SODs and their
metallochaperones in
mitochondrial antioxidant
defense



The mitochondria as a factory for ROS
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The metal containing
superoxide dismutases

20, + 2H' » HO, + O

SOD1 = “cytosolic”, copper-requiring
SOD2 = mitochondria, manganese-requiring



Cu/Zn SOD1

Highly conserved among eukaryotes

Maturation of SOD1.:

1. ZIinc insertion ”
2. Copper insertion

SOD1 Homodimer

3. Disulfide bond formation




1) O, + Cu**—— Cu* + O,

2) O,7- + Cu* +2H* —> Cu*™ + H,0,

From Tainer et al., JMB
1982




SOD1:

Disulfide formation
between C57 and C146

A rare cytosolic disulfide




Copper chaperones: escort proteins for metals

Plasma
Membrane

From O’Halloran and Culotta, J. Biol. Chem. 2000




Yeast cells lacking
CCS have no SOD1 activity

Wild type CCS-
Mn SOD?2 Native gel
assay for
Cu/Zn SOD1 SOD activity

Western for
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Mammalian SOD1 has low activity

without CCS
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From Wong et al. Proc. Natl. Acad Sci 2000



Copper activation of SOD1 via CCS

From O’Halloran and Culotta 2000



A fraction of SOD1 and its copper chaperone
CCS localize to the mitochondria of yeast

PMS MITO

= |

SOD1

CCS PMS = post
mitochondrial spnt;

largely cytosol

MGE1 (mito)
PGK1 (cyto)

From Sturtz et al., JBC 2001




SOD1 and CCS localize to the
Intermembrane space of mitochondria

PMS Mito IMS  Mat

PMS = post-mitochondrial
supernatant

Mito = mitochondria

IMS = intermembrane space

Mat = matrix

Sturtz, et al. JBC 2001



‘ SOD1 in the mitochondria shows activity \

Wild type sod2? null
PMS mito PMS mito

SOD2 activity
SOD1 activity

SOD1 polypeptide - — — —

From Sturtz et al., JBC 2001
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What is the form of SOD1 that enters
mitochondria?
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Apo, reduced SODL1 is taken up most efficiently

by mitochondria during in vitro import

mitochondrial
SOD1

Total
SOD1

Field, et al. JBC 2003



Mature SOD1

Cytosol

Mitochondrial IMS :T

Mature SOD1




SOD1 appears to “follow” CCS into mitochondria

Mito IMS pre-seq

Yeast CCS

Cells expressing:

From Sturtz et al., JIBC 2001
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High levels of SOD1 activity in cells
with high mitochondrial CCS

Cells expressing: Native CCS preseq-CCS
PM P M

== ~& SODI1 protein

SOD1 activity




How does CCS affect mitochondrial
accumulation of SOD1?

Co-import? Mitochondrial retention?



CCS helps to retain SOD1 in the mitochondria

No mitochondrial CCS Abundant mitochondrial CCS
Total Retained Total Retained

Mitochondrial SOD1 -

®

Field, et al. JIBC 2003




Disrupting SOD1-CCS interactions

SOD1 FG50,51EE (disrupts dimer interface)

From Lamb et al., Nat. Struc. Biol. 2001




Disrupting the
dimerization interface
between SOD1 and CCS
prevents mitochondrial
accumulation of SOD1

Field, et al. JIBC 2003




Stationary Phase Survival:
A marker of chronological lifespan
and oxidative damage

Chronological life span in yeast: time a non-
dividing cell will survive in stationary phase

Markers of oxidative damage and mitochondrial

ROS increase with time in stationary phase

Stationary phase survival is strongly
Influenced by anti-oxidant enzyme activity

From the labs of V. Longo, J. Valentine, E. Gralla and T. Bilinski




sod1? yeast exhibit a shortened
lifespan during stationary phase

Day 2

Sturtz, et al. JIBC 2001




native IMS-enriched
PMS MITO PMSMITO

IMS SOD1 prolongs
lifespan during
stationary phase

native SOD1

IMS-enriched
SOD1

Sturtz, et al. IBC 2001




Human SOD1 mutations and familial
ALS (Lou Gehrigs disease)




Eukaryotic mitochondrial SOD2 - a homotetramer

1) O, + Mn*** — Mn** + O,

From Borgstahl et al.,

2) O.” + Mn™ + 2H* — Mn*** + H,O
Cell 1992 ) O 20,




SOD2 must acquire its Mn in the mitochondria
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Mn insertion and mitochondrial import of
SOD1 appear coupled
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Possible mitochondrial transporters for

manganese:
The MCF (mito carrier family) transporters

Mitochondrial inner
membrane

Mitochondrial
matrix




YGR257cC

= an unknown member of MCF family of mito transporters

& &

<€4—S0OD2

<4—5S0D1

YGR257c¢ deletion leads to virtual
Inactivation of SOD2.

SOD1 activity increases probably
due to compensatory mechanism.



Supplementation of Mn (but not other
metals) fully restores SOD2 activity
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Gene

MIR1
AAC1
AAC2
AAC3
ARG11
CAC1
CTP1
ACR1
OAC1
DIC1
FLX1
LEUS
MRS3
MRS4
RIM2
YMC1
YMC2
PET8
YHM1

The MCF family of S. cerevisiae

Loci

YJRO77C
YMRO56C
YBLO30C
YBRO85W
YOR130C
YOR100C
YBR291C
YJRO95W
YKL120W
YLR348C
YI1L134W
YHROO2W
YJL133W
YKRO52C
YBR192W
YPRO58W
YBR104W
YNLOO3C
YDL198C

Function

phosphate
ADP/ATP
ADP/ATP
ADP/ATP
ornithine
carnitine
citrate
dicarboxylate
oxaloacetate
dicarboxylate
flavin
acetylCoA
Mg++, Fe++?
Mg++, Fe++?
Fe++, cysteine?
2

(2% TN IETN I

Gene

Loci

YMR241W
YPRO11C
YHROO2W
YNLO83W
YGRO96W
YOR222W
YPL134C
YELOO6W
YILOO6W
YPR128C
YERO53C
YERO53C
YFRO45W
YPRO21C
YMR166C

YGR257C Mito transporter for Mn

YDL119C
YDR470C

Function

?7?
?7?
?7?
?7?
?7?
?7?
?7?
?7?
?7?
?7?
?7?
?7?
?7?
?7?
27

?7?
?7?




Mitochondrial manganese

100—

Mitochondrial Mn
(ng/mgs protein)

50 —

Wild type mtm1?
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Human homologue to MTM1

Yeast ERM.SAGAGSVLTSLI LTPMIVVRR LQQQQMP DCSCDGAAEVPNAVSSGSK MKTFTNV 7 3
++Mr++CGAGHV+TSL +TP+DVW++RLQ QF S P+ SSK  + + +
Human QQWASGAGAWTSLFMIPLDVWKVRLQSGRP-- - - SATSELTTPSRPWSLSYTKSSSAL 6 8

Yeast GGNLNNAKIF WESACFQELHCKNSS- -- -- - -- - LKFNGTLEAFTKIA SVEGI TSLWRG1 24
Qr ++ C N+ +F GIL+AFKI E G +LWG
Human - - @GPGKCLLYCONGVLEPLYLCPNGTRCATWFQDPTRFTGTLDAFVKIV RHEGTRTLWSS 1 26

Yeast | SLTLLNMAI PANWYFSGYEYI RDV SPI ASTYPTLNPLFCGAI ARVFAATSIA PLELVK 1 83
+ T L+M+PA + YF+Y + ++ + +T P+  GA+AR+  T++ PLELV+
Human LpPATLVMIVPATAI YFTAYDQ KAFL CGQSL TSDLYAPMWAGALARMGTVTWSPLELVR1 86

Yeast TKLQS PRSSKSTKTWMWK DLLNET RQEMKMVGPSRALFKGEI TLWRVPFSAI YWSS2 43
TKLQ+ S+ L + Q G R+L+G T RDVPFSA+YW +
Human TKLQAQHVSYRE- - -- - - - -- - LASSVQAAVT QGANRSLW.GNETALRDVPFSALYWH 2 36

Yeast YELCKERLW.DSTRFASKDANAVHFI NSFASGCI SGMA Al CTHPFDVGKTRWQ SMVINN 3 03
YELK WL R KD V  SF +G |SGWAA T PFDV KT+ Q+S+
Human YELVKS - W.SA.R-- PKDQTSVG- - SFVAGG! SGWAATLTL PFDVVKTQRQVSLGAV 2 90

Yeast SDPK-G@RSRNVFKFLETIWRTEGLAALYTGLAARVIK | RPSCAI MS SYEIS KKVF 360
+ R++L I G L+G R+IK P SCAlI MS +YE K F
Human EAVRVKPPRVDSTW.L LRRIR AESGTRGLFAGFL PRI IK AAPSCAI MS TYEFGKSFF 348



