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Abstract

Mitochondria are epicenters of eukaryotic metabolism and bioenergetics. Pioneering efforts in
recent decades have established the core protein componentry of these organelles® and have
linked their dysfunction to over 150 distinct disorders?3. Still, hundreds of mitochondrial proteins
lack clear functions*, and ~40% of mitochondrial disorders remain unresolved®. To establish

a more complete functional compendium of human mitochondrial proteins, we profiled over

200 CRISPR-mediated HAP1 cell knockout lines using mass spectrometry-based multi-omics
analyses. This effort generated ~8.3 million distinct biomolecule measurements, providing a

deep survey of the cellular responses to mitochondrial perturbations, and laying a foundation

for mechanistic investigations into protein function. Guided by these data, we discovered that
PYURF is a SAM-dependent methyltransferase chaperone that supports both complex | assembly
and coenzyme Q biosynthesis, and that is disrupted in a previously unresolved multisystemic
mitochondrial disorder. We further linked the putative zinc transporter SLC30A9 to mitoribosome
and OxPhos integrity and established RABA5/F as the second gene harboring pathogenic variants
causing cerebrofaciothoracic dysplasia. Our data—which can be explored through an interactive
online MITOMICS.app resource—suggest biological roles for many other orphan mitochondrial
proteins still lacking robust functional characterization, and define a rich cell signature of
mitochondrial dysfunction that can support the genetic diagnosis of mitochondrial diseases.

Mitochondria are likely remnants of an ancient endosymbiotic event between an alpha-
proteobacterium and a eukaryotic progenitor®. These organelles retain a vestige of their
original bacterial genome that encodes just 13 proteins in humans; the remaining proteins
that comprise mitochondria are encoded by genes that have been transferred or added to
the host nucleus across more than a billion years of evolution. Hundreds of these proteins
remain poorly or entirely uncharacterized. This significant knowledge gap has limited our
basic understanding of mitochondrial function and hampered efforts to diagnose and treat
mitochondrial disease, for which there are no FDA approved drugs’.
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We recently devised an integrative ‘systems biochemistry8* approach that leverages

high throughput quantitative mass spectrometry (MS)9-11 to help assign function to
mitochondrial uncharacterized (x) proteins (MXPs) in Saccharomyces cerevisiae'?. Here,
we advanced this methodology and applied it to a set of 203 human HAP1 knockout
(KO) cell lines, each with a nuclear-encoded mitochondrial gene disrupted by CRISPR/
Cas9 technology. Our targeted genes include 50 encoding MXPs and another 66 encoding
‘sentinel’ proteins with more established functions (1-2 KO lines per target), most of
which have been directly linked to human disease (Fig. 1a, Extended Data Fig. la—c,
Supplementary Table 1).

We monitored the growth rates of each cell line in biological triplicate (Extended Data

Fig. 1d,e, Supplementary Table 1) and profiled them in depth using high resolution and
accurate mass discovery MS techniques. Overall, this m/tochondrial orphan protein mult/-
omic CRISPR screen (MITOMICS) encompassed ~ 3,200 GC and LC-MS experiments,
generating ~ 8.3 million quantitative measurements. Across each cell line we quantify 8,433
proteins, 3,563 lipids, and 218 metabolites (Fig. 1b, Supplementary Table 2, Supplementary
Table 3). These measurements were of high quality as evidenced by low median relative
standard deviations (11.6% protein, 21.8% lipid, 18.6% metabolite) and high dynamic range
with many molecules showing regulation over 3—4 orders of magnitude (Extended Data

Fig. 1f,g). Of note, our single-shot LC-MS/MS proteomics methodology that incorporated
multiple technical advancements13-14 consistently quantified 5,192 proteins in all 772
experiments so that in total only 5.4 % of protein measurements in the final dataset were
imputed (Extended Data Fig. 1h). Thirteen cell lines did not pass our stringent proteomics
quality control filters and were not included in subsequent analyses here (see Methods).
With these data, we built www.MITOMICS.app—an online interactive resource equipped
with intuitive analysis tools for exploring mitochondrial protein function.

Protein-specific molecular phenotypes

Simple molecule-centric analyses across each omic plane of the MITOMICS data can be
used to recapitulate known biology and suggest new protein functions. For example, our
metabolite measurements show that disruption of ALDH18A1, a critical enzyme for de novo
proline biosynthesis!3, leads to the expected proline deficiency (Fig. 2a). Unexpectedly, we
see a comparable disruption of proline following disruption of NADK2, the mitochondrial
NAD kinase (Fig. 2a). Consistently, NADK2 was linked to this pathway very recently while
this work was under revision1413, Similarly, our lipid data reveal the expected alteration of
cardiolipin and acylcarnitine levels in cells lacking TAZ16 (Fig. 2c) and CPT217 (Extended
Data Fig. 3a), respectively. However, we observe similar changes in these lipids from

cells lacking the mitochondrial fusion regulator MFN218, and in specific acylcarnitine
levels from cells lacking members of MICOS (the mtochondrial contact site and cristae
organizing system)1® or PPTC7, a matrix phosphatase?? (Fig. 2d, Extended Data Fig.

3a). The connection of MFN2 and MICOS to these lipids suggests an underappreciated
importance for proper interactions between mitochondrial membranes in the coordination
of lipid metabolic processes. We note similar insights for cysteine, taurine, demethoxy
coenzyme Q, and DL 4-hydroxyphenyllactic acid (Extended Data Fig. 2b—e).
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Our proteomics analyses likewise reveal new biology. A prominent example is seen

for SLC30A09, a putative zinc transporter that only recently has been associated with
mitochondria 2122, Disruption of SLC30A9 resulted in significant loss of mitochondrial
ribosome and OxPhos proteins (Fig. 2e). Intriguingly, recent cryo-EM studies revealed that
the mitoribosome possesses unusual zinc-binding motifs proposed to stabilize the structures
and quaternary interactions of subunit proteins23. Consistently, all six mtDNA-encoded
OxPhos subunits detected by our MS method were strongly decreased in the SLC30A9KC
line, comparable to the mitoribosome sentinel MRPS22KO [ine (Fig. 2f, Extended Data Fig.
3a). We further validated this finding with immunoblots of the mtDNA-encoded OxPhos
subunit MT-CO2 in cells lacking SLC30A9, MRPS22, or MTRES1—a mitochondrial RNA-
binding protein involved in mtDNA expression—and in cells we engineered to harbor an
SLC30A9 patient mutation?4 (Extended Data Fig. 3b,c). Also supporting this observation,
we find that the highest-ranking genes co-essential with SLC30A9in the DepMap project2>
are strongly enriched for those encoding mitoribosome subunits (Extended Data Fig.

3d,e), and both we?6 and Gopalakrishna et al.2” identified SLC30A9 as a binding partner
for mitoribosome-related proteins, including MTRES1, (Extended Data Fig. 3f). These
data nominate SLC30A9 as a zinc-related transporter whose function is crucial to core
mitochondrial processes. Using similar profiles generated by the tools on our MITOMICS
website, we propose new functions for mitochondrial proteins in diverse areas, including
redox biology, MICOS integrity, protease function, mitochondrial DNA regulation, and
glycogen metabolism (Extended Data Fig. 4a—e).

PYURF regulates CoQ and CI biology

As demonstrated above, our resource can be used to identify proteins involved in defined
processes. Many diagnosed human mitochondrial disorders featuring coenzyme Q (CoQ)28
or complex | (C1)2° deficiencies lack apparent mutations in established CoQ- and Cl-related
genes, suggesting that these pathways rely on proteins that have yet to be identified.

To search for MXPs involved in these processes, we first analyzed CoQ levels in each of
our cell lines. As expected, the strongest losses of CoQ were seen in our sentinel lines
lacking proteins required for CoQ biosynthesis (Extended Data Fig. 5a). Following these,
the top hit among all MXPs was PYURF, which was recently identified in a CRISPR-based
screen for genes essential for mitochondrial respiration3?, but is otherwise uncharacterized
(Fig. 3a). Consistently, our metabolomics data revealed that the PYURFXOC line had elevated
levels of dihydroorotate, whose conversion to orotate requires CoQ (Extended Data Fig. 5¢).
Surprisingly, our search for Cl-related proteins based on NDUFS3 levels (our ClI sentinel
protein) again yielded PYURF as the top MXP hit (Fig. 3a, Extended Data Fig. 5b),
suggesting that PYURF may somehow bridge these essential and interrelated pathways.

To further explore the connection between PYURF and these pathways, we analyzed the full
proteomic profile of the PYURFXO line. Three CoQ-related proteins (COQ3, COQ5, and
COQ7) and three CI assembly factors (NDUFAF3 (AF3), NDUFAF5 (AF5), and NDUFAF8
(AF8))31 are markedly decreased in this line (Fig. 3b). The PYURFKO [ine stands out among
all our cell lines for coordinated loss of these proteins (Fig. 3c,d). Other CI subunits were
also decreased in this line, particularly those that comprise the Cl Q-module where CoQ
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binds (Fig. 3b). We validated these large-scale analyses with targeted measurements of
CoQ-and Cl-related proteins and CoQ precursors (Extended Data Fig. 5d—f). To ensure that
these effects are not unique to HAP1 cells, we silenced PYURF expression in HEK293 cells
and observed comparable loss of CoQ- and Cl-related proteins without any significant effect
on their corresponding mMRNA levels (Fig. 3e, Extended Data Fig. 5g). Notably, in humans,
but not in mice, PYURF (PIGY Upstream Reading Frame) is bicistronic with PIGY32, To
ensure that these effects are driven by PYURF, we silenced PYURF in murine C2C12 cells
and observed similar depletion of COQ5 and AF5 (Extended Data Fig. 5h).

In reanalyzing our recent systematic analyses of mitochondrial protein-protein
interactions2®, we found PYURF to interact with just two proteins: AF5 and COQ5, which
themselves interacted with AF8 and other COQ-proteins, respectively (Fig. 3f). Intriguingly,
AF5, COQ5, and COQ3 are all members of the S-adenosylmethionine-dependent
methyltransferase (SAM-MT) family (Fig. 3f), suggesting that PYURF selectively binds
members of this protein class, likely via its Trm112-like domain33. We confirmed

these interactions via immunoprecipitation of tagged PYURF from HEK293 cells (Fig.

3g) and from HAP1 mitochondria (Extended Data Fig. 5i, Supplementary Table 4),

and demonstrated direct binding between purified recombinant PYURF and AF5 using
differential scanning fluorimetry (DSF) (Fig. 3h, Extended Data Fig. 5j, and Extended Data
Fig. 6). PYURF-AF5 binding was markedly reduced by introducing any of four mutations
to conserved residues in the PYURF Trm112 domain (Fig. 3h). PYURF did not induce
SAM binding or catalytic activity of AF5, consistent with a documented role for Trm112

in stabilizing a SAM-MT without contributing to substrate binding or catalysis33 (Extended
Data Fig. 5k). To test the effect of PYURF on AF5 stability, we measured AF5 levels

in HEK?293 cells and found a marked reduction in its half-life following loss of PYURF
expression (Extended Data Fig. 7a,b). Consistent with these observations, PYURFXO

cells exhibit major loss of assembled ClI by blue-native PAGE and diminished basal and
uncoupled oxygen consumption rates (Fig. 3i,j and Extended Data Fig. 7c,d). Notably, other
mitochondrial SAM-MTSs in our study were not significantly affected by loss of PYURF.
This selective targeting suggests a particular need to regulate these SAM-MTSs, consistent
with earlier findings that calibration of Cog5p levels in yeast is vital for cell health34:35,
Collectively, these data support a model whereby PYURF binds and stabilizes SAM-MTs in
the interconnected CI and CoQ pathways (Fig. 3k). Based on these observations, we propose
renaming PYURF as NDUFAFQ.

Disruption of PYURF causes disease

Employing the MITOMICS resource to establish functional connections between MXPs and
known pathways can accelerate the molecular diagnosis of orphan diseases, which remains
a prominent challenge in mitochondrial medicine. Given the strong connection between
PYURF and CoQ/CI processes, we explored whether such unresolved cases might harbor
pathogenic PYURF variants. We identified a child born to consanguineous, first-cousin
parents who presented at birth in profound metabolic acidosis (Fig. 3I). Clinical features
included muscle hypotonia, failure to thrive, developmental delay, optic atrophy, persistently
elevated blood and CSF lactate levels, and MRI findings highlighting abnormal cerebellar
white-matter and cerebellar atrophy (Extended Data Fig. 7e, Methods).
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To determine the precise genetic etiology, we performed unbiased, whole exome sequencing.
We prioritized exonic (coding) or splice-site region variants with a minor allele frequency
(MAF) < 0.0136-38 and that were predicted to be pathogenic according to in silico
tools3%-41, Our analysis of autosomal recessive variants in nuclear genes encoding
mitochondrial?! proteins (Extended Data Fig. 7f, Methods) revealed a homozygous
frameshift variant in the second exon of PYURF (GenBank: NM_032906.4): ¢.289_290dup
(p-GIn97Hisfs*6), a variant that was present in one allele (MAF = 0.000006287) in the
Genome Aggregation Database (gnomAD)?38, as the only conceivable candidate genetic
cause. Sanger sequencing clearly demonstrated segregation with clinical disease in the
family (Fig. 3m).

In the absence of patient cells, we engineered this mutation into HAP1 cells to test whether
this PYURF variant is sufficient to disrupt CoQ- and Cl-related processes. Cells harboring
this mutation closely mirrored the PYURFKO [ine, with substantial loss of CoQ- and Cl-
related proteins (Extended Data Fig. 7g). Finally, we purified this mutant version of PYURF,
which exhibited significantly diminished binding affinity for AF5 (Fig. 3h). Although the
requisite patient cell line to absolutely prove pathogenicity is unavailable, the impairment

of Cl and CoQ processes in cells harboring this specific loss-of-function PYURF variant
provides a molecular basis for the observed cellular phenotypes, highlighting the assistance
the MITOMICS resource can provide for deorphanizing mitochondrial proteins and
resolving rare diseases.

Composite analyses link MXPs to function

Beyond performing targeted searches for proteins that fill specific gaps in knowledge using
select molecular queries, as with PYURF above, the MITOMICS data enable systematic,
unbiased analyses that can link MXPs to proteins of related function using the full
complement of our molecular measurements.

To begin, we applied t-SNE, a technique well suited for the visualization of high-
dimensional datasets. In this analysis, each molecule was represented by a vector of

its g-adjusted relative differences across all KO lines (see Methods). We analyzed the

full t-SNE plot (Fig. 4a) using HDBSCAN#2, a spatial cluster detection method that
identifies dense clusters against the background distribution of points; we further identified
the closest HDBSCAN cluster for each background point. This analysis revealed tight
clusters for OxPhos- and mitoribosome-related proteins (Fig. 4a,b and Extended Data Fig.
8a—c). Beyond the established proteins in these pathways, these clusters include aspartic
acid—consistent with the established role of cellular respiration in supporting aspartate
biosynthesis#3:44—a phosphatidylcholine species, and a number of poorly characterized
proteins. The latter include the MXP C160rf91 and uncharacterized proteins C18orf21 and
GTPBP8, among others, suggesting that these proteins are linked to these pathways in ways
not yet appreciated.

We extended this guilt-by-association analysis across the full t-SNE plot by defining a
conservative plot radius of one unit (see Methods) and recording the molecules that fell
within this radius for each MXP. These data suggest a range of MXP functions, including
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roles for DHRS4 in bridging mitochondrial and peroxisomal lipid metabolism, HDHD3 in
the regulation of leucine metabolism, C140rf159 in propionyl-CoA metabolism, and various
others (Extended Data Fig. 8d-k, Supplementary Table 5).

As a complementary approach, we systematically surveyed the MITOMICS data set for
“outlier” molecular changes for each gene KO in the study (Fig. 4c,d, Supplementary Table
6). Molecules (proteins, lipids, or metabolites) whose abundances change substantially more
in one gene KO than all others likely possess a functional relationship with that genel2. This
analysis suggests multiple such gene-molecule relationships across our dataset (Fig. 4e,f),
including a particularly strong connection between the MXP RABS5IF (aka C200rf24) and
TMCOL. Our proteomics data reveal that TMCO1 is markedly and specifically diminished
in the RAB5IFKO line, which we confirmed via western blots (Fig. 4g, Extended Data Fig.
9a,b,d). We further tested whether this relationship persists in a distinct cell line (HEK293)
by using siRNA to silence either RAB5IF or TMCOI1 expression. Again, loss of RABSIF led
to a near complete loss of TMCOL protein levels without affecting 7MCOI mRNA levels
(Fig. 4h,i). Moreover, the effect was reciprocal: silencing of 7MCO1 had similar effects on
RABSIF protein without affecting its MRNA levels (Fig. 4h,i). These results establish a clear
mutual dependence for these two poorly characterized proteins, which holds true across
hundreds of cell lines within the DepMap project2> (Extended Data Fig. 9¢c), and further
reveal how different analytical tools can be applied to the MITOMICS resource to explore
protein function.

RABSIF pathogenic variants cause CFSMR

The biological functions of TMCO1 and RABS5IF remain nebulous. Recent studies

have described TMCO1 as a mitochondrial protein®3, but also as a member of an ER
translocon?4, or an ER channel that prevents Ca?* stores from overfilling#>. However,

we observed no changes to Ca2* release in response to thapsigargin in our TMCO1KO

or RAB5IFKO HAP1 cells (Extended Data Fig. 9e), or in HeLa cells (Extended Data

Fig. 9f,g). RABS5IF was recently annotated as a mitochondrial respiratory chain assembly
factor48, yet we also do not observe notable loss of respiratory chain proteins in its
absence. Despite these unclear functions, it is well-established that mutations in TMCO1
cause cerebrofaciothoracic dysplasia, aka craniofacial dysmorphism, skeletal anomalies,
and mental retardation syndrome (CFSMR, MIM: 213980)#’. Given the strong connection
between TMCOL1 and RABSIF in our data, we hypothesized that mutations in RAB5IF
might underlie unresolved cases of CFSMR.

Previously, clinical features of five families with CFSMR were described by Alanay et

al., four of which have been associated with biallelic mutations in 7AMMCOZ*’. In the
remaining family, the 7AMCOZ locus had been excluded by homozygosity mapping despite
a fully consistent clinical CFSMR diagnosis. We revisited these data and identified 11
distinct homozygosity regions, including the critical region on chromosome 20 where
RAB5IFis located (Extended Data Fig. 9h). Sanger sequencing revealed a homozygous,
loss-of-function variant in the first exon, c.75G>A (p.Trp25*) for the affected individual
(Fig. 4j, Extended Data Fig. 9i), which was poorly covered by previous exome sequencing
data. This variant, which presumably leads to early truncation of the protein, was not
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seen in the gnomAD database, while five unaffected individuals from the same family
lacked this mutation in homozygosity. Notably, two of the individuals with cleft lip and/or
palate were heterozygous for this mutation (Fig. 4j, Extended Data Fig. 9j), suggesting

that heterozygosity for this RAB5/F variant may represent low-penetrant variation leading
to cleft lip or palate, which is a component of CFSMR. Interestingly, of the 11 reported
families with 7MCO1-related CFSMR, only one heterozygote has cleft lip*”. It is not
unreasonable to speculate that cleft lip would lead to some selection pressure in RAB5/F
heterozygotes for whom cleft lip seems to be more common than 7MCO1 heterozygotes, a
notion that is supported by gnomAD LOEUF scores, which are low for RAB5/F (0.602) and
high for TMCO1 (1.362). Importantly, the loss of TMCO1 seen in the RABSIFKO cell line
was recapitulated in HAP1 cells engineered to express the patient mutation (,Extended Data
Fig. 9k). We performed a full proteomic analysis of two independent clones harboring this
mutation, which revealed high overall correlation between the lines with TMCOL being the
most affected protein in each case (Fig. 4k).

To further probe the pathogenicity of this variant, we established a fibroblast cell culture
from a patient biopsy and confirmed that these cells exhibited loss of RAB5IF and TMCO1
(Extended Data Fig. 91). Reintroduction of wild-type RAB5IF-GFP into these cells by
transfection resulted in a substantial increase in TMCOL levels (Fig. 4l), unequivocally
demonstrating that defective RABSIF is the cause of this patient’s clinical phenotype.
Overall, these data inextricably link two poorly understood proteins, RAB5IF and TMCO1,
thereby providing a new route to interrogate the function of each protein and understand the
underlying pathophysiology of a debilitating disorder. Interestingly, the partial localization
of TMCO1 to the ER suggests that the connection between these proteins, and the etiology
of CFSMR, may involve inter-organellar interactions.

Systematic analyses of MITOMICS data

In this study, we demonstrate the power of the MITOMICS resource by unveiling new
proteins central to core mitochondrial pathways, presenting a range of new molecular
hypotheses that will motivate further mechanistic investigations, and providing molecular
diagnoses for two unresolved human diseases. Beyond what we leverage here, our dataset
immediately enables a vast array of additional analyses. The MITOMICS website is
equipped with built-in tools, including outlier analysis, volcano plot profiles, molecule
ranking across cell lines, scatter correlations, PCA, gene ontology analyses, and t-SNE. Our
full datasets can also be downloaded easily for custom analyses.

Moving forward, our deep, multi-dimensional dataset and analysis platform—especially
when integrated with other large-scale biological and patient registry data—promises to

help advance multiple pressing areas of mitochondrial biology and medicine®8, including:
accelerating the functional characterization of orphan proteins, facilitating the discovery

of new disease genes, improving our understanding of genotype-phenotype correlations,
improving our understanding of mitochondrial disease pathomechanisms, and devising more
robust diagnostics and therapeutics for the extensive array of human disorders underpinned
by mitochondrial dysfunction.
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Extended Data Fig. 1 |. MITOMICSdesign, target selection, and quality control.
a, Criteria and filtering approach for knockout (KO) target selection. b, Features of
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time of selection. Metrics were taken from OMIM (omim.org), NCBI HomoloGene
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(PMID: 28514442), The Y3K Project (PMID: 27669165), and Floyd et al., 2016 (PMID:
27499296). ¢, PubMed citations versus NCBI GeneRIFs (References Into Function) for
each gene target at the time of selection. d, Cell density of wild-type (WT) reference cells
across each analysis batch that were used to normalize cell growth measurements (mean +
s.d., n=3-4). e, Relative cell density of each KO cell line compared to WT cells versus
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statistical significance (mean, 7= 3-4, two-sided Welch’s #test). f, Distribution of % relative
standard deviation (% RSD) of molecular abundance measurements made in 3—4 replicates
of the KO cell lines. g, Distribution of log, range in measured molecular abundances of

all analytes calculated by subtracting the minimum observed intensity from the maximum
observed intensity of each molecule across all cell lines. h, Histogram illustrating the count
of quantitative measurements made per protein group across all analyzed samples.
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Extended Data Fig. 2 |. MITOMICS profiles suggest new mitochondrial protein functions.
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a-e, Relative molecule abundance (protein, lipid, or metabolite) in the indicated KO
compared to WT versus statistical significance, relative molecule abundance in KO versus
KO compared to WT, or relative abundance of an individual molecule versus statistical
significance across all KO lines with an accompanying summary of our observations. Data
displayed as mean, /7= 3-4, and two-sided Welch’s #test for all panels.
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Extended Data Fig. 3|. SLC30A9 isnecessary for mitochondrial ribosome and OxPhos protein

integrity.
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a, Relative protein abundance in HAP1 MRPS22KO cells versus SLC30A9KO cells
compared to WT cells with mitoribosome, OxPhos, and mtDNA-encoded proteins
highlighted. Data displayed as mean, /7= 3-4, and two-sided Welch’s ttest. b, Level of
mtDNA-encoded MT-CO2 and mitoribosome proteins in the indicated KO cell lines as
assessed by immunoblotting. ¢, Level of the indicated proteins in HAP1 WT and SLC30A9
€.1047_1049delGCA knock-in cells (two clones) as assessed by immunoblotting. d, e, Gene
correlations with SLC30A9in DepMap project RNAI (d) and CRISPR (€) datasets with
genes encoding mitochondrial and mitoribosome proteins highlighted and the top three GO
annotations (most specific subclass term within a functional class) in each category for

the 100 highest-ranking genes. f, Meta-analysis of protein-protein interaction data from
Floyd et al., 2016 (PMID: 27499296) (Ref. #26) displaying the two bait proteins (out of
78) that interacted with SLC30A9 and the top 2% of their interactors with mitoribosome
core subunits, mitoribosome assembly factors, and zinc cofactor binding proteins (based on
UniProt annotations) highlighted. For western source data, see Supplementary Figure 1.
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Extended Data Fig. 4 |. Additional molecule-centric analyses suggest mitochondrial protein

functions.

a-e, Relative protein abundance in the indicated KO compared to WT versus statistical
significance, relative protein abundance in KO versus KO compared to WT, or relative
abundance of an individual protein versus statistical significance across all KO lines with
an accompanying summary of our observations. Data displayed as mean, 7= 3-4, and
two-sided Welch’s #test for all panels.
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Extended Data Fig. 5|. PYURF (NDUFAFQ) isa CoQ- and Cl-related chaperone.
a, b, Relative abundance of CoQ;p (a) and NDUFS3 (b) versus statistical significance across

all KO lines. ¢, Relative abundance of dihydroorotate (DHO) and CoQqq in the indicated KO
cell lines compared to WT cells. (a-c) Data displayed as mean, 7= 3-4, and two-sided
Welch’s £test. d, Level of complex | (Cl), Cl-assembly factor, and CoQ biosynthetic
proteins in the indicated KO cell lines as assessed by immunoblotting. e, Relative
abundance of CoQ1g and biosynthetic pathway intermediates analyzed via targeted LC-MS
(mean, n= 3-4, two-sided Welch’s #test). PPHB, polyprenyl-hydroxybenzoate; DMQ,
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demethoxy-coenzyme Q; DMeQ, demethyl-coenzyme Q. f, CoQ biosynthesis pathway
following polyisoprenoid tail attachment. Molecules quantified in (€) are indicated in
red. 4-HB, 4-hydroxybenzoate; PPDHB, polyprenyl-dihydroxybenzoate; PPVA, polyprenyl-
vanillic acid; DDMQ, demethoxy-demethyl-coenzyme Q. Supportive role for reactions is
indicated by ‘+’ symbol next to arrows. g, Level of the indicated transcripts in 293 cells
treated with siRNA for five days as assessed by gPCR (mean = s.d., 7= 3). h, Level

of COQ5 and NDUFAF5 in mouse C2C12 cells treated with the indicated siRNAs for
five days as assessed by immunoblotting. i, Relative abundance of protein interactors

for WT PYURF compared to maltose-binding protein (MBP) captured from a HAP1
mitochondrial lysate detected via immunoprecipitation (IP)-LC-MS/MS analysis (mean,
n= 3, two-sided Student’s #test). j, Purity of NDUFAF5, WT PYUREF, ¢.289_290dup
patient variant, and point mutants analyzed via SDS-PAGE and Coomassie stain. k,
Melting temperature of NDUFAF5 with combinations of WT PYURF or ¢.289_290dup
mutant PYURF, peptide, and S-adenosylmethionine (SAM) compared to NDUFAF5 only
as measured by differential scanning fluorimetry (mean + s.d., 7= 3). For western and gel
source data, see Supplementary Figure 1.
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Extended Data Fig. 6 |. Mutationsto PYURF disrupt binding and stability of NDUFAF5.
a, First-derivative plots of the differential scanning fluorimetry analysis in Fig. 3h (7= 3).
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Extended Data Fig. 7 |. PYURF (NDUFAFQ) isimportant for mitochondrial function and is
disrupted in human disease.

a, b, Level of the indicated proteins in 293 cells during a cyclohexamide chase experiment
following PYURF knockdown (&), and quantification of the immunoblot data (b). c, Level
of assembled complex I in HAP1 WT and PYURFKO cells as assessed by BN-PAGE

and immunoblotting. d, Parameters of mitochondrial function for WT and PYURFXO cells
calculated from the mitochondrial stress test assay in Fig. 3j (mean + s.d., 7= 10-14,
two-sided Student’s £test). e, Brian MRI of the PYURF case demonstrating increased
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extra axial CSF spaces, cystic high signal cerebellar white-matter, cerebellar atrophy, and
decreased myelination in the internal capsule. f, Whole exome sequencing analysis and
filtering for rare, autosomal recessive variants in nuclear genes encoding mitochondrial

proteins. MAF, minor allele frequency. g, Level of the indicated proteins in HAP1 unedited

PYURFWT cells and PYURF c.289_290dup knock-in cells (two clones each) as assessed
by immunoblotting. For western source data, see Supplementary Figure 1.
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a-c, t-SNE analysis of the MITOMICS data (mean log, fold-changes and associated
multi-ome g-values from 191 conditions) displaying all molecules (a), core clusters (b),
and extended clusters (c). d-k, Analysis of the MXP KO targets in the t-SNE plot to
identify proteins that fall within their close proximity (one unit radius) with accompanying

summaries of our observations.
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a, Relative protein abundance in RAB5IFKO! cells versus RAB5IFKOZ cells compared to
WT. b, Relative abundance of indicated proteins across all KO lines. (a, b) Data displayed
as mean, n= 3-4, and two-sided Welch’s ~test. c, Protein correlations with RAB5IF

versus protein correlations with TMCOL1 in the DepMap proteomics dataset. d, Level of

the indicated proteins in HAP1 WT and RABS5IF KO cells assessed by immunaoblotting.

e, f, Fura-2 fluorescence (mean, n = 3) following thapsigargin (TG) treatment in WT

and RABSIF KO cells (€), and HeLa cells treated with indicated siRNAs for three days

(f) with area under the curve (AUC) measurements. g, RAB5IF and TMCO1 levels in
HelLa cells treated with indicated siRNAs for three days assessed by immunoblotting. h,
Homozygosity mapping of a 24.7 Mbp candidate region in chromosome 20p11.23-q13.12.
Homozygous genotypes in the index (111:8) shown in blue. In other individuals, identical
homozygous genotypes are also in blue, whereas contrasting homozygous genotypes are in
white. Heterozygous genotypes are orange, while non-informative genotypes resulting from
heterozygous SNPs in parent-child trios are yellow. Note that the index is homozygous for
the candidate region, while the cousin (111:1) is heterozygous for the entire region. i, Sanger
sequencing showing the ¢.75G>A (p.Trp25*) mutation as homozygous in the index (111:8)
and heterozygous in his father (11:7). j, Pedigree of affected family with genotypes and
associated phenotypes. Note that individuals I1:7 and I11:1 only have cleft lip and/or palate
without other clinical features of CFSMR and are heterozygous for the RAB5/F variant. k,
[, Indicated protein levels in HAP1 WT and RABS5/F c.75G>A knock-in cells (2 clones) (k),
and normal adult human primary dermal fibroblasts (HDFa) and primary patient fibroblasts
with the RAB5/F ¢.75G>A mutation (I) assessed by immunoblotting. For western source
data, see Supplementary Figure 1.
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analysis strategy, and data collection. KO targets were selected to include genes coding
for MXPs and for sentinel proteins known to be involved in diverse mitochondrial processes.
Each cell line was analyzed using three distinct mass spectrometric approaches: proteins

via LC-MS/MS shotgun proteomics, lipids via LC-MS/MS discovery lipidomics, and

metabolites via GC-MS and LC-MS/MS untargeted metabolomics. MXP, Mitochondrial

uncharacterized (X) protein (P). b, Hierarchical clustering of biomolecule abundances
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(proteins, lipids, and metabolites) in 203 knockout cell lines compared to wild-type (WT)
cells (mean, n=3-4), and breakdown of >12,200 biomolecules quantified in each cell line
by class, explorable via interactive visualizations at MITOMICS.app.
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Fig. 2 |. Molecule-centric analyses suggest new mitochondrial protein functions.
a, Relative metabolite abundance in ALDH18A1KO1 cells compared to WT cells versus

statistical significance. b, Relative abundance of proline versus statistical significance across
all KO lines. c, Relative lipid abundance in TAZXO1 cells compared to WT cells versus
statistical significance with all CL and MLCL species highlighted. CL, cardiolipin; MLCL,
Monolysocardiolipin. d, Relative abundance of CL 68:6 versus statistical significance across
all KO lines. e, Relative protein abundance in SLC30A9XC cells compared to WT cells
versus statistical significance with mitoribosome, OxPhos, and mtDNA-encoded proteins
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highlighted. f, Relative abundance of all six mtDNA-encoded proteins detected in our
analyses across KO lines with = 3 proteins having £ < 0.05 (mean rank ordered). Data
displayed as mean, 7= 3-4, and two-sided Welch’s ttest for all panels.
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Fig. 3|. PYURF (NDUFAFQ) isa CoQ- and Cl-related chaperone disrupted in human disease.
a, Relative abundance of CoQ19 and NDUFS3 across MXP KOs with log, fold-changes

< 0. b, Relative protein abundance in PYURFKO cells compared to WT versus statistical
significance with CoQ-related proteins (COQ3-C0OQ?9), complex I (CI), Cl Q-module, and
Cl-assembly factor (AF) proteins highlighted. c, d, Relative abundance of NDUFAF5
versus NDUFAFS8 (c), and COQ5 versus COQ7 (d) compared to WT across all KO

lines, respectively. (a-d) Data displayed as mean, n = 3-4, and two-sided Welch’s #test.

e, Cl, CI-AF, and CoQ biosynthetic protein levels in 293 cells treated with indicated
siRNAs for five days assessed by immunoblotting. f, Meta-analysis of protein-protein
interaction data displaying the 2/78 bait proteins, NDUFAF5 and COQJ5, that interact with
PYUREF, and related CI-AF and complex Q proteins. g, COQ5 and NDUFAF5 levels in
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immunoprecipitates from 293 cells transfected with PYURF-FLAG, PYURF-FLAG-PIGY-
FLAG, and PIGY-FLAG constructs. h, Melting temperature of NDUFAF5 with increasing
concentrations of WT PYURF, ¢.289_290dup patient variant, or point mutants compared

to NDUFAFS5 only measured by differential scanning fluorimetry (mean = s.d., 7=

3). i, Level of assembled complex | (left) and complex Il (right) in HAP1 WT and
PYURFKO cells assessed by BN-PAGE and immunoblotting. SC, respiratory supercomplex.
i, Mitochondrial stress test profile showing cellular oxygen consumption rate normalized

to relative cell number versus time for WT and PYURFKO cells (mean £ s.d., 7= 10—

14). k, Model of PYURF function in coordinating the Cl assembly and CoQ biosynthesis
pathways. |, Pedigree of consanguineous kindred and their offspring. Arrow indicates the
deceased index case. Dots indicate carriers of the ¢.289_290dup PYURF variant. m, Sanger
sequencing traces displaying heterozygous carrier status in the father, mother, and unaffected
sibling, and the homozygous PYURF variant in the proband. For western source data, see
Supplementary Figure 1.
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Fig. 4. t-SNE and KO-specific phenotype analyses connect M XPsto mitochondrial functions.
a, b, t-SNE analysis of the MITOMICS data (a) (mean log, fold-changes and associated

multi-ome g-values from 191 conditions) and inset (b) showing clusters of known
OxPhos and mitoribosome proteins and other biomolecules clustering with these pathways.
¢, Example of the KO-specific phenotype detection approach showing ETFBKO! and
ETFBKOZ s outlier KOs for ETFA (relative abundance versus statistical significance across
all KO lines) (mean, n = 3-4, two-sided Welch’s #test). d, Normalized density plot of
nearest neighbor distances showing the number of KO-specific phenotypes identified as

up- or down-regulated, and identified in both KO clones and in the same direction of
regulation for sentinel KOs and MXP KOs. e, f, Molecule distance to nearest neighbor in
MXP KO clone 1 versus KO clone 2 (€) and inset (f) showing molecules with large nearest
neighbor distances detected for both MXP KO clones (KO target indicated in parentheses).
0, Relative abundance of TMCO1 versus statistical significance across all KO lines (mean, 7
= 3-4, two-sided Welch’s #test). h, i, Level of the indicated proteins (h) and transcripts
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(i) in 293 cells treated with siRNA for two days as assessed by immunoblotting and

gPCR (mean % s.d., n= 3), respectively. j, Abbreviated pedigree of affected family and
associated phenotypes. Arrow indicates proband. k, Relative protein abundance in HAP1
RABS5IFc.75G>A knock-in cells (clone 1 versus clone 2) compared to WT cells (mean,
n= 3, two-sided Student’s #test). |, Level of TMCOL1 in primary patient fibroblasts with
the RAB5IF ¢.75G>A mutation transfected with RAB5IF-GFP or FLAG-GFP constructs as
assessed by immunoblotting. For western source data, see Supplementary Figure 1.
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