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Abstract

Succinate dehydrogenase (or Complex II; SDH) is a heterotetrameric protein complex that links 

the tribarboxylic acid cycle with the electron transport chain. SDH is composed of four nuclear-

encoded subunits that must translocate independently to the mitochondria and assemble into a 

mature protein complex embedded in the inner mitochondrial membrane. Recently, it has become 

clear that failure to assemble functional SDH complexes can result in cancer and 

neurodegenerative syndromes. The effort to thoroughly elucidate the SDH assembly pathway has 

resulted in the discovery of four subunit-specific assembly factors that aid in the maturation of 

individual subunits and support the assembly of the intact complex. This review will focus on 

these assembly factors and assess the contribution of each factor to the assembly of SDH. Finally, 

we propose a model of the SDH assembly pathway that incorporates all extant data.
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Electron transport chain complex assembly

Mitochondrial ATP synthesis is dependent on the concerted efforts of the electron transport 

chain (ETC), which couples the generation of an electrochemical gradient to the oxidation of 

NADH and FADH2 and the reduction of oxygen to water. The ETC is composed of four 

multimeric complexes and two mobile electron carriers (coenzyme Q and cytochrome c), all 

of which are embedded in or associated with the inner mitochondrial membrane (IMM). 

Electrons derived from the oxidation of NADH by complex I or succinate from the 

tricarboxylic acid (TCA) cycle by complex II (succinate dehydrogenase; SDH) are passed 

along the ETC, coupled with the pumping of protons and establishment of the proton 

gradient across the IMM. In the end, controlled flow of protons down this electrochemical 

gradient is utilized by Complex V (ATP synthase) to catalyze ATP synthesis.
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The assembly of the ETC complexes presents the cell with the problem of coordinating the 

synthesis and stepwise interactions of individual subunits, transcribed and translated from 

two distinct genomes in two distinct compartments, into intricate membrane bound 

complexes. This problem is exacerbated by the nature of the ETC complexes themselves. 

First, some subunits are embedded in the IMM and, therefore, are hydrophobic and prone to 

aggregation prior to and during assembly. Furthermore, the complexes contain redox-active 

cofactors that can perform inappropriate and deleterious reactions when they are not 

properly secluded within the native complex. As a result, a number of dedicated factors 

assist the assembly of these complexes by facilitating cofactor insertion, preventing non-

productive interactions, and stabilizing assembly intermediates (Fernandez-Vizarra et al., 

2009, Diaz et al., 2011). While mammalian ETC complexes I, III and IV contain 44, 11 and 

14 subunits, respectively, and include proteins encoded by both mitochondrial and nuclear 

genomes, Complex II or SDH, is the product of just four nuclear-encoded genes. Despite 

this somewhat simple quaternary structure it has been made clear recently that SDH, like all 

ETC complexes, requires assembly factors for its biogenesis.

Succinate dehydrogenase and human disease

The critical role of SDH in mitochondrial metabolism has long been appreciated, however, it 

has more recently emerged that mutations affecting SDH cause a number of human diseases 

(Rutter et al., 2010, Hoekstra and Bayley, 2013) (Table1). Interestingly, loss of function 

mutations in SDH core subunits do not cause a single, common pathology, but rather lead to 

a variety of disease phenotypes that can be grouped into two categories—cancer and 

neurodegeneration. With respect to SDH-deficient cancers and other tumor syndromes, 

mutations in the core subunits are most commonly associated with paraganglioma, 

pheochromocytoma, renal cell carcinoma (RCC), and WT gastrointestinal stromal tumors 

(WT-GIST). Paragangliomas are neuro-endocrine tumors that occur in cells of the neural 

crest and tend to be co-localized with oxygen sensing tissues such as the carotid body, while 

pheochromocytomas represent a related class of tumors that affect the adrenal gland. These 

two tumors are most commonly associated with mutations in SDHB, SDHC, and SDHD, 

however SDHA mutations have recently been implicated in rare cases (Baysal, 2000, Astuti 

et al., 2001, Peczkowska et al., 2008, Burnichon et al., 2010). Mutations in SDHA, SDHB, 

and SDHC have also been associated with WT-GIST, a mesenchymal tumor of the digestive 

tract (Janeway KA, 2011, Pantaleo et al., 2011, Pantaleo et al., 2014). Finally, the link 

between RCC and SDH dysfunction is supported by the discovery of two families with 

inherited renal cell tumor syndromes resulting from germline mutations in SDHB 

(Vanharanta et al., 2004). Taken together, it is clear that normal SDH activity serves to 

suppress tumors in humans. In addition to the cancers described above, defects in SDH 

activity also cause a variety of neurodegenerative disorders. In fact, the classical 

presentation of patients with mutations in SDHA is Leigh Syndrome, an early-onset, 

progressive neurodegenerative disorder (Bourgeron et al., 1995). SDHA mutations have also 

been associated with milder forms of atrophy and myopathy (Bourgeron et al., 1995, 

Horváth et al., 2006). Although mutations in SDHC are rarely, if ever, associated with 

neurologic disorders, SDHB mutations have been shown to cause infantile leukodystrophy 

(Alston et al., 2012) and SDHD mutations have recently been identified in patients with 
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progressive encephalomyopathy (Jackson et al., 2014). Therefore SDH activity not only 

suppresses tumors but also supports normal neurologic development and function. While it 

is fascinating that mutations in all four subunits of SDH have been found to cause one of the 

diseases described above, it is perhaps even more interesting that numerous patients present 

with disease accompanied by a loss of SDH activity, but have no mutations of any of the 

core subunits (Jain-Ghai et al., 2013). These genetic observations clearly implicate 

additional auxiliary factors in the maintenance of cellular SDH activity. Furthermore, this 

supports the notion that a thorough characterization of the SDH assembly pathway will 

ultimately lead to the discovery of new human disease alleles in the genes that encode SDH 

assembly factors.

Enzymology and structure of succinate dehydrogenase

Eukaryotic SDH is a heterotetrameric complex composed of four nuclear-encoded subunits 

(Sun et al., 2005) (Figure 1). SDH is unique amongst eukaryotic ETC complexes in that it 

functions as part of both the TCA cycle and the ETC and thus couples two of the primary 

energy-harvesting pathways within the cell. In addition to this distinction, SDH is the only 

ETC complex that does not pump protons across the IMM nor contain any proteins encoded 

by the mitochondrial genome. In the context of the TCA cycle, SDH catalyzes the oxidation 

of succinate to fumarate and uses the electrons derived from this oxidation to catalyze the 

reduction of ubiquinione to ubiquinol. These electrons are passed to Complex III and then 

Complex IV, thereby contributing to the establishment of the electrochemical gradient 

across the IMM in support of ATP synthesis. The structure of SDH can be characterized as a 

hydrophilic head that protrudes into the mitochondrial matrix attached to the IMM by a 

hydrophobic membrane anchor (Yankovskaya et al., 2003, Sun et al., 2005) (Figure 1).

The membrane anchor domain of SDH consists of Sdh3 (SDHC in mammals) and Sdh4 

(SDHD) (Yankovskaya et al., 2003, Sun et al., 2005) and serves as the site of ubiquinone 

binding to connect this hydrophobic mobile electron carrier to the hydrophilic domain of 

SDH (Figure 1). The hydrophilic domain represents the catalytic core of SDH and is 

composed of Sdh1 (SDHA in mammals) and Sdh2 (SDHB), each of which contain the redox 

active cofactors that facilitate the transfer of electrons from succinate to ubiquinone 

(Yankovskaya et al., 2003, Sun et al., 2005) (Figure 1). Sdh1 contains a covalently bound 

FAD cofactor adjacent to the succinate-binding site (Figure 1). Sdh2 harbors the three Fe-S 

centers that mediate electron transfer from the flavin cofactor to the ubiquinone (Figure 1). 

The Fe-S clusters of Sdh2, which consist of a 2Fe-2S center adjacent to the FAD site of 

Sdh1, followed by a 4Fe-4S and finally a 3Fe-4S center proximal to the ubiquinone binding 

site, serve essentially as a wire used to transfer electrons through the complex (Figure 1). In 

addition to its important role in the process of electron transfer, Sdh2 also serves as the 

interface linking the catalytic Sdh1 subunit to the membrane bound Sdh3 and Sdh4 subunits 

(Yankovskaya et al., 2003, Sun et al., 2005). Interestingly, recent reports indicate that 

soluble Sdh1-Sdh2 dimers exist in the absence of one or both of the membrane anchors 

(Kim et al., 2012). This suggests that Sdh1 and Sdh2 are likely to dimerize prior to 

membrane association, rather than sequentially docking onto the membrane anchor.
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The SDH enzymatic reaction begins with the binding of succinate to the open state of Sdh1, 

which undergoes a conformational change bringing succinate into close proximity with the 

covalently bound FAD cofactor. Oxidation of succinate is coupled to the two-electron 

reduction of FAD. Since the Fe-S centers of SDH are single electron carriers, two successive 

single electron transfer steps are required to re-oxidize FADH2 back to FAD. In the end, the 

two electrons gained from the oxidation of succinate are used to reduce ubiquinone to 

ubiquinol, which passes the electrons on to Complex III.

Assembly of SDH

Until recent years the process of SDH assembly remained highly enigmatic and was 

primarily focused on the core SDH subunits themselves (Cecchini et al., 2002, Lemire and 

Oyedotun, 2002). Our newfound understanding of this process has been facilitated by the 

discovery of proteins dedicated to the maturation of individual subunits and the assembly of 

the holo-complex. Importantly, the discovery of these factors has revealed that SDH 

assembly is a tightly coordinated process in which the concerted functions of core subunits, 

dedicated assembly factors, and other ancillary factors must coordinate their various 

activities to achieve the step-wise assembly of this membrane bound complex. On the basis 

of knowledge gained in recent years, it is possible to organize the process of SDH assembly 

into discrete, subunit-specific events. These events, which include cofactor insertion, 

stabilization of sub-complex assembly intermediates, and prevention of deleterious solvent 

interactions, result in the maturation of individual subunits and support the complete 

assembly of SDH. In the subsequent sections we will review the current understanding of 

the SDH assembly pathway focusing, in particular, on the factors that facilitate this process 

(Figure 3).

Sdh1—The catalytic subunit

Architecture of Sdh1

Sdh1 catalyzes the oxidation of succinate to fumarate. The crystal structure of porcine SDH 

has revealed that mammalian SDHA assumes a Rossmann-type fold with four distinct 

domains—an FAD binding domain (residues 52-267 and 355-439; human sequence), a 

capping domain (residues 268-354), a helical domain (residues 440-537), and a C-terminal 

domain (residues 548-616). The structure indicates the presence of a covalent bond between 

FAD and His99 (His90 is yeast) with the FAD being further coordinated by a number of 

additional residues, which form a well-ordered hydrogen bonding network (Sun et al., 2005) 

(Figure 1). In addition to the native SDH, a co-crystal structure of SDH bound to a 

competitive inhibitor, 3-nitropropionic acid (NPA) was also determined and facilitated the 

mapping of the putative succinate binding site, which, as expected, is directly adjacent to the 

FAD. While the precise mechanism for succinate oxidation by Sdh1 has not yet been 

elucidated, these studies have provided valuable information as to the residues involved in 

this reaction. The structure demonstrates that the nitryl group of NPA interacts with the 

FMN group of FAD as well as the main chain of Glu261 and the side chains of Thr260 and 

His248 while the NPA carboxyl group is anchored by the amide of Glu246, the guanidinium 

group of Arg403, and the imidazole of His359 (Sun et al., 2005).
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Biosynthesis and delivery of FAD

FAD is an essential cofactor of Sdh1 and the flavinylation of Sdh1 is dependent on adequate 

FAD levels in the mitochondrial matrix. Therefore, the synthesis and maintenance of free 

FAD pools in this compartment plays a vital role in the maturation of Sdh1 (Kim and 

Winge, 2013). In yeast, the biosynthesis of FAD and its delivery to mitochondria is 

dependent on the activities of three proteins—riboflavin kinase (Fmn1), FAD synthetase 

(Fad1), and a putative mitochondrial FAD transporter (Flx1). FAD is derived from dietary 

riboflavin (vitamin B2) and its conversion requires the activities of two ATP-dependent 

enzymes, Fmn1 and Fad1. Fmn1, the riboflavin kinase, phosphorylates the tricyclic 

isoalloxazine ring yielding flavin mononucleotide (FMN) (Santos et al., 2000). Although a 

number of enzymes within the cell use FMN as a cofactor, the majority of FMN is 

subsequently adenylated and converted to FAD by the FAD synthetase, Fad1(Wu et al., 

1995).

Flx1 belongs to the eukaryotic superfamily of IMM carriers and has been described as a 

putative IMM FAD carrier, but the published literature disagrees as to the exact molecular 

function of Flx1 (Tzagoloff et al., 1996, Bafunno et al., 2004). At any rate, cells lacking 

Flx1 exhibit low matrix FAD concentrations and reduced activity of two matrix flavo-

proteins, SDH and lipoamide dehydrogenase, due to a defect in flavinylation of these two 

enzymes (Tzagoloff et al., 1996, Kim et al., 2012). So, while there is no known direct link 

between Flx1 and Sdh1, it is clear that Flx1 plays an important role in Sdh1 cofactor 

insertion as Sdh1 flavinylation is severely compromised in flx1Δ cells. This decrease in 

flavinylation also leads to the destabilization of Sdh1. Interestingly, the flx1Δ defect in Sdh1 

flavinylation can be suppressed by the overexpression of Fad1 or Sdh5, a dedicated SDH 

assembly factor that will be discussed in significant detail in the subsequent section (Hao et 

al., 2009).

It is important to note that in mammalian cells, it isn't clear whether an Flx1 ortholog is 

required for SDH maturation. The mammalian ortholog of the FAD1 gene, FLAD1, yields 

two transcripts encoding two isoforms of FAD synthetase, one of which is cytosolic and the 

other has a mitochondrial targeting motif (Torchetti et al., 2010). Thus, mammalian cells 

might synthesize FAD within the mitochondrial matrix perhaps making any IMM carrier 

dispensable.

Sdh1 cofactor insertion

The first known step in the maturation of Sdh1, which is imported into the mitochondrial 

matrix as an apo-protein, is the insertion and covalent attachment of its FAD cofactor 

(Robinson et al., 1994). Interestingly, succinate appears to be an important allosteric effector 

of this process as it and several other TCA cycle intermediates stimulate flavinylation 

significantly in vitro (Brandsch and Bichler, 1989). Unlike some bacterial Sdh1 orthologs, 

eukaryotic Sdh1 is not competent to become flavinylated in the absence of other proteins, 

which is typically interpreted to mean that the flavinylation of Sdh1 is not autocatalytic 

(Robinson and Lemire, 1996, Kounosu, 2014). As a result, simply maintaining matrix FAD 

pools is not sufficient for Sdh1 flavinylation. Early studies focused on this process revealed 

that there likely exists a protein in the mitochondrial matrix required for flavinylation of 
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Sdh1 as the degree to which Sdh1 can be flavinylated in vitro is proportional to the 

concentration of isolated matrix fraction used in the assay (Robinson and Lemire, 1996). 

This insight was subsequently validated by the discovery of Sdh5.

Yeast Sdh5 was discovered in the course of studying a collection of uncharacterized 

mitochondrial proteins with a high degree of conservation throughout eukaryotes (Hao et al., 

2009). Deletion of SDH5 in yeast prevented respiratory dependent growth and caused a 

dramatic reduction in oxygen consumption—two phenotypes indicative of a strong 

respiratory deficiency. In an attempt to better understand this phenotype, an unbiased 

tandem affinity purification was performed and it identified Sdh1 as the sole binding partner 

of Sdh5. This result, consistent with a clear respiratory deficiency, strongly implicated Sdh5 

in the maintenance of SDH activity. This connection with SDH was further strengthened by 

the observation that yeast cells lacking Sdh5 exhibited a complete loss of SDH activity and, 

in this regard, essentially mirrored an sdh1Δ deletion strain. Despite these phenotypic 

similarities, however, Sdh1 protein was still clearly detectable, albeit at reduced levels, in an 

sdh5Δ mutant strain and, interestingly, the SDH complex remained intact (Hao et al., 2009, 

Kim et al., 2012).

Based on the evidence above, it is clear that Sdh5 is required for maintaining SDH activity 

and that this function is mediated through a direct physical interaction with Sdh1. These data 

raised the possibility that the primary defect in sdh5Δ cells might be failure to covalently 

flavinylate Sdh1, resulting in a catalytically dead subunit. Indeed, direct interrogation of 

Sdh1 flavinylation revealed a complete failure to form the covalent bond between Sdh1 

His90 and the FAD cofactor. This finding is consistent with related studies that demonstrate 

flavinylation-deficient Sdh1 His90Ser mutants assemble into a catalytically inactive SDH 

complex as do sdh5Δ mutants (Robinson et al., 1994, Hao et al., 2009).

It is clear that Sdh5 is required for Sdh1 flavinylation but through what mechanism? The 

first important clues resulted from further interrogation of the nature of the Sdh1-Sdh5 

interaction. BN-PAGE experiments demonstrated that Sdh5 is not a member of the SDH 

holo-complex but rather migrates to an approximate molecular weight of 90 kDa, consistent 

with an Sdh1-Sdh5 dimer. Further investigation of this interaction revealed that the 

formation of this complex is important in maintaining the stability of both proteins. The 

steady state levels of Sdh1 are ~50% reduced in an sdh5Δ mutant strain. Conversely, 

deletion of SDH1 causes a near complete destabilization of Sdh5, a result that strongly 

implicates Sdh5 as a dedicated factor whose sole purpose is to act on Sdh1. While Sdh1 

protein is required to maintain the stability of Sdh5, this relationship is not dependent on 

Sdh1 being competent for flavinylation as substitution of Sdh1 His90 with a Ser residue 

does not lead to destabilization of Sdh5. It is important to note that only a minor fraction of 

Sdh1 in the matrix is in association with Sdh5 at any given time. Furthermore, deletion of 

SDH2 causes the steady state level of Sdh5 to increase, most likely due to an increase in the 

fraction of Sdh1 that is bound to Sdh5. Because this complex exists independent of all other 

SDH subunits and accumulates in strains that prevent SDH assembly, it is clear that the 

actions of Sdh5 and the process of flavinylation are early steps in the SDH assembly 

pathway (Hao et al., 2009, Kim et al., 2012).
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Further insights into the role of Sdh5 in Sdh1 flavinylation came from structural 

characterization of yeast Sdh5 by NMR (Eletsky et al., 2012). No FAD was detected in 

purified samples of Sdh5, nor did addition of FAD to purified Sdh5 cause any perturbation 

in Sdh5 chemical shifts, suggesting that Sdh5 does not act as a delivery vehicle that brings 

FAD to apo-Sdh1 (Eletsky et al., 2012). The NMR studies revealed that the Sdh5 core 

assumes a compact 5 α-helical bundle and revealed a concentrated patch of conserved 

residues on the surface of these α-helices, which is theorized to be the Sdh1 binding site 

(Eletsky et al., 2012)

While it is not yet possible to define the precise mechanism by which Sdh5 supports Sdh1 

flavinylation, there is sufficient data to hypothesize as to the role of Sdh5 in this process. 

Biochemical studies have demonstrated that Sdh5 does not directly bind FAD, thus it seems 

unlikely that Sdh5 plays a role in physically delivering FAD to Sdh1. While the Sdh1 

binding site on Sdh5 has been defined in the above NMR-based study, the region of Sdh1 

that binds Sdh5 remains unknown. This information would provide insight into the role of 

Sdh5 in Sdh1 flavinylation, but for now we are forced to theorize as to such details. It seems 

likely that Sdh5 binds adjacent to the FAD binding site on apo-Sdh1, which could serve one 

or more of many possible roles. First, it could facilitate the noncovalent insertion of FAD 

into the pocket, which would enable subsequent autocatalytic covalent flavinylation. 

Second, Sdh5 could act as a chaperone for unflavinylated apo-Sdh1, thus supporting 

flavinylation by stabilizing apo-Sdh1 in a flavinylation-competent conformation. Finally, it 

is possible that Sdh5 might participate directly in the covalent flavinylation reaction by 

providing catalytic residues to this active site. Regardless of the precise mechanism, it is 

clear that Sdh5 specifically binds to apo-Sdh1 and is required for its covalent flavinylation 

(Figure 2).

Sdh8 is a chaperone for flavinylated Sdh1

Following Sdh5-dependent covalent flavinylation, Sdh1 is destined to form a soluble dimer 

with Sdh2, however there remains a population of Sdh1 that exists in an unbound state free 

from any other core subunits in the mitochondrial matrix. It is likely that Sdh1 is present in 

excess to other core SDH subunits within the mitochondrial matrix as deletion of Sdh1 

destabilizes the remaining core subunits, Sdh2, Sdh3, and Sdh4, while Sdh1 protein levels 

are maintained, albeit at a reduced level, upon deletion of any of the other core subunits. 

This free, flavinylated Sdh1 appears to be maintained in a soluble, assembly-competent state 

by a newly discovered, subunit-specific chaperone, Sdh8 (Figure 3).

SDH8 is conserved throughout eukaryotes and encodes a small protein that is localized to 

the mitochondrial matrix (Van Vranken et al., 2014). Yeast cells lacking Sdh8 exhibit slow 

growth on non-fermentable carbon sources but are still respiratory competent. The first 

observation that suggested a role for Sdh8 in SDH assembly or activity was its 

metabolomics phenotype. Yeast cells and Drosophila mutants lacking Sdh8 (or its ortholog) 

exhibit a significant but subtle block in the TCA cycle centered at SDH (i.e. an accumulation 

of succinate and a depletion of fumarate and malate, the two TCA cycle intermediates 

downstream of SDH). It is important to note that the magnitude of succinate accumulation is 

much less than a mutant lacking one of the four core subunits or Sdh5, which exhibits a 
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complete loss of SDH activity. Consistent with this finding, sdh8Δ mutant yeast maintain 

approximately 40% of wild type SDH activity and abundance of SDH holo-complexes. 

Interestingly, deletion of the Drosophila ortholog, dSdhaf4, causes a much more severe 

phenotype. These mutants accumulate significantly more succinate and have a ~90% 

decrease in SDH activity, while assembled SDH complexes are nearly undetectable. Thus, 

while Sdh8 clearly supports SDH biogenesis, it does not appear to be absolutely required for 

assembling functional SDH complexes as some level of SDH activity is maintained in 

organisms lacking Sdh8 or its orthologs (Van Vranken et al., 2014).

While metabolomics clearly implicated Sdh8 in enabling SDH activity, the first evidence as 

to its particular function came when Sdh1 was discovered to be its primary binding partner. 

Further interrogation of the specificity of this interaction revealed that Sdh8 bound to Sdh1 

independent of any other SDH core subunits and importantly, Sdh5. Additionally, it was 

determined that the Sdh1-Sdh8 interaction depends on covalent flavinylation of Sdh1, as 

Sdh8 fails to interact with Sdh1 in an sdh5Δ background and also fails to interact with two 

covalent flavinylation-deficient Sdh1 mutants (H90S and H90A). BN-PAGE analysis further 

confirmed that Sdh8 is not associated with the SDH holo-complex, but forms a stable 

subcomplex with Sdh1, which hyper-accumulates in sdh2Δ and sdh4Δ backgrounds. 

Consistent with this finding, Sdh8 steady state protein levels also increase in these 

conditions, presumably in order to occupy the augmented pool of unbound and flavinylated 

Sdh1. Furthermore, deletion of Sdh1 causes significant destabilization of Sdh8, indicating 

that the stability of Sdh8 depends upon its ability to form a complex with Sdh1. Taken 

together these data indicate that Sdh8 is a subunit-specific chaperone that occupies 

flavinylated Sdh1 prior to the formation of the Sdh1-Sdh2 soluble dimer (Van Vranken et 

al., 2014) (Figure 3).

Why exactly does unbound Sdh1 require such a chaperone? The first evidence came from 

assessing the steady state levels of SDH core subunits in the sdh8Δ mutant. While there was 

little or no destabilization of Sdh1, the primary binding partner of Sdh8, there was a marked 

decrease in the steady state abundance of Sdh2. This was accompanied by, and probably a 

result of, a decrease in the Sdh1-Sdh2 soluble dimer as assessed by co-immunoprecipitation. 

Although this result is somewhat difficult to interpret, it suggests that the interaction 

between Sdh1 and Sdh8 facilitates the formation of the Sdh1-Sdh2 dimer by maintaining 

Sdh1 in a state that is competent for Sdh2 binding. Therefore, in the absence of Sdh8, Sdh1 

does not interact as efficiently with Sdh2, which is unstable on its own. Interestingly, studies 

focused on Drosophila dSdhaf4 demonstrate that this assembly factor is required for 

maintaining the stability of SdhA. Therefore, it is possible that in higher eukaryotes Sdh8 

orthologs support the formation of the hydrophilic head by maintaining subunit stability. 

Overall, this data suggests that the chaperone activity of Sdh8 promotes SDH assembly by 

stabilizing Sdh1 and maintaining it in an assembly-competent state prior to interaction with 

Sdh2 (Van Vranken et al., 2014).

In addition to promoting formation of the Sdh1-Sdh2 dimer, Sdh8 might also function to 

prevent potentially deleterious interactions of free and flavinylated Sdh1 with the solvent. 

Indeed, studies focused on SDH have demonstrated that impaired electron transport at the 

level of the FAD can generate significant quantities of superoxide (Messner and Imlay, 
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2002, Yankovskaya et al., 2003, Ishii et al., 2005). Furthermore, previous studies in 

mammalian cells demonstrate that silencing of SDHB (Sdh2 ortholog), but not SDHA (Sdh1 

ortholog) causes an increase in ROS levels (Guzy et al., 2008, Ishii et al., 2005). This 

increase in oxidative stress mediated by Sdh1 is thought to be dependent on the ability of the 

exposed FAD cofactor to interact with the surrounding solvent. In a phenomenon referred to 

as auto-oxidation, free Sdh1 oxidizes succinate to fumarate independent of the SDH holo-

complex. This oxidation causes a reduction of the FAD cofactor, which then reduces 

molecular oxygen to form superoxide (Messner and Imlay, 2002). If Sdh8 functions to 

prevent Sdh1 auto-oxidation then overexpression of Sdh1 should be toxic to sdh8Δ mutant 

cells. In fact, Sdh1 overexpression proved toxic to both WT and sdh8Δ mutant cells, 

however, cells lacking Sdh8 were particularly sensitive to this stress. Furthermore, 

overexpression of Sdh8 was capable of partially rescuing the toxicity associated with 

overexpressed Sdh1. Additional studies demonstrated that sdh8Δ mutant cells exhibited 

higher levels of oxidative stress and that the growth phenotype associated with sdh8Δ 

mutant cells was predominantly the result of oxidative stress rather than respiratory 

deficiency. Indeed, while overexpression of YAP1, a transcription factor involved in 

mediating oxidative stress, is capable of rescuing the sdh8Δ growth phenotype it fails to 

have any impact on the SDH deficiency of these cells (Van Vranken et al., 2014). Therefore, 

Sdh8 might have two important functions related to Sdh1. It appears to facilitate assembly 

with Sdh2 and may also function to seclude the FAD cofactor from the solvent, thus 

preventing spurious oxidation (Van Vranken et al., 2014).

Sdh2—The electron wire

Architecture of Sdh2

Sdh2 (SDHB in mammals) is the Fe-S cluster-containing subunit of SDH. The crystal 

structure of porcine heart SDH demonstrates that SDHB contains two distinct domains (Sun 

et al., 2005) (Figure 1). The N-terminal domain (residues 37-142; human sequence) consists 

of a single small α-helix and a five-strand β-sheet. This domain harbors the FAD-proximal 

2Fe-2S center, which is ligated by Cys93, Cys98, Cys101 and Cys113. The C-terminal 

domain (residues 142-280) consists of six α-helices and harbors the 4Fe-4S and 3Fe-4S 

centers, which are coordinated by Cys186, Cys189, Cys192 and Cys253 and Cys196, 

Cys243 and Cys249, respectively. These three Fe-S centers essentially act as a wire that 

carries electrons from FAD to ubiquinone. SDHB also serves to connect the catalytic 

subunit, SDHA, with the hydrophobic anchor domain. Both the N-terminal domain and the 

C-terminal domain mediate the interaction with SDHA. Meanwhile, the C-terminal domain 

is mainly responsible for the interaction with the hydrophobic anchor domain. Importantly, 

SDHB contributes several residues to the ubiquinone-binding site, which otherwise is 

mediated by the hydrophobic anchor domain. In this way, the terminal 3Fe-4S center is 

poised adjacent to the ubiquinone to enable the final electron transfer (Sun et al., 2005).

Iron-sulfur cluster biogenesis

The aforementioned Fe-S clusters are key cofactors required for electron transfer from FAD 

to the QP site. Fe-S clusters are preformed in the mitochondrial matrix on a scaffold 

complex (ISU) consisting of four proteins, Nfs1, Isd11, Yfh1 and Isu1 (or Isu2; yeast 
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nomenclature) (Schmucker et al., 2011, Lill et al., 2012, Tsai and Barondeau, 2010). The 

sulfide ions necessary for cluster biogenesis are provided by the Nfs1 cysteine desulfurase, 

along with its effector proteins Isd11 and Yfh1 (Pandey et al., 2012, Pandey et al., 2013) and 

the Yah1 ferredoxin reductant (Sheftel et al., 2010). Fe(II) and sulfide ions form 2Fe-2S 

clusters on the Isu1 (or Isu2) scaffold proteins prior to transfer to client proteins. The 

preformed cluster is transferred to the monothiol Grx5, an Fe-S shuttle protein, through the 

binding of the DnaJ protein Jac1 to Isu1, which dissociates the ISU complex (Majewska et 

al., 2013) and the recruitment the Hsp70 enzyme Ssq1. The cluster is released from Isu1 by 

the ATPase activity of Ssq1 (Ciesielski et al., 2012, Majewska et al., 2013, Uzarska et al., 

2013). Grx5, which is pre-associated with Ssq1, transiently binds the 2Fe-2S cluster together 

with glutathione (GSH) for subsequent transfer steps (Johansson et al., 2011, Uzarska et al., 

2013, Banci et al., 2014). The human ortholog of Jac1 was shown to also bind Fe-S client 

proteins, so Grx5-mediated cluster transfer may occur in pre-bound complexes with client 

proteins (Maio et al., 2014). Clusters consisting of 4Fe-4S and perhaps 3Fe-4S 

stoichiometries are matured on a downstream ISA scaffold complex consisting of Isa1, Isa2 

and Iba57 (Sheftel et al., 2012, Gelling et al., 2008, Muhlenhoff et al., 2011) and perhaps 

Nfu1 (Navarro-Sastre et al., 2011, Cameron et al., 2011, Lill et al., 2012). Nfu1 is likely a 

targeting factor to Fe-S client proteins in bacteria (Py et al., 2012). Yeast depleted of ISU 

components or the Fe-S targeting factors Grx5, ISA components and Nfu1 are impaired in 

SDH activity (Jensen and Culotta, 2000, Rodriguez-Manzaneque et al., 2002, Muhlenhoff et 

al., 2011). Mutations in human orthologs of Isd11, Isu1, Iba57 or Nfu1 (Crooks et al., 2012, 

Hall et al., 1993, Lim et al., 2013, Navarro-Sastre et al., 2011, Cameron et al., 2011, Ferrer-

Cortes et al., 2013, Ajit Bolar et al., 2013) or RNAi depletion of Isa1, or Isa2 lead to 

compromised SDH function (Sheftel et al., 2012) (Figure 2).

Recently, mutations in a novel mitochondrial protein BolA3 were shown to result in defects 

in similar respiratory complexes and 2-oxoacid dehydrogenases as mutations in Nfu1 

(Cameron et al., 2011, Baker et al., 2014), suggesting that BolA3 may likewise function in 

late stages of mitochondrial Fe-S biogenesis or transfer. BolA proteins typically function 

with glutaredoxins (Li and Outten, 2012), therefore, one prediction is that BolA3 has a role 

in conjunction with Grx5.

Sdh2 cofactor insertion

The architecture of Sdh2 raises several questions regarding cofactor insertion and 

maturation. Analogous to Sdh1, which receives its FAD cofactor within the mitochondrial 

matrix, Sdh2 receives its three Fe-S clusters in the matrix after import (Figure 3). Based on 

the Fe-S biogenesis pathway outlined above, one prediction is that the 2Fe-2S center in the 

N-terminal domain of Sdh2 is received from the Grx5:GSH complex, whereas the clusters in 

the C-terminal domain may be populated by the late-stage targeting factors ISA and Nfu1. 

Recently, Maio and colleagues reported that the mammalian Jac1 ortholog HSC20, the Ssq1 

ortholog HSPA9 and the Isu1 scaffold, ISCU, form a complex with SDHB (Maio et al., 

2014). This SDHB assembly intermediate was visualized on BN-PAGE after co-

immunoprecipitation of SDHB. SDH activity appeared to be attenuated upon depletion of 

HSC20 or HSPA9 using siRNA knock down. Therefore, the study suggested that cluster 

transfer to SDHB occurs within this complex. In vitro synthesized SDHB is readily imported 
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into isolated mitochondria. Co-immunoprecipitation of the imported SDHB at different time 

points revealed that the interaction of SDHA with SDHB comes later than the formation of 

the HSC20/HSPA9/ISCU/SDHB complex, indicating that cluster transfer may precede 

binding of SDHB to SDHA. However, the ISA components and Nfu1 failed to be co-

adsorbed with the HSC20 pulldown. These results may imply that only the 2Fe-2S center is 

transferred within the HSC20/HSPA9/ISCU/SDHB complex and a subsequent transfer step 

mediates insertion of the C-terminal SDHB clusters. This process could be either a zip-up 

from 2Fe-2S through 3Fe-4S or a zip-down from 3Fe-4S through 2Fe-2S. Alternatively, 

SDHB may remain associated with HSC20 during the insertion of the 4Fe-4S and 3Fe-4S 

centers, although the targeting factors may not stably associate with the HSC20/HSPA9/

ISCU/SDHB complex (Maio et al., 2014).

It should be noted that reduced Cys thiolates are required for Fe-S clusters to be assembled 

into Sdh2 as oxidized Cys ligands cannot coordinate Fe-S clusters. However, it is unknown 

whether cells depend on the thioredoxin/thioredoxin reductase, glutathione/glutathione 

reductase or peroxiredoxin to ensure the presence of thiolates for Fe-S coordination. It is 

also intriguing how meta-stable Sdh2 intermediates are protected specially from ROS after 

Fe-S cluster insertion. It has been well known that Fe-S clusters are extremely susceptible 

for damage upon expose to oxygen (Imlay, 2006). Since 2Fe-2S and 3Fe-4S clusters are 

exposed to solvent in Sdh2 prior to association with Sdh1 and the membrane anchor domain, 

it is possible that specialized chaperones are required to sequester these Fe-S clusters from 

oxidative stressors present in the solvent.

In the following section, we discuss two recently reported SDH assembly factors required 

for the maturation of Sdh2.

Sdh6 and Sdh7 are chaperone required for Sdh2 maturation

Sdh6 (SDHAF1 in human) is the first SDH assembly factor reported. Mutations in human 

SDHAF1 compromise the stable assembly of SDH, which leads to SDH deficiency 

associated with infantile leukoencephalophaty (Ghezzi et al., 2009, Ohlenbusch et al., 2012). 

Sdh6 is a small mitochondrial matrix protein that belongs to the LYR motif protein family, 

which is defined by the presence of a short LX(L/A)YRXX(L/I)(R/K) motif. Previous 

studies showed that the functions of several other LYR motif proteins are related to Fe-S 

cluster metabolism. Ghezzi and colleagues reported that yeast or human cells lacking wild-

type Sdh6 (or its ortholog) exhibited significantly reduced SDH activity, accompanied by 

attenuation of SDH assembly (Ghezzi et al., 2009). They suggested the possibility that Sdh6 

is an assembly factor required for the Fe-S containing subunit, Sdh2, based on the fact that 

Sdh6 is an LYR motif protein. While prescient, this hypothesis remained unproven as the 

biochemical data supporting it were not yet available. We recently reported that Sdh6 is 

indeed an assembly factor required for stable Sdh2 maturation during SDH assembly (Na et 

al., 2014). In yeast cells lacking Sdh6, Sdh2 steady-state levels were significantly 

diminished, but Sdh1 steady-state levels and covalent flavinylation remained unaffected. 

Moreover, Sdh6 appeared to accumulate in sdh3Δ or sdh4Δ cells lacking the SDH 

membrane anchor domain where an Sdh1/Sdh2 subcomplex accumulated. Furthermore, 

immunoprecipitation of Sdh6 in mitochondrial lysates from cells lacking Sdh4 resulted in 
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co-precipitation of Sdh1 and Sdh2, but immunoprecipitation of Sdh6 in WT or sdh2Δ 

mutants failed to yield Sdh1 or Sdh2. Thus, these results suggested that Sdh6 interacts with 

an Sdh1/Sdh2 complex and the interface for the interaction resides within Sdh2 (Figure 3). 

Indeed, Sdh6 overexpression in sdh1Δ mutants, in which Sdh2 is extremely labile, increased 

Sdh2 accumulation, thus corroborating the postulate that Sdh6 acts on Sdh2 during SDH 

assembly.

Why does Sdh2 require the function of Sdh6 during the process of SDH assembly? One 

possibility is that Sdh6 is a chaperone stabilizing Sdh2 prior to Sdh1 association. However, 

Sdh2 overexpression failed to restore SDH activity in sdh6Δ mutants. Thus, Sdh6 likely 

exerts its function on Sdh2 maturation rather simply maintaining an apo-Sdh2 pool. 

Unbiased high-copy genetic suppressor screening provided a hint regarding Sdh6 function 

(Na et al., 2014). Yap1, a transcription factor that increases expression of a repertoire of 

genes required for oxidative stress tolerance was recovered from this screen. Yap1 

overexpression enhanced the respiratory growth of sdh6Δ mutants and restored SDH 

activity. Conversely, artificially increased superoxide generation in the presence of paraquat 

severely impaired the respiratory growth of sdh6Δ cells. Moreover, Sdh2 protein levels 

under this condition were dramatically decreased. Given that ROS levels were not increased 

in sdh6Δ mutants, this exacerbated phenotype with paraquat suggests that Sdh6 is important 

for protecting Sdh2 from ROS-induced damage.

In the meantime, a genetic interaction between Sdh6 and Acn9 (renamed Sdh7), another 

protein in the LYR motif protein family, was observed. Sdh7 is also a small mitochondrial 

matrix protein, required for normal respiratory growth. Overexpression of Sdh6 in sdh7Δ 

mutants slightly rescued the respiratory growth defect although overexpression of Sdh7 in 

sdh6Δ mutants failed to do so. Metabolite profiling suggested an SDH deficiency in sdh7Δ 

mutant cells as succinate accumulated in the mutants. BN-PAGE analysis and SDH activity 

assay confirmed SDH deficiency with reduced SDH complex levels in sdh7Δ mutants. 

Biochemical analysis of sdh7Δ mutants suggested that Sdh7 function is similar to that of 

Sdh6 (Na et al., 2014). Among the SDH structural subunits, the steady-state levels of Sdh2 

were the most impaired in sdh7Δ mutants. Sdh7 exhibited increased abundance and 

interaction with the Sdh1/Sdh2 subcomplex in cells lacking the SDH membrane anchor. In 

addition, Yap1 overexpression restored SDH activity and paraquat supplement markedly 

attenuated Sdh2 steady-state levels in sdh7Δ cells. However, Sdh2 overexpression failed to 

restore SDH activity in sdh7Δ cells. Thus, these results suggested that Sdh7 is another 

assembly factor for protecting Sdh2 from ROS damage. Deletion of the Drosophila 

melanogaster SDH7 ortholog, dSdhaf3, caused a dramatic SDH deficiency with muscular 

and neuronal defects that are reminiscent of neurodegeneration observed in humans with 

mutations in SDHAF1 (Na et al., 2014).

It is clear that Sdh6 and Sdh7 support the assembly of SDH under normal physiological 

conditions, although their deficiencies do not result in total ablation of SDH biogenesis. This 

might be due to a theoretical bypass pathway that can substitute for Sdh6 and Sdh7 

functions. Otherwise, the importance of these two assembly factors is limited with passive 

roles for Sdh2 maturation under certain circumstances. Our study shows that iron salt 

supplementation enhances the respiratory growth of sdh6Δ cells and sdh7Δ cells. It has been 
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shown that ROS-inactivated aconitase under aerobic conditions regains activity following 

iron salt supplementation (Kennedy et al., 1983). The active site of aconitase harbors a 

4Fe-4S cluster, which loses one Fe atom upon exposure to superoxide, resulting in 

inactivation. Increased concentration of iron salts facilitates re-insertion of Fe(II) ion back 

into the damaged 3Fe-4S center, leading to reactivation of aconitase. Therefore, it is possible 

that Sdh6 and Sdh7 are involved in shielding the aforementioned solvent-exposed Fe-S 

centers from ROS until an Sdh1/Sdh2 complex is fully assembled with Sdh3 and Sdh4. A 

recent study on Fe-S cluster insertion to SDHB has revealed that SdhB (Sdh2) can be 

expressed as two separate domains in vivo and SDHAF1 (Sdh6) interacts with the C-

terminal domain of SdhB, but not with the N-terminal domain (Maio et al., 2014). The C-

terminal domain harbors 4Fe-4S and 3Fe-4S centers (Sun et al., 2005). Therefore, it is 

possible that Sdh6 is required for protecting the solvent-exposed 3Fe-4S center from ROS 

damage. However, there is no data suggesting how Sdh7 would exert its protection on Sdh2.

The origin of the damaging ROS is unclear, but a likely source is either the 2-oxoacid 

dehydrogenases including 2-oxoglutarate dehydrogenase and pyruvate dehydrogenase or the 

respiratory complexes (Quinlan et al., 2014). However, it is also possible that ROS 

generated intrinsically within an Sdh1/Sdh2 subcomplex might play a role. Like flavinylated 

monomeric Sdh1, an Sdh1/Sdh2 subcomplex is also competent to catalyze succinate 

oxidation (Nihei et al., 2001, Lemire and Oyedotun, 2002). It is expected that the electrons 

extracted from succinate oxidation can travel to Fe-S centers. Once the electrons reach the 

solvent-exposed surface via Fe-S centers, the electrons can react with oxygen to generate 

local ROS that can damage Fe-S centers in the vicinity. Therefore, one alternative role of 

Sdh6 and Sdh7 might be that they interact with an Sdh1/Sdh2 complex to inhibit the electron 

transfer to Fe-S centers within the subcomplex.

It has also been suggested that Sdh6 may be directly involved in the process for Fe-S 

insertion into Sdh2 based on the observation that the SDH assembly factor SDHAF1 (Sdh6) 

was recovered in the immunoadsorption of HSC20 (Maio et al., 2014). It remains unclear, 

however, whether SDHAF1 is a dedicated Fe-S targeting factor for SDHB since no 

additional evidence is available to show that Sdh6 has an active role in Fe-S cluster 

formation.

Sdh3 and Sdh4 – The hydrophobic anchor

Architecture of the hydrophobic anchor

The SDH membrane anchor consists of an Sdh3-Sdh4 heterodimer and an intercalated heme 

b moiety. The structure of mammalian SDH demonstrates that SDHC contains four total 

helices while SDHD contains five (Sun et al., 2005) (Figure 1). The N-terminal helix of 

SDHD is localized to the mitochondrial matrix and interacts with SDHB to promote 

membrane localization of the hydrophilic dimer. Each subunit contributes two 

transmembrane helices to the formation of a four-helix bundle, which comprises the core of 

the membrane anchor, while the remaining transmembrane helix from each subunit flanks 

the core. The remaining helices from each subunit protrude from the membrane and arrange 

in antiparallel fashion in the IMS essentially capping the transmembrane core. In addition to 

the helical arrangement of this domain, the structure reveals that SDHC and SDHD 
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coordinate a heme b cofactor at the interface of the core four-helix bundle, which interacts 

with the porphyrin ring. Each subunit contributes a conserved histidine residue that 

coordinates the heme iron while two arginine residues, one from SDHC and one from 

SDHD, as well as another histidine residue from SDHC interact with the heme propionate 

groups (Sun et al., 2005).

The membrane anchor domain contains the site of ubiquinone binding and reduction, which 

ultimately facilitates electron transfer from succinate to subsequent ETC complexes (Sun et 

al., 2005). In fact, this domain contains two ubiquinone binding sites that are distinguished 

by their disparate affinities for ubiquinone (Oyedotun and Lemire, 2001, Silkin et al., 2007). 

The high affinity site (QP-proximal) lies on the matrix-proximal side of the IMM and is the 

dominant ubiquinone binding site (Figure 1). The QP site is composed of residues from 

SDHC, SDHD, and SDHB including the terminal 3Fe-4S cluster of SDHB (Sun et al., 

2005). The second binding site (QD-distal) lies closer to the IMS side of the IMM and is a 

lower affinity site. This site is composed entirely of residues from SDHD (Sun et al., 2005). 

Ubiquinone reduction occurs in two stepwise single electron transfers, in contrast to the two-

electron reduction of FAD. Importantly, the QP site stabilizes the partially reduced 

semiquinone intermediate and facilitates full reduction of ubiquinone to ubiquinol, thereby 

preventing the generation of reactive oxygen species (ROS) (Yankovskaya et al., 2003).

Assembly of the hydrophobic anchor

With respect to assembly of the hydrophobic anchor, there remain more questions than 

answers. Sdh3 and Sdh4 are translated in the cytosol and imported to mitochondria through 

the TOM complex. They may then be transferred to the TIM23 complex in the IMM and 

laterally released to the final destination like other α-helical transmembrane IMM proteins 

(Dudek et al., 2013). Unfortunately, membrane insertion represents the bulk of our 

knowledge regarding assembly of this dimer and thus many questions remain. Do Sdh3 and 

Sdh4 folding and subsequent dimer formation require a chaperone? How is the Sdh3-Sdh4 

assembly intermediate stabilized prior to formation of the holo-complex? Although little is 

known about this process it is intriguing that stable Sdh3/Sdh4 dimerization requires the 

hydrophilic domain as deletion of either Sdh1 or Sdh2 causes near complete loss of both 

Sdh3 and Sdh4 (Kim et al., 2012, Na et al., 2014). Thus, it appears that biogenesis of the 

hydrophobic anchor is in some manner connected to the rest of the assembly process.

Perhaps the most intriguing question regarding the hydrophobic anchor relates to the heme b 

cofactor. In fact, it is unclear whether heme b is actually required for the electron transfer 

from FAD to ubiquinone in the QP site. The heme b lies further away from the 3Fe-4S (13.3 

Å) than the QP site does (7.6 Å) (Yankovskaya et al., 2003, Sun et al., 2005). Moreover, the 

redox potential of heme b (−185 mV) is much lower than the 3Fe-4S (+ 60 mV) in SDH 

(Hägerhäll, 1997). Therefore, these two barriers would make the electron transfer from 

3Fe-4S to heme b thermodynamically unfavorable compared to the direct electron transfer to 

ubiquinone (+113 mV). In fact, SDH complexes lacking heme b (from yeast cells expressing 

Sdh3 H106A and Sdh4 C78A heme-ligand mutants) appeared to be able to catalyze 

succinate-dependent quinone reduction (Oyedotun et al., 2007). It should be noted, however, 

that the heme b is important for the structural integrity of the membrane anchor domain in 
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mammalian cells. SDH and SDHD steady-state levels were decreased in cells expressing 

SDHC His-ligand mutants (H127A or H127Y) in the absence of wild-type SDHC (Lemarie 

et al., 2011).

Regardless of its precise function, the heme b cofactor is present in SDH across all species, 

suggesting its importance in either electron transfer or complex stability. However, it is not 

yet known how Sdh3 and Sdh4 are assembled with heme b in the IMM. Does an assembly 

factor deliver and/or insert the heme b into a pre-existing Sdh3/Sdh4 dimer? It has been 

shown that several assembly factors, including Coa1, Coa2 and Shy1, are required for 

proper heme insertion into the Complex IV subunit Cox1 in the IMM (Mashkevich et al., 

1997, Pierrel et al., 2007, Pierrel et al., 2008, Atkinson et al., 2010). Therefore, one might 

expect that an assembly factor is required for SDH hemylation. Overall, studies addressing 

the assembly of this domain represent an important next step in understanding SDH 

biogenesis.

Conclusion

Prior to the discovery of the assembly factors reviewed herein, it was difficult to fully 

appreciate the complexity of the SDH assembly pathway. This is perhaps best illustrated by 

the fact that at least four, and quite possible more, dedicated assembly factors are required 

for the maturation of the two soluble subunits alone. This does not even consider the process 

of assembling the Sdh3-Sdh4 hydrophobic domain. In the end, the assembly of SDH does 

not happen spontaneously, but is rather the result of a highly intricate and stepwise process 

facilitated by the concerted efforts of a number of accessory assembly factors.

These discoveries have dramatically increased our understanding of the assembly process 

and allow us to propose a more complete model of the SDH assembly pathway (Hao et al., 

2009, Ghezzi et al., 2009, Van Vranken et al., 2014, Na et al., 2014) (Figure 3). Following 

cytosolic translation Sdh1 and Sdh2 are imported into the mitochondrial matrix as apo-

proteins. Each of these subunits must subsequently mature in a process that is facilitated by 

subunit-specific assembly factors. Upon import, Sdh1 must be flavinylated and is bound by 

Sdh5, which enables this process. Although the precise mechanism remains poorly defined, 

Sdh5 most likely maintains apo-Sdh1 in a conformation that facilitates insertion and 

covalent binding of FAD. Once Sdh1 has been covalently flavinylated, Sdh5 is released and 

holo-Sdh1 binds another subunit-specific chaperone, Sdh8. Sdh8 appears to serve dual roles 

in the process of assembly. First, Sdh8 prevents the generation of superoxide by Sdh1 

through limiting the spurious reduction of oxygen. In addition to this, Sdh8 also appears to 

facilitate the formation of the Sdh1-Sdh2 soluble dimer. Like Sdh1, apo-Sdh2 must also 

mature prior to complex formation. The initial step in the maturation of this subunit is the 

insertion of the three Fe-S clusters generated by the ISU and ISA complexes. At this point 

both Sdh1 and Sdh2 have matured into holo-proteins and can proceed through the assembly 

process. Sdh2 comes into association with two additional chaperones, Sdh6 and Sdh7 as it 

forms a soluble complex with Sdh1, thereby displacing Sdh8 and generating a 

heterotetrameric assembly intermediate. This intermediate, which is facilitated by Sdh6 and 

Sdh7, serves to protect surface-exposed Fe-S clusters and possibly prevents the spurious 

generation of superoxide by the redox active Sdh1-Sdh2 dimer. Finally, the Sdh1-Sdh2 
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dimer is bound by the Sdh3-Sdh4 hydrophobic domain, which may or may not be pre-

assembled in the IMM, bringing the hydrophilic head in close association with the IMM and 

forming the active holo-complex (Figure 3).

In general, the contribution of subunit-specific assembly factors to the process of SDH 

assembly can be organized into three distinct functions. First, they mediate the insertion of 

essential cofactors. All ETC complexes utilize cofactors to perform the redox chemistry 

necessary to oxidize and reduce substrates and transfer electrons. Therefore the maturation 

of individual subunits and subsequent assembly of active complexes is dependent on the 

post-translational insertion of essential redox-active cofactors. This is highlighted by the fact 

that eukaryotic genomes have maintained a specific Sdh1/SDHA flavinylation factor, which 

is absolutely required for the covalent attachment of FAD to this subunit. It remains to be 

determined whether Sdh6 or Sdh7 also has an active role in the insertion of one or more of 

the Fe-S clusters in Sdh2.

Second, assembly factors act as subunit-specific chaperones that stabilize individual 

subunits and assembly intermediates. The process of SDH, and more generally, ETC 

assembly, relies on the step-wise assembly of potentially dozens of individual subunits 

translated from two different genomes to form a single intricately constructed complex. 

Because the structures of individual subunits are optimized to exist and function in the 

context of fully assembled complexes, it is not surprising that individual subunits and sub-

complexes require chaperones to maintain stability during assembly. In terms of SDH 

assembly, this has been validated by discovery of specific factors that mediate the stability 

of both individual subunits and multimeric assembly intermediates. Indeed, work in 

Drosophila has demonstrated that the fly ortholog of Sdh8 is required for stabilization of 

holo-SdhA. Furthermore, the requirement for stabilizing holo-assembly intermediates is 

more manifested in the case of assembly intermediates containing oxidatively labile 

cofactors such as Fe-S centers. Sdh6 and Sdh7 appear to specifically bind and stabilize the 

Sdh1-Sdh2 soluble dimer prior to membrane association via Sdh3/Sdh4.

Third, assembly factors serve to prevent spurious and potentially deleterious interactions 

between individual redox-active subunits and the surrounding solvent. As a result of the 

unique chemistry enabled by their cofactors, individual ETC complex subunits are 

potentially toxic when not secluded within a fully assembled complex. Indeed, the cell 

contains numerous protein complexes that need to be assembled in an organized fashion, 

however, dedicated assembly factors are much more common for those complexes in which 

individual subunits contain redox-active cofactors. This is highlighted by the role of Sdh8 as 

a chaperone for covalently flavinylated Sdh1. In isolation, flavinylated Sdh1 is capable of 

oxidizing succinate, which results in the spurious generation of superoxide upon reduction 

of molecular oxygen. By occupying free Sdh1, Sdh8 serves to minimize these deleterious 

chemical reactions, thus protecting the matrix from ROS. Sdh6 and Sdh7, which specifically 

bind the potentially redox-active Sdh1-Sdh2 dimer, could potentially mediate similar 

protection as Sdh8.

In addition to providing valuable insights into the SDH assembly pathway the recent 

discovery of SDH assembly factors has also facilitated a greater understanding of SDH-
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deficient pathologies (Table 1). The literature has many reports of patients with SDH 

deficiencies, however, it is clear that only a subset of these cases can be explained by 

mutations in the genes encoding the four core subunits. With the discovery of a number of 

proteins intimately involved in the SDH assembly pathway, this disparity may now start to 

be resolved. Indeed, it is now clear that loss of function mutations in SDH assembly factors 

are capable of causing the same pathologies as the core subunits themselves. Analogous to 

mutations in SDHA, mutations in SDHAF1, the human ortholog of SDH6, were discovered 

as a cause of leukoencephalopathy, a neurodegenerative disorder similar to Leigh Syndrome 

(Ghezzi et al., 2009). Furthermore, mutations in SDHAF2, the human ortholog of SDH5, 

were shown to be the causative lesion in at least two families with familial paraganglioma 

syndrome, mirroring the physiological consequences of core subunit mutations (Hao et al., 

2009). Currently there are no published reports describing human mutations in SDHAF3 

(SDH7) or SDHAF4 (SDH8), however, these genes have only recently been implicated in 

the SDH assembly pathway. We suspect that, in time, mutations in these genes will 

ultimately be discovered in patients with SDH-deficient pathologies, thus further clarifying 

the connection between succinate dehydrogenase and human disease.
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Figure 1. Porcine succinate dehydrogenase (PDB accession number: 1ZOY) embedded in the 
mitochondrial inner membrane
SdhA (purple ribbon); SdhB (blue ribbon); SdhC (green ribbon); SdhD (brown ribbon); 
FAD (green stick); FeS centers, [2Fe-2S], [4Fe-4S], [3Fe-4S] from the bottom (red and 

yellow sphere); Ubiquinone in the QP site (red stick); Heme b (blue stick)
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Figure 2. Iron-sulfur cluster synthesis and delivery to Sdh2
The tan box depicts the de novo synthesis of 2Fe-2S cluster within the ISU complex, in 

which Isu1 is the scaffold protein. Isu1 interacts with Nfs1 (cysteine desulfurase) and Yah1 

(ferredoxin) and receive sulfide ion (S2−) for the synthesis. It is not clear how ferrous ion 

(Fe2+) is delivered to the ISU complex. The preformed 2Fe-2S cluster is transferred to GSH-

bound Grx5 from Isu1 as Ssq1 (Hsp70) and Jac1 (DnaJ protein) are recruited to the ISU 

complex. The GSH-Grx5 delivers 2Fe-2s clusters to the ISA complex for the subsequent 

4Fe-4S cluster synthesis depicted in the blue box. However, it is elusive whether the GSH-

Grx5 also is required for 2Fe-2S cluster delivery to the final recipient protein, in this case, 

Sdh2, or not. It is also unknown whether the preformed 4Fe-4S clusters are directly 

delivered to the Sdh2 or another factor is in need of this delivery step. All arrows with solid 

lines indicate transfer of components of Fe-S clusters or pre-formed Fe-S clusters.
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Figure 3. Model of the SDH assembly pathway
Each SDH core subunit is translated in the cytosol and must be subsequently translocated to 

the mitochondria. Upon mitochondrial import, apo-Sdh1 is rapidly bound by the subunit-

specific chaperone, Sdh5, forming a dimeric complex that supports covalent attachment of 

the FAD cofactor (1). Following covalent flavinylation, the Sdh1-Sdh5 dimer disintegrates 

resulting in a pool of flavinylated Sdh1 that is unbound by any other core subunits. This 

leads to the formation of a complex comprised of Sdh1 and Sdh8, another subunit-specific 

chaperone (2). The formation of this complex supports the formation of the subsequent 

Sdh1-Sdh2 soluble dimer and also prevents the spurious production of superoxide by 

flavinylated Sdh1. Meanwhile, apo-Sdh2 must also mature into a complex-competent 

subunit. This process involves the insertion of 3 Fe-S clusters generated by the ISU and ISA 

complexes. (3). Following maturation of Sdh2, it interacts with Sdh6 and Sdh7, which serve 

to protect exposed Fe-S clusters during the assembly process (4) and further associates with 

a mature Sdh1 subunit forming a heterotetrameric assembly intermediate (5). Finally, the 

Sdh1-Sdh2 hydrophillic head docks to the IMM via interactions with the Sdh3-Sdh4 

membrane anchor domain, which may or may not preassemble at the IMM (6). In the end, 

the concerted efforts of core subunits, dedicated assembly factors, and other ancillary factors 

facilitate the stepwise assembly of SDH.
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Table 1

SDH associated genes and clinical phenotypes

Yeast gene Human ortholog Disease

SDH1 SDHA Leigh Syndrome
Paraganglioma/Pheochromocytoma
WT-GIST

SDH2 SDHB Paraganglioma/Pheochromocytoma
Renal Cell Carcinoma
WT-GIST
Infantile Leukodystrophy

SDH3 SDHC Paraganglioma/Pheochromocytoma
Renal Cell Carcinoma
WT-GIST

SDH4 SDHD Paraganglioma/Pheochromocytoma
WT-GIST
Progressive Encephalomyopathy

SDH5 SDHAF2 Paraganglioma/Pheochromocytoma

SDH6 SDHAF1 Infantile Leukodystrophy

SDH7 SDHAF3 N/A

SDH8 SDHAF4 N/A
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