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SUMMARY

SDHAF1 mutations cause a rare mitochondrial com-
plex 1l (Cll) deficiency, which manifests as infantile
leukoencephalopathy with elevated levels of serum
and white matter succinate and lactate. Here, we
demonstrate that SDHAF1 contributes to iron-sulfur
(Fe-S) cluster incorporation into the Fe-S subunit of
Cll, SDHB. SDHAF1 transiently binds to aromatic
peptides of SDHB through an arginine-rich region in
its C terminus and specifically engages a Fe-S donor
complex, consisting of the scaffold, holo-ISCU, and
the co-chaperone-chaperone pair, HSC20-HSPA9,
through an LYR motif near its N-terminal domain.
Pathogenic mutations of SDHAF1 abrogate binding
to SDHB, which impairs biogenesis of holo-SDHB
and results in LONP1-mediated degradation of
SDHB. Riboflavin treatment was found to ameliorate
the neurologic condition of patients. We demon-
strate that riboflavin enhances flavinylation of SDHA
and reduces levels of succinate and Hypoxia-Induc-
ible Factor (HIF)-1« and -2a, explaining the favorable
response of patients to riboflavin.

INTRODUCTION

Succinate dehydrogenase (SDH) or complex Il (Cll) is a tetra-
meric enzyme composed of two membrane-embedded subunits
(SDHC and SDHD), anchoring the catalytically active core of the
complex (SDHA and SDHB) to the inner mitochondrial mem-
brane (Sun et al., 2005). Cll contains one FAD cofactor covalently
attached to SDHA and four additional prosthetic groups contain-
ing iron, in the form of a heme b moiety bound by the SDHC/
SDHD membrane anchors, and three Fe-S clusters coordinated
by SDHB (Hagerhall and Hederstedt, 1996).

Fe-S clusters are versatile cofactors involved in numerous bio-
logical processes that are crucial for normal human physiology
(Rouault, 2015). During their biogenesis, nascent Fe-S clusters
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are assembled on a dedicated scaffold protein, ISCU, contained
within a multimeric complex (Maio and Rouault, 2014). Subse-
quent binding of a chaperone/co-chaperone system facilitates
transfer of the nascent Fe-S cluster to recipient proteins (Rouault,
2015). We recently identified a mechanism by which the co-
chaperone HSC20 guides Fe-S cluster acquisition by specific re-
cipients (Maio et al., 2014). The tripeptide Leu-Tyr-Arg (LYR) was
identified as the binding site for the co-chaperone HSC20, which
is a component of the Fe-S transfer complex together with ISCU
and the HSP70 protein, HSPA9. SDHB was identified as an
HSC20 binding partner that contains two highly conserved L(l)
YR motifs that are essential for Fe-S cluster acquisition and,
therefore, for SDH assembly and activity (Maio et al., 2014).
Isolated ClI deficiency is a relatively rare cause of mitochon-
drial respiratory chain (MRC) defects, accounting for 2%-8% of
OXPHOS defective cases (Ghezzi et al., 2009; Munnich and Rus-
tin, 2001). Two main clinical phenotypes have been reported for
mutations in Cll-related genes: mitochondrial encephalomyop-
athy and cancer (Ghezzi and Zeviani, 2012; Van Vranken et al.,
2014). The neurodegenerative phenotype was found to be asso-
ciated with mutations in genes encoding the structural subunits
SDHA, SDHB, SDHD, and the assembly factor SDHAF1 (Alston
et al., 2012; Ghezzi et al., 2009; Ghezzi and Zeviani, 2012; Jack-
sonetal.,2014; Ohlenbusch etal., 2012). SDHAF1 is an LYR motif
protein (also known as LYRMS8), which was shown to be impor-
tant for SDH activity and for assembly of the holo-complex in
fibroblasts (Ghezzi et al., 2009). Homozygous mutations in
SDHAF1 cause a distinctive early-onset leukoencephalopathy
in which accumulations of lactate and succinate in the white mat-
ter are associated with selective loss of SDH activity (Ghezziet al.,
2009; Jain-Ghai et al., 2013; Ohlenbusch et al., 2012); however,
the molecular role of SDHAF1 mutations in disease pathogenesis
remains undefined. We previously found that the co-chaperone
HSC20 binds to SDHAF1 (Maio et al., 2014). Furthermore,
SDHAF1 interacts with the C terminus of SDHB, raising the pos-
sibility that it participates in biogenesis of the SDH complex by
providing nascent Fe-S clusters to SDHB (Maio et al., 2014). Pre-
vious studies in S. cerevisiae concluded that Sdh6, the SDHAF1
ortholog, exerts its function on SDH assembly by binding to
and protecting an Sdh1-Sdh2 intermediate (SDHA-SDHB in
human, respectively) from the deleterious effects of oxidants
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(Na et al., 2014). However, the human protein failed to rescue the
respiratory defect of a ASdh6 yeast strain (Ghezzi et al., 2009).

In the present study, we investigated the molecular role of
SDHAF1 in SDH assembly by performing biochemical and func-
tional analyses on cell lines derived from patients with reported
SDHAF1 missense mutations that impair Cll assembly and
from a patient with a novel nonsense mutation. We found that
SDHAF1 has an active role in recruiting the Fe-S cluster transfer
machinery at the C terminus of SDHB through direct binding of
its LYR motif to the co-chaperone HSC20. Moreover, we have
identified the distinct regions of SDHAF1 involved in binding
either HSC20 or SDHB and have characterized the complemen-
tary interaction sites on HSC20 and SDHB. No satisfactory treat-
ment is currently available for the majority of mitochondrial
disorders, and most treatment approaches have focused on
supplementation with antioxidants and vitamins to counteract
reactive oxygen species generation (Mahoney et al., 2002).
Oral administration of riboflavin, a FAD precursor, has been
shown to ameliorate the neurologic condition of patients
affected by CII deficiencies and of SDHAF1-deficient patients
(Bugiani et al., 2006; Jain-Ghai et al., 2013), although the mech-
anism behind the beneficial effects of the treatment has not been
elucidated. Here, we characterize the molecular role of SDHAF1
in SDHB biogenesis and the mechanism by which riboflavin sup-
plementation ameliorates disease progression in SDHAF1-defi-
cient patients.

RESULTS

Pathogenic Mutations in SDHAF1 Impair Binding to
SDHB and to the Fe-S Transfer Complex, Leading to
Defective Cll Biogenesis

We previously demonstrated that direct binding of specific tar-
gets to the co-chaperone HSC20 is mediated by affinity of its
C terminus for proteins that contain the LYR tripeptide motif
(Maio et al., 2014). The LYR sequence is the distinctive feature
of a family of proteins, named LYRM (LYR motif. Conserved Do-
mains Accession: cl05087) (Angerer, 2015), that has at least ten
entries in the human proteome, including SDHAF1, which has
been characterized as a bona fide Cll assembly factor (Ghezzi
et al.,, 2009). We found that HSC20 interacts with SDHAF1.
Here, we pursued the physiological role of the interaction of
SDHAF1 with HSC20, and we found that endogenous SDHAF1
interacted with the entire Fe-S transfer complex formed by
HSC20, HSPA9, and ISCU, and it also binds to SDHB (Figure 1A,
HEK293 mitochondrial lysates).

Next, we analyzed the molecular basis of Cll deficiency caused
by two reported SDHAF1 pathogenic missense mutations,
namely substitution of Arg55 into Pro (R55P) and of Gly57 into
Arg (G57R) (Ghezzi et al., 2009). Interestingly, human SDHAF1
has two LYR sequences, but only the first one, which is the ca-
nonical motif, is very highly conserved (Figure S1A). The R55P
mutation affects the arginine of the second LYR sequence. To
assess the molecular role of the proximal and distal LYR se-
quences in SDHAF1, we also generated mutants in which either
the first L14Y5R16 Or the second Ls3Y54Rs5 motif was replaced by
triple alanines (SDHAF1'-YR-F, SDHAF1"-"R_F, respectively). Our
results showed that SDHAF1"-YR-F did not interact with HSC20,
HSPA9, and ISCU and had reduced binding to SDHB (Figure 1B,

HEK293 mitochondrial lysates). Since SDHAF1'“YR-F retained a
wild-type distal Ls3Ys4R55, but no interaction with the Fe-S trans-
fer apparatus was detected, we concluded that the first LYR
of SDHAF1 recruits the HSC20-HSPA9-ISCU complex. SDHA-
F1"-YR.F and SDHAF1™®P-F partially retained the ability to
interact with HSC20 and with SDHB (Figure 1B). Importantly,
the G57R substitution dramatically prevented interaction with
SDHB and with the Fe-S transfer complex. SDHAF1%%7R-F also
migrated slowly on the gel compared to wild-type SDHAF1 and
to the other mutants (Figures 1B and 1C). However, mass spec-
trometric analysis of the protein did not reveal post-translational
modifications in SDHAF1%%7R suggesting that the shift in
mobility is due to the mutation itself, which introduces an addi-
tional positively charged amino acid in an arginine rich region
of the protein. A functional assay of the SDHAF1 mutant proteins
showed that none of them restored Cll succinate-ubiquinone
oxidoreductase (SQR) activity or facilitated assembly of the
mature SDH complex (Figure 1C, MCH46 mitochondrial lysates).
Interestingly, knockdown of SDHAF1 specifically affected stabil-
ity of SDHB (Figure 1C), whereas there was ample expression of
the SDHA subunit, which was not found in complex with SDHAF1
(Figures 1A and 1B). Our data suggest that SDHAF1 participates
directly in biogenesis of SDHB, assisting full assembly of ClI. In
contrast, complex | activity was not affected (Figure S1B,
MCH46 mitochondrial lysates). To determine whether SDHAF1
interacted directly with HSC20 and SDHB, we performed pull-
down assays with purified S®*-labeled proteins. Substitution of
the first, but not of the second, LYR of SDHAF1 into triple ala-
nines abolished interaction with HSC20 in vitro (Figure S1C),
demonstrating that the first motif mediates direct binding to
HSC20. Interestingly, while the G57R mutation adversely
affected the interactions with SDHB and HSC20 in vivo, only
its ability to bind to SDHB was impaired in vitro (Figure S1D),
whereas the interaction with HSC20 was preserved (Figure S1C).
The distinctive behavior of the G57R mutant in in vivo and in vitro
assays suggests that binding of SDHAF1 to SDHB in vivo might
be needed for recruitment of the Fe-S transfer complex by the
first LYR motif of SDHAF1. Experimental support for this hypoth-
esis appears later in this paper.

The First LYR Motif of SDHAF1 Directly Interacts with
HSC20

We further investigated the molecular determinants in the
SDHAF1 sequence that mediate direct binding to HSC20 and
to SDHB. Five truncated mutants of SDHAF1 were generated
and used in pull-down assays in vitro to test their ability to bind
HSC20 and/or SDHB. We found that clones 1 and 3 of SDHAF1
(residues 1-39 and 1-35 respectively), containing the first LYR
motif, interacted with HSC20 in vitro (Figure 2A). Clones 2 (resi-
dues 40-115), 4 (residues 50-115), and 5 (residues 61-115),
which lacked the first LYR motif, did not interact with HSC20 (Fig-
ure 2A), though the Ls3Ys4Rs5 sequence was present in clones
2 and 4. Interestingly, clones 2, 4, and 5 bound to SDHB
in vitro, whereas clones 1 and 3 did not (Figure 2B). By further
examining the molecular determinants that mediated binding of
clone 1 of SDHAF1 to HSC20, we found that the LYR tripeptide
was the major molecular determinant of the interaction, as
substitution of L14Y 5R4s with alanines abrogated binding to
HSC20 (Figure S2A).
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Molecular Features of the First LYR of SDHAF1 that
Enable Binding to HSC20

We previously reported that some features of the LYR motif
remain to be defined, as not all LYR-containing peptides bind
the HSC20 Fe-S transfer complex (Maio et al., 2014). SDHAF1
sequence provides a notable example, as only the first motif
binds HSC20, whereas the second LYR does not. We postulated
that the steric interference or charge from adjacent residues
might interfere with binding. By mutating Ser13 and Asp17 adja-
cent to LYR in clone 1 (Sy3L14Y15R16D17) into Tyr and Arg,
respectively, to mimic the context of the second Ls3Y54Rs5, we
found that the corresponding peptide (clone 6) did not bind
HSC20 (Figure S2B). Conversely, SDHAF1 in which Tyr52 and
Arg56 adjacent to LszYs4Rss, were replaced by Ser and Asp,
respectively (clone 7) interacted with HSC20 (Figure S2B).

Arg55 and Gly57, which Are Mutated in Reported Cases
of Infantile Leukoencephalopathy, Are Present within
the Region L53-R65 of SDHAF1 that Interacts with SDHB
Deletional analyses of the C terminus of SDHB, which contains
two Fe-S clusters, narrowed down the domain of SDHB that
binds SDHAF1 to the region 146-218 of SDHB (Figure S2C).
Alanine scanning mutagenesis of SDHAF1 identified that resi-

dues L53-R65 are involved in binding SDHB (Figures 2C and
S2D, HEK293 lysates). Interestingly, mutations of SDHAF1 that
abrogated binding to SDHB also interfered with interaction to
the Fe-S transfer complex in vivo (Figure 2C), but not in vitro,
where binding to HSC20 was preserved (Figure S2E), similarly
to the G57R mutant (Figures 1B, 2C, S1C, and S1D). This result
is again consistent with the possibility that binding of SDHAF1 to
SDHB in vivo precedes and is required for recruitment of the Fe-
S transfer complex by the first LYR motif of SDHAF1, whereas
the intrinsic ability of SDHAF1 to bind HSC20 in vitro depends
exclusively on the presence of the first LYR sequence (see
further in the paper).

Pathogenic Mutations in SDHB Affect Aromatic Amino

Acid Residues Involved in the Interaction with SDHAF1

Alanine scanning mutational analyses of SDHB146-218 identified
three distinct SDHB peptides that were important for binding to
SDHAF1, F146-1153, L1g3Y184E+1g5, and 3198Y199W200W201 Nogo
both in vitro (Figure 3A) and in vivo (Figure 3B, HEK293 lysates).
Interestingly, two reported SDHB pathogenic mutations affect
residues involved in the interaction with SDHAF1, p.Phe146Leu
(Fokkema et al., 2011) and p.Trp200Cys (Lodish et al., 2010).
These mutations changed two aromatic amino acids of SDHB
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Figure 2. SDHAF1 Binds HSC20 through Its L,,Y5R4¢ Motif and to SDHB through the Region L53-R65
(A and B) In vitro pull-down assay of $**-labeled FLAG-tagged SDHAF1 wild-type or of five truncated clones, as indicated, in the presence of S®-HSC20 (A) or of
S%_SDHB (B). Clone 3 (residues 1-35 of SDHAF1) was the smallest domain of SDHAF1 that retained binding to HSC20, whereas clone 5 (residues 61-115) was

the shortest clone that bound to SDHB.

(C and D) In mutational mapping analyses in vivo (C) and in vitro (D), clones 8 and 12 had reduced binding to SDHB, and mutagenesis of additional amino acid
residues within the region L53-R65 of SDHAF1 (clones 10 and 13) caused complete loss of the interaction with SDHB. Overall, mutations in the region L53-R65
abrogated interactions with SDHB and with the Fe-S transfer complex (HSC20, HSPA9, ISCU) ([A]-[D], n = 5 biological replicates). Inmunoprecipitations in vivo

shown in (C) were performed on HEK293 lysates. See also Figures S2 and S3.

(Phe and Trp) into hydrophobic (in SDHBF'#®Y or polar
(SDHB"2%%C) residues and greatly diminished binding to SDHAF1
(Figures 3C and 3D, HEK293 lysates), leading to possible insights
into the nature of the interaction between SDHB and SDHAF1. Ar-
ginines and hydrophobic residues are present on SDHAF1 in the
region that binds SDHB, which, in turn, contains the aromatic res-
idues Tyr, Phe, and Trp at the interface. It therefore appears likely
that binding of SDHAF1 to SDHB depends on cation- interac-
tions (Ma and Dougherty, 1997), which enhance binding between
arginines and aromatic side chains (Burley and Petsko, 1986;
Karlin et al., 1994).

Binding of SDHAF1 to SDHB Is Necessary for
Recruitment of the Fe-S Transfer Complex

By testing several truncations of SDHAF1 in co-immunoprecipi-
tation experiments in vivo, we found that binding of SDHAF1 to
SDHB precedes and is necessary for recruitment of the Fe-S
transfer complex by the first LYR motif of SDHAF1. Clones that
lacked the SDHB binding region (L53-R65) failed to interact
with the components of the Fe-S transfer complex (see Figures
S3A and S3B, lysates from HEK293 cells). To prove that by
restoring binding to SDHB we could regain interaction of
SDHAF1 with the Fe-S transfer complex, we generated and
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Figure 3. SDHAF1 Interacts with Three Regions of SDHB Enriched in Aromatic Amino Acid Residues

(A) Alanine scanning mutational analysis of the region 146-218 of SDHB was performed to identify amino acid residues involved in binding SDHAF1. Mutations
harbored by clones 2, 5, and 6 had the most detrimental effect on the interaction with SDHAF1 in vitro.

(B) Co-immunoprecipitations (Co-IPs) of FLAG-tagged SDHB wild-type or the alanine mutants in the region 146-218 were followed by immunoblots to SDHB,
SDHAF1, HSC20, HSPAQ, ISCU, and SDHA. Overall, SDHB mutations, which were found to affect the interaction with SDHAF1 in vitro ([A], clones 2, 5, and 6),
were confirmed to be detrimental for binding in vivo ([B], SDHBTY®YX\F; SDHB"YE-F; SDHBSYWWN_F) ([A] and [B], n = 5 biological replicates).

(C and D) The pathogenic mutations SDHB™'“- and SDHB"/2°°C impaired binding to SDHAF1 in vivo. The region L171-D181 of SDHB was not involved in binding
SDHAF1, as replacement of the most highly conserved amino acids with alanines did not affect interaction with SDHAF1 ([C], SDHB-®SFKP_F) immunopre-
cipitations in vivo shown in (B)~(D) were carried out on HEK293 mitochondrial lysates. ([C] and [D], n = 4 biological replicates). See also Figure S3.

tested a truncated clone of SDHAF1 from which the 45 final
C-terminal residues were removed, named Clone (1-70), which
contained both the first LYR motif of SDHAF1 and the newly
defined SDHB binding region (Figure S3C, lysates from
HEK293 cells). Clone 1-70 interacted with both SDHB and with
the components of the Fe-S transfer complex in vivo (Figure S3D,
lysates from HEK293 cells), as expected.

Pathogenic Mutations in SDHAF1 Cause Defective Fe-S
Cluster Incorporation into SDHB

The data presented thus far point to an active role of SDHAF1 in
the biogenesis of Fe-S clusters of SDHB because of its ability to
physically interact with the Fe-S transfer complex. We ad-
dressed whether patients affected by infantile leukoencephalop-

athy caused by SDHAF1 mutations have defects in Fe-S cluster
incorporation into SDHB by analyzing in vivo iron content into
SDHB in two distinct patient-derived cell lines. One of the
SDHAF1-deficient cell lines was derived from an Italian patient
harboring the SDHAF1%%"R mutation (Ghezzi et al., 2009). The
second cell line was obtained from a patient of Bangladeshi
origin who has a novel nonsense mutation, ¢.103G>T in
SDHAF1, predicted to prematurely truncate the protein at amino
acid 35 (p.E35*) (see Characteristics of the p.E35* SDHAF1 Pa-
tient in the Experimental Procedures). Fibroblasts from the pa-
tient homozygous for the E35* mutation showed markedly
reduced SQR activity, low SDHB, and undetectable SDHAF1
protein levels (Figures 4A and S4A). SDHA levels were also
slightly reduced in the patient fibroblasts, whereas levels of other
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B Turnover of SDHB in SDHAF1-deficient fibroblasts
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(C) Turnover of [S**]SDHB-F in patient cells upon knockdown of CLPP/X (CLPP/X siRNAs) or LONP1 (LONP1 siRNAs). (NT siRNAs, non-targeting siRNAs.) Knockdown
of LONP1 in SDHAF1-deficient mitochondria stabilized [S**]SDHB-F. ([B] and [C], n = 3 biological replicates.) See also Figure S4.

subunits of respiratory complexes were not diminished (Figures
4A and S4A). The phenotype of the E35* fibroblasts was suc-
cessfully rescued by lentiviral-mediated transduction of wild-
type SDHAF1 (Figures 4A and S4A). Loss of SDHB stability is a
feature of SDHAF1-deficient cells (Ghezzi et al., 2009) that also
occurs when its biogenesis is impaired (Maio et al., 2014). We
studied the turnover of SDHB in patient fibroblasts harboring
the E35* mutation by performing an import assay of S°-labeled
SDHB into mitochondria isolated from the patient cells. SDHB
was rapidly degraded in cells lacking a functional SDHAF1 (Fig-
ure 4B), whereas stable restoration of SDHAF 1 expression in the
patient cells stabilized SDHB. Further experiments established
that the mitochondrial serine protease LONP1 was responsible
for SDHB degradation (Figure 4C).

The cell line derived from the ltalian patient harbors the
SDHAF1%5"R mutation and has a profound Cll deficiency, which
was restored by lentiviral-mediated transduction with wild-type
SDHAFT1 (Figure 4A, Pt5 G57R). Our studies provide a molecular
mechanism to explain the pathogenicity of the mutation, which
interferes with binding of SDHAF1 to SDHB and to the Fe-S
transfer complex. Moreover, we found that SDHAF1%5"R was
rapidly degraded (Figure S4B, mitochondria isolated from
HEK293 cells), and it underwent LONP1-mediated degradation
in mitochondrial uptake assays (Figure S4C).

We used the G57R and E35* cell lines to analyze if SDHAF1 con-
tributes to iron incorporation into SDHB. We stably expressed
SDHB-FLAG in patients’ fibroblasts, as well as in the same cell
lines after restoration of SDHAF1 expression to directly compare
cells that lacked or expressed SDHAF1 (Figure 5A). Overexpres-
sion of SDHB-F in the absence of a functional SDHAF1 did not

restore Cll activity (Figure 5B, lanes 2, 3, 8, and 9), indicating
that SDHAF1 exerts its function by assisting biogenesis of
SDHB rather than simply stabilizing a SDHB pool. Lower levels
of recombinant SDHB-F were detected in the patient cells
(Figure 5B). To compare equal amounts of SDHB in the Fe®® incor-
poration assay, we increased lysates from SDHAF1-patient
cells approximately 3-fold (Figure 6A), and equal amounts of
SDHB-F were immunoprecipitated from patient and control cells
(Figure 6B). A representative Fe®® autoradiogram of the eluted
complex from the SDHB-F immunoprecipitation showed signifi-
cant reduction of iron incorporation into SDHB synthesized in cells
lacking functional SDHAF1 (Figure 6B), which was also confirmed
by scintillation counting (Figure S5). Fe®® labeling of ferritin on
cytosolic fractions of samples indicated that overall iron homeo-
stasis was unperturbed by SDHAF1 deficiency (Figure 6B). These
results demonstrate that SDHAF1 has an active role in assisting
biogenesis of Fe-S clusters for SDHB, as modeled in Figure 6C.

HIFa Levels Are Elevated in SDHAF1-Deficient Patient-
Derived Cells and Correlate with Succinate
Accumulation

Cll deficiency caused by mutations in SDHAF1 leads to bilateral
leukoencephalopathy characterized by a succinate peak in the
patients’ white matter (Ghezzi et al., 2009; Ohlenbusch et al.,
2012). Accumulation of succinate can lead to Hypoxia-Inducible
Factor (HIF)-1a. stabilization (Selak et al., 2005), due to inhibition
of prolyl hydroxylases (PHDs) involved in HIF1a hydroxylation
for subsequent degradation (Maxwell et al., 1999). Besides
the ubiquitous HIF1a, there is also a more cell-specific HIF2a.
(lyer et al., 1998). We found that both HIF1a and HIF2a protein
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levels were increased in patient fibroblasts (Figures 7A-7C), and
also in control fibroblasts (MCH46) upon silencing of SDHAF1
(Figures 7A, 7B, and S6A). Upon expression of wild-type
SDHAF1, HIF levels returned to basal, whereas mutant SDHAF1
proteins that were unable to restore Cll activity did not reverse
increased expression of HIF (Figures 7A-7C and S6A). High
HIF levels in the patient cells correlated with accumulation of
succinate (Figure 7D), which promotes HIF stabilization (Selak
et al., 2005). Succinate was, in fact, elevated in the patient cells
to levels comparable to those generated by treatment of control
fibroblasts with nitropropionic acid (3-NPA, Figure 7D), an irre-
versible inhibitor of SDH activity (Huang et al., 2006).

Riboflavin Enhances SDHA Flavinylation and Reduces
Succinate and HIF Levels in Patient Cells

Treatment with riboflavin, a FAD precursor, was previously found
to be effective on patients affected by leukoencephalopathy
caused by mutations in SDHAF1 (Bugiani et al., 2006; Ghezzi
et al., 2009). We added riboflavin in vitro to cultured patient-
derived fibroblasts in increasing concentrations to assess
dose-response and found that a dose of 2 mg/I significantly
reduced HIF levels (Figures 7C and S6B) and decreased succi-
nate (Figures 7D and S6C). To explain why levels of succinate
diminish upon treatment with riboflavin, we checked Cll activities.
We did not find changes in Cll succinate-ubiquinone reductase
(SQR) activity after treatment with riboflavin (Figure S6D), as it re-
quires a full complex, which cannot form in these cells because of
impaired biogenesis of SDHB. Interestingly, following riboflavin
supplementation, we could document a 2-fold increase of SDH
activity (Figure S7A). Consistent with increased enzymatic activ-
ity, we found that levels of SDHA and, importantly, of flavo-SDHA
were significantly increased in patient cells treated with riboflavin
(Figures 7C, S6B, S7B, and S7C). Increased flavinylation of SDHA
accounts for the decreased succinate levels (Figures 7D and

syndromes frequently associated with

abnormalities of the oxidative phosphory-
lation (OXPHOS) system, which consists of five enzymatic com-
plexes of the MRC. Central to energy metabolism, MRCs are
multimeric enzymes that depend on accessory factors for as-
sembly (Ghezzi and Zeviani, 2012). Studies of assembly defects
have helped explain the molecular pathogenesis of several mito-
chondrial disorders and also the biogenesis of MRCs in mam-
mals. However, the mechanism of action of assembly factors
has rarely been elucidated, and the definition of an accessory
factor for a given MRC is often based on the association
between an observed assembly defect and mutations in a
particular gene product. Here, we have characterized the role
of the assembly factor SDHAF1 in the biogenesis of Cll. We pre-
viously demonstrated that the co-chaperone HSC20 of the Fe-S
transfer complex interacts with SDHAF1 and LYRM?7, likely as-
sisting biogenesis of complexes Il and Il (Maio et al., 2014). In
the present study, we investigated the physiological relevance
of the interaction of SDHAF1 with HSC20 for assembly of CII.
Pathogenic missense mutations in SDHAF1 cause infantile leu-
koencephalopathy with selective loss of ClIlI activity by an un-
identified mechanism (Ghezzi et al., 2009; Ohlenbusch et al.,
2012). Here, we demonstrate that SDHAF1 recruits the Fe-S
transfer complex to the C terminus of SDHB through direct bind-
ing of its N-terminal LYR motif to the co-chaperone HSC20. The
region L53-R65 of SDHAF1, enriched in arginine residues, inter-
acts with SDHB at three binding sites containing multiple aro-
matic amino acids. Binding of SDHAF1 to SDHB and recruitment
of the HSC20-HSPA9-holo-ISCU complex by its first LYR motif
facilitates Fe-S cluster incorporation into SDHB. In vivo iron
radiolabeling of SDHB showed defective Fe-S cluster incorpora-
tion into the protein synthesized in SDHAF1-deficient patient-
derived cells. SDHB levels were drastically reduced in patient
cells, where lack of functional SDHAF1 led to impaired biogen-
esis of SDHB, which was rapidly degraded by the mitochondrial
protease, LONP1.
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CllI deficiency caused by mutations in SDHAF1 leads to bilat-
eral leukoencephalopathy with a succinate peak in the white
matter of patients (Ghezzi et al., 2009; Ohlenbusch et al.,
2012). Succinate is a well-known intermediate of the tricarbox-
ylic acid (TCA) cycle, and it has been characterized as a crucial
metabolic signal in tumorigenesis (Selak et al., 2005) and inflam-
mation (Tannahill et al., 2013). We found that impaired Cll activity
in SDHAF1-deficient patient-derived cells led to elevated intra-
cellular succinate levels, which may have caused the elevation
of HIF levels by competitively inhibiting PHDs. Another conse-
quence of succinate accumulation may involve the covalent
succinylation of lysine residues in numerous target proteins,
including SDHA, isocitrate dehydrogenase (IDH), and pyruvate
dehydrogenase (PDH), leading to important metabolic changes
that potentially contribute to patients’ phenotype (Higashida
et al., 2011; Jalal et al., 2015; Kim et al., 2015). No satisfactory
treatment is currently available for most mitochondrial disorders,
and the therapeutic interventions have been focused on supple-
mentation with antioxidants and vitamins that can reduce reac-
tive oxygen species (Mahoney et al., 2002). Riboflavin adminis-
tration was found to be an effective treatment for patients
affected by SDHAF1 mutations (Bugiani et al., 2006; Ghezzi
et al., 2009) and also in clinical cases of Leigh syndrome and
leukoencephalopathy associated with selective Cll deficiency
(Jain-Ghai et al., 2013). Stable or even improved neurological
conditions were reported for the SDHAF1 patients taking ribo-
flavin (50-100 mg/day) for up to 80 months, over a monitoring

SDHB. (1) Fe-S clusters are initially assembled on
the main scaffold protein ISCU and subsequently
transferred to recipients by the Fe-S transfer com-
plex. (2) SDHAF1 binds to SDHB in a region en-
riched in aromatic amino acid residues close to the
second LYR motif of SDHB that recruits a Fe-S
transfer complex. (3) The LYR motif of SDHAF1 in-
teracts with a Fe-S donor complex through direct
binding to the co-chaperone HSC20. (4) Two holo-
ISCU/HSC20/HSPA9 complexes may be brought
into close proximity at the C terminus of SDHB. (5)
The reductive coupling of the two [Fe»-S;] clusters
(Chandramouli et al., 2007) from two proximal holo-
ISCU molecules may lead to Fe-S cluster formation
and insertion in the C terminus of SDHB, which folds
into the mature holo protein (6). See also Figure S5.

period of 4.5 years; however, the mechanism behind the benefi-
cial effects of the treatment was not elucidated (Bugiani et al.,
2006; Ghezzi et al., 2010). Riboflavin is a readily absorbed
vitamin that is converted to FAD by riboflavin kinase and FAD
synthase, both of which exist in cytosol and mitochondria
(Ghezzi et al., 2010). We observed that SDHAF1 patient-derived
cells had lower SDHA protein levels compared to control cells
and drastically reduced levels of flavinylated SDHA. Studies in
S. cerevisiae previously demonstrated that deletion of Sdh2
(SDHB ortholog in human) led to significant diminution of cova-
lent flavinylation of Sdh1 (SDHA ortholog) (Kim et al., 2012;
Robinson and Lemire, 1996), though the molecular mechanism
by which Sdh2 promotes efficient flavinylation in vivo is unclear
(Kim and Winge, 2013). Our new results show that impaired
biogenesis of SDHB in mammalian cells also correlates with
reduced flavinylation of SDHA. Treatment of SDHAF1-patient
cells with riboflavin significantly enhanced flavinylation of
SDHA by five to 6-fold compared to untreated cells (Figures
7C, S6B, S7B, and S7C). Increased levels of flavo-SDHA corre-
lated with increased SDH activity. Our results are consistent with
the conclusion that holo-SDHA is sufficient to mediate SDH ac-
tivity, as reported in previous studies (Guzy et al., 2008; Lemarie
et al., 2011; Yankovskaya et al., 2003). Conversion of succinate
into fumarate by flavo-SDHA reduced succinate accumulation in
the patient cells and restored the TCA cycle, which is pivotal
for much of cellular metabolism. Interestingly, riboflavin is also
used in patients affected by a late-onset manifestation of an
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Figure 7. Riboflavin Enhances Flavinylation of SDHA and Reduces Succinate and HIF Levels in Patient Cells

(A and B) HIF1a.and HIF2a. levels in nuclear extracts from MCH46 cells upon knockdown of SDHAF1 and in patient cells (Fibros p.E35*). SDHAF1 expression in the
patient cells was restored by lentiviral transduction of wild-type SDHAF1 (pLenti-SDHAF1) or by transient transfection with FLAG-tagged SDHAF1 in MCH46 cells
silenced for endogenous SDHAF1. CREB, nuclear marker, and a-tubulin were used as loading controls.

(C) HIF10/20 levels decreased in SDHAF 1-deficient fibroblasts treated for 14 days with 2 mg/I riboflavin. Levels of flavinylated SDHA (Flavo-SDHA) increased after
treatment with riboflavin. ([A]-[C], n = 5 biological replicates.)

(D) Succinate levels in SDHAF1-deficient fibroblasts and in patient cells treated for 14 days with 2 mg/I riboflavin. Succinate levels in the patient fibroblasts after
stable restoration of SDHAF1 expression (Fibros E35*_SDHAF1 and Pt5 G57R_SDHAF1) are also reported, as controls. Treatments of MCH46 with 3 or 6 uM
nitropropionic acid (3-NPA) were performed to provide the experiment with a positive control by irreversibly inhibiting Cll activity. Values are expressed as nmol of
succinate per mg of proteins and given as mean + SD (n = 6 biological replicates).

(E) Schematic of the mode of action of riboflavin. Flavinylation of SDHA is enhanced by riboflavin and FAD-SDHA is able to perform conversion of succinate into
fumarate; however, it remains untethered in the matrix because its partner SDHB is absent due to degradation. See also Figures S6 and S7.

autosomal disorder caused by defects of a class of flavin-depen-
dent enzymes, known as multiple acyl-CoA dehydrogenase defi-
ciency (MADD). Patients are totally cured by the treatment with
riboflavin; hence, the clinical phenotype was named riboflavin-
responsive MADD (RR-MADD) (Nielsen et al., 2013). It has
been speculated that the increased availability of riboflavin,
which is converted into FAD, could either compensate for flavin

metabolism defects or improve folding/stability of variant flavo-
proteins (Ullah et al., 2006). Our results provide a rationale for
the favorable response of patients affected by SDHAF1 muta-
tions to treatment with riboflavin. Moreover, our work on the
role of SDHAF1 has implications for understanding the role of
LYRM proteins that are accessory factors required for functional
assembly of Complexes | and lll, in addition to CII.
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EXPERIMENTAL PROCEDURES

Tissue Culture Procedures

HEK293 cells were purchased from ATCC. The fibroblast cell line from the pa-
tient harboring the SDHAF1 G57R mutation (Pt5 G57R) has been reported
previously (Ghezzi et al., 2009) and was obtained from the Telethon Network
of Genetic Biobanks. Human dermal fibroblasts (MCH46) were a gift from Dr.
Jessie Cameron (Hospital for Sick Children, Toronto, Canada). Human fibro-
blasts harboring the E35* mutation were derived from a 2-mm punch skin bi-
opsy from a patient harboring the homozygous ¢.103G>T mutation in SDHAFT,
predicting a premature protein truncation at amino acid residue 35 (p.E35*) (see
patient characteristics for further information). Control and patient cells were
propagated in DMEM supplemented with 10% fetal bovine serum (FBS) and
2 mM glutamine at 37°C in a humidified incubator containing 5% CO,. Treat-
ment of SDHAF1-deficient fibroblasts or control cells with riboflavin was per-
formed by adding riboflavin (1, 2, 4 mg/l, as indicated) to the culture medium
for 14 days, changing the medium every 24 hr. Experiments were carried out
avoiding light exposure of the cell cultures because riboflavin is sensitive
to light.

Characteristics of the p.E35* SDHAF1 Patient

The patient was the second child of Bangladeshi first-degree cousins and was
born at term without complications. Developmental milestones were normal
until 13 months of age, when she was referred to medical evaluation for a
10-day history of acute psychomotor regression and hypotonia. Brain MRI
showed abnormal symmetric T2 hyperintense signaling in periventricular white
matter, corpus callosum, cerebellar medial peduncles, and brain stem with
sparing of U fibers. Magnetic resonance spectroscopy (MRS) demonstrated
abnormal succinate and lactate peaks. Analyses of muscle biopsy specimens
showed a profound defect of Cll in all fibers. Genomic DNA was purified from
blood and cultured skin fibroblasts using standard procedures. The coding
exon and exon-intron boundaries of SDHAF1 were amplified by PCR using in-
tronic primers. Mutation screening was performed by bidirectional sequencing
using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems)
on an ABI3130xI automatic DNA Analyzer. Mutations were confirmed by rese-
quencing newly amplified PCR products. Mutation screening detected a ho-
mozygous ¢.103G>T mutation in SDHAF1, predicting a premature protein
truncation at amino acid residue 35 (p.E35*). The mutation was heterozygous
in the parents, and it was not found in 200 control chromosomes. Segregation
of the mutation within the family and analysis of 200 control alleles was per-
formed with ad hoc designed PCR-restriction fragment length polymorphism
(PCR/RFLP) strategy.

Lentiviral Mediated Transduction of Patient-Derived Fibroblasts
Patient cells harboring the E35* or the G57R mutation in SDHAF1 were engi-
neered to stably express C-terminally FLAG/MYC-tagged human SDHAF1
or SDHAF1 without any tag at the C terminus, by lentiviral mediated transduc-
tion with the pLenti-C-MYC-DDK-IRES-Neo (Origene), or with pLenti-IRES-
Neo (from which the tags had been removed by site-directed mutagenesis),
encoding wild-type SDHAF1, using the lenti-vpak packaging system (Origene)
(see Table S1 for a complete list of plasmids used in this study). Neomycin-
resistant clones were isolated, analyzed for SDHAF1 expression by western
blot, and tested for Cll enzymatic activity. A stable clone with restored SDHAF1
(or SDHAF1-F/M) expression and ClI activity was expanded for each patient
cell line. In parallel, patient cells were transduced with the empty vector
(pLenti-C-Myc-DDK-IRES-Neo or with the same plasmid without tags) and
used as controls. Stable expression of FLAG-tagged SDHB was established
in SDHAF1-deficient cells and in patient cells after re-expression of SDHAF1,
by lentiviral-mediated transduction with pLYS5-SDHB-FLAG (Addgene). Hy-
gromycin-resistant clones were isolated and analyzed for expression of
FLAG-tagged SDHB by western blot. A stable clone for each of the cell lines
of interest was expanded and used in further experiments.

In Vitro Coupled Transcription/Translation and Pull-Down Assay of
s3%-Labeled Proteins

The TNT Quick transcription/translation system (Promega), which couples
transcription/translation reactions for in vitro synthesis of eukaryotic proteins
starting with plasmid DNA as a template (1 ng of DNA/reaction), was used to

synthesize S*-labeled proteins for pull-down assays (See Supplemental
Experimental Procedures).

In Vitro Transcription/Translation and Import into Isolated
Mitochondria

The TNT Quick coupled transcription/ translation system (Promega) was used
to synthesize S%-labeled proteins. The mitochondrial binding and insertion
assay was performed as previously described (Maio et al., 2014). (See Supple-
mental Experimental Procedures).

Iron Incorporation Assay

The Fe®® incorporation assay into SDHB-FLAG stably expressed in SDHAF1-
deficient fibroblasts or in the patient cells after restoration of SDHAF 1 expres-
sion was done essentially as previously described (Maio et al., 2014) (see
Supplemental Experimental Procedures).

Statistical Analyses
Where applicable, data were expressed as the mean + SD. Pairwise compar-
isons between two groups were analyzed using the unpaired Student’s t test.

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures, one table, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.cmet.2015.12.005.
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