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Mitochondrial complex Il, also known as succinate dehydrogenase
(SDH), is an integral-membrane heterotetramer (SDHABCD) that links
two essential energy-producing processes, the tricarboxylic acid
(TCA) cycle and oxidative phosphorylation. A significant amount of
information is available on the structure and function of mature
complex Il from a range of organisms. However, there is a gap in
our understanding of how the enzyme assembles into a functional
complex, and disease-associated complex Il insufficiency may result
from incorrect function of the mature enzyme or from assembly de-
fects. Here, we investigate the assembly of human complex II by
combining a biochemical reconstructionist approach with structural
studies. We report an X-ray structure of human SDHA and its dedi-
cated assembly factor SDHAF2. Importantly, we also identify a small
molecule dicarboxylate that acts as an essential cofactor in this pro-
cess and works in synergy with SDHAF2 to properly orient the flavin
and capping domains of SDHA. This reorganizes the active site,
which is located at the interface of these domains, and adjusts the
pK, of SDHAR*! so that covalent attachment of the flavin adenine
dinucleotide (FAD) cofactor is supported. We analyze the impact of
disease-associated SDHA mutations on assembly and identify four
distinct conformational forms of the complex Il flavoprotein that we
assign to roles in assembly and catalysis.

bioenergetics | complex Il | protein folding | flavinylation | assembly

espiratory complex II, also called succinate:quinone oxidore-
ductase, is a heterotetrameric, integral-membrane complex
composed of the SDHA, SDHB, SDHC, and SDHD subunits
(1-4). Complex II enzymes act in aerobic respiration; however,
some facultative anaerobes contain a second homolog (Frd ABCD)
that acts during anaerobic respiration with fumarate (5, 6). Complex
II supports bidirectional succinate-fumarate interconversion at a
covalently-linked flavin adenine dinucleotide (FAD) within the
flavoprotein subunit (SDHA) and links the tricarboxylic acid (TCA)
cycle with quinol-quinone interconversion as part of respiration. In
humans, missense mutations in the SDHA gene are associated with
severe disease phenotypes, including Leigh syndrome, optic atro-
phy, and both benign and malignant paraganglioma tumors (7, 8).
Four identified assembly factors, termed SDHAF1, SDHAF2,
SDHAF3, and SDHAF4, are dedicated to complex II assembly and
maturation in humans (9-11). The roles of these assembly factors
are not yet fully understood but may include: 1) assisting with co-
factor insertion; 2) tuning the chemical reactivity of isolated sub-
units; 3) stabilizing isolated subunits during assembly; and/or 4)
bringing together unassembled subunits (10-14). Patients with
mutations in the SDHAF1, SDHAF2, or SDHAF3 complex II as-
sembly factors can exhibit complex II insufficiency without having
mutations in the complex II structural genes (9, 15-18). While there
are currently no known disease-associated SDHAF4 mutations,
studies in Drosophila suggest that alteration of this assembly factor
impacts physiology of the organism (11). It has also been suggested
that a stable human assembly intermediate, termed Cll,,,, contains
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SDHA and either SDHAF2 or SDHAF4. CIl,,,, might have addi-
tional metabolic signaling functions during periods of bioenergetic
stress (19).

Perhaps surprisingly, only SDHAF?2 is conserved across all three
kingdoms, where it is also called SAhE (bacteria, ref. 20) or Sdh5
(yeast, ref. 9). Based upon studies of these homologs, the function
of SDHAF2 and its counterparts in complex II maturation is
proposed as an assembly chaperone dedicated to maturation of
the flavoprotein, (SDHA in mammals, Sdh1 in yeast, and SdhA/
FrdA in bacteria). Specifically, SDHAF2 homologs have been
shown to enhance covalent flavinylation, which is a requirement
for the succinate oxidation reaction (9, 21). In the human SDHA
protein, covalent flavinylation to the isoalloxazine ring of the FAD
is through a C(8)-methyl-histidyl®”(N )e-covalent bond.

Crystal structures of the Escherichia coli FrdA-SdhE (22) and
SdhA-SdhE (23) assembly intermediates have been reported. In
these structures, the core fold of SdhA/FrdA as well as SdhE
were similar, with an rmsd of <1.0 A for isolated domains of the
flavoprotein or SdhE in pairwise alignments. Both studies iden-
tified that SAdhE forms a hydrogen bond with the destination
histidine ligand of the flavin (FrdA"**/SdhA™**, equivalent to
SDHA™) and stabilizes the side chain in an orientation primed
for covalent attachment. Both studies also indicated that this
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assembly intermediate is associated with an altered active site ar-
chitecture. The active site contains two histidines (human
SDHA"? SDHAM), two arginines (SDHAR**, SDHAR*),
and one threonine (SDHA™") (see Foomote and SI Appendix,
Table S1) and is located at an interdomain interface. An inter-
domain rotation of the assembly intermediates appears to cause the
altered alignment of these active site residues (22, 23). This
prompted the structural prediction that the active site can no longer
catalyze succinate-fumarate interconversion in this pose, which was
consistent with kinetic analysis of the assembly intermediate, which
lacks detectable succinate-fumarate interconversion activity (24).
Despite the similarities in these two structures, the magnitude and
the direction of this interdomain rotation was substantially different,
creating controversy as to which of these accurately captured an on-
pathway pose in the assembly process.

Sequence similarity suggests that the human SDHAF?2 likely
performs similar functions as the homologous bacterial SdhE;
however, SDHAF2 is ~50% larger, hinting at additional com-
plexity during the maturation of the mitochondrial complex II
flavoprotein. Here, we apply a biochemical reductionist ap-
proach to the maturation of human SDHA as assisted by small
molecule dicarboxylates and the SDHAF2 assembly factor. We
combine this with structural approaches to identify the route of
maturation for the human complex II flavoprotein and show that
the additional sequence regions unique to mitochondrial
SDHAF?2 are important for function. Our results provide insight
into the essential role that dicarboxylate plays in the flavinylation
reaction. In addition, we define the active site side chains re-
quired for flavinylation and predict how disease-associated
SDHA mutations affect this assembly complex. Finally we pro-
pose how different poses of the assembly intermediates captured
to date could represent different biological states of assembly.

Results

Reconstitution of SDHA Maturation In Vitro. Although it is believed
that SDHAF?2 is necessary for SDHA maturation, prior classic
reconstructionist approaches to in vitro SDHA maturation have
only been partially successful. In vitro SDHAF2-dependent fla-
vinylation of SDHA in the presence of a dicarboxylate was
previously shown by Zafreen et al. (25), although progress was
hampered by both the instability of SDHA and the poor ex-
pression levels of SDHA. Toward the overall goal of in vitro
flavinylation, prior work from us and others improved expression
levels of SDHA using codon optimization (24), but the expres-
sion of functional and assembled human complex II continues to
elude the field. This suggests that, to date, all components
needed for human SDHA maturation and flavinylation have not
been correctly defined.

Reconstruction of human SDHA maturation has been slightly
more successful in E. coli. In past work, when human SDHA is
heterologously expressed in E. coli, the apoprotein accumulated
(recapitulated in Fig. 14, lane 2 and SI Appendix, Fig. S14) (24,
25), indicating that the E. coli machinery that supports complex
II maturation cannot assemble the human counterpart. How-
ever, coexpression of SDHA with human SDHAF2 rescued
correctly flavinylated SDHA (recapitulated in Fig. 1 4 and B and
SI Appendix, Fig. S14), albeit in an intermediate form where
SDHAF?2 remained tightly bound to SDHA (SI Appendix, Fig.
S1B). Following purification, the SDHA-SDHAF2 complex re-
quired denaturants to release the correctly flavinylated SDHA
subunit (24). This requirement for a chaotropic agent or SDS
(sodium dodecyl sulfate) to disassociate the SDHA-SDHAF2
assembly intermediate has parallels to historic studies that
showed that the bovine SDHAB complex required trichloro-
acetic acid or perchlorate to disassociate (26), which reflects the
SDHA-SDHB interface being stable in the cell. In fact, this
SDHA-SDHAF?2 intermediate is so stable that an affinity value
cannot be measured in our hands. This level of binding strength
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is consistent with the SDHA-SDHAF?2 complex being stable in
the cell for long periods of time. In comparison, the homologous
bacterial FrdA-SdhE complex readily dissociates, with a mea-
sured ICsy of 1.2 to 1.5 uM (22).

In order to reconstruct human SDHA maturation in vitro, we
evaluated previous studies that indicated that small molecule
dicarboxylates enhanced covalent FAD attachment (27, 28).
Dicarboxylates include succinate and fumarate, which are the
substrate and product of assembled mitochondrial complex II,
respectively. Dicarboxylates also represent a range of off-pathway
substrates or inhibitors that may regulate the TCA cycle via a
feedback mechanism. We selected a range of biologically relevant
dicarboxyates and found that all of these except citrate stimulated
flavinylation above the negative control to some extent (Fig. 1 4
and B, lane 8). The addition of succinate, fumarate, or malate to
the in vitro reaction of purified apo-SDHA, SDHAF2, and FAD
resulted in particularly robust covalent flavinylation of the SDHA
subunit (Fig. 1 4 and B and SI Appendix, Fig. S1B). Oxaloacetate,
malonate, pyruvate, and L-aspartate stimulated SDHAF2-
dependent flavinylation to a lesser extent (Fig. 1 A and B, lanes
6 and 7 and 9 and 10).

Kinetic analysis using the substrate and product of complex II,
succinate and fumarate, showed a similar concentration require-
ment, with half-maximal flavinylation at 22 + 2 uM and 16 + 2 pM
for succinate and fumarate, respectively (SI Appendix, Fig. S1C).
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Fig. 1. In vitro flavinylation of apo-SDHA in the presence of SDHAF2. (A)

Ligands promote SDHAF2-dependent flavinylation of apo-SDHA. Apo-SDHA
(0.22 mg/mL) was incubated with SDHAF2 (0.08 mg/mL), 100 uM FAD, and
20 mM ligands in 50 mM Hepes pH 7.5 for 40 min at 37 °C. Lane 1, Holo-
human SDHA isolated from E. coli when SDHA was coexpressed with
SDHAF2, this lane is used as a 100% control. In-gel fluorescence of FAD-
SDHA is shown at the Top and the amount of protein loaded per lane
(Coomassie) is shown at Bottom. (B) Histogram representing the fluores-
cence intensity. Holo-SDHA-SDHAF2 (lane 1) was used as 100% flavinylation
control. Error bars represents means + SEM, n = 4 biological replicates.
Statistical significance was assessed using a Student’s t test in pairwise
comparisons to the negative control. P < 0.001 for all samples except citrate
(P =0.052).
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For FAD, half maximal flavinylation was achieved at 1.5 + 0.3 uM
FAD (SI Appendix, Fig. S1D). As measured by following the rate
of covalent incorporation into apo-SDHA the observed rate of the
SDHAF2-assisted flavinylation reaction, £ = 0.15 + 0.01 min ™ (S7
Appendix, Fig. S1E), corresponds well to other self-catalytic fla-
vinylation reactions (29, 30). Thus, the minimally defined in vitro
flavinylation reaction of apo-SDHA requires FAD, SDHAF2, and
an appropriate dicarboxylate.

Unique Structural Features of the Human SDHA-SDHAF2 Assembly
Intermediate. The mitochondrial signaling sequence of SDHAF2
corresponds to the first 37 amino acids (12). Using a construct of
SDHAF?2 lacking the first 30 amino acids, i.e., retaining 7 amino
acids of the signal sequence, we performed crystallization trials of
the human SDHA-SDHAF2 assembly intermediate in the pres-
ence of fumarate, succinate, malate, or oxaloacetate. We were
only able to grow diffraction-quality crystals in the presence of
oxaloacetate and used these crystals to determine the 2.6-A res-
olution crystal structure of the human SDHA-SDHAF2 assembly
intermediate (Fig. 24 and SI Appendix, Table S2) (31, 32). There
are two complexes in each asymmetric unit. Both adopt a similar
conformation and are consistent with SAXS (small angle X-ray
scattering) spectroscopy of the purified complex (SI Appendix, Fig.
S2). As a result, the numeric analyses here describe the A chain
and its associated SDHAF2 assembly factor. In this structure,
SDHA is covalently flavinylated such that the structure represents
a product of the flavinylation reaction (Fig. 2B).
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The first notable feature of the human SDHA-SDHAF2 com-
plex is a hydrogen bond between SDHAF2°7® and SDHA™, the
covalent ligand to the FAD (Fig. 2B). In the bacterial homologs,
the equivalent interaction was proposed to stabilize and orient the
histidine ligand for covalent flavinylation (22, 23). Consistent with
this proposal is the finding that SDHAF2°7%R mutations in pa-
tients result in paragangliomas associated with complex II insuf-
ficiency (SI Appendix, Fig. S3 and Table S2) (9).

The observed stability of the human SDHA-SDHAF?2 as-
sembly intermediate may stem from the buried surface area,
which is 1,922 AZ. In the human SDHA-SDHAF2 interface, 1,257
A? of buried surface results from an interaction between the
conserved five-helix bundle of SDHAF2 and SDHA, which is
similar to the total buried surface area of the equivalent bacterial
intermediates. For comparison, the E. coli FrdA-SdhE buries
1,072 A? and required a cross-linker for stabilization while the
E. coli SdhA-SAhE buried 1,458 A? (Fig. 2C and SI Appendix,
Table S4) (22, 23). The additional buried surface in the human
SDHA-SDHAF?2 assembly intermediate is via 14 N-terminal and
10 C-terminal amino acid residues that are part of the sequence
extensions unique to the mitochondrial homologs (Fig. 2D and
SI Appendix, Fig. S4 A and B). Curiously, these ordered termini
are associated with little secondary structure (Fig. 2D and SI
Appendix, Fig. S4B). As a result, these are intrinsically disordered
regions if not bound to SDHA, as demonstrated by NMR
spectroscopy of the yeast ortholog (33) (SI Appendix, Fig. S4C).

To test whether these unusual termini are important for the
function of SDHAF2, we performed truncation mutagenesis
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33A ¢
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Structure of human SDHA-SDHAF2 assembly intermediate. (A) The SDHA-SDHAF2 assembly intermediate in cartoon representation with the flavin-

binding domain in white, the capping domain in gray, and SDHAF2 in cyan. The ligands are shown as sticks with the carbon atoms of the FAD in yellow and
the carbon atoms of the oxaloacetate in black. (B) The hydrogen bond between SDHA"?® and SDHAF2%78, SDHA"®? is the covalent ligand to FAD and this
interaction is proposed to stabilize the orientation of this side chain during the flavinylation reaction. (C) Surface representation of SDHAF2 (cyan) super-
imposed with the E. coli homolog SdhE (wheat) from the FrdA-SdhE assembly intermediate (PDB ID 6B58) (22) illustrates the significantly larger interaction
surface of SDHAF2 resulting from the extended N and C termini. The view is rotated 90° with respect to A. (D) Overlay of human SDHAF2 with E. coli SdhE
(PDB ID 6B58) (22) highlights the extended N and C termini (red) of SDHAF2 and illustrates that these lack appreciable secondary structure.
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(81 Appendix, Fig. S54) and monitored covalent flavinylation of
SDHA expressed in E. coli. We found that deletion of the
15 N-terminal amino acids upstream of the conserved five-helix
bundle or the 15 C-terminal residues of SDHAF2 resulted in loss
of robust binding to SDHA (S Appendix, Fig. S5B), and these
truncated proteins no longer facilitated SDHA flavinylation.
This is somewhat surprising because the truncated SDHAF2
variants express well, are stable and unproteolyzed (SI Appendix,
Fig. S5 C and D), and contain all regions found to be necessary
for function in bacterial homologs (SI Appendix, Fig. S4A).

When compared to the mature and assembled porcine SDHA
subunit (99% identical to human complex II; PDB ID 3SFD)
(34), the human SDHA subunit in this assembly intermediate has
a major difference in interdomain orientation resulting from
SDHAF?2 binding (Fig. 34). In short, SDHAF?2 binds to a site on
SDHA that overlaps with the location where SDHB would bind
in assembled porcine complex II (Fig. 3B and SI Appendix, Fig.
S6 A and B). SDHAF?2 is wedged between the two domains of
SDHA: the flavin binding and the capping domain (Figs. 24 and
3B). Domain movement analysis using the Dyndom program
(35) calculated that capping domain is rotated 25° as compared
to its position in assembled porcine complex II (34) (Fig. 3 4 and
C). Notably, the bound dicarboxylate oxaloacetate is in a distinct
orientation in the assembly intermediate as compared to mature
complex II (34) (Fig. 3D) and this dicarboxylate appears to have
a role in stabilizing the interdomain orientation.
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Comparison of the SDHA-SDHAF?2 intermediate to assem-
bled complex II, the E. coli SdhA-SdhE complex crystallized in
the absence of a dicarboxylate (SI Appendix, Fig. S6C) (23) and
the E. coli FrdA-SdhE intermediate crystallized with malonate
(SI Appendix, Fig. S6D) (22) highlights how the dicarboxylate
stabilizes the domains. As compared to mature and assembled
porcine complex II (34), where the two domains have numerous
direct contacts, in the SDHA-SDHAF2 assembly intermediate, a
disproportionate number of the interdomain interactions are
instead mediated by the dicarboxylate (SI Appendix, Fig. ST A-D
and Tables S5 and S6). Specifically, the capping domain position
is stabilized by 5 intraprotein hydrogen bonds, and 5 bonds
through the dicarboxylate (SI Appendix, Fig. S7T A and B and
Tables S5 and S6). This contrasts with the 15 intraprotein hy-
drogen bonds in the mature porcine complex II structure (34) (SI
Appendix, Tables S5 and S6). Of particular interest is a salt bridge
between the SDHAP**! on the capping domain and SDHAR®®? on
the flavin-binding domain and near the C terminus of SDHA of
mature complex II (S Appendix, Fig. S84). Mutagenesis studies in
complex II homologs have demonstrated that substitution or de-
letion of the residue equivalent to SDHAR®®? in yeast Sdh1 (36) or
to SDHAP**! in E. coli FrdA (37) inhibits flavinylation in those
homologs. The SDHA-SDHAF2 structure identifies that these
distal side chains stabilize the flavinylation-competent conforma-
tion of SDHA (SI Appendix, Fig. S8 A and B) consistent with
previous speculations (14). Additional details of the differences in
interdomain hydrogen bonding that accompany capping domain
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Effect of SDHAF2 and dicarboxylate on the structure of the SDHA subunit. (A) Overlay of the flavin-binding domains of the SDHA subunit from the

human SDHA-SDHAF2 assembly intermediate (white) and the assembled porcine complex Il (light pink) (PDB ID 3SFD) (34) highlights a capping domain
rotation of 24.7° (35). (B) Comparison of the human SDHA-SDHAF2 assembly intermediate to assembled porcine complex Il (PDB ID 3SFD) (34) shows that
human SDHAF2 (cyan surface) and porcine SDHB (magenta surface) use the same binding site on SDHA. (C) A closeup view comparing the capping domain
position in assembled porcine SDHA (PDB ID 3SFD) (34) and human SDHA from the SDHA-SDHAF2 assembly intermediate. (D) FAD-based superposition of the
SDHA active site from the SDHA-SDHAF2 assembly intermediate (white) and assembled porcine complex Il (PDB ID 3SFD) (34) highlights the displacement of
key active site residues in the assembly intermediate, which is predicted to disfavor the succinate-fumarate interconversion reaction.
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rotation in the SDHA-SDHAF?2 assembly intermediate are found
in ST Appendix, Tables S5 and S6.

The altered position of the capping domain is important be-
cause the complex II active site is located at the interdomain
interface and requires residues from both domains (Fig. 3D).
Thus, a change in interdomain angle means that the geometry of
enzymatically potent side chains differs. Rotation of the capping
domain of SDHA by ~25° results in a shift of active site residues
SDHAM?° SDHAR**, and SDHA™® by 3.0 A,3.4 A, and 5 A,
respectively, compared to their position in porcine complex II
(Fig. 3D).

Defining the Catalytic Residues for Covalent Flavinylation. Bacterial
FrdA/SdhA have been used as model systems to study flavinylation,
and six amino acids have been identified where mutation results in
significant loss of covalent FAD (37, 38). Four of these are active
site residues implicated in succinate-fumarate interconversion and
are analogous to SDHAM® SDHAP*7  SDHAR**  and
SDHAR®! (ST Appendix, Table S1). However, mutation of an active
site threonine (equivalent to SDHA™%) had no detectable effect
on covalent flavinylation (39 SSI Appendix, Table S1). Further,
residues equivalent to SDHA™" and SDHAP**! are identified as
being important for flavinylation but have not been assigned roles in
succinate-fumarate interconversion (37). Thus, while there is over-
lap in the residues that are critical for flavinylation and succinate-
fumarate interconversion, there are side chains that appear unique
to each chemical reaction.

In the SHDA-SDHAF2 structure, SDHA"**°, SDHA"*"7,
SDHAR** and SDHAR*! interact with oxaloacetate (Fig. 3),
suggesting that that one role of these side chains in covalent
flavinylation is to bind to the dicarboxylate cofactor. SDHAR*!
has been proposed to have an additional key role in that it lo-
calizes a positive charge above the FAD (22, 37, 40) in order to
counterbalance the negative charge that develops in the N1/C2
region during the formation of the iminoquinone methide in-
termediate (41, 42) (SI Appendix, Fig. S9).

We propose that the two residues that are found outside of the
active site, equivalent to SDHAF*® and SDHAP**! play sup-
porting roles. The amide nitrogen of SDHA®? hydrogen bonds
to the dicarboxylate cofactor and in one of the two molecules of
the asymmetric unit, the SDHA™ side chain forms an inter-
action with SDHAR** that is unique to the assembly interme-
diate. This stabilizes the position of the SDHAR?**’ 5o that it can
bind dicarboxylate in the flavinylation orientation. SDHAP**!
forms a hydrogen-bonding interaction that appears to stabilize
the position of the capping domain. Taken together, all of the
identified side chains that eliminate flavinylation upon mutation
(37) help to orient the dicarboxylate cofactor, stabilize the al-
tered capping domain position, or both, while SDHAR*! addi-
tionally stabilizes the transition intermediate.

Interestingly, the rotated position of the capping domain ex-
poses the active site to solvent (SI Appendix, Fig. S104). Ready
access of solvent to the active site was previously reported in the
structures of both bacterial assembly intermediates (22, 23, 43) (SI
Appendix, Fig. S10B) where it instead involved unfolding of the
polypeptide adjacent to the active site to form a defined tunnel
(22, 23). However, a biological rationale for solvent access to the
active site during flavinylation has not previously been proposed.

We considered whether there could be a chemical reason why
solvent access would favor formation of the covalent bond to
FAD and focused on SDHAR*! because it stabilizes the inter-
mediate. A major impact of the folded protein environment is
that it can shift the pK, values of the ionizable side chains and
affect the charge. Because the side chain charge of SDHAR*! is
important for flavinylation, we calculated the pK, of side chains
equivalent to SDHAR*" in assembled complex ITs (34, 44-46) as
well as the human and bacterial assembly intermediates (22, 23)
(SI Appendix, Table S7). In assembled complex IIs, this arginine
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is buried and the calculated pK, of the side chain is between 4.4
and 8.0 in all but the E. coli FrdABCD structure, where it is 10,
possibly because the active site in this structure is more open and
contains additional hydration (46, 47). In contrast, in both the
human SDHA-SDHAF?2 structure and the two E. coli assembly
intermediates (22, 23), the solvent exposure results in the cal-
culated pK, of the SDHAR*' side chain being ~12.0 (SI Ap-
pendix, Fig. S10 and Table S7). It is therefore tempting to
speculate that one role for the capping domain rotation could be
in increasing solvent access, tuning the protonation of active site
residues, and stabilizing a specific ionization state of SDHAR*!
or other active site residues during flavinylation.

Impact of Disease-Associated SDHA Mutations on Flavinylation or the
Assembly Intermediate. Prior modeling of known disease-associated
complex II missense mutations into the structure of assembled
porcine complex II did not fully explain why many alterations of
the SDHA subunit resulted in complex II insufficiency (3). Thus,
we assessed whether it was possible that some of these mutations
impacted complex II assembly.

Several complex II missense mutations are almost certainly
associated with noncovalent FAD (SI Appendix, Fig. S3), for ex-
ample, SDHAR*'C (40) (SI Appendix, Fig. S34), where hetero-
zygous mutation is associated with late-onset optic atrophy, ataxia,
proximal myopathy, and 9Partial SDH insufficiency (40). The
equivalent E. coli SdhA®**®C showed the protein was devoid of
covalent flavin g40) and more conservative substitution of the
E. coli FrdA®*® with Gln or Lys resulted in protein that was
similarly unable to support covalent flavinylation (37). The pro-
posal that SDHAR*! stabilizes the quinone-methide intermediate
explains why covalent flavinylation is eliminated when this side
chain is mutated (SI Appendix, Fig. S9) 840). In addition, the
jugular paraganglioma-associated SDHA™R (7) (SI Appendix,
Fig. S3C), will prevent covalent flavinylation because the FAD
ligand is lost. The equivalent mutation in the E. coli complex II
(FrdABCD) resulted in a destabilized and totally inactive complex
II (21).

We next mapped the locations of other disease-associated
SDHA missense mutations onto the SDHA-SDHAF2 assembly
intermediate (SI Appendix, Fig. S3 and Table S2). While the impact
of many of these mutations does not appear to affect this complex,
we speculate that the paraganglioma-associated SDHA®*Y mu-
tation (48) could impair SDHAF?2 binding or complex II assembly.
SDHAR®W is located between the flavin-binding domain and the
capping domain, and its mutation is anticipated to disrupt the
hydrogen bonding that stabilizes the capping domain position in
the assembly intermediate (SI Appendix, Fig. S3B). Consistent with
this interpretation, the SDHA™*™ mutation has been recapitu-
lated in yeast and shows impairment in the interaction with the
assembly factor Sdh5, a complete loss of covalent flavinylation, and
an inability to assemble into the mature complex (36).

Discussion

That a flavin could be covalently linked to a protein was first
identified in mammalian complex II, with the FAD bound through
an 8a-N(3)-histidyl-FAD linkage (49, 50) to the SDHA subunit.
Subsequently it has been shown that ~10% of all flavoproteins
have a covalent flavin linkage (51). A physiological consequence
of covalent bond formation is that the redox potential of the flavin
cofactor is substantially raised (52). Studies on a variety of cova-
lently flavinylated proteins identify that the increased oxidizing
potential imparted by the covalent attachment allows access to
more thermodynamically challenging reactions and alters the va-
riety of electron acceptors that can be used by the covalent fla-
voprotein (21, 51, 53, 54). This is clearly an important protein
modification in biology.

Covalent flavin attachment to a polypeptide chain is often pro-
posed as an autocatalytic reaction that requires only apo-protein
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and a flavin—the catalytic power of the flavin itself can be har-
nessed to form the covalent bond (29, 30, 55) through quinone-
methide chemistry (41, 42, 51, 54, 56). It is therefore somewhat
surprising that complex II requires additional assembly factors for
this process (9, 20) (Fig. 1). Perhaps even more surprising is that the
SDHAF2 assembly factor has additional functional regions as
compared to the close bacterial homolog, SdhE (Fig. 2 C and D and
SI Appendix, Fig. S4).

Synthesis of our work here with those in the literature indicate
that we have captured the product of the first step in the mat-
uration of the SDHA subunit, which is covalent flavinylation. We
also show here that covalent flavinylation of SDHA not only re-
quires the dedicated chaperone SDHAF2, but also a dicarboxylate
ligand (Fig. 1). Evaluation of the human SDHA-SDHAF?2 struc-
ture shows that the synergy between the SDHAF?2 assembly factor
and the dicarboxylate help to organize the active site of SDHA,
which is accomplished by stabilizing the orientation between the
flavin-binding domain and the capping domain of the SDHA
subunit (SI Appendix, Fig. S7 and Tables S4 and S5).

The functional role of the human SDHA-SDHAF2 assembly
intermediate has some parallels to the bacterial, yeast, and plant
systems (9, 20, 22, 23, 57). Structures for the E. coli complex II
homologs, FrdA-SdhE and SdhA-SdhE, have been reported (22,
23). Comparison of the human SDHA-SDHAF2 assembly in-
termediate with the equivalent E. coli structures identifies that
the SDHAF2/SdhE assembly factors all bind at the same location
on the SDHA/FrdA/SdhA flavoprotein (Fig. 24). In each case,
this binding location protects a hydrophobic surface from sol-
vent, suggesting classical chaperone activity. Each of these three
structures contains a hydrogen bond between a conserved glycine
on the assembly factor (human SDHAF2°78, E. coli SdhE®'®)
and the destination ligand for FAD (human SDHA™, E. coli
FrdA™4/SdhA™) that we showed may help orient the ligand
and control the electronic state, which may be one way that the
assembly factor promotes the flavinylation reaction (Fig. 2B) (22,
23). Each structure is associated with the formation of a large,
open, and stable channel between solvent and the active site. Our
calculations here suggest that this controls the protonation of an
active site arginine, SDHAR*! in the human protein, with the
protonated form predicted to promote the flavinylation reaction
by stabilizing the quinone-methide intermediate (SI Appendix, Fig.
S9) (22, 23). It should be noted that this is solely a result of
capping domain rotation in the human enzyme but required the
unfolding of several ordered but unstructured loops in the bac-
terial homologs (SI Appendix, Fig. S10) (22, 23). Finally, the do-
main rotation of each of these structures results in a change in
residue presentation at the active site which would disfavor
succinate-fumarate interconversion (Fig. 3D) (22, 23). Specifically,
the alternative active structure induced by the assembl;f factor
displaces a critical threonine residue, human SDHA™%  that
stabilizes the transition state between succinate and fumarate (39).
In the E. coli system, the combination of these findings prompted
us to propose that SAhE acts both as classical chaperone and as an
alternative accessory subunit of FrdA/SdhA that tunes the enzy-
matic function of the isolated flavoprotein (22, 23).

Importantly, the two structures of E. coli assembly intermediates,
i.e., FrdA-SdhE and SdhA-SdhE, were each associated with
interdomain rotations that differed both in magnitude and in the
rotation axis (SI Appendix, Fig. S6 C and D) (22, 23). This caused
some controversy because the structure of the E. coli FrdA-SdhE
required a cross-linker to stabilize the complex (22), while the
E. coli SdhA-SdhE did not require a cross-linker but lacked bound
dicarboxylate (23) (SI Appendix, Table S5). We find that the pose
of human SDHA-SDHAF2 more strongly resembles the inter-
domain orientation observed in the cross-linked E. coli FrdA-SdhE
assembly intermediate, which contained malonate at the active site
(SI Appendix, Fig. S11) (22). Specifically, the capping domains
rotate along more similar axes, albeit to somewhat different
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magnitudes (~11° versus ~25°). In contrast, the domain movement
of the E. coli SdhA-SdhE lacking dicarboxylate is along a sub-
stantially different rotation axis and undergoes a much larger ro-
tation of >40° to a more open state (23). As a note, each of these
structures has two copies of the protein complex in the asymmetric
unit, with the interdomain rotation being close to the same in
each copy.

Consideration of all of the states and conditions from SDHA
homologs in reported structures (23, 34, 58) identifies that the
flavin-binding domain and capping-domain exhibit four reported
interdomain orientations that may represent different functional
states. First, there is a close set of defined interdomain orien-
tations associated with the mature catalytic form (Fig. 44) (5, 34,
44-46, 59). As discussed extensively in the literature, this form
optimizes the active site for the interconversion of fumarate and
succinate (5, 34, 44-46, 59). Most critically, this involves aligning
an arginine (human SDHAR?*¥) to allow proton shuttling to or
from the substrate (24, 59, 60) and allowing a threonine
(SDHA™) to stabilize the transition state (39). Second, there is
a similar set of interdomain positions in the flavinylation product
form, which contains the flavoprotein, the assembly factor, and
an essential dicarboxylate cofactor. We observe this in the
structures of both human SDHA-SDHAF2 with oxaloacetate
and in E. coli FrdA-SdhE with malonate (Fig. 4B) (22). Impor-
tantly, the interdomain orientation observed in these two struc-
tures is stabilized by the dicarboxylate (Fig. 1 and SI Appendix,
Fig. S11). The flavinylation product form may disfavor succinate-
fumarate interconversion by altering the arrangement of cata-
Iytically important residues including the SDHAR340 proton
shuttle and the SDHA ™" side chain that stabilizes the transition
state of succinate-fumarate interconversion (39). While the fla-
vinylation form is relatively closed, the orientation between the
capping domain and flavin domain site is distinct from the cat-
alytic form. At the same time, solvent access to SDHAR#! likely
affects the side chain pK, in order to stabilize the quinone-
methide intermediate. The third form is an open form, which
was observed in the E. coli SAhA-SdhE structure without the
essential dicarboxylate cofactor (23) (Fig. 4C and SI Appendix,
Fig. S11). This form shares some key structural features with the
flavinylation product form. Specifically, the active site of this
structure is not aligned for succinate-fumarate interconversion
and there is solvent access to the active site arginine, which af-
fects its calculated pK,. Although these are the currently un-
derstood mechanistic requirements for promoting covalent
flavinylation and disfavoring succinate-fumarate interconversion,
the lack of the dicarboxylate cofactor suggests that this form is
not functional for flavinylation. The capping domain rotates
away from the flavin domain along a different axis than is ob-
served in the flavinylation form and the rotation is of much
larger magnitude. Its position in the structure is stabilized by
numerous intradomain hydrogen bonds to the flavin-binding
domain. Indeed, this E. coli SdhA-SdhE structure has substan-
tially more buried surface area than the E. coli FrdA-SdhE and
was stable during size exclusion chromatography (23). One
possibility is that structure may be poised to interact with SdhB;
alternatively, it may be an off-pathway pose. Further experiments
are necessary to clarify the mechanistic role of the dicarboxylate
in order to distinguish between these possibilities. Finally, an apo
form subunit has been observed in the structure of the non-
covalent FAD E. coli homolog L-aspartate oxidase (Fig. 4D)
(58). Here, a very large interdomain rotation stabilizes a large
tunnel to the active site, which would allow FAD insertion (58).

A major difference between the human SDHA-SDHAF2
structure and the previously reported bacterial structures (22,
23) is the extensive buried surface area in the human system,
which makes the assembly intermediate highly stable (Fig. 24).
One interpretation of this enhanced stability is that the isolated
and unassembled human SDHA is either more unstable, more
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Fig. 4. Different catalytic forms of SDHA orthologs. (A) The catalytic form has a closed interdomain orientation that optimizes the active site for the in-
terconversion of succinate and fumarate. It has been observed in structures of assembled bacterial and mitochondrial complex Il (34, 44-46) and is exemplified
here by assembled porcine complex Il (PDB ID 3SFD) (34). (B) The flavinylation product form, is hallmarked by the rotation of the capping domain, which in
turn alters the alignment of active site residues and disfavors succinate-fumarate conversion (22, 23). This form also has ready solvent access to an active site
arginine (equivalent to SDHAR**") and contains an essential dicarboxylate cofactor bound in a position distinct from that observed in the catalytic form of the
assembled enzyme. The flavinylation product form has been observed in the human SDHA-SDHAF2 assembly intermediate and the E. coli FrdA-SdhE assembly
intermediate (PDB ID 6B58) (22) and is represented by the human SDHA-SDHAF2 assembly intermediate here. (C) The open form contains many of the
hallmarks of the flavinylation product form, including a misaligned active site and solvent access to an active site arginine. The capping domain rotation is
along a different axis and is of much larger magnitude, and this form lacks the dicarboxylate cofactor necessary for the covalent flavinylation reaction. To
date, this form has only been observed in E. coli SDHA-SAhE assembly intermediate (PDB ID 6C12) (23), which is shown here. (D) The apo form, contains the
largest interdomain rotation and lacks bound FAD, thus it is catalytically incompetent. The apo form has only been observed in the structure of the E. coli

L-aspartate oxidase (PDB ID 1CHU) (58).

aggregation prone, and/or more deleterious to cellular function
and therefore SDHAF2 evolved to have a more stringent
chaperone function. Indeed, one confirmed role for SDHAF?2 is
in protecting SDHA from proteolysis (12) which would be con-
sistent with free SDHA being unstable in the mitochondrial
matrix. Another possibility is suggested by prior reports from the
J. Neuzil laboratory, which identify the accumulation of an al-
ternative low molecular weight form of complex II, termed CII o,
(19). CIl,,y was proposed as a storage form of complex II during
periods of bioenergetic stress that is used to control metabolic
balance. Mass spectrometry of Cll,, purified from mitochondria
identified the presence of SDHA, SDHAF2, and SDHAF4 (19).
Given the molecular weight of CIl,, this could include the very
stable SDHA-SDHAF2 complex that we identify here. A stable
matrix-localized intermediate like SDHA-SDHAF2 (19) may
also contribute to the mitochondrial signaling cascade that is
important for bioenergetic balance (61). While the additional
biological roles of Cll,, are continuing to be explored, any
human mutations that affect the ability of SDHA to bind to
SDHAF?2 (SI Appendix, Fig. S3) could disrupt other functions of
Cll,w and therefore have physiological impacts beyond complex
II insufficiency. This may partially explain the broad range of
distinct disease presentations in patients with missense mutations
of complex II (SI Appendix, Table S2) (3, 7-9, 40, 48, 62-67).
In summary, we provide a view of the covalent flavinylation
reaction catalyzed by the human SDHA subunit. This pose may
represent the product of the first step in what is anticipated to be
a multistep process of maturation in an integral-membrane
complex that contains four subunits, covalent flavin, three dis-
tinct Fe-S clusters, and b-type heme. Additional work is needed to
reveal the essential mechanistic role of the dicarboxylate in flavi-
nylation and how SDHAF?2 is displaced from this intermediate in
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order to proceed through the remaining steps of complex II
maturation. In addition, future studies may focus on the matura-
tion of other subunits within this complex.

Materials and Methods

In vitro flavinylation of purified apo-SDHA was performed in the presence of
25 pM FAD and 20 mM of the indicated dicarboxylate at 37 °C for 40 min.
Proteins were separated by SDS/PAGE (polyacrylamide gel electrophoresis)
and the gel was incubated in 10% acetic acid/20% ethanol for 5 min. In-gel
fluorescence of covalently attached FAD was detected using ultraviolet (UV)
fluorescence. The gel then was rinsed with water for 5 min and stained to
assess total protein. Band intensities were quantified with Image)
(NIH) software.

Crystallization was performed at room temperature via the hanging drop
vapor diffusion method by mixing 15 mg/mL of purified SDHA-SDHAF2 (in
20 mM Hepes pH 7.5) in a 1:1 ratio with reservoir solution (100 mM sodium
malonate pH 5.0 and 12% polyethylene glycol [PEG] 3350). Diffraction data
were collected at the Advanced Photon Source using the Life Sciences Col-
laborative Access Team (LS-CAT) beamlines. The structure was determined
by molecular replacement using the SDHA subunit of porcine complex Il as
the search model (PDB ID 1ZOY ref. 34). Data collection and refinement
statistics are listed in S/ Appendix, Table S2.

Detailed information on the constructs developed, procedures for the
expression and purification of SDHA and SDHAF2, crystallization of the as-
sembly intermediate, and all kinetic and biochemical measurements are
described in S/ Appendix, Materials and Methods.

Protein Numbering Scheme. There are two distinct numbering schemes for
mitochondrial SDHA and SDHAF2 used in the literature. These schemes depend
upon whether the numbering begins with the mitochondrial signal sequence or
whether it begins with the N-terminal residue of the mature protein. In
published structures of avian and porcine mitochondrial complex Il proteins,
numbering began with the N terminus of the mature protein. Here, we fol-
lowed the numbering scheme that is used in the majority of the literature
describing patient mutations, which is numbered from the beginning of the
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mitochondrial signaling sequence of both SDHA and SDHAF2 (S/ Appendix,
Table S1).

Data Availability. PDB coordinates and processed diffraction data have been
deposited in the Protein Data Bank with accession code 6VAX (details in S/
Appendix, Table S2) (31). Raw diffraction data have been deposited with
SBGrid (DOI: 10.15785/SBGRID/748) with accession code 748 (32). Raw gel
images used in Fig. 1 are available by request from gary.cecchini@ucsf.edu.
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