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Abstract

Respiratory complexes are complicated multi-subunit cofactor-containing machines that allow
cells to harvest energy from the environment. Maturation of these complexes requires protein
folding, cofactor insertion, and assembly of multiple subunits into a final, functional complex.
Because the intermediate states in complex maturation are transitory, these processes are poorly
understood. This review gives an overview of the process of maturation in respiratory complex 11
with a focus on recent structural studies on intermediates formed during covalent flavinylation of
the catalytic subunit, SDHA. Covalent flavinylation has an evolutionary significance because
variants of complex Il enzymes with the covalent ligand removed by mutagenesis cannot oxidize
succinate, but can still perform the reverse reaction and reduce fumarate. Since succinate oxidation
is a key step of aerobic respiration, the covalent bond of complex Il appears to be important for
aerobic life.

Introduction

The process of cellular respiration allows cells to harvest chemical energy from the
environment via redox reactions and to convert this energy into a biologically useful form.
Mitochondrial aerobic respiration (also called as oxidative phosphorylation), depends on the
synergetic efforts of four integral-membrane respiratory complexes of the electron transport
chain (Figure 1). Often termed respiratory complex | — complex IV, these multi-subunit and
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multi-cofactor-containing machines use electrons as substrates or products in a series of
linked reactions that physically occur in the mitochondrial matrix or within the inner
mitochondrial membrane [1]. These respiratory complexes likely function within the context
of a megacomplex that optimizes the transfer of intermediate electron carriers between
individual complexes [2].The redox reactions catalyzed during respiration are coupled to
transmembrane proton translocation, resulting in the formation of a transmembrane
electrochemical gradient (Figure 1). The ATP synthase, also termed complex V, uses the
energy stored in this gradient to drive ATP synthesis [3].

Mitochondrial respiratory complexes I, 11, 11l and IV contain 44, 4, 11 and 14 subunits,
respectively. Bacterial homologs of complexes I-1V can differ in the number of subunits, but
the functional “core subunits” are conserved [1]. Distributed among these respiratory
complexes are multiple types of cofactors including nicotinamides (NAD+), flavins (FMN,
FAD), iron-sulfur (Fe-S) clusters, hemes, and metal ions (Mg, Cu, Zn) [2-7]. Given the
complexity of these molecular machines, it is perhaps unsurprising that bacterial expression
of the individual subunits commonly results in aggregation. It has been proposed that this
results from either the exposure of the hydrophobic surfaces that would normally be buried
within subunit interfaces [8°] or because of inappropriate cofactor insertion during
heterologous expression [9°].

The maturation of individual respiratory complex subunits involves folding of each subunit
and cofactor insertion. This is followed by assembly of the subunits into functional holo-
respiratory complexes. These processes are facilitated by both non-specific factors and
dedicated assembly factors. The non-specific factors include proteins involved in the
biosynthesis of the cofactors, proteins that translocate cofactors or subunits into the
mitochondria, and folding chaperones [10]. In contrast, the dedicated assembly factors are
specific for each respiratory complex. These dedicated assembly factors are key for the
function of the respiratory complexes, but are not a part of the final, assembled complex.
Fully validated assembly factors are listed in Table 1, however it should be noted that there
are hints that additional assembly factors exist for complex I, 111, IV, and V, and it is not
clear whether all relevant assembly factors have been discovered. A subset of these assembly
factors has homologs in prokaryotes.

Complex Il and its assembly factors

Complex Il (SDH) is the smallest and simplest respiratory complex. Mammalian SDH is
nuclearly-encoded and harbors covalently-linked FAD in SDHA (flavoprotein subunit), three
types of Fe-S cluster (2Fe-2S, 4Fe-4S, and 3Fe-4S) in SDHAB (Fe-S subunit) and non-
covalent &-type heme between SDHC and SDHD (integral membrane subunits). Among
these four polypeptide chains, the two soluble subunits, SDHA and SDHB, are conserved
from bacteria to mammals [5,11]. In contrast, the two membrane-spanning subunits, SDHC
and SDHD, are not well conserved. Indeed, the membrane subunits may be either one or two
polypeptide chains and contain 0, 1 or 2 &-type hemes. Sequence analysis classifies the
membrane subunits of complex I1 into five evolutionarily-distinct origins, prompting the
division of complex Il into subfamilies [12]. Nevertheless, the membrane-spanning subunits
of complex 11 perform a conserved function in quinone oxidoreduction (Figure 1).
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Loss of function in any subunit of human SDH via missense or nonsense mutations can
manifest as hereditary tumors of neuroendocrine tissues (pheochromocytomas and
paragangliomas) or neurodegenerative presentations such as those associated with Leigh’s
disease [13]. Moreover, inhibition of complex Il via the small molecule 3-nitropropionate
forms a covalent adduct with an active site proton shuttle and results in Huntingtin Disease-
like symptoms [14]. Mutations in the complex Il assembly factors, SDHAF1-4, can result in
complex Il insufficiency and can recapitulate the clinical symptoms associated with complex
Il mutation, truncation, or inhibition [9°*,15%,16",17"°].

Discovered around the same time [9,15], the complex Il assembly factors SDHAF1
(Succinate dehydrogenase assembly factor 1) and SDHAF2 have different biological roles. It
has been suggested that SDHAF1 promotes insertion of Fe-S clusters in SDHB and its
mutation is associated with infantile leukoencephalopathy [15°*]. Mutations in SDHAF1 lead
to the incorporation of non-functional SDHB into SDH, which is associated with
significantly reduced SDH activity [15*]. A second factor, SDHAF3, was later found to
work in synergy with SDHAF1 [17°°] and may protect the Fe-S clusters in unassembled
SDHB from solvent prior to the formation of the SDHA-SDHB heterodimer [17°].

In contrast to the role of SDHAF1 and SDHAF3 in maturation of the SDHB subunit,
SDHAF2 is reported as essential for SDHA maturation [9°,16°°]. Mutation of a highly
conserved RGxxXE motif of SDHAF2 results in complex Il insufficiency and paraganglioma
[97°]. Complementary studies using yeast and bacterial homologs as model systems revealed
that loss of function of the homologous proteins (termed Sdh5 in yeast and SAhE in bacteria)
via deletion or mutation of the RGxxE motif results in loss of the covalent bond between
FAD and the SDHA subunit (termed Sdh1 in yeast and SdhA in bacteria) [18,19]. This
suggests a role of SDHAF2/Sdh5/SdhE in promoting covalent flavinylation [9°°]. A second
assembly factor, termed SDHAF4, also likely interacts with SDHA, and may contribute to
maturation of complex Il by promoting SDHA-SDHB assembly into an SDHAB
subcomplex [16°°,20]. SDHAF4 currently has no identifiable sequence homologs in bacteria.

Maturation of the complex Il Flavoprotein Subunit, SDHA

Of the four subunits of complex 11, the maturation of the flavoprotein subunit, SDHA, is the
best understood. Both in unassembled subunits [21°°] and in the context of assembled
complex Il [11], the SDHA subunit folds into two distinct domains, termed a flavin-binding
domain and a capping domain [11]. The active site for succinate-fumarate interconversion is
positioned at the interface between these two domains [11]. Maturation of SDHA requires
the synthesis, mitochondrial import, and folding of the SDHA apoprotein, the biosynthesis
of FAD, the insertion of FAD into the SDHA apoprotein, and the covalent attachment of
FAD to SDHA. Of these processes, covalent flavinylation appears to depend upon each of
the other steps and is therefore believed to be the terminal step of maturation of the isolated
SDHA subunit prior to assembly into the complex. Monitoring covalent FAD attachment to
SDHA is accordingly used as a reporter of subunit maturation.
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Import of SDHA into the mitochondrion, folding, and processing

While the initial stages of SDHA maturation are poorly understood, what is known has been
suggested by studies on the yeast homolog, where the complex Il subunits are termed Sdh1,
Sdh2, Sdh3, and Sdh4 rather than SDHA, SDHB, SDHC, and SDHD. It is not known
whether the nuclearly-encoded Sdh1 is folded in the cytosol following translation, however
it targets to the mitochondria via a presequence. There, if the Sdhl subunit is folded, it must
be first unfolded prior to translocation across both mitochondrial membranes, which likely
depends on the translocase of the outer membrane (TOM) and the translocase of the inner
membrane (TIM23) complex, both of which are general translocases [22].

Once in the mitochondrion, Sdh1 both folds and has the targeting presequence removed
prior to covalent flavinylation and full maturation, although the temporal order of these two
events is currently not known. As shown by gene deletion studies and immunoprecipitation,
folding of SDH subunits in the matrix depends upon the activity of a membrane-spanning
chaperonin, termed TCM®62 in S. cerevisiae, which interacts directly with Sdhl, Sdh2, and
Sdh3 [23]. Sdh1 also appears to interact with Hsp60, but deletion of Hsp60 does not impact
covalent flavinylation [24]. While this initially suggested that unfolded Sdh1 could be
covalently flavinylated, later structural studies on bacterial homologs reveal that a fully
formed active site is almost certainly required for the flavinlation reaction to occur
efficiently [21°°], an observation consistent with biochemical studies showing that substrate
analogs, which presumably bind to the active site, enhance flavinylation [25]. Moreover,
truncated Sdh1 cannot be covalently flavinylated [26], consistent with folding as a
prerequisite for covalent flavinylation. Thus, the significance of the interaction between
Sdh1 and Hsp60 in maturation remains unclear.

Pulse-chase studies in S. cerevisiae also strongly suggest that proteolytic cleavage of the
targeting presequence is required for covalent FAD attachment to Sdh1 [26], although the
mechanistic rationale for this remains to be elucidated. Potential proteases that could cleave
the presequence include the mitochondrial processing peptidase, which cleaves most
presequence-containing proteins in mitochondria [27], and/or octapeptidyl aminopeptidase
1, which recognizes a conserved consensus sequence found in Sdhl [28].

FAD Biosynthesis

The next step in the maturation is binding of non-covalent FAD to SDHA, which may occur
concomitantly with folding. This process requires FAD biosynthesis and colocalization of
the FAD cofactor with the SDHA apoprotein. The isoalloxazine ring of FAD is derived from
riboflavin (vitamin B5), which is converted to FAD in a two-step process (Figure 2a). First is
the addition of a phosphate group to from flavin mononucleotide (FMN). This is followed
by the addition of an ADP moiety to form FAD. Higher organisms accomplish this through
the coupled activity of two distinct enzymes. Riboflavin kinase (RFK; Figure 2b),
synthesizes FMN from riboflavin, and FMN adenylyltransferase (FMNAT; Figure 2c)
converts FMN into FAD [29,30]. In contrast, prokaryotes utilize a single bifunctional
enzyme, termed FAD synthetase, that possesses both catalytic modules i.e. a C-terminal
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RFK module and an N-terminal FMNAT module [31]. The mechanism of these enzymes in
FAD biosynthesis has been reviewed elsewhere [32].

This reaction clearly occurs in bacteria, which are often thought of as evolutionary
precursors to mitochondria. Surprisingly, however, it is not currently clear for eukaryotic
cells whether the enzymatic conversion of riboflavin to FAD can occur in mitochondria or
whether FAD must be imported. If the latter occurs, then FAD would require two
transporters, one to cross the outer membrane, and one to traverse the inner membrane. No
outer membrane protein has yet been implicated in this process, although the Voltage-gated
anion channel, VDAC, has been implicated in the transport of similarly-sized and charged
cofactors, such as ATP, ADP, and NADH. In terms of an inner membrane transporter, early
reports suggested that the flavin exchange protein, FIx1 could fill this role. FIx1 belongs to
the mitochondrial anion carrier superfamily [33], with AfixI S. cerevisiae exhibiting a low
mitochondrial FAD/FMN ratio and negligible Sdh1 flavinylation [9**,34]. However, an
increasing number of subsequent reports describe FIx1 as facilitating FAD export from the
mitochondrial matrix [35]. With this function, the mechanism underlying the effects of FIx1
deletion on SDH activity becomes unclear.

Covalent flavinylation of SDHA

The final step in SDHA maturation is formation of the covalent bond between FAD and
SDHA. As we recently reviewed elsewhere [36] a covalent flavin can involve one of several
positions on the FAD and can use a variety of protein side chains. In the case of complex II,
the covalent bond is found between the C8a methylene carbon of the FAD isoalloxazine and
the Ne atom of an absolutely conserved histidine of SDHA (Figure 3a). Covalent attachment
of any flavin to a protein significantly increases the redox potential of the cofactor, usually
by ~80 mV [36]. This increase in redox potential is required for SDHA to oxidize succinate,
a key chemical transformation in both aerobic respiration and the Krebs cycle [37].

Covalent flavinylation in many proteins is likely autocatalytic and is proposed to proceed via
a mechanism that capitalizes on the reactive properties of the isoalloxazine ring itself
(Figure 3a). Although the covalent FAD of complex Il was the first covalent flavin to be
discovered, characterization of the mechanisms of covalent flavinylation have predominantly
relied on other model systems, for example p-cresol methylhydroxylase, monomeric
sarcosine oxidase and Vanillyl-alcohol oxidase [38—40]. Based upon extrapolation of these
mechanisms, it was long believed that covalent flavinylation of SDHA was similarly
autocatalytic. The discovery of SDHAF2/Sdh5 in 2009 and SdhE in 2012, proteins that
stimulate covalent flavinylation and are conserved in all kingdoms, was therefore a surprise
[9°,19].

Initial hypotheses for the role of SDHAF2/Sdh5/SdhE in covalent flavinylation were wide-
ranging. For example, using the yeast system, a proposal that Sdh5 might bind to FAD and
transfer the cofactor to Sdh1 was consistent with studies showing that overexpression Sdh5
in Afix1 S. cerevisiae, which have impaired covalent flavinylation of Sdh1i, restored
flavinylation up to 50% of the wild type level [9°*]. One interpretation of this result is that
Sdh5 increases the FAD availability for Sdh1. However, later NMR titration analysis was
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inconsistent with this hypothesis for function as excess of FAD or FADH, did not induce
chemical shift perturbations in yeast Sdh5, indicating that Sdh5 does not bind FAD directly
[41°]. While these analyses do not preclude an indirect interaction between Sdh5 and FAD,
the same structural study identified a conserved surface of Sdh5 that appeared to be a
protein-protein binding interface [41°] and was later shown to be critical for activity.

A major breakthrough in understanding the role of SDHAF2/Sdh5/SdhE came from the
recently reported crystal structures of bacterial homologs of the SDHA-SDHAF2 assembly
intermediate (Figure 3b) [21°*,42°]. In both reported structures, the Escherichia coli complex
Il was used as a model system. £. coliis a facultative anaerobe and contains two complex Il
homologs that contribute to respiration under distinct respiratory conditions. One homolog,
called succinate dehydrogenase or succinate:quinone oxidoreductase (SdhABCD)
participates in aerobic respiration, while a second homolog, called fumarate reductase or
quinol:fumarate reductase (FrdABCD) catalyzes the final step of anaerobic respiration with
fumarate as the terminal electron acceptor.

The first structure was that of £. coli FrdA-SdhE (Figure 3b) [21°°]. This structure was
determined in the presence of the substrate analog malonate, which is a dicarboxylate
molecule that is also an enhancer of covalent flavinylation [43°]. For these studies, the FrdA-
SdhE assembly intermediate was stabilized by a site-specific photoaffinity crosslinker
introduced via an unnatural amino acid [21°*,37,43°]. This structure also identified that the
role of the highly-conserved RGxXE motif in SdhE was to stabilize the orientation of the
histidyl ligand for FAD via a hydrogen-bonding interaction between the carbony! of the
glycine and the histidine N& (Figure 3b inset).

The second structure was that of £. coli SdhA-SdhE [42°], which was performed in the
absence of a substrate analog or crosslinker. These two structures provided a satisfying
explanation for how SDHAF2/Sdh5/SdhE enhances covalent flavinylation in this system.
Specifically, the SdhE assembly factor bound between the two domains of the FrdA or SdhA
subunit. This is the same position as the FrdB/SdhB subunit binds in fully assembled
complex Il (Figure 3b,d). Not only does SdhE shield this hydrophobic surface and prevent
inappropriate interactions in a chaperone-like manner, but this protein-protein interaction
subtly rearranges the active site architecture as compared to the FrdA/SdhA subunit bound to
FrdB/SdhB in mature complex Il. This has two distinct impacts. First is that the normal
catalytic reaction of assembled complex Il, i.e. the interconversion of succinate and
fumarate, is disfavored, as validated kinetically in both the £. co/i and human systems [21°,
44]. The second is that the geometry of the malonate-bound active site was optimized to
enhance covalent flavinylation [21°**]. Or to put it another way, the assembly factor acts as a
regulatory subunit of SdhA/FrdA catalytic activity, and enhances the covalent flavinylation
reaction allosterically [21°°].

These structures also were associated with conformational changes that have created new
controversies and new open questions in the field. For example, one of the conformational
changes linked to the tuning of the catalytic activity of the SdhA/FrdA subunits was an
interdomain rotation between the flavin-binding domain and the capping domain as
compared to the positions of these domains in the assembled complex 11 (Figure 3c). While
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both the £. coliFrdA-SdhE [21**] and SdhA-SdhE [42°] exhibited an interdomain rotation,
the magnitude was profoundly different, 11° in E£. coli FrdA-SdhE and 43° in £. coli SdhA-
SdhE. As proposed by Maher et al. [42°], one hypothesis for this difference in magnitude is
that the £. coli FrdA-SdhE was stabilized by a crosslinker, which may have impaired domain
rotation. However, there are multiple competing hypotheses for the observed differences. For
example, the £. coli SAhA-SdhE structure lacks a substrate analog, which is a long-known
enhancer of covalent flavinylation [37,43°]. As the malonate assists in aligning the
interdomain orientation, the 43° rotation observed in the uncrosslinked £. coli SdAhA-SdhE
could be a catalytically irrelevant state. Indeed, one would anticipate that the
physiologically-relevant catalytic complex would be relatively unstable. A third hypothesis
is that both structures represent relevant intermediates of the flavinylation reaction.
Addressing how the inderdomain angle influences flavinylation is a topic of ongoing work.

A second new question in the field arose from the observation that binding of the SdhE
assembly factor to either FrdA or SdhE was associated with the loss of electron density for
two large loop regions (residues 50-58 and 103-129 of the £. coliFrdA) [21*,42°]. This
likely reflects loss of a discrete position for these loops and increased flexibility. If these
loops are no longer tightly associated with FrdA/SdhA, it would result in the formation of a
tunnel to the active site that would be large enough to allow access of substrate (Figure
3e,f,g). The introduction of engineered disulfide bonds to lock these loops in place
substantially reduced covalent flavinylation in the £. coli FrdA-SdhE system, a result that
strongly suggests that these loops must become flexible during the covalent flavinylation
reaction [21°*]. Nevertheless, the exact role of this active site tunnel in the mechanism of
covalent flavinylation is currently not known and is a direction of future research.

Formation of the SDHAB subcomplex

Following successful SDHA maturation, the folded and covalently-flavinylated SDHA
subunit forms a stable complex with SDHB, which may or may not harbor all three Fe-S
clusters. Neither the maturation of SDHB nor the formation of the SDHAB subcomplex is
well understood at this time, and both are subjects of active investigation in the field.

SDHB maturation requires the insertion of three Fe-S clusters into two protein domains. An
N-terminal plant-type ferredoxin 2Fe-2S containing domain and a, bacterial ferredoxin C-
terminal 4Fe-4S and 3Fe-4S domain. Insertion of the Fe-S clusters may rely upon general
Fe-S insertion mechanisms in both prokaryotes and eukaryotes [8**,45]. Eukaryotes also
contain the SDHAF1 and SDHAF3 assembly factors, which have no identified sequence
homologs in prokaryotes [17°°]. It is notable that if the isolated SDHB subunit is anticipated
to have the oxygen- and ROS-sensitive 2Fe-2S and 3Fe-4S clusters surface exposed. Thus,
one possible role for the SDHAF1 and SDHAF3 assembly factors would be to shield these
cluster prior to assembly of mature SDHB into the SDHAB subcomplex and the final,
mature complex I1.

The formation of the SDHAB subcomplex is not a simple meeting of two unassembled
subunits. Indeed, SDHA and SDHB likely encounter each other in the context of an SDHA-
SDHAF2 complex and an SDHB-SDHAF1-SDHAF3 complex. It is clear from crystal
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structures [21°°,42°] that SDHAF2 physically occludes the site of SDHB interaction, and it is
likely that either SDHAF1 or SDHAF3 physically occludes the site of SDHB that interacts
with SDHA (Figure 3h). Therefore, these assembly factors must be displaced in order to
proceed with complex Il assembly. In eukaryotes, an additional assembly factor, termed
SDHAF4 in human and Sdh8 in yeast, binds directly to SDHA/Sdh1 [16°°] and likely
facilitates this process. Indeed, studies of Arabidopsis Asdharf4 showed that SDHAF4 is
essential for SDHB stability and assembly of SDHAB subcomplex [20]. As no sequence or
functional homologs of SDHAF4 have been identified in bacteria to date, future
investigations of SDHAB subcomplex formation require the development of techniques and
expression systems for the eukaryotic complex Il subunits, a process that is the focus of
intense current efforts [21°°,37,44,46].

Conclusion

While not all structural states of complex 1l maturation and assembly have been determined,
the structures that are available provide valuable information into the role assembly factors
in maturation of complex Il and suggest general themes of how assembly factors contribute
to the maturation of other respiratory complexes. For example, each of the four SDH-
associated assembly factors potentially acts as specific chaperones for sensitive cofactors
that are normally found at subunit interfaces. As exemplified by SDHAF2, assembly factors
may also alter the conformation of an active site and temporarily induce distinct catalytic
reactivity for isolated subunits, particularly for chemical reactions required only one time
during assembly. The precise mechanisms underlying full assembly of complex Il are still in
the process of elucidation.
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MATRIX

Figure 1. The mammalian electron transport chain.
Structural models of bovine complex | (PDB 5LNK [4]), porcine complex Il (PDB 1ZQY;

[5]), human complex 111 (PDB 5XTE [2]), bovine cytochrome ¢ (PDB 2B4Z [6], bovine
complex IV (PDB 1V54;[7]), and Saccharomyces cerevisiae ATP synthase (PDB 6B8H;[3])
are colored blue, magenta, cyan, violet, green, and light brown, respectively. The inner and
outer mitochondrial membranes (IMM, OMM) are shown in yellow, and the inter membrane
space (IMS) shown in grey. Ubiquinone (UQ, Coenzyme Qqg)/ubiquinol (UQH>) are the
oxidized and reduced forms of the membrane soluble small molecule carrier of protons and
electrons between complex I, complex Il and complex I11. These are stylistically shown as
green and pink boxes. Complexes in this figure are shown side-by-side for clarity, but may
exist in a megacomplex in the mitochondria [2].
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Figure 2.
Mechanism of FAD biosynthesis. a Biosynthesis of FAD is a two step process that converts

riboflavin (RF) to FMN, followed by conversion to FMN to FAD. Each step is ATP
dependent and involves the enzymes riboflavin kinase (RFK) and flavin mononucleotide
adenylyltransferase (FMNAT) b Structure of human RFK in complex with FMN and ADP
(PDB 1Q09S, [47]). c Structure of S. cerevisiae FMNAT (Fadl, PDB 2WSI [48]) with bound
FAD. d A homology model of the FIXIFAD transporter constructed using mitochondrial
uncoupling protein 2 (UCP2) as a template (PDB 2LCK [32]). Sequence identity and
similarity between FIx1 and UCP2 is 24% and 40%, respectively. IMM is inner
mitochondrial membrane.
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Figure 3. Maturation of SDHA and assembly complex 11
a Mecahnism of covalent flavinylation, as proposed by Walsh [49]. The first step is proton

abstraction from the C8a of the isoalloxazine ring. The second step is resonance
rearrangement to delocalize the resultant negative charge between N1 and C2. The third step
is the attack by a histidyl ligand which results in formation of covalent bond. b The structure
of the £. coli FrdA-SdhE assembly intermediate (PDB 6B58, [21°]). FrdA is colored green
and SdhE is colored cyan. /nset The hydrogen bond between bacterial SdhEG18 of the
RGxxE motif and FrdAH44 shows how SdhE orients the histidyl ligand. ¢ Overlay of the
capping domains of assembled FrdABCD complex (blue, PDB 3P4P, [50]) with the position
observed in the FrdA-SdhE intermediate (top, green, PDB 6B58, [21°°]) or SdhA-SdhE
intermediate (bottom, purple, PDB 6C12 [42°]). A rotation of 10.8° and 43.5° is observed in
the capping domains, respectively. d The structure of the £. co/i fumarate reductase (PDB
3P4P [50]) with FrdA oriented as in Fig. 3b. IMM is inner mitochondrial membrane and
IMS is inter-mitochondrial space. e, f Surface representation view of the FrdA-SdhE (PDB
6B58) and SdhA-SdhE (PDB 6C12) intermediates [21°,42°] highlights a tunnel from the
solvent to the active site. g A similar surface representation of the FrdA subunit in the
context of assembled complex 11 (PDB 3P4P, [50]) indicates that this tunnel closes following
assembly. h A schematic representation of the proposed SDH assembly pathway. The details
of SDHA-SDHAF?2 interaction are known but structural states of interaction between
assembly factors SDHAF1, SDHAF3 and SDHAF4 with SDH subunits is still unclear, and
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marked as “?”. Understanding how these assembly factors work is the focus of current
research in the field.
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Table 1

The reported assembly factors of respiratory complexes.
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Respiratory complex  Assembly Factors Ref.
Complex | NADH-dehydrogenase alpha subcomplex F assembly factors: [51]
NDUFAF1, NDUFAF2, NDHFAF3, NDUFAF4, NDUFAF5, NDUFAF6,
NDUFAF7
Nucleotide-binding protein-like protein, NUBPL (Ind1)
Acyl-CoA dehydrogenase 9, ACAD9
Evolutionary conserved signaling intermediate in Toll pathways, Ecsit Mitochondrial dysfunction protein A,
MidA
Complex Il Succinate dehydrogenase assembly factors: SDHAF1, SDHAF2, SDHAF3 and SDHAF4 [52]
Complex 111 Ubiquinol-Cytochrome C Reductase Complex Chaperone, BCS1 [53]
Tetratricopeptide Repeat Domain 19, TTC19
LYR Motif-Containing Protein LYRM7/MZM1L
Ubiquinol-Cytochrome C Reductase Complex Assembly Factor: UQCC1
(CBP3), UQCC2 (CBP6) and UQCC3 (CBP4)
Complex IV Cytochrome oxidase interacting protein 1, Coil [54]
Cytochrome C Oxidase Assembly Proteins: COX14, COX16, COX23,
COX Assembly Mitochondrial Protein: CMC1, CMC2
Hypoxia Inducible Domain Family Member: HIGD1A, HIGD2A
ATP Proteins encoded by ATP genes: ATP10, ATP11, ATP12 and ATP23 [55]
Synthase
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