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Abstract

Understanding the complex involvement of mitochondrial biology in disease

development often requires the acquisition, analysis, and integration of large-

scale molecular and phenotypic data. An increasing number of bioinformatics

tools are currently employed to aid in mitochondrial investigations, most notably

in predicting or corroborating the spatial and temporal dynamics of mitochon-

drial molecules, in retrieving structural data of mitochondrial components, and
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in aggregating as well as transforming mitochondrial centric biomedical knowl-

edge. With the increasing prevalence of complex Big Data from omics experi-

ments and clinical cohorts, informatics tools have become indispensable in our

quest to understand mitochondrial physiology and pathology. Here we present

an overview of the various informatics resources that are helping researchers ex-

plore this vital organelle and gain insights into its form, function, and dynamics.

Keywords

Computation • Data science • FAIR data • Metadata • Omics • Open access •

Visualization

1 Introduction

Mitochondria play a major role in a range of diseases and are promising targets for

therapeutic approaches to neurodegenerative and metabolic disorders, ischemia-

reperfusion injury and cardiomyopathies, and various forms of cancer (Lesnefsky

et al. 2001; Vlasblom et al. 2014). In spite of this, very few mitochondrial drugs

have completed clinical trials (Walters et al. 2012). Initially described as “bio-

blasts” in 1890 by Altmann, mitochondria are of vital importance in eukaryotic

systems (Altmann 1894). In the 1940s, Claude developed methods for cell frac-

tionation and differential centrifugation that allowed the separation of mitochon-

dria from the cytosol and a closer study of these fascinating organelles in isolation

(Bensley and Hoerr 1934; Claude and Fullam 1945; Claude 1946a, b). He esta-

blished the localization of respiratory enzymes to the mitochondrion; Kennedy and

Lehninger further identified this as the site of the citric acid cycle, oxidative phos-

phorylation, and fatty acid oxidation (Kennedy and Lehninger 1949). The distinc-

tive dual-membrane characteristic of the mitochondrion and the organization of

cristae within its matrix were uncovered in 1952 with the first high-resolution

electron micrographs of isolated mitochondria by Palade (1952, 1953) (Daems and

Wisse 1966). Imaging approaches also provided the means for the discovery of

mitochondrial DNA (Nass 1963; Nass and Nass 1963; Schatz et al. 1964) which

ultimately became the first component of the human genome to be completely

sequenced (Anderson et al. 1981) more than 20 years before the massive Human

Genome Project completed their goal of sequencing the entire human genome

(Lander et al. 2001).

Technological advances and physiological discoveries have fomented renais-

sance periods in mitochondrial research. A notable example is the work of Peter

Mitchell leading to the chemiosmotic theory (Mitchell 1961, 1966, 1968). Eventu-

ally accepted 20 years after its introduction, Mitchell’s proposal broadened the

scope from basic molecular biology and biochemistry to a more physiological

approach, including explorations of the intricacies of the potassium cycle and

matrix volume regulation through the study of channel and carrier membrane bio-

logy. These approaches have become progressively more advanced, leading to a
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greater understanding of mitochondrial physiology and its role in health and

disease. The scientific community is now progressing from the classical,

organelle-based study of mitochondria to the digital era of the informatics-based

mitochondrial phenome. Informatics combines computer science, engineering, and

statistics to develop tools and methods that empower researchers to navigate

biological data, put it into context, and extract knowledge. Under the increasing

influx of data, prowess in data science methods and awareness of available infor-

matics resources are becoming essential components of the modern researcher’s

tool chest.

The most common high-throughput data come in the form of omics datasets,

which assess the global conditions within the cell through one dimension of data,

be it whole-genome sequencing for genomics, RNA-sequencing (RNA-seq) for trans-

criptomics, tandem mass spectrometry (MS/MS) for proteomics, or NMR spectro-

scopy for metabolomics studies (Field et al. 2009). Integrating levels of expression

across many dimensions can elucidate physiological mechanisms underlying healthy

and diseased phenotypes not revealed or biasedly portrayed by a single dimension.

Developments in these technologies have manifested a dramatic increase in the sheer

volume of publicly available scientific data; genomics data has been growing at a rate

that exceeds Moore’s law by a factor of 4 since 2008 (Gomez-Cabrero et al. 2014;

O’Driscoll et al. 2013). This deluge of data has presented unique and unforeseen

challenges. Omics investigations rely heavily on effective database management and

annotation to contextualize molecular data and infer biological significance through

statistical enrichment and class discovery techniques. The completeness and preci-

sion of existing annotations are therefore instrumental to harness omics techniques

for disease phenotyping and mechanistic investigations. In light of these challenges,

funding agencies, research organizations, and publishers around the world are adop-

ting FAIR data principles, which maintain that data should be findable, accessible,

interoperable, and reusable (FORCE11 2014). Building on these principles, omics

datasets and analysis platforms must also be citable and scalable to allow the attri-

bution of the work to the appropriate research groups and expansion to new and

improved techniques with larger capacity. In this changing landscape, the concept of

open-access data is gaining traction, asserting that data should be freely available for

researchers to use, reuse, and disseminate (Molloy 2011).

This chapter provides an overview of the informatics tools and resources avail-

able to the modern researcher and how they may be used to inform a greater under-

standing of mitochondrial physiology. We focus on integrated omics resources,

including mitochondria-specific resources, mitochondrial components of general

resources, available mitochondrial datasets, as well as analytical tools and compu-

tational methods for an informatics approach to mitochondrial physiology.
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2 Mitochondria-Specific Resources

The mitochondrial research community has undergone several paradigm shifts in

conceptual focus and experimental design, progressing from hypothesis to data-

driven approaches. The discovery of mitochondrial DNA (mtDNA) fostered a period

of renewed interest in mitochondrial physiology and the development of new tools

and techniques. Mitochondrial DNA was first discovered in 1963 by Nass et al., who

described them as “intramitochondrial fibers with DNA characteristics” (Nass 1963;

Nass and Nass 1963). The entirety of the human mitochondrial genome was se-

quenced in 1981 by Anderson et al. (1981), and mutations were first discovered less

than a decade later, identifying the genetic basis of LHON, Kearns-Sayre, MELAS,

and MERRF (Wallace et al. 1988a, b). mtDNA is 3,000 kb long and encodes only

13 proteins in the mitochondrial proteome, compared to over 1,500 from nuclear

DNA. Aberrations in the mitochondrial genetic code result in diseases that are most

often fatal, demonstrating their integral role. Maternal inheritance of mtDNA has

provided a method for genotyping and tracing of genetic lineages. Computational

approaches have been employed to identify genetic pressures for phylogenetic re-

tention of mitochondrial genes as well as the debated mtDNA bottleneck mecha-

nism, whereby cell–cell variability is utilized to avoid aggregation of deleterious

mutations and loss of function of the uniparental mtDNA (Johnston and Williams

2016; Johnston et al. 2015).

Characterizing the mitochondrial genome and corresponding proteome requires a

tailored approach due to its unique quality of having genetic contribution from both

nuclear and mitochondrial DNA. The databases that contain these datasets must de-

lineate the genetic sources, and the protein localization information can vary between

datasets and detection methods. As such, the mitochondrial community has created a

variety of tools to decipher the principles of mitochondrial physiology. In this section,

we highlight mitochondria-specific resources geared exclusively toward the storage,

maintenance, and manipulation of mitochondrial datasets, from “omics” repositories

to community-curated resources of mitochondrial knowledge.

In genomics, analyses of an individual’s genome is compared to a reference

genome to determine individual genetic variations and aberrations; accordingly, the

Cambridge Reference Sequence (CRS) was created in 1981 (Anderson et al. 1981),

and updated in 1999 (Andrews et al. 1999). This reference sequence is stored with-

in GenBank [NCBI Reference Sequence: NC_012920.1] and within MITOMAP,

which provides information relating specifically to the human mitochondrial ge-

nome; this includes polymorphisms, mutations, and control regions, and allows

users to upload and analyze sequences through the MITOMASTER web interface

(Lott et al. 2013). Similarly, MitoCarta 2.0 provides a curated inventory of 1,158

human and mouse genes, as well as the proteins that localize to the mitochon-

drion. The inventory is generated using mass spectra of mitochondria isolated from

14 tissues and protein localization is determined via GFP tagging, microscopy, and

machine learning. MS and microscopy results are integrated with six other genome-

scale datasets of mitochondrial localization, lending greater accuracy to the deter-

mination of protein location (Pagliarini et al. 2008). Importantly, MitoCarta has
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integrated information from archived mitochondrial databases, such as MitoP2, in

order to ensure that the knowledge contained within said databases remains acces-

sible (Calvo et al. 2016). Datasets can be downloaded in Excel, MySQL, BED, and

FASTA file formats and are publicly available. Datasets within MitoCarta have led

to important insights such as the identification of targets for whole-exome sequenc-

ing disease analysis (Falk et al. 2012).

Characterizing the mitochondrial genome is particularly important in the context

of human disease, where maternally inherited mutations can lead to deadly diseases

such as MERAS and MERFF (Wallace et al. 1988a, b). Computational tools have

been essential in characterizing these mutations (see Table 1). MitImpact is a re-

pository of pathogenicity predictions as related to mitochondrial DNA mutations.

Predictions are generated by assembling estimations as well as structural and evo-

lutionary annotations for each missense mutation. The resource is comprehensive,

and provides assessments of susceptibilities for previously characterized and un-

known mutations resulting in amino acid sequence alteration (Castellana et al. 2015).

Mutations currently characterized across populations are stored in the Human Mito-

chondrial DataBase (HmtDB), which focuses on mitochondrial diseases in population

genetics (Rubino et al. 2012). The genome sequences within HmtDB are annotated

based on population variability factors, using SiteVar software. Users can query and

browse the database, analyze sequences for classification, and download the results

with reference genomes. As of August 2016, HmtDB contains 28,196 complete nor-

mal genomes spanning multiple continents, and 3,539 complete patient genomes.

Globally, the database contains data for close to 10,000 variant sites (Attimonelli et al.

2005). For more deleterious mutations, MitoBreak contains mitochondrial genome re-

arrangements comprising circular deletion, circular duplication, and linear break-

points. Spanning seven species including human, each case lists the positions of the

breakpoints, junction sequences, and clinical relevance found in publications. The

resulting resource is crucial for studying structural alterations of mtDNA (Damas et al.

2014). MitoSeek is a software tool for obtaining various mitochondrial genome in-

formation from exome, whole genome, and RNA-seq data (Guo et al. 2013). The tool

can be utilized for mitochondrial sequence extraction, assembly quality evaluation,

relative copy number estimation, detection of mitochondrial heteroplasmy, soma-

tic mutations, and structural mtDNA alterations (Jayaprakash et al. 2015). These

mitochondria-specific tools have enabled greater efficiency and standardization in

the analysis of genomics datasets.

Just a few short years after Marc Wilkins coined the term “proteome” in 1995

(Wasinger et al. 1995; Godovac-Zimmermann 2008), Rabilloud attempted the first

characterization of all mitochondrial proteins using 2-D electrophoresis (Rabilloud

et al. 1998). In the ensuing decades, tremendous progress has been made in defining

the mitochondrial proteome and its subproteomes (Lotz et al. 2014), owing primar-

ily to the remarkable developments in mass spectrometry technology (Yates 2013).

To house the massive amount of data generated in these studies, MitoMiner is used

as a data aggregator to store and analyze mitochondrial proteomics data obtained

from MS and fluorescent protein tagging studies (Smith et al. 2012). It integrates

with many other informatics resources, namely UniProt, Gene Homology, Online
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Table 1 Mitochondrial resources and websites

Tool URL Description

Last

updated

HmtDB http://www.hmtdb.

uniba.it:8080/hmdb/

Open resource hosting human

mitochondrial genome sequences

annotated with population and

variability data, the latter being

estimated through the application of

SiteVar

09/2015

MitImpact http://mitimpact.css-

mendel.it/

Repository of pathogenicity predictions.

These predictions are created through

the assembly of precomputed and

computed sets of estimations for all

missense mutations; these mutations are

then structurally and evolutionarily

annotated

07/2016

MitoBreak http://mitobreak.

portugene.com

Database containing mitochondrial

genome rearrangements through a list of

circular deletion, circular duplication,

and linear breakpoints

05/2014

MitoCarta 2.0 http://www.

broadinstitute.org/

node/7098/index.

html

Provides a curated inventory of 1,158

human and mouse genes encoding

proteins with strong scientific support of

localization to the mitochondrion

06/2015

MitoFish/

MitoAnnotator

http://mitofish.aori.u-

tokyo.ac.jp/

Contains the mitochondrial genomes of

many model systems, including zebra

fish. The database also contains

phylogenetic information, as lineage can

often be determined via mitochondrial

DNA. MitoAnnotator automates the

annotations of new sequences uploaded

to the database, and has also reannotated

the previously uploaded mitogenomes to

gain new insights

08/2016

MITOMAP http://www.mitomap.

org/MITOMAP

Provides information relating

specifically to the human mitochondrial

genome, including polymorphisms,

mutations, and control regions, and

allows users to upload and analyze

sequences through the MITOMASTER

web interface

06/2016

MitoMiner http://mitominer.

mrc-mbu.cam.ac.uk

Data aggregator for the storage and

analysis of mitochondrial proteomics

data obtained from MS and fluorescent

protein tagging studies

04/2016

MitoPedia http://www.bioblast.

at/index.php/

MitoPedia

Encyclopedic resource and discussion

platform specifically focused on

mitochondrial knowledge relating to

experimental design, methods, and

terminology

05/2016

(continued)
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Mendelian Inheritance inMan, HomoloGene, IntegratedMitochondrial Protein Index,

KEGG, and PubMed. As such, MitoMiner provides an all-in-one platform for mito-

chondrial researchers interested in probing the mitochondrial proteome. MitoMiner

currently encompasses 11 different species and integrates 46 large-scale proteomics

studies in its database, providing output data in XML, JSON, GFF3, UCSC-BED,

FASTA, and HTML formats, and programmatic access through REST APIs and

platform-specific clients (Perl, Python, Ruby, and Java). Most importantly,MitoMiner

is actively maintained and updated to accommodate changes to the integrated

resources.

Other databases have been created for specific animal models, such as MitoFish.

MitoFish contains the mitochondrial genomes of many fish species, including the

common model system, zebra fish. The database also contains phylogenetic informa-

tion, as lineage can often be determined via mitochondrial DNA. MitoAnnotator

automates the annotations of new sequences uploaded to the database, and has also

reannotated the previously uploaded mitogenomes to gain new insights (Iwasaki et al.

2013). MitoFish is particularly useful to mitochondrial researchers due to expert

curation and automated annotation. Data contained within MitoFish has spurred ef-

forts to determine the genetic basis for various adaptations in fish (Wang et al. 2016)

as well as advancements in phylogeographic studies (Hirase et al. 2016). This

includes the development of suffix tree-based marker detection methods for detecting

short genetic sequences, resulting in improved approaches to annotating mitochon-

drial genomes or to detecting and correcting erroneous annotations (Moritz et al.

2014).

Collaboration among domain-specific communities is integral to creating studies

for emerging physiological questions. Created in 2010 by Bioblast, MitoPedia was

created as an encyclopedic resource and discussion platform specifically focused

on mitochondrial knowledge relating to experimental design, methods, and termino-

logy. Content is generated by contributions from domain scientists and mitochondrial

physiologists with experience in cellular and mitochondrial isolation and experi-

mentation. Experts in the field write, discuss, and contribute to articles relating to

respirometry, fluorometry, spectrophotometry, mitochondrial swelling, membrane

potential (Δψ), and ion flux experiments. Members of the Mitochondrial Physio-

logy Society (MiPs) comprise the primary user base of the MitoPedia platform,

which has been accessed over 40,000 times, with approximately 100–200 page

views per month (Oroboros 2015). Many of the articles presented deal with respiro-

metry experiments and the MiPs group actively endorses a move to

Table 1 (continued)

Tool URL Description

Last

updated

MitoSeek https://github.com/

riverlee/MitoSeek

Software tool for obtaining various types

of mitochondrial genome information

from exome, whole genome, and

RNA-seq sequencing data

05/2015
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standardized experimental protocols, drug concentrations, and terminology so as to

have the most effective discussions among mitochondrial physiologists across the

world.

Use Case for Investigating Mitochondrial DNA Mutations

Biomedical question: An investigator would like to study the role of mtDNA

mutations in Leber’s hereditary optic neuropathy (LHON), whether poly-

morphisms exist predominantly for a particular demographic, as well as infor-

mation on current treatment efficacy and clinical trials.

Data science approach: Use HmtDB to find sequences, population genet-

ics, and polymorphisms in human mitochondrial genomes. Searching for

LHON returns 190 records in healthy and diseased patients. The same search

on MITOMAP yields 61 selected references, and MitoMiner was recently

used to identify mitochondrial proteins that are downregulated in LHON

patients due to an mtDNA mutation (Tun et al. 2014). MitoPedia contains

13 entries of references and abstracts relating to LHON and mitochondrial

function. Finally, clinicaltrials.gov (discussed in Sect. 3) lists a current Phase

2 randomized clinical trial on a small cohort (12 patients) “Investigating the

Safety, Tolerability, and Efficacy of Elamipretide (MTP-131) Topical Oph-

thalmic Solution for the Treatment of Leber’s Hereditary Optic Neuropathy”

(https://clinicaltrials.gov/ct2/show/NCT02693119/). Using the patient records

from HmtDB, one could determine differential prevalence across demograph-

ics, or predict other mutations that would result in a similar phenotype using

the MitImpact tool.

3 General Bioinformatics Resources and Their Mitochondrial
Components

Approaches to the study of mitochondrial physiology have undergone tremendous

change with the advent of omics approaches and cloud computing, among other

technologies and advancements. The resulting influx of information has the poten-

tial to generate vast amounts of knowledge, but only with the proper infrastructure

in place to handle the load. Bioinformatics and cloud computing approaches allow

more efficient and effective management of the wide variety of data sources that

contribute to our generation of physiological knowledge and a greater under-

standing of mitochondria. Here we review the mitochondrial components of well-

established, curated omics resources (see Table 2).

Many resources span multiple dimensions, providing information on two or more

omics data types. Xfam is a collection of databases including Rfam for RNA families

(Nawrocki et al. 2015), Pfam for protein families (Finn et al. 2014a), and iPfam for

protein family interactions (Finn et al. 2014b). Each database provides annotations that

are crowdsourced throughWikipedia and links to other databases formore information
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on the protein sequence, protein structure, or RNA sequence of interest. Rfam contains

information about noncoding RNAs (ncRNAs), structured cis-regulatory elements,

and self-splicing RNAs. Each entry is represented by multiple sequence alignments,

consensus secondary structures, and covariance models (CMs), which allow simul-

taneous modeling of RNA structure and sequence (Nawrocki et al. 2015). Currently,

there are 861 mitochondrial RNA families within this database. Pfam utilizes hidden

Markov models (HMMs) to generate multiple protein sequence alignments, allowing

users to search sequence databases for homologous proteins with a specialized com-

putational package. Sequence information is organized into higher level groupings

of related families called clans, based on collections of Pfam-A entries related by

sequence similarity, structure, or profile HMM (Finn et al. 2014a). Pfam has over

16,000manually curated entries to date, 1,460 ofwhich are annotated asmitochondrial.

iPfam provides protein interaction information, based on structural information from

all known structures contained in the Protein Data Bank (PDB) (Berman et al. 2000).

Protein crystal structure is analyzed to identify protein domains, bonds, and small

chemical ligands in each structure and bond length is estimated based on geometric and

chemical properties of the sites (Finn et al. 2014b). There are 325 protein families and

44 ligands within iPfam that are mitochondrially related.

The Research Collaboratory for Structural Bioinformatics Protein Data Bank

(RCSB PDB) is the premier resource for protein structure data. The PDB contains

over 120,000 crystallographic structures of proteins, nucleic acids, and protein/

Table 2 Mitochondrial entries in existing big resources

Tool URL Data type(s)

Mitochondrial relevant

entries

Flybase http://flybase.org/ Fly genes, mutations, and

stocks

377 genes, 11,057 stocks

HMDB http://www.hmdb.ca/ Metabolites 17,682 metabolites

IMSR http://www.findmice.

org/

Mouse strains 4,011 strains

KEGG http://www.genome.

jp/kegg/

Pathway maps 55 relevant pathway maps

PDB http://www.rcsb.org/

pdb/

Protein structures 2,107 protein structures

Reactome http://www.reactome.

org/

Reactions and pathways 153 human pathways

UniProt http://www.uniprot.

org/

Proteins 4,889 reviewed proteins

Xfam http://xfam.org/

Rfam http://rfam.xfam.

org/

RNA families RNA families

Pfam http://pfam.xfam.

org/

Protein families 1,460 proteins

iPfam http://ipfam.org/ Protein family

interactions

325 protein families,

44 ligands
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nucleic acid complexes, along with complementary analysis and visualization tools

(Berman et al. 2000). The PDB also accepts data depositions from the community

and provides tools for data preparation and validation. Most data provided by the

PDB is available as PDBML or PDB files, and is accessible over two REST web

services: the SEARCH service for querying the database and the FETCH service

for retrieving the structure data. Over 2,000 of the structures within PDB are mito-

chondrially associated. Structural information about these proteins yields valuable

insight into their conformational arrangements and sites of posttranslational modifi-

cation, and can help identify active sites for drug development.

The PDB assists in these developments by providing a stable, organized resource

for accessing and sharing structural data. To supplement the structural data within

PDB, users rely on UniProt, a publicly accessible, comprehensive resource of protein

sequence, annotation, and localization data created and maintained by the European

Bioinformatics Institute. UniProt contains both highly curated and machine-generated

protein annotations, and has become the de facto source for protein information. As of

September 2016, this resource contains 550,000 manually reviewed proteins for hu-

man (SwissProt), of which 4,889 are related to the mitochondria.

Perturbation in protein expression is a crucial component of omics research; the

manifestations of such changes can be studied through metabolomics, which assess

the entire pool of small molecules within the cell or organelle. As proteins act on

metabolites, their fluctuations provide another, highly dynamic dimension of pheno-

typic data. One database, the Human Metabolome Database (HMDB), contains or

links chemical data, clinical data, and molecular biology/biochemistry data (Wishart

et al. 2007). The database has detailed, curated information for 41,993 water- and

lipid-soluble metabolites. Within each entry, there are 110 data fields, with a large

emphasis on chemical and clinical data; significantly, quantification information is

available on each MetaboCard entry, and there exists protein sequence information

for 5,701 entries. The HMDB supports extensive text, sequence, chemical structure,

and relational query searches (Wishart et al. 2009). The database interfaces with many

others, including some of those aforementioned, as well as PubChem, MetaCyc,

ChEBI, and GenBank (Wishart et al. 2013). Of the over 40,000 metabolites within

the database, mitochondrially related metabolites comprise over 17,000 MetaboCard

entries.

Metabolite fluctuations are best understood through visualization of their respec-

tive pathways, as it is becoming increasingly apparent that their complex interplay

is a burgeoning area of investigation. Two databases provide pathway visualization

tools: KEGG PATHWAY and Reactome. The Kyoto Encyclopedia of Genes and

Genomes (KEGG) currently contains 17 databases, each with a different focus in

the domains of systems biology, genomics, chemistry, and medicine. KEGG is

publicly accessible and supports tab-separated, plain text or KEGG database entry

data formats, while the KEGG Application Programming Interface (API) allows

customization of KEGG analyses (Kanehisa et al. 2014). These tools provide an

in-depth look at signaling pathways and interactions among proteins, allowing a

more complete view of pathways of interest, providing insight into related pro-

cesses and species that might deserve study. Specifically, within KEGG
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PATHWAY, there are 55 mitochondrial relevant pathway maps, many of which are

associated with the progression of common human diseases. Another resource,

Reactome, is an open-source platform for biological pathway visualization that is

manually curated and peer reviewed by experts, with a focus on human reaction

pathways (Matthews et al. 2009). The database contains deeply annotated pathway

information from 19 distinct species and includes 1,786 pathways for human as of

September 2016. Of these, there are over 150 mitochondrially associated pathways,

reactions, and complexes identified and annotated within the platform. Reactome

bundles many pathway-related visualization, interpretation, and analysis tools in

one resource (Stein 2004). The pathway data can be viewed and analyzed direct-

ly from the Pathway Browser, accessed programmatically through a REST API,

or downloaded in BioPAX, PSI-MITAB, SBML, and SBGN formats (Jupe et al.

2015). Reactome is widely used for different analyses, including the identification

of biomarkers in a neurological model of PTSD (Jia et al. 2012; Bai et al. 2007).

Use Case for Investigating Mitochondrial Localization or Involvement

Biomedical question: 12-Lipoxygenase has been implicated in ischemic pre-

conditioning pathways, but has it been identified as having mitochondrial

localization? What resource can an investigator use to answer this question?

Are lipoxygenases mitochondrially targeted? What metabolic changes result

from perturbations in lipoxygenase expression or function? What interacting

partners exist or is there any relevance as a drug target?

Data science approach: UniProt reveals a GO annotation of positive regu-

lation of mitochondrial depolarization. Querying HMDB for 12-lipoxygenase

returns five metabolites that are associated with the enzyme. These results also

connect the user to a multitude of resources, including primary research papers

that have been used for annotation and other sites or resources with relevant

information. KEGG and Reactome can also be used to investigate reaction

pathways related to the lipoxygenases; a KEGG query for 12-lipoxygenase

returns eight pathways and Reactome lists seven reactions and their corres-

ponding pathways.

4 Public Mitochondrial Datasets and Data Sharing

The digitization of scientific literature through resources like PubMed has made

scientific publications easy to find for a much wider audience. However, due to

the incremental nature of science, where new studies are based on the conclusions

reached by past endeavors, knowledge remains distributed across many publi-

cations. This creates a gap in our ability to reuse or repurpose existing knowledge

and renders high-throughput computational analyses of the literature immensely

difficult. The growing demand for access to the data behind scientific publications

assigns data repositories an increasingly important role as the backbone of modern
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scientific research. Sponsored by the National Institutes of Health, the National

Center for Biotechnology Information (NCBI) created the Database of Genotypes

and Phenotypes, or dbGaP, which contains hierarchical data of structured types.

The inputted data are organized into investigations that explore the interface of

genotype and phenotype and are linked to an accession number. Within the studies

are phenotypic datasets, whereby certain variables are measured. Investigators can

upload the raw datasets, provide important information, and give metadata to

encourage reusability. If investigators performed analyses, those may also be

uploaded. Upon study completion, investigators may upload supporting doc-

uments, which may contain further information such as study instructions, pro-

tocols/forms for data procurement, and other information necessary to use these

datasets (Tryka et al. 2014). Conducting a query for “mitochondria” returns 21 mito-

chondrial related studies spanning 216 variables. Within this, there are ten supporting

documents and 37 raw datasets. These are also documented in clinicaltrials.gov.

Currently, the database is openly accessible to institutions, and there is an avenue

by which individuals can gain controlled access. These resources are aggregated in

Table 3.

As the creation of new data exponentially grew, the scientific community real-

ized the need for consolidated, open omics repositories. One unique challenge was

to take raw, unprocessed datasets and provide information and resources to enable

Table 3 Publicly accessible mitochondrial datasets

Dataset URL Description

Mitochondrial

datasets and

components

dbGaP http://www.ncbi.

nlm.nih.gov/gap

The database of genotypes and

phenotypes contains hierarchical

data of structured types

21 studies:

216

variables

1 analysis

10

documents

37 datasets

ProteomeXchange http://www.

proteomexchange.

org/

Publicly accessible, centralized

repository for proteomics

datasets

32 datasets

OmicsDI http://www.

omicsdi.org/

Provides searchable metadata

such as accession, description,

sample/data protocols, and

biological corroborations

2,819 total

datasets:

326

proteomics

24

metabolomics

63

transcriptomics

122

genomics

208 multi-

omics
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access and collaborative analysis by other users. Founded by the creators of the

prominent primary proteomics resource PRIDE (PRoteomics IDEntifications), the

ProteomeXchange Consortium sought to create a repository for proteomics mass

spectrometry datasets. The consortium consists of investigators who created many

primary and secondary proteomics resources, and now has a publicly accessible,

centralized repository (Vizcaino et al. 2014). Users can proceed through a full or

partial submission workflow, using PRIDE as the initial resource. The PX Submis-

sion Tool facilitates the upload of datasets, as well as supporting documentation and

metadata (Ternent et al. 2014). Of the over 2,500 datasets compiled on the

ProteomeXchange resource, there are 32 proteomics datasets that are related to

mitochondria. While many repositories exist that are specific to one omics domain,

they are fragmented, operate independently, and highlight the need for an integrated

repository, whereby omics datasets can be organized and disseminated in a sys-

tematic fashion. Within the Big Data to Knowledge (BD2K) Initiative, there exists

OmicsDI, a repository for multiple datasets. One common challenge within omics

datasets is that data is generated through differential protocols; as such, this hinders

the analyses that can be performed. OmicsDI combats this by providing searcha-

ble metadata such as accession, description, sample/data protocols, and biological

corroborations (Perez-Riverol et al. 2016). Querying OmicsDI for mitochondrial

terms yields 2,800 datasets: of those, 122 are genomic, 63 are transcriptomic, 326

are proteomic, 24 are metabolomic, and 208 are multi-omic datasets.

The development of informatics resources for storage, maintenance, and ana-

lysis of scientific data addresses each component of the FAIR data doctrine. Stan-

dardization of experimental protocols in the “omics” sciences is necessary for more

reliable data, while consistency in data formats and annotation facilitates more

efficient data sharing. Curated resources and data repositories organize the infor-

mation, rendering “omics” data findable and accessible, and lending added value to

the data that might otherwise be undiscovered in an obscure format. Furthermore,

analytic tools and platforms have been developed by the scientific community to

facilitate the goals of interoperability and reusability. Analytic platforms make data

mining and the generation of metadata much easier and more widely accessible,

furthering data discovery and allowing others to try a novel approach on any of the

available datasets. Scientists benefit from making their datasets publicly available

and in a common format because their work becomes more visible, useable, and,

ultimately, citable.

In addition to the technical challenges of data sharing, there exist legal and cul-

tural considerations, especially with respect to clinical studies. One readily identifi-

able challenge is sharing clinical datasets in accordance with the Health Insurance

Portability and Accountability Act (HIPAA), which mandates the protection of pri-

vacy with regard to medical information. Research efforts must establish protocols

that de-identify information contained within electronic health/medical records

(EHR/EMR), and package them into usable, queryable data for research purposes

(Russo et al. 2016). More important, however, is the need to secure explicit consent

from study participants such that their personal data can be shared across groups

with different research foci. Currently, protocols are being developed to provide
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standardized consent forms for larger scale purposes with wide applicability, rather

than for individual studies. New studies benefit from incorporating these stipu-

lations into consent documents during study design, whereas researchers wishing to

disseminate older datasets must review their consent documents to determine if

sharing is appropriate or legal. Alternatively, a follow-up may be necessary to gain

further consent from study participants (Kaye and Hawkins 2014). Already,

research groups and agencies have created repositories with these issues in mind.

Because these data repositories are general and allow the storage of datasets origi-

nating from a broad range of biological fields, researchers may question the utility of

those that were not originally constructed with a mitochondrial focus. Previously, data-

sets were considered disposable material, only useful for supporting the conclusions of

the particular study. In the data science landscape, new methods and protocols have

been developed for managing and cataloging data, providing researchers the ability to

recycle and reuse datasets. There lies untapped potential in these datasets for mito-

chondrial researchers to explore and gain new insights, all while avoiding expensive

and laborious data generation until it is necessary. This is especially applicable to

large-scale omics datasets, which provide the opportunity for data-driven, untargeted

approaches to streamline experimental design and generate targeted approaches for

further hypothesis-driven, physiological studies.

5 Pipelines and Tools for Data Processing and Analysis

While access to datasets is crucial, it is only one step in being able to truly harness

the knowledge contained within them. The first and often most laborious aspect is to

process the data and wrangle it into a format that will be usable by intended tools

and pipelines. Investigative teams often perform their own processing protocols,

and do not leave adequate metadata and/or annotation for others to be able to

recreate the study. To mitigate this, some omics investigators have sought to create

best practice pipelines. The effects of a unified system and set of tools can be most

concretely seen in the area of genomics, specifically with the Genome Analysis

ToolKit (GATK), which focuses on sequence analysis to discover relevant variants

(McKenna et al. 2010). Having established best practices for genomics analyses,

GATK has also been expanded to have copy number and structural variation

analysis capacities (Tennessen et al. 2012). Currently, GATK hosts a wide variety

of tools to assist investigators along all steps of analysis, including sequence data

processing tools, such as sequence aligners and readers; variant discovery, eval-

uation, and manipulation tools, such as a Bayesian genotyper and a variant filter;

and annotation modules. The toolkit was originally intended for human exomes and

genomes sequenced from Illumina technologies, but has been expanded to other

experimental protocols and model systems, regardless of ploidy. GATK also hosts

third-party tools that can be integrated with the previously established pipelines

(DePristo et al. 2011; Van der Auwera et al. 2013). GATK and other analysis tools

and pipelines are highlighted in Table 4.
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Table 4 Analysis pipelines and platforms

Tool URL Description

COPaKB https://amino.

heartproteome.org/

Centralized platform featuring high-quality

cardiac proteomics data and relevant

cardiovascular phenotype information. The

organellar modules constitute the mass

spectral library and are utilized by COPaKB’s

unique high-performance search engine to

identify and annotate proteins in the mass

spectra files that are submitted by the user in

mzML or DTA formats

Cytoscape http://www.cytoscape.org/ Open-source software platform for the

visualization of complex biological systems,

such as molecular interaction networks and

biological pathways. The platform enables

enhancement of the network data through

integration of various formats of metadata

into the network structure

Galaxy https://usegalaxy.org/ Informatics workflow management system

and data integration platform that aims to

make computational biology accessible to

researchers with limited experience in

computer programming. Provides a graphical

user interface, customizable plug-ins, access

to public datasets, and other users’ workflows

GATK https://software.

broadinstitute.org/gatk/

Toolkit that focuses on sequence analysis to

discover relevant variants; originally intended

for human exomes and genomes sequenced

from Illumina technologies, but has been

expanded to other experimental protocols and

model systems, regardless of ploidy

MetaboAnalyst http://www.metaboanalyst.

ca/

Analysis pipeline spanning a wide variety of

data types; has the capacity for biomarker

identification, as well as a host of other

bioinformatics tools for the best standard

metabolomics analyses using an extensive

spectral library for enhanced metabolite

identification

MetaCore https://portal.genego.com/ Standalone program and Web application

comprising multiple different analysis

methods for varying types of high-throughput

molecular data, including sequencing and

gene expression, proteomic data, and

metabolomic data. Also contains a manually

curated database

MetazSecKB http://bioinformatics.ysu.

edu/secretomes/animal/

index.php

Database presenting subcellular protein

location based on manual curation of the

scientific literature combined with UniProt

sequence data and annotations. Employs an

algorithm that utilizes multiple prediction

tools, combining the predictions of publicly

(continued)
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Many other emerging areas of omics are developing best practice guidelines;

however, creating these guidelines requires significant effort for their implemen-

tation. To help investigators with this, OmicsPipe integrates multiple best practice

pipelines to provide a platform for processing raw data. OmicsPipe aims to reduce

the overhead for processing large datasets, and provides visualizations produced;

currently, the platform has automated workflows for processing RNA-seq, whole-

exome sequencing (WES), whole-genome sequencing (WGS), and ChIP-seq data-

sets (Fisch et al. 2015).

Upon processing the data, investigators are faced with myriad tools to perform

analyses; without distinct computational knowledge, navigating these platforms

can be daunting. Operating on a unified system can substantially streamline omics

analyses; that being said, there are many stand-alone tools specific to one branch

of omics that can elucidate valuable knowledge. Within the realm of proteomics,

identifying the subcellular location of a protein is important for determination of

function, genome annotation, drug development, and disease identification. Pro-

teins are designed to play their role in specific locations, defining their function

based on their environment. This becomes particularly important when discussing

mitochondrial proteins. Generally speaking, there are two parallel approaches to

Table 4 (continued)

Tool URL Description

available tools including TargetP, SignalP,

Phobius, ScanProsite, WolfPSORT,

FragAnchor, and TMHMM

OmicsPipe http://sulab.org/tools/

omics-pipe/

Integrates multiple best practice pipelines to

provide a platform for processing raw data;

aims to reduce the overhead for processing

large datasets, and provides visualizations

produced; currently, the platform has

automated workflows for processing

RNA-seq, whole-exome sequencing (WES),

whole-genome sequencing (WGS), and ChIP-

seq datasets

ProTurn http://heartproteome.org/

proturn

Scalable analysis platform that assesses the

turnover rate of proteins. Uses a deuterium

oxide (D2O) labeling protocol and determines

the kinetics by integrating MS peaks,

determining isotope abundances, and using

multivariate optimization. Available for use

on a wide variety of datasets

TargetP http://www.cbs.dtu.dk/

services/TargetP/

Web-based tool for predicting the subcellular

location of eukaryotic proteins and identity of

secretory signal or transit peptides using

N-terminal sequence information and a

combination of machine learning methods.

Commonly used by mitochondrial

physiologists analyzing proteomics datasets
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determine whether a protein is localized to the mitochondrion: the approach of the

biologist or biochemist, and that of the informatician. The former will devise a plan

for isolation, fractionation, assays, and copurification with other known mitochon-

drial markers to look for biochemical evidence of localization to one organelle or

another. The latter would investigate features of the gene or protein sequence uti-

lizing computational approaches that would identify it as localized to mitochondria.

Proteins bound for localization in mitochondrial membranes contain an amino

acid sequence signal at the N-terminus or an internal targeting sequence to direct

them to their appropriate position, both of which are managed by different species

of the translocase inner- and outer-membrane (TIM and TOM) complexes. An

amphipathic helix in a protein’s presequence is cleaved upon delivery (von Heijne

1986; Schatz and Gottfried 1993), while proteins lacking a presequence region

remain in the cytosol (Fox 2012).

TargetP is a Web-based tool for predicting the subcellular location of eukaryotic

proteins and identity of secretory signal or transit peptides using N-terminal

sequence information and a combination of machine learning methods. This tool

is commonly used by mitochondrial physiologists analyzing proteomics datasets, as

evidenced by over 2,000 citations of the tool’s two papers in the scientific literature.

The user submits either an amino acid sequence or a FASTA file as the input, and

retrieves a plain text file outlining the predictions (Emanuelsson et al. 2007). The

predictions were found to be 90% accurate for non-plant proteins and 85% accu-

rate for plant proteins (Klee and Ellis 2005; Emanuelsson et al. 2000). The tool is

publicly accessible as a Web service or downloadable for local computation. It

is one of the prediction tools used by UniProt to annotate mitochondrial peptides,

along with Predotar, TMHMM, and Phobius, all of which make predictions based

on N-terminal targeting sequences (Small et al. 2004; Käll et al. 2004; Krogh et al.

2001). In addition to localization prediction, TMHMM predicts transmembrane

helices in protein sequences with 97% accuracy (Krogh et al. 2001) while Phobius

was shown to predict the secondary structure of proteins with fewer instances of

false classification and identify signaling proteins with fewer false positives than

TargetP and TMHMM (Käll et al. 2004).

MetazSecKB combines results from each of these tools to increase prediction

accuracy for secretome and subcellular proteome localization. The database

presents subcellular protein location based on manual curation of the scientific

literature combined with UniProt sequence data and annotations. When this anno-

tation is lacking, MetazSecKB employs an algorithm that utilizes multiple predic-

tion tools, combining the predictions of publicly available tools including TargetP,

SignalP, Phobius, ScanProsite, WolfPSORT, FragAnchor, and TMHMM (Meinken

et al. 2015). The accuracy of localization predictions increased significantly when

these tools were utilized in concert, rather than individually. Accordingly, the

algorithm combs data from each of the tools simultaneously, and then applies

statistical and data mining techniques to acquire the most accurate localization

predictions for eukaryotic secreted proteins (Min 2010). Over 135,000 proteins in

Homo sapiens are represented in the database, approximately 21,000 of which
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localize to mitochondria; 3,737 of these are associated with the mitochondrial

membrane and 17,623 are non-membrane proteins.

The Cardiac Organellar Protein Atlas Knowledgebase (COPaKB) is a central-

ized platform featuring high-quality cardiac proteomics data and relevant cardio-

vascular phenotype information (Zong et al. 2013). As of September 2016, COPaKB

features 11 organellar modules, comprising 4,467 LC-MS/MS experiments from hu-

man, mouse, drosophila, and Caenorhabditis elegans. There are four mitochondrial

specific modules for each species with over 1,000 proteins represented in each spe-

cies. The organellar modules constitute the mass spectral library and are utilized by

COPaKB’s unique high-performance search engine to identify and annotate proteins

in the mass spectra files that are submitted by the user in mzML or DTA formats.

Data in COPaKB can be viewed within the browser, accessed via the REST API or

downloaded in Excel XLS, XML, and JSON formats.

Protein expression data does not take into account the rate of synthesis and de-

gradation of a certain protein, termed protein turnover. As such, measuring expres-

sion alone is not sufficient to understand the dynamics of protein levels within the

mitochondria. Accordingly, tools have been developed that align with dynamics

protocols. One such tool is ProTurn, which uses a deuterium oxide (D2O) labeling

protocol and determines the kinetics by integrating MS peaks, determining isotope

abundances, and using multivariate optimization. Most importantly, this tool is scal-

able, which enables users to perform analysis on a wide range of datasets (Wang

et al. 2014).

To elucidate the small-molecule perturbations that may occur in varying mito-

chondrial physiological states, two types of tools exist: one assesses the quantita-

tive levels of metabolites, while the other synthesizes metabolite lists into known

networks, so that these can be visualized by the investigator. Originally developed

in 2009 (Xia et al. 2009), MetaboAnalyst has gone through many iterations, with

updates in 2012 (Xia et al. 2012) and 2015 (Xia et al. 2015) bringing vital improv-

ements. The current version accepts a wide variety of data types, including NMR

spectra, MS spectra, and compound/concentration data. The user interface guides

investigators through the analysis pipeline, beginning with dataset quality control

by the user. Once quality control standards have been met, the platform will analyze

the data, using an extensive spectral library for enhanced metabolite identification.

The most current version, MetaboAnalyst 3.0, has the capacity for biomarker

identification, as well as a host of other informatics tools for the best standard

metabolomics analyses. The graphical output allows users to view the analysis

results in a user-friendly format. This platform has been used extensively in mito-

chondrial studies to understand mitochondrial physiological function in the spinal

cord in an ALS model, identify therapeutic targets of cardiomyopathy, and uncover

the role of mitochondrial protein quality control in the context of physiological

stress across many systems (Quintana et al. 2016; Cacabelos et al. 2016; Picard

et al. 2015).
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Cytoscape is an open-source software platform for the visualization of complex

biological systems, such as molecular interaction networks and biological pathways.

The platform enables enhancement of the network data through integration of various

formats of metadata into the network structure. One powerful aspect of Cytoscape is

its extendibility; third-party developers can access its API and develop applications on

top of Cytoscape that readily implement the desired functionality. As of September

2016, the Cytoscape App Store contains 228 Apps, with 305,000 downloads in total

(Ono 2015). Cytoscape is an excellent fit for visualization of networks, such as

microRNA networks in the brain stem (DeCicco et al. 2015).

Stand-alone tools created by members of the omics community have proven inte-

gral to furthering omics research. However, these tools exist as fragments, which

makes dissemination to the broader community a significant challenge. To combat

this, Galaxy was created as an informatics workflow management system and data

integration platform that aims to make computational biology accessible to researchers

with limited experience in computer programming (Goecks et al. 2010). Galaxy pro-

vides a graphical user interface, customizable plug-ins, and access to public data-

sets and other users’ workflows. This offers a robust peer-review mechanism in which

the analyses conducted previously can be reproduced with little effort (Sandve et al.

2013). Because the workflows are hosted on the cloud and Galaxy servers perform the

computational work, this greatly reduces the requirement for setting up expensive

infrastructure to achieve research goals. One branch of Galaxy, Galaxy-P, contains

workflows specifically designed to analyze proteomics datasets and integrate them

with other forms of omics data, such as transcriptomics (Sheynkman et al. 2014). In

addition to tools developed in the academic community, commercial tools have been

developed with similar infrastructure. MetaCore™, developed by Thomson Reuters,

exists as a stand-alone program as well as a Web application. The tool contains multi-

ple different analysis methods for varying types of high-throughput molecular data,

including sequencing and gene expression, proteomic data, and metabolomic data. In

addition to an internal, manually curated database, MetaCore™ contains genomic

analysis tools, a data mining toolkit, a pathway editor, and data parsers to adapt the

wide range of omics data that can be uploaded (Cambiaghi et al. 2016).

Using these tools requires significant computational power; the previously esta-

blished paradigm for in-house platforms is becoming extremely costly. The hardware

usually becomes dated in about 3 years, and must be updated in order to maintain

relevance. Even with extensive collaboration and shared infrastructure, the servers are

used for only a fraction of the time they are available, which creates a highly inefficient

cost per analysis. These problems have illustrated the need for a unified resource in

which researchers can take advantage of ever-improving capacities and features, with

significantly less up-front expense. Recent advancements point to cloud-based com-

puting and storage systems. Operations on the cloud provide the same computational

power but represent only a tiny fraction of the hardware and operational costs for an

in-house server-based computational platform. The National Institutes of Health has

proposed the cloud-based Commons environment, a cost-sharing model that will pro-

vide access to scalable storage and computational resources for the entire biomedical

community. Commons Credits will serve as the currency for computational efforts and
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require minimal effort to apply so as to reduce the administrative overhead of esta-

blishing computational infrastructure, be it in-house or on business cloud servers

(https://www.commons-credit-portal.org).

6 Conclusion

The current deluge of data brings significant challenges to which researchers must

respond by continually improving methods and technologies for data management

and dissemination. In adhering to the FAIR doctrine, data shall be accessible in all

respects, and their analyses will also be presented in an intuitive, structured manner.

As such, the resulting dataset and knowledge will be open to reuse, repurpose, and

reanalysis so as to investigate different targets of interest. In this chapter, we have

outlined a collection of tools and resources that serve to aid a deeper understanding

of mitochondrial physiology and its role in health and disease. These tools range

from community-generated encyclopedic resources, expert-curated databases, and

repositories for data management and access to tools for analysis and visualization

of biological processes. They allow greater access and reuse of data through anno-

tation, metadata, and analysis platforms. The development of these tools and

resources, as well as the openness of scientific data, has had a dramatic impact on

the breadth, depth, and structure of data, as well as the reproducibility of experi-

ments and analysis pipelines.

The physiology discipline stands at a unique cross section, and bridges data and

clinical applications. It is through these tools that investigators are able to unlock

mechanistic insight and access the potential for clinical translation. The advance-

ment of multi-omic approaches, bioinformatics analyses, and open-access data has

improved our basic understanding of physiology and pathology while spurring the

development of personalized medicine and discovery of biomarkers for disease

(Almeida 2010; de Graaf 2013). EHR is becoming more detailed, accessible, and

multidimensional, and natural language processing is making it easier to conduct

meta-analyses of disease treatments from de-identified patient records. With the

concept of precision medicine, the paradigm of health and disease classification is

shifting from broad generalization to distinct and individualized medical profiling

(Hayes et al. 2014). In this landscape, researchers can significantly benefit from

using computational and informatics tools to enable better scientific investigations.

Informatics science is transforming the scope of biomedical research, providing

ample tools and methods by which to address the requirements of Big Data,

personalized medicine, and next-generation scientific questions. New and improved

infrastructure in the research and health sectors have resulted in a burgeoning

expansion of data that requires research scientists and clinicians alike to investigate

novel approaches in data science and informatics. It is at the interface of domain

knowledge and computational bandwidth that mitochondrial research can syner-

gistically propel forward, at a velocity not seen in isolated studies. As this data is

shifting from disposable to indispensable, integrated approaches are rapidly
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demonstrating themselves as invaluable components of a biomedical researcher’s

tool chest.
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