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Abstract: NADH:ubiquinone-oxidoreductase (complex I) is the largest membrane protein complex
of the respiratory chain. Complex I couples electron transfer to vectorial proton translocation across
the inner mitochondrial membrane. The L shaped structure of complex I is divided into a membrane
arm and a matrix arm. Fourteen central subunits are conserved throughout species, while some
30 accessory subunits are typically found in eukaryotes. Complex I dysfunction is associated with
mutations in the nuclear and mitochondrial genome, resulting in a broad spectrum of neuromuscular
and neurodegenerative diseases. Accessory subunit NDUFS4 in the matrix arm is a hot spot for
mutations causing Leigh or Leigh-like syndrome. In this review, we focus on accessory subunits
of the matrix arm and discuss recent reports on the function of accessory subunit NDUFS4 and its
interplay with NDUFS6, NDUFA12, and assembly factor NDUFAF2 in complex I assembly.

Keywords: mitochondrial disease; Leigh syndrome; NADH dehydrogenase; respiratory chain;
oxidative phosphorylation; assembly factor

1. Introduction

Mitochondrial complex I (proton pumping NADH:ubiquinone oxidoreductase) is the
largest and most intricate membrane protein complex of the respiratory chain [1-4]. It is
a redox-driven proton pump that couples electron transfer from NADH to ubiquinone
(Q) with vectorial proton translocation across the inner mitochondrial membrane. With a
proton pump stoichiometry of 4 H* per NADH consumed, complex I contributes about
40% of the proton motive force that drives ATP synthase. Mitochondrial complex I from
a broad range of species can reversibly switch from an active A form into an inactive
D form [5,6]. The A/D transition is thought to protect against excessive formation of
reactive oxygen species [7,8]. The structure of complex I has been determined by X-ray
crystallography [9,10] and cryo-EM [1,11-16] and is now well described.

Mammalian complex I comprises 45 subunits [17]. We have established Yarrowia lipolytica
as a yeast genetic model organism to study eukaryotic complex I [18]. Y. lipolytica complex
I comprises 43 subunits of which 40 are orthologues of mammalian complex I [19]. In
this review, we use the nomenclature for human complex I also for orthologous proteins
from other organisms (Table 1). The large number of polypeptides is divided into central
subunits and accessory subunits [20,21]. The 14 central subunits are conserved from
bacteria to man and are assigned to three functional modules [21]. The N module (central
subunits NDUFS1, NDUFV1, NDUFV2) for NADH oxidation and the Q module (central
subunits NDUFS2, NDUFS3, NDUFS7, NDUFSS) for Q reduction are located in the matrix
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arm of complex I (Figure 1, Table 1). In the membrane arm, the P module (central subunits
ND1 to ND6 and ND4L) for proton translocation is subdivided in a proximal Pp and a
distal Pp module [22]. The genes for the seven central subunits of the membrane arm
represent a substantial part of the mitochondrial genome. All other complex I subunits
and all assembly factors are encoded by nuclear DNA. The N module harbors the NADH
oxidation site with the initial electron acceptor FMIN. The N and Q modules together
comprise eight FeS clusters [23,24]. Cluster Nla is thought to have a function for transient
storage of electrons to prevent excessive ROS formation and/or to control NADH binding
in the active site [25]. The other seven FeS clusters are arranged in an electron transfer
chain connecting the NADH oxidation site with the Q reduction site [26]. Cluster N2
is the immediate electron donor for Q. In contrast to other Q reactive enzymes, the Q
reduction site of complex I is buried in the protein structure and is located remotely from
the membrane phase [27]. The hydrophobic Q has to transit through a tunnel into the
Q module to receive electrons from N2 [9,28,29]. It is generally accepted that the energy
driving the proton pumps is released in the Q module. However, the coupling mechanism
of complex I has remained controversial.

The large majority of accessory subunits is only found in eukaryotic complex I. A
notable exception are subunits NDUFS4, NDUFS6, and NDUFA12 that are already present
in complex I from o-proteobacteria [30]. The accessory subunits are arranged around the
core of central subunits [10,16,31,32]. In general, their function is less clear, but in many
cases, severe complex I assembly defects were found after knock out (KO) of individual
genes coding for accessory subunits in human cell lines [33].

Mutations causing a broad spectrum of pathological conditions were reported for
central and accessory subunits and assembly factors, and they have been reviewed re-
cently [32,34-36].

Here, we focus on accessory subunit NDUFS4 in the matrix arm of complex I and the
interplay of accessory subunits with assembly factor NDUFAF2 during the attachment of
the N module.

Table 1. Subunits of the peripheral arm of respiratory complex L.

Homo sapiens Yarrowia lipolytica Bos taurus Comment

central subunits peripheral arm

NDUFS1 NUAM 75-kDa 2x FeySy; 1x FepSy
NDUEFV1 NUBM 51-kDa FMN; NADH; 1x FeySy
NDUFS2 NUCM 49-kDa Q-binding
NDUFS3 NUGM 30-kDa
NDUFV2 NUHM 24-kDa 1x Fe,S;
NDUFS8 NUIM TYKY 2x FeySy
NDUFS7 NUKM PSST Q-binding; 1x Fe4Sy
accessory subunits peripheral arm
NDUFA2 NISM B8
NDUFS4 NUYM 18-kDa/AQDQ
NDUFS6 NUMM 13-kDa Zn%*
NDUFA12 N7BM B17.2 paralog of assembly factor NDUFAF2
NDUFA7 NUZM B14.5a
NDUFA5 NUFM B13
NDUFA9 NUEM 39-kDa NADPH
NDUFA6 NB4M B14 LYRM6
NDUFAB1 ACPM1 SDAP ACPM
NDUFV3 9-kDa

ST1 sulfur transferase
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Figure 1. Functional modules of complex I and accessory subunits of the matrix arm. (A) The central
subunits of complex I are assigned to functional modules for NADH oxidation (N module, orange),
ubiquinone reduction (Q module, green), and proton pumping (P module, cyan). (B) Accessory
subunits of the matrix arm of human complex I (PDB ID: 5xtd) are shown in color, all other subunits
are shown in gray. (C) Accessory subunits of the matrix arm of Y. lipolytica complex I (PDB ID: 6rfr;
color code as in (B)); the sulfur transferase subunit ST1 is not part of the model; note that FV3 is not
present in Y. lipolytica complex I.

2. Accessory Subunits of the Matrix Arm in Yeast and Mammalian Complex I

The matrix arm of mammalian and yeast complex I comprises 10 accessory subunits.
Overall, the same set of subunits is found, but subunit NDUFV3 of mammalian complex I
is not present in the yeast enzyme complex. NDUFV3 is the only subunit for which
tissue specific isoforms have been reported [37-39]. On the other hand, only Y. lipolytica
complex I is associated with the sulfur transferase subunit ST1 [40,41]. Binding of ST1 is
substoichiometric and the deletion of the ST1 gene has no impact on complex I function
or biogenesis.

NDUFAQ is the largest accessory subunit of the matrix arm. It has the fold of a
short chain dehydrogenase [42] and binds NADPH [43]. The cofactor is present in all
structures of the eukaryotic complex with sufficient resolution and is therefore a tightly
bound component of the subunit [1,11]. The NADPH molecule is too far away from the
nearest FeS cluster to allow electron transfer and its function remains unknown. It has been
shown recently that NDUFA9 binds the head groups of several phospholipid molecules,
which is remarkable for a subunit of the peripheral arm [19]. The subunit is thought to
undergo a conformational change in the A/D transition [44] and the relaxation of the
protein structure in the C-terminal domain of the subunit has been reported for the D form
of mammalian complex I [45].

Mammalian complex I binds two copies of the mitochondrial acyl carrier protein
(ACPM) subunit NDUFABI. In contrast, the yeast enzyme comprises two different but
closely related ACPM variants [46]. In all cases, a fatty acid is appended to the phos-
phopantethein group of the ACPM [47,48]. This fatty acid is inserted into the interior
of a mitochondrial LYR (Lys-Tyr-Arg motif) protein that forms a heterodimer with an
ACPM [32,49,50]. The mitochondrial LYR proteins were initially implicated in FeS cluster
biogenesis [51], but are now recognized to be associated with different macromolecular
complexes in the mitochondrion [49]. ACPM/LYRM heterodimers are bound to the Q
module of complex I (NDUFAB1«/NDUFA®6) [50] and to the tip of the membrane arm
(NDUFABB /NDUEFB9) [52]. It is interesting to note that free NDUFAB1 has an essential
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function in mitochondrial fatty acid synthesis to generate the octanoic acid precursor for
lipoic acid [53]. The ACPMs associated with complex I carry longer chain fatty acids and
a regulatory function is debated [54]. We have shown that binding of the LYRM protein
NDUFAG6 to the matrix arm is essential for the Q reductase activity [50]. More recently, we
determined the structures of NDUFA6 mutants and showed that single exchanges at the
contact site with the functionally important ND3 loop have a strong impact on the interface
region of the matrix and membrane arms [55].

NDUFADJ5 has been noticed in connection with the A /D transition, because the interface
of this subunit and accessory subunit NDUFA10 must rearrange during deactivation [45].
Since NDUFA10 is lacking in complex I from Y. lipolytica, the longer lifetime of the A form
in mammalian complex I might be connected with this specific structural feature [13].

NDUFA2 has a thioredoxin-like fold, but its function has remained unclear. In mammals,
the subunit has two cysteine residues, but in Y. lipoytica, only one cysteine is conserved.

The three subunits NDUFS4, NDUFS6, and NDUFA12 are distinguished by the fact
that they are already found in complex I from « proteobacteria [30]. NDUFS4 has attracted
a lot of attention, because it is a hot spot for pathogenic mutations. Knock-out mouse
models (Ndufs4 KO) are widely used to study Leigh syndrome (LS) [56,57]. Moreover,
NDUFS54 can be singled out because, in mammalian species, it harbors a canonical serine
phosphorylation site [58]. However, analysis of bovine complex I by mass spectrometry
did not provide evidence for phosphorylation of the subunit [59,60]. Phosphorylation
is thought to play an important role during import and/or maturation of the precursor
protein [61,62]. NDUFS6 has a zinc binding site [63]. It is interesting to note that NDUFA12
is a paralog of assembly factor NDUFAF2 [64]. Several lines of evidence have indicated
that the interplay of subunits NDUFS4, NDUFS6, and NDUFA12 with assembly factor
NDUFAF2 is critical for the attachment of the N module to nascent complex I.

3. Leigh Syndrome and the Ndufs4 KO Mouse Model

In humans, inactivation of the NDUFS4 gene on chromosome 5 is known to cause
severe neurologic disorders [65-68]. In most cases, LS or Leigh-like syndrome is diagnosed
(Table 2) [69-75]. LS is a rare disease with a prevalence of roughly 1:40.000 live births and a
generally poor prognosis [76-78]. A recent meta-analysis showed that 35% of LS cases are
associated with defects in respiratory complex I [79]. In 2016, a ratio of 22 cases of NDUFS4-
linked LS for a group of 198 patients with complex I-linked LS was reported [73]. Genotyp-
ing of microsatellite DNA markers and array-comparative genomic hybridization has been
utilized for diagnosis and might be used for patients with a high pre-test probability in the
future [80,81]. Blue native (BN) PAGE consistently revealed abnormal assembly profiles in
skin fibroblasts from affected patients and was proposed as a reliable and specific screening
method [82]. Ndufs4 KO mouse models as well as human and murine cell lines have been
used extensively to study LS and to explore strategies to counteract the pathophysiological
consequences of complex I deficiency [56,57]. Attempts to alleviate disease progression
such as expression of plant NDH-2 [83], administration of redox-modulators [84], or target-
ing of NAD"-metabolism [85,86] have been reported. Inhibition of mTOR by rapamycin
was shown to dramatically improve survival and health in Ndufs4 KO mice [87], probably
by rescuing a dysfunctional «-ketoglutarate/glutamate/glutamine metabolic axis [88]. The
metabolite o-ketoglutarate is thought to sustain sufficient OXPHOS capacity and substrate
level phosphorylation even when complex I activity is compromised [89]. In addition, there
is evidence that glutamatergic neurons, in particular, drive disease development [88]. The
link between mTOR inhibition and the neuron-specific neurotransmitter metabolism opens
up a further possible explanation for the positive effect of rapamycin. mTOR is present
in two distinct complexes, mMTORC1 and mTORC2. mTORC?2 was initially described as
rapamycin insensitive; however, chronic rapamycin treatment is thought to decrease the
formation of new functional mTORC2 [90], resulting in a decrease of PKC-3-dependent
pro-inflammatory signaling [91]. Rapamycin treatment thus exerts its positive effect via the
inhibition of both mTORC complexes, resulting in changes in metabolism and a decreased
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tendency to inflammation. In another promising approach at the preclinical stage, it was
shown that hypoxia treatment with 11% O, not only ameliorated symptoms but, in fact, led
to the reversal of neurological impairment in the Ndufs4 KO mouse model [92-94]. It was
recently demonstrated that hypoxic breathing normalizes a detrimental hyperoxia in brain
tissue, while activation of the hypoxia-inducible factor (HIF) is not a crucial factor [95].
A new perspective on LS has recently been opened by the observation that switching
from glycolytic metabolism to OXPHOS is critical for early neuronal morphogenesis [96].
Defective metabolic reprogramming due to mutations in OXPHOS complexes is thought to
be incompatible with normal brain development and might lead to early termination of

pregnancy in more cases than previously known.

Table 2. Summary of pathogenic mutations in NDUFS4, NDUFS6, NDUFA12, and NDUFAF2.

Subunit Mutation DNA Mutation Protein Disease Reference
c44G>A p-Trp15* Leigh like syndrome [65]
c44G>A no complex I assembly Leigh like syndrome [68]
c99-1G>A p-Ser34llefs*4 .
cA62delA p.Lys154Asnfs*34 Leigh syndrome 7]
c.221delC p-Thr74llefs*17 Complex I deficiency [97]
¢.289delG p-Tyr97* Leigh like syndrome [68]
NDUF54 ¢.291delG p-Trp97* Leigh syndrome [73]
c316C>T p-Argl06* Leigh like syndrome [98]
c340T>C p-Trpl14Arg Leigh syndrome [99]
355G >C p-Asp119His .
cA62delA p.Lys154Asnfs*34 Leigh syndrome (721
¢.393dupA p-Glul32Argfs*15 Leigh syndrome [70]
c.462delA p-Lys154Asnfs*34 Leigh syndrome [69]
- frameshift, elongation of the -
c.466-470 AAGTC duplication carboxyl terminus by 14 residues Leigh like syndrome [68,75]
c186+2T > A splicing abnormality, deletion Complex I deficiency [100]
¢.313_315delAAAG p-104Lys_106Thrfs Complex I deficiency [101]
NDUFS6
c343C> A Cys115Ar Leigh syndrom [102]
c309+5G>A pLys 8 cigh syndrome
c344G>A p-Cys115Tyr lactic acidemia [103]
c.86G > A p-Arg29Lys Leigh syndrome [104]
c178C>T p-Arg60* Leigh syndrome [105]
Mucolipidosis Type II, Leigh
%
NDUFA12 c178C>T p-Arg60 syndrome [106]
c224G> A p-Trp75* Leigh syndrome [104]
253G >T p-Glu85* Leigh syndrome [104]
c.395del A p-Lys132Argfs*50 Leigh syndrome [104]
hypotonia, nystagmus, ataxia,
clA>T pMIL acute episodes of encephalopathy (1071
c9G>A p-Trp3* Leigh syndrome [108]
NDUFA2 c.103delA p-lle35Serfs* Leigh syndrome [97]
c114C>G p-Y38* Leigh syndrome [109]
c182C>T p-R45* progressive encephalopathy [110]
c221G> A p-Trp74* Leigh syndrome [97]

Gene therapy approaches in the Ndufs4 KO mouse model were also pursued as an
alternative to pharmacological therapy options [111,112]. Adeno-associated viral vector
(AAV)-based gene replacement showed promising results in Ndufs4 KO mice, but differ-
ences in the blood brain barrier between mouse and human are still an obstacle for future
clinical applications [112].

4. NDUFS4-Linked Complex I Dysfunction at the Molecular Level

Several lines of evidence indicate that NDUFS4 plays a role in the late stage of com-
plex I assembly [66,68,113,114]. In animal models and patient cell lines, quantitative mass
spectrometry showed that deletion of NDUFS4 caused an increase of assembly factor ND-
UFAF2 and induced a near complete loss of accessory complex I subunit NDUFA12 [115].
In BN PAGE, an 830 kDa subcomplex harbouring NDUFAF2, but lacking the N module,
has been observed. However, in intact tissue, substantial rotenone sensitive Q reductase
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activity was found, which argues against the complete loss of the N module under in vivo
conditions [116]. It is interesting to note that integration of complex I into supercomplexes
appears to have a stabilizing function for complex I lacking NDUFS4 [117].

We have studied the impact of a NDUFS4 gene deletion on complex I function and
assembly in the aerobic yeast Y. lipolytica [118]. We found that in the yeast KO strain,
complex I levels were decreased and ubiquinone (Q) reductase activity in membranes
was reduced. Complexome profiling of intact mitochondria showed that assembly factor
NDUFAF2 was bound to complex I, but in clear contrast to the situation observed for
mammalian species [115], we did not find a substantial decrease of NDUFA12. In the
yeast system, large scale purification of complex I is straightforward. We found that in
purified complex I from the NDUFS4 deletion strain, all subunits except NDUFS4 were
present and the amount to NDUFAF2 was clearly substoichometric. This suggests that
NDUFAF2 was only loosely attached to complex I before solubilization and was easily
removed during protein purification. The purified complex showed reduced ubiquinone
reductase activity while the formation of ROS under turnover conditions was increased.
The EPR spectrum of mutant complex I showed a marked change in the N1b and N3 signals.
The cryo-EM structure of the mutant (Figure 2) [19] offered a straightforward explanation
for the biochemical and spectroscopic data. We found that the absence of NDUFS4 exposes
clusters N1b and N3 to solvent. Thus, the change in EPR spectra is caused by the loss of
the shielding function of the accessory subunit. Interestingly, in T. thermophilus complex I,
the NDUFS1 subunit has an extra loop that partially matches the position of the NDUFS4
subunit in mitochondrial complex I [118]. The increased ROS formation of the mutant
might be linked with the greater solvent accessibility of FeS clusters or a longer dwell-time
of electrons on FMN, which is known to be critical for the generation of superoxide [119].

Figure 2. Structure of complex I lacking NDUFS4 and of an assembly intermediate harboring assem-
bly factor NDUFAF2. (A) Cryo-EM structure of Y. lipolytica complex I purified from ndufs4A strain
(PDB ID: 6rfs); the red arrow indicates direction of view for (B) and (C). (B) Detail view on NDUFS4
in wild type Y. lipolytica complex I (PDB ID: 6rfr), direction of view (see (A)). (C) Same as (B) for
ndufs4A mutant (PDB ID: 6rfs); FeS clusters N1b and N3 are solvent exposed. (D) Structure of com-
plex I assembly intermediate purified from Y. lipolytica ndufs6 A strain (PDB ID: 6rfq). The assembly
intermediate harbors assembly factor NDUFAF2 and all subunits, except NDUFS6 and NDUFA12.
For clarity, only NDUFAF2 and NDUFS4 are shown in color. The position of NDUFAF2 matches the
position of NDUFA12 in wild type complex I.
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5. The Role of NDUFS4, NDUFS6, and NDUFA12 in Complex I Assembly

The intricate assembly pathway of mammalian complex I has been studied in de-
tail [120-122]. Five submodules are initially formed and then combined in a stepwise pro-
cess to yield complete complex I. At least 15 assembly factors are known to associate with
submodules and play an indispensable role in the assembly process [120]. Assembly factor
NDUFAF2 was originally identified as a c-Myc controlled mitochondrial protein (Mimitin)
with similarity to complex I subunit NDUFA12 [123]. Whole genome subtraction of fermen-
tative and non-fermentative yeasts gave strong indications that NDUFAF2 is a complex I
assembly factor and a null mutation of the associated gene was shown to cause progres-
sive encephalopathy [110]. Analysis of mutants in the fungus Neurospora crassa [114] and
complementation assays using human mitochondria derived from patients [113] showed
that NDUFAF?2 function is tightly associated with the attachment of the N module and that
NDUFS4, NDUFS6, and NDUFA12 must work together to release the assembly factor in the
final step of complex I biogenesis. Since NDUFAF2 and NDUFA12 are paralogs, it had been
proposed that both polypeptides occupy the same position in the mature enzyme complex
and in the preceding assembly intermediate [64]. We have shown that deletion of the
gene encoding NDUFS6 in Y. lipolytica caused accumulation of an assembly intermediate
that lacked NDUFA12, while NDUFAF2 remained firmly bound [63]. The Q reductase
activity of the NDUFS6 KO mutant was reduced to 44%. Mutations in the zinc binding site
stalled complex I assembly to varying degrees. Pathogenic mutations in NDUFS6 have
been reported (Table 2) and exchange of a cysteine ligand of the metal binding site was
shown to cause fatal neonatal lactic acidosis [103]. Taking advantage of straightforward
His-tag affinity purification of Y. lipolytica complex I, we obtained a preparation of the
assembly intermediate of sufficient quality for high-resolution structure determination by
cryo-EM (Figure 2) [19]. The structure shows that in the assembly intermediate NDUFAF2
in fact matches the position of NDUFA12 in mature complex I. The NDUFAF?2 structure
also clashes with the position of NDUFS6. The structure thus offers a straightforward
explanation for why NDUFS6 and NDUFA12 are required for the release of NDUFAF2. At
first sight, the role of NDUFS4 was less clear, because the subunit appeared to be separated
from the assembly factor binding site. Interestingly, no cryo-EM density was observed
for a sequence stretch of about 100 amino acids in the C-terminal part of the assembly
factor indicating disorder. A finger-like protrusion of NDUFS4 penetrates a narrow cleft
between the N and Q modules and comes close to the site where the NDUFAF2 structure
is unresolved. We have proposed that in the assembly intermediate NDUFS4 has already
pushed out a domain of the assembly factor which becomes flexible after detachment
from the complex. The major part of the assembly factor remains bound because NDUFS6
is lacking and the NDUFS6/NDUFA12 tandem cannot be formed for complete removal
of NDUFAF2. In the NDUFS4 KO, a weak association of complex I with NDUFAF?2 is
possible because the protein surface occupied by this accessory subunit in the wild type is
still available for the assembly factor in the mutant. The C-terminal end of the assembly
factor binds to NDUFS1 and anchors the N module. We propose that before the binding of
NDUF$S4, the un-modelled sequence stretch of the assembly factor is bound to the assembly
intermediate and forms a platform for the docking of the N module. Thus, the C-terminal
part of the assembly factor guides the N module to its attachment site, while the N terminal
domain is responsible for a stable connection with the nascent complex. These results
give a consistent picture for Y. lipolytica, but cannot explain why NDUFAF2 remains firmly
bound in mammalian NDUFS4 KO cells [115]. We propose that there is no fundamental
difference in the N module assembly but that only the relative contribution of NDUFS54,
NDUFS6, and NDUFA12 for the detachment of NDUFAF?2 is different. In Y. lipolytica,
NDUF$S4 plays a minor part, while, in mammals, the lack of NDUFS4 precludes NDUFAF2
detachment, which in turn blocks the association with NDUFA12. This may also explain a
weaker binding of the N module in the mutant complex L.

A recent report showed that the N module is turned over faster than the rest of
complex I [124]. The N module is thought to be more exposed to oxidative damage because
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of superoxide formation at the FMN cofactor [119,125]. Selective exchange of dysfunctional
N module is advantageous, because it has a lower energetic cost than de novo synthesis of
the complete enzyme complex. Interestingly, the three subunits discussed here are among
the group of subunits with the highest exchange rate in agreement with their role in the
attachment of the N module.

6. Conclusions

The central subunits of complex I harbor all bioenergetic core functions. Nevertheless,
there is increasing evidence that mutations in accessory complex I subunits can have dra-
matic consequences and cause fatal disease. The pathophysiology of NDUFS4-linked Leigh
syndrome is increasingly well understood. However, therapeutic approaches are still at an
experimental stage. Loss of NDUFS4 affects complex I assembly and causes detrimental
structural changes in assembled complex I. While animal models and mammalian cell lines
are indispensable to study LS and possible therapeutic approaches, the yeast Y. lipolytica
offers the advantage of straightforward gene manipulation and large-scale purification of
complex I variants for biochemical, spectroscopic, and structural analysis of complex I and
complex I variants.
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