cox17
families. Import of these proteins is regulated by their thiol-
disulfide redox state [10,11]. Although disulfide bond formation
is crucial for the function of these proteins inside mitochondria,
only cysteine-reduced, and thus unfolded proteins, are import-
competent [10,12]. Oxidative folding (disulfide bond formation)
of the newly imported proteins occurs in the mitochondrial IMS
and it depends on the thiol oxidoreductase function of Mia40.

Mia40 (also called Tim40) and Erv1, a FAD-dependent thiol
oxidase, form a thiol oxidoreductase system in the IMS, catalysing
the import and oxidative folding of their substrate proteins [6,13].
Mia40 contains six conserved cysteine residues (C1–C6) in its
C-terminal domain, which are arranged in one CPC and two
CX9C (where X is any amino acid) motifs. Three intra-molecular

disulfide bonds are formed between cysteine residues within the
CPC (C1–C2) and juxtaposed between the two CX9C motifs (C3–
C6 and C4–C5) in the oxidized state (Figure 1A). Although CPC
is redox-sensitive and acts as the redox active-site of Mia40, the
CX9C disulfide bonds are stable and play a structural role [14–16].
The structure of both the human and the yeast Mia40 C-terminal
core domains showed that it is folded in an α-helical hairpin core
(helix–loop–helix) stabilized by the two intra-molecular disulfides
formed between the two CX9C motifs and that it has a rigid long
N-terminal loop with the CPC motif at the tip [14,16]. The thiol
oxidoreductase mechanism involves this CPC cycling between
reduced and oxidized states as it transfers electrons from substrate
proteins to Erv1 [17,18].

Fe–S proteins play many essential roles in biology. They are
involved in catalysis and electron transfer, as well as many regulat-
ory processes through their sensing of changes in environmental
conditions (e.g. gene expression and apoptosis) [3,19,20]. Despite
the simple structure and composition of the ISCs (Fe–S clusters),
their synthesis and assembly into apo-proteins is a highly complex
and catalysed process as both elements are toxic to living cells
in their free state [3,21]. Mitochondria play a central task in the
biogenesis of all cellular Fe–S proteins, and this biogenesis is an
essential function of mitochondria. Biogenesis of Fe–S proteins
begins in the mitochondrial matrix through the ISC assembly
system. Some Fe–S proteins remain in the mitochondria, but
others are located in the nucleus or cytoplasm and require the
ISC export machinery, which is located in the mitochondrial inner
membrane and the IMS [3]. Thus all cytosolic and nuclear Fe–S
proteins depend strictly on the function of both the mitochondrial
ISC assembly and export machineries. However, little is known
about how ‘Fe/S’ (as elements or as a compound) is exported
from the mitochondrial matrix across the IMS to the cytosol.
Experimental evidence suggests that yeast Erv1, the essential
partner of Mia40 in the MIA pathway, is involved in export of

Abbreviations used: AMS, 4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid; Fe–S, iron–sulfur; ICP-AES, inductively coupled plasma atomic
emission spectroscopy; ISC, Fe–S cluster; IMS, intermembrane space; IP, immunoprecipitation; MIA, mitochondrial intermembrane space assembly;
Mia40c, the C-terminal domain of Mia40; mtHsp70, mitochondrial heat-shock protein of 70 kDa; PI, pre-immune; SD, synthetic defined; TCEP, tris(2-
carboxyethyl)phosphine; Tom40, 40 kDa translocase of the mitochondrial outer membrane.
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Figure 1 Structure, cofactor and dimerization of Mia40

(A) Schematic of the primary structure of C-terminal Mia40 with three disulfide bonds formed by the conserved cysteine motifs (left-hand panel) and the X-ray structure (right-hand panel) of the
yeast S. cerevisiae Mia40 core domain (residues 284–365, PDB code 2ZXT) [15]. The structure was generated using the Swiss-PDBViewer 4.0.4 software. (B) Gel filtration profile (Superdex 200) of
Mia40c monitored at 280 nm (�) and 430 nm (�). (C) UV–visible spectra of the gel-filtration purified Mia40c corresponding to the two elution peaks (P1 and P2) respectively.

the undefined ‘Fe/S’ from mitochondria to the cytosol [22], but
its specific function is not known.

Connected to this potential role for Erv1 in ISC biogenesis,
a previous study had suggested that recombinant human Mia40
might bind iron or an ISC when it was purified under reducing
conditions [23], but no further studies were reported. In the present
study, based on in vitro and in vivo results, we show that yeast
Mia40 can exist as a Fe–S protein. It contains a [2Fe–2S] cluster
in a dimer form with the cluster co-ordinated by cysteine residues
of Mia40 CPC. The biological relevance of iron binding was
confirmed by cysteine-redox state analysis and iron uptake assays
using 55Fe labelling in vivo. Treatment of the ISC bound form
Mia40 (Fe–S–Mia40) with various redox reagents showed that it
was stable at normal physiological levels of hydrogen peroxide,
but at raised levels representative of oxidative stress the cluster dis-
sociated. Furthermore, oxygen consumption analysis showed that
Fe–S–Mia40 is probably not an electron donor for Erv1. Taken
together, our results suggest a novel form of Mia40 as a Fe–S pro-
tein, with a role independent of its thiol oxidoreductase activity.

EXPERIMENTAL

Materials

AMS (4-acetamido-4′-maleimidylstilbene-2,2′-disulfonic acid)
and TCEP [tris(2-carboxyethyl)phosphine] were obtained from
Molecular Probes (Invitrogen). EDTA was from BDH, and all
other chemicals were obtained from Sigma at the highest purity.
A peptide corresponding to the C-terminal residues of yeast Mia40
was used to raise antibodies in rabbit against Mia40 (Eurogentec).
Yeast strains used in the present study were wild-type strain CY4
[24], CY4 + pMPS27 (pRS426-Mia40 made in the present study),
CY4 + pMPS28 (pRS426-Mia40CPS made in the present study)
and CY4 + pMPS36 + pMPS35 (pMPS35 is pYES2-Bio2 made
in the present study).

Yeast strains and mitochondrial isolation

S. cerevisiae strains used in the present study were the wild-
type strain CY4 [24] and the Mia40 overexpression strain CY4M
(CY4 + pMPS27). The plasmid pMPS27 (pRS426-Mia40) was

constructed by amplifying the MIA40 gene from yeast genomic
DNA using the oligonucleotides EcoMia40F (5′-GGCTAGAAT-
TCTCCCTTGCTGCTGTCATTGG-3′) and SalMia40R (5′-CG-
AGTCGACTTGGAAGAATCAGGCAAACC-3′). The resulting
PCR product was cloned into the yeast 2-μ vector pRS426.
Plasmid pMPS28, for overexpression of the cysteine mutant
Mia40CPS, was generated by site-directed mutagenesis of
pMPS27 using primers containing the desired mutation point.
Sequences of mutagenic oligonucleotides can be provided upon
request. Plasmid pMPS36 was the MIA40 gene from pMPS27
cloned into the HIS3 plasmid pRS423. Plasmid pMPS35, for
galactose-induced overexpression of Bio2, was constructed by
amplifying the BIO2 gene using oligonucleotides YesBio2F (5′-
CGCGGATCCATGATGTCTACTATCTACCGTC-3′) and Yes-
Bio2R (5′-TCCGCTCGAGTCAAGATCTGTCGTACTTAAAT-
GC-3′) and cloning this into pYES2 (Invitrogen). For mito-
chondrial isolation, CY4 or CY4M was grown in SD (synthetic
defined) medium for 16 h at 30 ◦C, and then lactate medium
for 16 h at 30 ◦C. Mitochondria were isolated from yeast cells
as described previously [25,26]. Generation of mitoplasts was
performed as described previously [27].

Protein purification and characterization

Mia40c (residues 284–403), the C-terminal domain of Mia40,
was cloned into pGEX 4T-1 vector (GE Healthcare), expressed in
the Escherichia coli BL21(DE3) (Stratagene) or Rosetta-gamiTM

2 (Novagen) cells, and purified as described previously [14,28].
Briefly, the GST–Mia40c fusion protein was purified using GST-
affinity beads, followed by removal of the GST tag by thrombin
cleavage to elute Mia40c. The protein was further purified by
FPLC gel filtration using Superdex-75 or Superdex-200 column
chromatography at 4 ◦C in buffer BA (50 mM Tris/HCl and
150 mM NaCl, pH 7.5). Cysteine mutants were generated by PCR
site-directed mutagenesis (Stratagene) using Mia40c plasmid
construct as DNA template and primers containing the desired
mutation point. The mutants were purified using the same method
as for Mia40c.

Multi-angle laser light scattering analysis was carried out using
purified protein applied to a Superdex 200 gel filtration column
in buffer BAE (BA plus 1 mM EDTA). Samples eluting from
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the column passed through an in-line DAWN HELEOS-II laser
photometer (λ = 658 nm) and an Optilab rEX refractometer. Light
scattering intensity and eluent refractive index were analysed
using ASTRA v5.3.4.13 software to give a weight-averaged
molecular mass.

Absorption spectra were recorded using a Cary 300
spectrophotometer and 1 cm quartz cuvette at 25 ◦C as described
previously [28]. The concentration of Mia40c was determined
using an molar absorption coefficient of 11835 M− 1·cm− 1

at 280 nm. CD analysis was performed using a JASCO J810
spectropolarimeter with a 1- or 2-mm pathlength quartz cuvette
at 25 ◦C as described previously [29]. Each spectrum represents
an average of four scans from 200 to 260 nm (far UV-CD)
or from 300 to 700 nm (vis-CD) at 0.2 nm intervals with the
spectrum for buffer alone subtracted. EPR samples were prepared
inside a Belle Technology anaerobic glove box (O2<1 p.p.m.),
by the addition of a 10-fold molar excess of sodium dithionite
and rapidly frozen (approximately 20 s) in solid CO2/ethanol.
EPR spectra were recorded at X-band frequency using a Bruker
ELEXSYS E500 spectrometer equipped with an ESR900 cryostat
(Oxford Instruments). The sample temperature was 15 K. Spectra
were recorded at non-saturating microwave power (50 μW),
using 100 KHz modulation frequency and 0.2 mT modulation
amplitude. A total of 16 scans were coadded and an ‘NMR
gaussmeter’ (teslameter) was used to determine the g values.

Oxygen consumption of Erv1 was measured using a Clark-type
oxygen electrode (Hansatech Instrument) at 25 ◦C. The freshly
prepared coloured dimer fraction and monomeric fraction of
Mia40c were incubated with 1.5 mM TCEP for 30 min at room
temperature (20–25 ◦C), followed by gel-filtration (Superdex 75)
chromatography to remove TCEP. Mia40c was pre-equilibrated
at 25 ◦C in BAE buffer, followed by the addition of 1 μM
Erv1 to catalyse the reaction. For this analysis, Mia40c protein
concentration was measured using both BCA and Ellman’s
Reagent (ThermoScientific) according to the manufacturer’s
protocol.

In vivo redox state analysis

Mia40 redox state was analysed by growing CY4 yeast cells
in YPD [1% (w/v) yeast extract/2 % (w/v) peptone/2% (w/v)
glucose] at 30 ◦C to exponential phase, followed by treatment
either with or without 50 mM NEM. Spheroplasts were then
generated by resuspending the cells in 150 μl of spheroplast
buffer with the addition of 0.27 mg/ml freshly prepared zymolase
at room temperature for 30 min. The spheroplast samples were
analysed using non-reducing SDS/PAGE (10 % gels) coupled
with Western blotting with anti-Mia40 antibody.

IP (immunoprecipitation) and 55Fe assay

CY4 + pMPS27 cells were grown to D600 = ∼0.4 in SD − Ura
(SD without uracil) medium and labelled for 1 h with either
10 μCi 55FeCl3 and 1 mM sodium ascorbate, or with 10 μCi
[35S]methionine. Cells were lysed in 0.2 M sorbitol and
20 mM Hepes, pH 7.4, using glass beads. Lysates were then
treated with 1% digitonin to solubilize mitochondria. IP was
carried out using IP buffer (200 mM NaCl, 50 mM Tris/HCl,
pH 8, and 1.25% Triton X-100) using 0.5 μl of anti-Mia40
antibodies per 1 attenuance unit of cells. 55Fe and 35S was
measured using a Wallac 1414 Scintillation Counter in 4 ml
of scintillation fluid. For comparison of Bio2 and Mia40 iron
binding, CY4 + pMPS35 + pMPS36 was grown in galactose to
overexpress both Mia40 and Bio2. Cells were labelled with either

[35S]methionine or 55Fe, IPs were carried out as above and 35S
and 55Fe were measured by scintillation counting. For estimation
of protein levels, 35S counts were divided by the number of
methionine residues in the respective mature proteins (16 in Bio2
and six in Mia40). Iron incorporation was then calculated by
dividing 55Fe counts by the methionine-adjusted 35S counts.

RESULTS

Presence of a cofactor and dimerization state of Mia40

Mia40c was expressed and purified from E. coli, and displayed
a brownish colour. When the affinity-purified proteins were
applied to a FPLC gel filtration column, they separated into two
major peaks (Figure 1B). Absorption measurements revealed that
peak 1 (P1) had absorption at 430 nm, but not peak 2 (P2). In
agreement with this, P1 displayed a brown colour, whereas P2 was
colourless. Furthermore, light-scattering measurement revealed
that the P1 contained proteins with molecular mass of 30 kDa,
whereas P2 had a molecular mass of 14.5 kDa. Thus, although
the colourless Mia40c is a monomer, the protein forms a dimer
in the presence of the brown chromophore. The same results
were observed for Mia40c purified from both BL21 and Rossetti
Gami cells, although there was relatively more brown dimer from
BL21(∼70%) than from Rossetti Gami cells (∼50%).

The UV–visible spectrum of the dimer protein showed peaks
at 335, 400 and 460 nm, and a shoulder at approximately 600 nm
(Figure 1C). The spectrum features are indicative of an ISC
protein. The observed absorption features of the dimer form are
not seen with the monomer form of the protein. Thus these results
show that a chromophore exists in Mia40 and that cofactor binding
requires dimerization of the protein.

Identification of the cofactor as a [2Fe–2S] cluster

To identify the chromophore, we first analysed the metal contents
of the two gel-filtration peaks using ICP-AES (inductively
coupled plasma atomic emission spectroscopy). Figure 2(A)
showed that only iron was detected as being present at significant
levels, and it was mainly present in the dimer fractions and to a
much smaller extent in the monomer fraction. We reasoned that
the latter was due to incomplete separation of the dimer from the
monomer, as a high concentration of the protein was loaded on
to a gel-filtration column to obtain the large amount of protein
required for this assay. A small amount of copper and zinc were
detected in both fractions, and no other metals were detectable.
The molar ratio of iron to Mia40c (per subunit) is approximately
0.16, indicating that not all of the proteins contain iron.

Next, CD spectroscopy was used to investigate the metal-
binding sites and secondary structure of monomeric and dimeric
forms of Mia40c. The CD spectrum of the dimer showed an
interesting spectrum rich in features, with positive elliptical peaks
at approximately 350, 380 and 405 nm, and negative bands at 310,
450 and 500 nm (Figure 2B). This spectrum resembles that of ISC
proteins [30]. As expected, such a CD signal was not observed
for the colourless monomer. On the other hand, both the dimer
and monomer proteins showed very similar far-UV CD spectra
(Figure 2C), suggesting that both species have similar overall
secondary structures and are dominated by α-helices.

To further analyse the chromophore cofactor, EPR (electron
paramagnetic resonance) spectroscopy was performed. The brown
dimer fraction of Mia40c was EPR silent in the g = 2 region as
purified, but showed a strong EPR signal upon reduction with
sodium dithionite under anaerobic conditions (Figure 2D). The
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Figure 2 Identification of a ISC as the cofactor of Mia40

(A) ICP-AES analyses of the metal contents in the dimer (black bars) and monomer (grey bars) fractions of Mia40c. Mia40c was expressed as a subunit (monomer) in both cases. (B) UV–visible CD
spectra of the dimer (black line) and monomer (grey line) Mia40c. (C) Far-UV CD spectra of the dimer (black line) and monomer (grey line) Mia40c. The same protein concentration (10 μM) of dimer
and monomer were used. (D) The X-band EPR spectrum of the dimeric Mia40c with (black line) and without (grey line) addition of dithionite under anaerobic conditions. The dithionite-reduced
protein (black line) exhibits a [2Fe–2S] cluster spectrum.

EPR spectrum exhibits features of a [2Fe–2S]+ cluster of the
‘thioredoxin-like’ type (with g values typically 2.004, 1.950 and
1.922). Furthermore, this spectrum can be observed at 50 K, which
together with the g values confirms the presence of a [2Fe–2S]
cluster.

In summary, using ICP-AES and three spectroscopic methods
(absorption, CD and EPR) we have shown that Mia40 can exist as
an Fe–S-cluster-containing protein in which a [2Fe–2S] cluster is
co-ordinated by two molecules of Mia40.

Biological relevance of the cofactor binding by Mia40 in vivo

Our in vitro studies showed that a proportion of bacterially
expressed Mia40c is bound to iron in a [2Fe–2S] cluster, indicating
that Mia40 is capable of binding iron in this fashion. We next
asked whether the full-length mitochondrial Mia40 utilizes this
capability by testing whether it binds iron in vivo. To determine
whether this was the case, we used an iron-uptake assay in which
radioactive iron (55Fe) was used for detection as reported [22].
As described previously, detecting iron bound to mitochondrial
Fe–S proteins Bio2 and Isu1 requires overexpression of these
proteins [31,32]. This is probably due to a combination of the
low activity of the 55Fe isotope, inefficient IP and/or low levels
of target protein. Thus to achieve sufficient levels of Mia40 to
reliably detect iron-binding in vivo we overexpressed Mia40 using
the multicopy plasmid pRS426. The protein levels in both whole-
cell extracts and purified mitochondria were analysed by Western
blotting (Figure 3A). Although the level of Mia40 increased
significantly, the mitochondrial marker proteins [Tom40 (40 kDa
translocase of the mitochondrial outer membrane) and mtHsp70
(mitochondrial heat-shock protein of 70 kDa)] were not affected
(as expected). The similar increases for Mia40 in the whole-cell
extract and isolated mitochondria suggested that overexpressed
Mia40 was localized to mitochondria. Western blotting using
antibodies against the cytosolic protein Zwf1 detected only trace
amounts of this protein in mitochondrial preparations, indicating

that mitochondria had been successfully isolated. To further
verify that over-produced Mia40 was effectively localized into
mitochondria and not retained in the cytosol, the cytosolic fraction
following mitochondrial isolation was Western blotted for Mia40,
mtHsp70 and the cytosolic protein Zwf1 (Figure 3B). No Mia40
was detected in the cytosol. Additionally, mitochondria from
Mia40 overexpressing cells were subjected to swelling to generate
mitoplasts, releasing IMS components and allowing accessibility
to proteases. Unlike the matrix-localized mtHsp70 (which is only
sensitive to protease following solubilization of mitochondria
with Triton-X), overexpressed Mia40 in mitoplasts was sensitive
to proteinase K (Figure 3C). This shows that the overexpressed
Mia40 is correctly localized to the IMS, anchored to the inner
membrane, and is not localized to the mitochondrial matrix.

To detect iron binding from the wild-type cells with and
without overexpression of Mia40, cultures were labelled with
55Fe for 1 h, lysed and treated with digitonin to solubilize
mitochondrial membranes. Lysates were incubated with either
anti-Mia40 antibody or with PI (pre-immune) serum. Subsequent
analysis by scintillation counting showed that higher levels of
55Fe were co-immunoprecipitated with anti-Mia40 antibody than
PI serum in both cases (Figure 3D). Iron incorporation with
Mia40 was highly specific, since only background levels of
radioactivity were detected in both samples with PI serum, and a
significant amount of 55Fe was co-immunoprecipitated with anti-
Mia40 antibody from cells overexpressing Mia40. These results
demonstrate that Mia40 does indeed bind iron in vivo. Overall our
results confirm that the ISC binding by Mia40 identified in vitro
is biologically relevant.

Next, to detemine whether the co-immunoprecipitated 55Fe
levels are meaningful and to estimate the relative amount of
Mia40 involved in iron binding, we attempted to compare
the proportion of Mia40 that is iron-bound to the well-known
mitochondrial FeS protein Bio2. By labelling cells with either
[35S]methionine, to monitor total protein, or with 55Fe, we could
gain an approximation of the amount of 55Fe co-precipitated with
either Bio2 or Mia40. Relative levels of protein were estimated
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Figure 3 Mia40 binds iron in vivo

(A) Western blot analysis showing that overexpressed Mia40 accumulates in mitochondria. CY4 yeast without ( − ) or with ( + ) the Mia40 overexpression (Mia40OE) plasmid was extracted for
either total protein extracts (Cells) or mitochondrial protein (MT). Samples were separated by reducing SDS/PAGE (9 % gels) and Western blotted using antibodies against Mia40, the mitochondrial
proteins Tom40 and mHsp70, or the cytosolic protein Zwf1. (B) Overexpressed Mia40 does not accumulate in the cytosol. ( − ) or ( + ) Mia40 mitochondria were prepared as in (A), and the cytosolic
fraction was saved. Total cell protein extracts (Cells), mitochondrial protein (MT) and cytosolic proteins (Cyt) were separated by SDS/PAGE (9 % gels) and Western blotted with antibodies against
Mia40, the mitochondrial matrix protein mtHsp70 and the cytosolic protein Zwf1. (C) Overexpressed Mia40 is localized to the IMS/inner membrane. ( − ) and ( + ) Mia40 mitochondria (MT) from
(A) were swollen to produce mitoplasts (MP) or solubilized with Triton X-100 (TX) and incubated with ( + ) or without ( − ) 2 μg/ml proteinase K (PK). Samples were Western blotted for Mia40,
mtHsp70 or the outer membrane protein Tom70. (D) Mia40 binds iron in vivo. CY4 yeast cells without ( − ) or with ( + ) Mia40 overexpression plasmid were grown to a D600 of 0.4, followed by
labelling with 55Fe. Cells were then lysed and mitochondria were solubilized with digitonin followed by IP using either PI or anti-Mia40 antibody. 55Fe-labelled material was detected by scintillation
counting and expressed as c.p.m. per g of yeast. The levels between PI and anti-Mia40 antibody were significantly different (Student’s t test P < 0.05). The error bars represent the means +− S.D.
(n = 3). (E) Comparison of the levels of iron-binding for Mia40 and Bio2. Cells overexpressing Mia40 and Bio2 were labelled with either 55Fe as in (D) or with [35S]methionine. Mia40 or Bio2 were
immunoprecipitated, and the levels of iron co-precipitated with Bio2 or Mia40 were compared with the levels of the respective proteins (see the Experimental section for details). Data were plotted
relative to Bio2 as 100 % iron-bound.

by dividing the 35S signal for Bio2 or Mia40 by the number
of methionine residues in the respective proteins. 55Fe signals
were then taken as a proportion of this estimated protein level,
based on Bio2 co-ordinating one 2Fe–2S cluster per molecule
while assuming two Mia40 molecules co-ordinate one cluster.
Figure 3(E) shows that, in comparison with Bio2, approximately
60 +− 18% of Mia40 is involved in iron binding. Although this
result is only an approximation as it is based on the assumption
that all overexpressed Bio2 is iron bound and that both proteins
and their ISCs are equally stable during the IP procedure, it does
indicate that a significant proportion of cellular Mia40 is bound
to iron under the experimental conditions.

Co-ordination of the ISC by Mia40

Four cysteine residues are used to co-ordinate the vast majority of
[2Fe–2S] clusters. Mia40 contains six conserved cysteine residues
arranged in one CPC and two CX9C motifs. Although the CPC
disulfide is redox active, the two disulfides formed between the
two CX9C motifs are structurally important and very stable [33].
The fact that only the dimer fractions contain [2Fe–2S] clusters
suggests that two reduced cysteine residues (thiols) from each
subunit participate in the cluster binding. We reasoned that the
cysteine residues of CPC are involved in the [2Fe–2S] cluster
binding, so, for confirmation, we generated two single (SPC and
CPS) cysteine mutants of Mia40c. Mutation of either the first
or second cysteine residue of the CPC motif resulted in loss of
the brownish colour and no absorption at wavelengths over 300–
700 nm (Figure 4A). Therefore we conclude that one [2Fe–2S]
cluster is probably co-ordinated by two Mia40 molecules via the

four cysteine residues (thiols) of the CPC motifs. Next, we tested
this conclusion in vivo by generating a Mia40CPS overexpression
strain for 55Fe uptake analysis. This Mia40CPS overexpression
strain showed the same protein expression level as the Mia40WT
overexpression strain (Figure 4B, inset), and the 55Fe uptake
assay showed clearly that Mia40CPS lost its ability to bind iron
(Figure 4B), a result that is consistent with our in vitro finding.
We also attempted to generate a plasmid for overexpression of
Mia40SPC but were not successful.

Stability of Fe–S–Mia40

We observed that the brown colour of the protein was lost
gradually under aerobic conditions (approximately 1 day at room
temperature and few days at 4 ◦C), and, on the basis of SDS/PAGE,
the colour change was not coupled with degradation of the protein.
Thus the effects of redox reagents on the stability of the cluster
binding were investigated by following the absorption change
over time at 400 nm. Although the reducing agents DTT, GSH
and GSSG showed little to no effect on the stability of the
chromophore, H2O2 had a clear destabilizing effect on cluster
binding (Figure 5A). Absorbance at 400 nm fell significantly
within approximately 20 min upon addition of 1 mM H2O2 and
the sample gradually became fully colourless, suggesting that the
cluster was disassembled, while the protein was not degraded by
H2O2 treatments based on SDS/PAGE analysis (Figure 6B).

Next, concentration-dependence of H2O2 on stability of the
cluster-binding was investigated using the same method. The
initial rates of the absorbance change (400 nm) were plotted
against H2O2 concentration (Figure 5B). They showed that there

c© The Authors Journal compilation c© 2013 Biochemical Society



32 M. P. Spiller and others

Figure 4 The ISC is co-ordinated by Mia40 CPC

(A) UV–visible spectra of the WT (69 μM), SPC (56 μM) and CPS (34 μM) mutants of
Mia40c. Inset: schematic drawing of the cluster binding by Mia40. (B) 55Fe uptake analysis with
CY4 yeast cells containing Mia40WT (Mia40OE) or Mia40CPS (Mia40CPS

OE) overexpression
plasmids as described in Figure 3(B). IP used either PI or anti-Mia40 antibody. The results
are the means +− S.D. (n = 3). Inset: Western blotting analysis with Mia40 and Zwf1 (loading
control) antibodies showing the same level of Mia40 overexpression.

was no obvious difference in the rate of absorbance change at
H2O2 concentrations of up to approximately 25 μM; however,
above 50 μM H2O2 the rate increased with H2O2 concentration
linearly. Thus the cluster binding was stable under normal cellular

conditions, but might be sensitive to elevated levels of chemicals
produced by oxidative stress.

Redox state of CPC and oxidoreductase function of Fe–S–Mia40

The most obvious reason for the destabilization of Fe–S–Mia40
by hydrogen peroxide is that the CPC motif, which co-ordinates
the [2Fe–2S] cluster, becomes oxidized. To test this, the redox
state of the Mia40 CPC motif was analysed by AMS thiol-
modification assay as described previously [28,34]. It showed
that, although the P2 (monomer Mia40c) of the gel-filtration
fraction was oxidized, the P1 (dimer Mia40c) fraction contained
both reduced and oxidized proteins, as well as Mia40 dimer
linked through intermolecular disulfide bonds (Figure 5A). This
is consistent with the ICP-AES result that only a fraction of the
Mia40c dimer contains iron. We reasoned that the ISC is co-
ordinated by Mia40 in its CPC reduced form, and the oxidized
forms with both inter- and intra-molecular disulfides cannot bind
the cluster. Next, the effect of H2O2 on the redox state of Mia40
was analysed by AMS assay (Figure 5B). The result showed that
the initially reduced protein became AMS-resistant on a timescale
similar to that of the absorption decrease (Figure 5A, curve v),
indicating that the reduced Mia40 became oxidized by addition of
H2O2 and oxidation of Mia40 was coupled with the disassembly
of the ISC rather than protein degradation (Figure 6B).

Furthermore, we confirmed that both reduced and oxidized
states of Mia40 exist in vivo, by using a NEM thiol-modification
assay. Yeast was grown in YPD to exponential phase followed
by NEM thiol-alkylation and Western blotting with antibodies
against Mia40 to detect the NEM-dependent size shift [11].
Western blot analysis revealed that Mia40 was split approximately
50/50 between the cysteine-reduced and oxidized forms under
these conditions in vivo (Figure 6C).

It has been shown that the colourless monomeric Mia40c acts
with Erv1 as a thiol oxidoreductase system in the mitochondrial
IMS catalysing oxidative folding of newly imported proteins [6–
9]. After transfer of the CPC disulfide to substrate proteins,
reduced Mia40 is oxidized by Erv1, and reduced Erv1 can be
reoxidized by cytochrome c or molecular oxygen in vitro. Thus
oxygen consumption analysis was used to test whether Fe–
S–Mia40 can be oxidized by Erv1 (Figure 6D) [26,28]. The
result showed that the Fe–S–Mia40 is not an electron donor

Figure 5 Stability characterization of Fe–S–Mia40

(A) Effects of redox reagents on the stability of Fe–S–Mia40 followed by absorption decrease at 400 nm. Time courses of the intensity changes in the absence (i) and presence of 5 mM DTT (ii),
5 mM GSH (iii), 1 mM GSSG (iv) or 1 mM H2O2 (v) were recorded. (B) H2O2 concentration dependence of the initial rate of the intensity decrease at 400 nm, based on the same measurements as
described above.
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Figure 6 Redox state and functional characterization of Fe–S–Mia40

(A) Cysteine redox state of Mia40 was analysed using AMS thiol-modification assay. The reduced
(R) and oxidized (O) states are indicated. (B) AMS assay of the redox state change during the time
course of Mia40 incubation with 1 mM H2O2. (C) Analysis of Mia40 redox state in vivo. Yeast
cells were grown to exponential phase followed by with ( + ) or without ( − ) NEM treatment,
followed by preparation of spheroplasts and protein analysis using non-reducing SDS/PAGE
(10 % gels) coupled with Western blotting using anti-Mia40 antibody. The reduced (R) and
oxidized (O) states are indicated. (D) Time courses of oxygen consumption catalysed by Erv1 in
the presence of the iron-containing dimer Mia40c and colourless reduced monomer Mia40c
respectively. Mia40c was pre-equilibrated at 25◦C in BAE buffer, followed by the addition of
1 μM Erv1 at the time indicated.

for Erv1, although the cysteine residues of CPC were in the
reduced form. Thus the Fe–S–Mia40 does not appear to be a
thiol oxidoreductase, suggesting it has a separate function to the
monomeric non-iron-cluster-containing form.

DISCUSSION

Mia40 is a novel ISC containing protein

On the basis of the absorption spectrum, it was suggested that
human Mia40 may bind iron or a ISC in vitro [23]. The present
study has established that the mitochondrial oxidoreductase
Mia40 is an Fe–S protein. It can bind a ISC stably in a dimer
form, and we have shown that a [2Fe–2S] cluster is co-ordinated
by two molecules of Mia40 through its CPC motifs, since cysteine
mutants of this motif lost their ability to bind the cluster based
on absorption spectral analysis. This conclusion is also supported
by two separate observations: (i) when CPC is oxidized, Mia40
is colourless; and (ii) both the apo and Fe–S-containing Mia40
display very similar far-UV CD spectra, indicating that the cluster-
binding groups are located in a structurally unfolded range of the
protein. It is consistent with the fact that the N-terminus of Mia40c
(including the CPC motif) is flexible, whereas the CX9C motifs are
structurally important and form stable disulfide bonds. Thus we
conclude that no obvious/significant secondary structure change
was induced in the correctly folded C-terminal domain while the
cysteine of the flexible CPC motif participated in ISC binding and
dimerization of Mia40.

Previously, the cysteine redox state of Mia40 was mainly
studied in organelles, using isolated mitochondria. In the present
study, the redox state of Mia40 in vivo was analysed. In contrast
with the organelle studies that showed that the majority of Mia40
was oxidized with only approximately 10% of the protein having
a reduced CPC motif [11,29], the results from the present study
showed that approximately 50% of Mia40 CPC was reduced
in vivo, which is in agreement with the fact that a significant
amount, approximately 60%, of Mia40 was involved in the
cofactor binding. Our result from the present study is broadly
consistent with a recent study by Kojer et al. [35] in which

they also showed that Mia40 exists in a mixture of oxidized
(∼70%) and reduced (∼ 30%) forms in vivo. We hypothesize
that the reduced Mia40 contains a ISC in vivo, and that the
cofactor-containing Mia40 may not function as a disulfide carrier
in the well-characterized MIA pathway. Our hypothesis is also
consistent with the observation that the levels of reduced Mia40
did not decrease upon overexpression of Erv1 in vivo, whereas
Mia40 was almost completely reduced in cells with lower levels
of Erv1 [35]. The presence of separate populations of iron-bound
and oxidized (non-iron-bound apo form) Mia40 in vivo raises the
question of whether the relative proportions of these populations
can change, perhaps in response to external stimuli. Our finding
that iron-bound Mia40 can be converted to the apo form by
high concentrations of H2O2, together with the observation that
different levels of reduced and oxidized protein forms were
detected under different conditions as discussed above, suggests
that the amount of iron-bound Mia40 in vivo might depend on
the cellular environment. An ability to modulate the relative
proportions of iron-bound and apo-Mia40 would then allow the
cell to regulate the thiol oxidase activity of Mia40.

Furthermore, our results suggest that purified Mia40c may bind
the [2Fe–2S] cluster in its oxidized form [2Fe–2S]2 + , and it can be
reduced to [2Fe–2S]1 + upon addition of sodium dithionite. EPR
spectroscopy confirmed that the purified Fe–S–Mia40 contains
a [2Fe–2S]1 + cluster of the ‘thioredoxin-like’ class (also once
known as ‘Meyer type’) of ferredoxins when it is reduced using
sodium dithionite [36,37].

Typically, [2Fe–2S] clusters are co-ordinated by CXXC motifs
as shown for many proteins [38]. The cluster co-ordination by
CPC and the induction of dimerization of a protein is novel and
(to the best of our knowledge) has not been shown for a naturally
existing protein before. A similar [2Fe–2S] cluster binding by
CXC motifs was shown for mutants of bacterial TrxA in an
engineered pathway [39]. By imposing evolutionary pressure,
mutation of the TrxA CXXC motif to CXCC changed TrxA from
a monomeric disulfide reductase into a [2Fe–2S] cluster bridged
dimer and thiol oxidase, and similarly it was the first two cysteine
residues (CXC) of CXCC involved in the cluster binding [39].
Thus the cluster of Mia40 probably represents a new form of
ISC protein, and there may be more proteins with CPC or CXC
motif(s) that are naturally Fe–S proteins.

Functional implication

Disulfide bond formation is crucial in the folding and function
of many proteins. It requires dedicated oxidoreductase systems to
ensure that the right disulfide bond is formed in the right place
at the right time. Since its identification 8 years ago [4,5,27],
extensive research has shown that Mia40 acts as a disulfide
carrier, forming a thiol oxidoreductase system with Erv1 for
import and oxidative folding of many mitochondrial IMS proteins.
Compared with other disulfide carriers, e.g. PDI (protein disulfide-
isomerase) of the ER (endoplasmic reticulum) lumen or DsbA
of the periplasmic space of prokaryotic cells [40–42], Mia40
is unique. All other disulfide carriers (functional equivalent
oxidoreductases) are members of the thioredoxin superfamily
containing at least one thioredoxin active site with a CXXC motif,
whereas Mia40 has a CPC redox active site. As a disulfide carrier,
Mia40 is a monomer containing no cofactor. The Fe–S–Mia40 is
a dimer bridged by a [2Fe–2S] cluster that is co-ordinated by four
cysteine residues of the CPC motifs. One possible role for the
formation of the ISC in Mia40 may represent a mechanism for
regulating the thiol oxidoreductase activity of Mia40 and hence
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mitochondrial protein import efficiency, perhaps in relation to
oxidative stress.

A recent study showed that Mia40 can promote import of Atp23
(a protease that cleaves the presequence of ATP synthase subunit
6) in a cysteine-independent manner [43]. That study showed that
a non-cysteine mutant of the IMS protein Atp23 is still imported
in a Mia40-dependent manner, suggesting that Mia40, but not its
thiol oxidoreductase activity, is important for import of Atp23.
Although the cysteine residues of Fe–S–Mia40 CPC are reduced,
oxygen consumption analysis suggested that the protein cannot
transfer electrons to Erv1, indicating Fe–S–Mia40 may have a
different function.

ISCs represent one of the most ancient and ubiquitous cofactors,
being found in proteins involved in many vital and diverse
biological processes, from electron transfer and iron homoeostasis
to gene regulation and apoptosis. Though at present there is no
proof for a physiologically relevant binding of ISCs to Mia40
in vivo, our in vitro results suggest that such a role of Mia40 is in
principle conceivable. The biological function of the Fe–S–Mia40
is currently unknown, but it may be involved in, for example,
regulating Mia40 thiol oxidoreductase activity, biogenesis of other
Fe–S proteins, in the mitochondrial Fe/S export machinery, or in
a currently unknown pathway. In the light of its IMS location and
the fact that Erv1 plays an important role in the biogenesis of the
cytosolic Fe–S proteins [22], it will be interesting to investigate
whether Mia40 plays a role in the biogenesis of other Fe–S
proteins.
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