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Sideroflexins (SFXNs) comprise a family of five paralogous proteins (SFEXN1-5) in
metazoan species. SFXN1/2/3 function as mitochondrial serine transporters and are
required for efficient mitochondrial one-carbon (1C) metabolism. SEXN4 is evolution-
arily divergent, and mutations in SEX/V4 give rise to mitochondrial disease, pointing to
a distinct function of this protein in mitochondrial biology. Using a combination of
genome editing, interaction studies, and quantitative proteomics, we show that loss of
SFXN4 leads to an isolated complex I assembly defect and that SEXN4 interacts
with the core components of the mitochondrial complex I intermediate assembly
(MCIA) complex. Our findings suggest that SEXN4 is required for the incorporation of
the mtDNA-encoded ND6 subunit in the ND2 assembly module of complex 1. These
findings provide insights into the fundamental process of complex I assembly and
functional insights into a disease-causing gene belonging to the SEXN family.

mitochondria | respiratory chain | complex assembly | sideroflexins

Mitochondria house numerous metabolic pathways, including the ATP-producing elec-
tron transport chain, and regulate signaling pathways responsible for activities including
antiviral defense and programmed cell death (1). Reflecting their functional complexity,
mitochondria possess two membranes and are host to a large repertoire of proteins (2),
which are encoded by both the nuclear and the mitochondrial genomes. Despite dramatic
increases in knowledge of mitochondrial biology, many of the 1,136 high-confidence
mitochondrial proteins (2) remain partially or fully uncharacterized (3).

Sideroflexins (SFXNs) are a family of inner membrane proteins that are evolution-
arily distinct from the SLC25A mitochondrial carrier family, although both protein
families utilize the TIM22 complex for insertion into the inner membrane (4). Of the
five SEXN members, SEXN1 and SFXN3 (and, potentially, SFXN2) function as serine
transporters and are required for mitochondrial one-carbon metabolism (5). It has also
been suggested that SEXN1 is required to maintain complex III integrity (6). Kory and
colleagues showed that the most divergent member of the SEXN family, SEXN4, has
no serine transport capacity (5). Mutations in SFXN4 cause a mitochondrial disease
(OMIM 615578) with clinical features including macrocytic anemia and a deficiency
in complex I of the mitochondrial electron transport chain (7, 8).

Complex I exists in the inner mitochondrial membrane, comprises 45 subunits, and
is assembled through an intricate pathway that brings together several independently
assembled modules (9, 10). Complex I subunits are encoded by both the nuclear and
the mitochondrial genomes, necessitating a tightly regulated assembly pathway. This
pathway is assisted by multiple assembly factors, which interact with complex I subu-
nits and assembly intermediates during the assembly process, but are absent in the
mature complex (9, 10). For example, the mitochondrial complex I intermediate
assembly (MCIA) complex (11)—harboring the assembly factors NDUFAF1, ECSIT,
ACAD9, TMEM126B, TMEM186, and COAl—is required for building the ND2
membrane module that contains the mitochondrial DNA (mtDNA) encoded subunits
ND2, ND3, ND4L, and ND6 along with six nuclear encoded subunits (9, 10, 12,
13). Complex I further associates with other respiratory chain enzymes (complexes III
and IV) during assembly to form the respirasome, the functional significance of which
is highly debated (14-16).

The evolutionary divergence of SEXN4, its inability to transport serine, and its clini-
cal association with complex I deficiency and mitochondrial disease raised the hypothe-
sis that SFXN4 has a distinct function to other SEXN proteins, likely linked to
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complex I biogenesis. We show that cells lacking SFXN4 pre-
sent with an isolated complex I assembly defect, and functional
analysis of SFXN4 uncovered extensive interactions with the
MCIA complex. The association of SEXN4 with MCIA guides
assembly of the ND2 module of complex I, and we show that
SFXN4 interacts with newly synthesized NDG6, one of the last
subunits to be added to this module. Our data show that
SFXN4 is a complex I assembly factor, which interacts with
the MCIA complex and acts in ND2-module maturation by
integrating mtDNA-encoded NDG6.

Results

Deletion of SFXN4 Results in Isolated Complex | Deficiency.
To explore possible functions for SEXN4, we analyzed the Achil-
les gene essentiality dataset to identify genes that were coessential
with SFXN4 (17, 18). Several of the genes that had the highest
coessentiality with SFXN4 were complex I subunits or assembly
factors (Fig. 1A4), or other components of the OXPHOS (oxida-
tive phosphorylaton) system (Fig. 1B), suggesting that SFXN4
functions in complex I biogenesis. Coessentiality with complex I
or the mitochondrial OXPHOS system more broadly was not
observed for SEXN1, SEXN2, SEXN3, or SEXN5 (87 Appendix,
Fig. S1 A and B), confirming that this association is unique to
SEXN4 and is a reflection of the protein’s divergent molecu-
lar function.

To interrogate the function of SEXN4 in detail, we generated
a SEXN4 knock-out (SFXN4*?) HEK Flp-In™ T-Rex™ cell
line using CRISPR-Cas9 gene editing (S/ Appendix, Fig. S10).
Mitochondria were isolated from control and SEXN4¥® cells and
were analyzed by label-free quantitative mass spectrometry (MS)
(Fig. 1C and SI Appendix, Table S1). SEXN4XC cells were
depleted of a number of complex I subunits (Fig. 1C and S7
Appendix, Table S1), with proteins belonging to the N
(NDUFA7, NDUES1, NDUFV1), Q (NDUFA9) and ND2
(NDUFAL10) assembly modules of complex I being the most sig-
nificantly affected. Consistent with the proteomic data, sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
analysis confirmed the ND2 module subunit NDUFA10 and the
Q module subunit NDUFA9 were depleted in SEXN4XC cells,
while the abundance of the ND4 module subunit NDUFB11
was unchanged (Fig. 1D). The proteomics and SDS-PAGE data
indicated the OXPHOS defect in SEXN4? cells was specific to
complex 1, as levels of subunits belonging to complexes II, III,
IV, or V remained unchanged (Fig. 1 C-E). Topographical heat
mapping of the relative subunit abundances from the proteomics
dataset onto a recent cryoelectron microscopy—derived structure
of complex I highlighted how the observed changes corresponded
to distinct complex I assembly modules (Fig. 1F). Together, these
data suggested the lack of SFEXN4 in mitochondria results in a
specific defect in complex I assembly and/or stability.

We monitored complex I assembly and respiratory chain
integrity in control and SFXN4XC cells using Blue-Native
(BN) PAGE of mitochondria solubilized in digitonin (main-
tains supercomplexes) or Triton X-100 (causes dissociation into
holo-complexes). In both detergents, we observed a strong
reduction in the levels of complex I-containing supercomplex
and complex I holoenzyme as detected with NDUFA9 or
NDUEFB6 antibodies (Fig. 2 A and B, lanes 1-4). Complexes
11T and IV were not detected in the supercomplex in SEXN4XC
cells (Fig. 24, lanes 7-10), and the holo-complex forms of these
complexes were unaffected or, in the case of complex III,
increased in abundance (Fig. 2B, lanes 7-10). The bioenergetic
implication of this isolated complex I defect was evaluated
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further using SFXN4XC and SFXN1X€ cells (as control) (4).
Enzymatic activity of the OXPHOS complexes was consistent
with the BN-PAGE data, revealing a ~70% reduction in com-
plex I activity in cells lacking SFXN4 (Fig. 2C), while cells
lacking SFXN1 had no change in complex I activity (Fig. 20).
Consistent with their stability on BN-PAGE, the activities of
complexes II, TII, and IV were largely unaltered in SEXN4
cells (Fig. 20). SEXN4X? cells were also less capable of synthe-
sizing ATP when provided with complex I substrates (gluta-
mate + malate, pyruvate + malate) (Fig. 2D), while ATP
production from complex II-driven respiration using succinate
was unaffected. SEXN4? cells also exhibited reduced basal and
maximal oxygen consumption rates (Fig. 2£) and possessed no
glycolytic reserve (Fig. 2F), likely because the cells have adapted
to rely on glycolysis for ATP production due to the strong com-
plex I defect observed. Thus, cells lacking SEXN4 display an iso-
lated defect in complex I that perturbs mitochondrial respiration
and ATP production.

A role for SFXN4 in the biogenesis of iron-sulfur (Fe-S) clus-
ters has been suggested (19). SFXNs 1, 2, and 3 are serine
transporters (5), and it is plausible that SEXN4 has functionally
diverged to import cysteine, an amino acid that is structurally
related to serine and which is required for Fe-S biogenesis (20).
Although complex I contains Fe-S clusters and would be
affected by a defect in Fe-S biogenesis, several Fe-S-containing
proteins and complexes exist in mitochondria (including com-
plexes II and III) that were unaffected by deletion of SEXN4
(Fig. 1 C-E). Additionally, supplementation of SEXN4KO cells
with supraphysiological concentrations of cysteine (as cystine or
N-acetyl cysteine) was unable to rescue the complex I defect in
SFXN4XC cells (57 Appendix, Fig. S1D, lanes 4 and 5). These
results suggest that SFXN4 is required specifically for the
assembly or stability of complex I.

SFXN4 Interacts with the MCIA Complex. We set out to deter-
mine the protein interaction network of SFXN4 to determine
how SEXN4 may function in complex I biogenesis/assembly.
SEXN4*° HEK Flp-In cells were complemented with 1)
untagged SFXN4 or 2) F**SSFXN4. SFXN4 has previously been
suggested to be a resident of the mitochondrial inner membrane
(7). Indeed, SFXN4 was present in the pellet fraction following
carbonate extraction, suggesting that the protein is membrane
integral (S/ Appendix, Fig. S2A, lanes 14 and 16). Mitochondrial
subfractionation showed both SFXN4 (detected with a SFXN4
polyclonal Ab raised against the N terminus) and FLAGSEXN4
remain protected from protease in intact mitochondria (87
Appendix, Fig. S24, lanes 1 and 2 and lanes 7 and 8) but become
accessible to protease digestion following disruption of the outer
membrane (87 Appendix, Fig. S24, lanes 3 and 4 and lanes 9 and
10), suggesting the presence of the N terminus in the intermem-
brane space. We were unable to determine the topology of the C
terminus, as various C-terminally tagged constructs expressed
poorly and were unable to rescue the CI defect in the SEXN4C
cells (SI Appendix, Fig. S2B), suggesting that they were not func-
tional. We conclude SEXN4 is localized to the inner membrane
with its N terminus facing the intermembrane space. Based on a
model where SEXN proteins have five transmembrane domains
(5), its C terminus would face into the matrix.

The ™ASEXN4 construct was able to rescue the complex
defect in SFXN4XC cells (Fig. 34) and was used to identify inter-
acting partners via affinity enrichment MS (AP-MS) (Fig. 3 B
and C and SI Appendix, Table S2). The three most enriched
proteins were ECSIT, ACAD9, and NDUFAF1 (Fig. 3 Band C
and SI Appendix, Table S2), established assembly factors for
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Fig. 1. SFXN4*© leads to depletion of complex | subunits in mitochondria. (4) Top 20 most strongly correlated genes with SFXN4. Genes are ranked by Pear-
son correlation coefficient and color coded by functional category. (B) Genome-wide analysis of SFXN4 coessentiality. Genes are ranked according to correla-
tion with SFXN4. Genes encoding proteins of the OXPHOS system and the mitoribosome are indicated in red on the graph and with black lines on the plot
underneath. (C) Mitochondria from control and SFXN4*© cells were subjected to label free quantitative MS analysis. The volcano plot depicts the levels of
proteins in SFXN4X° mitochondria relative to control (n = 3). Horizontal cutoff represents a P value of 0.05, and vertical cutoffs represent 1.5x fold change.
Proteins are color coded according to the complex | assembly module to which they belong. (D) Mitochondrial lysates from control and SFXN4XC HEK293
cells were analyzed by SDS-PAGE and immunoblotting. (E) Relative abundance of respiratory chain complexes (complexes 1-V) in SFXN4© cells determined
from data in (C) as compared to control. Mean + 95% Cl is depicted. **P < 0.01, ***P < 0.001, ns, not significant. (F) Topographical heatmap showing log,
fold-change values for complex | subunits from SFXN4X® mitochondria (PDB 5LDW).
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Fig. 2. SFXN4XC leads to isolated complex | deficiency. (A and B) Mitochondria isolated from control and SFXN4*C cells were solubilized in 1% digitonin-
(A) or 1% Triton X-100- (B) containing buffer and analyzed by BN-PAGE and immunoblotting. (C) Spectrophotometric measurements of mitochondrial respira-
tory chain and citrate synthase enzyme activity in enriched mitochondrial fractions prepared from control, SFXN1X°, and SFXN4“© cells. Graph depicts mean
+ SD (n = 3). Two-sample ¢ test: *P < 0.05, **P < 0.01. (D) Measurement of ATP synthesis rates in digitonin permeabilized cells provided with indicated Cl
(pyruvate, glutamate, malate), or Cll (succinate) substrates or inhibitors (Cl, rotenone; Cll, malonate). Data are depicted as mean + SD (n = 3). Two-sample
t test: *P < 0.05, **P < 0.01, ***P < 0.001. (E) OCRs in live cells measured using a Seahorse analyzer to monitor mitochondrial stress following injections
with indicated inhibitors (Left), with calculations of basal and maximal mitochondrial respiration (Right). One-sample t test (Right): **P < 0.01. (F) Glycolysis
stress assay in live cells determined from extracellular acidification rates measured using a Seahorse analyzer following indicated injections (Left). Cellular
glycolysis and maximal glycolytic capacity determined following glucose and oligomycin injections, respectively (Middle and Right). Data are depicted as
mean + SD (n = 3). One sample t test (Middle and Right): *P < 0.05.
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Fig. 3. SFXN4 interacts with the MCIA complex and is required for Cl assembly. (4) Mitochondria isolated from control, SFXN4®, SFXN4*© 4+ SFXN4, and
SFXN4KC 4 FLAGSEXN4 HEK293 cells were solubilized in 1% digitonin-containing buffer and analyzed by BN-PAGE and immunoblotting. (B) Anti-FLAG IP was
performed using mitochondria isolated from control and SFXN4XC 4+ FLASSEXN4 HEK293 cells. Eluates were analyzed by LFQ proteomics, and significant inter-
acting partners were visualized on a volcano plot. Curved line indicates significance determined using false discovery rate (FDR) statistics (FDR < 5%,
S0 = 12). Proteins are colored based on function. (C) Table depicting the 10 most strongly enriched proteins in the SFXN4® 4 FAGSEXN4 eluate relative to
the control eluate. Gene names are color coded according to the legend in B. (D) Schematic depiction of the MCIA complex. (E and F) Mitochondria isolated
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and immunoblotting. (G and H) Mitochondria isolated from control and SFXN4C + FAGSEXN4 cells (G) or control and ACAD9X® + ACAD9™C cells (H) were
solubilized in 1% digitonin and subjected to anti-FLAG IP. Eluates were analyzed by BN-PAGE and immunoblotting.
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complex I (11, 12). These genes exhibited a high degree of coes-
sentiality with SFXN4 in the Achilles gene essentiality dataset
analysis (Fig. 14 and SI Appendix, Fig. S34), providing strong
evidence that they represent functionally relevant interactions.
Several other complex I subunits and assembly factors were also
enriched in the eluate (Fig. 3 B and C and S/ Appendix, Table
S2). Of note, another isoform of SFXN4, annotated as isoform
3, was identified in the AP-MS experiment (Fig. 3 B and C and
SI Appendix, Table S2). Unique peptides for isoform 3 are not
present in the " CSFXN4 construct; however, they could be
encoded by SFXN4 transcripts produced by alternate splicing
and would thus not be deleted by the gRNA used to generate the
SEXN4*?. The protein encoded by isoform 3 lacks the first
~115 amino acids of SFXN4 but still contains all 5 predicted
transmembrane domains (SI Appendix, Fig. S3B). To confirm
that the potential existence of SEXN4 isoform 3 was not maskin,
further defects, we generated additional HEK Flp-In SFXN4K
cell lines (in the wild-type [WT] 293 Flp—InTM T-Rex™ back-
ground) using a gRNA that would affect all predicted isoforms
(SI Appendix, Fig. S3C). Proteomic analysis of mitochondria iso-
lated from these cells by label-free quantitative MS revealed that
they were largely indistinguishable from the original SEXN4
cells (81 Appendix, Fig. S3D and Table S3).

The most enriched interacting partners of SFXN4 are com-
ponents of the MCIA complex (Fig. 3D), a complex of assem-
bly factors located at the mitochondrial inner membrane that
mediates the assembly of the ND2 module of complex I (11,
12). Using BN-PAGE analysis, MCIA subunits can be detected
across several different complexes that represent different com-
plex I assembly intermediates (Fig. 3, lanes 3 and 5) (10, 12,
13). The arrangement of MCIA complex containing complex 1
assembly intermediates was dramatically altered in SFXN4XC
cells (Fig. 3E, lanes 4 and 6), suggesting that steady-state inter-
mediates containing the MCIA complex were perturbed. In
particular, higher molecular weight intermediates (Fig. 3E,
lanes 3—6, * and #), which are thought to contain at least the
Q, ND1, and ND2 modules (the Q/Pp assembly intermediate)
(12, 13), were altered substantially in the SEXN4X® mitochon-
dria. Specifically, the large high-molecular-weight intermediate
(Fig. 3E, lanes 3 and 4, *), which is thought to contain the
ND4 module but not the ND5 module (12) (a Q/P assembly
intermediate lacking the ND5/Pp-b module; ref. 13), was accu-
mulated in the SEXN4X® mitochondria, while the smaller
high-molecular-weight intermediate (Fig. 3E, lanes 3 and 4, #),
which may represent the previously described 736-kDa Q/Pp
intermediate, was dramatically reduced in abundance. These
changes in distribution of the MCIA complex across different
intermediates were not associated with changes to the abun-
dance of MCIA complex proteins (SI Appendix, Fig. S4A, lanes
1 and 2) and could be reversed through complementation of
the SEXN4X cell line with untagged SEXN4 or FLAGSEXN4
(ST Appendix, Fig. S4B).

Complexome profiling (11), a powerful MS-based proteo-
mics technique for profiling the composition and size of protein
complexes separated by BN-PAGE, was also used to analyze
the changes to the MCIA complex in the SEXN4*® cells (S7
Appendix, Figs. S5A and S6 and Table S4). The complexome
profiling data confirmed the observations made with Western
blotting, revealing extensive rearrangements of MCIA complex
intermediates (S Appendix, Fig. S5A). Interestingly, a SEXN4-
containing complex (Fig. 3E, lane 1, T) migrated similarly to a
band detectable using ACAD9 or NDUFAF1 antibodies that
was absent in SEXN4"© cells (Fig. 3E, lanes 3-6, 1). Although

we were unable to detect SFXN4 in this range in our own
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complexome analysis (S Appendix, Fig. S5A), we were able to
identify a low-abundance population of SFXN4 migrating
alongside MCIA complex subunits in the complexome data
from the published complexome profiling of WT and rho-0
cells, which lack mtDNA (87 Appendix, Fig. S5B) (21). Of
note, these high-molecular-weight forms of SFXN4 collapsed
to lower molecular weight forms in rho-0 cells (87 Appendix,
Fig. $55).

If the SFEXN4-containing complex observed by Western blot
represented an interaction with the MCIA complex, we
reasoned it should be absent in cell lines lacking core MCIA
complex subunits. Indeed, higher molecular weight SEXN4-
containing complexes were destabilized in ACAD9"® or NDU-
FAF1¥© cell lines (Fig. 3F, lanes 3—4, A and 1; SI Appendix,
Fig. S4C). Further confirmation that this complex represents
an interaction between SFXN4 and the MCIA complex was
obtained by performing "“SFXN4 immunoprecipitations
(IPs) and analyzing eluate fractions by BN-PAGE and immu-
noblotting with antibodies for MCIA subunits (Fig. 3G).
SFXN4 enriched NDUFAF1 in a complex comigrating with
the above-described putative SEXN4-MCIA complex (Fig. 3G,
lane 4, 1), as well as a higher complex (Fig. 3G, lane 4, »).
TIMMDOC, an assembly factor responsible for assembly of the
ND1 module of complex I (12, 13), could be detected only in
the upper species (Fig. 3G, lane 8, ), suggesting that this com-
plex () represents a further progressed complex I intermediate
containing both the ND2 and the ND1 modules (13). To con-
firm that the lower SFXN4 complex (f) contained a pool of the
entire MCIA complex, we repeated the experiment and immu-
noblotted for both NDUFAF1 and ACAD9 (SI Appendix, Fig.
S4D). Indeed, both proteins could be detected in the complex
(ST Appendix, Fig. S4D, lanes 4 and 8, 1), and the interactions
were confirmed via SDS-PAGE (87 Appendix, Fig. S4E, lane 5).
We confirmed that the observed association between SFXN4
and the MCIA complex was not an artifact of "“*“SEXN4 over-
expression Ey performing a reciprocal IP experiment using an
ACADY™ ¢ cell line (Fig. 3H). The ACAD9™ ¢ IP cluate
contained an endogenous SFXN4 complex at the expected size
(Fig. 3H, lane 4, 1), confirming the existence of the SFXN4-
MCIA complex. The interaction between endogenous SFXN4
and ACAD9™C could also be detected via SDS-PAGE (S
Appendix, Fig. S4F, lane 5). Together, these results demonstrate
that SFXN4 associates with an MCIA complex—containing
assembly intermediate and likely functions as a complex I
assembly factor.

SFXN4 Is Required for Incorporation of MT-ND6 into the ND2
Module. The complex that contains SFXN4 and the MCIA
complex (Fig. 3F lane 1, f) migrates just above the core
MCIA-ND2 module complex (Fig. 3F lanes 5 and 9, ),
suggesting that SEXN4 acts in complex I assembly after the for-
mation of the core MCIA-ND2 module. Complexome and
biochemical studies suggest that ND6 is the last subunit to be
added to the ND2 module during its assembly (13, 22) and
that NDG incorporation occurs in a distinct step. It seems plau-
sible that the SFEXN4-containing MCIA complex () represents
SFXN4-MCIA bound to the completed ND2 module, and
the function of SFXN4 is to deliver ND6 into this complex.
This hypothesis is supported by the observation that NDG6 was
the most enriched mtDNA-encoded protein detected in the
FLAG-SFXN4 IP MS (Fig. 3B and SI Appendix, Table S2).

We investigated the steady-state levels of NDG6 in cells lack-
ing SFXN4 using SDS-PAGE and immunoblotting. Consistent
with a potential requirement of SFXN4 for its biogenesis, ND6
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Fig. 4. SFXN4 mediates the incorporation of MT-ND6 into complex I. (A) Mitochondrial lysates from control and SFXN4"© cells were analyzed by SDS-PAGE
and immunoblotting. (8) Mitochondria isolated from control and SFXN4C 4+ FLAGSEXN4 cells were solubilized in 1% digitonin and subjected to anti-FLAG IP.
Eluates were analyzed by BN-PAGE and immunoblotting. (C) Mitochondria isolated from NDUFAF1X© and NDUFAF1X© 4 FHAGSEXN4 cells were solubilized in
1% digitonin and subjected to anti-FLAG IP. Eluates were analyzed by SDS-PAGE and immunoblotting. (D) Anti-FLAG IP was performed using mitochondria
isolated from control (ACAD9*® + ACAD97®) and ACAD9 + ACAD9™C SFXN4X® cells. Eluates were analyzed by label-free quantitative MS. The volcano plot
depicts the levels of ACAD9-interacting partners in SFXN4X© cells relative to control cells (n = 3). Proteins on the right of the volcano were more abundant in
the ACAD9™™€ P from the SFXN4X® cell line, and proteins on the left of the volcano were more abundant in the ACADS™® precipitation from the control
cell line. Horizontal cutoff represents a P value of 0.05, and vertical cutoffs represent 1.5x fold change. Proteins are color coded according to the complex |

assembly module to which they belong.

was barely detectable in mitochondria isolated from SFXN4XC
cells (Fig. 44). To investigate the gotential interaction between
SEXN4 and NDG, we performed "“*“SFXN4 IP and analyzed
the eluate by BN-PAGE and Western blotting with the ND6
antibody. ND6 was easily detectable in the main SFXN4-
MCIA complex (Fig. 4B, lanes 4, 8, and 12, 1), suggesting that
this complex does, indeed, represent the complete ND2 mod-
ule. ND6 was detectable in a smaller ~132-kDa complex by
BN-PAGE (Fig. 4B, lane 4, $) that was reminiscent of a low-
molecular-weight SFXN4-containing complex that we had

PNAS 2022 Vol.119 No.13 2115566119

observed across other experiments (Fig. 37, lanes 1-4, $). Nota-
bly, the 132-kDa SFXN4-containing complex, as well as higher
SFXN4-containing complexes, are sensitive to treatment with
chloramphenicol (CAP), a mitochondrial translation inhibitor
(SI Appendix, Fig. S7A, lanes 1-5, $ and ), and recovered pro-
gressively in a 24-h period after removal of CAP (4-8 h for the
132-kDa complex [$], 4-24 h for the SEXN4-MCIA complex
[]) (SI Appendix, Fig. S7B, lanes 1-7, $ and 1), suggesting that
formation of these complexes is dependent on the presence of
an mtDNA-encoded protein. We detected no MCIA subunits
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in the 132-kDa complex in "“*“SEXN4 IP BN-PAGE experi-
ments (Fig. 3G, lane 4; SI Appendix, Fig. S4D, lanes 4 and 8).
This complex could represent an interaction between SFXN4
and NDG6 that facilitates the subsequent incorporation of ND6
into the nearly complete ND2 module, but this requires further
experimental validation.

To investigate whether a direct interaction between SFXN4
and NDG6 could be detected, we performed FLAGSEXN4 1P
experiments at various timepoints following a 2-d CAP treatment
(81 Appendix, Fig. S8A), which allowed for turnover of most
complex I assembly intermediates (S Appendix, Fig. S7A). Analy-
sis of eluates by SDS-PAGE (SI Appendix, Fig. S8B) demon-
strated that the interaction between SFXN4 and NDG6 was
re-established rapidly at early timepoints (S Appendix, Fig. S8B,
lanes 7-12). This was also the case for interactions between
SEXN4 and MCIA complex subunits (S Appendix, Fig. S8B,
lanes 7-12), making it difficult to determine whether the interac-
tion between SFXN4 and NDG is direct. Analysis of eluates by
BN-PAGE (87 Appendix, Fig. S8 ) demonstrated that the ~132-
kDa NDG6-containing complex (SI Appendix, Fig. S8C, $) and
the SFXN4-MCIA-ND6 complex (SI Appendix, Fig. S8C, 1)
increased steadily in abundance and largely in parallel following
CAP removal (S Appendix, Fig. S8C, lanes 6-10). To provide
further insight into the interaction between SFXN4 and NDG,
we expressed FLAGSEXN4 in a cell line lacking NDUFAF1. As
demonstrated in Fig. 3F and by Formosa and colleagues (12), the
MCIA complex is destabilized in the absence of NDUFAF]I, and
the preservation of an interaction between SEXN4 and ND6 in
this cell line would indicate that the interaction can occur inde-
pendently of an assembled MCIA complex. Indeed, the SEXN4-
NDG interaction was captured following " “SFXN4 IP from
mitochondria isolated from the NDUFAF1X© cell line (Fig. 40).
This provides strong support for a direct interaction between
SEXN4 and ND6 independent of MCIA. The ~132-kDa com-
plex observed on BN-PAGE could represent this interaction, but
further work is required to confirm whether this is the case and
whether it forms prior to the interaction between SFXN4 and
the MCIA complex.

To further understand the contribution of SFXN4 to com-
plex I assembly, we sought to quantitatively determine the
changes in composition and abundance of MCIA complex I
assembly intermediates following SFXN4 deletion. We gener-
ated a SEXN4X© cell line in the background of an ACADYX®
cell line stably re-expressing ACAD9™ and performed
ACADY™C [Ps (ST Appendix, Fig. S9A). The ACAD9™ </
SEXN4X€ cell line showed the same MCIA complex rearrange-
ments and complex 1 disruption as SFXN4X? cells by
BN-PAGE and SDS-PAGE (87 Appendix, Fig. S9 B and O).
IPs of ACAD9™ S in the absence of SFXN4 significantly
enriched subunits from the ND4 module, as well as the ND4
module assembly factor TMEM70 (87 Appendix, Fig. S9D and
Table S5), suggesting that the accumulated intermediate
observed in the SEXN4XC cells (57 Appendix, Fig. S9B, lanes
8-9 and 11-12, *, and Fig. 3, lanes 3-6, *) contains the ND4
module. The ND1 and Q modules were also enriched, albeit to
lesser extents, suggesting that this stalled intermediate might
contain the Q, ND1, ND2, and ND4 modules (Q/Pp/Pp-a).
Strikingly, NDG was significantly reduced in the ACAD9 ¢
IPs from the SEXN4*? cells compared to control ACAD9" ¢
cells containing SFXN4 (Fig. 4D and SI Appendix, Fig. S9D
and Table S5), providing further evidence that SFXN4 is
required for the delivery of NDG6. Importantly, other subunits
of the ND2 module, including ND2, ND3, NDUFC2, and
NDUFA10, were not depleted or enriched in complexes from
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the SEXN4XC cells (Fig. 4D and SI Appendix, Fig. S9D and
Table S5), suggesting that other subunits of the ND2 module
can still be incorporated into complex I assembly intermediates
in the absence of SFXN4.

Taken together, our data suggest that SEXN4 is a complex I
assembly factor that is required for the efficient incorporation
of NDG6 into complex I through an association with the MCIA

complex.

Discussion

This study demonstrates that the mitochondrial disease-linked
protein SEXN4, a member of the recently characterized SFXN
family, functions as a complex I assembly factor. SEXN4<C
cells display reduced steady-state levels of complex I subunits,
resulting in the loss of respiratory supercomplexes, significant
reductions in complex I activity, and impaired mitochondrial
respiration. The severity of this isolated complex I phenotype
aligns with SFXN4 being the only SFXN currently implicated
in clinical cases of mitochondrial disease (7, 8).

Our results show that SEXN4 interacts with the MCIA com-
plex, a network of assembly factors required for assembly of the
ND2 module (11). The ND2 module contains four subunits
encoded by the mitochondrial genome: ND2, ND3, ND4L,
and NDG. Multiple studies have shown that ND2 and the
MCIA complex appear to assemble initially, before ND3,
ND4L, and ND6 are added sequentially (13, 22). The MCIA
complex comprises six proteins (ACAD9, NDUFAF1, ECSIT,
TMEM126B, TMEM186, and COA1) with varying degrees of
interdependence. Subunits of core MCIA complex—particu-
larly, NDUFAF1, ACADY, ECSIT, and COAl—are crucial
for incorporation of ND2 (12, 23), and TMEMI86 was
recently proposed to play a specific role in the incorporation of
ND3 (12). Currently, no specific assembly factor(s) have been
described for ND4L or NDG6, which are the two last subunits
added to the ND2 module (13, 22). Our results suggest that
SEXN4 is required for the correct incorporation of ND6 into
the ND2 module at the final steps of its assembly and that the
loss of this activity leads to impaired complex I assembly and
isolated complex I deficiency. This is based on several pieces of
evidence: 1) MT-ND6 was the most significantly enriched
mtDNA-encoded  protein  immunoprecipitated ~ with
FLAGSFXN4; 2) NDG6 and SFXN4 associate with the MCIA
complex simultaneously, suggesting that SEXN4 is involved in
the recruitment of NDG; 3) stalled complex I assembly inter-
mediates in SEXN4 cells lack MT-NDG, suggesting that pre-
ceding steps in MCIA complex and ND2 module assembly are
unaffected; and 4) SEXN4 and ND6 can still interact indepen-
dent of the MCIA complex. The exact molecular role of
SEXN4 in the biogenesis/assembly of NDG6 remains to be deter-
mined. ND6 could be expressed and rapidly degraded in
SEXN4*? cells due to an inability to progress further in its
assembly pathway in the absence of SFXN4. Alternatively,
another model worth considering is that SFXN4 plays a role in
promoting the translation of NDG6, perhaps in a similar manner
to how COAI1 is involved in the translation of ND2 (23).
Either scenario represents an exciting avenue of future research.

The function for SFXN4 as a complex I assembly factor pro-
vides an explanation for the disease phenotype caused by muta-
tions in SFXN4 (7, 8). Currently, three patients have been
described, and all presented with severe complex I deficiency,
lactic acidosis, visual impairment, and microcephaly, while
two of the three patients presented with macrocytic anemia.
Previous studies have suggested that SFEXN4 functions in the
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biogenesis of Fe-S clusters (19), which are present in multiple
complex I subunits and could therefore explain the complex I
deficiency observed in patients with SFXN4 mutation. Based
on this, it would be expected that SFXN4 would function in
the transport of iron or cysteine, the two components of Fe-S
clusters. However, mitochondrial iron transporters (SLC25A28
and SLC25A37) have already been identified (24), and it seems
more reasonable to suggest that SEXN1 and SEXN3 represent
at least part of the mitochondrial cysteine import machinery
based on the ability of cysteine to compete with serine for
transport by SFXN1 (5). We showed that supplementation
with excess cysteine was not able to rescue the complex I defect
in our system, and we observed no impact on other respiratory
complexes that also contain Fe-S cluster proteins. Dysfunction
of complex I has been shown to result in impairment of Fe-S
cluster biosynthesis (25), so it is possible that observations of
reduced Fe-S cluster biosynthesis in SEXN4*? cells represent a
secondary effect occurring downstream of complex I dysfunc-
tion. Our study highlights the importance of leveraging multi-
ple unbiased approaches, including gene coessentiality analysis,
cell/organellar proteomics, and IP MS, when seeking insights
into specific molecular functions of proteins mutated in disease.

SEXNss represent a family of mitochondrial proteins that, until
recently, remained poorly characterized. SFXNs 1 and 3 (and,
potentially, 2) have been identified as amino acid transporters,
and it seemed likely that other members of the gene family would
perform a similar function, albeit for different molecules. Of the
five SEXNs, SFXN1/2/3 are closely related, with SFXN1 and
SEXNS3 sharing 76% sequence identity and SFXN2 having 55%
sequence identity with both SFXN1 and SEXN3. SFXN4 and
SEXNS5 appear phylogenetically distinct from the other members,
with SFXN4 the more divergent of the two (S Appendix, Fig.
S10A). Our results lead to the conclusion that SEXIN4 has indeed
diverged evolutionarily to perform a role as an assembly factor for
complex I. Such a shift in function is not unprecedented; for
example, the proteins TIMMDCI1 (26, 27) and NDUFALL,
which function as an assembly factor and a subunit for complex
I, respectively, are evolutionarily related to the Tim17/Tim22/
Tim23 family of mitochondrial import proteins (28). It is impor-
tant to note that SEXN4 is not absolutely required for complex I
biogenesis, as some complex I is able to assemble in its absence,
and patients with homozygous loss-of-function mutations in
SFXN4 are able to live into at least early adolescence (7, 8). It
will be interesting to determine when SFEXN4 emerged as a com-
plex 1 assembly factor from an evolutionary perspective and
whether its role is conserved in some lineages and lost in others,
as a recent study demonstrated has occurred for COA1 (29).

Methods

CERES Gene Essentiality Analysis. For gene dependency analysis, gene effect
data were extracted from http://www.depmap.org (17, 18) (Accessed: 15th July
2021. CRISPR dataset: DepMap 21Q2 Public+Score, CERES). Pearson correla-
tions between genetic dependency on SFXNT, SFXN2, SFXN4, SFXN4, SEXNS,
and all other genes were computed using the cor.test function in R (Version 3.6.
0) across 989 cell lines and ~18,000 genes. Genes were ranked by Pearson cor-
relation coefficients.

Cell Lines, Cell Culture, and Stable Cell Line Generation. All cell lines
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher Sci-
entific) containing 1% (vol/vol) penicillin-streptomycin (Thermo Fisher Scientific)
and supplemented with 5% (vol/vol) fetal bovine serum (Sigma-Aldrich). Cells
were cultured at 37°C in a humidified atmosphere containing 5% CO,. For chlor-
amphenicol treatment and chase experiments, cells were cultured for 1-4 d in
DMEM supplemented with 50 pg/mL uridine (Sigma-Aldrich) and 50 pg/mL
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CAP (Sigma-Aldrich) to inhibit the mitochondrial ribosome and deplete OXPHOS
complexes. For the chase experiments, the CAP-containing media were removed
after a 2-d treatment, and cells were washed twice with phosphate buffered
saline (PBS). Regular culture media supplemented with 50 pg/mL uridine were
then added to permit reinitiation of mitochondrial translation, and cells were
harvested for mitochondrial isolation at the desired timepoints.

Stable tetracycline-inducible Flp-In™ T-Rex™ HEK293 cell lines were gener-
ated using the T-Rex™ Flp-In™ system (Thermo Fisher Scientific) as previously
described (30). Briefly, Flp-In™ T-Rex™ 293 cells were cotransfected with
pOG44 (encoding the Flp recombinase) and a pcDNAS/FRT/TO plasmid (contain-
ing the open reading frame of the gene of interest) ata 9:1 ratio, using Lipofect-
amine 3000 (Thermo Fisher Scientific) according to the manufacturer's instruc-
tions. Selection of positive clones commenced 72 h after the transfection using
culture media supplemented with 200 pg/mL Hygromycin B (Thermo Fisher Sci-
entific). Individual foci were expanded once visible and were screened for
tetracycline-inducible expression of the protein of interest by culturing the cells
overnight in culture media supplemented with 1 ug/mL tetracgcline.

Stable tetracycline-inducible HEK293 NDUFAF1*C + FACSEXN4 cell lines
were generated using the Lenti-X Tet-On Inducible Expression System (Takara
Bio). Briefly, HEK293 cells were transfected with pLVX-TetOn-FLAG-SFXN4-puro
and lentiviral packaging vectors (pVSV-G and pSPAX2) using Lipofectamine
3000. Viral supernatant was harvested at 48 h post-transfection and layered
onto target cells in the presence of 8 pg/mL polybrene. The transduced cells
were selected using 1 pg/mL puromycin.

SFXN1*°, NDUFAF1®, ACAD9*?, and ACAD9“® + ACAD9™ cell lines were
generated and characterized previously (4, 12).

Gene Editing and Screening. Editing of the SFXN4 gene was carried out using
the pSpCas9(BB)-2A-GFP CRISPR Cas9 construct (a gift from F. Zhang; Massachu-
setts Institute of Technology, Cambridge, MA; Addgene). CRISPR-Cas9 guide
RNAs targeting exon 1 or exon 8 of the SFXN4 gene were designed using CHOP-
CHOP (31). Oligonucleotide duplexes (5'-CACCGGGTGATCCAGAAGCGCACGT-3'
and  5'-AAACACGTGCGCTTCTGGATCACCC-3" for exon 1; 5-CACCGGCIGTT-
GAACGCTGCCATGT-3' and 5'-AMACACATGGCAGCGITCAACAGCC-3 for exon 8)
were ligated into pSpCas9(BB)-2A-GFP CRISPR-Cas9 and transfected into Flp-In™
T-Rex™ 293 cells using Lipofectamine 3000. Single cells were obtained and
deposited 24 h after transfection into a 96-well plate using fluorescence-
activated cell sorting based on green fluorescent protein (GFP) fluorescence.
Sorted cells were allowed to expand and screened by Western blotting using a
SFXN4-specific antibody. Selected clones were verified through Sanger sequenc-
ing of the targeted site in the SFXN4 gene.

Mitochondrial Isolation, Mitochondrial Subfractionation, Gel Electrophoresis,
and Immunoblot Analysis. Mitochondria were isolated from cultured cells using

a differential centrifugation protocol exactly as described previously (4). For
experiments where whole cell samples were analyzed, cell pellets were resus-
pended in 1x lysis buffer (150 mM NaCl, 1% [vol/vol] Triton X-100, 0.1% [wt/
vol] SDS, 10 mM Tris, pH 7.45, 5 mM EDTA) and incubated on ice for 30 min.
Lysates were centrifuged at 16,000 x g and 4°C for 20 min to remove insoluble
material, and protein concentration in the clarified supernatant was determined
using the Pierce BCA protein assay kit.

For mitochondrial subfractionation experiments, 50 g pellets of mitochon-
dria were resuspended at 1 mg/mL in either isolation buffer (20 mM HEPES-
KOH, pH 7.6, 220 mM mannitol, 70 mM sucrose, 1 mM EDTA, 0.5 mM phenyl-
methylsulfonyl fluoride [PMSF], and 2 mg/mL bovine serum albumin), swelling
buffer (10 mM Hepes, pH 7.4), or 0.5% Triton X-100. Two samples were set up
for each buffer; one was left untreated, and the other was treated consecutively
with proteinase K (50 pwg/mL for 10 min on ice) and PMSF (1 mM for 5 min on
ice), before being precipitated with trichloroacetic acid (TCA). For carbonate extrac-
tion experiments, 100 pg mitochondrial pellets were resuspended in freshly
prepared 100 mM Na,CO3 (pH 11.5) and incubated on ice for 30 min. Centrifu-
gation at 100,000 x g and 4°C for 30 min was performed to separate
membrane (pellet) and soluble (supematant) fractions, which were both TCA pre-
cipitated. TCA precipitation was performed through the addition of 72% [wt/vol]
TCA to a final concentration of 12.5%. Samples were mixed thoroughly and
were incubated on ice for 30 min or overnight at —20 °C. After centrifuging at
16,000 x g to pellet the precipitated material, pellets were washed with ice cold
70% acetone and allowed to air-dry.
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Tris-tricine SDS-PAGE was carried out exactly as described previously (4, 32).
In total, 10-16% acrylamide gradient gels were created using a gradient mixer.
Samples for analysis were resuspended directly in SDS-loading dye (50 mM
Tris-Cl, pH 6.8, 100 mM dithiothreitol [DTT], 2% [wt/vol] SDS, 10% [vol/vol] glyc-
erol, 0.1% [wt/vol] bromophenol blue), or were combined with a 4x stock of the
SDS-loading dye a to final concentration of 1x. Samples were boiled in the load-
ing dye at 95°C for 5 min prior to loading. For experiments where mtDNA-
encoded proteins were analyzed, samples were heated at only 50°C to avoid
aggregation induced by excessive heat. Electrophoresis was generally performed
overnight using Tris-tricine SDS-PAGE cathode buffer (0.1 M Tris, 0.1 M tricine,
0.1% [wt/vol] SDS, pH 8.45) and anode buffer (0.2 M Tris, pH 8.9).

BN PAGE was carried out exactly as described previously (4). Depending on
the experiment, 4-13% or 4-16% acrylamide gradient gels were used. Prepara-
tion of samples for BN-PAGE analysis varied depending on the experiment. For
isolated mitochondria, samples were resuspended at 1 mg/mL in digitonin-
containing solubilization buffer (20 mM Bis-Tris, 50 mM NaCl, 10% [vol/vol] glyc-
erol, pH 7.4, 1% [wt/vol] digitonin). Solubilization was allowed to occur on ice
for 30 min, before insoluble material was removed through centrifugation at
16,000 x g for 30 min. BN loading dye (0.5% [wt/vol] Coomassie blue G250,
50 mM e-amino n-caproic acid, 10 mM Bis-Tris, pH 7.0) was added to the clari-
fied supernatant prior to loading. For IP eluates, BN loading dye was added
directly to the eluate, which was immediately loaded. Electrophoresis was per-
formed overnight at 4°C with BN anode buffer (50 mM Bis-Tris, pH 7.0) and
cathode buffer (50 mM tricine, 15 mM Bis-Tris, 0.02% [wt/vol] Coomassie blue
G250). After ~2 h of electrophoresis, the "blue” cathode was swapped for "clear”
BN cathode, which lacks the Coomassie blue G250.

Following electrophoresis, semidry western transfer was performed using the
Owl HEP-1 Semidry Electroblotting system (Thermo Fisher Scientific). Gels were
transferred onto 0.45 uM polyvinylidene fluoride membranes (0.45 uM
Immobilin-P; Merck). Following blocking for 1 h in PBS containing 5% [wt/vol]
skim milk powder, membranes were incubated with specific primary antibodies.
Primary antibodies used in the study were as follows: anti-ACAD9 (in-house,
Ryan Laboratory), anti-ATP5F1A (Abcam; ab14748), anti-B-actin (Sigma-Aldrich;
A2228), anti-COX4 (Cell Signaling Technology; 4850), anti-FLAG (Sigma-Aldrich;
F1804), anti-HA (Biolegend), anti-Mfn2 (in house, Ryan Laboratory), anti-Myc
(Abcam; ab9106), anti-MT-ND6 (Thermo Fisher Scientific; PA5-109993), anti-
NDUFA10 (Santa Cruz Biotechnology; sc-376357), anti-NDUFA9 (in house, Ryan
Laboratory), anti-NDUFAF1 (in house, Ryan Laboratory), anti-NDUFAF2 (in house,
Ryan Laboratory), anti-NDUFB11 (Santa Cruz Biotechnology; sc-393110), anti-
NDUFBG6 (in house; Ryan Laboratory), anti-NDUFV2 (Proteintech; 15301-1-AP),
anti-OPA1 (BD Biosciences; 612606), anti-SDHA (Abcam; ab14715), anti-SFXN4
(Cusabio; CSB-PA744046LA0THU), anti-TIMMDC1 (Sigma-Aldrich; HPA053214),
and anti-UQCRCT (Abcam; ab110252). After incubation overnight at 4°C or for
several hours at room temperature, membranes were washed with PBS and
incubated with anti-Mouse or anti-Rabbit horseradish peroxidase coupled sec-
ondary antibodies (Sigma-Aldrich) at a 1:10,000 dilution. Imaging was per-
formed on a Chemi-Doc XRS+ imaging machine (BioRad) using Clarity Western
ECL Substrate (BioRad).

Immunoprecipitation. IP of FLAG-tagged proteins was performed for down-
stream analysis by MS, SDS-PAGE, and BN-PAGE. For MS experiments, ~1 mg
mitochondria was analyzed per replicate. For SDS-PAGE and BN-PAGE experi-
ments, 300 pg and 500 pg mitochondria were analyzed, respectively. For IP
experiments, mitochondria isolated from control cells and from cells expressing
the FLAG-tagged protein of interest were resuspended at 2 mg/mL in 1%
digitonin-containing solubilization buffer and incubated on a rotary wheel at
4°C for 40 min. Lysates were centrifuged at 16,000 x g and 4°C for 20 min to
remove insoluble debris, and clarified supermatants were transferred to tubes
containing FLAG affinity gel (Sigma-Aldrich) that had been pre-equilibrated in
wash buffer (20 mM Bis-Tris, 50 mM NaCl, 10% [vol/vol] glycerol, pH 7.4, 0.1%
[wt/vol] digitonin). For experiments analyzed by SDS or BN PAGE, 10% of the
clarified supernatant was removed for analysis as a total fraction. For MS experi-
ments, the clarified lysate was diluted with dilution buffer (20 mM Bis-Tris,
50 mM NaCl, 10% [volivol] glycerol, pH 7.4) to a digitonin concentration of
0.1% prior to the addition of the FLAG affinity gel. Clarified lysates were incu-
bated with the FLAG affinity gel for 1 h on a rotary wheel at 4°C, after which the
supernatant (containing unbound proteins) was removed, and the affinity gel
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was washed three to four times with wash buffer. Subsequent processing varied
depending on whether the elutions were analyzed by MS or PAGE. For samples
intended for MS, elution of bound proteins was achieved through incubation of
the resin with a low-pH elution buffer (0.2 M glycine, pH 2.5). Two 100-uL elu-
tions were performed, which were subsequently combined and precipitated
through the addition of 1 mL cold 100% acetone. For samples intended for
BN-PAGE and SDS-PAGE analysis, elution was achieved using 150 pg/mL FLAG
peptide in solubilization buffer containing 0.1% [wt/vol] digitonin. BN loading
dye was added to samples for BN-PAGE, while samples for SDS-PAGE were TCA
precipitated. TCA precipitation was not performed in experiments where mtDNA-
encoded proteins were analyzed. In these experiments, SDS-PAGE loading dye
was added directly to the total and elution fractions, which were boiled at 50°C
for 5 min prior to loading.

Respiratory Chain Enzymology. Respiratory chain enzyme activities were
measured by spectrophotometry as described (33), using enriched mitochondrial
fractions with (Cl, Cll, CIV, and CS) or without (CIIl) hypotonic treatment prepared
from Flp-In™ T-Rex™ 293 cells grown in triplicate flasks under standard condi-
tions. Cl was measured as rotenone-sensitive NADH:CoQ4 oxidoreductase, mea-
suring NADH oxidation at 340 nm. CII activity was measured as succinate:CoQ,
oxidoreductase, measuring CoQy reduction at 280 nm. Clll was assayed as decyl-
benzylquinol: cytochrome ¢ reductase, measuring cytochrome c reduction at 550
nm. CIV was measured as cytochrome ¢ oxidase, monitoring cytochrome ¢ oxida-
tion at 550 nm. The citrate synthase catalyzed production of coenzyme A
(CoA.SH) from oxaloacetate was assayed by monitoring the formation of 5-thio-
2-nitrobenzoate anions at 412 nm resulting from the spontaneous reaction of
free sulfhydryl groups with the thiol reagent 5,5’-dithio-bis-(2-nitrobenzoic acid).
Enzyme activities were calculated as initial rates (complexes I, Il, and citrate syn-
thase) or as first-order rate constants (complexes Il and IV) (33).

Cellular Respiration and Glycolysis Measurements. Oxygen consumption
rates (OCRs) and extracellular acidification rates (ECARs) were measured in live
cells using a Seahorse Bioscience XF24-3 Analyzer according to manufacturer's
procedures. Briefly, 50,000 cells were plated per well in XF24-3 culture plates
treated with poly-o-lysine and grown ovemight under standard culture condi-
tions. For each cell line, six or seven replicate wells were measured in multiple
plates (n = 3) with three measurement cycles of 2-min mix, 2-min wait, and
3-min measure. For mitochondrial stress assays, cells were assayed in nonbuf-
fered Seahorse DMEM base medium (Agilent 102353-100) containing 25 mM
glucose, T mM sodium pyruvate, and 2 mM glutamine using sequential injec-
tions of 0.5 uM oligomycin, 0.1 uM carbonyl cyanide 4-(trifluoromethoxy) phe-
nylhydrazone (FCCP), and 0.5 pM rotenone/0.3 uM antimycin A. For glycolysis
stress assays, cells were assayed in Seahorse DMEM base media containing
2 mM glutamine using sequential injections of 10 mM glucose, T uM oligomy-
cin, and 50 mM 2-deoxyglucose.

For each Seahorse plate, CyQuant (Life Technologies) was used to normalize
measurements to cell number/well. For both mitochondrial stress assays and gly-
colysis stress assays, calculations were made from an average of the three mea-
surement points per cycle. Basal mitochondrial respiration was calculated from
the average OCR prior to inhibitor addition, while maximal respiration was calcu-
lated from the average OCR following oligomycin addition. Cellular glycolysis
represents the average ECAR following glucose addition, maximal glycolytic
capacity represents average ECAR following oligomycin injection, and glycolytic
reserve was calculated as the difference between the glycolytic capacity and
cellular glycolysis.

ATP Synthesis Assays. ATP synthesis rates were measured essentially as
described (34) in replicate 10-ug aliquots of freshly harvested Flp-In™ T-Rex™
293 cells. Samples were permeabilized with 50 pg/mL digitonin in ATP assay
buffer (25 mM Tris, 150 mM KCl, 2 mM EDTA, 10 mM K;HPOy, pH 7.4) contain-
ing T mM ADP and indicated substrate/inhibitor concentrations (10 mM succi-
nate; 10 mM glutamate; 10 mM malate; 10 mM pyruvate; 2.5 uM rotenone;
1 mM malonate). Samples were incubated at 37°C for 20 min, then stopped by
the addition of perchloric acid on ice. The ATP concentration of neutralized sam-
ples was measured in a microplate reader using an ATP Bioluminescence
Assay Kit CLS Il (Roche, 11699695001). ATP synthesis rates were calculated from
triplicate assays and reported as nmol ATP/mg protein/min.
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Quantitative MS and Data Analysis. Quantitative MS of isolated mitochon-
dria was performed exactly as described previously in Jackson et al. (4, 35, 36).
For a detailed description of the processing of IP eluates, analysis of all samples by
quantitative MS, and processing and visualization of MS data, see S Appendix.

OXPHOS plots were generated as described previously (4, 37). Topographical
mapping of logx-transformed label-free quantitation (LFQ) intensities to the com-
plex | structure (Protein Data Bank [PDB] 5LDW) was performed using python
scripts as described previously (36).

Complexome Profiling. For stable isotope labeling with amino acids in cell cul-
ture (SILAC) labeling, control and SFXN4*® HEK Flp-In cells were cultured in “light"
or "heavy” (containing "3C,"*Ny -arginine and "3C,"*N,-lysine) SILAC DMEM. Mito-
chondria were isolated from both cell lines using the previously described
procedure, before 100 png mitochondria from each cell line were combined and
solubilized at 2 mg/mL in 1% digitonin-containing solubilization buffer (20 mM
Bis-Tris, 50 mM NaCl, 10% [vol/vol] glycerol, pH 7.4, 1% [wt/vol] digitonin). Solubi-
lization was allowed to occur on ice for 30 min, before insoluble material was
removed through centrifugation at 16,000 x g for 30 min. BN loading dye (0.5%
[wt/vol] Coomassie blue G250, 50 mM e-amino n-caproic acid, 10 mM Bis-Tris, pH
7.0) was added to the clarified supematant prior to loading. Digitonin-solubilized
mitochondria were processed via BN-PAGE using a 4-13% acrylamide gradient
gel, which was run overnight. The BN-PAGE gel was subsequently processed sliced
into 60 even slices for analysis by MS. For a detailed description of the subsequent
processing, analysis, and visualization of the complexome data, see S/ Appendix.

Data Availability. All study data are included in the article and/or supporting
information. We have supplied entire unfiltered datasets for all proteomics
experiments as supplementary materials. The mass spectrometry proteomics
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