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CHARACTERIZATION OF ORPHAN MITOCHONDRIAL

PROTEINS VIA QUANTITATIVE INTERACTION MAPPING

Brendan J. Floyd

Under the supervision of Associate Professor David J. Pagliarini

At the University of Wisconsin-Madison

Mitochondria are essential for nearly all eukaryotic cells and play a key

role in more than 300 human diseases. Over the past several decades, in

part due to advancements in proteomics and the integration of orthogonal

approaches, the components of the mitochondrial proteome have been re-

vealed to near completion. In contrast to this depth of knowledge, we find

that 20% of the mitochondrial proteome is comprised of uncharacterized,

orphan mitochondrial proteins (OMPs). Similarly, many patients with

overt mitochondrial disease lack molecular diagnoses. To illuminate key

areas of mitochondrial biology, we apply mass spectrometry-based pro-

teomics to quantify the dynamic nature of mitochondrial post-translational

modifications (PTMs) and protein-protein interactions (PPIs).

While the known diversity and prevalence of mitochondrial protein

PTMs have expanded rapidly of late, the regulatory role of these mod-

ifications, if any, is still poorly understood. To evaluate the extent and

importance of one such PTM, lysine acetylation, we quantified the mouse

liver mitochondrial acetylproteome under two pairs of contrasting states

- obese vs. lean and fasted vs. refed. Our proteomic analyses support
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the identification of thousands of acetyl sites on hundreds of proteins.

Acetyl abundance at more than 500 sites is dynamically regulated across

the aforementioned conditions. Furthermore, we apply state-of-the-art

protein purification techniques to establish the inhibitory capacity of acety-

lation of the key metabolic enzyme acetyl-CoA acetyltransferase 1 (Acat1)

at each of two dynamically-acetylated active site lysine residues.

To accelerate the functional characterization of the more than 200 or-

phan mitochondrial proteins, we applied a�nity enrichment coupled to

mass spectrometry (AE-MS) to map OMP-related PPIs across two cell

types and nutrient states. We establish the first unbiased evidence of a

mammalian coenzyme Q biosynthetic (CoQ) complex involving several

OMPs. Furthermore, we associate many OMPs with known pathways and

processes for the first time. We find that the OMP LYRM5, forms a specific,

direct, and stable interaction with the electron transfer flavoprotein (ETF)

complex. As mutations in ETF lead to disease, we prioritize LYRM5 as a

possible cause of glutaric acidemia type II in patients lacking molecular

diagnoses.

In this work, we evaluate the current state of mitochondrial protein

and disease annotation, we expand the understanding of the regulatory

nature of mitochondrial protein acetylation, we find evidence for and map

the architecture of the mammalian CoQ biosynthetic complex, and we

accelerate the functional annotation of more than a dozen OMPs.
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Quantitative analysis of mitochondrial proteins and processes

Brendan J. Floyd and David J. Pagliarini
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1.1 Abstract

With the aid of mass spectrometry-based proteomics, the mitochondrial

proteome has been established to more than 85% completion. This com-

pendium has facilitated the systematic analysis of the role of mitochondria

in health and disease, while it simultaneously has elucidated the presence

of hundreds of uncharacterized, orphan mitochondrial proteins. Recent

advancements in focused, quantitative proteomics have catalyzed pro-

tein functional analysis via the elucidation of protein interactions and

sub-organellar localization. Together, these tools expand our knowledge

of the proteome beyond a parts list and toward a network diagram of

mitochondrial structure and function. Continued e�orts and integration

of proteomics with orthogonal approaches will lead us toward the estab-

lishment of a map of this essential, dynamic organelle, and lay the ground

work for similar approaches in other subcellular domains.
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1.2 Introduction

Over the past decade, systematic approaches have facilitated the annota-

tion and characterization of a host of pathways and processes. Among a

variety of other methods, mass spectrometry (MS)-based proteomics has

enabled the analysis of protein abundance, subcellular localization, and

post-translational modifications, much of which could not be assessed

by other approaches. For example, in comparison to nucleotide-based

methods, proteomics is particularly e�ective at revealing new aspects

of cellular biochemistry due to the fact that many cellular processes are

carried out by proteins. Recent proteomics studies have been uniquely

successful in illuminating our understanding of the mitochondrion. The

goal of this review is to describe advancements in the identification and

annotation of mitochondrial proteins over the past several decades, with

an emphasis on the role of proteomics in this endeavor. These approaches

may serve as an example for other cellular and organellar systems. Further

implementation of such quantitative approaches will continue to expand

our knowledge of protein biochemistry and open new avenues for study.

Establishment of the mitochondrial proteome

Following the first isolation of purified mitochondria in 1946 [1], biochemi-

cal studies of this organelle established its essential role in eukaryotic cells.

This early work sought to identify the components responsible for mito-
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chondrial energy metabolism, and successfully revealed the complexes of

the electron transport chain [2]. Over the next several decades, it became

clear that mitochondria not only provide more than 90% of cellular energy

requirements, but also play key roles in cell signaling, apoptosis, response

to viral infection, and many other processes [3]. In parallel, mitochondrial

dysfunction was observed in more than 150 unique diseases, including

many inborn errors of metabolism, diabetes, and cancer [3–5]. These

studies led to the need for a deeper understanding of the role of specific

mitochondrial components in health and disease states.

Early on, our incomplete knowledge of the mitochondrial proteome

was an obstacle to the systematic study of this organelle. The lack of a

discrete list of mitochondrial components made it di�cult or impossible

to associate mitochondrial phenotypes with the appropriate protein. For

example, even though the biochemical nature of the calcium transporter

had been determined to great extent, the lack of a mitochondrial proteome

inhibited the search for the responsible polypeptide [6]. As such, it became

clear that the first step toward a comprehensive understanding of the

mitochondrion was to catalog the organellar proteome.

Despite several decades of biochemical characterization, the proteome

of the mitochondrion has only recently been established to near-complete

coverage. The direct identification of mitochondrial proteins has largely

been the domain of focused studies of one or a handful of proteins at a

time, until advances in technology allowed for the analysis of hundreds
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or thousands of proteins simultaneously as with mass spectrometry (MS)-

based proteomics.

MS-based approaches have proven particularly instrumental in the

comprehensive cataloging of the mitochondrial proteome. Initial studies

were extremely labor-intensive, requiring a week to identify 100 proteins

from a 2-D gel [7, 8]. With improvements in technology came the possibility

of identifying several hundred mitochondrial proteins in a single study.

This ignited an explosion in the knowledge of the proteome (Fig. 1.1).

A quick succession of work began to more broadly establish the yeast,

mouse, and human mitochondrial proteomes. In 2003, three groups

worked out initial maps of mitochondrial proteins in yeast, mice, and

humans [11, 16, 19]. These e�orts were supported to a great extent by ad-

vancements in proteomics that allowed for greater sensitivity and through-

put.

In 2006, the protein correlation profiling (PCP) technique allowed for

the analysis of many organelles simultaneously [20]. Originally designed

for centrosome analysis [21], this method relies on the co-appearance

of organellar proteins across a density centrifugation gradient. While

the depth of coverage for mitochondrial proteins was not as great as for

previous studies, this method was put to great use in establishing subtle

di�erences in the profile of proteins in similar subcellular compartments.

It also became the foundation for complexome profiling, as described later

in this review.
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Figure 1.1: Published mitochondrial proteins and diseases over time. A)
Number of known, high-confidence, resident human mitochondrial
proteins over time. Data from [9–15]. Gray bar delineates the pre-
dicted total number of human mitochondrial proteins at 1300 [13] to
1500 [16]. The red bar shows the proportion of orphan mitochondrial
proteins (OMPs) estimated to date. B) Orphan mitochondrial pro-
teins, having no known function, comprise 20% of the mitochondrial
proteome. C) Number of unique human diseases with known causal
mutations in mitochondrial proteins over time. Data from OMIM [17].
D) Many patients with mitochondrial disease lack a genetic diagno-
sis, including nearly 50% of patients with overt complex I deficiency,
according to a recent study [18].

The most comprehensive mitochondrial proteome was compiled in

2008 [13]. The integration of MS-based proteomic analysis of crude and

highly-purified mitochondria from 14 mouse tissues, along with evolu-
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tionary conservation, fluorescence microscopy, and other genome-scale

datasets in a Bayesian framework, allowed for the establishment of the

mouse mitochondrial proteome to approximately 85% completion. This

study nearly doubled the known mammalian mitochondrial proteome

and its list, termed the MitoCarta, serves as a benchmark to this day.

Additional work has further expanded the known mitochondrial pro-

teome by 87 members, while simultaneously revealing the sub-mitochon-

drial localization of a large number of these proteins [14, 15]. The current

breadth of coverage stands at 1,143 unique mitochondrial proteins by our

count. 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 [13, 16].

This nearly-complete list of mitochondrial proteins achieves three key

goals. First, it acts as a filter, placing bounds on the terrain to be mapped

by subsequent mitochondria-related studies (Section 1.3). Second, it o�ers

guidance in the selection of targets for organelle-wide functional profiling

(Section 1.4). Third, it reveals unexplored regions of the proteome that war-

rant further characterization (Section 1.5). MS-based proteomic methods

have had great success in catalyzing the annotation of such uncharacter-

ized proteins (Section 1.6). In sum, the compendium of mitochondrial

proteins has served as an invaluable map of the known and unknown, and

will continue to chart the course of studies for years to come.
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1.3 Separating the wheat from the cha�

Identification of mitochondrial gene mutations

Owing in part to its small size, mitochondrial DNA (mtDNA) was the

first human genome ever sequenced [22]. This enabled the identification

of disease-causing variations in all 13 mtDNA-encoded genes [4]. As

these genes encode for just 1% of all mitochondrial proteins, it prompted

investigators to search for mutations in nuclear DNA (nDNA)-encoded

genes, as these account for the remaining 99% of mitochondrially-localized

proteins.

While the impact of mutations in mtDNA-encoded proteins was clear,

the path forward was di�cult for nDNA-encoded proteins. The cost

and di�culty of gene sequencing has, until quite recently, prohibited

the analysis of the entire genome of a patient. Instead, use of pathway-

specific lists limited the search-space and enabled the identification of

many causal mutations in such tractable pathways as beta-oxidation and

oxidative phosphorylation [23].

It became clear, however, that many mutations exist in genes not yet

associated with the disease-related pathway. As such, and to allow for the

identification of novel mutations in unexpected genes, subsequent work

has widened the net to include genes encoding for all mitochondrial pro-

teins and their regulators. Only recently has it become feasible to examine

all nuclear-encoded mitochondrial genes in patient samples. Aided by
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advancements in exome sequencing technologies as well as the catalog

of mitochondrial proteins, several studies have applied mitochondria-

focused or genome-wide exome sequencing in a search for variants.

The mitochondrial proteome has served as an important filter, both

for the selection of genes to sequence as well as for the prioritization of

variants in follow-up analyses. Using the list of mitochondrial proteins as

targets is another successful way to prioritize genes while still allowing

for the identification of mutations in unexpected genes. Based on the list

of mitochondrial protein-encoding genes, several studies have assessed

variation in all known mtDNA and nDNA-genes encoding mitochondrial

proteins, termed MitoExome sequencing [18, 24, 25]. In this way, nearly

double the number of patients were given molecular diagnoses compared

to the standard of care at the time [18].

Even with the advent of faster and more economical whole-exome

sequencing, the mitochondrial proteome still plays an important role

in prioritizing gene variants of patients with mitochondrial disease, as

mutations in mitochondrial genes are of greatest likelihood in explaining

the disease [26–28]. Despite these advances, almost half of patients with

biochemically-validated mitochondrial disease have no known disease-

causing mutations [18, 23], emphasizing the need for deeper exploration

of the components and function of mitochondria, for these may directly

contribute to the diseases lacking molecular diagnoses.
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Mitochondria-focused proteomics

As with gene sequencing, the MitoCarta has played a similar role of target

prioritization for proteomics studies. Akin to the history of gene sequenc-

ing, proteomics approaches and technology have expanded a great deal in

the past decades. The greater sensitivity and speed of modern instrumen-

tation, along with newly devised protocols, allows for the simultaneous

interrogation of thousands of proteins and tens of thousands of unique

peptides [29, 30].

With the knowledge of the number and diversity of mitochondrial

proteins came with it renewed questions of how this organelle responds

to states of stress, and how dysfunction may lead to disease. Using var-

ious models of cellular and organismal stress, researchers have applied

quantitative proteomics to compare the mitochondrial proteome across

contrasting states.

Just as gene sequencing has benefited from the use of the mitochon-

drial proteome as a way to filter the data and obtain an organellar fo-

cus, this has also been the case with proteomics studies. In many cases,

the compendium of mitochondrial proteins has been utilized for the in

silico identification and functional analysis of the mitochondrion. Use

of the mitochondrial proteome as a filter has facilitated the global and

mitochondria-specific analysis of mouse, rat, and human tissues, and the

elucidation of the role of mitochondrial post-translational modifications in

acute and chronic conditions like obesity, diabetes, caloric restriction, and
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exercise [31–37] (See also Chapter 2). As an example, our lab determined

that mitochondrial protein abundance is elevated in the liver of obese mice,

and that this corresponds to activation of mitochondrial metabolism.

1.4 Systematic analyses of mitochondria

A second benefit of a well-defined mitochondrial proteome is that it can

help guide systems-based approaches. Not only can data be filtered after

the fact by looking for proteins specific to this organelle, but the list of

mitochondrial proteins has proven useful for the design of experiments

from the outset. Integration of the MitoCarta with phylogenetic profil-

ing enabled the identification of several complex I related genes, termed

Complex One Phylogenetic Profiling [13].

Several studies have looked at the mRNA expression of mitochondrial

genes to find correlations among them [38, 39]. Recently, quantitative

proteomics via stable-isotope labeling was integrated with RNA sequenc-

ing data to establish the temporal nature of RNA and protein turnover in

infected cells, revealing that mitochondrial turnover via mitophagy plays

an important role [40].

An integrative approach, combining the MitoCarta compendium with

comparative physiology and evolutionary genomics of kinetoplastids and

S. cerevisiae, was su�cient to focus the search for the calcium transporter

upon just 13 candidate genes. RNA interference then narrowed the field
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to a single protein, MICU1 [6]. While not the core calcium transporter,

it was then used as a bait in further analyses that subsequently found

the transporter MCU [41, 42]. Such an approach harnesses the power of

exclusion, as it was presumed that this transporter was likely hiding in

the list of known mitochondrial proteins.

Defining the MitoCarta has also allowed for the specific targeting of

each mitochondrial gene product. In one study, siRNA oligonucleotides

were designed against each mitochondrial transcript. Cells were then

grown in each of four nutrient conditions, and the concentration of ATP per

cell was measured after knockdown. This work identified two regulators

of phosphorylation, the kinase AK4 and the phosphatase PPTC7, that

also play an important role in cellular energetics [43]. Such an organelle-

wide analysis would have been impossible without a nearly complete

compendium of mitochondrial proteins.

1.5 Orphan mitochondrial proteins

A third benefit of the compendium of mitochondrial proteins is that it high-

lights organellar proteins of unknown function that are ripe for further

characterization. Uncharacterized proteins are a problem for many facets

of biomedicine, from the bench to the bedside. Mutations in uncharacter-

ized genes o�er little insight to physicians and patients. Pathways that lack

enzymes to fulfill key steps are resistant to pharmacological manipulation.
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Systems approaches such as Gene Ontology (GO) term analysis and other

networks of functional annotation depend upon the characterization of all

or most proteins in a dataset, so incomplete annotation leaves gaps and re-

duces the power of these analyses. And finally, without a protein to study,

biochemists are unable to apply their tools to extend our understanding of

the chemical transformations within our cells. As such, uncharacterized

proteins form a bottleneck that impedes progress in a host of important

areas.

In the process of defining the MitoCarta, it was determined that many

mitochondrial proteins have no annotated function [13]. To re-evaluate the

state of mitochondrial protein annotation, we recently performed in-depth

analysis of each mitochondrial protein. First, we integrated the MitoCarta

with subsequent proteomics-based studies of sub-mitochondrial localiza-

tion to identify an up-to-date list of 1,143 genes encoding mitochondrial

proteins [14, 15]. We then queried both large-scale and focused anno-

tation e�orts to assess the extent of functional characterization of each

protein. Next, we hand-annotated of each of the 1,143 genes encoding

mitochondrial proteins via careful analysis of the most recent literature.

We observed that approximately 20% of all mitochondrial proteins have no

known function, which we term orphan mitochondrial proteins (OMPs)

[44] (See also Chapter 3). Upon integrating our list of the 209 OMPs

with disease-associated genes culled from OMIM [17], Orphanet [45], and

GeneCards/MalaCards [46, 47], we further identified at least 32 OMPs
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associated with, and 20 causal for, human disease. These figures are likely

underestimating the problem of OMPs, as many proteins are only superfi-

cially characterized, and the disease-relevance of OMPs is often revealed

alongside their annotation.

A key counterpoint to the proteins of unknown function are the patients

of mitochondrial disease with no genetic diagnosis. In two studies of pa-

tients with biochemically-confirmed complex I deficiency, a molecular di-

agnosis was elusive for nearly 50% of patients with mitochondria-focused

gene or exome sequencing [18, 23]. One explanation for this discrepancy

is that mutations underlying undiagnosed disease may lie in OMPs. These

assessments of the lack of characterization of both mitochondrial proteins

and diseases have shown that our knowledge of mitochondrial proteins

and their functions is incomplete.

Together, the annotation of protein function and causal mutations has

identified gaps in our knowledge of mitochondrial components and their

role in disease. Clearly what is needed is a way to e�ciently annotate the

remaining regions of the proteome, as this will help catalyze systematic

biomedical research e�orts (Fig. 1.2).

1.6 Protein-protein interactions

One common method for systematically annotating uncharacterized pro-

teins relies on the analysis of interaction networks based on physical or
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Figure 1.2: Systematic approach to uncharacterized proteins. Left: While
much is known about the pathways within the mitochondrion (filled
gray circles), many gaps in knowledge persist (open red circles). Cen-
ter: Simultaneously, 20% of the mitochondrial proteome is comprised
of orphan proteins (OMPs, filled red circles). Right: Systematic ap-
proaches are needed to fill in pathway gaps with OMPs

genetic interactions between proteins or genes. The network of protein-

protein interactions (PPIs), termed the interactome, has facilitated the

functional annotation of uncharacterized proteins [48]. The revelation that

proteins of a given pathway interact with an uncharacterized protein can

facilitate the functional annotation of the latter. This "guilt-by-association"

approach has successfully connected genes with diseases and functions

many times over the past two decades [48–51].

Organized units below the mitochondrial level

Mitochondrial protein-protein interactions have been known for more

than 60 years, when it was surmised that the surprisingly large sizes of

PDH and ↵-KGDH may indicate the existence of "organized units below

the mitochondrial level" [52]. Interestingly, many of the techniques for the
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purification and analysis of native, active complexes were developed for

the complexes of oxidative phosphorylation (OxPhos) [53, 54], molecular

machines that are quite familiar to any student of biochemistry. Despite

this long history of study, many mitochondrial proteins lack known PPIs,

which is likely an artifact of limited or nonexistent study rather than a

biological reality [55]. Yet, when they are known, PPIs have served an

important role in our understanding of mitochondrial function and in the

annotation of OMPs.

Network analysis of mitochondrial proteins via several types of data

has been predictive of protein characteristics and functions. In one exam-

ple, a mitochondrial network was built based on correlated protein and

transcript abundance overlaid on known protein-protein and functional

interactions [56]. The positions of nodes within this network were found

to correlate with protein sub-organellar localization and function, and the

evolutionary emergence of new mitochondrial genes. Centrally-located

nodes were found to be more ancient and localized to the mitochondrial

matrix. Furthermore, network edges were su�cient to prioritize candidate

disease-genes. Similarly, yeast mitochondrial PPIs were assembled into a

network, facilitating the annotation of a set of uncharacterized proteins

including several involved in lipid metabolism [51].



17

Orphan PPIs: the missing pieces

A key prior assumption for the mapping of functions via network ap-

proaches, however, is that the important genes are su�ciently captured in

the underlying dataset. A sparse, incomplete dataset will hinder or even

completely impede progress toward these aims. Thus, network-based ap-

proaches break down for a given uncharacterized protein if it truly lacks

bioinformatic data. Recent analysis of the known human interactome,

however, has revealed it to be woefully incomplete [57] and categorically

biased against unstudied proteins [55]. This sparsity prohibits further

computational annotation of uncharacterized proteins, as they exist as

"islands," lacking connections to the greater mass of annotated proteins.

As such, there is a great need to expand the interactome in an organized

fashion. While we are still a ways o� from a complete human interactome,

recent e�orts which focus on just a subset of the proteome overcome the

issue of sparsity by filling out a local region [58]. In the same way that the

first step toward a systematic understanding of the mitochondrion was

the cataloging of its protein components, so, too, will an OMP-focused PPI

network catalyze annotation of uncharacterized proteins.

Once again, MS-based proteomics has played a significant role in the

expansion of our knowledge of the interactome. Salient points regarding

the history, current use, and considerations of proteomics-based network

analysis will be discussed below. Chapter 3 will further discuss our e�orts

toward the annotation of uncharacterized mitochondrial proteins via their
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PPIs.

Proteomic methods of defining protein-protein

interactions: A�nity purification coupled to mass

spectrometry (AP-MS)

A�nity purification coupled to mass spectrometry (AP-MS) has emerged

as an important, systematic way to establish PPIs. Many large-scale AP-

MS studies have utilized well-annotated baits as a way to extend their

annotation to other uncharacterized proteins [59–64]. Work in press has

utilized over 2000 bait proteins, most of known function, in the beginnings

of a global mammalian PPI-screen. Another focused, HIV-centric study

performed AP-MS with each of the 18 virally-encoded polypeptides to

identify their host cell interactors [58].

Other AP-MS studies with mitochondrial protein baits have success-

fully linked a small number of OMPs to key cellular pathways like car-

diolipin metabolism [65, 66], the mitochondrial ribosome [67, 68] and

OxPhos [69]. Thus, the method of AP-MS is e�cient at connecting unchar-

acterized proteins to novel annotations, thereby catalyzing subsequent

focused biochemical analysis of these proteins.
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AP-MS considerations

Early on the mere presence of a certain protein in an enriched sample

was considered su�cient to identify it as an interactor. With time and

greater sophistication, it was determined that many of these interactions

were spurious, likely due to common contaminant proteins. This marked

the need for quantitative data collection and scoring systems to isolate

high-confidence interactions from among the mass of uninformative back-

ground.

Background, nonspecific, and uninformative interactions continue to

plague AP-MS studies. The greater sensitivity of modern MS instruments

has proven to be a double-edged sword, for while significant interactors

of low abundance can now be observed, these come alongside other non-

specifically interacting proteins. Indeed, in some studies, more than 90%

of the protein mass in the "purified" sample corresponds to nonspecific

and therefore uninformative prey proteins (see also Chapter 3) [70].

This issue of background is recognized as a widespread problem in

AP-MS studies, and that one of the best tools to overcome this is the quanti-

tative nature of mass spectrometry. There are several methods to quantify

interactors, coarsely divided into labeling and label-free approaches. Label-

free methods such as the counting of peptide spectral matches (PSMs)

were some of the earliest to be put to use. More recently, in vivo labels

and in vitro tags have facilitated the direct comparison of purifications in

the same MS run. With new methods of label-free quantification, the ap-
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proach to quantifying AP-MS has come full-circle. In particular, extracted

ion current-based quantification, such as the MaxQuant MaxLFQ system,

has been shown to have the cost and ease-of-use benefits of PSM counting

with improved accuracy and dynamic range [71].

Just as there are several ways to quantify prey proteins, so too are there

many scoring systems to di�erentiate between high- and low-confidence

interactions. Most of these systems rely on some approximation of the

specificity, reproducibility, and abundance of each potentially interacting

protein. This topic has previously been covered in depth [72–77], and an

exhaustive list is beyond the scope of this review, however, a brief overview

of some of the more popular tools will be provided. The MiST algorithm

was designed to elucidate virus-host interactions which are predicted to

have little overlap, and thus prioritizes specificity over almost all other

characteristics [58, 78]. CompPASS, on the other hand, takes specificity

into consideration, but recognizes that high-confidence interactors are

also likely to be highly-abundant in the enriched sample [59, 60, 69, 79,

80]. SAINT, a third commonly used method, uses mixture modeling and

Bayesian statistics to generate distributions of true and false interactions,

and then estimates the probability of a bona fide interaction [81–83].

There are many other important considerations which have a dramatic

impact on the results of these experiments. These include but are not

limited to: the method of bait enrichment, the presence, position, and

nature of the tag, whether to overexpress the bait protein or enrich for
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endogenous levels, the cell type, the lysis and purification bu�er system,

the method of elution, and MS sample preparation. While no best method

has risen to the top, di�erent approaches may yield non-overlapping yet

still biologically relevant results [77, 84].

Proteomic methods of defining protein-protein

interactions: Beyond AP-MS

While AP-MS has been quite successful, the method has certain distinct

drawbacks. As bait proteins need to be enriched or purified, a consis-

tent scheme is necessary, so investigators often tag and overexpress their

protein of interest. This can, of course, lead to spurious interactions and

localization via unfolding or the occlusion of binding sites. Additionally,

the cellular system must be tractable for such manipulations, often mean-

ing only cell-culture can be used. To combat these issues, several other

methods of enriching for and identifying protein-protein interactions have

come to the fore.

Recently, proximity labeling techniques have facilitated the identifi-

cation of sub-organellar proteomes. APEX, a modified peroxidase, was

modified to activate phenyl-biotin, which then can label cellular proteins

in the nearby environment [85]. Fusion of APEX to a mitochondrial matrix

protein allowed the specific labeling, isolation, and proteomic analysis

of the mitochondrial matrix proteome [14]. Additionally, because of the
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impermeable nature of the mitochondrial inner membrane, transmem-

brane proteins were only labeled on the matrix face. This allowed the

establishment of the spatial orientation of these proteins. This technique

has subsequently been used to elucidate the proteome of the mitochon-

drial inter-membrane space [15]. Together, these studies localized 51% of

known mitochondrial proteins to submitochondrial compartments, while

simultaneously identifying 87 new mitochondrial proteins.

Not only can proximity labeling identify proteins localized within a

sub-organellar compartment, but it can also be applied to the identification

of in vivo PPIs. In the BioID approach, a variant of the BirA biotin ligase

engineered for increased promiscuity is fused to a protein of interest . This

fusion protein then biotinylates the local environment, thereby labeling

binding partners and nearby proteins. When BirA was fused to Lamin

A, other nuclear envelope proteins were identified, including a novel

member of this compartment [86]. Fusion of BirA to yeast Om45p, a protein

localized to the outer mitochondrial membrane, facilitated proximity-

specific ribosome profiling to assess the dynamic nature of mitochondrial

protein synthesis [87]. A recent analysis has shown that the techniques of

AP-MS and BioID are complementary and identify biologically relevant

unique and overlapping PPIs [84].

The observation that interacting proteins maintain correlated solubili-

ties across certain methods of native protein separation has led to several

large-scale methods of complex identification. In the complexome pro-
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filing approach, a whole-cell or organellar lysate is separated via native

PAGE. Proteins from each gel slice are identified and quantified by MS-

based proteomics [66, 69, 88, 89]. As with protein correlation profiling,

the abundance of a given protein in each slice is used to generate a profile,

and proteins with correlated abundance profiles are potentially members

of the same complex. This method has its roots in several decades of

mitochondrial complex native PAGE methods that e�ciently separates

each of the OxPhos complexes and supercomplexes, each maintained in

an active state [53, 54].

Several groups have successfully applied complexome profiling to iden-

tify functions for orphan mitochondrial proteins. The protein APOOL was

found to interact with the mitochondrial contact site (MICOS) complex,

thus implicating its function in the regulation of mitochondrial contacts

and cristae junction formation [66]. TMEM126B was found to be a com-

plex I assembly factor (CIAF), and interacts with several other CIAFs to

form the MCIA complex [88]. Another study further characterized the

mitochondrial ribosome and identified a new ribonucleotide complex of

five proteins [89].

Complexome profiling has several advantages over AP-MS. In one ex-

periment, thousands of proteins across hundreds of complexes can be inter-

rogated simultaneously. The protein of interest need not be overexpressed.

This technology is compatible with membrane-associated proteins, espe-

cially when using non-ionic and weak detergents. Unfortunately, as the
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enrichment is limited in comparison to AP-MS, proteins of low abundance

may escape the limits of detection [20].

Recently, the Harper group combined AP-MS with complexome pro-

filing to establish TIMMDC1 as an assembly factor of complex I (CI) of

oxidative phosphorylation [69]. First, they expressed tagged versions of

several members of CI and found them to interact with TIMMDC1. Then,

they observed that TIMMDC1 was su�cient to enrich for many of the CI

subunits. Finally, they applied complexome profiling to wild-type and

TIMMDC1 knock down cells. Cells lacking TIMMDC1 had a reduction in

the abundance of mature CI, and a build-up of an immature CI subcom-

plex, consistent with its role as a CI assembly factor. Thus, the benefits

and drawbacks of each method can be used to suggest and validate a

functional annotation for an orphan protein.

Similar to complexome profiling, a recent study applied biochemical

protein fractionation to the entire cell to identify co-appearing proteins

within more than 1,000 soluble fractions [90]. Each fraction was analyzed

by quantitative MS to generate protein profiles as in PCP and complexome

profiling, and correlated profiles suggest interacting proteins. This work

identified hundreds of new complexes, many containing five or fewer

subunits. They were also able to reconstruct the stoichiometries of cer-

tain complexes, including the proteasome. Furthermore, this approach

requires limited a priori knowledge of the cellular system, and is amenable

to the application to understudied or unwieldy cell or tissue samples.
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1.7 Conclusion

The recent advent of a nearly-complete list of mitochondrial proteins has

been a boon to all methods of understanding this organelle. This infor-

mation has been successfully used to prioritize results after a large-scale

experiment, to guide the selection of targets when planning, and to identify

uncharacterized proteins for further analyses. Mass spectrometry-based

proteomics has played a large role in the generation and application of

these data, and this will likely continue as focus turns from the identifica-

tion of organellar proteins to their network interactions as with AP-MS.

Finally, these systematic approaches have been proven in the mitochon-

drion and will almost certainly be as e�ective in other organelles and

across the cell. Given the importance of PPIs and mitochondrial proteins

to health and human disease, it is likely that these methods laid out here

will have a great impact on biomedical research and, in time, patient care

and disease management.
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2.1 Abstract

Lysine acetylation is rapidly becoming established as a key post-transla-

tional modification for regulating mitochondrial metabolism. Nonetheless,

distinguishing regulatory sites from among the thousands identified by

mass spectrometry and elucidating how these modifications alter enzyme

function remain primary challenges. Here, we performed multiplexed

quantitative mass spectrometry to measure changes in the mouse liver mi-

tochondrial acetylproteome in response to acute and chronic alterations in

nutritional status, and integrated these data sets with our compendium of

predicted Sirt3 targets. These analyses highlight a subset of mitochondrial

proteins with dynamic acetylation sites, including acetyl-CoA acetyltrans-

ferase 1 (Acat1), an enzyme central to multiple metabolic pathways. We

performed in vitro biochemistry and molecular modeling to demonstrate

that acetylation of Acat1 decreases its activity by disrupting the binding

of coenzyme A. Collectively, our data reveal an important new target of

regulatory acetylation and provide a foundation for investigating the role

of select mitochondrial protein acetylation sites in mediating acute and

chronic metabolic transitions.
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2.2 Introduction

Protein acetylation was first identified 50 years ago [91, 92] and has since

become established as a key regulator of gene transcription through its

role in chromatin remodeling. In recent years, fueled by technological

advances in mass spectrometry-based proteomics, lysine acetylation has

become recognized as a widespread post-translational modification (PTM)

that rivals phosphorylation and ubiquitination in its prevalence [93–95].

Metabolic enzymes, including many in mitochondria, are among the most

heavily acetylated proteins [96–98]. Mechanistic and physiological studies

have begun to reveal that acetylation of these proteins plays a key role

in regulating metabolic flux, and to suggest that aberrant levels of this

PTM might contribute to disorders associated with metabolic inflexibility,

including obesity, type 2 diabetes, and cancer [99–105].

Despite mounting evidence that acetylation is a prevalent protein mod-

ification, much work remains to establish it as a pervasive mitochondrial

regulatory mechanism. This includes the need to distinguish bona fide

functional acetylation sites from what may be widespread spurious or

adventitious modifications [106]. This is highlighted by the considerable

gap between the large number of identified mitochondrial lysine acetyla-

tion sites (⇠2,200) and the few with a validated regulatory function (⇠12

proteins) [107]. The reasons for this disparity stem in part from both the

relative youth of the field and from technical limitations of most previ-
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ous mass spectrometry-driven investigations, which were largely unable

to produce accurate quantitative information on how acetylation levels

change between contrasting biological states.

Here, we applied our newly developed quantitative acetyl-proteomics

methods to measure changes in the mouse liver mitochondrial acetylpro-

teome between two pairs of contrasting nutritional states [32]. First, be-

cause PTMs are a primary mechanism of regulation at acute time scales, we

assessed changes in the mitochondrial acetylproteome between fasted and

refed mice. Second, because chronic dysregulation of PTMs can be an im-

portant factor in disease, we compared the mitochondrial acetylproteome

of obese (Leptin-deficient, Leptinob/ob) and lean (Leptin+/+) C57/Bl6 (B6)

mice. Our analyses reveal that, among a background of largely static acety-

lation sites, 237 mitochondrial proteins have a significant change (q 6 0.1,

Welch’s t-test with Storey correction) in the relative occupancy of one or

more acetylation sites during these transitions in nutritional status. These

include a range of enzymes from core mitochondrial metabolic processes,

such as oxidative phosphorylation, fatty acid �-oxidation, branched chain

amino acid metabolism, and ketogenesis.

To further prioritize mitochondrial lysine acetylation sites that are the

most likely to be important for metabolic flexibility, we integrated these

large-scale data sets with our compendium of predicted targets of the

mitochondrial deacetylase, Sirt3 [32]. Together, these analyses highlighted

a select set of mitochondrial proteins as being likely targets for regula-
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tory acetylation, including acetyl-CoA acetyltransferase 1 (Acat1), which

possessed several sites of highly dynamic acetylation. By performing

site-specific acetyllysine incorporation and in vitro biochemical enzyme

activity assays, we discovered that Sirt3-driven deacetylation of K260ac

and K265ac significantly enhances Acat1 activity. Molecular modeling

revealed that the inhibitory e�ects of acetylation on Acat1 activity are

likely due to decreased a�nity for CoA caused by a loss of a favorable elec-

trostatic interaction between one or more positively charged lysines with

the negatively charged 3’-phosphate of CoA. Collectively, our work reveals

Acat1 as an important new metabolic target of reversible acetylation and

provides a resource of prioritized acetylation sites for future investigations

into the role of this PTM in regulating mitochondrial protein function [31].

2.3 Results

Quantitative analysis of mitochondrial acetylation

dynamics during fasting and refeeding

To quantify the dynamics of mitochondrial acetylation with high reso-

lution, we leveraged our recently developed strategy for e�cient acetyl

peptide enrichment [32] and our QuantMode method [108] for highly

accurate quantitative proteomics with isobaric tags to profile mouse liver

mitochondrial protein abundance and acetylation levels across the transi-
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tion between fasting and refeeding. Eight mice were fasted overnight for

16 h, after which half were allowed to feed ad libitum for 2 h (Fig. 2.1A),

a time point featuring marked PTM changes with limited protein abun-

dance changes [31]. We identified 1,915 unique acetylation isoforms, of

which 1,796 were quantified (Fig. 2.1B and Fig. 2.3). Unsupervised av-

erage linkage hierarchical clustering of the data based on relative acetyl

isoform occupancy (site-specific acetyl fold change divided by protein

abundance fold change) grouped the refed and fasted mice separately

(Fig. 2.3A), indicating that acetylation changes are a reproducible and

distinguishing feature of the transition between fasting and refeeding [109,

110]. Importantly, our quantitative approach reveals that ⇠10% (188) of

identified acetyl isoforms exhibited a statistically significant change (q 6

0.1) in acetyl occupancy in response to this acute perturbation of metabolic

status.

We hypothesize that the subset of mitochondrial protein acetylation

sites with changing occupancy upon refeeding represent those most likely

to have a regulatory function during this transition. For example, we detect

acetylation on all four mitochondrial members of the malate-aspartate

shuttle (Mdh2, Got2, Slc25a11, and Slc25a12), which is responsible for

relaying the reducing potential of NADH generated from glycolysis into

the mitochondrial matrix (Fig. 2.3B) [111]. Rat liver Mdh2 activity is

increased upon feeding [112], and previous studies have reported that

Mdh2 activity can be increased either by acetylation (on Lys-185, Lys-301,
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Figure 2.1: Schematic of workflow for quantitative proteomic and acetylomic
analyses of mouse liver mitochondria. A) in experiment one, eight lean
mice were fasted for 16 h and either sacrificed immediately or refed for
2 h before being sacrificed. In experiment two, three obese mice and
three lean mice were fasted for 4 h before being sacrificed. In each case,
liver mitochondria were enriched and analyzed by LC-MS/MS. SCX
Frac., strong cation exchange fractionation. B) summary of protein
and acetylation data. IDs, unique identifications at 1% false discovery
rate; Quant, measurements quantified with isotopic reporter ions in
all mice assessed; �, measurements significantly changing with q 6
0.1.

Lys-307, and Lys-314) [113] or by Sirt3-dependent deacetylation (of Lys-

239) [32]. Here, we detect a large decrease in acetylation occupancy of

Mdh2 Lys-239 with little or no changes to the other sites. This indicates

that the Sirt3-controlled acetylation site (Lys-239) is likely the dominant

regulator of Mdh2 during this acute metabolic perturbation, consistent

with an increased flux of reducing equivalents from the cytosol into the

mitochondria for energy production upon feeding.

Quantifying the magnitude of acetylation changes across an acute time

scale can provide insights into key acetyl sites without the confounding
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Figure 2.2: Mitochondrial stress test. Mitochondria isolated from either
lean (black) or obese (red) mice were attached to a XF96 plate, and a
stress test was performed in the presence of glutamate/malate. Black
dashed vertical lines denote injections of indicated compounds. Each
dot represents the oxygen consumption rate over the course of 3 min,
and a minimum of ten wells were averaged for each condition. Error
bars represent the standard deviation.

changes in protein levels that accompany longer perturbations (Fig. 2.3C).

For example, despite unchanging protein levels among almost all enzymes

involved in mitochondrial fatty acid oxidation (FAO), more than 90 dis-

tinct acetyl isoforms within this pathway are altered significantly upon

refeeding (Fig. 2.3D). These include four acetylation sites on carnitine

O-palmitoyltransferase 2 (Cpt2; Lys-104, Lys-544, Lys-537, and Lys-453),

an enzyme involved in the transport of fatty acids from the cytosol into the

mitochondrial matrix for �-oxidation [114]. Similarly, energy production

from amino acid degradation is robustly induced in the postprandial state

[115], and several enzymes in amino acid catabolic processes exhibit large

changes in relative acetylation occupancy without alteration to the under-

lying protein abundance levels. As one example, acetylation on Lys-329 of



34

B D

A

-1.0

-0.5

0.0

0.5

1.0

Acetyl Occupancy
Fasted Refed

Fo
ld

 Δ
 (l

og
2(R

/F
))

C 2

1

-3

0

-1

-2

Fo
ld

 Δ
 (l

og
2(R

/F
))

0 200 600
MitoCarta proteins

400

Acetyl isoforms
Proteins

-2.50

-2.75

-3.00

Fo
ld

 Δ
 (l

og
2(R

/F
))

0.25

-0.50

-0.25

0.00

Sl
c2

5a
11

G
ot

2

Sl
c2

5a
12

M
dh

2

Known effect of acetylation
InhibitActivateNone

K239

Mitochondrial
fatty acid oxidation

Fo
ld

 Δ
 (l

og
2(R

/F
))

-3

0

-1

-2
Acetyl isoforms (q≤0.1)
Proteins

Pc
cb

M
ut

Ac
ad

s
Ac

ad
vl

Ac
ad

sb
Pc

ca
D

ec
r1

Ac
ad

l
G

cd
h

H
ad

h
Cp

t2
H

ad
hb

Ac
aa

2
H

ad
ha

Ec
i1

Ec
hs

1
Ac

ad
m

M
ce

e
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in acetylation are greater than changes in protein abundance. All
quantified MitoCarta proteins are ranked on the x axis by protein
abundance fold change, refed/fasted (black dots). Relative acetyl
isoform changes are plotted in the same position on the x axis as
the corresponding protein measurement (gray dots). D) Acetyl and
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Proteins are marked in black, and significantly changing (q 6 0.1)
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glutaminase (Gls2) decreases >2-fold following refeeding, which is consis-

tent with this PTM serving an inhibitory function on this key enzyme of

amino acid breakdown. Overall, the vast majority of dynamic acetylation

sites decreases in relative acetyl occupancy upon refeeding, consistent

with previous reports that fasting can lead to hyperacetylation of liver

mitochondrial proteins [116].

Quantitative analysis of mitochondrial acetylation

dynamics due to chronic obesity

Previous studies have noted general changes to the acetylproteome during

the onset of obesity [103, 117]; however, these studies were also limited by

the semi-quantitative nature of their applied mass spectrometry methods.

To evaluate and measure the key obesity-induced changes in acetylation

of mitochondrial proteins with high accuracy and depth of coverage, we

performed a large-scale quantitative comparison of the liver mitochondrial

acetylproteome from three lean (Leptin+/+) and three obese (Leptinob/ob)

mice at 10 weeks of age, each fed standard chow diet ad libitum (Fig. 2.1A).

This approach provides a comparison that is similar in nature to the first

perturbation (contrasting nutrient abundance) but markedly di�erent in

time scale (hours versus weeks). Leptin deficiency in B6 mice is known to

cause hyperphagia-induced obesity, which is accompanied by a dramatic

response to over-nutrition (e.g. hyperinsulinemia, hepatic steatosis) by
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10 weeks [118]. These obese mice, however, have only a mild, controlled

elevation in blood glucose and model the prediabetic state, providing a

model of obesity that is not confounded by diabetes. Here, we identified

1,723 unique acetyl isoforms, 1,601 of which were quantified, and 826 that

were significantly changing (q 6 0.1; Fig. 2.1B, and Fig. 2.4).

Not surprisingly, given the relative magnitudes and durations of the

perturbations involved, the changes in protein abundance and acetyl oc-

cupancy due to chronic obesity encompass a greater dynamic range than

those seen following a mere 2-h refeeding (Fig. 2.1B and Fig. 2.4, A and B).

This comparison could reveal key acetylation events potentially important

for regulating mitochondrial function in states of chronic overnutrition.

For instance, it is known that the protein abundance and the activity of

complexes in the oxidative phosphorylation (OxPhos) pathway are in-

creased in certain models of obesity [31, 119], and acetylation has been

implicated in inhibiting all five complexes of OxPhos [117, 120–123]; how-

ever, the specific regulatory sites are as yet unclear. To confirm the increase

in OxPhos flux in our model of obesity, we isolated liver mitochondria

from obese and lean livers and measured oxygen consumption using a

Seahorse extracellular flux analyzer. As expected, mitochondria from

obese mice exhibit an elevated state 3 oxygen consumption rate compared

with their lean counterparts (Fig. 2.4D and Fig. 2.2). In our obese versus

lean acetylome comparison, we identified 156 acetyl isoforms on OxPhos

proteins (Fig. 2.4C). Ninety-seven of these sites change significantly (q
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6 0.1) in acetyl occupancy, 91 of which decrease in the obese state. We

therefore predict that a subset of these 91 sites (which we further prioritize

below) plays an important role in the stimulation of OxPhos activity in

obesity, irrespective of any protein abundance changes.

As with our fasting and refeeding study, we find that catabolic enzymes,

including those of FAO and amino acid degradation, appear particularly

susceptible to alterations in acetylation levels. For example, acetylation of

Lys-42 on long chain acyl-CoA dehydrogenase (Acadl) is significantly de-

creased with obesity. This PTM has previously been shown to decrease en-

zymatic activity [124], consistent with elevated mitochondrial FAO in obese

animals. Aminoadipate aminotransferase (Aadat), a protein involved in

tryptophan degradation to kynurenine acid [125], has increased acetyla-

tion on Lys-263, which is involved in binding the pyridoxal phosphate

cofactor [126, 127]. We predict that acetylation of Lys-263 reduces aminoad-

ipate aminotransferase activity by preventing this enzyme-cofactor inter-

action. This decrease in activity could shift tryptophan degradation from

the kynurenine-kynurenic acid pathway toward the kynurenine-NAD+

pathway, which has previously been linked to hypertension, diabetes,

atherosclerosis, obesity, and immunodeficiency [128].

Notably, for our proteomics analyses we purified mitochondria only to

the extent required to achieve near comprehensive coverage of the liver Mi-

toCarta protein list. (MitoCarta is a compendium of mitochondrial proteins

[13].) As such, we were also able to profile the acetylproteomes of other co-
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Figure 2.4: Comparison of the acetylproteome response to acute and chronic
perturbations. A) All quantified MitoCarta proteins are ranked on the
x axis by protein abundance fold change (black dots) for the chronic
comparison of obese (O) and lean (L) mice. Relative acetyl isoform
changes are plotted in the same position on the x axis as the corre-
sponding protein measurement (gray dots). B) Dynamic ranges of
protein and acetyl abundance are greater in obese/lean study than in
refed/fasted (R/F) study. A box plot comparing the ranges of protein
abundance and acetyl isoform fold change in the acute (refed/fasted)
study versus the chronic (obese/lean) study. Whiskers represent data
within 50% of the range of the first and third quartiles, and remaining
outlier data is represented as a gray dots. C) Prioritization of acetyla-
tion sites in oxidative phosphorylation. Acetyl isoforms exhibiting
significant changes (q 6 0.1) in both studies are in red; those signifi-
cantly changing in the obese versus lean study only are in black; those
isoforms that are not changing significantly are in gray; isoforms that
were identified but not quantified are in white. D) ADP stimulated in-
crease in oxygen consumption rate is greater in mitochondria isolated
from obese livers than from lean livers. An asterisk indicates signif-
icance (p-value = 3.9x10-14). E) Relative acetyl occupancy changes
in fatty acid oxidation. Sites with significantly changing (q 6 0.1)
occupancy are marked in black, those that were quantified but not
significantly changing in gray, and those that colocalize to peroxi-
somes are grouped. F) Acetylation by organelle. Pie charts show
the number of mitochondrial, peroxisomal, or endoplasmic reticular
acetyl isoforms from the obese/lean study that are not significant (q >
0.1) (gray), significantly increasing (red), and significantly decreasing
(black).
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purifying organelles, including peroxisomes and endoplasmic reticulum.

Interestingly, FAO enzymes with evidence of mitochondrial/peroxisomal

co-localization are generally increasing in relative occupancy with obesity

(38 detected; 24 increase, one decreases, q 6 0.1) (Fig. 2.4E). In compari-

son, acetylation sites on mitochondria-specific FAO enzymes are mostly

decreasing (89 detected; three increase, 49 decrease, q 6 0.1). Among

the peroxisomal enzymes with increasing acetylation is Ehhadh (enoyl-

CoA, hydratase/3-hydroxyacyl CoA dehydrogenase), which is activated

by this PTM [113]. We detect increasing acetylation on seven lysines, with

the greatest change on Lys-344, consistent with the known increase per-

oxisomal fatty oxidation (i.e. ↵-oxidation) in obesity[112, 129]. Overall,

acetylation increases on most peroxisomal proteins in the obese state but

decreases on most mitochondrial and endoplasmic reticulum proteins

(Fig. 2.4F).

Integration of disparate data sets highlights key

regulatory acetylation sites

The analyses above clarify the role of previously identified acetylation

events and also quantify the acetyl occupancy of a wide range of un-

characterized acetylation sites. To further prioritize this extensive list for

subsequent mechanistic studies, we compared the dynamic acetylation

sites observed in both datasets. Of the thousands of mitochondrial sites
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we identify across the two studies, only 48 change significantly (q 6 0.1)

due to both refeeding and obesity (Fig. 2.5C). We hypothesized that these

isoforms likely represent key PTMs that serve as common mechanisms for

mediating metabolic responses to a variety of di�erent perturbations in

nutrient status. Included in these are four of the OxPhos isoforms noted

above (Sdha Lys-179 in complex II, and Atp5e Lys-28, Atp5h Lys-121, and

Atp5j K84 in complex V), further highlighting them as high-likelihood

regulatory sites from among the hundreds of OxPhos sites identified (Figs.

2.4C and 2.5C).

We reasoned that many bona fide regulatory acetylation sites would

also be targets of Sirt3, the only well-established mitochondrial deacetylase

[107]. Therefore, we further integrated our data sets with a compendium

of predicted Sirt3 targets, which we recently developed from analysis of

wild type and Sirt3-/- mouse liver mitochondria [32]. Sirt3 target sites

are among those with the largest decrease in relative acetyl occupancy due

to acute refeeding or chronic obesity, indicative of an induction of Sirt3

activity in these states (Fig. 2.5, A and B). Strikingly, putative Sirt3 targets

represent over half of the acetyl isoforms that exhibited a significant change

(q 6 0.1) in relative acetyl occupancy in both studies despite accounting

for <7% of all sites quantified. These results suggest a major, Sirt3-driven

remodeling of the acetylproteome that is secondary to genetic obesity

or to 2 h of refeeding after an overnight fast. Measurements for Sirt3

protein using both quantitative MS (Fig. 2.5B, inset) and immunoblotting
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Figure 2.5: Integration of di�erent metabolic comparisons identifies candi-
date regulatory acetylation events. A) Volcano plots of fold change in rel-
ative acetyl occupancy versus -log10 (p value). B and C) Comparison
of the relative acetyl occupancy fold change across the refed/fasted
versus obese/lean comparisons. Only isoforms that were quantified
in both studies are represented. B) Putative Sirt3 targets are shown
in red, other MitoCarta proteins are in black, and non-MitoCarta
proteins are colored gray. Inset, Sirt3 protein abundance fold change
by mass spectrometry. An asterisk indicates significance (p 6 0.05).
C) Acetylation sites that are significantly changing in both studies
(q 6 0.1). Fold changes (log2) are shown in red (positive) and blue
(negative) for refed/fasted (R/F) and obese/lean (O/L).
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(Fig. 2.6) indicate that Sirt3 abundance is increased in B6 10-week-old

animals with obesity, consistent with our activity predictions. We note

that this obesity-induced increase in Sirt3 abundance mirrors the induction

of Sirt3 levels observed at early time points in the regimen of high fat diet

feeding [103], as opposed to the decrease seen after many weeks of this

diet. We did not observe a significant change in Sirt3 abundance following

refeeding, despite the significant decrease in acetylation levels of predicted

Sirt3 sites (Fig. 2.5, A-C, and Fig. 2.6). This is consistent with previous

reports that alterations in Sirt3 activity are not always correlated with its

protein abundance levels [117, 130, 131], suggesting that Sirt3 itself might

be subject to post-translational regulation following acute perturbations.

It is also consistent with indirect measures of mitochondrial redox state

that suggest an increase in the NAD+/NADH ratio in the refed state [132].

Among the dynamic Sirt3 targets observed in both large-scale analyses

are multiple sites on enzymes from core metabolic pathways involved in re-

sponding to changing nutrient status. Three of these processes, branched

chain amino acid metabolism, fatty acid catabolism, and ketogenesis, ex-

hibit acetylation changes in many pathway members and have in common

a single enzyme: acetyl-coenzyme A acetyltransferase 1 (Acat1, NCBI gene

ID 110446) [133, 134]. Acat1 catalyzes two major reversible reactions: the

cleavage of acetoacetyl-CoA into two acetyl-CoA, and the cleavage of 2-

methyl acetoacetyl-CoA into propionyl-CoA and acetyl-CoA. We identified

18 total acetylation sites on this protein, nine of which are changing signif-
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Figure 2.6: Quantification of Sirt3 protein abundance. Immunoblot of
crude mitochondrial preparations for Sirt3 protein for each sample
used in experiment 1 (top) and experiment 2 (bottom).

icantly (q 6 0.1) in at least one comparison. Relative acetyl occupancy at

three of these sites changed significantly in both analyses (Lys-187, Lys-260,

and Lys-265) (Fig. 2.7A), the latter two of which are predicted Sirt3 targets.

Another recent Sirt3 knock-out study also identifies Lys-260 and Lys-265,

but not Lys-187, as Sirt3 targets [105]. In the present study, the acetylation

levels of both putative Sirt3-target sites on Acat1 decrease markedly with

obesity (relative to lean mice) and with refeeding (relative to fasted mice),

whereas acetylation on Lys-187 increases due to obesity. These data led us

to hypothesize that acetylation on Lys-187, Lys-260, and/or Lys-265 alters

the activity of Acat1. Moreover, as Sirt3 most often activates its target

enzymes [107], we further hypothesized that deacetylation of Lys-260 and

Lys-265 increases Acat1 activity in response to nutrient excess.
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Acetylation of lysine 260 and 265 on Acat1 inhibits

enzymatic activity

Our analyses suggest that acetylation of select Acat1 lysines is important

for regulating enzyme activity. To begin testing this possibility, we indi-

vidually mutated five acetylated lysine residues (Lys-84, Lys-187, Lys-260,

Lys-265, and Lys-340) to glutamine to mimic the charge state of an acety-

lated lysine or mutated to arginine to mimic a deacetylated state [135].

These sites were selected based on the structure of human ACAT1 [136]

and on the dynamic changes seen in both data sets. Acat1 variants and

wild type protein were purified from E. coli and tested by an in vitro ac-

tivity assay. Mutation of lysines 260 and 265 to arginine (K260R, K265R)

resulted in increased activity compared with the respective glutamine mu-

tant (K260Q, K265Q), suggesting that acetylation would decrease activity

(Fig. 2.7B). In contrast, K187R led to a loss of activity compared with K187Q.

Interestingly, mutation of the other acetylation sites did not significantly

change the activity of Acat1, further suggesting that Lys-187, Lys-260, and

Lys-265 may be the most important acetylation sites for regulating the

activity of this enzyme.

Although mutation of lysine to glutamine or arginine can approximate

the e�ect of acetylation on protein function, these are imperfect analogs. To

validate the ability of acetylation to regulate Acat1 enzymatic activity, we

used site-specific acetyllysine incorporation, a technique that allows for the
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Figure 2.7: Reversible, Sirt3-regulated acetylation of Acat1 Lys-260 inhibits
activity. A) Relative acetyl occupancy fold change for 17 quantified
sites on Acat1. An asterisk indicates q6 0.1. B) In vitro enzyme activity
assays of Acat1 mutants generated by mutating lysine to glutamine
(Q, acetyl mimic) or arginine (R, deacetyl mimic). Data are expressed
as the average activity of the Arg mutant as a percentage of that for
the Gln mutant, at 300 µM CoA (± S.E., n > 2). C) Immunoblot for
Acat1 and acetyllysine on samples of purified Acat1 protein used in
kinetic assays. Proteins were treated with or without NAD+ and Sirt3.
AcK, acetyllysine. C is representative of samples used in D. D-F), in
vitro enzyme activity assays of Acat1 with site-specific incorporation
of acetyllysine at the indicated residues, with or without deacetylase
(Sirt3) treatment. Data are expressed as the average activity after Sirt3
treatment as a percent of mock-treated enzyme, at 300 µM CoA (±
S.E., n > 3; an asterisk indicates a significant di�erence from mock
treatment, p < 0.05). E) Aggregated enzyme kinetic analysis (n = 4; an
asterisk indicates a significant di�erence from all other treatments, p
< 0.05; n.s. indicates no significant di�erence between the highlighted
treatments). F) Table of kinetic parameters of Acat1 isoforms ± Sirt3
treatment (± S.E., n > 3; an asterisk indicates a significant di�erence
from mock treatment, p < 0.05).

production of a protein with nearly full acetylation occupancy on a specific

lysine [137, 138]. Acat1 variants were generated and purified that each

possessed a single acetylated lysine at position 187, 260, or 265 (K187ac,

K260ac, K265ac). Acetyllysine incorporation was verified by immunoblot

and MS analyses, and in vitro treatment of these proteins with recombinant

Sirt3 e�ectively removed this acetylation in an NAD+-dependent manner

(Fig. 2.7C and Fig. 2.8). Interestingly, in vitro Sirt3 treatment more readily

removed the acetyl groups on Lys-260 and Lys-265 than that on Lys-187,

consistent with the prediction that K260ac and K265ac are Sirt3 targets in

vivo.
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In vitro Acat1 activity assays of each isoform revealed that Sirt3-mediated

deacetylation of K260ac and K265ac dramatically increased enzyme activ-

ity in an NAD+-dependent manner (Fig. 2.7 D-F and Fig. 2.9). In contrast,

we observed minimal change in activity with identically treated wild type

or K187ac proteins. We further analyzed the kinetic properties of the Acat1

K260 in its acetylated and deacetylated forms across several concentra-
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tions of substrate and determined that acetylation decreases the V
max

of

the enzyme while increasing its K
M

for CoA (Fig. 2.7F). As physiological

levels of CoA in liver are markedly higher than the Acat1 K
M

[139], these

alterations in V
max

will likely alter metabolic flux in vivo.
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Figure 2.9: In vitro enzyme activity assays of Acat1 with site-specific
incorporation of acetyl-lysine at the indicated residues, with or without
NAD+ and deacetylase (Sirt3) treatment across four replicate experiments.
Proteins were treated with or without the combination of Sirt3 and
NAD+. Activity was assessed from 0-300 µM CoA. Inset: Data are
expressed as the activity after Sirt3 and NAD+-treatment as a percent
of mock-treated enzyme, at 300 µM CoA.

Consistent with the hypothesis that regulatory residues are likely to

be conserved throughout evolution [106, 140], Acat1 Lys-260 and Lys-265
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are highly invariant and correspond to lysines 263 and 268 in the human

ACAT1 ortholog (K263.Hs and K268.Hs). Recently, Haapalainen and col-

leagues [136] solved the crystal structure of human ACAT1 in complex

with its CoA substrate. This structure reveals that positively charged

K263.Hs is in close proximity to the negatively charged 3’-phosphate of

CoA, which suggests that charge complementarity for CoA in the active

site is important for substrate binding. Using this structure (Protein Data

Bank code 2IBW) (Fig. 2.10), we modeled a neutralized lysine residue at

K263.Hs to simulate the e�ect of acetylation (Fig. 2.10B). We then calcu-

lated electrostatic isosurfaces extending through space at +1 kT/e with all

lysines fully charged (Fig. 2.10C), or with K263.Hs neutralized (Fig. 2.10D).

This analysis clearly reveals that the negatively charged 3’-phosphate of

CoA is present within the positively charged space enclosed by this elec-

trostatic isosurface in the fully charged enzyme, but not when K263.Hs is

neutralized. These data suggest that acetylation of Acat1 Lys-260 (ACAT1

K263.Hs) likely reduces the favorable electrostatic interactions between

CoA and the Acat1 binding pocket. This is similar to reports of the Sirt3-

dependent regulation of other enzymes by an electrostatic repulsion mech-

anism, including Mn-SOD [141, 142]. Together, in conjunction with our

in vitro activity data, we propose that Sirt3 activates Acat1 by removing

lysine acetylation that reduces the a�nity of Acat1 for CoA.
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D

A B

C

Figure 2.10: Electrostatic modeling of acetylation e�ects using the crystal
structure of human ACAT1 (PDB ID 2IBW). Local electrostatic environ-
ment of ACAT1 active site surrounding K263.Hs (K260.Mm, identified
by the white arrow). A and C represent wild-type ACAT1, whereas B
and D mimic acetylation on K263.Hs by neutralizing its charge. The
electrostatic environment is visualized as a continuous red-blue gradi-
ent from -4 to +4 kT/e on the solvent accessible surface of the protein.
In C and D, it is overlaid with an electrostatic isosurface extending
through space at +1 kT/e. The negatively charged 3’-phosphate of
CoA is located within the space enclosed by the positive isosurface
when K263.Hs is fully charged, but it is located outside when this
lysine is neutralized.

2.4 Discussion

Reversible lysine acetylation is rapidly becoming recognized as a perva-

sive PTM that regulates cellular processes ranging from gene transcription

to intermediary metabolism. The impact of this modification extends to
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mitochondria, where a strikingly high percentage of proteins are acety-

lated on one or more lysines. A few of these sites are now known to

modify metabolic flux by altering enzymatic activity or substrate avail-

ability, adding to the growing notion that PTMs are key to regulating

mitochondrial function.

However, although thousands of mitochondrial acetylation sites have

now been identified, little is known about the enzymes that control acetyla-

tion in mitochondria. There is only a single well established mitochondrial

protein deacetylase, Sirt3 [107]. Likewise, there is no known acetyltrans-

ferase within this organelle, although emerging evidence suggests that

GCN5L1 may be a regulator of a yet to be characterized protein acetyltrans-

ferase complex [143]. Further confounding this issue is the fact that even

at low concentrations of acetyl-CoA, acetylation can occur nonenzymati-

cally [144, 145]. Coupled with the knowledge that mitochondrial enzymes

tend to become acetylated following nutritional changes that produce an

increase in acetyl-CoA [146] and that there are a very limited number of

validated regulatory sites, this has led to the speculation that many of the

numerous mitochondrial acetylation events may be nonenzymatic and,

thus, likely nonregulatory. As such, rigorous e�orts are needed to spot-

light and validate bona fide regulatory acetylation sites from a potentially

noisy background of non-regulatory PTM "decorations" [147].

To prioritize candidate acetyl-regulated sites on mitochondrial proteins,

we performed large-scale quantitative acetyl-proteomics across multiple
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contrasting biological states. Our data reveal that only a select subset of

sites significantly change in occupancy during drastic acute and chronic

alterations in nutritional status. From our recent study [32], we predict that

many of these dynamic acetylation sites are targets of Sirt3, consistent with

the role of this enzyme as a primary regulator of mitochondrial acetylation.

Together, our integrated analyses highlight a collection of proteins with

high-confidence candidate regulatory sites (Fig. 2.5C). Although other

acetylation sites may prove to be regulatory under distinct metabolic

transitions, our data nonetheless caution that many others might represent

unregulated and likely non-regulatory targets of acetylation.

A second priority in the field is to rigorously validate and define the

functions of this modification in regulating protein activity [107, 148]. In

this study, we investigated the importance of acetylation on Acat1. Our

quantitative analyses nominated three of the 18 acetylated lysines on this

protein as likely regulatory sites. Using site-specific acetyllysine incorpo-

ration, in vitro enzymatic analyses and molecular modeling, we demon-

strated that acetylation of Lys-260 and Lys-265 inhibits Acat1 activity by

disrupting CoA binding.

Acat1 is found at the cross-roads of branched chain amino acid degra-

dation, ketogenesis, and fatty acid catabolism. Interestingly, more than

one-third (19/48) of our high-confidence candidate regulatory sites are on

proteins involved in these three pathways. As such, we hypothesize that

the role of regulatory acetylation is not limited to isolated control points,
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but rather that it impacts multiple enzymes of a pathway to collectively

alter net flux, often alongside other PTMs. Indeed, other key regulators

are known for each of these pathways (e.g. Bckdha phosphorylation [149],

Hmgcs2 acetylation [150] and phosphorylation [31], and Acadl acetyla-

tion [124]). Interestingly, Acat1 Lys-265 was also recently identified as a

prominent site of reversible succinylation, further suggesting that this is

an unusually important site of post-translational regulation [35]. Based on

our work here, we predict that this modification would likewise dampen

Acat1 activity.

Although each of the three pathways mentioned above occurs in the

liver, they are not simultaneously induced. For example, branched chain

amino acid degradation is robustly induced by refeeding, as assessed

by Bckdha phosphorylation status [31, 117] but fatty acid oxidation and

ketogenesis are inhibited in that same state [133]. Conversely, fatty acid

oxidation and ketogenesis are highly active in the obese state [151]. Thus,

it seems reasonable to speculate that the overabundance of PTMs on keto-

genesis, FAO, and branched chain amino acid enzymes noted above, in-

cluding those on Acat1, operate combinatorially to help properly calibrate

the individual fluxes through these interrelated but distinct pathways.

Furthermore, although our biochemical data support a role for deacetyla-

tion of Acat1 in enhancing flux through any these pathways, its acetylation

alone would likely not be su�cient for complete inactivation of any one

of them. Further integration of our data sets with other protein PTM
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data and quantitative metabolic flux analyses will be necessary to better

define the physiological ramifications of these modifications in collectively

modifying metabolic output.

The results of our analyses both mirror current trends in the acetylation

field and also raise new issues. Consistent with previous work, we find

that acetylation is widespread in mitochondria and that its levels generally

tend to track with predicted acetyl-CoA abundance [146]. Our data also

suggest that Sirt3 is more active in the refed state and early during the onset

of obesity and that it tends to enhance the activity of its target enzymes.

However, our data reveal that acetyl occupancy at several putative Sirt3-

regulated sites (e.g. Eci2 Lys-60, Gstk1 Lys-93, Cs Lys-52, and Tst Lys-175)

was significantly decreased due to refeeding but significantly increased

due to obesity. This suggests that Sirt3 may possess an adjustable target

preference under di�erent nutritional states. Moreover, our data indicate

that Sirt3 activity cannot necessarily be predicted from its abundance,

implying that other regulatory post-transcriptional or post-translational

features might be important for titrating its activity. Last, our data reveal

that many probable non-Sirt3 sites also change considerably in acetylation

occupancy, supporting the notion that other mitochondrial regulatory

acetylation machinery awaits discovery.

Collectively, our work provides a quantitative map of the changing

mitochondrial protein acetylation landscape during acute and chronic

metabolic transitions, defines the role of deacetylation in stimulating Acat1
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activity, and highlights many other high-priority acetylation sites for mech-

anistic follow-up work [31].

2.5 Experimental Procedures

Animal models

Breeding, sacrificing, and tissue harvesting of mice were described previ-

ously for the fasting versus refeeding study [31] and the obese versus lean

study [152]. Briefly, male mice were bred and housed in an environmen-

tally controlled facility with a 12-h light-dark cycle (6 am-6 pm light cycle)

and provided water and standard rodent chow (Purina number 5008). For

the fasting versus refeeding study, chow was removed for 16 h (5 pm-9

am), after which half of the animals were sacrificed, whereas the other half

were allowed to feed ad libitum an additional 2 h before being sacrificed.

Liver tissue was dissected and immediately enriched for mitochondria

using di�erential centrifugation [31]. For the obese versus lean study,

chow was removed for 4 h (8 am-12 pm) before sacrifice, and the liver

was flash-frozen in liquid nitrogen before being thawed and enriched for

mitochondria.
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Quantitative acetylproteome analysis

Crude mitochondria were subjected to quantitative proteomics/acety-

lomics using recently developed methods [32]. Briefly, mitochondrial

pellets were resolubilized, and the proteins were reduced and alkylated

and digested enzymatically and labeled with isobaric tags (6-plex TMT

or 8-plex iTRAQ). Samples were mixed and subjected to strong cation

exchange chromatography, followed by immunoprecipitation with pan-

acetyllysine antibody (Immunechem), and non-bound peptides were fur-

ther fractionated by high pH reverse phase chromatography. All samples

were subjected to data-dependent Nano-LC-MS/MS analysis on an ETD-

enabled LTQ Orbitrap Velos (Thermo Fisher Scientific) using our previ-

ously described QuantMode instrumentation method [108] with higher

energy collision-activated dissociation fragmentation. Our custom soft-

ware COMPASS [153] was utilized to search the MS/MS spectra against

a concatenated target-decoy mouse database (UniProt), to trim the iden-

tified peptides (1% false discovery rate), to normalize the intensities of

isobaric tag reporter ions, to group all peptides to parsimonious protein

groups (1% false discovery rate), to localize acetylation sites to specific

residues (95% probability), and to sum reporter ion intensities for spectra

identifying the same protein or acetyl-isoform.
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Measurement of oxygen consumption rate

The oxygen consumption rate was measured using an XF-96 Extracellular

Flux Analyzer (Seahorse Bioscience) with methods based on previous

work [116]. Briefly, isolated mitochondria were quantified by wet weight,

and 40 µg were loaded per well and supplemented with 10 mM glutamate

and 2 mM malate. Basal respiration was measured for 3 min, followed by

ADP injection to a final concentration of 2 mM. ADP-stimulated oxygen

consumption was calculated by subtracting basal respiration, after which

the wells were averaged. Data analysis was performed using the XF96

software (version 1.4.1.4) and the "Level(Direct)Akos" algorithm.

Biochemical assessment of Acat1 activity

Recombinant Acat1 (amino acids 31-424) with a C-terminal hexahistidine

tag was overexpressed in Escherichia coli and purified using metal a�nity

resin based on previous methods [136, 154]. For site-specific acetyllysine

incorporation, an acetyl-lysyl-tRNA synthetase/tRNA
CUA

pair that rec-

ognizes an amber codon was co-expressed with Acat1 in the presence of

10 mM acetyllysine and 20 mM nicotinamide [137, 138, 155]. Briefly, a

plasmid encoding Acat1 was cotransformed with pBK AcKRS (acetyllysine

tRNA synthase) and pCDF PyIT (tRNA
CUA

) into BL21(DE3) E. coli. Cells

were grown to an A600 of 0.5 to 0.7 and then supplemented with 10 mM

acetyllysine and 20 mM nicotinamide for 30 min before the addition of 0.3
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mM isopropyl 1-thio-�-D-galactopyranoside. Cells were purified using

metal a�nity resin as above with the inclusion of 20 mM nicotinamide

in the lysis bu�er. Incorporation was verified by mass spectrometry and

immunoblots for Acat1 and acetyllysine. Sirt3 was purified as described

previously [156].

Acat1 activity assays

Activity was assessed as described previously [136, 157]. Briefly, the reac-

tion mixture contained 50 mM Tris-HCl (pH 8.1), 20 mM MgCl2, 10 µM

acetoacetyl-CoA, 40 mM KCl, and 8 ng of purified Acat1 enzyme (diluted

into a bu�er of 50 mM HEPES (pH 6.6), 9.5% glycerol, and 0.5 mg/ml

gelatin). The reaction was initiated with the addition of CoA. The final vol-

ume of the reaction was 300 µL. We measured the change in absorbance at

303 nm over 30 min at room temperature (⇠ 25°C). For the determinations

of K
M

and V
max

for CoA, the above procedure was followed, and the CoA

concentration was varied between 15 and 300µM. All absorbance measures

were obtained using the BioTek Synergy 2 microplate spectrophotometer

with Gen5 software. We analyzed the mean velocity over the first 5 min,

whereas the reaction velocity curve remained linear over the first 10 min.

K
M

and V
max

calculations were obtained using the Enzkin package in

Matlab and SigmaPlot (version 12).
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Sirt3 treatments

Sirt3 treatments were performed at 37°C for 30 min and contained 16 ng/µL

Acat1, 0.375 µM Sirt3, 1 mM NAD+, 0.5 mM DTT in dilution bu�er (50 mM

HEPES, pH 8.23, 0.5 mg/mL gelatin, 9% glycerol). Deacetylation was

verified with immunoblots for Acat1 and acetyllysine, and activity was

measured as above.

Electrostatic modeling

To assess the changes in charge complementarity for CoA in the active

site of Acat1 caused by lysine acetylation, the tetrameric coordinates of

Protein Data Bank code 2IBW [136] were prepared for electrostatic calcu-

lations. Water and other ligands were removed from the model. Lysine

residues were either fully charged in the calculation or neutralized to sim-

ulate the e�ect of acetylation. An electrostatic map was calculated using

the Adaptive Poisson-Boltzmann Solver [158] plugin in PyMOL (The Py-

MOL Molecular Graphics System, Version 1.5.0.4, Schodinger, LLC) using

default parameters. Local electrostatic environment was visualized as a

continuous red-blue gradient running from -4 to +4 kT/e on the solvent

accessible surface of the protein, or as an isosurface extending through

space at +1 kT/e.
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Chemicals and supplies

8-plex iTRAQ Reagents were purchased from AB Sciex. 6-plex Tandem

Mass Tags (TMT) reagents were purchased from Thermo-Pierce. The

bicinchoninic acid assay (BCA) Protein Assay Kit was purchased from

Pierce Biotechnology (Rockford, IL). Trypsin Gold, was purchased from

Promega (Madison, WI). Lysyl Endopeptidase (LysC) was purchased from

Wako Chemicals (Richmond, VA). Sep-Pak tC18 and C18 cartridges were

purchased from Waters (Milford, MA). A Poly SULFOETHYL A column

(200 x 9.4 mm, 5 mm, 200 Å was purchased from PolyLC (Columbia, MD).

C18 resin (5 µm pore size) was purchased from Alltech (Deerfield, IL).

Inline MicroFilters and MicroTight column unions, fittings, and sleeves

were purchased from Upchurch Scientific (Oak Harbor, WA). Fused-silica

capillary tubing was purchased from Polymicro Technologies (Phoenix,

AZ). LITHISIL lithium silicate was purchased from PQ Corporation (Valley

Forge, PA). Formic acid and trifluoroacetic acid ampoules were purchased

from Thermo Scientific (Rockford, IL). Pan-acetyl lysine antibody-agarose

conjugate was purchased from Immunechem. TALON metal a�nity resin

was purchased from ClonTech. The deacetylase inhibitor entinostat/MS-

275 was purchased from Fisher Scientific. Protease (Complete mini EDTA-

free) and phosphatase (PhosSTOP) inhibitors were purchased from Roche

(Mannheim, Germany). The goat anti-Acat1 antibody was purchased from

Abcam (ab99190). The donkey anti-goat HRP antibody was purchased

from Santa Cruz (sc-2020). The rabbit anti-acetyllysine antibody was pur-
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chased from GeneTel (AC002). The goat anti-rabbit HRP antibody was

purchased from Millipore (12-348). All other chemicals were purchased

from Sigma-Aldrich (St. Louis, MO). Coenzyme A, acetoacetyl CoA, N✏-

Acetyl-L-lysine, and the deacetylase inhibitors SAHA, trichostatin A, nicoti-

namide, and sodium butyrate were purchased from Sigma-Aldrich (St.

Louis, MO).

Mitochondrial enrichment

Crude mitochondrial enrichment was performed using previously de-

scribed methods [31], modified for acetylproteomics, with all steps carried

out at 4°C. Frozen (-80°C) liver sections (⇠150 mg wet tissue weight) were

placed into a Potter-Elvehjem glass/Teflon homogenizer along with 8 mL

of MSHE Bu�er (220 mM Mannitol, 70 mM sucrose, 5 mM HEPES, pH

7.41 mM EGTA, 1x protease inhibitor tablet, and 1x deacetylase inhibitors:

5 µM entinostat/MS-275, 2µM SAHA, 10 mM sodium butyrate, 10 mM

nicotinamide, and 10 µM trichostatin A) supplemented with 0.5% BSA.

The fasting/refeeding study also included 1x phosphatase inhibitors. The

tissue was homogenized with 4 homogenizer strokes at 1000 rpm, and the

resulting homogenate was decanted into a new tube. The homogenizer

was rinsed with an additional 2 mL MSHE (supplemented with 0.5% BSA),

which was added to the homogenate. The sample was centrifuged at 800 x

g for 10 min in a bench-top conical centrifuge. The small amount of lipid

that formed at the top of supernatant was carefully aspirated. The super-
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natant, containing the mitochondria, was gently drawn o� with a pipet-aid

and transferred to an ultra-clear 12 mL centrifuge tube. The samples were

centrifuged at 8000 x g for 10 min, and the resulting supernatant and any

loose material was aspirated and discarded, leaving a dark brown pellet

with a light brown halo around the center. An additional 1 mL of MSHE

Bu�er (supplemented with 0.5% BSA) was added to the pellet, which was

disrupted by washing it from the side of the tube until homogenous using

as few pipetting strokes as possible. Crude mitochondria were transferred

to a 1.5 mL microfuge tube and centrifuged at 8,000 x g for 10 min in

bench-top centrifuge. The supernatant was aspirated and discarded. The

pellet was re-suspended in MSHE (without BSA) and centrifuged at 8,000

x g for 10 min in bench- top centrifuge. The supernatant was aspirated

and discarded, and the mitochondrial pellet was flash frozen in liquid N2

and stored at -80°C until ready for use.

Sample preparation

Purified mitochondria were suspended in 8 M urea, 50 mM Tris pH 8.0, 5

mM CaCl2, 100 mM NaCl, 1x protease inhibitor tablet, and 1x deacetylase

inhibitors. Each samples was sonicated with a probe sonicator on ice to

extract protein. Extracted protein was quantified by BCA assay. Protein

from each sample, 1 mg and 0.5 mg per sample for obesity and fasting

experiments respectively, was reduced and alkylated with iodoacetimide

as described previously [31]. The samples were then digested with LysC
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(100:1, protein:enzyme) for 2 hrs at ambient temperature. Following dilu-

tion to 1.5 M urea with 50 mM Tris pH 8.0, 100 mM NaCl, 5 mM CaCl2

the samples were further digested with trypsin (50:1 protein:enzyme)

overnight at ambient temperature. Digestions were quenched by TFA acid-

ification, desalted with a tC18 sep-Pak (Waters), dried and re-suspended

in 200 mM triethylammonium bicarbonate pH 8.5. Peptides from obesity

experiments were labeled with 6-plex TMT and peptides from the fasting

re-fed experiment were labeled with 8-plex iTRAQ per manufacturer’s

instructions. For each experiment labeled peptides were combined and

desalted. Labeling e�ciency was evaluated by analyzing a test mixture

from each experiment by LC/MS/MS. Each experiment had > 95% label-

ing e�ciency, calculated by the number of N-terminal labeled peptides

divided by the total number of peptide identifications.

Strong cation exchange fractionation and acetyl lysine

enrichment

Labeled peptides were fractionated by strong cation exchange (SCX) on a

polysulfoethyl A column (9.4 mm x 200 mm; PolyLC) with mobile phases

A: 5 mM KH2PO4 pH 2.65 and 30% acetonitrile; B: 5 mM KH2PO4 pH 2.65,

350 mM KCl, and 30% acetonitrile; C: 5 mM KH2PO4 pH 6.5 and 500 mM

KCl. The gradient was generated by a Surveyor LC quaternary pump

(Thermo) at 3 mL/min flow rate. Collected fractions were desalted and a



65

small portion was retained for protein analysis (fasted-re-fed experiment)

resuspended in 50 mM HEPES pH 7.5 and 100 mM KCl. Approximately

100 µL pan-acetyl lysine antibody-agarose conjugate (Immunechem) was

added to each fraction. The samples were rotated overnight at 4°C. Un-

bound peptides were collected and saved for further fractionation (obesity

experiments). The conjugated beads were rinsed eight times with 50 mM

HEPES pH 7.5 and 100 mM KCl, followed by elution with 0.1% TFA. Eluted

peptides were desalted prior to analysis.

High pH reverse phase fractionation (obesity experiments)

Peptides not bound to anti-acetyl lysine beads were further fractionated

across a Gemini C18 reversed phase column (4.6 mm x 250 mm; Phe-

nomenex) with mobile phases A: 20 mM ammonium formate pH 10; B:

20 mM ammonium formate pH 10 and 80% acetonitrile. The gradient was

generated by a Surveyor LC quaternary pump (Thermo) at 0.8 mL/min

flow rate. Collected fractions were dried and saved for protein analysis.

LC/MS/MS

All samples were analyzed by reverse phase liquid chromatography on

a nanoAcuity (Waters) coupled to a Velos Orbitrap (Thermo). Samples

were loaded onto a 75 µm inner diameter column packed with 5 µm C18

particles (Michrome) and eluted with an acetonitrile gradient in 0.2%
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formic acid. Mass spectrometry instrument methods started with one

MS1 survey scan (resolution = 30,000; 300 Th - 1,500 Th) followed by

data dependent MS2 fragmentation and analysis (resolution = 15,000)

of the ten most intense precursors. Precursors with charge state > 2

were isolated in a ± 1.5 Th window and fragmented using the previously

described QuantMode instrument acquisition method [108]. Precursors

were excluded from re-sampling for 30 seconds.

Database search and FDR filtering

Spectra were converted to searchable text files using DTA generator. Gener-

ated text files were searched as fully tryptic peptides, with mass tolerances

of 20 ppm for precursors and 0.01 Th for fragment ions, against a UniProt

target-decoy mouse canonical and isoforms database (downloaded Nov.

28, 2011) using OMSSA v2.2.8 [159] (54,314 target and 54,314 decoy protein

entries). Carbamidomethylation of cysteine, isobaric labeling of lysine

and the peptide N-terminus were searched as fixed modifications for all

samples. Methionine oxidation and isobaric labeling of tyrosine were

searched as variable modifications for all samples. Enriched fractions

were additionally search for variable acetylation. The acetylation mass

shift was set to the di�erence between an acetyl group and an isobaric

label, -187.1523 Da and -262.1948 for TMT and iTRAQ respectively [32].

With the COMPASS v1.2.1.0 software suite search results were filtered

to 1% FDR at the unique peptide level [153]. TMT quantitation on iden-
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tified peptides was performed within COMPASS v1.2.1.0 as previously

described [160]. Peptides were grouped into proteins according to previ-

ously reported rules and protein identifications were further filtered to 1%

FDR [161]. Protein quantification was performed by summing all reporter

ion intensities within each channel for each protein. Acetylated peptides

and peptides in multiple protein groups were excluded from this step.

Acetylation analysis

All possible patterns of acetylation, on lysine or the protein N-terminus

(considering variable cleavage of the initiator methionine), for each iden-

tified peptide were considered according to previously described rules

[32]. If the calculated localization confidence is 95% or greater, then the

acetylation pattern is considered localized. All peptides with identical

acetylation patterns were grouped together and their reporter ion intensi-

ties were summed. Acetylation sites that localize to the C-terminus of a

peptide are excluded from this calculation.

Protein normalization

All reporter ion intensities were log2 transformed and mean normalized

for every acetyl isoform and protein. To normalize acetylation for pro-

tein di�erences, the value for each acetyl isoform reporter ion channel

had subtracted from it the quantitative value of that channel from the
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corresponding protein. This gives a protein normalized acetylation mean

normalized value which is further interrogated for statistical significant

fold change between conditions across experiments. Fold change calcu-

lations were made by averaging the protein normalized values for each

condition and then calculating the di�erence of averages. For each of

these comparisons a p-value was calculated (Welch’s t-test with Storey

correction for multiple hypotheses testing) [162].

Measurement of oxygen consumption

All respiration assays were performed using an XF-96 Extracellular Flux

Analyzer (Seahorse Bioscience) with a 4-port injection system. The experi-

mental design was based on previous analysis of isolated mitochondria

with some modifications [116]. Mitochondria were isolated as described

above using MSHE bu�er with the addition of 1%BSA. Mitochondria were

quantified by wet weight using an analytical scale. Isolated mitochondria

were resuspended to 100 µg/µL in MAS assay bu�er (70 mM sucrose,

220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM

EGTA and 0.2% (w/v) BST, pH 7.2 at 37°C). Mitochondria were diluted to

2 µg/µL in MAS bu�er supplemented with 10 mM glutamate and 2 mM

malate. Mitochondria from lean and obese B6 mice were added to at

least 10 wells from each condition to a final concentration of 40 µg/well

(20 µL of diluted mitochondria) and were spun down using a benchtop

refrigerated centrifuge for 20 min at 2000 g and 4°C to adhere the isolated
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mitochondria to the bottom of the wells. After the spin MAS bu�er with

glutamate and malate was added to each well to bring the total volume to

120 µL. Injection stocks of ADP (20 mM), Oligomycin (100 µg/mL), FCCP

(100 µM) and Antimycin A (250 µM) (all from Sigma) were diluted in water

at 10x the final concentration and 20 µL were loaded into the injection

ports of an XF96 plate. After calibration of the assay plate using the XF96

software, mitochondria from lean and obese B6 mice were loaded into the

instrument and subjected to a standard mitochondrial stress test protocol.

Respiration rates were measured for 3 minutes to establish a baseline,

then measured again after the addition of ADP, Oligomycin, FCCP and

Antimycin A to record State 3, State 4o, State 3u and non-mitochondrial

respiration rates, respectively. All data analysis was performed using the

XF96 software (version 1.4.1.4), and the "Level(Direct)Akos" algorithm

that is a built-in factor of the software package.

Protein purification

Production of recombinant mouse Acat1 (MmCD00319142) was based

on previous work [136, 154, 155]. BL21 (Rosetta2(DE3)pLysS) cells were

transformed with pET28 encoding residues 31-424 followed by a c-terminal

histidine tag, AAALEHHHHHH. An overnight culture was diluted 1:50

into TB and autoinduced at RT using a glucose/lactose mix for 24 hours.

The final media contained 12 g/L tryptone, 24 g/L yeast extract, 12.8 g/L

glycerol, 8.9 mM potassium phosphate mix, 0.375% asparate, 2 mM MgSO4,
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0.15 g/L glucose, 5 g/L alpha-lactose monohydrate, and antibiotics. All

purification steps were performed at 4°C. BME and protease inhibitors

were added the same day. Cells were pelleted at 5000 x g for 10 min,

re-suspended in 25 mM HEPES pH 6.6, 30 mM NaCl, 5 mM MgCl2, 10%

glycerol, 10 mM imidazole, 5 mM BME, protease inhibitors, and 2 mg/mL

lysozyme, and incubated for one hour before lysis using a French press

or sonication. Insoluble material was pelleted at 15,000 x g for 30 min,

and the solute was incubated with TALON Metal A�nity Resin for two

hours. The unbound was removed and the beads were washed thoroughly

with lysis bu�er, then wash bu�er (25 mM HEPES pH 6.6, 150 mM NaCl,

10% glycerol, 25 mM imidazole, and 1 mM BME), and the protein was

eluted in 25 mM HEPES pH 6.6, 150 mM NaCl, 10% glycerol, and 500 mM

imidazole. Protein was concentrated using Amicon Ultra centrifugal filters

with a 30 kDa cuto�, after which DTT was added to 0.1 mM. Proteins were

aliquoted, flash frozen using liquid nitrogen, and stored at -80°C. Mutants

were generated using site-directed mutagenesis and were purified on the

same day as wild-type protein.

Site-specific acetyllysine incorporation was performed as previously

described [137, 138, 155]. An ampicillin-resistant version of the above

plasmid was cotransformed with pBK AcKRS (acetyllysine tRNA synthase)

and pCDF PyIT (tRNA
CUA

) into BL21(DE3) cells. An overnight culture

was diluted 1:50 into TB and grown to OD600 = 0.5 to 0.7. Acetyllysine was

added to 10 mM and nicotinamide was added to 20 mM while the culture
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was at RT for 30 min before the addition of IPTG to 0.3 mM. The culture

was induced overnight at RT. Purification was performed as above, except

with the inclusion of 20 mM nicotinamide in the lysis bu�er. Incorporation

was verified by mass spectrometry and Immunoblot analysis.

Recombinant Sirt3 was purified as previously described [156]. Briefly,

Sirt3 was expressed on pQE-80 in BL21-DE3 cells and induced via IPTG.

Cells were lysed via sonication in 25 mM Tris pH 8, 150 mM NaCl, 1 mM

BME, 5 mM imidazole, 10 µg/mL leupeptin, 0.1 mM PMSF, and 5 µg/ml

aprotinin. Insoluble material was pelleted at 15,000 x g for 30 minutes,

then the soluble lysate was filter clarified and loaded onto an Ni chelat-

ing column on FPLC. The column was washed with lysis bu�er without

protease inhibitors, then eluted with a linear gradient with a step at 15%

300 mM imidazole for three column volumes. Fractions containing Sirt3

were dialyzed overnight with 50 mM Tris pH 7.6, 1 mM DTT, 10% glycerol.
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3.1 Abstract

Mitochondrial function is essential for nearly all eukaryotic cells, and dys-

function is associated with hundreds of diseases. Over the past decade, the

known mitochondrial proteome has been expanded to include hundreds

of newly identified proteins. Despite the importance of mitochondria for

health and disease, many mitochondrial proteins have no known function.

This lack of knowledge serves as a bottleneck, impeding the progress of

biomedical research. As such, a systematic approach to annotating these

uncharacterized proteins is needed. Here, we assemble the current state

of mitochondrial protein-centric knowledge through the integration of

diverse datasets and the hand-annotation of each of the 1,143 proteins. We

find that 209 mitochondrial proteins have no known function, which we

term orphan mitochondrial proteins. To begin the systematic annotation of

these proteins, we build a cell type- and condition-specific protein-protein

interaction (PPI) network. Through the application of state-of-the-art meth-

ods of a�nity enrichment-mass spectrometry (AE-MS) quantification and

analysis, we identify high-confidence interactions involving 80 OMPs. We

associate more than a dozen OMPs with known pathways, a key first step

toward characterization. Our e�orts form the first direct evidence of a

human coenzyme Q biosynthetic network in vivo and define its dynamic

nature as well as its molecular architecture. We also prioritize LYRM5 as

a key novel member of the electron transfer flavoprotein (ETF) complex,
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and we find that the interaction is direct. Our work forms the basis for the

annotation of 21 OMPs, and will serve as an important resource for the

field of mitochondrial biology.
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3.2 Introduction

Mitochondria are key centers of metabolism for nearly all eukaryotic cells

[3]. Once considered to be mere sites of ATP generation, it is now known

that mitochondria participate in a wide range of essential functions related

to cellular metabolism, signaling, and programmed cell death. Consis-

tently, large-scale proteomics- and computation-based e�orts during the

past decade have revealed that the mitochondrial proteome is much more

complicated than once thought, and dysfunction of these organelles is now

associated with hundreds of inborn errors of metabolism and common

diseases [3, 4].

Despite our advanced understanding of the mitochondrial proteome -

estimated to be defined to approximately 90% completion - annotation of

the biochemical functions of these proteins is far from complete. This gap

in knowledge has thwarted our understanding of basic mitochondrial biol-

ogy and has obscured the nature and cause of many mitochondrial diseases.

For instance, many patients with biochemically-established mitochondrial

disease do not harbor mutations in the suspected genes, implying the exis-

tence of unidentified proteins necessary for proper function of the a�ected

process [18, 23]. Alternatively, many other diseases arise from mutations

in proteins with no known function, making it di�cult or impossible to

understand the metabolic mechanism of the disease. As such, we sought

to establish a robust approach for systematically annotating the functions
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of uncharacterized mitochondrial proteins.

Previous large-scale e�orts have proven e�ective in assigning functions

to uncharacterized proteins. E�orts to define the human protein-protein in-

teraction network, termed the interactome, have been particularly e�ective

at functional annotation of uncharacterized proteins [48]. Even so, recent

analysis of the known human interactome has revealed it to be woefully

incomplete [57] and systematically biased against unstudied proteins [55].

This sparsity prohibits further systematic and computational annotation of

uncharacterized proteins, as they exist as "islands," lacking connections to

the greater mass of annotated proteins. However, recent advancements in

the study of PPIs by mass spectrometry have assisted the characterization

of several previously unstudied proteins [58, 65, 69]. In this approach,

termed a�nity enrichment-mass spectrometry (AE-MS [70]), a protein of

interest is enriched from a sample and co-enriching proteins are identified

by mass spectrometry (MS). As the majority of co-enriching proteins are

not meaningful interactors of the bait protein, this approach requires the

analysis of a large number of bait proteins, quantitative MS, and scor-

ing algorithms to di�erentiate between meaningful interactions and the

non-specific binding of the majority of co-enriching proteins.

In this study, we begin by curating a list of the proteins from the known

mitochondrial proteome that still lack significant functional annotation,

which we call orphan mitochondrial proteins (OMPs). We estimate there

to be 209 OMPs in humans, including more than 32 that have already
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been associated with human diseases. We then leverage cutting edge

strategies for AE-MS to define an extensive cell type- and condition-specific

interactome of 80 OMPs and disease-relevant mitochondrial proteins. This

focused approach on high-yield bait proteins allows us to assess the role

of cells and mitochondria-relevant conditions in modulating PPIs, thus

a�ording a greater depth of characterization. From more than 130,000

observed interactions, we identify 978 new, high-confidence PPIs (0.8%),

enabling us to define an initial annotation for a broad swath of OMPs and

leading us to nominate several proteins as likely candidates in disease. Our

findings include the identification of a human coenzyme Q biosynthetic

complex that we validate using in vitro cell-free protein expression and

purification and that is dynamic in response to nutrient state. Notably, our

work also establishes that the OMP LYRM5, which we rename electron

transferring flavoprotein associated factor (ETFAF), directly interacts with

the ETF complex and likely facilitates its activity.

In summary, our work here has catalyzed the initial association of 21

OMPs with known mitochondrial pathways and processes, has defined

the molecular architecture of several complexes using in vitro protein

binding assays, and has nominated several proteins as likely candidates

in mitochondrial disease. Our data will serve as a powerful resource for

establishing the function and disease-association of orphan mitochondrial

proteins.
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3.3 Results

Twenty percent of the mitochondrial proteome lacks

annotation

Previous analysis suggested that much of the mitochondrial proteome is

uncharacterized [13, 44]. We, therefore, sought to capture an up-to-date

assessment of mitochondrial proteins and their functions. First, we cu-

rated a high-confidence list of human mitochondrial proteins, integrating

the MitoCarta compendium [13] with recent mass spectrometry-based

analysis of the mitochondrial matrix and inter-membrane space [14, 15].

This list includes 1,143 human proteins with validated mitochondrial lo-

calization. Next, we annotated these proteins based on the integration

of online databases in conjunction with careful hand-annotation of the

literature. Our results suggest that at least 209 mitochondrial proteins

have no known function, and a further 21 proteins with dual localization

to the mitochondrion and another cellular compartment do not have clear

roles within the mitochondrion. These orphan mitochondrial proteins

(OMPs) constitute approximately 20% of the mitochondrial proteome. De-

spite their lack of characterization, 34% of OMPs are conserved in yeast,

indicating their key functions in the cell.

A further assessment of the importance of these OMPs is their prior

association with disease. Many mitochondrial proteins are associated

with disease, often with no clear pathological mechanism [4]. To connect
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mitochondrial proteins with their associated diseases, we mapped large-

scale disease lists onto our list of mitochondrial proteins [17, 45, 46]. We

found that hundreds of mitochondrial proteins, including at least 30 OMPs,

are associated with more than 300 human diseases. Surprisingly, despite

no mechanistic knowledge of their function, we observe that mutations in

at least 20 OMPs are associated with disease phenotypes in OMIM.

Based on their conservation in lower organisms and role in disease-

states, we therefore predict that OMPs play a key role in the cell, and

therefore are encouraged to accelerate the rate of their characterization.

We selected targets from among the 209 OMPs and disease-relevant pro-

teins with unclear pathological roles. Among these proteins, 28% are

associated with disease, and 34% have homologs in S. cerevisiae. We priori-

tized an initial set of 80 target baits with an emphasis on disease-relevance,

conservation, and lack of transmembrane domains. To associate these

OMPs with known pathways and processes, and because previous e�orts

have shown that PPI network analysis can e�ciently connect uncharacter-

ized proteins to known pathways, we elected to establish OMP-specific

interactions via a�nity enrichment-mass spectrometry (AE-MS).

Overall experimental strategy

Each of the selected OMPs was cloned into a mammalian expression vector

with a C-terminal FLAG tag (Fig. 3.1A). To re-establish mitochondrial

localization of each bait, and as overexpression and tags may prevent
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proper protein folding and localization, we validated the localization of

each construct in HEK-293 cells. Consistent with our use of a short, C-

terminal tag, more than 90% of our OMP fusion constructs localized to the

mitochondrion (Fig. 3.1B). Only these properly localized mitochondrial

proteins were used for subsequent analyses.

Many PPIs are context- or cell type-specific, potentially mediated by

di�erences in protein abundance, localization, or post-translational mod-

ifications. To increase the breadth of the potential interaction space, we

employed two cell lines and two nutrient conditions for our interaction

analyses. We chose HEK293 cells, a workhorse of cellular biology, and

HepG2 hepatoma cells as liver cells have the greatest diversity of mitochon-

drial proteins [13]. For each cell line we optimized a transient transfection

protocol for maximal expression of the OMPs.

To examine the e�ect of the modulation of mitochondrial activity on

interactions, we employed a well-characterized nutrient-switching model,

replacing glucose for galactose in the media of half of the replicates. Galac-

tose is known to up-regulate oxygen consumption and increase depen-

dence on mitochondrial function [163], and we observe this in our chosen

cell lines (Fig. 3.1C). Previous work in our lab has defined clear proteomic,

phosphoproteomic, and lipidomic di�erences between cells grown in glu-

cose and galactose, indicating that we are interrogating diverse cellular

states.

Finally, because of the stochastic natures of biology and MS, we col-
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Each OMP was cloned into a 
C-terminal FLAG-tag mamma-
lian expression vector.

A list of 80 OMPs has been 
curated, based on literature 
and online databases.

Each target was transiently 
expressed in both HEK293 
and HepG2 cells.

The cells were treated with 
glucose or galactose to 
stimulate mitochondria.

Proteomic data from each bait 
was integrated and analyzed 
to ID interactors.

Eluted proteins were quanti-
fied by label-free LC-MS/MS 
proteomics.

Cells were lysed in digitonin  
and target protein is purified 
with anti-FLAG beads.

Protein-protein interactions of 
OMPs were built into a 
network for analysis.
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Figure 3.1: AE-MS methodology. A) Schematic workflow of the AE-MS
method. OMP genes were selected, were cloned into a mammalian
expression vector, and were validated for mitochondrial localization
of the FLAG-fusion protein. Plasmids were transfected into six plates
for each cell line, treated with galactose or glucose, and collected for
anti-FLAG immunoprecipitation followed by LC-MS/MS analysis.
Proteomic data from each bait enrichment was integrated and scored,
with the top scoring interactions chosen for network mapping and
follow-up analysis. B) Localization of FLAG-tagged constructs to
the mitochondrion based on MLS-GFP and anti-FLAG fluorescence
microscopy. C) Galactose induces mitochondrial respiration. Ratio
of rates of oxygen consumption (OCR) and extracellular acidification
(ECAR) in HepG2 cells grown in 10 mM dextrose or galactose for 24
hours prior to assay. OCR/ECAR is proportional to mitochondrial
vs. glycolytic flux.
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lected three replicates of each condition for a total of 12 plates per bait

protein. Replicate analysis such as this is not standard in the field and

this depth of analysis has never been attempted, to our knowledge. Our

approach allows us to assess the di�erential nature of interactions, while

a�ording us greater confidence in our results.

Previous attempts at enriching for membrane-associated proteins have

shown that the nature of the approach, especially the bu�er and detergent

conditions, are key factors [164, 165]. To enhance detection of membrane-

associated proteins, we employed a lysis bu�er featuring glycerol and

digitonin, modified from one previously shown to stabilize yeast mito-

chondrial protein interactions [166]. Each bait protein was isolated by

anti-FLAG immunoa�nity enrichment followed by competitive elution.

The bait and co-purifying proteins were then subjected to label-free quan-

titative proteomics by LC-MS/MS.

Interactome analysis identifies hundreds of new

interactions

To help identify informative interactions above the background, we utilized

CompPASS, a known and validated algorithmic approach to highlighting

high-confidence interactions and removing nonspecific preys [60]. As not

much is known about the interactions of our OMPs, we supplemented

our list of target baits with mitochondrial proteins of known function.
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Additionally, we included a variant of green fluorescent protein harboring

an N-terminal mitochondrial localization sequence (MLS-GFP-FLAG) as a

negative control.

To assess the performance of our approach and to determine an ap-

propriate cuto� score, we began by focusing on our positive-control bait

proteins with known binding partners. Based on the literature, we cu-

rated a list of high-confidence (HC) PPIs involving our positive-control

baits, and compared their CompPASS scores to all observed preys or just

mitochondrial preys. We observe that 96% of all observed CompPASS

scores in our data are below 10, independent of the known subcellular

localization of the prey (Fig. 3.2). In contrast, 40% of our HC-PPIs were

scored at greater than 10. As such, we chose a cuto� of 10 for subsequent

analyses.

Applying this threshold to the rest of our data, we identify 4,805 inter-

actions out of an initial observed set of 138,863 (6 4%). As we prioritize

interactions between mitochondrial proteins, we limited the list to the 738

observed mitochondrial preys and identified 978 interactions involving

370 mitochondrial proteins (Fig. 3.3). As each bait was tested in two cell

lines, under two conditions, and in triplicate, we analyzed nearly 1000

independent AE-MS experiments. This approach and scale a�orded us

great clarity in the elucidation of novel high-confidence interactions.

Given our success in identifying known PPIs, we next sought to explore

pathway-specific interactions of OMPs.
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Figure 3.2: CompPASS scoring accuracy. CompPASS scores were cal-
culated for all bait-prey interactions, including 138,863 total (black
dotted), 75,252 involving only mitochondrial prey (gray), and 142
determined a priori to be high-confidence PPIs based on the literature
(black). At each score threshold, the percent of remaining PPI per bin
was calculated. The vertical blue line indicates the score threshold
used in this study.

New insights into CoQ biosynthesis

Coenzyme Q (CoQ) is a key redox-active lipid-constituent of the elec-

tron transport chain. CoQ is synthesized within the mitochondrion in

a process that involves at least 13 human proteins (PDSS1-2, COQ2-7,

COQ9, COQ10A-B, and ADCK3-4), six of which are OMPs. Much of the

CoQ biosynthetic process is conserved from humans to yeast and bacteria.

Over many years and across a series of isolated studies, eight of the yeast

proteins, Coq3p-9p and Coq11p, have been found to physically interact
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Figure 3.3: Quantitative score enriches for high-confidence interactors
Top: Schematic of the results of CompPASS score filtering. Bottom
left: Abundance (peptide spectral matches) of all mitochondrial prey
proteins is indicated in a heat map where blue indicates a prey was
not observed, and shades of yellow indicate greater abundance. Prey
proteins are in rows, and FLAG-tagged baits are in columns. Data
are averages from 6 replicates per cell line (3 dextrose, 3 galactose).
Bottom right: Heat map showing scores above CompPASS threshold
of 10. Preys are organized in the same order as in left heat map. Blue
indicates a score that did not rise above the threshold.

and potentially form a biosynthetic complex [166, 167]. Our approach is,

perhaps, more comprehensive and rigorous than this work.

No physical complex has yet been found for the human or bacterial

proteins. To date, there are only 4 known human CoQ-related PPIs, one of

which was identified recently by our group (Fig. 3.4B) [168–170]. Addi-

tionally, there are several key distinguishing features between the yeast

and mammalian CoQ biosynthetic pathways. Most obviously, the hu-
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Figure 3.4: AE-MS analysis reveals the human CoQ-related interactome and
its dynamic nature. A) All CoQ-related proteins used as baits and/or
observed as preys in this study are shown as white nodes. Interactions
rising above the score threshold are shown as arrows, colored gold
for interactions from HEK293 cells, and blue from HepG2 cells. B)
CoQ-related interactions involving ADCK3 or ADCK4 as bait were
assessed for the e�ect of cellular metabolic status. Interactions more
abundant in galactose or dextrose media are shown in red or blue,
respectively, while those with no clear media e�ect are in white.

man system has been expanded to include paralogs of several proteins

(PDSS1-2, ADCK3-4, COQ10A-B). Additionally, yeast can undergo cer-

tain chemical transformations in the CoQ biosynthetic process that are

not possible in humans. Given the di�culty in observing PPIs involving

the human COQ proteins, as well as the di�erences in the number and

diversity of proteins and chemical transformations that can occur in the

yeast and human systems, it has so far been unclear whether a physically-
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interacting mammalian complex exists as a counterpart of the yeast system.

The revelation of such a complex could facilitate the characterization of

CoQ-related OMPs.

As described above, we optimized our AE-MS system to facilitate the

identification of membrane-associated proteins. We did so with the elusive

CoQ complex firmly in mind, and used COQ9 as one of our test baits. With

this optimized system, we have established the first direct evidence of a

mammalian CoQ biosynthetic complex (Fig. 3.4A). As in yeast, we find

that the human complex is highly interconnected. Consistent with the

essentiality of the CoQ complex, we observe 34 and 39 of these interactions

in HEK293 and HepG2 cells, respectively.

A key question in the study of CoQ production is how, and even if, its

rate of synthesis is regulated. Previous work in our lab has shown that

CoQ abundance is elevated in respiring S. cerevisiae. As switching media

from glucose to galactose stimulates mitochondrial respiration in our

model (Fig. 3.4B), we expected to observe elevated CoQ abundance in the

galactose condition. Indeed, previous work from our lab has shown that

treatment of HEK293 cells with glucose for 4-24 hours leads to an increase

in CoQ abundance. These data suggest that there may be a conserved

mechanism by which CoQ biosynthesis is regulated.

We hypothesized that CoQ-related PPIs might di�er across the transi-

tion from glucose to galactose and thereby facilitate increased CoQ pro-

duction. Consistent with this hypothesis, the abundances of CoQ PPIs
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involving ADCK3 are increased in galactose-treated cells, and those with

ADCK4 are reciprocally decreased. ADCK3 and ADCK4 are the mam-

malian paralogs of the yeast Coq8p. While both of these proteins are OMPs,

ADCK3 has an atypical protein kinase-like fold and both are essential for

CoQ synthesis [169, 171]. These data suggest an important connection be-

tween CoQ production and interactions among CoQ biosynthetic complex

members, and may indicate reciprocal regulation of the activities of the

paralogs ADCK3 and ADCK4. These data also demonstrate the power of

our method for identifying low-abundance, dynamically-regulated inter-

actions.

Having established the existence and context-specific abundance of

the mammalian CoQ biosynthetic complex, a key remaining question is

how the complex is structured, that is, which PPIs are direct, and which

are indirectly mediated by intervening proteins. While yeast CoQ-related

PPIs have been observed for some time, the molecular architecture of this

complex has not yet been elucidated in any organism. Illumination of

the nature of interactions within the complex will reveal how proteins

of known function transfer the hydrophobic CoQ intermediates between

each subunit, and will suggest roles for the aforementioned CoQ-related

OMPs.

As the molecular architecture of the CoQ biosynthetic complex has not

yet been elucidated in any organism, we sought to apply cell-free protein

expression and purification systems to ascertain the direct interactions
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and subcomplexes among these proteins. Our lab recently generated the

first purified mammalian CoQ protein subunits [168, 171]. We used these

proteins to identify a direct interaction between COQ7 and COQ9, and

showed that it is modulated by functionally relevant mutations on each

protein [168]. We have now expanded this approach to the rest of the core

complex subunits (Fig. 3.5).

Here, we show that almost all pairs among COQ3-7 and COQ9 are

su�cient for direct interaction in vitro, with the exceptions of COQ9:COQ3

and COQ9:COQ4. This is consistent with in vivo data from yeast and mouse

knockout models in which the loss of a single subunit of the complex

significantly disturbs and destabilizes the rest of the proteins [168, 172].

After the successful identification of these binary interactions, we then

attempted to rebuild the entire core CoQ complex in vitro. Similar to our

binary PPI data, we observe that 40 of the 42 potential complexes involving

up to six COQ proteins are stable in vitro. Interestingly, we observe that

complexes involving COQ9 but lacking its direct binding partner COQ7 are

weaker than other similar complexes, re-a�rming the importance of this

functional interaction. Notably, we establish the first in vitro CoQ complex

containing all 6 of the known core members of the complex (Fig. 3.5).

While it is likely that other CoQ-related proteins interact with the core

subunits, such as ADCK3 and ADCK4 as in our AE-MS data, this work

suggests that these core CoQ-related proteins are su�cient to structurally

support complex stability. Our results reveal the nature of the complex at
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Figure 3.5: CoQ-related proteins interact directly in vitro. Schematic
of CoQ network direct interactions established in vitro. Top: Each
pair of core CoQ-related human proteins, one with a Strep(II)-tag
and the other untagged, was independently transcribed and then
co-translated. Translations were purified with StrepTactin resin, re-
solved by denaturing SDS-PAGE, and visualized with tryptophan
fluorescence and subsequent Coomassie staining. Strong, weak, and
nonexistent interactions were scored, and are represented as edges
connecting COQ protein nodes. Bottom: Results of testing all 42 pos-
sible core CoQ network complex interactions. Interactions involving
more than two proteins were tested with the same system. Proteins
interrogated per square are shown in white nodes with black num-
bers, while proteins not included in that experiment are shown in
gray. Node position is as above. Complex-mediated interactions that
were observed to be strong, weak, or nonexistent are colored blue,
green, and yellow, respectively.
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molecular resolution and o�er a platform for the future interrogation of the

roles of each subunit, including the OMPs COQ4 and COQ9. In particular,

with this core complex in hand, we can now attempt in vitro biochemical

characterization of much of the biosynthetic pathway, addressing the roles

of OMPs in this more tractable system.

Associating orphan proteins with established pathways

While the above helped to clarify how orphan, CoQ-related proteins fit

into the CoQ pathway and complex, other OMPs have no prior association

with any pathway or complex. Our work makes initial connections for

many of these OMPs.

C2orf47

The OMP C2orf47 interacts quite strongly with AFG3L2 and SPG7, the

two members of the human m-AAA protease complex (Fig. 3.6, right

side). These proteins are known to form hetero-hexamers as well as homo-

hexamers of AFG3L2 alone. The m-AAA protease is a trans-membrane

complex responsible for the maturation of several membrane-associated

proteins, and also plays an important role in mitochondrial protein quality

control under stress conditions.

C2orf47 also interacts quite strongly with both prohibitins, PHB and

PHB2, albeit just below our threshold. A previous AE-MS study found that

C2orf47 is a prey of Phb2 in mouse embryonic fibroblasts [65]. Notably,
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Phb2 also enriched for all members of the m-AAA and i-AAA protease in

that study. In yeast, prohibitins are known to interact with and regulate

the m-AAA protease [173]. Mouse knockout of Phb2 leads to dysfunc-

tional mitochondrial membrane architecture [174] and both beta cell and

neuronal dysfunction [175]. According to BioGPS, mouse C2orf47 has a

strong mRNA correlation with Phb2, with many mitochondrial riboso-

mal proteins, and Dnajc19, a known interactor of the prohibitins and a

modulator of cardiolipin metabolism.

There is little known about C2orf47. In the only publication that has

examined the e�ect of modulation of the expression of C2orf47, it was

found that siRNA-based knock down led to increased proliferation and

prevention of apoptosis in SK-hep1 hepatic adenocarcinoma cells under

serum- and glucose-starved conditions [176]. Overexpression of HA-

tagged C2orf47 reduced proliferation rates of HEK293T cells [176]. Thus,

C2orf47 may play a pro-apoptotic role. Cellular proliferation depends

on prohibitins in the mitochondrion [177], and OPA1, a substrate of the

m-AAA protease and regulator of mitochondrial structural dynamics, also

has been linked to apoptosis [178].

C2orf47 is predicted by Phyre2 to have a cystatin-like fold with a

Tim44-like domain. There are two yeast (Tim44p, Mba1p) and three hu-

man (TIMM44, MRPL45, C2orf47) Tim44-like domain containing proteins.

Yeast with a multi-copy variant in the MBA1 gene can compensate for

deletion of AFG3, the homolog of human AFG3L2. Mba1p is a receptor of
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the mitochondrial ribosome along with Mdm38p. The human homologs of

Mdm38p are leucine zipper-EF-hand containing transmembrane protein

1 and 2, LETM1 and LETM2. LETM1 is mitochondrial, associated with

the inner membrane, and interacts with C2orf47 in our study, albeit at

low abundance. Thus, there is a physical and functional relationship be-

tween Tim44-domain containing proteins (including C2orf47), the m-AAA

protease, the mitochondrial ribosome, and calcium homeostasis that is

conserved from yeast to humans.

C15orf48

C15orf48, also called NMES1 for "normal mucosa of esophagus specific

gene-1" is downregulated in esophageal cancer. In our study, C15orf48

interacts strongly with several OxPhos complexes, enriching for both CI

and CIV (Fig. 3.6, top). Its B12D domain is shared by NDUFA4 and ND-

UFA4L2. NDUFA4 was initially annotated as a subunit of CI, but more

recent e�orts have shown it regulates CIV activity [179, 180]. On the other

hand, NDUFA4L2 is believed to be a negative regulator of CI under cases

of hypoxic stress [181].

As C15orf48 interacts with both CI and CIV, it likely regulates the

activity of one or both of these complexes. Following the example of

NDUFA4L2, it is possible that its regulation is only under certain stress

conditions. Consistent with this, the expression of C15orf48 is downreg-

ulated and in esophageal cancer [182] due to hyper-methylation [183],
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downregulated in metastatic breast cancer [184], upregulated in a mouse

model of resistance to TPA-induced cancer [185], yet also upregulated

in mucinous ovarian cancer [186] and is diagnostic for squamous cell vs.

pseudoepitheliomatous hyperplasia [187]. It may play a role in response

to infection, as it is upregulated after vaccinia virus [188] or RSV infection

[189], and highly upregulated by the herbicide atrazine [190], IL1-beta

[191–193], and CD40 [194]. C15orf48 has been selected as a potential

marker for e�ector dendritic cells [195].

Condition Related
process

C15orf48
expression References

Esophageal cancer Cancer Reduced [182, 183]
Metastatic breast cancer Cancer Reduced [184]
Resistance to TPA-induced
cancer Cancer Increased [185]

Mucinous ovarian cancer Cancer Increased [186]
Squamous cell cancer (vs
pseudoepitheliomatous
hyperplasia)

Cancer Increased [187]

Vaccinia virus infection Infection Increased [188]
RSV infection Infection Increased [189]
IL1-beta treatment Immune Increased [191–193]
CD40 treatment Immune Increased [194]
E�ector dendritic cells Immune Increased [195]
Atrazine treatment Unclear Increased [190]

Table 3.1: C15orf48 expression. Studies showing significant conditional
e�ects on C14orf58 mRNA or protein expression.

Like NDUFA4, it may interact with only low a�nity, explaining why

C15orf48 has not previously been observed interacting with these well-

studied complexes. Given that it interacts with many members of each
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complex, it is less likely to facilitate the assembly of an immature sub-

complex, and more likely a supernumerary member of mature CI, CIV,

or both in a supercomplex. Supercomplex formation has been shown to

regulate ATP production and reactive oxygen species (ROS) generation

[196], a process in which C15orf48 may play a role.

C17orf89

We observe a reciprocal enrichment between the baits C17orf89 and ND-

UFAF5 as each enriched for the other as prey (Fig. 3.6, lower left). While

NDUFAF5 enriched for no other CI proteins, C17orf89 pulled out several

CI members, albeit just below our stringent cuto�. Both C17orf89 and

NDUFAF5 are OMPs, for while it has been established that NDUFAF5 is

associated with CI assembly, it is unclear how. NDUFAF5 is predicted

to be a methyltransferase, and the methyltransferase motif is necessary

for its function in a Dictyostelium model [197], but no substrate has been

found. Mouse C17orf89 mRNA expression is highly correlated with sev-

eral CI proteins, according to BioGPS and genenetwork.org [198, 199].

Given that C17orf89 interacts with NDUFAF5, it is tempting to suggest

that C17orf89 may facilitate methyltransferase activity of NDUFAF5, or

even be the substrate of the transferase.
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C19orf70

C19orf70, aka QIL1, interacts with nearly all known subunits of MICOS, in-

cluding IMMT, DNAJC11, MINOS1, SAMM50, CHCHD6, APOO, APOOL,

CHCHD3, MTX1 and MTX2, which is more than the positive control

APOOL (Fig. 3.6, bottom center). C19orf70 was identified as a likely regu-

lator of OxPhos as its mRNA expression is highly correlated with that of

many OxPhos subunits [39]. According to BioGPS, mouse C19orf70 mRNA

expression is highly correlated with transcripts from several OxPhos sub-

units, consistent with the association with OxPhos, but it is also highly

correlated with the MICOS subunits Immt and Minos1 [198]. A di�erent

AP-MS study found that C19orf70, SAMM50, and IMMT were preys of

CLN3 [200]. C19orf70, along with other MICOS members SAM50, IMMT,

CHCHD3, CHCHD6, and APOO are carbonylated in adipocytes [201].

Similar to many members of MICOS, most transmembrane prediction

software suggests that C19orf70 does not have a transmembrane domain,

although Tmpred identifies a weak transmembrane from residues 17-33.

LYRM proteins

The mitochondrial family of LYR motif-containing proteins were first iden-

tified as supernumerary subunits of CI (NDUFA6 and NDUFB9), and have

recently been found to act as assembly factors for CII (SDHAF1/LYRM8,

SDHAF3/ACN9) [202, 203], CV (FMC1) [204], and iron-sulfur cluster

biosynthetic enzymes (ISD11/LYRM4) [205, 206]. We observe many ex-
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pected interactions between LYRM proteins and their known direct and

indirect complex members (Fig. 3.7).

Several LYRM proteins are known to interact with the mitochondrial

acyl carrier protein NDUFAB1 [207]. We find NDUFAB1 as a central

hub of LYRM proteins and expand its interactions to include the LYRM4,

LYRM7, ACN9, and the OMPs LYRM1, LYRM2, and LYRM5 (Fig. 3.7). The

role of these NDUFAB1:LYRM protein interactions is still unclear, and

future studies will be necessary to establish the role of NDUFAB1:LYRM

interactions for other mitochondrial metabolic complexes.

LYRM5 is a specific interactor of ETF

LYRM1, LYRM2, LYRM5, and LYRM9 are OMPs. Of these, LYRM5 has

high-scoring and highly-abundant interactions with both subunits of the

electron transfer flavoprotein ETF. Of note, ETFA and ETFB are present

in 77 and 84% of all our IPs, respectively. As such, non-quantitative ap-

proaches would likely consider these preys as interaction "contaminants,"

and eliminate them from further study. Instead, our quantitative approach

is uniquely positioned to extract meaning from these common interac-

tors. We identified a dramatic and significant enrichment of ETF in the

LYRM5-FLAG purifications. Compared to all bait pull downs, the abun-

dance of ETFA and ETFB was at least 5-fold higher with LYRM5 as bait

compared to any other bait, including the known ETF substrate isovaleryl

dehydrogenase (IVD), and more than 60-fold higher than the average.
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Figure 3.7: LYRM OMP-related interaction network. PPIs with LYRM
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dated binding partners (from the literature or this study) in yellow,
and all other mitochondrial preys in gray. Edge width is proportional
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To validate the specificity of the LYRM5:ETF interaction, as well as

the accuracy of our MS-based quantification, we performed an anti-FLAG

co-IP followed by anti-ETF immunoblot (Fig. 3.8A). While our negative

controls of cytosolic GFP and mitochondrial NDUFA4 showed no co-

purification of either ETF protein, LYRM5-FLAG e�ciently enriched for

both ETFA and ETFB. IVD, a known substrate of ETF [208], also enriches

for both ETF subunits, but to a much weaker extent than does LYRM5.
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Despite the relatively low-expression of LYRM5-FLAG compared to that

of IVD-FLAG, more ETF co-purified with the former, showing greater

e�ciency of the interaction between LYRM5 and ETF. This is consistent

with reports that the complex formed between ETF and oxidoreductases

is transient in nature [209]. These data support the specific interaction

between LYRM5 and ETF, as well as validate our label-free proteomic

quantification.
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Figure 3.8: LYRM5 interacts specifically with ETFA and ETFB. A) C-
terminally FLAG-tagged GFP, IVD, NDUFA4, and LYRM5 were ex-
pressed in HEK293 cells. After anti-FLAG enrichment, the elution
was resolved by SDS-PAGE for immunoblotting. The membrane was
probed with anti-ETFA and ETFB (top) or anti-FLAG (bottom) anti-
bodies. LYRM5 e�ciently enriched for both ETF proteins to a much
greater extent than IVD. ETF was not observed with the negative
controls GFP and NDUFA4. B) HEK cells expressing LYRM5-FLAG
or MLS-GFP-FLAG were enriched by anti-FLAG purification, and the
elution was subjected to Blue Native-PAGE analysis and immunoblot-
ting. The same membrane was blotted for ETFB (left) and then FLAG
(right). Abbreviations: IP, immunoprecipitation; IB, immunoblot.

The stable ETF heterodimer interacts in a series of mutually exclusive
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complexes with at least 10 di�erent oxidoreductases and ETFDH [209].

Interestingly, LYRM5 does not co-enrich for any of these oxidoreductases.

All of the structurally diverse oxidoreductases are believed to bind the

same or overlapping motifs [209] on the beta subunit of ETF [210]. As the

interaction of LYRM5 with ETF in vivo appears to exclude the oxidoreduc-

tases, it is possible that LYRM5 binds this same motif. This is similar to the

example of the LYRM proteins SDHAF1 and SDHAF3; binding of SDHAF1

and SDHAF3 to SDHB precludes SDHC and SDHD from binding SDHB,

as these proteins likely bind the same motif.

To test whether LYRM5 interacts with both ETFA and ETFB simul-

taneously or in two separate complexes, we first immunoprecipitated

LYRM5-FLAG from HEK293 cells, and then resolved the eluate by BN-

PAGE followed by immunoblot (Fig. 3.8B). Across two experiments, we

observed that the LYRM5 IP elution generated a single complex containing

LYRM5, ETFA, and ETFB. MLS-GFP-FLAG did not enrich for either ETFA

or ETFB. These data suggest that all three proteins interact specifically

in one complex in vivo. Furthermore, we observed a single band in the

LYRM5 IPs, indicating that the majority of LYRM5 is in complex with

ETFA and ETFB.

Bioinformatic clues for LYRM5

The LYRM5 protein is highly conserved, with 87, 66, and 44% sequence

identity in M. musculus, C. elegans, and Y. lipolytica, respectively. Based on
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CLIME [211] and reciprocal protein BLAST analysis, we identify more

than 60 organisms that harbor a LYRM5 homolog, beginning with T. bru-

cei. Interestingly, no organisms contain a homolog of LYRM5 without a

homolog of ETFA (Fig.3.9A). This is consistent with the role of LYRM5 in

regulating ETF activity.

ETFDH
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ETFB
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NDUFAB1

Present Absent

Prokaryotes
H. sapiens

S. mansoni
T. brucei S. cerevisiae

B
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FVMKELEALYFLRKYRAMKQRYYSDTNKTN

1
31
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A

Figure 3.9: LYRM5 protein and residues are highly conserved. A) Pres-
ence/absence matrix analysis of ETF, LYRM5, and NDUFAB1. Results
are the integration of CLIME and reciprocal protein BLAST analy-
sis. Informative species are marked along the bottom. B) LYRM5
sequence conservation. Higher scores are shown in yellow, and are
indicative of greater conservation. the two LYR motifs are identified
with arrows.

Based on its primary sequence, LYRM5 harbors a pair of LYR mo-

tifs, one beginning at residue 12, and the other at 72 (Fig. 3.9B). The

LYR motif of the Complex1_LYR-like superfamily is named for the three

amino acids leucine-tyrosine-arginine, and the consensus sequence is
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Lx(L/K)(Y/I)(R/K)xnF where x is any single residue, and n is a variable

span. The two LYR motifs in LYRM5 are L12KLYK16 and L72RKYR76, with

F40 as the likely key phenylalanine. These motifs are highly conserved

from humans through a variety of lower organisms (Fig. 3.9B).

Studies of other LYRM proteins have shown that the LYR motif can

be important for facilitating PPIs [212, 213]. As such, we assessed the

essentiality of these motifs by mutating the residues to alanine and as-

sessing whether or not the mutant protein was able to interact with ETF.

Notably, K14, the first highly-conserved residue of the first LYR motif,

is dispensable, for the K14A mutant was still able to interact with ETF.

Assessment of the other mutants is ongoing. This information suggests

either that the LYR motifs are essential for correct protein folding and

maintained stability, or that they are key to facilitate PPIs.

The interaction between LYRM5 and ETF is direct

While we hypothesized that the interaction between LYRM5 and ETF was

direct, we sought to determine this experimentally. This is consistent with

the LYRM proteins FMC1 and ISD11, as their top-scoring interactions are

known to be direct in nature. As with our elucidation of the architecture of

the CoQ biosynthetic complex, we decided to test the LYRM5 interactions

in vitro.

To date, no LYR-motif proteins have yet been purified. Through the

combined e�orts of our structural-genomics consortium, we have had
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success with LYRM5. LYRM5 was purified as a fusion protein with an

N-terminal His-MBP (maltose-binding protein) tag to facilitate solubility.

Upon incubating tagged LYRM5 with purified ETF in vitro, we observed a

complex that migrated at a higher weight on BN-PAGE than any of the

subunits (Fig. 3.10), consistent with a direct interaction. This complex was

observed only when both LYRM5 and ETF were present, was not observed

in the presence of the non-target His-MBP-ADCK3, (and was at greater

abundance when a 4:1 molar ratio of LYRM5:ETF was used). These data

suggest that the in vivo interaction between LYRM5 and ETF is direct, and

may imply weak a�nity between His-MBP-LYRM5 and ETF in our in vitro

system.

As mentioned above, tagged LYRM5 protein can interact directly with

ETF and forms a specific, stable complex in vitro and in vivo. To exclude

the possibility that these interactions are tag mediated, we removed the

His-MBP tag on the E. coli expressed LYRM5 with tobacco etch virus (TEV)

cleavage, leaving only a single serine scar. Cleaved LYRM5 is competent

to interact with ETF in vitro and forms a stable higher molecular weight

complex as assessed by HPLC analysis (Fig. 3.11).

The direct, specific interaction between LYRM5 and ETF is the first

functional characterization of LYRM5. As such, we suggest it be renamed

ETFAF, for ETF associated factor.
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Figure 3.10: LYRM5 interacts with ETF in vitro. Proteins were mixed
and, after room temperature incubation for 2 h, subjected to Blue
Native-PAGE separation and transferred to PVDF membrane. The
membrane was visualized with Coomassie stain for total protein
(top) and then blotted for ETFA (middle) and LYRM5 (bottom). The
position of the lower and upper ETF-containing bands are indicated
with black and red arrows, respectively.

3.4 Conclusion

In summary, we have extended the annotation of the mitochondrial pro-

teome, identifying proteins of unknown function and simultaneously
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Figure 3.11: LYRM5 and ETF form a stable complex. LYRM5 and ETF
were incubated alone or in combination at room temperature for one
hour, and then subjected to HPLC. Protein abundance was monitored
via absorbance at 214 nm.

associating more than 20 with well-characterized pathways. Our work es-

tablished the presence and dynamic nature of the mammalian CoQ biosyn-

thetic complex. We also establish a direct interaction between LYRM5 and

ETF, which is the first known activity of this protein. This resource of OMP

associations will continue to facilitate and catalyze the characterization of

mitochondrial proteins, and widen the bottleneck of biomedical research.
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Figure 3.12: Model of LYRM5/ETFAF interactions in the mitochondrion.
LYRM5/ETFAF interacts with ETFA and ETFB (pink fill) which are
essential for electron transfer between several catabolic pathways
and complex III of OxPhos. Many other LYRM proteins (white fill)
also interact with and/or facilitate assembly of OxPhos complexes,
while others (red outline) are OMPs. Additionally, the majority of
LYRM proteins have now been found to interact with NDUFAB1, the
mitochondrial acyl carrier protein (filled black circle).

3.5 Methods

Mitochondrial proteome compilation

The mouse MitoCarta (Mouse.MitoCarta.xls) was downloaded from The

Broad Institute (http://www.broadinstitute.org/pubs/MitoCarta/) and

Entrez GeneIDs were converted from mouse to human using Homolo-

Gene (build 68). Data from the mitochondrial matrix [14] and IMS [15]

proteomic studies were then integrated with the human MitoCarta. This

list of 1,143 human mitochondrial proteins was used as the basis for sub-

sequent determination of subcellular localization.

http://www.broadinstitute.org/pubs/MitoCarta/
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Identification of mitochondrial disease-related genes

Disease-gene annotations were downloaded from OMIM [17], Orphanet

[45] (downloaded March 2015) and GeneCards/MalaCards [46, 47]. These

were supplemented with mitochondria-specific disease-gene relationships

[4].

Generation of tagged constructs

Mitochondrial open reading frames were obtained from The Broad Insti-

tute and DNASU [214]. Sequences were compared against UniProt [215]

and dbSNP [216]. Any remaining mutations of question were assessed for

evolutionary conservation using Homologene. Site-directed mutagene-

sis was performed by QuikChange PCR and primers were designed by

PrimerX software: http://www.bioinformatics.org/primerx/.

Mammalian cell culture

HEK293 and HepG2 cells were grown in Dulbecco’s modified Eagle’s

medium (DMEM, LifeTechnologies) supplemented with 10% fetal bovine

serum and 1% penicillin-streptomycin (LifeTechnologies). Cells were sub-

cultured by trypsinization. On day one, 7 million HEK HepG2 cells were

plated in a 15 cm dish and allowed to grow overnight. On day two, cells

were transiently transfected with a mix of 20 µg pcDNA3.1 gene-FLAG

plasmid, 72 µg linear polyethylenimine (PEI, PolySciences), and 900 µL

http://www.bioinformatics.org/primerx/
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Opti-MEM (LifeTechnologies). On day four, cells were washed with PBS

and media was replaced with DMEM containing 10% FBS, 1% penicillin-

streptomycin, and either 10 mM glucose or 10 mM galactose. After 24

hours (Day 5), cells were washed with and harvested into phosphate-

bu�ered saline (PBS), were collected at 2,000 rcf, were snap frozen in

liquid nitrogen, and were stored at -80°C.

Subcellular localization analysis

On the day prior to transfection, HEK293 cells were plated at a density

of 75,000 cells/well onto poly-D-lysine-coated coverslips in 6-well dishes.

Cells were transiently transfected with a mix of 1µg pcDNA3.1 gene-FLAG,

0.5 µg plasmid encoding green fluorescent protein with an N-terminal

mitochondrial localization sequence (MLS-GFP) [217], 7.5 µg PEI, and 200

µL Opti-MEM. After 24 hours, the cells were fixed (4% paraformaldehyde

in PBS), permeabilized (0.2% Triton X-100 in PBS), blocked (1% BSA in

PBS), and probed with mouse anti-FLAG M2 1° antibody (F1804, Sigma,

1:2000 (v/v) in 1% BSA in PBS) and Alexa Fluor 594-conjugated goat anti-

mouse 2° antibody (LifeTechnologies, 1:2000 (v/v) in 1% BSA in PBS) in 1%

BSA in PBS. Hoechst dye (1 µg/mL) was used to label nuclear DNA. Slides

were placed in mounting medium (1:1, v/v, glycerol/PBS). Epifluorescent

microscopy was performed on the Olympus IX81 microscope using 100X

oil immersion optics. Confocal images were captured using the Nikon

A1R system, Plan Apo VC 60X oil immersion optics, with sequential laser
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excitation using 561 nm (Alexa Fluor), 488 nm (GFP), and 408 nm (Hoechst)

lasers. Images were collected and assembled into a Z-stack using the NIS-

Elements software.

A�nity enrichment

Digitonin-based approach

Cell pellets were lysed in 200 µL cold lysis bu�er (20 mM HEPES, pH 7.40,

100 mM NaCl, 10% glycerol, 3% digitonin (Sigma), 1 mM DTT, protease

inhibitors (10 µM benzamide HCl, 1 µg/mL 1,10-phenanthroline and

0.5 µg/mL each of pepstatin A, chymostatin, antipain, leupeptin, apro-

tinin; Sigma), phosphatase inhibitors (500 µM imidazole, 250 µM NaF,

300 µM sodium molybdate, 250 µM sodium orthovanadate, 1 mM sodium

tartrate; Sigma), and deacetylase inhibitors (10 mM each sodium butyrate

and nicotinamide; Sigma)), modified from Marbois et al [166]. After peri-

odic vortexing on ice, insoluble materials were pelleted (16,000 g, 10 min,

4°C) and the supernatant was retained. The protein concentration was

quantified by Bradford assay, and equal masses of cell supernatant were

mixed with 30 µL pre-washed anti-FLAG magnetic beads (Sigma M8823)

for 2-3 h at 4°C with end-over-end agitation. Following incubation, beads

were washed four times in wash bu�er (20 mM HEPES, pH 7.40, 100 mM

NaCl, 0.05% digitonin, 10% glycerol) and once in final wash bu�er (20 mM

HEPES, pH 7.40, 100 mM NaCl). Proteins were eluted in 70 µL elution
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bu�er (final wash plus 0.2 mg/mL FLAG-peptide) for 30 min at room

temperature with constant agitation.

NP-40-based approach

Cell pellets were lysed in 200 µL PBS containing 0.5% IGEPAL CA-630

(NP-40, Sigma), protease inhibitors (10 µM benzamide HCl, 1 µg/mL 1,10-

phenanthroline and 0.5 µg/mL each of pepstatin A, chymostatin, antipain,

leupeptin, aprotinin; Sigma), phosphatase inhibitors (500 µM imidazole,

250 µM NaF, 300 µM sodium molybdate, 250 µM sodium orthovanadate,

1 mM sodium tartrate; Sigma), and deacetylase inhibitors (10 mM each

sodium butyrate and nicotinamide; Sigma). Insoluble materials were

pelleted (16,000 g, 10 min, 4°C), the protein concentration was quantified by

Bradford assay, and equal masses of the supernatant were mixed with 30µL

pre-washed anti-FLAG magnetic beads (Sigma M8823) for 2-3 h at 4°C.

Following incubation, beads were washed four times in PBS containing

0.5% digitonin and glycerol (or 0.05% IGEPAL CA-630) and once in PBS.

Proteins were eluted in 70 µL PBS containing 0.2 mg/mL FLAG-peptide

for 30 min at room temperature.
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Quantitative mass spectrometry

Protein digestion

Protein pull-downs (40 µL volume) were transferred from 96-well plates to

separate 1.5 mL tubes (Eppendorf) containing 40 µL of 3 M Urea, 100 mM

Tris (pH 8). Protein was reduced with 5 mM dithiothreitol (incubation

at 37°C for 45 minutes) and alkylated with 15 mM iodoacetamide (incu-

bation in the dark, at ambient temperature, for 45 minutes). Alkylation

was quenched by adding an additional 5 mM dithiothreitol (incubation at

ambient temperature for 15 minutes). Protein was enzymatically digested

with 0.8 µg of sequencing-grade trypsin (Promega, Madison, WI) and in-

cubated at ambient temperature overnight. An additional 0.4 µg of trypsin

was added to each sample the next morning and the resulting mixtures

were incubated at room temperature for an hour. Digests were quenched

by bringing the pH 2 with trifluoroacetic acid and immediately desalted

using C18 solid-phase extraction columns (SepPak, Waters, Milford, MA).

Prior to washing peptides with 3 mL of 0.1% TFA on the C18 columns,

peptides were washed with 1 mL of 5% acetonitrile/0.1% TFA solution to

reduce the abundance of the 1x FLAG peptide from each mixture.

LC-MS/MS analysis

All experiments were performed using a NanoAcquity UPLC system (Wa-

ters, Milford, MA) coupled to an Orbitrap Elite mass spectrometer (Thermo
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Fisher Scientific, San Jose, CA). Reverse-phase columns were made in-

house by packing a fused silica capillary (75 µm i.d., 360 µm o.d., with

a laser-pulled electrospray tip) with 3.5 µm diameter, 130 Å pore size

Bridged Ethylene Hybrid C18 particles (Waters) to a final length of 30 cm.

The column was heated to 55°C for all experiments. Samples were loaded

onto the column for 12 minutes in 95:5 bu�er A [water, 0.2% formic acid,

and 5% DMSO] : bu�er B [acetonitrile, 0.2% formic acid, and 5% DMSO]

at a flow-rate of 0.40 µL/min. Peptides were eluted using the following

gradient: an increase to 22% B over 32 min, followed by a 5 min linear

gradient from 22% to 28% B, followed by a 3 min linear gradient from

28% to 70% B which was held for 3 minutes. The column was equilibrated

with 5% bu�er B for an additional 15 min. Precursor peptide cations were

generated from the eluent through the utilization of a nanoESI source.

Mass spectrometry instrument methods consisted of MS1 survey scans

(1x106 target value; 60,000 resolution; 300 Th - 1500 Th) that were used to

guide fifteen subsequent data-dependent MS/MS scans (2 Th isolation

window, HCD fragmentation, normalized collision energy of 30; 5x104

target value, 15,000 resolution). Dynamic exclusion duration was set to 45

s, with a maximum exclusion list of 500 and an exclusion width of ±10

ppm around the selected average mass. Maximum injection times were

set to 50 ms for all MS1 scans and 200 ms for MS/MS scans.
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Data Analysis

Data was processed using the in-house software suite COMPASS [153].

OMSSA [159] (version 2.1.8) searches were performed against a target-

decoy database (Uniprot (human) database, www.uniprot.org, April 4th,

2014, containing the 1X FLAG and MFP-GFP-FLAG sequences). Searches

were conducted using a 150 ppm precursor mass tolerance and a 0.015 Da

product mass tolerance. A maximum of 3 missed tryptic cleavages were

allowed. The fixed modification specified was carbamidomethylation of

cysteine residues. The variable modification specified was oxidation of

methionine. Results were filtered to 1% FDR at the unique peptide level

using COMPASS. Peptides identified within each bait set (6 replicates total

- 3 grown in dextrose, 3 grown in galactose) were grouped into proteins

according to previously reported rules [161] using COMPASS.

Data was also processed using the MaxQuant software suite.[218,

219] Searches were performed against a target-decoy database (Uniprot

(human) database, www.uniprot.org, April 4th, 2014, containing the 1X

FLAG and MFP-GFP-FLAG sequences) using the default settings for high-

resolution mass spectra. A maximum of 2 missed tryptic cleavages were

allowed. The fixed modification specified was carbamidomethylation of

cysteine residues. The variable modification specified was oxidation of

methionine. Results were filtered to 1% FDR at the unique peptide level

and grouped into proteins within MaxQuant. Proteins were quantified

across all replicates within each bait set using MaxLFQ [71].

www.uniprot.org
www.uniprot.org
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Cell-free expression and purification.

Plasmid DNA was treated with 0.05 µg/µL proteinase K to remove trace

amounts of RNase, purified, and used as individual transcription tem-

plates with SP6 RNase polymerase. Transcription and translation methods

are as previously described [220]. Briefly, transcription reactions included

0.2 mg/mL DNA, 20 mM magnesium acetate, 2 mM spermidine trihy-

drochloride, 10 mM DTT, 80 mM Hepes-KOH, pH 7.8, 4 mM each NTP,

pH 7.0, 1.6 U/µL SP5 RNA polymerase (Promega), and 1 U/µL RNasin

(Promega). Transcriptions were incubated for 4 h at 37°C. Nonpurified

transcription reactions were used singly or mixed 1:1 for pairwise interac-

tion monitoring and added to wheat germ extract (WEPRO2240; CellFree

Sciences) in a standard dialysis cup reaction [220]. Each 25 µL reaction

contained 60 O.D. wheat germ extract (6.25 µL), 24 mM Hepes-KOH, pH

7.8, 100 mM potassium acetate, 6.25 mM magnesium acetate, 0.4 mM

spermidine trihydrochloride, 4 mM DTT, 1.2 mM ATP, 0.25 mM GTP, 16

mM creatine phosphate, 0.0005% sodium azide, 0.04 mg/mL creatine

kinase, 0.3 mM each amino acid (amino acid mixture adjusted to pH 7.0

with KOH), and 5 µL of nonpurified RNA. Thirty-two-fold excess dialysis

bu�er was used for each reaction, containing all reaction components

except for wheat germ extract, creatine kinase, and RNA. After assembly

of dialysis cups and 18-h incubation at 22°C, duplicate translations (50 µL)

of each combination were pooled and centrifuged for 5 min at 20,000 rcf at

10°C. The soluble fraction was removed and added to 20 µL of StrepTactin
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resin equilibrated in 25 mM Hepes, pH 7.8, 150 mM NaCl, and 1 mM

DTT in a 96-well filter plate (HTS Multiscreen; Millipore). The resin with

bound protein was washed three times with 150 µL of binding bu�er.

Strep(II)-tagged protein and protein complexes were eluted in 2.5 mM

desthiobiotin in the same bu�er. After sampling for SDS/PAGE, the eluate

was applied to Ni-Sepharose (GE Healthcare) in 50 mM Hepes, pH 8.0,

300 mM NaCl, 50 mM imidazole, and 1 mM DTT and subjected to IMAC.

Bound samples were eluted by increasing the imidazole concentration to

500 mM. Samples of both the StrepTactin and IMAC elutions were loaded

without heating on 4-20% Stain-free TGX Criterion gels (Bio-Rad) and

subjected to denaturing SDS/PAGE. Gels were imaged by tryptophan

fluorescence using a Bio-Rad Stain Free Imager, followed by staining in

Coomassie Brilliant Blue R-250.

Protein gels

SDS-PAGE

After competitive elution with FLAG peptide, the eluate was mixed with

protein loading bu�er and run on a 10% gel for 90 min at 150 V.

Blue Native-PAGE

NativePAGE Novex 4-16% Bis-Tris protein 10-well gels (LifeTechnologies)

were prepared with anode bu�er (50 mM Bis-Tris) and dark cathode bu�er
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(15 mM Bis-Tris/50 mM tricine, 0.02% Serva Blue G-250). Samples were

mixed with NativePAGE sample bu�er (LifeTechnologies, BN2003) to 1x

final concentration, and were loaded onto gels alongside NativeMARK

standard (LifeTechnologies). Gels were run at 150 V for 60 min at 4°C. The

dark cathode bu�er was then replaced with light cathode bu�er (0.002%

Serva Blue G-250), and the gels were run for another 60 min at 250 V.

For immunoblotting, gels were transferred to PVDF membranes as

normal (100 V, 1 h, 4°C). The membrane was then incubated in 8% glacial

acetic acid in water (to fix proteins) for 15 min to fix the proteins. After

rinsing with water, methanol was added to the membrane to remove the

majority of the Serva Blue stain. Immunoblot proceeded as normal.

Immunoblotting

Protein gels (SDS-PAGE or BN-PAGE) were transferred to activated PVDF

membranes at 100 V for 1 h at 4°C. Membranes were washed, visualized

with Ponceau S (SDS) or incubated with methanol (native). Membranes

were blocked with 2% milk in tris-bu�ered saline with Tween 20 (0.5%),

then incubated overnight with antibody at 4°C.

Recombinant proteins

Recombinant ETF was expressed in E. coli and stored in ETF storage bu�er

(10 mM K phosphate, pH 7.6, 150 mM KCl, 20% glycerol). His-MBP-

LYRM5 was stored in storage bu�er L (10 mM MES, pH 6, 150 mM KCl,
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10 mM MgCl2, 0.018% DDM, 0.3 mM TCEP). His-MBP-Nd254-ADCK3

(N-terminal truncation) was expressed in E. coli.

In vitro interactions

Purified proteins (His-MBP-LYRM5, His-MBP-ADCK3, ETFA:ETFB) were

aliquoted and mixed in Interaction Bu�er (20 mM HEPES, pH 7.40, 100

mM KCl, 5% glycerol). Each tube contained 3.64 µM ETF, and LYRM5

or ADCK3 at 3.64 or 14.56 µM, in a total volume of 10 µL. Proteins were

allowed to interact for two hours at room temperature or 4°C with periodic

mixing before addition of NativePAGE loading dye and BN-PAGE analysis

at 4°C.

Measurement of oxygen consumption

All respiration assays were performed using an XF-96 Extracellular Flux

Analyzer (Seahorse Bioscience) with a 4-port injection system. On the day

prior to the assay, Seahorse 96-well plates were coated with poly-D-lysine,

and trypsinized HEK-293 or HepG2 cells were plated at 25,000 cells per

well. After calibration of the assay plate using the XF96 software, cells

were loaded into the instrument and subjected to a standard mitochondrial

stress test protocol. All data analysis was performed using the XF96

software (version 1.4.1.4), and the "Level(Direct)Akos" algorithm that

is a built-in factor of the software package.



119

Sequence analysis

Protein homologs were defined by CLIME [211], Homologene (release 68),

and reciprocal protein BLAST searches [221]. LYRM5 protein sequence

alignment was computed with CLUSTAL Omega for all 68 known ho-

mologs. Using this alignment, amino acid conservation was computed

at http://compbio.cs.princeton.edu/conservation/ [222] with the fol-

lowing options: Scoring method: Sum of pairs, Window size: 3, Sequence

weighting: True, Background: SwissProt, Matrix: BLOSUM62.

http://compbio.cs.princeton.edu/conservation/
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4.1 Abstract

Together, my work has touched upon three major themes: protein mod-

ifications, interactions, and functions. In this concluding chapter, I will

discuss ideas and future directions related to the identification and anal-

ysis of protein-protein interactions and the annotation of mitochondrial

function via the example of the OMP LYRM5.

4.2 Future directions for PPI network analysis

Interaction mapping via quantitative mass spectrometry

As the quality of mass spectrometry instrumentation and analysis has

increased, so too has our knowledge of the inner workings of the cell.

Related to the assessment of protein modifications and interactions, we

can conceive of a future in which not only can we identify all cellular

proteins, but also most, or even all, peptides [29]. First, this will facilitate

the discovery of a greater diversity of PTMs and modified residues. Second,

this will allow for more sophisticated AE-MS studies. On this latter point,

it is common in the field to consider the enrichment stage as playing a

key role in the process. If, however, we could identify every peptide in a

cell, all one would need to do is to subtly enrich for a protein of interest,

and then correlate the expression of all peptides to your target protein.

This would overcome issues related to low abundance proteins, and may
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facilitate the identification of more membrane protein interactions and

on more acute time scales. This view is in line with recent work from the

Mann Group [70].

While early attempts at using mass spectrometry to identify protein-

protein interactions focused on the biochemical purity of the target com-

plex, recent e�orts have recognized that this can be to the detriment of

the study [223]. As such, many investigators have transitioned from ap-

proaches, such as tandem a�nity purification (TAP), which were designed

to be amenable to strict purification conditions. Instead, the Mann Group

has advocated for single-step purifications and the term a�nity enrichment

(AE-MS) rather than AP-MS. This appears to be more an adjustment of

thought than anything else, but it applies both to the experimental setup

as well as the data analysis. In AE-MS theory, the entire cellular proteome

is present in the enriched sample, albeit at vastly di�erent concentrations

compared to the in vivo environment. PPIs will cause prey proteins to cor-

relate with the bait and increase relative abundance compared to the entire

cell. In some ways, it is a combination of correlome profiling PCP with

a�nity enrichment as the initial separation stage, and the computational

framework underlying the analysis reflects this.

High-throughput assessment of direct interactions

Another major issue to be tackled is the systematic analysis of direct interac-

tions. While AE-MS can prioritize pathways and processes by associating
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a protein of unknown function with one or several members of the path-

way, it cannot yield information as to the topology of the complex. Often,

this information is key, as it can suggest specific mechanisms by which

one protein a�ects the function of another.

Several methods have been used to elucidate direct PPIs. The most

common is the yeast two hybrid (Y2H). Over the past decade, the Vidal

Group has published a series of updated Y2H-identified interactions in-

volving the "human ORFeome" or a set of open reading frames (ORFs) [55,

224, 225]. They have now tested 82,000,000 pairwise interactions, out of

a possible 200,000,000 given one isoform for each of 20,000 genes. One

key benefit of this technology is that interactions observed are likely to be

direct, and it is clear what proteins are involved. There are, however, a

number of caveats: the interactions are tested in yeast, the proteins often

must translocate to the nucleus (this is not the case in some newer variants

of Y2H), expression levels of the proteins is not taken into consideration,

and proteins that directly bind only under certain conditions or in the

presence of other stabilizing factors will not be observed.

Given the above caveats of Y2H, other technologies have been estab-

lished in an attempt to measure direct interactions in vivo in human cells.

Of these, bioluminescence resonance energy transfer (BRET and FRET)

and bimolecular fluorescence complementation (BiFC) are two of the next

most widely-used. BRET, is reversible and measures very short distances

between proteins, but requires the addition of fairly large (30 kDa) fusion
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tags. BiFC, can utilize slightly shorter tags, especially with the new tripar-

tite variant, but it is irreversible with a half life of 22 years for split GFP,

and it still requires genetic manipulation of the system. Both BRET and

BiFC must be optimized for the protein pair, as tagging certain regions of

the protein may cause unfolding or mislocalization as with all tags, but

the topological orientation of the fluorescent proteins may generate a false

negative if the orientation or distance is outside their reach.

Di�erential network approaches

To date, the vast majority of work on physical protein-protein interactions

has focused simply on building out the network. As this process is still in

its relatively early stages [57], this is a key first stage. That said, this in some

ways reduces a highly-dimensional aspect of the cell to a fairly flat and

limited understanding. For instance, what is the role of cell type, di�eren-

tiation status, nutritional and metabolic state, various post-translational

modifications, phamacologic treatments, or dozens more cellular modula-

tions on each of these identified PPIs? Which PPIs are overlooked because

the cell is not interrogated under the appropriate conditions? What is the

temporal nature or a�nity of these interactions?

The aforementioned questions form the basis of the growing trend

toward di�erential network biology [226]. Di�erential approaches are a

natural extension of network approaches, and are indispensable for other

high-throughput technologies like transcriptomics, metabolomics, and
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proteomics. In our analysis of mitochondrial acetylation, for example,

not only was it important that we observed acetylation events, but we

found that the regulatory sites on the protein Acat1 were those that were

di�erentially regulated in at least one metabolic state [33]. The mere

presence of an anlyte or PPI, while informative, yields only part of the

story.

Although global analyses of the modulation of PPIs due to cellular

events have not been undertaken to any great extent, their presence in

signalling pathways forms the core of entire fields of molecular and cellular

biology. For example, receptor tyrosine kinase activation by ligand often

leads to auto-phosphorylation as both an activating signal as well as a key

substrate for other protein binding. Innumerable other examples exist, but

have not been studied via any systematic approaches. With the human

interactome now in some state of development, it will be easier for other

investigators to apply their favorite perturbation and interrogate whether

interactions persist or are modulated in abundance.

Additionally, this network analysis can be extended to include mu-

tant forms of proteins, whether they reflect disease-relevant mutations or

biochemically-informative mutations such as those for predicted interface

or otherwise key residues. Indeed, several groups are undertaking analy-

ses of the role of disease-associated missense mutations on PPIs, termed

"edgeotype" analysis [227, 228]. Some of these mutations form "edgetic"

alleles, that is, the mutation that a�ects only some of the binding partners
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of a given bait, changing the number and diversity of the edges connecting

the bait and prey nodes. Much of this work has been done in the setting of

Y2H, but the techniques could easily be applied to AE-MS, complexome

profiling, or nearly any other method of PPI-detection.

Edgeotypes may explain a great number of disease-relevant mutations

that have so far eluded mechanistic understanding. Given that many

binding sites are nucleated by just a few residues, mutation of one or

several could increase or decrease a�nity of the bait:prey interaction, or

even yield novel preys for a given bait. As the only known function of

many proteins, including assembly factors or other sca�olding proteins, is

to form PPIs, such small di�erences in edgeotype may be enough to start

or catalyze a disease process.

Furthermore, if edgeotype is expanded to include various means of

pathology, it is rational that such perturbations would be observable in

patient samples. In the same way that the mapping of the human genome

has lowered the activation energy necessary to map causal mutations,

so, too, will the establishment of a human interactome in any state facili-

tate the identification of pathological deviations from the norm. Clinical

interactome mapping is currently out of the realm of analysis for the ma-

jority of the commonly used PPI-mapping methods, Y2H and AE-MS,

as each requires genetic manipulation of a model system. There is some

promise, however, in newer methods like complexome profiling or soluble

complex analysis. As these generally only can identify the proteins of
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higher abundance, we may expect to see that edgeotype di�erences in a

protein of low abundance might a�ect complex formation (as with the CI

assembly factors), or such methods will have to be extended to facilitate

the identification of low abundance proteins as with targeted MS analysis.

4.3 The OMP LYRM5/ETFAF

LYRM5 and ETF

LYRM5 was first named Ghiso as it was found to be a growth hormone-

inducible soluble factor [229]. Early studies implicated this gene as a

member of a chromosomal region responsible for increased cancer pro-

gression in mice, called Pulmonary Adenoma Susceptibility 1 locus (Pas1)

[229–231]. It was later determined that the Kras gene, which is 160 bp

away from Lyrm5 in a tail-to-tail orientation, is likely the key factor for

this disease. While no allelic-e�ects have been found related to the Lyrm5

protein in mice [229, 230], transient expression of a C-terminally V5-His

tagged form of mouse Lyrm5 led to 3-fold reduced cell growth in NCI-

H520 cells, but no e�ects in A549 cells, both of which are human non-small

cell lung carcinoma cell lines.

Our data show that LYRM5 interacts with ETFA, ETFB, and NDUFAB1.

ETFA and ETFB form the heterodimeric ETF complex, necessary for trans-

fer of electrons from at least 11 dehydrogenases to ETFDH (aka ETF:QO)

and then to coenzyme Q (CoQ). The cofactors for ETFA and ETFB are FAD
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and AMP, respectively.

NDUFAB1

NDUFAB1 (mitochondrial acyl carrier protein, CI 8 kDa protein) is known

to bind nearly all LYRM proteins [207]. It was first characterized as an

essential supernumerary subunit of complex I (CI), where it binds both

NDUFA6 (LYRM6) and NDUFB9 (LYRM3). There are likely two copies of

NDUFAB1 for every active CI. Our study finds it an abundant and specific

interactor of LYRM1, LYRM2, LYRM4/ISD11, LYRM5, LYRM7/MZM1,

FMC1, and ACN9/SDHAF3.

Despite its wide number of binding partners, the specific role of NDU-

FAB1 remains unclear. It is required for CI activity [212] and the lipoylation

of several mitochondrial enzymes including PDC and BCKDC [232]. Addi-

tionally, knockdown of NDUFAB1 causes cell death within 72 hours [232].

The S. cerevisiae homolog of NDUFAB1 is Acp1p, whose gene knockout is

inviable. Interestingly, despite interacting with at least 9 LYRM proteins,

each of which has specific binding partners, it does not appear to generate

a supercomplex of all LYRM proteins and their substrates. This suggests a

model whereby each LYRM protein acts as a bridge connecting NDUFAB1

with each substrate.

Several other proteins are also known to interact with NDUFAB1.

Alpha-1-microglobulin (A1M), a redox scavenging molecule, has been

shown to interact with NDUFAB1 and bind to mitochondria, reducing
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redox stress and maintaining the structural integrity of this organelle [233,

234]. This is particularly interesting because there are reactive oxygen

species (ROS) phenotypes associated with modulation of each of several

LYRM proteins.

MRPL46

Both LYRM5 (this work) and ETFA (unpublished results from Huttlin

et. al.) bind MRPL46 as prey, while MRPL46 as bait enriches for NDU-

FAB1 as prey. MRPL46 is a subunit of the large mitochondrial ribosome

with a modified nudix domain and no similarity to any cytosolic riboso-

mal protein. Nudix proteins are phosphohydrolases and appear to bind

nucleoside diphosphates but can act on other substrates. Acyl- or free-

CoA, when hydrolyzed by a Nudix protein (Y87G2A.14 in C. elegans and

Nudt7 in M. musculus), generates ADP and phosphopantetheine [235, 236].

Phosphopantetheine is the essential NDUFAB1 cofactor. It is tempting to

suggest that MRPL46 could moonlight as a phosphopantetheine hydrolase

to faciliate generation or even addition of cofactors for both NDUFAB1

and ETFB. The yeast homolog of MRPL46 is Mrpl17p. Both Mrpl17p and

Aim45p, the homolog of ETFA, are necessary for mitochondrial genome

maintenance.
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Regulation of LYRM-related proteins

It has been shown that siRNA-mediated knock down of NDUFAB1 a�ects

CI and CII activity as well as ROS in HEK293 cells after 48-96 hours [232],

consistent with its PPIs with NDUFA6, NDUFB9, and SDHAF3. Knock

down of SDHAF3 also a�ects mitochondrial ROS. We speculate that the

octanoyl/lipoyl group on NDUFAB1 is an essential ROS scavenger at each

of these ROS-forming enzymes. ETF has also been shown to produce

substantial amounts of both superoxide and hydrogen peroxide, most

e�ectively when partnered with ACADM [237]. Interestingly, a recent

study has shown that ethanol, likely via ROS, induces increased 4-HNE

adduction of ETFA as one of the main mitochondrial proteins modified in

this way [238].

We speculate that LYRM5 is necessary for and mediates the interaction

between ETF and NDUFAB1. This interaction may also be essential for

appropriate NDUFAB1 abundance and, likely, CI activity. This chain may

explain the prediction of LYRM5 as a CI assembly factor, and that knock

down of LYRM5 leads to a modest reduction in CI activity [13].

Further questions related to LYRM proteins

Many essential questions remain regarding the LYRM family of proteins,

including 1) what is their specific mechanism of action 2) what is the role

of NDUFAB1, and 3) how do their binding partners di�erentiate between
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one LYRM protein and the rest?

These latter two points are particularly interesting, as each LYRM

protein has one common (NDUFAB1) and one or more unique direct inter-

actors. As the family is defined by the LYR motif, it seems likely that this

motif is responsible for the interactions with NDUFAB1. Consistent with

this, several studies have noted the LYR motif is necessary and su�cient

for PPIs [212, 213]. Alternatively, the LYR motif may simply nucleate the

structure of these proteins and not play a direct role in forming the PPI

interface.

The precise mechanism by which LYR motif-containing proteins facili-

tate the function and/or assembly of their client complexes has only been

suggested for a small number of LYRM proteins. NDUFA6 is now known

to tether NDUFAB1 to CI [212], which is necessary for CI function, albeit

for an unclear reason. Interestingly, loss of these proteins is associated

with reactive oxygen species (ROS) stress.

4.4 Impact

This work holds great promise for the study of uncharacterized proteins,

particularly orphan mitochondrial proteins. As many scientists work on

pathways and processes that still have gaps in knowledge of what proteins

carry out certain transformations, the techniques outlined here may serve

as examples for the elucidation of such pathways.
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Our PPI network has identified a number of proteins that are only

one degree away from genes with disease-causing mutations. As such,

they are prioritized as other possible causes of similar diseases without

molecular diagnoses. This problem of patients with a well-characterized

disease but having no mutations in the commonly identified genes is a

growing issue despite the advancements in genome sequencing.

LYRM5/ETFAF is associated with ETF, a cause of glutaric acidemia

type II (GAII, multiple acyl-CoA dehydrogenase deficiency, MADD). We

have now identified nearly a dozen patients from three continents who

have GAII without pathogenic mutations in ETFA, ETFB, or ETFDH. It is

possible that their disease is caused by some modulation of ETFAF activity.

Several other OMPs have PPIs with disease-causing genes. C2orf47

interacts with AFG3L2, SPG7, PHB, and PHB2, all of which cause neu-

rological disease including spastic paraplegia. C15orf48 and C17orf89

are both associated with OxPhos complexes I and or IV, and as many as

50% of patients with loss of CI or CIV function have no known causal

mutation. C19orf70/QIL1 and OCIAD1 interact with the MICOS complex,

many of the subunits of which are associated with cardiomyopathy or

lipid dysregulation. Thus, further characterization of these OMPs may

substantiate their important role in both health and disease, and should

therefore be a priority of such research.
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