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MEGADOCK-Web-Mito: human mitochondrial
protein–protein interaction prediction database
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Abstract: Mitochondrial diseases are largely caused by dysfunction in mitochondrial proteins. However, an-
notations of human mitochondrial proteins are scattered across various public databases and individual stud-
ies. To facilitate research aimed at elucidating mitochondrial functions, we constructed the MEGADOCK-
Web-Mito database as a protein–protein interaction (PPI) prediction data archive, including prediction
results for exhaustive protein pairs of 654 mitochondria-related human proteins. MEGADOCK-Web-Mito
enables users to search for all PPI prediction results efficiently and comprehensively. In particular, we linked
functional annotations to each human mitochondrial protein. The comprehensive and specialized human
mitochondrial PPI prediction results and searching function of MEGADOCK-Web-Mito will support further
research on mitochondria and mitochondrial diseases.
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1. Introduction

Mitochondria are organelles of eukaryotic cells that serve

as the primary energy production sites. Mitochondria are

also involved in various other essential cellular processes, in-

cluding the production of reactive oxygen species, apoptosis,

calcium ion storage, and infection defense. In recent years,

there has been increased research attention on the range of

mitochondrial functions, especially in the context of mito-

chondrial diseases [1]. Toward this end, it is essential to

elucidate the function of mitochondria-associated proteins.

Many proteins in living organisms interact with each

other [2], and such protein–protein interactions (PPIs) play

a central role in biological phenomena. PPIs themselves, or

their dysregulation, have been associated with certain dis-

eases, and drugs have recently been developed to inhibit

pathological PPIs [3, 4]. Along with progress in molecu-

lar technologies, enabling the discovery of approximately

196,111 human proteins [based on Swiss-Prot and TrEMBL

entries in Universal Protein Resource (UniProt) [5] as of

April 15, 2021], comes the challenge of identifying the large

amount of potential PPIs exhaustively in biochemical exper-

iments because of the extensive time and costs involved in

such a process. Therefore, computational prediction of PPIs

is desirable, which can narrow down the candidate proteins

that are most likely to interact with each other prior to ex-

perimentation.

To address this challenge, we have developed MEGA-

DOCK [6,7], a structure-based PPI prediction method. Al-
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though there are various methods for PPI prediction, the

structure-based method has the advantage of discovering

novel PPIs that do not depend on known interaction infor-

mation. Moreover, since the three-dimensional structures

of approximately 40% of mitochondria-localized proteins

have been resolved and reported, structure-based prediction

by MEGADOCK is particularly useful for mitochondria-

related proteins. We previously reported development of

the MEGADOCK-Web database, which is an archive of PPI

predictions made by MEGADOCK [8]. This database im-

plements a search and display function for information on

predicted PPIs precomputed by MEGADOCK, and further

allows users to browse comprehensive PPI prediction results

for approximately 2,000 representative human proteins, in-

cluding predicted complex structural models.

However, MEGADOCK-Web is a database for general hu-

man PPI prediction results, and does not have a specific

function specifically related to the mitochondria. For exam-

ple, since one of the major causes of mitochondrial diseases

is mutation or abnormality of genes with sequence infor-

mation of mitochondria-related proteins, it is important to

be able to refer to mitochondrial-specific gene information.

Therefore, to elucidate the biological functions of mitochon-

dria and the causes of mitochondrial diseases, it is neces-

sary to have a database specialized in mitochondrial PPIs,

including information on genes with mitochondrial protein

sequence information.

In this paper, we report the results of comprehensive

PPI prediction using MEGADOCK for human proteins lo-

calized in the mitochondria, including proteins encoded in

both the mitochondrial and nuclear genomes. We fur-

ther introduce our newly developed MEGADOCK-Web-
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Mito database, which integrates mitochondria-related PPI

prediction results and mitochondria-related protein informa-

tion.

2. Related Work

2.1 MitoProteome

The MitoProteome is an object-related database devel-

oped at the UCSD Supercomputer Center, which contains

information on mitochondria-localized proteins that are pri-

marily encoded in the human nuclear genome [9, 10]. Each

entry in the MitoProteome corresponds to a gene encoding

a protein that is localized in the mitochondria and its ba-

sic information, along with annotations of isoforms, splice

variants, and functions of the corresponding protein.

2.2 MEGADOCK-Web

MEGADOCK-Web [8] is a PPI prediction results

database and browsing system. MEGADOCK-Web contains

the results of comprehensive PPI predictions performed by

MEGADOCK for representative human proteins.

There are three main functions of MEGADOCK-Web:

(1) searching for PPIs predicted by MEGADOCK, (2) vi-

sualizing the predicted interaction partners on the Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway

map [11], and (3) visualizing protein complex models by

Molmil viewer [12].

3. Implementation

In this study, we developed MEGADOCK-Web-Mito,

a database containing predicted results of mitochondria-

related PPIs based on the MEGADOCK-Web framework.

3.1 Data Resources

The proteins targeted by MEGADOCK-Web-Mito were

those that satisfied certain criteria by querying the Protein

Data Bank (PDB) [13] via UniProt [5] among all proteins

registered in the MitoProteome [9,10].

3.2 Data Collection

The results of PPI prediction to be included in

MEGADOCK-Web-Mito were obtained using the chain

structure as input. Considering that there are multiple pos-

sible structures for a given protein, even with an identical

sequence, the chain structures of the proteins in the Mito-

Proteome were obtained to satisfy the following conditions:

( 1 ) The chain structure included in MEGADOCK-Web-

Mito is one of the possible structures of the correspond-

ing mitochondria-associated protein.

( 2 ) If there are multiple PDB IDs with the same UniProt

AC, MEGADOCK-Web-Mito will include the PDB ID

with the highest number of residues resolved. If the

number of residues is the same, the structure deter-

mined by X-ray crystallography is selected. If there

are multiple structures determined by X-ray crystallog-

raphy, that with the best resolution is selected.

Based on these criteria, a total of 1,675 chain structures

were obtained, which were classified into 654 protein types,

corresponding to the protein sequence (UniProt AC).

3.3 PPI Prediction

The obtained 1,675 chain structures were used for PPI

prediction calculations by running MEGADOCK on the

TSUBAME 3.0 supercomputer owned by the Tokyo Insti-

tute of Technology. MEGADOCK calculations were per-

formed on 1,675× 1,675 = 2,805,625 chain structure pairs.

Suppose the MEGADOCK computation is performed on

one f node with TSUBAME 3.0 [two Intel Xeon E5-2680 V4

processors (14 cores, 2.4 GHz) and four GPUs (NVIDIA

TESLA P100 for NVlink-Optimized)], it takes approxi-

mately 10 seconds per chain structure pair. An exhaus-

tive PPI prediction calculation using all 1,675 types of chain

structures requires approximately 320 node-days. Therefore,

we developed a script that uses multiple nodes of TSUB-

AME 3.0 simultaneously, and achieved exhaustive PPI pre-

diction calculation in only 4.3 days.

3.4 Link to Mito ID and Entrez Gene ID

MEGADOCK-Web contains information on proteins, PPI

prediction results, and KEGG pathways. MEGADOCK-

Web-Mito contains this same information, in addition to

the Mito ID and Entrez Gene ID. Each ID links to Mito-

Proteome and Entrez Gene [14] entries to facilitate access to

detailed protein information. In addition, a search function

according to Mito ID and Entrez Gene ID was implemented.

3.5 System Architecture

As for MEGADOCK-Web, we developed MEGADOCK-

Web-Mito database using Play Framework [15], which is

a Java and Scala web application framework that includes

components and APIs necessary for web application develop-

ment. MEGADOCK-Web-Mito adopts a client-server model

in the same way as a general web application. Requests from

clients are classified into requests to static resources (such as

protein PDB files and docking result files) and requests to

the web pages. In the former case, Apache directly returns

the corresponding resources to clients. In the latter case,

Apache redirects requests to the web application running on

the local port. We stored information in the relational H2

Database Engine [16] database with MySQL [17] wrapped

around Play Framework for server-side implementation. Re-

ceiving requests from users invokes the web application,

which generates HTML dynamically to refer to the database.

Server-side implementation is multi-threaded to respond im-

mediately. JavaScript and jQuery are adopted as client-side

implementation tools to control the web pages. The web

server was built on-premises and can be accessed at the fol-

lowing URL: http://www.bi.cs.titech.ac.jp/megadock-web-

mito.

4. Database Features and Applications

4.1 Database Structure

The page structure of MEGADOCK-Web-Mito is shown
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Fig. 1 Page transition diagram of MEGADOCK-Web-Mito
(pages marked in orange are those that have been modi-
fied or extended from MEGADOCK-Web).

in Fig. 1, and each page is described in further detail below.

• Top page

The top page of MEGADOCK-Web-Mito has four text

fields as search windows, as found in MEGADOCK-

Web. As a unique feature of MEGADOCK-Web-Mito,

Mito IDs and Entrez Gene IDs have been added to the

pull-down menu items placed to the left of each text

field, allowing protein searches by Mito ID and Entrez

Gene ID, respectively.

• Protein pair selection page and Protein selec-

tion page

In MEGADOCK-Web-Mito, the columns for “Mito ID”

and “Entrez Gene ID” attributes were added to the ta-

ble of the protein list of search hits. In addition, Mito

ID and Entrez Gene IDs were linked to MitoProteome

and Entrez Gene, respectively, to enable convenient ac-

cess to additional information (see Fig. 2).

• PPI prediction list page

In the PPI prediction list page of MEGADOCK-Web-

Mito, we added a row for the “Mito ID” and “Entrez

Gene ID” attributes to the table of protein information

and PPI scores (see Fig. 3), which can be searched and

linked to the MitoProteome and Entrez Gene ID, re-

spectively. In addition, we added a line that displays a

list of KEGG pathways that contain the protein to be

searched, enabling the visualization of KEGG pathways

for individual proteins.

4.2 Use Case

This section describes a specific example of the use of

MEGADOCK-Web-Mito to retrieve the PPI prediction in-

formation for the protein with Mito ID MT000972 in the

MitoProteome, which is related to Parkinson’s disease. The

following is an example of using MEGADOCK-Web-Mito to

retrieve PPI prediction information for the protein with the

Mito ID ‘MT000972.’

( 1 ) A search for the protein with Mito ID MT000972

in MEGADOCK-Web-Mito revealed the following

(Fig. 4): the gene symbol is HTRA2, and there are two

chain structures: 2PZD A and 5FHT A (Fig. 4(a)). Re-

ferring to hsa05012 Parkinson disease from KEGG path-

way information (Fig. 4(b)), there is a protein named

DJ-1 in the vicinity of HTRA2 (Fig. 4(c)).

( 2 ) Searching for the protein DJ-1 in MEGADOCK-Web-

Mito, we found the associated gene symbol PARK7,

with Mito ID MT000850. There are four PDB struc-

tures (1PDW A, 1PE0 A, 2RK3 A, 3BWE A) for this

protein.

Fig. 2 Example of a protein selection page for MEGADOCK-
Web-Mito.

Fig. 3 Example PPI prediction list page for MEGADOCK-Web-
Mito.

Fig. 4 (a) Protein selection page of the result of searching for
“MT000972”. (b) Detailed page of protein with Mito
ID MT000972. (c) KEGG pathway map of the Parkin-
son’s disease pathway extracted from the PPI prediction
results of HTRA2, and the predicted interaction partners
of HTRA2.

( 3 ) One of the PPI prediction results for HTRA2 and DJ-1

is shown in Fig. 5, demonstrating the interaction for

the structures 5FHT A and 3BWE A.

5. Conclusions

In this study, we developed MEGADOCK-Web-Mito, a
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Fig. 5 List of predicted complex structures of 5FHT A and
3BWE A.

PPI prediction database related to the mitochondria, based

on the existing MEGADOCK-Web framework. The PPIs

of 654 human mitochondrial proteins with a total of 1,675

protein structures were comprehensively predicted, and the

database contains all relevant predictions. In addition,

we integrated the annotation information of proteins re-

lated to human mitochondria to enable an efficient and

detailed investigation of the predicted PPI results. Since

MEGADOCK-Web-Mito has comprehensive PPI prediction

results for mitochondria-related proteins and a search func-

tion specific to human mitochondria, it is expected to con-

tribute to the study of the molecular mechanisms underlying

diseases, particularly mitochondrial diseases.

Although all of the proteins in MEGADOCK-Web-Mito

are localized in the human mitochondria, it is also necessary

to include proteins localized in the mouse and rat mitochon-

dria, which have similar three-dimensional structures to hu-

man proteins, which would further improve PPI prediction

results. This will be a challenge for future research.
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