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The history of mitochondrial calcium research

Timeline | The history of mitochondrial Ca’* research (2010-2011) Mitochondrial
Ca* transporters were
Ca*-mediated The mitochondrial Ca® identified*-52%
Energized mitochondria control of matrix (1992-1093) Rapid (1008-1000) The ability of uniporter (MCU) was I
shown to accumulate dehydrogenases was mitochondrial Ca® uptake mitochendria to sense high [Ca®]_ | | identified as a highly Mitochondrial Ca® was found
Ca™ [REFS. 13,14) demonstrated”’ in living cells was shown™? | | microdomains was shown™** selective Ca® channel® | | to suppress autophagy'®

1961 1977 1979 1983 1992

1985

1998 2008 2010

A kinetic balance between
Ca® influx and efflux
pathways was identified*-*

Evidence that mitochondria
are not agonist-sensitive
Ca* stores was reported”

(1995—-2000) Mitochondrial control
of endoplasmic reticulum (ER) and
plasma membrane Ca® channels
was demonstrated®s 0.9,

{1999-2001) Mitochondria
were demonstrated to
modulate apoptosis'™ - #:

Mitofusin 2 (MFNZ) was
shown to be an ER-
mitochondria tether™

Genome-Wide RNAI Screen Identifies Letm1 as a Mitochondrial Ca2*
/H* Antiporter

Dawei Jiang et al.

Science 326, 144 (2009);

AYAAAS DOI: 10.1126/science.1175145

Nat Rev Mol Cell Biol. 2012 Sep;13(9):566-78.
Science. 2009 Oct 2;326(5949):144-7.
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The mysterious molecule buried in the half century

MCU: Mitochondrial calcium uniporter (Zefi {445 8 a) Hia 44 )

LETTER

Integrative genomics identifies MCU as an essential
component of the mitochondrial calcium uniporter

Joshua M. Baughman"z*, Fabiana Perocchi?#, Hany S. Girgis"z, Molly Plovanich™, Casey A. Belcher-Timme"?,

Yasemin Sancak'?, X. Robert Bao"?, Laura Strittmatter®?, Olga Goldberger"z, Roman L. Bogoracl"’, Victor Kote]janslq,r4
& Vamsi K. Mootha'+2

LETTER

A forty-kilodalton protein of the inner membrane is
the mitochondrial calcium uniporter

Diego De Stefani'*, Anna Raffaello"*, Enrico Teardo®, Ildiko Szabo® & Rosario Rizzuto'™

doi:10.1038/nature10234

doi:10.1038/nature 10230

Nature. 2011 Jun 19;476(7360):341-5.
Nature. 2011 Jun 19;476(7360):336-40.
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How to open the scientific secret buried in the half century—
Previous research results

What do we know until we begin the screening of the

mitochondrial calcium uptake machine based nearly fifty years?

1 ubiquitous expression in mammalian tissues

2 predicted transmembrane domains in the primary sequence

3 It is a high-capacity, ruthenium-red ( RuR , £74L ) -sensitive mitochondrial Ca?*
uptake machinery

4 Saccharomyces cerevisiae (JiR{fifZR}) lacks a RuR-sensitive mitochondrial Ca2*
uptake route

5 In kinetoplastids (#)3£4&35) (Trypanosoma ( 4HiJ& ) and Leishmania ( Fft

25 ) ), rapid, uncoupler-sensitive Ca2* fluxes to mitochondria were measured.




How to open the scientific secret buried in the half century—
MitoCarta Database

A Mitochondrial Protein Compendium
Elucidates Complex | Disease Biology

David J. Pagliarini,’232 Sarah E. Calvo,’-2*%2 Betty Chang,® Sunil A. Sheth,’234 Scott B. Vafai,’2

Shao-En Ong,® Geoffrey A. Walford,?2 Canny Sugiana,® Avihu Boneh,5& William K. Chen,.2

David E. Hill,” Marc Vidal,” James G. Evans,® David R. Thorbum,5:¢ Steven A. Carr,3* and Vamsi K. Mootha'2.3*
112 Cell 134, 112-123, July 11, 2008 ©@2008 Elsevier Inc.

PROTEOMICS and COMPUTATION '-'TER;“;IU“E MICROSCOPY
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Figure 1. Building a Compendium of Mitochondrial Proteins

A INSTITUTE

MitoCarta: An Inventory of Mammalian

Mitochondrial Genes

MitoCarta is an inventory of 1058 mou w= encoding proteins with strong suppont of
mitochondrial bocalization. To generat entory, we perormed mass spectrometry of
s5ed protein gh large-scale GFFP
h s oth

Cell. 2008 Jul 11;134(1):112-23.
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Mouse MitoCarta and Human MitoCarta

Mouse MitoCarta: 1098 mitochondrial genes

The NitoCarta mouse inventory is a collection of 1098 nuclear and mtDNA genes encoding proteins with strong support of mitochondrial localization. The
table below provides a summary of evidence supporting mitachomdrial localization as well as the protein distribution across 14 tissues. The genes are
ordered by strength of mitochondrial evidence. More complete information is available for download in file Mouse. MitoCarta. xls. See also MitoCarta home
for a description of the project and NitoCarta documentation for information on the colums below.

EntrezID  Symbol Description Synonyms ';::::“ <FOR Evidence Tissues
literature, targetP signal,
yeast mite homolog Rickettsial
22273 Ugarel ubiquinol-cytochrame ¢ reductase cors protein 1 1110032G10Rik, WGCTE99 12 0%  homolog, mito protein domain, A1 14
inductiontt, cosxpressiomtt,
Human MitoCarta: 1013 mitochondrial genes
170716 Idhdb isocitrate dehydrogenase 3 (VA
The WitoCarta human inventory is a collection of 1013 nuclear and mtDNA genes encoding proteins with strong support of mitochondrial localization based on
homology to mouse MitoCarta genes. The table below provides a summary of evidence supporting mitochondrial localization as well as the protein
distribution across 14 tissues. The genes are ordered by strength of mitochondrial evidence. More complete information is available for dowmload in file
18597 Pdhal pyruvate dehydrogenase El alphd Human, MitoCarta. xls. See also MitoCarta home for a description of the project and MitoCarta documentation for information on the columns below.
EntrezID Symbol Description Synonyms ';::::“ «FDR Evidence Tissues
20916 Sucla? succinate-Coenzyme A ligase, Al literature, targetP signal, yeast nite
7384 WQCEC!  wbiquinel-eytechroms o reductaze cors protein I D3S310L 4 oy hemoles, Rickettsial homelog, mito 11 14
protein domain, inductiont,
cosxprassientt, MS/NSH
12859 CaxSb cytochroms ¢ oxidass, subunit i:::{:‘“";cl“:‘;fz;s;ij‘o “':fto““
3420 IDH3E isocitrate dehydrogenase 3 (FAD4) beta FLT11043, H-IDHE, MGC903 4 0% & Srcwetiz ame. 28 1l 14
protein domain, inductiont,
cosxpressientt, MS/NSH
Literature, targetP signal, yeast nite
BT830 Sdhb succinate dehydrogenase conpled gen FIHAL pyruvate dehydrogenaze (lipoanide) alpha 1 FDMA, FDHCELA, PHEIA 4 oy honeles Rickettsial hemolog mite 11 14
protein domain, induction,
coexpressientt, MS/NSH
literature, tarzetP signal, yeast nite
. S = homolog, Rickettsial homolog, mite
6595 Sdhe cnccinate dehydroganase conglal 7007 SUCLAZ succinate-Cok ligase, ADP-forming, beta subunit A-BETA 3 O vein domain inductinghi all 14
coexpressiontt, MS/NSH
literature, targetP signal, yeast mite
1329 COXSE cytochrome ¢ oxidase subunit ¥b COXVE 38 0%  homolog, mito protein domain, all 14
inductiont, coexpressiomtt, WS/MSH
17445 Manz malate dehydrogenase 2, HAD (m Titeratars, targelP signal, yeast mite
sa90 - succinate dehydrogenase complex, subunit B, iren TP, PoLe, SDH SDHI, SOHIP 8 4y homolog, Rickettsial honolog, mite a1 14
sulfor (Tp) protein domain, inductiontt,
coexprassiontt, MS/NSH
literature, targetP signal, yeast mite
- — suceinate dehydrogenase complex, subunit A, WP, SiKZ, SN - gy homelog, Rickettsial homolog, mito a1 14
flavoprotein (Fp) protein domain, inductiontt,
coexpressiontt, MS/NSH
literature, targetP signal, yeast mite
4191 [ malate dehydrogenase 2, HAD (nitochondrial) W-MDH, MOH, MGC:3559, MORL 38 gy homolog, Rickettsial homolog, maito all 14
protein domain, inductiont,
coexpressiontt, MS/NSH
literature, targetP signal, yeast mite
1738 LD dihydrolipoamide dehydrozenase DLIK, E3, GCSL, LAD, FHES 38 gy homoloe, Rickettsial homolog, mite all 14
protein domain, inductiont,
coexpresziontt, MS/MSH
10229 COAT coenzyme Q7 homoloz, ubiquinene (yeast) Ca




How to open the secret buried in the half century—
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Bioinformatics guided studies

Vamsi K. Mootha
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Professor
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How to open the scientific secret buried in the half century:
The strategy of Mootha VK. Group

~

On the basis of decades of biochemical characterization, the Mootha VK.

Group expect to be:

(1) localized to the mitochondrial inner membrane

(2) expressed in the majority of mammalian tissues

(3) to have homologues in vertebrates and kinetoplastids, but not in the yeast

S. cerevisiae

Comparative genomics  Organelle proteomics

5. cerevisize  Kinetoplastids =10tissues  Inner membrane
(666 {531) (616) (225)

COD

NS

(®°

1

Targeted BNAI screen

Nature. 2010 Sep 16;467(7313):291-6.
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The prelude of the main movement: The discovery of MICU1

Vol 46716 September 2010 |doi:10.1038/nature09358 nature

ARTICLES

MICU1 encodes a mitochondrial EF hand
protein required for Ca®* uptake

Fabiana Perocchi’, Vishal M. Gohil, Hany S. Girgis', X. Robert Bac', Janet E. McCombs®, Amy E. Palmer®
& Vamsi K. Mootha'
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MICU1: a candidate from the mitochondrial calcium uptake machine by genomics and proteomics

MICU1: Mitochondrial calcium uniporterl—It was not the actual mitochondrial Ca2* channel

Nature. 2010 Sep 16;467(7313):291-6.
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MICU1:an EF-hand protein localized to mitochondria

a MICUA-GFP DsRed2-Mito
. A
b Q&'b Gqs‘:" [
& & EF1
\ 6‘;.\ el
\~=\ d HN -
(\ﬁa’qﬂ .@\{"Q - 1".
—-“ ATPSA H. sapiens [DELNGDEEVDME

D. rerio [PLNGDEEVDLE

S0 EEm Em MICU1-VS D. melanogaster Dl NCDEDVDCE
C. elegans [DVDCNEALDEE
T. brucei [DFDRVETLEL

MICU L2 —~ B A EF-hand 25t 38 1) 8 pi Ak P ik

The EF hand is a helix-loop-helix structural domain or motif found in a large family of calcium-binding proteins.

—— e Oyt

Acidic residues enriched calcium binding sites : EF-hand

Regions
Feature key Position(s) Length Description Graphical view Feature identifier Actions
U nl rOt Calcium binding? 231 - 242 12 1 b add
p t BLAST
Calcium binding® 421 - 432 12 2 b add
t BLAST

Nature. 2010 Sep 16;467(7313):291-6.
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MICU1:Crystal structures

EF-hand (Ca?* free) EF-hand (Ca?* binding)

hexamer dimer

via PyMol
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The main movement: The discovery of MCU by Mootha VK. Group
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How to open the scientific secret buried in the half century:
The strategy of Rizzuto R. Group

The Rizzuto R. Group expect and made bioinformatics analysis step by step:
(1) ubiquitous expression in mammalian tissues-- 529 candidates

(2) two or more predicted transmembrane domains-- 89 proteins

(3) absent in Saccharomyces cerevisiae-- 20

(4) significantly conserved also in kinetoplastids-- 14

This list included 13 proteins with either already characterized functions
(complex I ubunits, assembly regulators, and so on) or poor alignment scores.

Accession Description

NP 062788 HIG1 domain family member 1A

NP 079736 transmembrane protein 126A

NP 510963 growth hormone-inducible transmembrane protein
NP 080638 transmembrane protein C9orf46 homolog

NP 079984 transmembrane protein 186

NP 904328 NADH dehydrogenase subunit 1
NP 904337 NADH dehydrogenase subunit 4
NP 904339 NADH dehydrogenase subunit 6
NP 081214 transmembrane protein 160
NP 780421 transmembrane protein 65
NP 081406 AFG3-like protein 2

| XP 001478993 | PREDICTED: NADH-ubiguinone oxidoreductase chain 5-like
NP 001028431 | coiled-coil domain-containing protein 109A

transmembrane protem ;

Nature. 2011 Jun 19;476(7360):336-40.

14 )

~N




e

~

The main movement: The discovery of MCU by Rizzuto R. Group

The remaining protein (NP_001028431) includes
1 a highly conserved domain comprising Two transmembrane regions
2 an intervening loop enriched in acidic residues, indicative of a possible common

role in cation permeation.

3 This domain was also detected by hidden Markov model-based analysis of
evolutionary conserved proteins (Pfam PFO4678 and Panther PTHR1346 domains,
with undefined function), further supporting the significance of the hit.

We thus considered this protein a putative mitochondrial Ca?* channel, named it
MCU(mitochondrial calcium uniporter).

Homo sapiens 226 T7]
Mus musculus 225
Sus scrofa 224
Bos taurus 226
Equus cabailus 225
Macaca mulatta 177
Canis familiaris 132
Pan troglodytes 137 TV
Danio rerg 250 TIRVL
Xonopus laowis 104 TTRIME
Drosophila melanogastar 144 T{FeTM
Caanorfabditis elegans 205 T
Trypanosoma brucel 193 AHLLES
Laishmania major 205 RHrVNGEaT

1st transmembrana

LV LRGGLAYMAT PG LARLTWWE 'S

2nd transmembrana

Nature. 2011 Jun 19;476(7360):336-40.
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MCU: Amino acids sequence and distribution
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Residue
A=Ala
B = Asx
C=Cys
D = Asp
E=Glu
F = Phe
G =Gly
H = His
I=lle

K=Lys
L=Leu
M = Met
N = Asn

P =Pro
Q=GIn
R = Arg
S = Ser
T=Thr

V =Val
W=Trp
X = Xaa
Y =Tyr
Z = Glx

Number
27
0
5
20
20
10
25
9
16
0
16
45
7
7
0
13
21
29
18
18

Mole%
7.692
0
1.425
5.698
5.698
2.849
7.123
2.564
4,558
0
4,558
12.821
1.994
1.994
0
3.704
5.983
8.262
5.128
5.128
0
7.123
1.425
0
4274
0

Property Residues Number
Tiny (A+C+G+S+T) 93
Small 36)\+B+C+D+G+N+P+S+T+ 158

Aliphatic (A+I+L+V) 113

Aromatic (F+H+W+Y) 39

Non-polar (A+C+F+G+I+L+M+P+V+W+Y) 193
Polar (Z[))+E+H+K+N+Q+R+S+T+ 158

Charged (B+D+E+H+K+R+2) 94
Basic (H+K+R) 54
Acidic (B+D+E+2) 40

Weblab--pepstats

Mole%
26.496

45.014

32.194
11.111
54.986

45.014

26.781
15.385
11.396
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MCU: Hydrophobic and hydrophilic Amino acids
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MCU: Transmembrane prediction
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Uniprot

Smart
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PTM / Processing
Molecule processing
. .. Graphical . . .
Feature key Position(s) Length Description view Feature identifier Actions
Transit peptide® 1-50 50 Mitochondrion ¢ sequence Analysis .  Add
%, BLAST
Chain® 51 - 351 301 Calcium uniporter protein, mitochondrial _ PRO_0000282976 & Add
%, BLAST
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MCU: the direction of N- and C-terminal

N
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Nature. 2011 Jun 19;476(7360):336-40.
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Nature. 2011 Jun 19;476(7360):341-5.

Mitochondrion inner membrane # 3 Publications w

; Multi-pass membrane protein # 2 Publications

Topology
= s L. Graphical
Feature key Position{s) Length Description _
view

Topological domain® 51 - 233 183 Mitochondrial matrix # sequence Analysis -

I Transmembrane* 234 - 256 23 Helical # Seguence Analysis I I

l |ni rot Topological domain® 257 - 265 9 Mitochondrial intermembrane I
p # Sequence Analysis

I Transmembrane? 266 - 2832 18 Helical # sequence Analysis I I

Topological domain® 284 - 351 68 Mitochondrial matrix # sequence Analysis .

Feature identifier Actions

& Add
% BLAST

& Add
X\, BLAST

& Add
, BLAST

## Add
*\, BLAST
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MCU: transmembrane helix
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MCU: Cation permeation

Bos_taurus

Danio_rerio

Homo sapiens

Mus musculus

Rattus norvegicus

e A A A A

Xenopus tropicalis

30 40 50

EIY S W

TE[Y S

TE[YSW

EIVSW

T[S

(E[YSW
L]

Glu(E) and Asp(D)-- Acidic residues—calcium permeation

Jalview
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MCU: coiled-coil domains and DUF607

Homo sapiens

Mus musculus

Rattus norvegicus

Bos taurus .
4.
Xenopus (Silurana) tropicalis 3.0
2., : .
Danio rerio o L Q D AO M Colled coll 2
o0 5 10 15 20 25
Webilogo 3.4
Weblogo
= Smart

DUF607 superfamily represents a conserved region found in several
uncharacterised eukaryotic proteins.
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MCU: Predicted 3D structure

ProteinModelPortal
ModBase

E
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InterPro Domain 109- 321
Transmembrane 234- 256
Transmembrane 266- 283
Coiled coil 192- 223
Alternative sequence 166- 219

Jmol
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MCU: Evolutional conservation analysis

MCU in seven species and their evolutional conservations

Whole AA sequences g7 — Bos taurus
Maximum Likelihood Tree 100| —————— Homo sapiens

—— Mus musculus

99

100 —— Rattus norvegicus

Xenopus tropicalis

Daniorerio

Caenorhahditis elegans

0.1
' Mega 6.0
Transmembrane domains and mitochondrial intermembrane
10 20 30 40 50
Bos_taurus LA
Danio_rerio
Homo sapiens LA
Mus musculus LA
Rattus norvegicus LA

Xenopus tropicalis LA
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MCU: Interaction with string

1CT1

LETM1

eSLC24A6 CCDC108A

CBARAL

=

TPCNZ

e

This is the evidence view. Different line colors represent the types of evidence for the association.

confidence evidence actions interactive advanced maore less

Lo Tl s F __+___—__a_]

- h=]
Your Input: § < 45y -
= . . - . = O cu
© CCDC10%4 coiled-coil domain containing 1094 (351 aa) E.-_,§ E g E ﬁ E_g'
(Homeo sapisns) % @ g g ig = E "
Sc 245
358805 & k
Predicted Functional Partners: zooudoE= 8
847777 o
2 CBARA1 calcium binding atopy-related autoantigen 1; Induces T helper 1-mediated autoreactivity, which [...] (478 aa) « |0.683
@ sLC24A6  solute carrier family 24 (sedium/potassium/calcium exchanger), member &; Transports Ca(2+) in e [...] (584 aa) | |0.540
O LETM1 leucine zipper-EF-hand containing transmembrane protein 1; Crucial for the maintenance of mitoc [...] (735 aa) e |0.466
@ ICT1 immature colon carcinoma transcript 1 (206 aa) . 0.417
9 TPCN2 two pore segment channel 2; May function as one of the major voltage-gated Ca(2+) channel (VDCC [...] (752 aa) = 0.409

STRING
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Summary and Lessons

~N

1 Bioinformatics had a significant role in the discovery of

mitochondrial calcium uniporter.

2 Bioinformatics could provide us several insightful and efficient clues

during the processes of searching for novel proteins.

3 For the proteins newly found, bioinformatics will help us to study

the functions of novel proteins.

26 )
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Perspective

EF-hands MICU2

EF-hands

Mairix

Cold Spring Harb Protoc. 2014 Feb 1;2014(2):161-6.
J Physiol. 2014 Mar 1;592(Pt 5):829-39.
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