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Summary

Defining functions for the full complement of proteins is a grand challenge in the post-genomic
era, and is essential for our understanding of basic biology and disease pathogenesis. In recent
times, this endeavor has benefitted from a combination of modern large-scale and classical
reductionist approaches—a process we refer to as ‘systems biochemistry’—that helps surmount
traditional barriers to the characterization of poorly understood proteins. This strategy is proving
to be particularly effective for mitochondria, whose well-defined proteome has enabled
comprehensive analyses of the full mitochondrial system that can position understudied proteins
for fruitful mechanistic investigations. Recent systems biochemistry approaches have accelerated
the identification of new disease-related mitochondrial proteins and of long-sought ‘missing’
proteins that fulfill key functions. Collectively, these studies are moving us toward a more
complete understanding of mitochondrial activities and providing a molecular framework for the
investigation of mitochondrial pathogenesis.

eTOC Blurb

In this review, Sung et al. describe the ‘systems biochemistry’ approach—a blend of large-scale,
‘omic’ methodologies and classical reductionist biochemistry—that has accelerated the study of
mitochondrial proteins of unknown function over the past decade and moved us towards a more
complete, molecular understanding of mitochondrial function.
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Mitochondrial dark matter

The state of modern biological science is remarkable: Our research is performed at a time
when ‘omics’ techniques enable us to measure nearly every biomolecule, revolutions in
imaging and structural biology enable us to observe subcellular components at striking
resolution, and gene editing technologies enable us to manipulate DNA seemingly without
restriction. Yet, our ability to measure, observe, and manipulate biological systems has
arguably outpaced our fundamental understanding of the basic gene functions that underlie
them. Recent analyses have revealed that most research on human genes only concentrates
on approximately 2,000 of the ~19,000 genes of the human genome (Stoeger et al. 2018),
with just 100 genes accounting for more than one-quarter of the papers tagged by the
National Library of Medicine (Dolgin 2017). Similarly, over 600 yeast proteins and 2000
human proteins have yet to be assigned any molecular function (Ellens et al. 2017), and even
for the most well-studied model organisms such as Escherichia coli, more than a third of the
genes have yet to be fully functionalized (Ghatak et al. 2019; Sevin et al. 2017). Relatedly, it
is estimated that more than 1,000 known enzyme activities among the 5,000 entries of the
Enzyme Commission (EC) classification still lack an associated protein (Sorokina et al.
2014).

The reasons why so many proteins remain poorly characterized are manifold. Many are
simply hard to study because they may have redundant functions, lack essential functions
under standard laboratory conditions, or have functions that affect multiple cellular
processes (Oliver 1996; Hillenmeyer et al. 2008; Galperin and Koonin 2010). For others,
progress is limited by the lack of tools and reagents (e.g., antibodies, mouse lines) available
for more “‘popular’ proteins (Edwards et al. 2011). Additionally, this lingering focus on a
small set of proteins may be rooted in the assumption that they are more relevant for human
health and disease; however, this is likely misguided (Stoeger et al. 2018). A telling example
in support of this can be seen in a recent analysis of human protein-protein interactions
(Rolland et al. 2014). In this study, the authors found that highly studied proteins have a
strikingly higher number of reported protein-protein interactions in the literature than
uncharacterized proteins, giving the impression that that the former group is more connected
to key biological processes. Yet, further analyses revealed the latter group to be comparably
represented in genome-wide association studies (GWAS) and equally associated with
Mendelian disorders. Such “inspection bias” risks erroneously assuming that well-studied
proteins are more responsible for a given effect simply due to their familiarity.

This paradigm extends to mitochondria, whose iconic cellular “powerhouse” descriptor has
mistakenly given the impression that this organelle is a fully defined system with a fully
defined function. In reality, recent work has revealed hundreds of mitochondrial
uncharacterized (x) proteins (MXPs) (Pagliarini and Rutter 2013), and new mitochondria-
related processes continue to be identified (Nunnari and Suomalainen 2012). Progress
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toward defining the functions of MXPs has been accelerated by the advent of diverse large-
scale methodologies. On their own, such ‘omics-level’ analyses risk being mere exercises in
information gathering. Wielded properly, these experiments serve to generate sharper, more
informed hypotheses into protein function. We refer to this blending of ‘systems’ analyses
with classical mechanistic biochemical and bioenergetics approaches as ‘systems
biochemistry.” The well-established proteome of mitochondria, together with its manageable
complexity and purifiability, seem to have made it particularly amenable to this approach.
The goal of this review is to describe some of the successful applications of systems
biochemistry that, over the past decade, have transformed mitochondrial research. We hope
that this will provide a useful framework for surmounting some of the challenges in studying
uncharacterized proteins. For those with further interest in works under the broader umbrella
of mitochondrial ‘systems biology,” we refer them to several other excellent recent reviews
(Matilainen, Quiros, and Auwerx 2017; Hu, Go, and Jones 2020; Maldonado et al. 2019;
Rahman and Rahman 2018).

Defining the system

A key first step in assigning functions to the parts of a biological system is to define its
composition. The ability to separate discrete cellular fractions from much of the rest of the
cell has been helpful in this regard, even before scientists knew what these fractions held.
For example, early work by Otto Warburg with crude liver lysate fractions had shown that
“succinoxidase” activity resided within subcellular “large granules” before it was clear that
they contained mitochondria (Warburg 1913). Motivated by the mission to establish and
quantify the “distribution of enzyme activities among the various cell components” (Claude
1946), Albert Claude and colleagues made subsequent advancements in ultracentrifugation
and associated methods that allowed for the generation of a sample that was enriched for
intact mitochondria (Claude 1946). Such samples were then used to show that succinate
dehydrogenase and cytochrome oxidase are localized in the mitochondrial fraction
(Hogeboom, Claude, and HotchKiss). Over the next several years, other enzymatic activities
including the TCA cycle, fatty acid oxidation, and oxidative phosphorylation were localized
to mitochondria (Kennedy and Lehninger 1949). Together, these studies solidified the role of
mitochondria in energy metabolism, and cemented its designation as the “powerhouse of the
cell” (Ernster and Schatz 1981).

After the core tenets of oxidative phosphorylation were established (Mitchell 1961;
Jagendorf and Uribe 1966), the intense interest in mitochondria somewhat waned, marked
by a significant decline in the percentage of papers related to mitochondrial function
(Pagliarini and Rutter 2013). Nonetheless, pioneering work in subsequent decades led to the
sequencing of the human mitochondrial genome (Anderson et al. 1981), the demonstration
of maternal inheritance of mitochondria, and the direct link between mtDNA mutations and
human disease (Wallace et al. 1988; Holt, Harding, and Morgan-Hughes 1988), undergirding
the renaissance of interest that was soon to follow. By the late 1990s, further sparked by
remarkable and unexpected new observations of mitochondrial functions and their
association with human disease, broad enthusiasm in mitochondrial biology was rekindled
(Pagliarini and Rutter 2013). Beyond ATP production, these efforts connected mitochondria
to key roles in cell signaling, apoptosis, response to viral infection, aging, and many other
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processes (Wallace 1999; Nunnari and Suomalainen 2012). Mitochondrial dysfunction soon
became associated with more than 150 unique diseases, including many inborn errors of
metabolism, diabetes, and cancer (Nunnari and Suomalainen 2012; Vafai and Mootha 2012;
Koopman, Willems, and Smeitink 2012). As such, it became important both to identify
proteins of known function that localize to mitochondria (and thereby place their pathways
within the organelle), and to identify new and uncharacterized mitochondrial proteins.

Fortunately, this renaissance in mitochondrial biology coincided with the development of
new technologies, most notably mass spectrometry (MS)-based proteomics, that enabled
scientists to explore the composition of mitochondria at a much greater depth (Aebersold
and Mann 2003). These studies, covered in other reviews (Calvo and Mootha 2010;
Gonczarowska-Jorge, Zahedi, and Sickmann 2017), rapidly increased the number of known
mitochondrial proteins from yeast to human (Fig. 1). More recent advances in labeling and
MS methods have further expanded the known mitochondrial proteome while
simultaneously revealing the submitochondrial localization of many these proteins (Rhee et
al. 2013; Hung et al. 2017; Hung et al. 2014; Geladaki et al. 2019; Vogtle et al. 2017). The
current breadth of coverage stands at 1,158 unique mitochondrial proteins for mouse and
human (Calvo, Clauser, and Mootha 2016). This number is consistent with earlier
predictions that the true size of the mitochondrial proteome is approximately 1,300-1,500
proteins, as estimated based on 2-D gel and computational analyses (Pagliarini et al. 2008;
Taylor et al. 2003; DiMauro and Schon 1998; Lopez et al. 2000).

Systematic functional characterization of mitochondrial proteins

An established compendium of proteins for a biological system accomplishes two goals for
the grand challenge noted above: It reveals those parts of the system that aren’t yet
understood, and provides the basis for a systematic approach to assign functions to those
parts (Fig. 2). For example, the MitoCarta study revealed that ~300 mammalian
mitochondrial proteins had little to no functional characterization, and then leveraged this
expanded compendium to discover new complex | disease-related genes (Pagliarini et al.
2008).

The continued influence of a defined mitochondrial system on accelerating the study of its
understudied proteins is apparent from recent PubMed citation trends (Fig. 3). In this
analysis, we determined the number of NCBI Pubmed citations attributed to the genelD of
each human protein in MitoCarta 2.0 (Calvo, Clauser, and Mootha 2016). These proteins
were then rank ordered based on the number of citations per protein and binned into deciles.
In total, the top 10% of mitochondrial proteins (i.e., the ‘popular’ proteins) account for
nearly triple the number of citations of the bottom half of the proteome (i.e., the ‘unpopular
proteins’) (Fig. 3A). However, when the results of the analysis are separated into citations
before and after the MitoCarta study (published in 2009) an encouraging pattern emerges.
Prior to this study, nearly half of human mitochondria-related citations stemmed from the
top decile of mitochondrial proteins, while the bottom half accounted for just 16% (Fig. 3B).
During the subsequent decade, this distribution began to shift. The top decile decreased to
~40% of human mitochondria-related citations between 2009 and 2019, and the bottom
increased to 20% (Fig. 3B). This pattern is even more striking when comparing the ratio of
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citations attributed to each decile in the past decade to all prior citations. Indeed, there have
been more than twice as many citations for proteins in the bottom decile in the past decade
than all citations in that decile prior to 2009 (Fig 3C). This trend is especially noteworthy
given that the opposite trend is seen in the overall distribution of PubMed Citations for the
whole human proteome, where the disparity between the top decile and bottom half of the
proteome continues to grow (Fig 3C).

The systems biochemistry approaches that have driven many of these studies have generally
taken one of two forms: a top-down approach seeking to identify a missing component of an
established process (known unknowns), or a bottom-up approach that begins with the
intentional disruption of poorly characterized genes (unknown unknowns). In each case, the
following demonstrate how a systematic analysis of a well-defined mitochondrial proteome
led to clear hypotheses and new insight into protein function.

Top-down (known unknowns)

Analogous to the forward genetics approach, a top-down approach begins with a function or
phenotype that is not well understood, and proceeds to identify the underlying genes/
proteins. This approach has been successful in filling gaps in knowledge related to
mitochondrial transporters and the formation of respiratory supercomplexes.

Mitochondrial Transporters—One powerful way that an established compendium
facilitates the identification of protein function is by limiting the search space for a known
missing activity. An illustrative example is the discovery of the mitochondrial calcium
uniporter. Since the 1960s, it was documented that vertebrate mitochondria could take up
calcium (Deluca and Engstrom 1961). Further studies showed that certain mitochondrial
functions were activated by calcium. Yet, the machinery responsible for calcium import
remained unidentified for decades (Mammucari et al. 2018). It had been established for
some time that kinetoplastids exhibited rapid, uncoupler-sensitive Ca2* import into
mitochondria, but that this same activity was absent from S. cerevisiae. A simple
phylogenetic analysis to identify genes present in the former but not the latter yielded too
many candidates to be practical; however, when the list was filtered using mitochondrial
proteome datasets, a manageable number of candidates emerged (Perocchi et al. 2010).
Subsequent rigorous biochemistry and structural biology approaches have now established
MICU1-2, MCU/MCUb, and EMRE as the full mitochondrial Ca2* import machinery
(Baughman et al. 2011; De Stefani et al. 2011; Sancak et al. 2013; Perocchi et al. 2010).
Similarly, analysis of mitochondrial carrier-like proteins in these proteome lists helped
prioritize candidates for the mitochondrial pyruvate carrier, which likewise went unidentified
for ~50 years (Bricker et al. 2012; Herzig et al. 2012). Finally, a mitochondrial serine
transporter was recently identified in part through the use of a custom CRISPR screen that
focused only on genes encoding mitochondrial and other metabolism-related proteins,
allowing for much deeper coverage of this prioritized set than would be achieved via a
genome-wide screen (Kory et al. 2018). Together, these studies demonstrate the utility of a
well-defined search space for identifying proteins responsible for missing steps in known
pathways.
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Respiratory Supercomplex Formation—Another example of a robust top-down
systems biochemistry approach can be seen in the quantitative trait loci (QTL) mapping
work by Williams et al. that helped establish a regulator of mitochondrial respiratory
supercomplex (SC) formation (Williams et al. 2016). SCs are now recognized as key
components of the electron transport chain, but their assembly is poorly understood
(Milenkovic et al. 2017; Williams et al. 2016). In this work, the authors combined a targeted
analysis of the mitochondrial proteome across hundreds of mice from the BXD genetic
reference population (Andreux et al. 2012) with biochemical measurements of SC formation
(among other genomic, metabolomic, and physiological measurements). Remarkably, the
integration of the prominent SC QTL with mitochondrial protein QTLs nominated
COXT7A2L as a clear candidate regulator of SC formation, which was then confirmed with
detailed follow-up analyses (Williams et al. 2016). Here again, a large-scale analysis guided
by the well-defined mitochondrial proteome, coupled with detailed biochemical analyses,
led to a robust hypothesis of protein function.

Bottom-up (unknown unknowns)

The surprisingly large number of MXPs comprises proteins that generally have not been
studied and others that have been linked to a process (e.g., via genetic screens), but for
unknown reasons. A number of approaches have been conducted that took direct aim at
understanding what these proteins do without a specific knowledge gap in mind. These
strategies parallel the classical reverse genetics paradigm in which genes or proteins of
unknown function are disrupted in an effort to define their functions. Similarly, the goal of
these bottom-up approaches has been to establish a more complete understanding of
mitochondria by functionalizing their component parts and placing them within pre-existing
pathways.

Deorphanizing MXPs through multi-omic analyses—In recent years, we have taken
a multi-omics profiling approach to define uncharacterized mitochondrial protein function.
These initiatives begin with the creation of a series of individual genetic perturbations in a
common system, such as yeast strains or mammalian cell lines. These genes typically
include many encoding MXPs and others encoding “sentinel” proteins of well-defined
function. Each strain/cell line is then profiled using deep proteomic and metabolomic
analyses, thereby providing a detailed cellular response signature unique to each disruption.
The use of carefully select gene series is essential to this approach’s success because the
effects of individual perturbations (e.g., drugs, gene deletions) are difficult to interpret in
isolation due to cellular compensation and secondary responses.

These rich datasets can be mined in many sophisticated ways, and we find that three
straightforward analyses can quickly provide actionable new insights (Fig. 4). First, new
connections can be made between distinct perturbations by virtue of their similar ‘omic’
responses using a regression analysis (Fig. 4B-1). For instance, if deletion of an
uncharacterized protein yields a similar multi-omic signature across thousands of data points
to that of a second gene deletion, it is likely that those genes have related functions. Second,
the simultaneous analysis of many perturbations enables the identification of unique (i.e.,
“outlier”) responses for a given perturbation, even when the magnitude of change is modest
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(Fig. 4B-2). Third, co-regulated networks of proteins, lipids, and metabolites can be
identified across the dataset, thus creating new functional hypotheses even when those
molecules were not the focus of the initial perturbation (Fig. 4B-3).

Recently, we have used these multi-omic approaches to help establish mechanistic
hypotheses for several yeast MXPs. First, we revealed that Hfd1p completes the conversion
of tyrosine to 4-hydroxybenzoate (4-HB), the precursor to coenzyme Q biosynthesis (CoQ)
—a step that had remained unresolved for more than 40 years (Stefely et al. 2016). The
function of Hfd1 was concurrently identified by an independent genetic screen (Payet et al.
2016). We also used this strategy to systematically profile mitochondrial proteases, thereby
connecting these key proteins to new processes and identifying new direct substrates (\Veling
et al. 2017), and to identify targets for an RNA binding protein that helps orchestrate
mitochondrial biogenesis (Lapointe et al. 2018). In ongoing efforts, we have extended this
strategy to a library of CRISPR-mediated knockouts in human cells. Overall, this multi-omic
approach is providing molecular insight into mitochondrial protein function and disease and,
more broadly, has established a powerful new high-throughput approach for defining gene
function.

Coenzyme Q Biosynthesis - Structural Genomic Insights—Structural genomics is
a bottom-up approach that aims to generate or model structural information for most
proteins in nature. Targets for structural determination are often selected before their
biochemical functions are understood, with the hope that structural information could lend
insights into protein function and assist in the future prediction of protein structure from
primary sequence (Skolnick, Fetrow, and Kolinski 2000). Recent efforts, such as the Protein
Structure Initiative (Montelione 2012), have benefitted a number of mitochondrial proteins,
including COQ8A, COQ9, and COQ4. These three proteins are required for coenzyme Q
(CoQ) biosynthesis, but their biochemical activities remain incompletely defined (Stefely
and Pagliarini 2017).

COQB8A (aka ADCK3) was originally speculated to be a protein kinase (Poon et al. 2000).
However, subsequent structural work and biochemical work revealed that it more likely
serves as an ATPase that supports the integrity of a biosynthetic complex of other CoQ-
related proteins (Stefely et al. 2015; Reidenbach et al. 2018; He et al. 2014; Floyd et al.
2016). Similarly, determination of the COQ9 structure unexpectedly revealed that it adopts
an ancient TetR (tetracycline resistance) fold typically used by bacteria for transcriptional
regulation upon ligand binding. Further work revealed that COQ9 selectively binds prenyl
lipids like CoQ, and possesses a strong physical and functional interaction with COQ7—the
enzyme that catalyzes the penultimate step of CoQ biosynthesis (Lohman et al. 2014).
Collectively, the COQ?9 structural work accelerated its characterization as a novel prenyl
lipid chaperone that helps surmount the biophysical challenges associated with synthesizing
a highly hydrophobic molecule by binding CoQ intermediates and presenting them to other
peripheral membrane-associated biosynthetic enzymes (Lohman et al. 2019). Finally, while
the function of COQ4 remains unknown, a structure of a bacterial homolog, Alr8543,
revealed a similar lipid-binding pocket and bound transition metals, motivating new
mechanistic hypotheses into its function in the pathway (Rea et al. 2010). Overall, structural
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genomics is a prime example of the systems biochemistry approach, whereby the “screen”
gives immediate information that helps to form specific new mechanistic hypotheses.

New Insights into Vitamin B12 Biology from Activity-Based Metabolic Profiling
—Activity-based metabolomic profiling (ABMP) is an MS approach to assigning
biochemical activity to proteins of unknown function. In a typical ABMP experiment, a
recombinantly purified enzyme and its potential cofactors are first added to a cell/tissue
metabolite extract. Then, liquid chromatography mass spectrometry is used to identify
changes in the composition of the metabolite extract in the presence or absence of the
recombinant protein. These changes are then used to infer specific biochemical activities of
the protein in question (de Carvalho et al. 2010; Sevin et al. 2017).

The power of the ABMP approach can be seen in recent work by Shen et al. that
deorphanized the mitochondrial protein CLYBL. CLYBL belongs to a small class of human
genes that often harbor bi-allelic, loss-of-function mutations that appear to be well-tolerated.
Homozygous mutations in CLYBL were linked with decreased circulating levels of vitamin
B12 through GWAS, but the function of the protein remained unknown. ABMP was used to
systematically probe substrates and products that could be acted on by wild-type CLYBL but
not the catalytically deficient mutant, pointing to acetyl-CoA or citramalate as likely
substrates. Subsequent biochemical follow-up established the role of CLYBL as a
citromalyl-CoA lyase, loss of which leads to vitamin B12 inactivation through an
accumulation of an upstream metabolite. Thus, through a bottom-up systems biochemistry
approach, the investigators were able to define a function of the previously uncharacterized
CLYBL protein and its effect on mitochondrial vitamin B12 levels (Shen et al. 2017).

Integrating Top-Down and Bottom-Up Approaches

On their own, the top-down and bottom-up approaches to systems biochemistry offer
powerful insight into previously uncharacterized proteins and pathways. While the above
vignettes have been focused on one approach or the other, these two approaches are of
course not mutually exclusive. Rather, they are quite complementary and have jointly
propelled progress in two areas of mitochondrial biology in particular: complex | assembly
and the mitochondrial contact site and cristae organizing system.

Complex | Assembly—Isolated complex | (Cl) deficiency is the most common inborn
error of metabolism worldwide (Kirby et al. 1999). While the structure and biochemical
mechanism of mature CI have been extensively studied (Agip et al. 2018; Zhu, Vinothkumar,
and Hirst 2016; Vinothkumar, Zhu, and Hirst 2014; Friedrich 2014), a large percentage of
diagnosed CI disorders are not associated with mutations in the structural Cl subunits, but
are instead due to disruption of genes that assist in the assembly and/or functionality of the
mature complex — so-called CI assembly factors (CIAFs) (McKenzie et al. 2011; Calvo et
al. 2010). Because CIAFs are not part of the final complex, they have been challenging to
identify (Guerrero-Castillo et al. 2017). Systems biochemistry approaches have proved
instrumental in spotting these elusive proteins.

A number of recent studies have employed a top-down systems biochemistry approach to
identify novel CIAFs. First, in the original MitoCarta study, a phylogenetic approach was
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used to identify mitochondrial proteins whose presence/absence patterns across evolution
matched those of the CI subunits conserved to bacteria. Six of the top 19 candidates from
this analysis have now been validated as bona fide CIAFs that harbor mutations in human
disease (Pagliarini et al. 2008; Sugiana et al. 2008; Formosa et al. 2018). Second, Stroud et
al. identified two CIAFs by performing MS-based proteomics on cells each lacking one of
either 25 accessory Cl subunits or seven assembly factors (Stroud et al. 2016). Third,
Guarani et al. employed an interaction proteomics approach to identify a novel CIAF
through its reciprocal association with several core CI subunits as well as other known
CIAFs (Guarani et al. 2014). Fourth, Heide et al. established a ‘complexome’ profiling
approach that combined native gel electrophoresis and mass spectrometry to identify
proteins that co-migrated with CI subunits during the CI assembly process, leading to the
discovery of an additional assembly factor (Heide et al. 2012). This technique was then
expanded upon by Guerrero-Castillo et al. to define the assembly intermediates of Cl and
infer the stepwise pathway by which they assemble into mature CI (Guerrero-Castillo et al.
2017). In each case, these large-scale efforts leveraged the established mitochondrial
proteome and ‘omic’ technologies to motivate mechanistic biochemistry efforts to define
new protein functions.

Similarly, bottom-up approaches have also been key in identifying novel CIAFs and for
adding mechanistic depth to previously identified CIAFs. An example of the former is
through the study of protein-protein interaction (PPI) as a means to infer functions for
uncharacterized proteins. Floyd et al. used deep affinity-enrichment mass spectrometry
analyses to map the PPIs of 50 MXPs. Among the very top hits was an interaction between
an established assembly factor and the orphan protein, C170rf89, which itself was then
validated as a CIAF and renamed NDUFAF8 (Floyd et al. 2016). An example of the latter is
the work on NDUFAF7 by Rhein et al. The investigators used a mass spectrometric
approach to compare the effects of knockdown of NDUFAF7 on the methylation status of its
putative substrate, NDUFS2. Their work showed that NDUFAF7 was required for the
symmetric demethylation of NDUFS2, defining its role in the post-translational maturation
of NDUFS2 (Rhein et al. 2013). The combination of top-down and bottom-up systems
biochemistry have thus added both breadth and depth to the understanding of Cl assembly,
with over 15 CIAFs identified to date (Formosa et al. 2018).

Mitochondrial Contact Site and Cristae Organizing System—The “mitochondrial
contact site and cristae organizing system” (MICOS) is conserved from yeast to humans and
plays crucial roles in the maintenance of cristae junctions, inner membrane architecture, and
formation of contact sites between the inner and outer membranes. In 2011 and 2012, four
independent studies converged upon the subunit definition of MICQOS in S. cerevisiae
(Pfanner et al. 2014). Here, we highlight two systems biochemistry approaches, one bottom-
up and one top-down, used to identify the constituents of the MICOS complex in yeast.

In a seminal 2011 study, Hoppins et al. constructed a bottom-up quantitative genetic
interaction map that focused specifically on genes encoding mitochondrial proteins, along
with select genes whose functions likely to impact mitochondria (Hoppins et al. 2011).
Systematic genetic interaction maps can be used to infer related gene function by measuring
pairwise growth defects in double mutant cells (Schuldiner et al. 2005; Kornmann et al.
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2009). The resulting MITO-MAP was particularly powerful in linking MXPs to roles in
establishing physical and functional organization of mitochondrial membranes. Indeed, their
work identified a cluster of genes that encode six proteins that form a large heterooligomeric
protein complex on the inner mitochondrial membrane. At the same time, Harner et al.
arrived at the same conclusion through an orthogonal top-down approach. Based on
observations that the inner and outer membranes remain tethered at discrete sites during
mitochondrial shrinking and swelling experiments, the investigators set out to identify the
proteins responsible for forming these junctions. They first generated a marker protein that
spanned both the outer and inner mitochondrial membranes at these contact sites. Then,
using a mass spectrometry-based proteomic technique in conjunction with rigorous
biochemical analyses, Harner et al. identified six previously uncharacterized proteins that
shared the same distribution as the marker protein (Harner et al. 2011). In both cases,
systematic analyses enabled focused biochemical experiments to define the composition of
MICQOS complex, and set a foundation for further systems biochemistry-based discovery of
MICQOS constituents, including the mammalian MICOS subunits APOOL/Mic27 (Weber et
al. 2013) and QIL1/Mic13 (Guarani et al. 2015; Anand et al. 2016).

Systems Biochemistry and Mitochondrial Disease

Since the first genetic cause of human mitochondrial disease was discovered in the late
1980s (Wallace et al. 1988; Holt, Harding, and Morgan-Hughes 1988), the number of unique
human diseases with known causal mutations in mitochondrial proteins has increased
exponentially (Frazier, Thorburn, and Compton 2019). Recent analysis of the OMIM
database (Amberger et al. 2015) shows that 341 of the genes in MitoCarta 2.0 are linked to
at least one OMIM disease phenotypes (Figure 5). With our expanded knowledge of
mitochondrial functions at large and of their component parts, we might have expected to
see substantially increased rates of successful molecular diagnosis, yet success rates have
stalled at around 30-60% (Wortmann et al. 2015; Scharfe et al. 2000; Frazier, Thorburn, and
Compton 2019; Stenton et al. 2019). Indeed, the current number of known disease genes still
only account for ~60% of suspected cases of mitochondrial disease (Figure 5). Though new
disease gene candidates continue to be uncovered through massively parallel sequencing and
associated analyses, identification of genetic variants alone is insufficient for molecular
diagnosis (Frazier, Thorburn, and Compton 2019). In the post-genomic era, the systems
biochemistry approach offers a framework with which to bridge this gap between genotype
and phenotype and thus improve the diagnosis and treatment of mitochondrial disorders.

To better understand the pathogenesis of a disease, one must first pinpoint the cellular
process being disrupted (Frazier, Thorburn, and Compton 2019). To that end, characterizing
MXPs to understand protein function and then placing them within cellular pathways, akin
to bottom-up systems biochemistry, can prioritize genes for deeper diagnostic analyses. For
instance, characterization of the CIAF NDUFAFS8 led to the subsequent identification of a
deep intronic variant in a pediatric patient that was initially missed by whole exome
sequencing (Alston et al. 2020).

Conversely, one may also take a top-down approach to the diagnosis of mitochondrial
disease. Over the years, diagnostic yield for Mendelian diseases through genomic
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sequencing approaches alone has stagnated at ~40%. However, these limitations can be
overcome by integrating transcriptomic and proteomic data from patient samples with
existing genomic data, achieving a molecular diagnosis in >10% of unsolved cases (Stenton
et al. 2019). Inclusion of other ‘omic’ measurements, such as metabolomics and lipidomics,
will likely boost the diagnostic power of this approach. Ultimately, we anticipate that a
robust portfolio of multi-omic profiles for various pathophysiologic states can be used to
rapidly and accurately diagnose mitochondrial diseases based on a patient’s multi-omic
‘signature’ in the same way that these signatures empowered protein characterization in the
examples above. Consistent with this, a recent review of work in model systems (Khan et al.
2020) identified ten multi-omic profiling studies that integrated genome, transcriptome,
proteome, and metabolome data to identify mitochondrial drivers of metabolic phenotypes.
While still a nascent field, this approach is being actively tailored to the clinic and is
yielding promising early results (Rahman and Rahman 2018).

Beyond challenges in diagnosis, the vast majority of mitochondrial disorders lack effective
therapies (Frazier, Thorburn, and Compton 2019; Pfeffer et al. 2012; Maldonado et al.
2019). Current treatment regimens are mostly palliative and generally fail to halt progression
of the disease (Pfeffer et al. 2012). Nevertheless, progress towards understanding protein
function at a molecular level has led to the development of small-molecule based
interventions that are now in preclinical and clinical trials (Frazier, Thorburn, and Compton
2019). Further systematic efforts to define protein function and elucidate the biochemical
underpinnings of mitochondrial dysfunction are thus needed to drive development of
targeted therapeutics.

Conclusions and future directions

The human genome was fully sequenced in 2001 (Lander et al. 2001; Venter et al. 2001), yet
progress towards characterizing its ~19,000 genes has been much slower than anticipated.
This is in part due to a disproportionate amount of effort being focused on a small subset of
genes at the expense of a broader understanding of gene/protein function (Edwards et al.
2011; Stoeger et al. 2018; Dolgin 2017). Fortunately, the advent of large-scale systems
methodologies is accelerating the pace at which we can gather surface-level information on
gene function, facilitating research on the unknown. However, such information-gathering
alone is insufficient for properly deorphanizing genes of unknown functions. The systems
biochemistry approach — a marrying of systems-level analyses with rigorous classical
biochemistry — is a means to harness the power of large-scale, ‘omic’ methodologies to
guide mechanistic, hypothesis-driven inquiry into the molecular function of uncharacterized
proteins. While this approach holds great promise for addressing the disparity in research
between under- and over-studied genes, its application genome-wide is often not yet feasible
due to the daunting complexity of higher eukaryotic cells. In recent years, subcellular
components, most notably mitochondria, have become more well-defined systems that
match the capacity of the systems biochemistry technologies. The systems biochemistry
approach has, in turn, spurred tremendous progress in the field of mitochondrial biology
through deorphanizing MXPs and providing systematic functional annotation of
mitochondrial pathways.
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Moving forward, we see systems biochemistry maturing in a number of ways. First, new
screening and computational methodologies will expand the scope of this approach.
CRISPR-Cas9 technology has already revolutionized our ability to manipulate the genomes
of higher-order model organisms (Doench 2018). Coupled with advances in metabolomic
and massively parallel sequencing technologies, and the implementation of new
computational and machine learning methods, this will enable larger and more precise
screens to link additional genes to known processes and position them for in-depth
biochemical follow-up. Second, further efforts to define cellular and subcellular systems
(e.g., Human Cell Atlas (Regev et al. 2017), LOPIT (Geladaki et al. 2019)), inter-organellar
interactions (Lackner 2019), and tissue-specific systems (e.g., GTEx Project (Consortium
2013), Human Protein Atlas (Uhlen et al. 2015)) will enable the application of systems
biochemistry to increasingly complex systems. Ultimately, more studies such as these will
pave the way for a genome-wide systems biochemistry effort to cast light on the ‘dark
matter’ of the proteome. These efforts will facilitate ‘omics’ analyses of patient samples to
identify genes variants causative for disease and enable intervention via precision medicine.

The recent heightened awareness that a surprisingly large percentage of our genomes have
been experimentally neglected coupled with rapidly advancing technologies may now be
ushering in the post-genomic era of comprehensive gene/protein characterization envisioned
by the sequencing pioneers decades ago. Notably, as more proteins are functionalized, the
more they power, via a bootstrapping effect, further understanding of other uncharacterized
proteins in the systems biochemistry paradigm. Nonetheless, systematic approaches alone
will never suffice to clarify complex biology, and these efforts must continue to be framed
by elegant questions on the front end, and a dedication to rigorous, quantitative
experimentation on the back. That, along with some well-timed serendipity, should continue
to mold our understanding of mitochondria and beyond.
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Understanding of the mammalian mitochondrial proteome has increased rapidly since 2000,
yet ~20% of its proteins remain uncharacterized. The current list stands at 1,158 proteins,
close to the early estimates of 1,300-1,500.
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A defined system catalyzes the assignment of orphan protein functions.
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Figure 3.
Defining a biological system helps reverse the over focus on proteins of known function.

A, There is a striking disproportionality in citations across the mitochondrial proteome.
B, After defining a high-confidence mitochondrial proteome in 2009, the distribution in
citations in the top decile and bottom half have begun to shift towards a more balanced
distribution.

C, While this trend is true for the mitochondrial genes, research on the rest of the genome
continues to be skewed towards the more ‘popular’ proteins.
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Figure 4.
Multi-omics analyses of well-defined, contrasting biological states are a powerful approach

for leveraging large-scale data to generate mechanistic hypotheses.

A, These large datasets can be mined in many ways.

B, Straightforward analyses include, 1) KO vs. KO regression analyses, 2) outlier analyses,
and 3) molecular covariance network analyses.
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Figure 5.
The identification of mitochondrial disease genes has increased markedly since the 1980s

when the first mitochondrial disease was characterized. However, ~40% of diagnosed
mitochondrial disorders have no identified genetic cause, and overall diagnostic success
rates remain surprisingly low. Data from OMIM (Amberger et al. 2015) and (Frazier,
Thorburn, and Compton 2019).
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