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Abstract

Defects in Complex I assembly is one of the emerging underlying causes of severe mitochondrial 

disorders. The assembly of Complex I has been difficult to understand due to its large size, dual 

genetic control and the number of proteins involved. Mutations in Complex I subunits as well as 

assembly factors have been reported to hinder its assembly and give rise to a range of 

mitochondria disorders. In this review, we summarize the recent progress made in understanding 

the Complex I assembly pathway. In particularly, we focus on the known as well as novel 

assembly factors and their role in assembly of Complex I and human disease.
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Introduction

Compared to our knowledge of the assembly of other respiratory complexes, investigation of 

Complex I assembly has lagged behind, primarily due to a lack of powerful genetic systems, 

since the conventional model S. cerevisiae does not have Complex I but another type of 

single subunit NADH-Q oxidoreductase that is distinct from complex I and collectively 

called NDH-2 (Boumans et al., 1998). Despite of this technical difficulty, significant 

progress in understanding the regulation of complex I assembly pathway has been made in 

recent years. Here we try to give an update focusing on the players involved in this 

important process.

1. Respiratory Complex I Structure

In mammalian cells, Complex I is the largest respiratory enzyme, weighing almost 1000KDa 

and consists of 44 sub-units; 7 of which are encoded by the mitochondrial genome and the 

rest are encoded by the nuclear genome (Carroll et al., 2003, 2006; Chomyn et al., 1996). 

Most of the studies regarding the structure and composition of Complex I have been carried 

out on fungi Neurospora crassa or bovines mitochondria (Efremov et al., 2010; Guénebaut 

et al., 1998). While the crystal structure of intact Complex I from bacterium Thermus 

thermophilus was published recently (Baradaran et al., 2013), the same has not been 

achieved for the mammalian Complex I largely due to its huge size. The observations from 

both, the fungal Complex I as well as the bovine Complex I, suggest an L shaped structure 
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with a hydrophobic membrane arm embedded in the inner mitochondrial membrane and a 

hydrophilic peripheral matrix arm which juts out in the mitochondrial matrix (Friedrich and 

Böttcher, 2004; Schultz and Chan, 2001, Hoffhaus et al., 1991). The iron sulfur centers 

responsible for electron transport are present in the matrix arm while the proton pumping 

takes place through the membrane arm (Belevich et al., 2006; Sazanov and Hinchliffe, 

2006). Recent studies show that conformational changes in the structure of Complex I may 

allow electron transfer from NADH to the iron sulfur centers and couple the transfer of 

electrons to the proton translocations (Hunte et al., 2010; Schultz and Chan, 2001). The 

mitochondrial DNA encoded subunits are all part of the membrane arm while the matrix arm 

is made up of the nuclear encoded subunits. At least 7 of the nuclear encoded subunits, 

namely, NDUFV1, NDUFV2, NDUFS1, NDUFS2, NDUFS3, NDUFS7 and NDUFS8 

represent the ‘core’ subunits which are conserved across genus along with the 7 mtDNA 

encoded subunits (Carroll et al., 2002, 2003; Potluri et al., 2004). These sub-units are 

involved in electron transfer and oxidation of NADH. The rest of the subunits of the 

peripheral arm are thought to be important for structural stability. The other 30 

‘supernumerary’ subunits, which have been hypothesized to have evolved with the 

mammalian mitochondria, play a role in the assembly or stability of Complex I or 

preventing oxidative damage by ROS. Post translational modifications of some of these 

subunits have been hypothesized to play a role in the regulation of Complex I (Carroll et al., 

2013; Papa et al., 2012; Rhein et al., 2013). ND1 was found to have a quinone binding site 

and may be binding to ubiquinone while ND2, ND4 and ND5 resemble sodium and 

potassium antiporters and may be responsible for proton pumping activity (Carroll et al., 

2013; Fearnley et al.).

2. Complex I Assembly Pathway

Deciphering the Complex I assembly pathway has been very difficult, complicated by its 

large size and dual genomic control that must coordinate the incorporation of subunits 

encoded by the nuclear genome with the subunits encoded by the mtDNA. Most of the 

detailed knowledge of Complex I assembly pathway is derived either from study of model 

systems such as N.crassa or by study of patient cells carrying disassembling Complex I 

mutations affecting the stability or assembly of Complex I thus leading to a Complex I 

deficiency, using blue native electrophoresis and pulse chase after labeling the mtDNA 

encoded subunits (Antonicka et al., 2003; Chomyn, 1996; Wittig et al., 2006). In the 

N.crassa model, it was observed that mutations in the subunits belonging to matrix arm led 

to a complete loss of the matrix arm and an accumulation of the hydrophobic membrane arm 

(Tuschen et al., 1990),(Friedrich and Weiss, 1997) indicating that the two arms of Complex 

I could assemble independently. Even in mammalian mitochondria, it was observed that 

Complex I membrane arm could assemble separately from the matrix arm. In the presence of 

mutations in the membrane arm subunits, the levels of assembled matrix arm did not change, 

indicating that the membrane arm subunits do not interfere with the assembly of the matrix 

arm (Bourges et al., 2004). This gave rise to the modular assembly pathway for respiratory 

Complex I where in the membrane arm and matrix arm assembled independently of each 

other and were joined to form the complete enzyme later in the assembly pathway (Ugalde 

et al., 2004).
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The current model for Complex I assembly pathway gained by combining the knowledge of 

Complex I assembly from both fungi as well as patient cells is as follows (Gershoni et al., 

2010; Lazarou et al., 2007; Nehls et al., 1992; Perales-Clemente et al., 2010; Tuschen et al., 

1990; Vogel et al., 2007; Yadava et al., 2004). The entry points for the mtDNA encoded 

subunits of the membrane arm of Complex I have been a little difficult to understand. 

Recent reports suggest that membrane arm formation begins with ND1 subunit forming a 

400KDa subcomplex, making it the first mtDNA encoded subunit to be incorporated in 

Complex I. This intermediate is also thought to contain the matrix arm subunits NDUFA9, 

NDUSF2, NDUFS3, NDUFS7 and NDUFS8. Another membrane arm intermediate, 

∼460KDa, containing ND2, ND3 and ND6 then joins the ∼400KDa ND1 containing 

subcomplex to form a ∼650KDa subcomplex along with nuclear encoded subunits 

NDUFB6, NDUFB8 and NDUFA13. The next entry point for mtDNA encoded subunits is 

ND4 and ND5. They are hypothesized to be part of a single subcomplex and are thought to 

enter the Complex I assembly process to form a ∼830KDa intermediate which then forms a 

complete Complex I with the addition of the remaining matrix arm subunits. The presence of 

ND6 in the ∼400KDa sub complex and subsequently its entry early on has been debated 

(Perales-Clemente et al., 2010). This model thus differs slightly from the N.crassa model 

wherein the assembly of membrane arm and matrix arm remains independent throughout the 

assembly while in the mammalian model the intermediates of membrane arm and matrix 

arm assemble separately but the intermediates come together early on in the assembly 

process. Recent studies have shown that assembly of Complex III and Complex IV assemble 

with the ∼830KDa sub complex to form supercomplexes, with the final Complex I subunits 

assembling after that indicating that the assembly of Complex I is linked intricately with the 

assembly of respiratory supercomplexes (Moreno-Lastres et al., 2012)

There are some knowledge gaps in the current model of Complex I assembly. Because most 

of the studies have been conducted in fungi or patients with mutations in the subunits of 

Complex I, no study has been conducted looking at Complex I assembly in real time. As 

such it is difficult to differentiate between intermediates that accumulate in patients as actual 

assembly subcomplexes vs. just artifacts of defective Complex I assembly. As a result, there 

are contradicting reports on the entry points of different mtDNA encoded subunits. The roles 

of these individual mtDNA subunits in the assembly are also unclear. While it is believed 

that loss of ND4, ND5 and ND6 stalls the assembly process, it is still not clearly known at 

what stage each subunit is important to the assembly pathway. The other major loophole in 

Complex I assembly is the limited number of assembly factors known to assist Complex I 

assembly process. In a lot of cases where patients present with Complex I deficiency no 

known mutations are detected indicating that proteins involved in the assembly process 

haven't yet been identified (Fassone and Rahman, 2012; Ugalde et al., 2004). With a large 

size, it is hypothesized that more than the known 10 assembly factors may be involved in the 

assembly process.

3. Complex I Assembly Factors

Most of the assembly factors identified for Complex I have been identified in patients 

carrying mutations for them that lead to Complex I deficiency. Most of the assembly factors 

were identified as part of Complex I subcomplexes that accumulated in patients with 
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mutations. The following summarizes each of the known Complex I assembly factors and 

their roles in Complex I assembly as well as mitochondrial disorders. Figure 1 shows the 

steps in which each of the assembly factor is involved in the Complex I assembly pathway.

a. C20ORF7: This assembly factor was identified in 2 families with severe neonatal 

Complex I deficiency disorder resulting from a homozygous missense mutation in 

the C20ORF7 protein (Gerards et al., 2010; Sugiana et al., 2008). Analysis of the 

Complex I subunits from mitochondria of patients revealed a loss of the mtDNA 

encoded ND1 subunit. There was also a decrease in the intensity of the 400KDa 

subcomplex band containing ND1 subunit indicating that C20ORF7 was involved 

in the stability of the 400 KDa subunit and the incorporation of ND1 was hindered 

in the absence of the assembly factor (Sugiana et al., 2008). Further studies 

revealed that C20orf7 has a S-adenosylmethionine (SAM)-dependent 

methyltransferase fold which methylates complex I subunit NDUFB3 as a requiste 

step in the process of complex I assembly. (Gerards et al., 2010).

b. NDUFAF1 (CIA30): CIA30 was first identified in N.crassa as a Complex I 

assembly factor (Küffner et al., 1998). Its homologue in mammalian cells, 

NDUFAF1 was subsequently identified in patients with 

cardioencephalomyopathies with Complex I deficiency (Dunning et al., 2007). 

NDUFAF1 was shown to be imported into mitochondrial matrix and is required for 

correct complex I stabilization along with another assembly factor, Ecsit (Vogel et 

al., 2007). Knockdown of either NDUFAF1 or Ecsit in human fibroblasts led to a 

decrease in Complex I levels and accumulation of the ∼460KDa sub complex and 

disappearance of the ∼830KDa sub complex indicating that NDUFAF1 might be 

essential for the ∼460KDa subcomplex to assemble into the ∼830KDa 

subcomplex. In another study, NDUFAF1 was found to associate with newly 

synthesized mtDNA encoded ND1, ND2 and ND3 subunits of the membrane arm 

indicating that it may also play a role in stabilizing the subunits to be incorporated 

into sub complexes (Dunning et al., 2007).

c. NDUFAF2 (B17.2L): Null mutations in the gene encoding B17.2 L or NDUFAF2 

were found in patients suffering from progressive encephalopathy (Ogilvie et al., 

2005). B17.2L is a molecular chaperone that is essential for the assembly of 

complex I and for normal functioning of the nervous system. B17.2L is not found 

with the mature holoenzyme but is associated with a specific subassembly of 

complex I ∼830kDa. It is required for stabilizing large complex I subassembly 

containing elements of both membrane and peripheral arms of the enzyme in which 

junction has not fully matured. B17.2L was found to be required until the late 

stages of the assembly of ∼980 kDa holoenzyme. In the absence of B17.2L, there 

is accumulation of ∼380kDa and ∼480kDa subassemblies but it does not lead to 

formation of ∼830kDa complex I halting the formation of the complex I.

d. Ecsit: Ecsit exists in two isoforms, 50 kDa (exists in cytoplasm) and 45 kDa 

(localized in mitochondria). Studies showed that the 45kDa form of Ecsit gets 

localized into the mitochondria through its N-terminal targeting sequence (Vogel et 

al., 2007). The same group also showed that Ecsit interact with NDUFAF1 in three 
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Complex I assembly intermediates: ∼460KDa, ∼600KDa and ∼830KDa. 

Knockdown of Ecsit alone decreased the stability of NDUFAF1 in these assembly 

intermediates indicating that Ecsit might act as a co-chaperone for NDUFAF1.

e. NDUFAF3 and NDUFAF4: Pathogenic mutation in both NDUFAF3 and 

NDUFAF4 were identified in cases of fatal neonatal mitochondrial disease with 

sever complex I deficiency (Saada et al., 2008, 2009). Both these assembly factors 

were shown to interact with early subcomplexes containing ND1 subunit and were 

though to play a role in anchoring the early ND1 containing Complex I 

intermediate to the mitochondrial inner membrane.

f. ACAD9: Acyl CoA aldehyde dehydrogenase 9 s a member of the acyl 

dehydrogenase family thought to be involved in the mitochondrial fatty acid beta 

oxidation pathway. Pathogenic mutations in ACAD9 were identified in patients 

suffering from exercise intolerance and cardiomyopathies, symptoms characteristic 

of mitochondrial disorders (Haack T, et al., 2010). The study also showed that the 

patients suffered from a severe Complex I deficiency. ACAD9 was found to 

interact with NDUFAF1 and Ecsit in the same assembly intermediates previously 

mentioned. Knockdown of ACAD9 resulted in decreased levels of both NDUFAF1 

and ecsit indicating that it might be needed for stability of the two chaperones 

(Nouws J et al., 2010).

g. TMEM126B and C3ORF1: Using Large pore gel electrophoresis and proteomics 

to identify the proteins present in rat mitochondrial complexome, i.e. complexes 

from rat mitochondria isolated on a native gel, TMEM126B was identified as a part 

of the MCIA (mitochondrial complex I assembly complex) along with CIA30, 

ACAD9 and Ecsit (Heide H et al., 2012). The MCIA complex was proposed to 

compose of the mentioned assembly factors which may lead to increased stability 

of the assembly complex. Knockdown of TMEM126B, a protein of currently 

unknown function, abolished Complex I assembly leading to accumulation of low 

molecular weight complexes. The study suggested that recruitment of CIA30, 

ACAD9 and Ecsit to the MCIA may be one of the critical functions of 

TMEM126B. Suppression of NDUFA11, a structural subunit of Complex I 

necessary for assembly, also led to accumulation of sub complexes ranging from 

550KDa to 850KDa molecular weights. Associated with these sub complexes were 

components of the MCIA complex as well as other assembly factors and a novel 

protein C3ORF1. Further studies employing knockdown and co-

immunoprecipitation methods showed that C3ORF1 was associated with the 

∼400KDa ND1 containing subcomplex (Andrews B et al., 2013). Considering the 

fact that both TMEM126B and C3ORF1 are hydrophobic proteins, the rationale 

that they help in the assembly of membrane arm is valid.

h. Other assembly factors: Four additional assembly factors have also been 

hypothesized for Complex I assembly. These include: Ind1, AIF and FoxRed1 

(Fassone et al., 2010; Sheftel et al., 2009; Vahsen et al., 2004). These were either 

discovered because of pathogenic mutation in patients or with the help of 
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bioinformatics. While the exact role of these assembly factors in Complex I is not 

understood, knockdown of these proteins leads to decrease in Complex I levels.

4. Complex I assembly defects and disease

Among the mtDNA encoded subunits, ND1 is thought to have a quinone binding site and 

may be binding to ubiquinone while ND2, ND4 and ND5 resemble sodium and potassium 

antiporters and may be responsible for proton pumping activity (Carroll et al., 2013; 

Fearnley et al.). Structurally, mutations in either ND4, ND5 or ND6 have been observed to 

have effects on the assembly of Complex I. Pathogenic mutations in ND4 subunit causing 

Leber's hereditary optic neuropathy, abolish the Complex I assembly pathway causing a 

deficiency of Complex I (Bai et al., 2001; Hofhaus and Attardi, 1993; Huoponen et al., 

1990). Mutations in ND6 are thought to abolish assembly of the membrane arm leading to a 

Complex I deficiency in patients with Leber's optic neuropathy (Bai and Attardi, 1998; Bai 

et al., 2004; Chinnery et al., 2001). Mutations in ND5 have also been known to cause 

Complex I deficiency and are frequently seen in patients with Leber's neuropathy and other 

disorders of oxidative phosphorylation (Bai et al., 2004; Blok et al., 2007; Brown et al., 

1992; Hofhaus and Attardi, 1995). Mutations in ND1, however, do not cause a deficiency of 

Complex I but are known to affect the function of Complex I and are seen in Leber's 

neuropathy as well as MELAS syndrome (Pätsi et al., 2012). While mutations in ND4, ND5 

and ND6 all cause Complex I deficiency, the difference in the severity of the disease 

phenotypes has not been understood very well. For instance, loss of ND5 subunit gives rise 

to a milder phenotype than ND4 and sponataneous recovery of disease phenotype is often 

observed in patients with ND6 mutations. Thus understanding the assembly of Complex I 

and the contributions of the different subunits has become of paramount importance.

Among the nuclear encoded subunits mutations in almost all core subunits and some of the 

supernumerary subunits as well as other protein participating in OXPHOS assembly have 

been encountered in mitochondrial disorders with assembly defects occurring due to 

mutations in NDUFV1, NDUFV2, NDUFS1, NDUFS2, NDUFS3, NDUFS7 and NDUFS8 

as well as Complex I assembly factors. (Dunning et al., 2007; Fernandez-Vizarra et al., 

2007; Benit, et al., 2001, 2003, 2004). Understanding Complex I assembly is therefore of 

significant importance and relevance to human health.

In summary, considering the significance of Complex assembly and assembly factors in 

human pathology, greater understanding is needed of this complicated process. It is 

particularly exciting that researchers are moving beyond the traditional approaches and are 

now relying on sophisticated proteomic approaches to identify proteins involved in the 

Complex I assembly pathway. Understanding the expanding role of respiratory super 

complexes in assembly of Complex I and thus human diseases will be the focus of next 

phase of Complex I research.
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Figure 1. 
Schematic representation of the Complex I assembly pathway: The different sub complexes 

formed during the assembly and the various assembly factors involved in the assembly of 

Complex I. The assembly of Complex I starts with the initial sub complexes ∼400Kda and 

∼460Kda to which additional sub complexes are attached to form the entire Complex I with 

the membrane and matrix arm. Roles of different assembly factors have been indicated at 

each stage.
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