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Molecular Biology

OXFORD

BOLA3 and NFU1 link mitoribosome iron-sulfur cluster
assembly to multiple mitochondrial dysfunctions
syndrome
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Abstract

The human mitochondrial ribosome contains three [2Fe-2S] clusters whose assembly pathway, role, and implications for mitochondrial and
metabolic diseases are unknown. Here, structure-function correlation studies show that the clusters play a structural role during mitoribosome
assembly. To uncover the assembly pathway, we have examined the effect of silencing the expression of Fe-S cluster biosynthetic and delivery
factors on mitoribosome stability. We find that the mitoribosome receives its [2Fe-2S] clusters from the GLRX5-BOLA3 node. Additionally, the
assembly of the small subunit depends on the mitoribosome biogenesis factor METTL17, recently reported containing a [4Fe—4S] cluster, which
we propose is inserted via the ISCA1-NFU1 node. Consistently, fibroblasts from subjects suffering from ‘multiple mitochondrial dysfunction’
syndrome due to mutations in BOLA3 or NFU1 display previously unrecognized attenuation of mitochondrial protein synthesis that contributes
to their cellular and pathophysiological phenotypes. Finally, we report that, in addition to their structural role, one of the mitoribosomal [2Fe-2S]
clusters and the [4Fe—4S] cluster in mitoribosome assembly factor METTL17 sense changes in the redox environment, thus providing a way to
regulate organellar protein synthesis accordingly.

Graphical abstract
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Introduction ical for life, and alterations in this process due to genetic or

The human mitoribosome synthesizes 13 proteins encoded in
the mitochondrial genome (mtDNA), which are essential for
the transduction of the energy in nutrients into the chemical
form of adenosine triphosphate (ATP) by oxidative phospho-
rylation (OXPHOS) (1,2). Aerobic energy production is crit-

environmental perturbations affecting mitoribosome function
often result in mitochondrial cardio-encephalomyopathies,
neurodegeneration, and certain cancers (2,3). A recent 2.21 A
overall resolution map of the human mitoribosome has uncov-
ered the presence of three [2Fe-2S] clusters, each coordinated
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by a pair of mitoribosome proteins that provide three and one
cysteine thiolates (4). It remains to be determined how these
clusters are assembled, whether they play any structural or
regulatory role, and how their loss impacts the physiopathol-
ogy of metabolic disorders resulting from defective Fe-S clus-
ter biogenesis.

Of the three mitoribosomal [2Fe-2S] clusters, one is
found in the large subunit (mtLSU)—located in the L7/L12
stalk base, where it bridges the mitochondrion-specific ml66
and the N-terminal extension of uL10m, which provides
three and one coordinating cysteine thiolates, respectively
(4). In the small subunit (mtSSU), a [2Fe-2S] cluster links
mitochondrion-specific extensions of bS18m with three coor-
dinating cysteines and bSém with one. In the mtSSU lower
body, another [2Fe-2S] cluster is coordinated by three cysteine
thiolates from the mitochondrion-specific protein mS25 and
one from bS16m (4). The three clusters are relatively surface-
exposed and located to peripheral proteins (35). Despite their
location, the [2Fe-2S] cluster-bridging proteins are essential
for mitoribosome function, and some have been linked to hu-
man mitochondrial disorders. Specifically, mutations in mS25
lead to encephalomyopathy (6), and mutations in its 2Fe—
2S-coordinating partner bS16m caused a syndrome with cor-
pus callosum agenesia, hypotonia, and fatal neonatal lactic
acidosis (7).

Another link between Fe-S cluster biogenesis and mito-
chondrial translation has been recently established. CRISPR-
induced loss of the Fe-S cluster biosynthesis protein frataxin
(FXN) in human K562 cells resulted in widespread depletion
of Fe=S cluster containing proteins as expected but also atten-
uation of mitochondrial protein synthesis (8). The translation
defect was attributed to the loss of the methyltransferase-like
protein METTL17, which binds to the mtSSU during late as-
sembly and harbors a previously unrecognized [4Fe-4S] clus-
ter required for the binding of the protein to the mitoribosome
(8).

In mammalian cells, the biogenesis and distribution of
Fe-S clusters involve two different machineries located in
the mitochondria (the iron—sulfur cluster assembly machin-
ery or ISC) and the cytosol (the cytosolic iron—sulfur clus-
ter assembly or CIA) (9-12). De novo Fe-S cluster biosyn-
thesis commences in mitochondria with the synthesis of a
[2Fe-2S] cluster on a multimeric protein complex, formed
by the scaffold protein ISCU2, the cysteine desulfurase com-
plex NFS1/LYRM4/ACP1 that converts Cys into Ala, and
FXN (9,13-15). Electrons are also required for the forma-
tion of the [2Fe-2S] cluster and are provided by the mito-
chondrial ferredoxin (FDX2)/ferredoxin reductase (FDXR)
system (16,17). The newly synthesized cluster is then re-
leased and transferred—with the help of adaptors such as the
HSPA9 and HSC20 chaperones (18)—to either a dimer of the
monothiol glutaredoxin GLRXS, which inserts it into target
[2Fe-2S]-binding proteins or to an apo GLRX5-BOLA3 het-
erodimeric complex (19,20) for [2Fe-2S] cluster transfer to
NFU1 and probably other targets that remain to be identi-
fied (21). The [4Fe—4S] clusters are formed by a specific sys-
tem that includes the ISCA1 and ISCA2 proteins and couples
two [2Fe-2S] clusters to generate a [4Fe—4S] cluster (22,23).
The [4Fe-4S] clusters are then transferred to target apopro-
teins directly, as in the case of aconitase (ACO2), or through
targeting factors such as NFU1 (9,22,23). NFU1 delivers a
[4Fe-4S] cluster to selected apo target proteins with the as-
sistance of additional factors such as NUBPL for electron
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transport chain (ETC) complex I (24) or BOLA3 for lipoyl
synthase (25).

Mitochondrial proteins harboring Fe-S clusters are in-
volved in essential cellular pathways such as OXPHOS, lipoic
acid synthesis, and iron metabolism. Unsurprisingly, there is a
long list of disorders associated with Fe-S cluster assembly-
machinery factors, such as FXN (Friedreich’s ataxia, (26),
ISCU (myopathy with severe exercise intolerance and myo-
globinuria (27,28), and GLRXS (either sideroblastic anemia
(29) or nonketotic hyperglycinemia (30)). Also, mutations
in proteins involved in the final steps of the maturation of
mitochondrial [4Fe-4S]-containing proteins: NFU1 (31,32),
BOLA3 (31), IBA57, ISCA2 and ISCA1 were linked to five
multiple mitochondrial dysfunction syndromes (MMDS types
1 to §) (33). Nearly all MMDS subjects present with severe
and early onset leukoencephalopathy (33), although certain
gene-specific clinical phenotypes such as pulmonary hyper-
tension or dilated cardiomyopathy have been described in
MMDS type 1 (NFU1 mutations) or 2 (BOLA3 mutations),
respectively. In all cases, the mitochondrial phenotypes in-
cluded combined deficits in ETC enzymes, but defects in mi-
tochondrial translation have not been reported.

To address the biogenesis and physiological significance of
the [2Fe-2S] clusters in the mitoribosome, we combined sys-
tematic silencing of Fe-S biosynthesis and delivery factors
with biochemical and physiological studies in human cultured
cells and in fibroblasts from subjects carrying mutations in
the Fe-S biogenesis factors BOLA3 and NFU1. Furthermore,
we focused on one of the Fe-S coordinating protein pairs to
perform structure-guided mutagenesis and dissect the struc-
tural and redox-sensing roles of the clusters. Our data unravel
the molecular wiring connecting the essential and ancestral
mitochondrial function, Fe-S biogenesis, with the control of
protein translation in the organelle in health and metabolic
disease.

Materials and methods

Human cell lines and cell culture conditions

Human HEK293T embryonic kidney cells (CRL-3216, RRID:
CVCL-0063) were obtained from ATCC. Control human fi-
broblasts were obtained from the Montreal Children Hospi-
tal Cell bank. Subject fibroblasts and the corresponding over-
expression cell lines were described previously (31), and the
use of these lines was carried out with approval from The
Neuro ethics board.

Cells were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM, Life Technologies) supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1
mM sodium pyruvate, 50 pg/ml uridine, and 1x GlutaMAX
(Thermo Fisher Scientific) at 37°C under 5% CO,. Cell lines
were routinely tested for mycoplasma contamination.

Key reagents

Tables presenting the list of antibodies, recombinant DNAs,
oligonucleotides and siRNA oligoribonucleotides used in this
study are included in Key Resources Table (Supplementary Ta-

ble S2).

Generation of KO cell lines

To create stable human 5S167-KO HEK293T cell lines, two
gRNA vectors and one linear donor were obtained from
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OriGene Technologies (KN405837). The gRNAs were de-
signed to target the exon 2 of the bS16m locus. The linear
donor DNA contained the anti-puromycin gene and was the
template for homologous repair (Supplementary Figure S1).
The day before transfection, 2.5 x 103 cells were seeded in
a well of the six-well plate, cultured in antibiotic-free media
overnight, and replaced it the next day with fresh media. For
transfection, 1 pg of one of the gRNA vectors and 1 pg of
donor DNA were mixed with 125 ul of Opti-MEM reduced
serum media (Gibco, 31985070). Separately, 5 ul of lipofec-
tamine 3000 (Invitrogen, L3000015) were mixed with 125 ul
of Opti-MEM reduced serum media and incubated for 5 min
at room temperature. Next, the nucleic acid mix and the di-
luted transfection reagent were combined and incubated at
room temperature for 20 min to allow DNA -transfection
reagent complexes to form. The complexes were added drop
by drop to each well and evenly distributed by rocking the
plate gently. The cells were cultured for 2 days in standard
conditions, split and diluted 1:10, cultured for 3 days, and
then split again 1:10 for up to 7 cycles. Subsequently, the
cells were grown in media containing 2.5 pg/ml puromycin
(Sigma, P7255) for 7 days, and then diluted to isolate single
cells in 96-well plates. Single-cell clones were screened by im-
munoblotting using a bS16m antibody (Sigma, HPA050081)
and genotyping. For genotyping, bS16m-forward and bS16m-
reverse oligonucleotides were used to sequence the bS16m
locus.

To create stable human #825-KO HEK293T cell lines,
1 x 10 engineered cell pools were obtained from Synthego
(435091-1). Cells were incubated for 2 days, and then iso-
lated as single cells in a 96-well plate. Single cell clones
were screened by immunoblotting with an mS25 antibody
(Sigma, HPA043490), and then genotyped using oligonu-
cleotides mS25-forward and mS25-reverse to sequence the
mS25 locus.

The KO cell lines were reconstituted with modified ver-
sions of pPCMV6-A-Hygro plasmids (OriGene Technologies,
PS100024) harboring either wild-type or mutant variants of
the corresponding gene under the control of an attenuated
CMV6-AS promoter (34). The wild-type human genes 7525
and bS16m were obtained in plasmids from OriGene. Mu-
tations of cysteine/s in bS16m and mS25 coordinating Fe—
S clusters to alanine, serine or aspartic acid were generated
by engineering the corresponding constructs using QS site-
directed mutagenesis (New England Biolabs, E0554). For this
purpose, 10 pg of template pPCMV6-A-Hygro-bS16m or AS-
pCMV6-A-Hygro-mS25 vector were used, along with the
oligonucleotides (Supplementary Table S2), designed to mu-
tate the corresponding codons. After PCR amplification and
kinase, ligase & Dpnl (KLD) treatment, 2.5 pl of the mix-
ture was transformed into chemically competent Escherichia
coli cells (NEB, C2987). Purified plasmids were confirmed by
Sanger sequencing.

To transfect the WT or mutant plasmids into KO cell lines,
0.3 x 10° cells were seeded in one 6-well plate. The next day, 1
ug of plasmids and 5 ul of EndoFectin (GeneCopoeia, EF014)
were mixed with 125 ul of Opti-MEM reduced serum media
(Gibco, 31985-070) respectively, and then combined. After 20
min incubation, the complexes were added to each well, and
cells were cultured in the incubator for 2 days. Subsequently,
the cells were split and cultured with media containing 200
ng/ml hygromycin (Invitrogen, 10687010) for 7 days.
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Gene silencing in HEK293T cells

Silencer Select siRNAs for BOLA3, GLRXS, ISCA1, ISCU,
NFS1, NFU1, NUBPL and scrambled non-targeting control
(NTC) were obtained from Ambion.

Human HEK293T WT cells were seeded in six-well plates,
each well containing 0.15 x 10° cells. The next day, siRNAs
were transfected using lipofectamine RNAiMax (Invitrogen,
13778-150) following the manufacturer’s instructions. Cells
were cultured for 3 days, then split and transfected again with
the same siRNAs. The process was repeated to reach a total
of a 9-day silencing period. The silencing efficiency was con-
firmed by immunoblotting. The optimal concentrations of siR-
NAs were determined by titration experiments using different
concentrations and silencing for 3 days: 3, 6, 10, 20, 40 nM
for GLRXS5, BOLA3, ISCA1 and NUBPL; 5,20, 50, 100 nM
for NFS1. The optimal concentrations of siRNAs were used
in the 9-day silencing experiments: 40 nM NTC, 10 nM of
siGLRXS, and a combination of two siISCA1 at 20 nM, two
siNFU1 at 20 nM, two siBOLA3 at 10 nM, and two siNUBPL
at 10 nM.

Whole-cell extracts and mitochondrial isolation

For SDS-PAGE, pelleted HEK293T, KO, siRNA-mediated
knockdown and reconstituted cells were solubilized in RIPA
buffer (50 mM Tris—=HCI pH 8.0, 150 mM NaCl, 1% NP-40,
0.5% sodium deoxycholate, 2 mM EDTA, and 0.1% SDS)
with 1T mM phenylmethylsulfonyl fluoride (PMSF) and 1x
EDTA-free mammalian protease inhibitor cocktail (Roche Di-
agnostics, 11836170001). Cell pellets from control and sub-
ject fibroblasts and corresponding overexpression cells were
solubilized in 1% n-dodecyl-B-p-maltoside (DDM, Sigma) in
PBS with 1x cOmplete™ protease inhibitor cocktail (Roche
Diagnostics, 11836170001). Whole-cell extracts were cleared
by 15 min centrifugation at 20 000 x g at 4°C.

Mitochondria-enriched fractions from HEK293T cells were
isolated from at least ten 80%-confluent 15-cm plates, or 1
I of liquid culture, as described previously (35). Briefly, the
cells were collected and resuspended in T-K-Mg buffer (10
mM Tris-HCl, pH 7.4, 10 mM KClI, 0.5 mM MgCl,, 4°C)
and disrupted with 15 strokes in a pre-chilled homogenizer
(Kimble/Kontes). A sucrose stock solution (1 M sucrose, 10
mM Tris-HCI, pH 7.4) was added to the homogenate to reach
a final concentration of 0.25 mol/l sucrose. A postnuclear su-
pernatant was obtained by centrifuging the samples twice for
3 min at 1200 x g at 4°C. Mitochondria were pelleted by cen-
trifugation for 10 min at 10 000 x g and resuspended in 0.32
M sucrose, 20 mM Tris-HCI, pH 7.4, 1 mM PMSF and 1x
EDTA-free protease inhibitor cocktail.

Mitochondria were also isolated from three near-confluent
15-cm plates of control and subject fibroblasts and corre-
sponding overexpression cells. Pelleted cells were resuspended
in ice-cold 250 mM sucrose/10 mM Tris-HCI (pH 7.4) and
homogenized with 7 passes as above. A post-nuclear super-
natant was obtained by centrifuging the samples twice for 10
min at 600 x g. Mitochondria were pelleted by centrifugation
for 10 min at 10 000 x g and washed twice in the same buffer.

Sucrose gradient sedimentation analysis

Sucrose gradient sedimentation analyses of HEK293T, KO
and reconstructed cells were performed as described previ-
ously (36). Two mg of mitochondria were extracted in 400 ul
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of extraction buffer (20 mM HEPES pH 7.4, 100 mM KClI,
20 mM MgCl,, 0.50% digitonin, 0.5 mM PMSE, 1x Protease
Inhibitor, 40 U RNaseOUT). The lysate was ultracentrifuged
at 24 000 x g for 15 min at 4°C. The supernatant was col-
lected and loaded on top of a § ml 0.3 M to 1 M sucrose
gradient solution (20 mM HEPES pH 7.4, 100 mM KCl, 20
mM MgCl,, 0.10% digitonin, 0.5 mM PMSE, 1 x Protease In-
hibitor, 0.3 or 1 M sucrose, 0.5 mM ribonucleoside vanadyl
complex). The gradients were centrifuged at 152 000 x g for 3
h and 10 min at 4°C, and then fractionated into 15 individual
tubes, followed by immunoblotting analysis.

Mitochondria from fibroblasts (200 pg) were lysed in
lysis buffer (260 mM sucrose, 100 mM KCl, 20 mM
MgCly, 10 mM Tris—Cl pH 7.5, 1% Triton X-100, 5 mM
B-mercaptoethanol, cOmplete™ protease inhibitor cocktail
without EDTA) on ice for 20 min, centrifuged at 10 000 x
g for 45 min at 4°C and subsequently loaded on a 1 ml 10-
30% discontinuous sucrose gradient (50 mM Tris—Cl, 100
mM KCl, 10 mM MgCl,) and centrifuged at 32 000 rpm for
130 min at 4°C in a Beckman SW60-Ti rotor. After centrifu-
gation, 14 fractions were collected from the top and used for
SDS-PAGE analysis.

In cellula pulse-labeling of mitochondrial
translation products

In cellula mitochondrial protein synthesis was assayed by
pulse labeling HEK293T cell lines under study and in con-
trol and subject fibroblasts. The cells were cultured in 6-
well plates and reached 70-80%-confluent before the exper-
iment. The cells were first incubated in DMEM without me-
thionine for 20 min and then supplemented with 100 pg/ml
emetine to inhibit cytoplasmic protein synthesis as described
(35). 100 uCi/ml [*3S]-methionine (PerkinElmer Life Sciences,
NEG709A001MC) were added to the cells to label newly syn-
thesized proteins. After 30 min (HEK293T cells) or 60 min
(fibroblasts) incubation at 37°C, the cells were collected by
trypsinization, and whole-cell extracts were prepared as men-
tioned above. Fifty ug of each cellular sample was loaded on
a 17.5% (HEK293T cells) or 12-20% gradient (fibroblasts)
polyacrylamide gel. Gels were either transferred to a nitrocel-
lulose membrane or exposed to Kodak X-OMAT X-ray film.
The membranes were subsequently probed with a primary an-
tibody against 3-ACTIN as a loading control or stained with
Bio-Safe Coomassie stain (Biorad), dried, and exposed to a
Phosphorimager cassette and individual detected bands were
quantified using Fiji software (37).

Cell respiration

Endogenous cell respiration was measured polarographically
at 37°C using a Clark-type electrode (Hansatech Instruments).
Cell respiration was assayed in cultured cells, as reported (38).
Briefly, approximately 2 x 10° cells were collected and washed
with PBS. Pelleted cells were resuspended in 0.5 ml of respi-
ration buffer (RB) containing 0.3 M mannitol, 10 mM KCI,
5 mM MgCls, 0.5 mM EDTA, 0.5 mM EGTA, 1 mg/ml BSA,
and 10 mM KH;POy4, pH 7.4, air-equilibrated at 37°C. The
cell suspension was immediately placed into the polarographic
chamber to measure oxygen consumption rates. The speci-
ficity of the assay was determined by the cell respiration rates
after inhibiting complex IV activity with 0.8 uM KCN. Values
were normalized by total cell number.
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Mitoribosome immunoprecipitation from
mammalian whole cells

Cells (2.5 x 10°) were collected and permeabilized with 2.8
mg/ml digitonin on ice for 10 min. After washing with PBS,
pelleted cells were resuspended in 150 pl of lysis buffer (20
mM HEPES pH 7.4, 100 mM KCl, 20 mM MgCl,, 0.50%
digitonin, 0.5 mM PMSEF, 1 x Protease Inhibitor, 40 U RNase-
OUT) and incubate on ice for 10 min. The extraction was
stopped by adding 300 ul of non-detergent buffer. The lysates
were centrifuged at 15 000 x g for 5 min at 4°C to ob-
tain clear supernatants. The supernatants were loaded onto
washed protein A agarose beads (Thermo Fisher Scientific,
20365) together with 4 ul of IgG (EMD Millipore, 12-370),
or a combination of 4 ul each, anti-mS25 (Proteintech, 15277-
1-AP) and anti-bL12m (Proteintech, 14795-1-AP) antibodies.
The samples were rotated at 4°C for 4 h or overnight. The
pulled-down proteins were eluted with elution buffer (70 ul of
1% SDS, 62.5 mM Tris—=HCI, pH 7.2) and boiled at 96°C for

5 min.

Immunoblotting

Protein concentration was measured by the Lowry method
(39) or by Bradford assay (40). Protein lysates were re-
solved by denaturing SDS-PAGE in the Laemmli buffer sys-
tem (41) and then transferred to nitrocellulose membranes.
Membranes were blocked with 5% non-fat milk in western
rinse buffer (150 mM NaCl, 10 mM Tris-HCI, pH 8.0, 1 mM
EDTA, 0.1% Triton X-100), incubated with primary antibod-
ies overnight at 4°C, and then secondary antibodies for 1 h at
room temperature. Signals were detected by chemilumines-
cence incubation and exposure to X-ray film. Optical densities
of the immunoreactive bands were measured using the Image]
software version 1.53r in digitalized images.

Thiol trapping analyses of mS25, bS16m, uL10m,
ml66, bS18m and METTL17

Reverse thiol trapping assay was used to analyze the in or-
ganello redox state of cysteines in mS25, bS16m, uL10m, and
ml66, as described (42) (43). Briefly, 30 ug of mitochondria
purified from WT cell lines were first incubated in transla-
tion buffer (60 ng/ml amino acids, 100 mM mannitol, 10 mM
sodium succinate, 80 mM KCl, 5§ mM MgCl,, 1 mM K;POy4
pH 7.4, 25 mM HEPES pH 7.4, 5 mM ATP, 20 mM GTP, 6
mM phosphocreatine disodium, 60 pg/ml creatine phospho-
kinase) with either 1 mM H,O, or no extra addition for 3
h at 37°C. After that, the mitochondria were washed with
translation buffer to remove H>O,. The mitochondria were
resuspended in 80 mM membrane-permeable iodoacetamide
(IAA), which covalently binds free thiols. After 30 min incuba-
tion at room temperature, the samples were washed twice with
PBS and then resuspended in 30 pl of PBS. To reduce all the
native oxidized cysteines, 5 mM of the reducing agent TCEP
(tris(2-carboxyethyl)phosphine) and 2% SDS were added to
the samples. The mixtures were incubated at 95°C for 12
minutes and cooled to room temperature. 4.5 mM AMS
(4-acetamido-4’-maleimidylstilbene-2,2’-disulfonic acid) was
added to bind all the free cysteines. Finally, the samples were
supplemented with Laemmli sample buffer and analyzed by
14% SDS-PAGE followed by immunoblotting with relevant
antibodies.
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Iron incorporation assay

The *Fe incorporation assay into the mitoribosomes was
done as previously described (44). Briefly, following two trans-
fections (with a 24 h interval) with siRNAs to knockdown
GLRXS5,BOLA3,ISCA1, NFU1 or NUBPL expression, cells
were grown in the presence of 1 uM > Fe-transferrin for three
days. 2.5 x 10° cells were collected, followed by whole-cell
extract preparation and mitoribosome immunoprecipitation
using IgG or a mix of bL12m and mS25 antibodies. The
pulled-down proteins were eluted with elution buffer (70 ul
of 1% SDS, 62.5 mM Tris—HCI, pH 7.2) and boiled at 96°C
for S min. The incorporation of >*Fe into mitoribosomes was
measured by liquid scintillation counting of eluted pull-down
fractions.

Protein expression in E. coli

The plasmids mS25-FLAG_pET-21a, bS16m-HA_pET-21a,
mS25-Flag_bS16m-HA-His_pETDuet-1 were transformed
into four competent E. coli strains: Rosetta (Novagen, 71402-
3), One Shot BL21(DE3) (Invitrogen, 44-0184), OverExpress
C43 (DE3) (Biosearch, 60446-1), and BL21 (DE3) pLysS
(Promega, L1195) following the manufacturer’s instructions.
For protein expression and solubility trials, the bacterial
cultures were grown overnight in a shaker-incubator at 30°C,
25°C, or 16°C. The cells were then harvested, resuspended in
1 ml of lysis buffer (20 mM K3;PO4 pH 8,1 M KCl, 0.2 mM
PMSE, 1 g/l lysozyme), and incubated at 37°C for 1 h. Follow-
ing sonication for 3 cycles of 30 s with cooling intervals, at
intensity 12 in an ultrasonic cell disrupter (Virsonic 100), the
lysates were centrifuged at 18 000 x g for 30 min at 4°C. The
supernatants were collected, and the pellets were resuspended
with 450 ml of ddH, O. Both the supernatants and pellets were
analyzed by immunoblotting. For immunoprecipitation ex-
periments, mS25-Flag_bS16m-HA-His_pETDuet-1 plasmids
were transformed into OverExpress C43 (DE3) competent
cells and cultured overnight at 30°C. Cells were harvested
and lysed as described above. Anti-FLAG-conjugated agarose
beads were added to the supernatants and incubated in an
orbital rotator at 4°C overnight. The proteins bound to the
beads were eluted with 2x Laemmli buffer.

Blue-native PAGE (BN-PAGE)

BN-PAGE was used to separate individual OXPHOS com-
plexes (45). Fibroblasts were pelleted from near-confluent 10-
cm plate and resuspended in PBS to achieve a final protein
concentration of 5 mg/ml. Digitonin was added to the cells
at a ratio of 0.8 mg digitonin/mg of protein, and the sam-
ples were incubated on ice for 5 min, diluted to 1.5 ml with
PBS, and centrifuged for 10 min at 10 000 x g, at 4°C. The
pellet was resuspended in a buffer containing 75 mM Bis-Tris
(pH 7.0), 1.75 M aminocaproic acid, and 2 mM EDTA at a
final protein concentration of 2 mg/ml. 1/10 volume of 10%
n-dodecyl B-p-maltoside was added to the samples, and the
samples were incubated on ice for 30 min, followed by cen-
trifugation at 20 000 x g for 20 min, at 4°C. The supernatant
(20 pg) was run on 6-15% polyacrylamide gradient gels as
described in detail elsewhere (46). Separated proteins were
transferred to a nitrocellulose membrane using a semi-dry sys-
tem (BioRad), and immunoblot analysis was performed with
the indicated antibodies. For loading control, BN-PAGE sam-
ples were supplemented with SDS-loading buffer, denatured,
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run on an SDS-PAGE, and immunoblotted with indicated
antibodies.

Isolation of genomic DNA from mammalian cells

Genomic DNA was extracted from HEK293T WT, bS16m-
KO and mS25-KO cell lines as previously described (47) with
slight modifications. Briefly, the cell pellets were suspended in
RSB buffer (10 mM Tris—=HCI, pH 7.5, 10 mM NaCl, 25 mM
EDTA pH 8, 1% SDS, 1 mg/ml proteinase K), and then incu-
bated at 55°C for 2 hours. 0.1 mg/ml of RNAse was added
and incubated at 37°C for 15 min to remove RNA. The DNA
was further extracted with phenol/chloroform /isoamyl alco-
hol buffer and precipitated with ethanol and sodium acetate.

Mitochondrial DNA levels determination by
quantitative RT-PCR

To estimate mtDNA levels in HEK293T WT, bS16m-KO and
mS25-KO cell lines, DNA samples were analyzed by quan-
titative Real Time (RT)-PCR using SYBR Green supermix
(Bio-Rad, 1725271), following standard procedures in a
CFX96/C1000 Real-Time PCR Detection System (Bio-Rad).
Quantitative Real-Time PCR was performed according to
Minimum Information for Publication of Quantitative Real-
Time PCR Experiments (MIQE) guidelines (48). A standard
curve was generated for each pair of primers, and efficiency
was measured between 90% and 110%. We used the com-
parative cycle threshold (Ct) method to determine the rela-
tive quantity of mtDNA. The calculations of mtDNA levels in
each sample were performed using the cycle threshold (CT)
values (also known as quantification cycle (Cq), according to
the RDML (Real-Time PCR Data Markup Language) data
standard (49), and the AACt method (50), using ND2 lev-
els as a mtDNA indicator, and ACTIN DNA levels as the in-
ternal control. Three independently cultured biological repli-
cates (performed on different days with freshly made reagents)
each with three technical replicates (three measurements per
sample), were analyzed. Comparisons among groups were per-
formed using one-way ANOVA with post-hoc Tukey HSD
test. Each group was compared with the WT sample. Statis-
tical significance was established at P < 0.05. The sequences
of primers used in this study (ND2_F and ND2_R, ACTIN_F
and ACTIN_R) are listed in Supplementary Table S2.

TMT quantitative proteomics and mass
spectrometry

Tandem mass tags (TMT), coupled with liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
proteomic analysis, were used to investigate the proteomic
profiles of HEK293T cells treated for 9 days with siRNA
oligonucleotides to silence the expression of GLRXS,
BOLA3, NFU1, NBUPL or a non-targeting (NT) control.
Following silencing, whole cell pellets were collected and sent
to the Proteomics Core at the University of Florida-Scripps
Biomedical Research.

Samples in 5% SDS (v/v) were brought to 24 ul with an
additional 5% SDS and processed for digestion using micro-
S-Traps (Protifi) according to the manufacturer’s instructions.
Briefly, proteins in 5% SDS were reduced with 1l of 120
mm TCEP [Tris (2-carboxyethyl) phosphine hydrochloride]
at 56°C for 20 min, followed by alkylation using 1 ul of 500
mM methyl methanethiosulfonate for 20 min at ambient tem-
perature. Finally, 4 ug of sequencing-grade trypsin was added
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to the mixture and incubated for 1 h at 47°C. Following this
incubation, 40 pul of 50 mm TEAB (tetraethylammonium bro-
mide) was added to the S-Trap, and the peptides were eluted
using centrifugation. Elution was repeated once. A third elu-
tion using 35 ul of 50% acetonitrile was also performed, and
the eluted peptides were dried under a vacuum. The pep-
tides were subsequently resolubilized in 30 ul of 50 mM tri-
ethylammonium bicarbonate, pH 8.5, labeled with TMT la-
bels (10-plex) according to the manufacturer’s instructions
(Thermo Fisher Scientific), and pooled. The multiplexing strat-
egy is provided in Supplementary Table S1. The pooled, plexed
samples were then dried under vacuum, resolubilized in 1%
trifluoroacetic acid, and finally desalted using 2 ug capacity
ZipTips (Millipore) according to manufacturer instructions.
Peptides were then eluted into a Fusion Tribrid Mass Spec-
trometer (Thermo Fisher Scientific) from an EASY PepMap
RSLC C18 column (2 um, 100 A, 75 um x 50 cm; Thermo
Fisher Scientific), using a gradient of 5-25% solvent B (80:20
acetonitrile/water; 0.1% formic acid) for 180 min, followed
by 25-44% solvent B in 60 min, 44-80% solvent B in 0.1 min,
a Smin hold of 80% solvent B, a return to 5% solvent B in
0.1 min, and finally a 10 min hold of solvent B. All flow rates
were 250 nl/min delivered using a nEasy-LC1000 nano-liquid
chromatography system (Thermo Fisher Scientific). Solvent A
consisted of water and 0.1% formic acid. Ions were created at
1.7 kV using an EASY Spray source (Thermo Fisher Scientific)
held at 50°C.

Proteomic data processing and statistical analysis

Quantitative analysis of the TMT-MS experiments was per-
formed simultaneously to protein identification (one-step
method) using the Proteome Discoverer 2.5 software (Thermo
Fisher Scientific). The precursor and fragment ion mass tol-
erances were set to 10 ppm, 0.6 Da, respectively, enzyme
was Trypsin with a maximum of 2 missed cleavages and
UniprotKB Human and common contaminant FASTA file
used in SEQUEST searches. The impurity correction factors
obtained from Thermo Fisher Scientific for each kit were in-
cluded in the search and quantification. The following set-
tings were used to search the data: dynamic modifications;
Oxidation/+15.995Da (M), Deamidated/+0.984 Da (N, Q),
and static modifications of TMTpro/+304.207 Da (K) (N-
Terminus, K), MMTS/+45.988 Da (C). Scaffold Q+ (version
Scaffold_5.0.0, Proteome Software Inc.) was used for TMT-
pro peptide and protein identifications. Peptide identifications
with >82.0% probability were accepted to achieve an FDR
<1.0% by the Percolator posterior error probability calcula-
tion (51). Proteins with >95.0% probability were accepted
to achieve an FDR <1.0% and contained at least one iden-
tified peptide. Protein probabilities were assigned by the Pro-
tein Prophet algorithm (52), and default Scaffold settings were
used except for Blocking level was Unique Samples, means
were used for averaging, and normalization was applied as re-
ported (53). Of 40824 spectra in the experiment at the given
thresholds, 33826 (83%) were included in the quantitation.
Differentially expressed proteins were determined by apply-
ing ANOVA with an unadjusted significance level of P < 0.05,
corrected by Benjamini-Hochberg.

General statistical analysis

Unless indicated otherwise in the figure legends, all experi-
ments were performed at least in biological triplicates, and
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results are presented as mean =+ standard deviation (SD) or
standard error of the mean (SEM) of absolute values or per-
centages of control. Statistical P values for the comparison of
two groups were obtained by applying a Student’s two-tailed
unpaired #-test. For the comparison of multiple groups, one-
way analysis of variance (ANOVA) followed by Tukey’s post-
hoc test or two-way ANOVA with a Dunnett correction for
multiple comparisons were performed. A P < 0.05 was con-
sidered significant. The P values are indicated in the graphs: *
P <0.05,** P <0.01, *** P < 0.001 and **** P < 0.0001.

Results

The [2Fe-2S] cluster-coordinating cysteines in
mitoribosomal proteins mS25 and bS16m are
crucial to their stability and structural function

To study the role of [2Fe-2S] clusters and their coordinat-
ing proteins in the assembly and function of the mitoribo-
some, we focused on the Fe-S cluster-binding pair bS16m-
mS25 (Figure 1A), two proteins involved in mitochondrial dis-
orders (6,7). In the mtSSU lower body, the [2Fe-2S] cluster is
coordinated by three cysteine thiolates from the mS25 (C139,
C141 and C149) and one from bS16m (C26) (Figure 1A, (4)).

Using the CRISPR-Cas9 technology (Supplementary Figure
S1A-E), we created stable human HEK293T cell line KOs
for mS25, or bS16m (Supplementary Figure S1F-G), which
maintained WT mtDNA levels (Supplementary Figure STH).
The stability of mS25 and bS16m depended on one another
(Figure 1B and F). Importantly, both proteins are required
for mtSSU assembly (Figure 1D and J). However, whereas
mS235 is essential for mtSSU biogenesis (Figure 1D), the ab-
sence of bS16m allows for a small residual amount of 28S
mtSSU, and 55S monosome assembly (Figure 1]) that sup-
ports ~8% of protein synthesis (Figure 1H, I) and 25%
of cellular respiratory capacity compared to wild-type (WT)
HEK293T cells (Figure 1K). Therefore, mS25 can assemble—
albeit inefficiently—in the absence of bS16m, but not vice
versa. All the phenotypes in the KO lines were restored to WT
levels by rescue with the corresponding WT genes (Figure 1B—
K), indicating a lack of CRISPR off-target effects. To assess
the role of [2Fe-2S]-coordinating residues in mS25, we recon-
stituted the 7525-KO cell line with mS235 variants in which
the C139-C141 cysteine pair was replaced with serine, ala-
nine, or aspartic acid residues. Although each of these variants
failed to rescue mtSSU assembly and function (Figure 1B-E),
the three proteins accumulated, albeit at levels lower than the
WT, and nearly equally supported the stability of bS16m (Fig-
ure 1B and Supplementary Figure S1I). The decreased steady-
state levels of the analyzed mutant mS235 proteins result from
protein instability rather than altered expression as RT-qPRC
gene expression analysis indicated that in all cases, mRNA
levels were equal or higher than in the wild-type control cells
(Supplementary Figure S1I). The data obtained on the cell
lines expressing mS235 variants suggest that mS25 and bS16m
may associate independently of the Fe-S cluster. To assess the
role of the [2Fe-2S]-coordinating residue in bS16m, we re-
constituted the bS16m-KO cell line with bS16m variants in
which C26 was replaced with serine, alanine, or aspartic acid.
The three bS16m mutant genes were expressed at high lev-
els (Supplementary Figure S11) although the proteins accumu-
lated at lower than the WT levels and stabilized proportional
amounts of mS25 (Figure 1F and Supplementary Figure S1I).
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Figure 1. The [2Fe-2S] cluster-coordinating cysteine residues in mS25 and bS16m are essential for mitoribosome assembly and function. (A)
Mitoribosome cryo-EM reconstitution (PDB: 7gi4) in which the pairs of proteins that coordinate a [2Fe-2S] cluster are indicated. The right-side panel
shows the mS25-bS16m pair magnified, and the residues involved in [2Fe-2S] cluster coordination are indicated. mS25 residues are shown in orange,
and bS16m are shown in yellow. The [2Fe-2S] cluster is depicted as four blue spheres. Figures were prepared in Pymol and Adobe Photoshop. (B, F)
Steady-state levels of mS25, bS16m, additional mitoribosome markers (mS40 and uL10m), and a marker of mitochondrial protein synthesis (complex IV
subunit COX1) were assessed by immunoblotting in HEK293T wild-type cells, and mS25-KO (B) or bS716m-KO cells (F) reconstituted with an empty
vector (EV), or plasmids expressing the corresponding wild-type protein (WT), or variants carrying mutations in the indicated [2Fe-2S] cluster
coordinating cysteines. ACTIN was used as a loading control. (C, H) Mitochondrial protein synthesis following 3*S-methionine incorporation into newly
synthesized mitochondrial proteins in the presence of emetine to inhibit cytoplasmic protein synthesis. ACTIN was used as a loading control. (D, J)
Sucrose gradient sedimentation analyses of mtSSU (bS16m, mS25, and mS27) and mtLSU markers (uL10m) in mitochondria purified from the indicated
cell lines and extracted in the presence of 100 mM KCI, 20 mM MgCl,, and 0.5% digitonin. (E, K) KCN-sensitive endogenous cell respiration for
indicated cell lines measured polarographically. The bar graphs represent the average + SD of three independent experiments. Black dots represent
individual data points. Two-tailed unpaired ttest, **P < 0.01; ***P < 0.001; n.s., not significant. (G, ) The graphs show the densitometry (average +
SD) of three independent experiments as in panel F (G) or H (I). Two-tailed unpaired ttest, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. In
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Furthermore, the bS16m mutant variants supported mtSSU
and monosome assembly (Figure 1]) and function (Figure 1H-
I)—protein synthesis was rescued up to ~50% of WT levels
for the C26A and C26S variants, and to ~25% for the C26D
mutant, which resulted in full or 50% restoration of respi-
ration, respectively (Figure 1K). These data suggest that ei-
ther unstable coordination of the [2Fe-2S] cluster by the three
sulthydryl groups in mS25 or the complete lack of the cluster
due to the absence of bS16m coordinating cysteine, markedly
attenuates mitoribosome function.

The interconnected lability of mS25 and bS16m suggests
that their shared [2Fe-2S] cluster facilitates structural stabil-
ity thereof. Considering this, three potential scenarios could
account for their assembly into the mitoribosome. The pair
of proteins could incorporate into the mitoribosome sequen-
tially and, subsequently, acquire the cluster. Alternatively,
they could interact first, incorporate into the mitoribosome,
and then acquire the cluster. Finally, these subunits could
be incorporated into the assembling mitoribosome as pre-
formed [2Fe-2S]-bound heterodimers. To examine these sce-
narios, we expressed mS25 and bS16m in E. coli and ana-
lyzed their solubility and association. When bS16m-HA or
mS25-FLAG were expressed individually from the pET-21a
plasmid, either protein was completely insoluble (not shown).
However, when the two proteins were co-expressed from the
pETDuet-1 plasmid, they remained partially soluble, either
when the WT or C139AC141A mS25-FLAG variants were
co-expressed with WT bS16m-HA. Immunoadsorption as-
says using the soluble fractions and anti-FLAG-conjugated
beads efficiently co-purified mS25 and bS16m (Supplemen-
tary Figure S2A—-C). These data indicate that mS25 can as-
sociate with bS16m, irrespective of their shared Fe-S cluster
coordination.

The mitoribosome [2Fe-2S] cluster coordinated by
mS25 and bS16m acts as a redox sensor to
attenuate mitochondrial translation under oxidative
stress

Some [Fe-S] cluster proteins are known to sense and reg-
ulate gene transcription/translation in response to environ-
mental stimuli (54). The [2Fe-2S]-containing sensors can lose
their cluster or modify their redox state to induce conforma-
tional changes that modulate their activity (54). The periph-
eral locations of the mitoribosomal [2Fe-2S] clusters suggest
a potential role in oxidative stress sensing. To assess the ef-
fect of oxidative stress on mitoribosome function, we ana-
lyzed mitoribosome protein synthesis by following the incor-
poration of 3S-methionine into newly synthesized polypep-
tides in the presence of emetine to inhibit cytosolic protein
synthesis. Upon treatment with 0.25 mM or 0.50 mM H,0,
for 3 h, which induces mild oxidative stress in cells (55), the
mitoribosome-driven protein synthesis was decreased down to
~40% and ~15% of untreated cells, respectively (Figure 2A),
whereas the mitoribosome proteins, subunits, and rRNAs, re-
mained stable (Supplementary Figure S3). These data suggest
that loss or remodeling of Fe-S cluster-binding in mitoriboso-
mal proteins could contribute to the effect of oxidative stress
on mitoribosome function.

If the mitoribosome [2Fe-2S]-coordinating proteins lost
their cluster in response to oxidative stress, the coordi-
nating cysteines could become accessible for modification.
To evaluate this scenario, we used iodoacetamide (IAA)/4-

Nucleic Acids Research, 2023, Vol. 51, No. 21

acetamido-4'-maleimidylstilbene-2,2’-disulfonic acid (AMS)-
based reverse thiol trapping approach (Figure 2B) to assess
the redox state of the pairs mS25-bS16m and ml66-uL.10m
in functional mitochondria isolated from HEK293T cells
treated or not with H,O,. Mitochondria were first treated
with translation buffer containing an excess of membrane-
permeable TAA, which covalently binds to all free thiols.
Next, the samples were denatured and reduced using sodium
dodecyl sulfate (SDS) and tris-[2-carboxyethyl] phosphine
(TCEP), respectively. The cysteines protected from IAA were
subsequently identified by testing molecular size after incu-
bating the samples with AMS, which can bind to reduced
cysteines, adding 540 Da per molecule to the proteins of
interest.

mS25 has four cysteines, three of which are engaged in
[2Fe-2S] cluster coordination (Figure 2C). Under standard
conditions, mS25 accumulated in three distinct populations:
40% of the total protein exhibited two cysteines inaccessible
by TAA, 35% presented with three (3-AMS), and 25% carried
four (4-AMS) modified groups (Figure 2D, E). Upon H,O;
treatment, this ratio shifted to 82% of mS25 with two cys-
teines inaccessible by IAA, and 18% with three modified thi-
olates. In this setting, only the fractions with 3- and 4-AMS
groups could have three cysteines coordinating the [2Fe-2S]
cluster. Their contribution shifts from 60% of the total in
standard conditions to 18 % under oxidative stress conditions.
bS16m has three cysteines, one of which is engaged in [2Fe—
28] cluster coordination (Figure 2C). Under standard condi-
tions, we observed the accumulation of bS16m in four popu-
lations: 15% of the total protein had no cysteines inaccessi-
ble by TAA, 30% had one (1-AMS), 45% had two (2-AMS),
and 10% had three (3-AMS) modified groups (Figure 2D, E).
Following H,O; treatment, the proportions shifted to 35%,
35%,25%, and 5%, respectively (Figure 2D, E). All fractions
with 1 or more AMS groups could potentially coordinate the
[2Fe-2S] cluster. The TAA inaccessibility of cysteines in native
proteins could also be due to interactions with rRNA. At any
rate, the total amount of [2Fe-2S] cluster-ligating thiolates is
decreased in the presence of H, O, (Figure 2D, E).

In contrast to the mS25-bS16m pair, the [2Fe-2S] cluster
coordinated by ml66-uL10m may not have a major role in
redox sensing. Four of the five cysteines present in ml66—
which provides three sulfhydryl groups for [2Fe-2S] cluster
coordination—were equally inaccessible to IAA under stan-
dard and oxidative stress conditions (Supplementary Figure
S4A-C). Its partner subunit, uL10m, which harbors four cys-
teines and provides the fourth coordinating group, accumu-
lated in two populations: 2- and 3-AMS (Supplementary Fig-
ure S4A-C). The TAA inaccessibility ratio for uL10m changed
from the standard (40%/60%) to oxidative stress conditions
(60%/40%). However, the lack of appreciable HO, effect
on ml66 suggests only a limited role for the [2Fe-2S] cluster
in ml66-uL10m in translation regulation. Similarly, although
we could not test the effect of H,O;, on the redox state of
bS6m due to the lack of a properly working antibody, its part-
ner bS18m (contains five cysteines, three of which are coor-
dinating a [2Fe-2S] cluster) did not exhibit any appreciable
changes in redox state upon H, O, treatment (Supplementary
Figure S4D-F).

We then examined the effect of H,O, treatment on the
[4Fe-4S]-containing mtSSU assembly factor METTL17. The
mature protein has 8 cysteines, four of which are engaged
in cluster coordination (Figure 2F-H). The protein remained



Nucleic Acids Research, 2023, Vol. 51, No. 21

11805

A B +1AA +SDS +TCEP +AMS (540 Da)
HEK293T
H:0: 0 025 0.50 mM COX1/ACTIN Cy3)- sHYAMS
1.0
4 B :
I;:a E — ND5 Eos (Cy3)- sIAA
- £33
! - - cox1 %0 05 ok -S@AMS
— ND4 1H,0,] (mh)
el (Cys)- SHYIAA
_ COB In organello
. |- m8$ ) 1I:D2.‘ACTIN redox state
=832 il F
= i
- £S5
10— ATP6 4% 05 oxo "\‘uu_ -%“ p— METTET?
A 03 i) bS16m B D-cro
— ND6 e
~ ND3 ATPGIACTIN ® 3 c4
1.04
_ND4L %3 ke
ATP8 %Eus-\ = mS25
48— S 00— ?}(‘x;/
35— C149 C139
D
Untreated H,0, G
1AA - - + - - +
TEER & & & s = 8 Untreated H,0,
AMS - o+ o+ -+ M - - 1+ - - +
AMS TCEP + + + + + +
Sy = - AMS =+t -t s
kDa < - | —0 mS25 kDa - ' -— =385
17— a8— [ - - =1
3
- . . = | bstem METTLA7
10— - - ==
METTL17
E mS25 bS16m H 120
_ 120 2aMs 120 O 0AMS s H 0AMS
g 100 O 3ams £ 100 O 1AMS 2 100 [ 8AMS
7 80 O4AMS 3 80 O 2AMS s &
‘g 60 g 60 O 3AMs § 60
E 40 '% 40 s X
22 & 20 ®
0 0 E
0 1 0 1 o 1
[H;0;1(mM) [H,0,1(mM) [H;0;] (mM)

Figure 2. Cysteines in [2Fe-2S] cluster-coordinating proteins are sensitive to oxidative stress. (A) Mitochondrial protein synthesis following
35S-methionine incorporation into newly synthesized mitochondrial proteins in the presence of emetine to inhibit cytoplasmic protein synthesis.
Wild-type HEK293T cells were treated with 0, 0.25, or 0.50 mM H, 0, for 3 h. ACTIN served as a loading control. The right-side graphs represent the
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expressed as the fraction of untreated cells, are presented. (B) Reverse thiol trapping approach to detect the native cysteine residues inaccessible to a
cell-permeable alkylating compound (2-iodoacetamide, IAA) that upon denaturation with SDS (sodium dodecy! sulfate) and full reduction with TCEP
(tris(2-carboxyethyl)phosphine) are bound to AMS (4-acetamido-4’-maleimidylstilbene-2,2'- disulfonic acid), which adds ~540 Da per thiol group. (C and
F) Cryo-EM structures of the mS25-bL.16m pair of proteins that coordinate a [2Fe-2S] cluster in the mtSSU (PDB: 7qi4) (C), and the mtSSU assembly
factor METTL17 that harbors a [4Fe-4S] cluster (PDB: 8csp) (F) The [Fe-S] cluster-coordinating cysteine residues are indicated in red, and all additional
cysteines in each protein are depicted in black. The Fe-S clusters are shown (not to scale) as blue spheres. Figures were prepared in Pymol and Adobe
Photoshop. (D and G) Reverse thiol trapping of mS25 and bS16m (D) or METTL17 (G) in mitochondria isolated from WT HEK293T cells, treated or not
with 1 mM H, 0, for 3 h. (E and H) The bar graphs represent the number of AMS-bound cysteines (unavailable to IAA binding in organello). The data are
the average of two independent experiments. Figures are representative of two independent repetitions with similar results.

stable upon treatment (Supplementary Figure S3). How-
ever, the thiol trapping assay showed that the percentage of
molecules with eight (8-AMS) inaccessible cysteines shifted
from ~80% in standard conditions to less than 20% upon
H,O; treatment. In the latter condition, ~80% of METTL17
molecules had all eight cysteines free, indicating loss of their
coordinating [4Fe-4S] cluster.

We conclude that under oxidative stress conditions, the in-
sult is sensed directly by the existing mitoribosomes via the
[2Fe-2S] cluster coordinated by mS25-bS16m. At the same

time, the stress is effectively sensed by METTL17 to inhibit
the assembly of new mtSSU particles.

The [Fe-S] cluster delivery nodes GLRX5-BOLA3

and ISCA1-NFU1 support mitoribosome biogenesis
Following the identification of [2Fe-2S] clusters in the mitori-
bosome, one fundamental query is how they are transferred to
recipient apo-mitoriboproteins. We approached this question
by examining the effect of systematic 9-day siRNA-mediated
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depletion of key [Fe-S] cluster biosynthesis and delivery pro-
teins on mitoribosome assembly and function by proteomics
and metabolic labeling approaches (Supplementary Figure
S5A). Specifically, we targeted the [Fe=S]| biosynthetic pro-
teins NFS1, ISCU, and the [2Fe-2S] assembly and delivery
proteins GLRXS5 and BOLA3. Because mtSSU formation in-
volves the [4Fe—4S] protein METTL17, we also included the
[4Fe-4S] cluster assembly and delivery proteins ISCA1, NFU1,
and NUBPL. Following trials to determine the optimal siRNA
sequence and concentration, we reached, in all cases, a silenc-
ing efficacy of >95% as assessed by immunoblotting (Sup-
plementary Figure S5B-G). Using this candidate approach, we
confirmed expected attenuations in known [2Fe-2S] client
proteins, such as the Rieske iron-sulfur protein (RISP) of
OXPHOS Complex III, and [4Fe-4S]-carrying proteins such
as aconitase (ACO?2), or proteins that contain both species
such as the NADH-ubiquinone oxidoreductase 75 kDa sub-
unit (NDUFS1) of Complex I, or the succinate dehydroge-
nase subunit B (SDHB) of Complex II (Supplementary Fig-
ure S5B-G). Silencing of NES1, ISCU, GLRXS5, BOLA3,
NFU1 and ISCA1, but not NUBPL, attenuated the levels of
mitoribosome markers as well as METTL17 (Supplementary
Figure S5B-G).

To unequivocally identify mitochondrial proteins whose
stability is regulated by GLRXS5, BOLA3, NFU1 or ISCA1,
we carried out quantitative tandem mass tag (TMT)-based
proteomics on whole cell lysates from HEK293T cells treated
with gene-specific siRNAs as indicated above. The results—
summarized in four volcano plots (Figure 3A) and two
heatmaps (Figure 3B)—indicate that compared to control
non-targeting siRNA (siNT)-treated HEK293T cells, many
components of the mitoribosome SSU and LSU were atten-
uated in response to GLRXS and especially BOLA3 deple-
tion. By contrast, silencing of ISCA1 and NFU1 only de-
creased mtSSU components but had no appreciable effect on
the mtLSU stability. Despite the seemingly minor decrease in
mitoribosome components, the biological importance of their
attenuation is substantiated by its similarity to the attenua-
tion observed in established [2Fe-2S] and [4Fe-4S] client pro-
teins (Figure 3A). Thus, our data are congruent with a sce-
nario in which the GLRX5-BOLA3 pathway directly deliv-
ers [2Fe-2S] clusters to the two mitoribosome subunits. Fur-
thermore, downstream of GLRX5-BOLA3, the ISCA1-NFU1
pathway targets the [4Fe-4S] cluster to the mtSSU assembly
factor METTL17. Cryo-EM structures of human mtSSU as-
sembly intermediates with METTL17 bound to the cleft be-
tween the head and the body contain the protein pairs bS16m-
mS25 and bS6m-bS18m already coordinating their [2Fe-2S]
cluster (56). Therefore, the BOLA3-mediated delivery of [2Fe—
25] clusters to the mtSSU must occur upstream of METTL17.

To examine the effects of knocking down [Fe-=S] cluster
delivery proteins on mitoribosome maturation using a com-
plementary approach, we performed metabolic labeling of
HEK293T cells with *Fe and analyzed iron incorporation
into mitoribosomes by immunoprecipitation (Supplementary
Figure SSH, I) followed by liquid scintillation counting (Fig-
ure 3C). We first tested the ability to immunoprecipitate mito-
chondrial ribosomes from whole cells extract using antibod-
ies against endogenous proteins mS25 and bL12m (Supple-
mentary Figure SSH-I) and used both antibodies together to
determine the *Fe incorporation into the mitochondrial ri-
bosome. Upon knockdown of GLRXS, BOLA3 or ISCAT in
WT cells for five days, the 3Fe signal of the mitoribosome
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was virtually undetectable (Figure 3C). In contrast, NUBPL
silencing did not produce any appreciable effect (Figure 3C).
Silencing of NFUT1 significantly lowered **Fe incorporation
to ~10% of that in non-silenced cells. As a control, we also
examined *°Fe incorporation in the bS167-KO cell line recon-
stituted with the bS16mC26A variant that supports ~60% of
WT mitochondrial protein synthesis (Figure 1H, I), wherein
we detected ~25% of >3Fe as compared to the WT cell line.

To determine the consequences of attenuating [Fe-S] clus-
ter delivery proteins on mitoribosome function, we ana-
lyzed the incorporation of 3*S-methionine into mitoribosome-
synthesized polypeptides in the presence of emetine to in-
hibit cytosolic protein synthesis. Consistent with the mitoribo-
some stability and *Fe-incorporation assays, the silencing of
GLRXS, ISCA1, BOLA3 and NFU1, but not NUBPL, dimin-
ished the mitochondrial protein synthesis capacity to 60-70%
of control (Figure 3D).

Mutation in multiple mitochondrial dysfunctions
syndrome (MMDS) genes BOLA3 and NFU1 disrupt
mitoribosome assembly and function

Mutations in NFUI or BOLA3 result in MMDS types 1 and
2, respectively (33). We have shown in a previous study that fi-
broblasts from subjects carrying mutations in either NFUT or
BOLA3 showed defective delivery of [Fe-S] clusters to OX-
PHOS complexes I, II and III, as well as attenuated lipoate
synthesis (31). These phenotypes were rescued by the overex-
pression of mitochondrial isoforms mitoNFU1 (Q9UMSO0-1)
and BOLA3.1 (Q53S33-1), respectively, but not the cytosolic
isoforms cytoNFU1 (Q9UMSO0-3) and BOLA3.2 (Q53S33-2)
(31). Other studies have shown that mutations in NFU1 also
cause dysregulation of cellular iron as well as oxidative stress
in patient cell lines and model organisms (57,58), which may
further affect the integrity of redox-sensitive mitochondrial
[Fe=S] clusters, such as those in mS25-bS16m and METTL17
(Figure 2C-H)

Here, we have analyzed the steady-state levels of mitori-
bosome proteins in subject fibroblasts to determine the effect
of NFU1 and BOLA3 variants on mitoribosome maturation.
(Figure 4A). NFU1 levels were not altered in BOLA3 sub-
ject fibroblasts and vice versa (Figure 4A and Supplementary
Figure S6A), in agreement with the siRNA-mediated knock-
down studies. Levels of METTL17 were unaltered in NFU1
and BOLA3 subject fibroblasts (Supplementary Figure S6B).
As a positive control, we determined that the levels of sub-
units from OXPHOS complexes containing [Fe-S] clusters,
particularly complex I, were significantly decreased in subject
fibroblasts and rescued by mitoNFU1 and BOLA3.1, respec-
tively (Figure 4A and Supplementary Figure S6A), as shown
previously (31). Additionally, however, the steady-state levels
of Complex IV subunits (COX2 in particular) were also low-
ered, probably reflecting the dependency of Complex IV as-
sembly on [Fe-S]| cluster-containing proteins (16,59). These
data were confirmed by BN-PAGE analyses of fully assem-
bled OXPHOS complexes, which reflected deficient OXPHOS
assembly and accumulation (Figure 4B). While in the origi-
nal report of these NFU1 and BOLA3 subject fibroblasts, we
did not identify Complex IV assembly defects (31), the dis-
crepancy could be attributed to the different antibodies used
(anti-hole bovine CIV Ab versus Abs against specific human
CIV proteins). Decreased Complex IV levels could be partly
attributed to potentially defective mitochondrial translation
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Figure 3. The GLRX5-BOLA3 and ISCA1-NFU1 Fe-S cluster delivery pathways are required for mitoribosome biogenesis. (A) Volcano plots displaying
differentially expressed proteins between HEK293T cells treated with siNT (non-targeting) and siGLRX5, siBOLA3, silSCAT, or siNFU1T for 9 days. The
y-axis displays the logyo (P values), and the x-axis displays the Log, (fold-change value). The horizontal grey line represents the 10~'2 threshold on the P
values, while the vertical lines show thresholds of 4+ 1.2-fold changes. The raw Multiplex TMT-MS/MS data have been uploaded to PRIDE repository,
with ref# 1-20230106-165123. (B) Heat map showing the levels of mtSSU and mtLSU proteins in siGLRX5, siBOLA3, silSCAT, and siNFUT cells,
normalized by siNT-treated HEK293T cells after 9 days of silencing. The map represents the average of four independent experiments. (C) The schematic
depicts the approach followed to assess ®®Fe incorporation into mitoribosomes. The bar graph represents the average + SD of three independent
experiments. Grey dots represent individual data points. Two-tailed unpaired t-test, *P < 0.05; ****P < 0.0001. (D) Mitochondrial protein synthesis
following %°S-methionine incorporation into newly synthesized mitochondrial proteins in the presence of emetine to inhibit cytoplasmic protein synthesis.
ACTIN was used as a loading control. The bar graph represents the average of two independent experiments. Black dots represent individual data points.
(E) Schematic showing the delivery of Fe-S clusters in mammalian cells, highlighting the GLRX5-BOLA3 pathway involved in [2Fe-2S] cluster delivery to
the mitoribosome, and the ISCA1-NFU1 node that targets a [4Fe—4S] cluster to the mtSSU assembly factor METTL17 Created with BioRender.com.
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Figure 4. Multiple mitochondrial dysfunctions syndrome-associated proteins BOLA3 and NFU1 are important for mitoribosome assembly and function.
(A) Steady-state levels of indicated mitoribosomal proteins and subunits of OXPHOS complexes were assessed by immunoblotting in fibroblasts from
two unrelated controls, subjects carrying mutations in either NFUT or BOLA3, or subjects overexpressing the rescuing mitochondrial isoforms
mitoNFU1 (Q9UMSO0-1) and BOLA3.1 (Q53S33-1), or non-rescuing cytosolic isoforms cytoNFU1 (Q9UMSO0-3) and BOLA3.2 (Q53S33-2). VDAC1 and
ACTIN were used as loading controls. (B) BN-PAGE analysis of the assembly of OXPHOS complexes in indicated cell lines using subunit-specific
antibodies (indicated in parenthesis). BN-PAGE samples were separated on an SDS-PAGE, and VDAC1 was used as a loading control. (C) Impaired
mitochondrial protein synthesis in NFU1 and BOLA3 subject fibroblasts following 3°S-methionine incorporation into newly synthesized mitochondrial
polypeptides in the presence of emetine to inhibit cytoplasmic protein synthesis. A Coomassie total protein staining served as a loading control. (D)
Quantification of at least three independent experiments as in panel B. The graphs show the densitometry (average + SD) for each indicated
polypeptide. Shapes represent individual data points. Two-way ANOVA with a Dunnett correction for multiple comparisons was performed (compared to
controls, which were set to 100%), and the significant p-values are indicated. (E) Sucrose gradient sedimentation analyses of mtSSU (mS27 mS40, and
mS25) and mtLSU markers (ml44, uL11m) from mitochondria purified from the indicated cell lines. VDAC1 was used as a loading control. (F) Immunoblot
analysis of the indicated fractions across sucrose gradients run in the same gel. The graphs represent quantification of the steady-state levels of mt-SSU
and mtLSU markers in the fractions corresponding to the small subunit, large subunit, and monosome.
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in subject fibroblasts, either due to inefficient protein syn-
thesis or defective mitoribosome assembly. In support of this
possibility, an in cellula translation assay showed a clear de-
fect in the pulse synthesis of mtDNA-encoded proteins (Fig-
ure 4C, D). However, while the NFU1 subject cell line showed
an overall decrease in mitochondrial translation, the BOLA3
subject fibroblasts exhibited a slightly different pattern with
overall decreased translation, and faster migration of ATP6,
which is synthesized at a higher rate (Figure 4D). Although at
present we do not have a clear explanation for this pattern,
we have observed a relatively similar one in patients with mu-
tations in the mitochondrial elongation factor EFG1, in which
we have detected an overall decreased mt-translation, except
for ATP6 and ATP8 (60). The steady-state levels of several
mtLSU proteins were not significantly altered in subject fi-
broblasts despite a tendency to decrease (Figure 4A and Sup-
plementary Figure S6). However, sucrose gradient sedimenta-
tion analyses showed attenuated levels of mtSSU and mono-
some complexes in NFU1 subject fibroblasts (Figure 4E, F
and Supplementary Figure S6C) in agreement with the role of
NFU1 in delivering a [4Fe-4S] cluster to the mtSSU-specific
assembly factor METTL17. Importantly, all presented phe-
notypes were rescued by overexpression of mitoNFU1 and
BOLAS3.1, respectively. In summary, the results in subject fi-
broblasts largely phenocopy our findings in siRNA-mediated
NFU1 and BOLA3 knockdown cells and support the con-
clusion that attenuated mitoribosome assembly and function
contribute to the molecular phenotype of MMDS types 1
and 2.

Discussion

Iron-sulfur clusters are critical co-factors that function in
electron transfer and storage, chemical catalysis, structural
stabilization, and sensing oxygen radicals and other small
molecules (61,62). The recent discovery of three [2Fe-2S5] clus-
ters in the mitoribosome and one [4Fe-4S] cluster in a mtSSU
assembly factor has linked the synthesis of OXPHOS core
subunits with their assembly into [Fe-S]-containing enzymatic
units. Furthermore, diseases associated with defective iron—
sulfur cluster biosynthesis stem not only from altered OX-
PHOS complex assembly, but also from impaired synthesis of
mtDNA-encoded subunits. In this study, we have unraveled
the role of the mitoribosome [2Fe-2S] clusters in the struc-
tural stabilization of the mtSSU and oxidative stress sensing to
regulate mitochondrial translation accordingly. By combining
genetic silencing of ISC machinery and quantitative proteomic
analyses, we identified GLRXS5 and BOLA3 as the mitoribo-
some [2Fe-2S] cluster delivery factors and ISCA1 and NFU1
as factors that target a [4Fe—4S] cluster to the mtSSU assem-
bly protein METTL17 (Figure 3E). Finally, we used fibrob-
lasts from subjects with mutations in NFU1 and BOLA3 to
disclose previously unrecognized mitochondrial protein syn-
thesis defects that may contribute to pathophysiology of these
mutations. In this fashion, our data link mitoribosomal bio-
genesis, Fe-S cluster assembly, and the pathophysiology of
subjects suffering from ‘multiple mitochondrial dysfunction’
syndromes.

A functional link between cytosolic ribosome assembly and
biogenesis of iron—sulfur proteins was previously established
in the yeast Saccharomyces cerevisiae, wherein the [4Fe—4S]
protein RNase L inhibitor (R1i1) functions in several ribosome
assembly steps (63,64), the process of translation (65,66),
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and ribosome recycling (67). The [4Fe—4S] iron-sulfur cluster
in Rlil senses reactive oxygen species (ROS) and—through
a loss of activity—attenuates protein synthesis under oxida-
tive stress conditions (68). In Escherichia coli, a [4Fe—4S]
iron-sulfur cluster was also found in RumA, the enzyme that
methylates U1939 23S rRNA (69). In this case, the cluster
also acts as a ROS sensor. Oxidation of said cluster leads to
its decomposition and subsequent precipitation of the pro-
tein, which may constitute a mechanism for regulating RumA
activity upon oxidative insults (70). The absence of RumA-
mediated 23S rRNA methylation might be advantageous to
ribosomal functions under oxidative stress conditions. An-
other interesting hypothesis proposed for RumA regulation
is that because far fewer turnovers of an enzyme involved in
rRNA modification are required than of other enzymes and
electron transfer [Fe=S] cluster-containing proteins, the cluster
in RumA may be a sacrificial one to serve as iron and sulfur
donor for other clusters after the process of 23S rRNA methy-
lation is completed (70). Our data show that in the mitori-
bosome, at least the [2Fe-2S] cluster coordinated by mS25-
bS16m is sensitive to ROS—Ilikely to attenuate mitochondrial
protein synthesis under oxidative stress conditions readily.
Additionally, the [4Fe-4S] cluster in the methyltransferase-
like mitoribosome assembly factor METTL17, required for
mtSSU assembly, is highly sensitive to H,O,, likely to pre-
vent new mtSSU assembly under oxidative insults. In that re-
gard, METTL17 acts similarly to the yeast cytosolic and bac-
terial ribosome assembly factors mentioned earlier. Although
METTL17 does not seem to possess methyltransferase activ-
ity, it associates with the 12S rRNA in the mtSSU head to
promote the rearrangement of several helices and block the
mRNA channel to prevent its premature binding (8). The role
of METTL17 seems to be conserved along evolution. A cryo-
EM reconstruction showed that both its yeast and trypanoso-
mid homologs, known as Rsm22, also interact with and con-
tribute to the maturation of mitoribosome mtSSU assembly
intermediates (56,71). However, whereas yeast Rsm22 was
found to coordinate a [4Fe—4S] cluster (56), a Zn** was as-
signed to the density detected in its trypanosomid counterpart
(71), perhaps due to a lack of resolution. Independently, it is
well possible that, Rsm22 has the capacity to sense oxidative
stress like METTL17 does.

An important finding of the present study is that the ox-
idative stress induced by H, O, treatment is sensed by both,
METTL17 and the mS25-bS16m [2Fe-2S] cluster, leading
to cluster loss or remodeling and subsequent attenuation of
mitoribosomal translation. However, H, O,-induced attenua-
tion of mitochondrial translation could also be contributed
by modification of other redox-sensitive cysteines, including
those in ribosomal proteins but not involved in [Fe-S] cluster
coordination, as it has been recently reported (72).

Deficiencies in the majority of [Fe-S] cluster biogenesis and
assembly factors have been associated with an array of hu-
man mitochondrial and neurodegenerative disorders, includ-
ing Friedrich ataxia (73) and multiple mitochondrial dysfunc-
tions syndrome (33). A common hallmark of these disorders is
mitochondrial oxidative phosphorylation deficiency observed
in subject samples (33,73). This is expected as respiratory
complexes I, II and III contain [Fe-S] clusters and the bio-
genesis of Complex IV depends on [Fe-S] cluster-containing
proteins (16,59). However, the contribution of mitoriboso-
mal depletion has not been previously considered. Our data
show that fibroblasts from subjects carrying variants in [Fe-S]
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cluster biogenesis factors BOLA3 or NFU1 exhibit attenuated
mitochondrial protein synthesis, which cannot be accounted
for by defective-OXPHOS feedback loop and is consistent
with the role of these proteins in the delivery of [Fe=S] clusters
to the mitoribosome and METTL17, respectively. Therefore,
our data adds a new important wrinkle to understanding the
pathogenic mechanisms underlying [Fe-S] cluster biogenesis-
related deficiencies.

Data availability
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