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Biochemical Abnormalities of Mitochondria in Neuromuscular Disease
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Abstract

Clinical manifestations found in mitochondrial myopathies are similar in mast of the disease syndromes
which include progressive muscle weakness and high blood level of lactate and pyruvate. Laboratory
investigations namely : histopathological study of muscle fibers with special stains; analysis of mitochondrial DNA
and quantitation of the respiratory chain enzyme complexes are known to be important tools in the differential
diagnosis of mitochondrial disease syndromes. Since there are no known normal values of the mitechondrial
respiratory chain enzyme complexes for Thal ethnic group. We collected 75 human muscle samples from
patients admitting for bone surgery at Orthopedics Surgery Department, King Chulalongkorn Hospital. Muscle
homogenate and mitochondrial homogenate were prepared from each muscle sample and analyzed for Complex
I, 11, 1, IV, Complex I-II; II-1Il and V Normal value of Specific activity of each complex is established which is with
in acceptable range. We also analyzed 56 muscle biopsies taken from patients exhibiting muscle abnormalities
for the specific activity of mitochondrial enzyme complexes. Deficit of more than one or two complexes were more

common than single abnormality in most studied Thai cases.
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n. X-linked recessive l@un Duchenne's Wax Becker's muscular dystrophies Fenrufindnfivesdiu
N - -‘ - -
danalillsfu dystrophin Tuigasnaruiilafalng
2. Autosomal dominant 1&un Limb Girdle muscular dystophy type | (LGMD 1) A uEaUnfisguu

chrmosome 5

A. Autosomal recessive l&un Limb Girdle muscular dystrophy type Il (LGMD 2}m

Tsand uiiiadafinainaaufinlnfizes autosomal gene azugnAsuAalnAzeslusiuiaFunsy
i & ) -J " =l 0 :
11 dystrophin associated proteins nwum"qwﬂﬂlu membrane cytoskeletal 989 myofibers Tﬂmunquu
gnutieeieseaniiu dystroglycan, sarcoglycan Wax syntrophin subcomplexes A udalnAveelsiungu

ﬁﬁ.,m_l'iu Limb Girdle muscular dystrophy type Il (LGMD 2), sarcoglycan Wiy glycoprotein 1~1uuwuﬁ
sl

- O - sarcoglycan

- B - sarcoglycan wutawizlu striated muscle (skeletal & cardiac)

- Y - sarcoglycan

-0 - sarcoglycan
Aaial Limb Girdle muscular dystrophies type 11 gnuvatiasiilu LGMD 2A, LGMD 2B, LGMD 2C 484
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1. Muscular dystrophy Tasaa¥asesaadndiedenn wasiiiledelniy (adipose tissue)
Weideiuaiu (fibrous tissue) W llumsnunuiliaasndamile flanwmganiaunfnieafugnesn 1y
Duchenne muscular dystrophy, Becker muscular dystrophy, Limb Girdle muscular dystrophy

[

; - =] o 1] 1] I J -
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3. Muscular atrophy isadndnnilaifiuafag TowTﬂﬂﬂ%maa'ua:waﬁnﬁﬁu;ﬁaﬂ’qﬁ'mj AR
ﬂ'ﬁu'lurmﬁm-ﬁmmnﬁuqn?m i spinal muscular atrophy Lmzmmﬁmi‘immnn'}?ﬁnﬁqmﬁalﬂqn'ﬁ'mu
(Disuse atrophy)

armgrastsanduiiladenslddnuaneia ura nsuanarestsandraielidteiusinin Taeuan
adrn 1 Mu iy ndmifagauuss nénandededu Wudu Tranduuiedaufasnarudnindveseulnily
Wulnreuiste a1adiesanaiaeuled vie iesantasiaivseseulni@nindfiualussdufiows uds
wlinsaezdiluttion catalytic site 10uauled Aad1sani@uialdnasdusassudrveuladiudilainm
anad unalfsz@ninmnaninnusenauladastlfon

luimpeuisteniy  subcellular organelle Aiduunaan nfandanuaziugouaoaasin i
witlald 0, {nseatreradlulnaausiteddnenzdudeduaesdu fulududouiinunguieulaivioagnld
wtla (respiratory chain complex) # 5 n@'u'lﬁl.l.ﬁ

Complex | = NADH - CoQ oxidoreductase

Complex I FADH - CoQ oxidoreductase

(Succinate dehydrogenase complex)

Complex Il = CoQ - Cytochrome C oxidoreductase
Complex IV = Cytochrome C oxidase (COX)
Complex V - Mitochrondrial ATPase (F, ATPase)

' a ; — : o H5.6.7.
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Clinical subgroup Respiratory chain biochemistry
® CPEO and KSS Depression of all respiratory complexes with mitochondrial
DNA encoded subunits.
Single locus deficiency less common

@ Limb myopathy and Fulminant Single locus deficiency
infantile lactic acidosis Complex | or IV combined deficiencies less common
‘@ MELAS Complex | deficiency

(I and IV less common)

® MERRF Variable loci abnormalities




CPEO - Chronic Progressive External Ophthalmoplegia
KSS - Kerns — Sayre Syndrome
MELAS - Mitochondrial myepathy Encephalopathy Lactic Acidosis Stroke-like

episode syndrome
MERRF - Myoclonus Epilepsy Ragged Red Fiber syndrome
FufunasAnarudaunintsduaillasdinnsirsdueylnlraniagnidnislasedluinaewade
Fae33dn enzyme activity Aeililszlamidonlunisifaduuanizaseandiniieninnainaruianfvely
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IfﬁﬂﬂWNLuﬂWU‘lﬁﬂ'ﬂﬂW‘ﬂUlﬂﬂlﬂn QHTU u.ﬂ:r;'{"lmu ﬁﬂ\'lﬂlﬂl&i?ﬁﬂ'ﬁﬂﬂﬁﬂ??ﬂ WU Duchenne

L3
ol

muscular dystrophy Llﬂzlﬁmﬁ’mmmtﬁu 1 "iﬁlm’l'ﬂuﬁdﬂﬂﬂ‘lﬁﬁ:}u
n. Spinal muscular atrophy (SMA) néuiladauusailasann motor neuron uladunguden fufu
nénnifefignidssdondulszamain motor neuron wdnfarnumdnuazseuuss 1y Anululza
Werdig Hoffman disease Q’ﬂwLwhi":ﬁn'lﬁ’ﬂf:'?ﬁmqmauﬁé'qq"m fiaaiulsaiigen 3edednurastng
neanIaWugnsn Ly
1. Muscular dystrophies nguvaslzanduiledediaoaufandsduiiu eraifnanauiindniises
ﬁuﬁmuqum?ﬁamﬂ:ﬂ transport proteins yatrelurasnd e 1 Duchenne muscular dystrophy
failnasdainsizd  Dystrophin  fidmin n'tsn"1ﬂwaﬂﬂ'}qﬁ'uqnﬂuﬂm'hﬂné"mu‘iﬁn&iu muscular
dystrophies Wuvaanld 3 Wil
- X-linked recessive i1 Duchenne, Becker, Emery Driefus Wa% Mabry muscular dystrophies
- Autosomal recessive 11U Limb girdle, Scapulo humeral k8% Congenital muscualr dystrophies
- Autosomal dominant 1M1 Facio-Scapulo-Humeral, Ocular uaz Scapulopharyngeal dystrophy
uaz nguiza Myotonia
A. Congenital myopathy :"{ﬁfquﬁmmmﬁmLéaﬂ'ﬁuusq Wan139n m:'qusiufntﬁm:r:ﬁ"amq 21
udaaneny 2 Hudoanisdaedin  Anwnzuuuimuldlulsandruiiananalsaldun  Central Core,
Minicare, Myotubular myopathy, Congenital fibre type disproportion waz Congenital myopathies with
abnormalities of subcellular organelles
3. Metabolic myopathies 111 glycogen storage disease (anidu type 1 uax type VI), Myoadenylate
deaminase deficiency, Mitochondrial myopathies FufammEiinam e uRninfses enzyme complex
714 17 lu mitochondria
3. Endocrine myopathies @uRaINAINARUNAYAIReNTUTRES  (thyroid) WiTduTeus
(parathyroid), pituitary uazsauunania (adrenal glands)
4. Inflammatory myopathies Trandauifadniay seuurs ARANANUFFN ol
- unknown etiology U polymyositis, dermatomyositis, rheumatoid arthritis, polymyalgia
rheurmatica
- Miscellaneous (Borderline etiology) \U Sarcoidosis, Inclusion body myositis
4. Miscellaneous
- Myastenia gravis
- Stiff man syndrome

- Disorders associated with contracture of muscle MU Arthrogryposis, Contracture of the

Quadriceps Uay Rigid spine syndrome.
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tiflesaanluinaauiaie 1y subcellular organelle AAMINTI LIS IHRANRNIUTUTREINNNTEUINNAS

wnueddanaeen fulawm ladu Wsfu waznsafianasn

Taresa¥luinmeunia (Mitochondrial structure)
1 T g ﬂ Jﬁ - v (3
HimAuATE * LUY subcellular organelle # gﬂ’z"'Nm')T (elongated structure) 'uu".mﬁumgguﬂ
NN 0.1 - 0.5 um Unsnagszudn myofibrils 1 plasma membrane Wndunguegindusanifentes
. , & & & .
(capillaries) Mu@sand e vialndliaiafua wialnd sole plates of neuromuscular junction lulnAsu

o v
tﬂ?‘ﬂﬁmﬂf{u 2 u el outer membrane WgNA1N inner membrane Aot intermembrane space

J v
iy uduuen (outer membrane)
dou ® ¥ % ; 4
WenduuanFay uazsenliluianadn leseu thudreanld (permeable) aulnifidu outer
] g A’v o r .
membrane marker l#Ul monoamine oxidase (MAO) uanaanilffawuidulad long chain acyl-CoA

synthetase, carnitine palmitoyltransferase | (CPT I) uaz receptors

e uguly (inner membrane)
A :’l o J t . ¥ -
WeniuluasiidoundiquarBuduaeuuas cristae Useneudon mobile carriers & mFusuga
aldnmsau 1eultfuasngugniduinla (respiratory chain complexes) asAUsznausauifiadulufifum

T1lsiu phospholipid 1 cardiolipid a¢jge uazlinanliluanaidn fuleautiudinesn (impermeable)

Matrix space
1 ‘J Ls
doulananlulnreuads  uunasfinueulsfoes Krebs' cycle, Pyruvate dehydrogenase
complexes, enzymes of B-oxidation, enzymes for synthesis of urea, ketones, nenaziiiy, pyrimidines

flnnalalnduazin (heme) uaz mitochondrial DNA efidnwuziduduguaidusanan ~ 10 du

arpiugnesnluluinaauiniy
lulmeewnTall DNA uaz RNA uarinssuaunisnamsediaWugnssuain mitochondrial DNA (mt

DNA) asuniflu mRNA uszulaluanfunisFaesareasnsaasiiu Fuaszit i ulysauls

Mitochondrial DNA (mt DNA)
mt DNA anuluraguedfienieau Saneaiily closed circular double-stranded DNA 1478 16.5

kb Usznaudan 37 B> (il 1) Aiawe 918 guanine rich heavy (H) strand Famaupunisdaaszd
784
® 12 STRNA uaz 16 S rRNA , '

® tRNA 14 a1dl



6 wuatitiat (subunit) 189 Complex 1 (Cpx 1) 1HuA A1umta ND 1, 2, 3, 4, 4L uas 5
apocytochrome b 184 Cpx il
3 miautanuas Cpx IV Idunsrumda COX 1, Il uaz COX I

wiaetias? 6 uas 8 104 Cpx V

dauane cytosine-rich light (L) strand aziissiaugnssud miunisdaaszsiaes

tRNA 8 angl

1 widastiat1e Complex 1 (ND6)

fululutareuniodnGuasiany auunulbinug noncoding region %8 intervening sequence 94

wa1aiin1sfawitens open reading frames wasfiuuneiaumby widransiugnesululuinaeuniaieany

U7 1 ununmiaseairefiunasfieuerelulnpauinioluaw"”

i L
H uazans L dlegnoaassia axinlignisdanssilsiudefifioad 10% gpatauligniduielaminiu

an 90% wavlusAueuledgniduialaazgnasuquineseaiugnrsufiaglufisweluduiiainfusnes

L o ) L 5
iad anaaglduauTusiulugnismaladagnasunuiaeiieueainlulaneusiolddei

7 minstanuas complex 1 (NADH-Ubiquinone reductase)
Cytochrome b apoprotein #23 Ubiquinone/cytochrome C reductase (Complex lll)
3 uunataueey Cytochrome C oxidase

2 miontlatuaa ATP sythase (H'- ATPase)"”"”

mt DNA transcription

nasnanseraatftaueredluinaauniyasIinliunueate H uas L ludansmzaiuiAnieanu



agauNIAs (symmetrical) uarldane polycistronic RNA Tanfiqafunatnqaniey 1 M Arumadud
(initiation site) q:ﬂg’ﬁﬂ?:mm 160 bases 41N D-loop URXATULALTIONTAHMATEY 16S rRNA-IRNA URL
89370 mt mRNA LTl 5-end leader Fuiulunisulaseiaain mRNA liflunsaesfily mt ribosome v
drursiaiRnadu AUG wie AUA uazidadn “start” usnaln@usunisitaiuges mt ribosome faifiufion

lﬁﬂdﬁuﬂfj seid 1y mt mRNA €4519910 universal code fqil

Universal code mitochondrial code
AUA = isoleucine AUA - methio
UGA = stop UGA = tryptor
AGA AGA _
AGG} = arginine AGG} B stop

Tuinpauiaiaazttanenain ovum llgaadgniiniu Adudnsusniaiugnrsusedluiapeunisasin
anwivintu lulapauieis 1 duazil mDNA 5-10 copies uazfigmsinisiavangandn Aeuiaiaglu

=y " L J oy x L - J
Anadea nasHawmaAaguiu tRNA Wluinasueie azldeanimiersuulszammasluansiai 1

r . o
A15ef 1 eanasuasaniszuulszamminululsasesluinaawmsia’®

Ophthalmoplegia

Stroke in young person

Seizures

Myoclonus

Optic neuropathy

Myopathy

Fatigability and exercise intolerance
Elevated levels of cerebrospinal fluid protein
Sensorineural hearing loss

Ataxia

Dermatitis

Peripheral neuropathy

Vascular headache

Myelopathy

Dystonia

Basal-ganglia calcification




vasgnidunala (The respiratory chain)'”

sinagnigunslanuegiidedulusadluinrouais  Uszneudomenlnl Taeulsd  siamirfsugs
fidnmrau lalasiau way reducing equivalents 'F'fitﬁﬂ’t‘l'u'lufi'gfi'nﬂﬂiuﬁuﬂ:ﬁ'ﬂﬁLm‘w%um’lﬁ' o, {gﬂir"; 2)
n?zmum?ﬁmaﬂ%Lﬁnm‘ﬂui’;Lﬁﬂ"g‘u'lutlm'luimﬂwLﬁ?ﬂﬁmwéﬂﬁmﬁﬁéqﬂ%m iilesananiziiinasea
neadidnaseuangnigwislanilel@ngnidurelanis  arfindennlanddessanin  uerluunedaumia
wivuiatusnwefiazgniandul#aaseiarmasugelugiaes ATP 14 Aadiulddni 2 nszuou
naninTuniay 1 funtludedulusasluinasuiads WWun

n. NFLUIUNISEINanaLanATaY (electron transport chain) %u‘?‘ﬂnﬁm‘qﬁwﬁni'ﬂmnh (respiratory
chain) tifasainnszuaunisiifesld o, Asialuntsvalalussduimad

7. nTruUNITANLATIET ATP (oxidative phosphorylation)

Suce
Fpg(Fe-S)g |(m)
TTFA
NADH =— [ Fpy (Fe-S), DoK(Fe-Shag, |« e |8 L
\ (1} I (3 J s
S = “ (Br) v

Energy - linked TH _
& cation translation

Oligomycin

ADP+P;  ATP

a T ’ o ¥ 4
gﬂﬁ 2 ugasnminduammanidagrinegniduinla uaziumdainasdanen

¥ =l
Bidnaraugndudasasaiuazarnadl’”

- z ' Lo} 1 «~ e v i
v 2 nesuounnfaiuldlaenguiaulniicagnituwiela  dszneudes  nguanlmbinnitiidimen

See

8\@nmsau 4 nguAa Complex -V kaznguiaulaidanszil ATP 1 nguie Complex V

Complex | (NADH - Ubiquinone Oxidoreductase)m)

ymtifiin H aan NADH l1lg Ubiquinone 1flu lipoprotein complex uminiuens 700,000

phospholipid 20%/mg protein’'®'® uazilsznaudany



o Taullind 30 misutien (polypeptide subunit) Wwdunuilil 7 Waulng (ND1, ND2, ND3.
'ND4, ND4L ND5 uaz ND6) %muau‘imﬂ mtDNA uazdaamsinisluluinnauiaie

® 22-24 nonheme irons 393UAY sulfur TudAsIdau 1 : 1 Wy Fe-S cluster fnsulaseaiaeudad
atwtes 5 nqu lhur N, N, N, N, uaz N, F982UUNUNANTEY Fe-S cluster SUINANM redox mid-
point potential aanilungx low potential (< - 0.240 V) 1&uri N,,, N,,, N, uaz N, €9u N, 4ailu high-
potential (-0.020 V)

® 1 FMN

N1¥M 1974189 complex | mqu.ﬁuﬂuﬁquﬁﬁnnfiw NADH - Ubiquinone Oxidoreductase activity 3
ﬁouﬁqnﬁué’dﬁiﬂa Amytal, Rolenone War Piericidine fu @ Type 2 NADH dehydrogenase 4‘1
catalyze A4 H aanain NADH 1l artificial electron acceptors A9 7| viu ferricyanide fiaz(3tn NADH -
ferricyanide oxidoreductase éd'hignt'r’ué’qa"qa Rotenone, artificial electron acceptors au 7 1Aun
Cytochrome C, Menadione, Ubiquinone-1 uaz Dichlorophenol indolpheno! (DCIP) daus1funi1sdanen

-

alanmraunislu Complex 1 iumii

NADH — FMN —» N,, —» (N,,, N,N) —» N, -%—’ 0,

&

Rotenone

Complex Il (Succinate-Ubiquinone Oxidoreductase)“”

nauiniin reducing equivalent 470 succinate #41% Ubiquinone 1y lipoprotein il 20%

(20,21}

phospholipids /mg protein”®*" uazilsznausae

® 1FAD

® 8 nonheme, Fe-S cluster inmulassa¥raudaldun S,, S, UL S,

® 1 Cytochrome b ‘ﬁamuqum?é’qmﬂ:ﬂﬂﬂ nuclear DNA uargndain?azyly cytoplasm nauas

_import inglulnaeuinia

® 7 polypeptide subunits lan1zdaueulsl succinate dehydrogenase azii 2 polypeptide chain
UM 70,000 il FAD 1nzuazauns 27,000 taulmifiiaz catalyzes oxidation 9849 succinate W82
danam H a7n succinate T4 ferricyanide uaz@® 1u Phenazine methosulfate (PMS) wsi laigali
Ubiquinone fimingeiauauaung 15,000 uaz 7,000 W Complex Il (3un@nda Q-binding proteins
23 % yedafidanandidnasauann succinate ¥ Ubiquinone WA ﬂ;‘jn“"fmdquﬁqzqnﬂ’ué’ﬁﬂu
2-thenoyl trifluoroacetone (TTFA) uaz Carboxins winsdedidnmsouiilded PMs fu
ferricyanide Tu’qnﬁuﬁqﬁqmw 2 il thiol agent arofudanamianued Complex |l 4
UUA WAT Oxaloacetate (OAA) iU malonate (malon) AALIW potent competitive inhibitor 184

L4
succinate dehydrogenase A1AuUn1sdanandianmsaulu Complex I iumail
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Succinate ——E—b FAD P S, —» S, ————» S, ‘E—) 0,

OAA, Malate TTEA

Complex il {Dihydroubiquinone — Cytochrome C Oxidoreductase) w3 Cytochrome b-c,Complex R

Complex Ill catalyzes fjfiztn oxidation 284 dihydroubiquinone WAz reduction 424 Cytochrome C
ﬁwﬁn'imaqmm Complex Il = 250,000 G'i'u'aq'rTmﬁa%ulumduTmmum?u unzilu dimer Fausnzmiag
Usznaudan

® 10-11 polypeptide subunits

® 2 cytochome b (Cyt b) ﬁmﬂ‘nimaqmm Cyt b = 43,000 AauANTAE MDNA upsdaAs syl
luinAsuiaie, Cytochrome C, ﬁwﬁnTumqﬂ 27,000

® Fe-S protein (22,000), Q-binding protein (15,000), Core protein uazlusAutias 7 (mol. wt <

15,000) @n 5-6 uuqe

Cytochrome p*'"
\flu ferroprotoporphyrin 1Fanandn brotoheme Ay Fe ﬁmjm?anmaﬁ coordination number = 6,
Cyt b 1ilu integral protein 1279Aa2A inner membrane 183lutAAawIATY wazdawelfidy 2 1iin
- high potential (+0.030 v) Cyt b #%8 Cyt b562
- low potential (-0.030 v) Cyt b 178 Cyt b566

Cytochrome ¢

iflu integral membrane protein 8g#1u cytoplasmic saufiatuluredluinaeunia waninluians
27,000 wazfaiian 2 wiautes (Wowdnluiana 9,200 uat 7,200)

Fe-S protein'"”’

(25)

i
iu integral membrane protein 4¢ﬂﬂ1ﬂﬁﬂuuuqdm'ﬁ’ﬂﬂu inter membrane space TUIA

22.000 (3in@ndad1 Reiske protein® 4 niluanisindidansaunn succinate w¥a quinols o Cyt C, uax

&il Antimycin A 8¢, Reiske protein axgaaringiinasauann succinate il cyt b

Core protein

ﬁmmmimﬁﬁqm‘luumudﬂuma = 283 Complex |1l wu'lé 2 afinAa Core protein 1(mol. wt 48,000)

uay Core protein 2 (mol. wt 46,000) 1lu peripheral membrane protein Nagpd9iluma assembly 183

Complex IlI
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- oo 1 ] - A
ndenandianaseuszudnainegnidiinnududewiiosain QH, lu  two-electron (hydrogen)

A r - - } 3
donor luwuz@i Cyt ¢ ({lu one-electron acceptor nalnnisganandidnareufiveniuluriildud a-

(27}

Cycle 183 Mitchell®” fagulit 3 a4 H (feq 1 Fawinfuann QH, donor azgndemsal¥ Cyt c, Bnaznanses

H gn recycled n1elu Complex 11l Inail Q 1l redox carrier 3421974 Cyt b uaz 6,

M-Side on?t
Q s G iy
. ==
1 Anti A
bk i
1 QH,
br
I o memE Myxothiazol
e b -
Q Q 4---r-e—b FG‘S'_“C‘I"""‘C
Y
C-Side 2H

4 -
U 3 nardanandidnnrauuuy Q-cycle®” lu Complex Il 1adluinaauinis

wulni QH,-Cytochrome C reductase gnifutialag Antimycin (= most potent inhibitor), N-
heptylquinone N-oxide (HOQNO), SN 5949, myxothiazol uaz stigmatellin

Complex IV (Cytochrome C - Oxygen Oxidoreductase)''”

iingn@unidu  Cytochrome C  oxidase ilugnldqaiialugnidmealasesluinraunio Ju
transmembrane lipoprotein enzyme complex il phosphelipid 10% ﬁﬂuﬁntulﬂqﬁ 200,000, dimeric ugz
falsznaudag

® heme 2 luiana

® protein bound copper 2 Tul.ﬂr]ﬂ; Cu, uaz Cu, _

® polypeptides 13 @1¢ (I, Hl, lll, IV, Va, Vb, Vla, VIb, Vlc, Vlla, Vilb, Vlic uaz VIIl) polypeptides
mﬁnﬁﬁﬁ’mﬁninmqﬂ;ﬁuﬁ 56,993 (1) 111 4962 (VIIN**® Tag 1, 1l usz Il gnAIUANAIY mt DNA uax
Fuaroiluluinasuiaie

Heme %4 2 Tuiana Aa Cytochrome a (Cyt a) WAL Cytochrome a, (Cyt a,) fidadau 1 : 1 u
Complex IV utudneil 6 vasazman Fe 7lanans Cyt a, 4ugiu O, uaz Cyt a, €eduldiu Carbon

monoxide (CO) wa¥ Cyanide (CN) ugl Cyt a lidu
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reduced form 784 cytochrome unu o, B uaz 'y ail maximum absorption 1'4: 605, 517 Uax 445 nm

2u copper lu Cyt a uaz Cyt a, avaglugilaas cu™
Cytochrome G oxidase az#i1uldiilaasAilsynausing 7 1&duiu complex auysal Fadasilann
_Tdﬁtﬂﬂ'lﬂﬂ'ﬁ’aﬁd'qmﬂzﬁmn cytosol uaz lulnAauisTuagary €auree catalytic subunit 1A niusAud
~duanzilaglulnaeuda Wil catalytic subunit wileusulunnisadaaamnaduazresiiniy A

midpoint redox potential ﬁquﬁnmqﬁq 4 194 Cytochrome oxidase complex Lﬂuﬁ'a'ﬁ

0.340 + 0.010 volts

[t

Cytochrome a,

Cytochrome a 0.215 % 0.010 volts

Cu, = 0.215 1+ 0.010 volts

Cu, = 0.350 1 0.010 volts

AuUENa9 redox center agiuilu 2 g A2 Cyt a, - Cu, WAL Cyt a - Cu, ¥a carbon monoxide uAz
cyanide (1l potent inhibitor s Cytochrome C Oxidase u@mmn'ﬁﬁﬁﬁ sulfide, azide uar hydroxylamine
Cytochrome C uaz Ubiquinone (Coenzyme QP

Cyt c uay Ubiquinone (mobile carrier) ilu electron transfer 8n 2 T}er}ﬂﬁfu reducing equivalent
41N NADH uav/via succinate dasialfun o, ,

Cytochrome c® flu stable water soluble protein, pl = 10.5, Cyt ¢ '?Izﬂﬁ'ﬂ"t'm horse heart (u
Tsiuanmann dawinluana 12,400 Usznaudaunsaazity 104 # Tudwaull 26 Miunsaoziluily
wewasuuwlanasuiunds 1.5 Akl Tassakuanddiaziiu cyt ¢ 1ada heme 1insananaluians
uazilAINI7AAUAIUENTY Ferricytochrome C AvlunUT 520 nm wa® 410 nm Wives 1 uou §  midpoint
redox pct;antial 0.250-0.280 volts 34ui 1L Cyt C, (= electron donor) ua¥ Cyt a (Cu,, electron acceptor)

o -4 - oo ] - : -
Cyt C i minaugadidnmrauszudne Complex Il iy Complex IV Tasiffuinires Cyt W 3 azauqadiu

Ubiquinone (CGQ)“”
i1y redox component mumEniigalurasgniduaslazadluinasauinds Tasea¥1amas Ubiquinone
Wovuawilau 1 iy Asdszneudan
® 2 3 dimethoxy-5-methyl-1,4-benzoquinone

® polyisoprenoid side chain 6-10 units
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P o A
CoQ AiwunINfigais CoQ,, wu1uia i 10 isoprenoid side chain TululnAsunisasiiBuinaas
i " ° ] - oa ]
CoQ u1NN91 Cytochrome carrier M Nuud B I@nAsaUT=Ud9 Complex | uaz 11 T Complex Il laaing
= ) .
In#Gandn protein motive Q cycle uﬂnﬁ‘m‘ﬁ reduced form 124 Ubiquinone (QH,) fafiunumdaanda

reactive oxygen specie (ROS)®"

Complex V (ATP Synthase)''”

water - insoluble lipoprotein enzyem complex ﬁl'ﬁ’u%’ﬂu?llqﬂ 814178N8n91 ATPase complex U3
Oligomycin-sensitive ATPase complex w3 Proton-translocating ATPase R Energy-transducing
ATPase

Complex V AN197NA19UMAY 11 beef heart, rat liver uay yeast dauiilasaairende q dulay

- ]
Usznaudan 4 dou (Ui 4) 1&un

Inhibitor Peptide

Headpiece (F,)

————— — Stalk (OSCP)

o
U7 4 wamedaurlsznaumes ATP synthase"”

___ Basepiece

L ‘headpiece (F,: Factor 1) iudau water soluble LAY catalyze hydrolysis 194 ATP

® basepiece Wia membrane sector aziludqu detergent — soluble fadanfu energy transfer
inhibitor oligomycin WA dicyclohexylcarbodiimide (DCCD)

@ Stalk (OSCP = Oligomycin — Sensitivity — Conferring Protein)

- & |
® |[nhibitor Peptide 8IUEN hydrolysis 789 ATP ﬂqnﬁqmi‘ﬁ :u'%u

(32-35)

. 1 ¥ ° ' " J
@71 Stalk WAY Basepiece (Funsaudn Fo (Foligomycin) Fmauminatienues Fo Awulu

v

uupfiGaflaaus 3-8 wunetias gnajuAulasEuR nuclear DNA uaz mt DNA Tuauil mt DNA gene 2

funtia Ae subunit 6 AuANTAT ATPase-6 gene UAY subunit 8 AduAulAL ABL gene sUAmaANTRTES

13 T - A
uunttianlu Complex V Aalumis1ai 2



14
m111afl 2 AousnTReadauLsENaLTRY beef heart ATP synthase"™
Component Mol. Wt Function(s) Location
o 53,000 ? F1
B 50,000 Hydrolytic site F1
¥ 33,000 7 F1
o 17,000 ? F1
€ ~7,500 ? F1
F,-inhibitor 10,000 Inhibits the hydrolytic -
activity
OSCP 18,000 Binding of F, to the Stalk
membrane sector
Fe(Fes) 8,000 Binding of F, to the Stalk/membrane sector
membrane sector
DCCD-binding protein 10,000-14,000 Binding site for DCCD Membrane sector
& Oligomycin
F .12.0{}0-44.000 | ? Membrane sector

o 1 [ i} GJA I -
niminuseangsiauledvaagniduielandeduluresluinaeuinte dufin 2 nszusuniswen 1

»

fiu Y9 electron transport A% energy transduction 'EI’Mqnﬁuéﬁﬂﬂﬂ’mﬂ:ﬂﬂ?lﬂﬁﬂf’m 1 deuisaenilu 3
nau

1. Inhibitor of electron transport answmanfigudaninin reducing equivalent Hg#uMUFN q
ataanizianzasseanguiaulnigniimela Tnelifuaded wniusenissgnituela (Uil 2) Wy

L » ] ]
Rotenone fuflatannzn1sde H 10 NADH ¢ Ubiquinone i1 lufinglaunsesiaviasgnitualastumia

o
U

2. Energy Transfer Inhibitors @171Afl 14U Oligomycin usz Aurovertin®” Aazfusalfitun

phosphorylation A8 n17date waznisdaAmzd ATP Teazdlunalfifiadudinisdaneadifnaseuniuun

-J ‘I‘l 3 - ' w L .3
LI INNFELUIUNITNIARINATIUNU AU

AH, + B » A +BH,

ADP + Pi ATP

IJ - 1 - . - o
3. Uncoupling agents RZUeiNNTLLIUN1T phosphorylation NNAFaUNUNITAINAABIRNATOUDANANN

fu Anialildideniedanmed ATP TaefFene fewd uncoupler arlifiudunlfifanlasnsa wsvinlinda



)

15

dl - 3 - g 1] L] ar - L - :‘l o
nuiiiaiuannsdmendidnaseu ignianduinlddiamsianmdnuge (ATP) Fufundauazgy

Weaanllugadnufau uaz uncoupler lifudanisaats ATP Uncoupler agents® 1€ur Dinitrophenol

AH, + B P A+ BH,
Uncoupler —— /727

ADP + Pi , ATP

(DNP), Pentachlorophenol (PCP), p-Trichlorophenylhydrazine (CCP) uWf: Carbonyl cyanide p-
trifluoromethoxyphenylhydrazone (FCCP) nalnnisn141uteas Uncoupling agent @91 ansiwanilifiy
n1raaIE1ad  ATP  anzifaljjien  redox vieluldnunlasanm pH  gradient Tifladulures
Tuinpauiafuveifia redox reaction

dau Matrix feagassnardansoudondeduluracluinaeuniu fngueulnifuadaiuimniued
aureaansianaaitldannnisaaneleiuuaranilulomm dufu dufnaondsdnAveseulslunssuoy
MU AguWANT axinluihdeesluinaeuniafadn@ldiduiy Di Mauro uazani” 3edruunaan
AminAvaslulanauinielnauiamumiininineueaniu 3 ngu fail

1. Defects of substrate utilization ﬂ‘]ﬂuﬁﬂﬂﬂﬁﬁlﬂﬂLﬁﬂﬁ‘;’allﬁnﬂi‘ﬁﬂ intermediate WAL substrate
droanlulnaewade 19un1sin acetyl CoA WaE long chain fatty acid esanlulnpreuais nalnidaund
mfvﬁz‘agjﬁw'}“x (carrier W38 transporter) uaziaulmiiidsataes W Pyruvate dehydrogenase Fagaens
nswaey pyruvate \Ju acetyl CoA Wax Carnitine palmitoyl transferase é\'l'ﬂ")i!'luﬂﬁh“‘é‘ﬂ’)ﬁ']wv’] long
chain fatty acid glulnasuinie

2. Defect of oxidation and phosphorylation coupling #1aiiaAINAALUNRYEINITEIA aBIENATEY
{unan 2 W hignunroimduifstundudngnisdnamzd ATP fafuaziiaaaufndndldisuiinuly
Luft's disease %awummi‘ nonthyroidal hypermetabolism, heat intolerance, polyphagia, polydipsia,

weight loss, weakness and myopathy

3. Defects of the respiratory chain ﬂ'muﬂmJnﬁﬁtﬁmﬁunfiumu'lw'ﬁwgnwmﬂh WnAzugng
aansfiszuundnanije wazszulszam ﬁ’l,ﬂwﬁuﬂﬁ’uﬁﬁgﬂuﬁudﬂ fasnedifadalszamuazndan
dofluradidaninoumin - Faaniendaaugs fofu ddaanuAadndsesliinasumiedaduums
naandau eidemanidenfieanmuanseaniaumilededu fa'mn'wﬁnq’mﬂu'l*m'ﬁqqqni'ﬁmﬂhﬂimq
a¥radudeu  fwminpdendedauuingnasuguingfiuain nuclear  DNA uazdaunilsaouaudag
mitochondrial DNA Faiudanudalsandnnilesauussainluinaeusiaunalsaaznsznuninineuresngu
wulniosgnitmelalduarangun¥an 7 M 1y PEO, CPEO (Chronic Progressive External

Ophthalmoplegia) AWw41 activity 18913 Complex | ez IV°® aaauludu
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- T ; -
3.1 fastandruidaaulnd
o = - 1 X o 1 o - - 1] -
Idvianasiusdaatnandruilanu  Tasifuainfilasded ndudeldfuntsdadanszgn  aanearinsin
majgeeiindand anzuwnaatand qisensaluniinerds  fuosmanilifdssdRuashifiaanamae
} 5 J ] e o wr -' = - [ r- 1
néile Waunndrdansrgnuazd nidudasdinuiedousaandnniiesan Aufuiadamaniulgnans
azarataud lwitudeguunil 4°C wieandie winana 1y
e a ] g o A ux .a!, .J o = = g
Audadwndruilaaudstadlundniadnivmusnfiulull 2539 - 2541 fidququ 100 #e

2t uazifuRsAn U 2541 auilaqiiud@n 75 fating

- 3 } 5 x J
3.2 saatnaruianiiulsa
- -t J - - r
cjﬂqu‘ﬂam?um?mu'mﬂﬂﬂnTsﬂnﬁ’ﬂmﬁa MAdIuTnTANand  ansunnedian’ 3insnTad
- ar ] L 4 ~ -~ | 23 ) ‘s 4 [
wnianande wiedlasdaniunsineidaseinislsanduiiafisaneiuiaqiianeal aniniaialne uas
e X J: . i - o § - I
unneldiaduiiia (biopsy) amsaanianendingd uarlddalimraaninitmuresnguaulaigniduala
1adlulnnauiais Fuilledsgndenndaisaljuidinng Monuarestuilaaingilagazdannainresdinsianse

[ L T s

~ - d 3
wituwnddan asiwrniadad §asrglsandile

3.3 nsuenlulnaewauaanndnniia®
n&aile 0.5-1.0 nFu gnanduduidn 4 ufauaniy isolated Medium A (Usznausiag 0.1 M KCI, 20
mM Hepes, 2 mM MgCl,,1 mM EGTA ; pH 7.2) W& muscle homogenate udadnlhTunenlulanaunie

AINTUABUAT
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Muscle 0.5 - 1.0 g
+
20 volume Medium A (+ BSA 5 mg/ml + 1 mM ATP)

:

Muscle homogenate

Centrifuge 600 g, 10', 4°C

Supernate 1 $

Pellet + 10 volume Medium A (+ BSA 5 mg/ml + 1 mM ATP)

¥

Rehomogenate

:

Centrifuge 600 g, 10', 4°C

Pellet ¢ il’

Supernate + Supernate 1

!

Centrifuge 17,000 g, 10, 4°C

Supernate <4 i

Pellet + 10 volume cold Medium A
Centifuge 7,000 g, 12", 4°C

Pellet of mitochondria

-

Resuspended in 0.25 M Sucrose

flgTuideten arlitunenidalifld mitochondrial homogenate wiindwiiieuaiu 20 volume
Medium A (+ BSA 5 mg/mi + 1 mM ATP) & muscle homogenate TR AT 12 specific activity 194
respiratory chain complexes A 4 sialll uazilausiazii 1 mM ATP agdan aannasinenluafeddlé oy
Weunslduazlild ATP wudalivinl specific activity 189 complexes s 1 uanAafulatanis

Complex V

3.4 nisaasazvilFuanulusiiu

1&ManasAarzitiunnieeailsfiuly muscle homogenate uaz mitochondrial homogenate Taal48

FulilsAunas BioRad m1u35ueq Beaden'*™



Bradford working reagent :

i8

BioRad Bradford reagent 1 volume \A#19NA1AN 4 volumes

Blank Standard Unknown
(ml) (mi) (ml)
Working reagent 1 1 1
BSA 1 mg/ml = 0.02 -
Homogenate - - 0.02
dd. H,0 0.02 - -
5', Room tempt, OD 595 nm

3.5 msinmsirzdueanlaiiagnidualaredliinaaumie
wulnivaegniduialasesluinaeuweioudailungu (complex) Iéf 5 ngn Fun Complex 1-V (Cpx I-

V) msaarsvsesaueulniazialaada activity wianasiaaunaseulasl wazdqurondlu specific activity

wiaulu activity 68 mg protein 18euAaznguianlnd

3.5.1 n1TaiATIeM specific activity 184 Cpx |
11 mitochondrial homogenate WaxU#a muscle homogenate an 3.3 w1AATe 9 USums

TBIATALANUNINNA 1 WA, VNUABA reagent blank UAY unknown TAAINNTRAUAIN 340 nm  QEUUR

- L J - z ] 1
37 °C uaan reagent blank liinAN1sgauaImIiaIuaINgsiAiifg 7 2an daulsznauansanTazatus

o ar -H
ALURBIANMAIU

(39.41,42,43)

Reagent blank Unknown Final
(ml) (mi) Concentration
-0.1 M Tris pH 8.0 0.5 0.5 50 mM
- 200 mM EDTA 0.005 0.005 1nM
- 250 mM KCN 0.008 0.008 2mM
- 5% BSA 0.05 0.05 0.25%
- 1 mg/ml Antimycin A 0.002 0.002 2 ug
- 0.8% Triton X-100 0.05 0.05 0.04%
-5mM DB 0.026 0.026 0.13 mM
- dd. H,0 0.352 0.352
- mitochondrial homogenate - 5-25 pg
Prewarm 3', 37°C
- 20 mM NADH/Tris buffer 0.0085 0.0065 0.13 mM
L— Incubate 3", 37°C; OD 340 nm .




3.5.2 N153iAT12Y specific activity 189 Cpx 119

w

141 mitochondrial homogenate Waz%Ta muscle hamogenate 410 3.3 NAALARTIEW -:11."':1r

Reagent blank Unknown Final
_ (ml) {ml) Concentration

- 30 mM Potassium phosphate buffer, 0.8295 0.8295 25 mM

pH7.2
- 100 mM Mg Cl, 0.05 0.05 5mM
- 1 mg/ml Antimycin A 0.002 0.002 2 ug
- 2 mM Rotenone 0.0025 0.0025 5 mM
- 250 mM KCN 0.008 0.008 2 mM
- 250 mM Succinate/phosphate buffer, 0.08 0.08 20 mM

pH 7.4

Prewarm 3', 47°C

- 3.4 mM DCPIP/phosphate buffer 0.015 0.015 50 uM
-5mM DB 0.013 0.013 65 uM
_Incubate 2", 37°C; ¥ OD 600nm - s

3.5.3 n19aAtLd specific activity 189 Cpx | — 112

Cpx |- 'a:qn?ll.ﬁ?'i:ﬂu mitochondrial homogenate uarvia muscle homogenate 3%

= el =l s -'I’
UATITVUTEATIAEA AU

Reagent blank Unknown Final
(mi) {ml) Concentration
- 30 mM Potassium phosphate buffer 0.835 0.835 25 mM
pH 7.2
- 100 mM Mg Cl, 0.05 0.05 5mM
- 250 mM KCN 0.008 0.008 2 mM
- 5% BSA 0.05 0.05 0.25%
-dd H,0 0.017 0.01
- Mitochondrial homogenate - 5-25 ug
_ Prewarm 3', 37°C
- 2.5 mM Cytochrome 0.04 0.04 0.1 mM
- 20 mM NADH z 0.007 0.14 mM
| - Incubate 3", 37°C.f OD 550 mM -




3.5.4 N19ATIEY specific activity 189 Cpx 11149

14 mitochondrial homogenate Wazuia muscle homogenate 5-25 pg TsAuiite

specific activity 184 Cpx Il flaseazidan

20

LG

Reagent blank Unknown Final
(mi) (ml) Concentration
- 100 mM Tris/HCI buffer, pH 8.0 0.5 0.5 50 mM
- 10 mM EDTA 0.01 0.01 0.1 mM
- 5% BSA 0.04 0.04 0.2%
- 100 mM NaN, 0.03 0.03 3 mM
- 2.5 mM Cytochrme 0.024 0.024 0.06 mM
- dd H,0 0.356 0.356 -
- Mitochondrial homogenate = 5-25 pg
Prewarm 3', 37°C

- 10 mM DBH, 0.04 0.04 0.04
- Incubate 90 sec, 37°C, +OD 550 mM -

3.5.5 N1TILATIEY specific activity 289 Cpx |-

'{d8.47.43.49)

Mitochondrial homogenate War wia muscle homogenate 10 - 25 pg ‘[ﬂ?ﬁwi:qn'ﬁ'm"l

4 L3 - [ 3 Ag
AUATITUNITNWNIULBS Cpx (-1 Agl

Reagent blank Unknown
(mi) (ml)
- 0.1 M Tris pH 7.4 0.5 0.5
- 250 mM KCN 0.008 0.008
- 10 mM EDTA 0.01 0.01
- 5% BSA 0.02 0.02
- 250 mM Succinate pH 7.4 0.04 0.04
- dd H,0 0.3905 0.3505
- Mitochondrial homogenate - 10-25 ng
Prewarm 3', 37°C
- 2.5 mm Cylochrome 0.02 0.02
- 65 mM PMS/H,O 0.0115 0.0115
- Incubate 2', 37°C, OD at 550 nm




3.5.6 mM3iAsLd specific activity 183 Cpx 1V

WEEEM gm?a;au?m

TR IR T
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111 mitochondrial homogenate 5-25 ug H131AT1EW specific activity 'luﬂf]'n"?m%ﬂ'ﬁ’ 100 mM

. - [ J -~
Potassium phosphate, pH 7.0 ilwiWinas 9 absorbancy 1 550 nm Fail

Reagent blank Unknown
(ml) (ml)
- 100 mM K-PO, buffer, pH 7.0 0.2 0.2
- dd H,0 0.8 0.79
- 10 % Maltoside 0.002 0.002
- 1 mM Reduced Cytochrome - 0.001
Prewarm 2', 37°C, Autozero

- Mitochondrial homogenale 5.25 ng 5-25 ng
- Incubate 2’, 37°C, +OD 550 nm at 30 sec interval (A, & A,)
- 0.1 M Potassium ferricyanide - 0.01
- Incubate 37°C, Fully oxidized, OD at 550 nm(A,) -

udaA U9 first order rate -k = 2.3 log A, - A,

I =
T L-4

0D 550 1 10 sec

Il

0D 550 ﬁl 130 sec

i

A OD 550 # fully oxidized 384 Cytochrome C

t,= 10 sec, L, = 130 sec

@74 activity 984 Cpx IV = conc of reduced Cyt C x (-k)

3.5.7 N1 specific activity 189 Cpx V

NaUNIFALATISTLAAZATY AxfadlFIaNaNTaza1t ATPase cocktail TallaaAsznaufall

ATPase cocktall 5.0 mi
- 55 mM Tris pH 8.0 4.7 ml
- Antimyein A (1 mg/ml, MeOH) 0.01 ml
-0.1 M MgCl, 0.16 ml
- NADH 10.0 mg
- Pyruvate kinase 10.0 pl
- LDH 100
- PEP (10 mg Dowex treated) 0.1 ml

L4

a = Ly |
11 mitochondrial homogenate 5-25 pg H1MATIEW AU
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3.5.8 N17ALATIEW specific activity 184 Citrate synthase

Reagent blank Unknown
 (m) (ml)
- ATPase cocktail 0.9 0.9
- mitochondrial homogenate - 5-25pg
Prewarm 3', 37°C
- ATP (30 mg/ml) 0.02 0.02
Incubate 3' - 5, 37°C, + OD at 340 nm
(47,50)

111 mitochondrial homogenate H131AT1M specific activity 184 Citrate synthase

835189 Haas uavane®”

Reagent blank Unknown
(ml) (ml)
-0.15 M Tris pH 8.0 0.567 0.567
- 10 mM DTNB/0.1 M Tris, pH 8.0 0.01 0.01
- 2.5 mM Acetyl CoA 0.02 0.02
- 0.8% Triton X-100 0.05 0.05
-dd H,0 0.303 0.303
- Mitochondrial homogenate - 5-20 pg
Prewarm 3', 37°C
- 10 mM Oxaloacetate/0.1 M Tris, pH 8.0 0.05 0.05

- Incubate 3', 37°C, ODat412nm
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=
HANMT398

s ]

x -
4.1 fetranduitielnd

faatrandailaduau 100 Faetredafiudaadl 25302541 tfu Iagniaudiasmzinaniaaues
wulnia 5 nguraisegnituielalululnasuiais uﬁﬁ'lrv’{wm'ﬁm?ﬁ'1~1'1u'nmnq’umu'lmfﬁfmgn'[imﬂ'lﬂ
fidndandrAninAnsesulunsarsinalszng ﬁ'ﬁf‘itdmmnmv}uaﬁqﬁ
n. fetrsduiidaiisuaidn
1. fededudieildfuinas ldidwlemssnduile wiludadenda wenidaidaleiu
fisudakaafudetsiuileln funillddinmsimatralnivamn 75 faating
4.2 uanisatatziseAueulad Citrate synthase
wulml Citrate synthase wuludqu matrix 1e4luinaaunts nisataseieulesl Citrate synthase
Wuiedesdtsdnilulnrewsioinfudeld  uazdlu marker & miuldluniswlansieulmivasasgnls
wrela oagradu drlunimmaatuiiiafagtmils 1§ Anssfunaseulnl Cirate Synthase Aandnund 34
uaneinfetnaiuiidauluinneusinienieindnd  widednsziieulnivasgnidunelaldaing
viaAauliniage faiamsiardsmagauivy wiza1aazilannuianaIauetafaiy
ATAuamu specific activity 184 Citrate Synthase

4 mitochondrial homogenate 4 pl

UTuuldsfiu = 4x10.67 x 10° mg
'Tfmmmﬂﬂ&’ﬂuuﬂmmﬁ'qmum dA = 0.0904/min
A1 Extinction coefficient 189 DTNB = 13.6mM 'cm’
Fatiu OD 1 = 1 mmolfitrelem

1x10° 1 :

= X —=pmol/ml/min

13.6 103

.". Specific activity
1x10° 1 . ;
= dA X X —nmol /min/ mg protein
1 13.6 mg protein

0.0904 x 73.5
4x10.67x10°
155,68 nmol/min/mg protein

g - 1 3 - - ' 4
HAN1TAATIEY Citrate Synthase Tusatinandniisaund 75 Arate uaaslilugdy 5
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4.3 uansianmsirzauiaulniagnidualatesluinaeusie
4.3.1 uan1saATEy specific activity 989 Complex | (Cpx 1)
4 mitochondrial homogenate 9 p
Wunlsiuiidiameild = 9 x 10.67 x 10° mg
ﬁ’mmﬂﬂé’ﬂuudmﬂ'ﬂmsqﬂum dA = -0.0092/min
A1 Extinction coefficient 9189 NADH ﬁ 340 nm = 6.22 mM 'ecm’’
Farfu oD 1 1 mmol/litre/cm

1x10° 1 :
= <2 X ToF = umol/ml/min

.". Specific activity

dA 1x10° 1
X X -
1 6.22 g protein

a x 161 x —l—— nmol/ml/ mg protein/ min
mg protein

-0.0092 161 % 1 :
9x10.67x10"

Cpx | specific activity = -15.42 nmol/min/mg protein

1l

. - 3 » Ag a T Il‘
nantsAnsaulsd Cpx | T 75 faatneduiila 1inA0 Specific activity 184 Cpx | Aidtasazild N
2 : crr e 4 . i -
plot cummulative frequency graph UWAzATUITUWIAT Specific activity i 2.5 Uax 97.5 percentile AMUNA

o o Q0.0 o X
quifluAaduRATaLAgu 95 percentile Avlugu (6) Faaclddai

ARy muscle homogenate = 7 — 22 nmol/min/mg protein

mitochondrial homogenate = 23 — 69 nmol/min/mg protein

4.3.2 uanisiiatied Specific activity 189 Complex Il (Cpx II)
19 mitochondrial homogenate 9
Winoulalsiu 9 x 10.67 x 10" mg
Extinction coefficient 189 DCPIP = 19.1 mM 'cm’’
dA = -0.0485/min
-0.0485x 52.3
9x10.67x107°

-26.41 nmol/min/mg protein

Specific activity =

I

VUTHLUR wWaanang - wanainngdiameiniminnuraveulnl ariinizanAinisgauas iedildimm

gnld



% Cumulative frequency

Specific activity of Complex |

A
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G715 (mrmrmevemne - . T 9 it
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e
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50 b o 50 e ]
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©
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E
=
o
2

25 25 4

2.5 = 2.5

T T T = T | - T I
10 20 30 40 20 | 60 i 80 100
7 22 nmole/min/mg protein 23

o
71 6 n3MUan9 Specific activity #89 Complex | (Cpx 1)
A = muscle homogenate

B = mitochondrial homogenate

69 nmole/min/mg protein

T4
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HANNTILATIEW Specific activity 189 Complex Il Tuaudni 75 ﬁ'qmi'mmm'l'ﬁ"luzﬂﬁ 7 uazANInf

-t j
Az ufeil

muscle homogenate 11-33 nmol/min/mg protein

I

mitochondrial homogenate 44-440 nmol/min/mg protein

4.3.3 Han13ATILY Specific activity 184 Complex 11l (Cpx 1)

14 mitochondrial homogenate 3.7 pl

UFunuliledu 3.7 x 10.67 x 10° mg
Extinction coefficient 184 Cytochrome = 19mM ' cm’
dA = 0.1096/min
0.1096 x 52.6

Specific activity i 3.7x10.67 x 1072
J X106/ X

146.02 nmol/min/mg protein

1

- - - J
naN133iA Specific activity 189 Complex 11 (Cpx 11) Tuawlnf 75 fietae uanelilugun 8 use

i
Arun@lugail

muscle homogenate 74-184 nmol/min/mg protein

mitochondrial homogenate = 430-1260 nmol/min/mg protein

4.3.4 HaN17ILATIEU Specific activity 189 Complex | - Il

4 mitochondrial homogenate 4 pl

Unnmlsiiu 4 x 10.67 x 10° mg
Extinction coefficient 184 Cytochrome = 19 mM'ecm”
dA - 0.0445/min
0.0445x 52.6

Specific activity =

4x10.67x107°

54.8 nmol/min/mg protein

i

- - . 1} - d' . 3
HANTTAIATIEAN 75 Arateaesauldnd (qU 9) luiill

22 -77 nmol/min/mg protein

muscle homogenate
180 - 870 nmol/min/mg protein

1}

mitochondrial homogenate



% Cumulative frequency

Specific activity of Complex i
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100
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200

1300
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;“i'di?ll 7 n5uaas Specific activity 789 Complex Il (Cpx II)
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B = mitochondrial homogenate
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% Cumulative frequency
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Specific activity of Complex Il
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% Cumulative frequency
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184 430

nmole/min/mg protein

A = muscle homogenate

B = mitochondrial homagenate

4
311 8 n31udne Specific activity 7a3 Complex lll (Cpx Iif)

1000
1260
nmole/min/mg protein

62



% Cumulative frequency

Specific activity of Complex I-lll
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31]1711 9 n3uang Specific activity 783 Complex I-lll (Cpx I-1i1)

oe

A = muscle homogenate

B = mitochondrial homogenate
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4.3.5 WANNTIATIZU Specific activity 189 Complex I- 11l

4 mitochondrial homogenate 9 pl

UFunoulysiu 9x 10.67 x 10° mg
Extinction coefficient 1849 Cytochrome = 19 mM 'em™”
dA = 0.0693/min
0.0693 x 52.6

Specific activity =

4x10.67x107°
= 37.9 nmol/min/mg protein
uan1iiasziluaulng 75 faatag 1Lﬂm'lugﬂﬁ 10 afﬂiﬁ'mﬁ
muscle homogenale = 13 - 565 nmol/min/mg protein

mitochondrial homogenate = 107 — 687 nmol/min/mg protein

4.3.6 wan19ATIey Specific activity 284 Complex 1V

4 mitochondrial homogenate 6 pul

PFuruldsiu 6 x 10.67 x 10° mg
A, = Anses = 0.206, t, = 10 sec
A, = Aragses = 0-147, & = 130 sec
Ag = 0.125, t = infinily

A, —A,
-k = 2.3 log _—A

2 a

0.206 — 0.125
=
0.147 - 0.125

.. 1* order rate constant -k = 0.169 sec ' mg protein’'

/t, —t; /mg protein

=23 /130-10/6 x 10.67 x 107

1 i -

- i _— . o -
daseanisilasuaninan 1% order rate constant (k) lu specific activity anunsnAtusnuldaail

14 substrate Tun1s31AzIEW 0.01 pmol/ml reaction mix

It

Specific activity k [S)/min/mg protein
A1 k - 0.169 sec ' mg protein’’
.". Specific activity = 0.169 x 0.01 x 1000 x 60
= 101.4 nmol/min/mg protein

nanFIAsEinImi 1 e aaulmiiasgnituiala Complex v Tupund 76 au uamslugn 11

wazaglddail
1*'order rate constant Specific activity
(k; sec”'. mg protein’) (nmol/min/mg protein)
muscle homogenate 0.058 - 0.272 35 - 163

mitochondrial homogenate 0.28 -1.0 168 - 600



% Cumulative frequency
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% Cumulative frequency

Specific activity of Complex IV

k (sec™.mg protein™)

A B
100 4 / " 100 4
97.5 . " a97.5 .
75 - 75 1 :
&
=
a
=]
o
E ®
50 g 50 4 by
E L]
"5 |
=
3
Q
‘Ea L
25 - 25
%5 —h . _ . _ k {(sec”'.mg protein’™) 25— . ' y -
004! 008 012 016 020 024 '0.28 0.32 ! 0.6 1.2 1.8 2.4
0.058 0.272 0.28 1.0 ( = 600 nmole/min/mg protein)
{ = 35 nmole/min/mg protein) ( = 163 nmole/min/mg protein) ( = 168 nmole/min/mg protein)

gﬂﬁ 11 51 UERIAT k (sec’.mg protein) B9 Complex IV (Cpx IV)
k = 1* order reaction rate constant
A = muscle homogenate

B = mitochondrial homogenata

€e
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4.3.7 uan11AsIzy Specific activity 199 Complex V
14 mitochondrial homogenate 9 pl
UFurullsdu 9 x 10.67 x 10° mg
Extinction coefficient 1894 NADH = 6.22 mM'em™.mI" uslun1sfiasneldunmnsees NADH
0.92 ml
dA = -0.0793/min
-0.0793 x 148
9x10.67 x 107

= -122.22 nmol/min/mg protein

Specific activity =

¥
uan1sAtaseluaulng 75 faetina (;ﬂﬁJ 12) a1 dail
muscle homogenate = 29 - 109 nmol/min/mg protein

mitochondrial homogenate = 84 - 228 nmol/min/mg protein

HANNTIATIEHNINIuLRdaule Citrate synthase waziaulmiiosgniguinlaldun Complex | fia

o iy % E. r
V usz Complex I-l1l i Complex I-11l luauln@nlifiannimmiandraile 75 fegreldagiiluaissh 3

ms19dl 3 ArUnAues Specific activity 184 Citrate synthase uaziaulgsiviasgnidunela Tusaasiag

J’ s 1]
na"'ml.u'anu'l.lnﬁ 75 RAI|A8NY

Enzymes and Respiratory Muscle homogenate Mitochondrial homogenate
Chain complexes (nmol/min/mg protein) (nmol/min/mg protein)

- Citrate synthase 44 - 200 230 - 1330

- Cpx | 7-22 23 - 69

- Cpx Il 11 -33 44 - 440

- Cpx Il 74 — 184 430 - 1260

- Cpx -1l 22 -77 180 - 870

- Cpx -1l 13 - 565 107 - 587

- Cpx IV 35 - 163 168 — 600
-Cpx V 29 - 109 84 — 228
*Analu 1*' order reaction rate constant ¥ia

k muscle homogenate 0.058 - 0.272 sec”'. mg protein”’

k mitochondrial homogenate 0.28 - 1.0 sec”. mg protein”’




% Cumulative frequency

Specific activity of Complex V
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o
31 12 nouda Specific activity 299 Complex V (Cpx V)
A = muscle homogenate

B = mitochondrial homogenate

nmole/min/mg protein
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4.4 wan1sAnsanufanfvasssdueuladludiaalsandudle
fiduldinnsinnsissiueulad Cirate synthase uaznguiaulmiviasgnisuulaynsnlfun
Complex | 03 V uaz Complex I-1ll fu Complex H-1i1 ‘Eﬁ‘ﬁtﬂﬂﬁﬁ%ulﬁﬂé-&ﬁﬂﬁ']ﬂé’ﬂfltjﬁu'ﬁun"‘.?ﬂ?‘}“li"nﬁﬂ
ﬂ"'mmminﬁ"mtixiaa"auuﬂ uﬂ:mwﬁﬂﬂnﬁmanﬁ'wmﬁﬂ %utﬁﬂmﬁﬂﬁuwwﬁﬁmaan (biopsy) N
Anrdneuznianeniineadaundesqanssdl warndesqanssmBiinaren uszdasiadaunng guyTuda
adl  ieifuiiomdedadmniinmeiieuled drun1sifadalzaduaridainnisitiadenianadiiniag
unwneid1rasauly
druauetiaiuilaffaundil 56 saat uazlfagnan1smesiaulniviasgnidusladndn

=4 - - ' - ‘J 7 AJ
wiadnflasuFauiReuiuaAUnd (m11ef 3) udauanaldlumisad 4

=l - ¥ o ' A& -
a1s197 4 agduanisiissiisulaiiagnidmelamadnduilasinglaaanaingng
&
21BINF1MUD 56 51

Diagnosis Cases Respiratory complexes with low specific activity
- MELAS 3 Cpx I, 11, 1-11 & H-HI
- Muscle weakness 17 Cpx I-lIl & 11l slight change to low & Il
- CPEO g 3 Normal to low of Cpx I-lll & 1]
- Mitochondrial Defect e Cpx I-lII & 1I-11I slight change to low
- Congenital myopathy 1 Cpx -1, 11-111 & V
- Leigh 8 Cpx |, Il and I-ll
- DMD 8 Cpx Il & I-111 slight change to low
- Myopathy 1 Cpx Il & I-11I slight change
- Polymyositis 1 Cpx I-lll slight change
- MG (Myasthenia Gravis) 1 Cpx i
- FSH 1 Cpx |-l slight change
- Charcot 1 Cpx V
- SMA 1 Cpx IV & slight change of I-]lI
- Myoneuropathy 1 Cpx |-l slight change
- Carnitine deficiency 1 Cpx I-11
- Nemaline 2 Normal
- Leber optic atrophy 1 Normal
- KSS (Kearns-Sayre Syndrome) 1 Normal
- Neuropathy 1 Normal
- Sclerodema 1 Normal
- LHON ? 1 Normal
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11 specific activity 1adiaulmitiuies #alu Specific activity Asfimunuilu nmol/min/mg protein (nmol™,
o =1 o =1
min . mg protein )
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] o 4 - L ] -
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=l ' a i i ' ' ¥ . .-
m15190 5 Anf Specific activity nasnganauladvasgnldmelalulalanauinie

Enzyme Muscle homogenate Mitochondrial hbmogena!e References
Complexes (nmol/min/mg protein) (nmol/min/mg protein)
Complex | 7-26 45-104 Wallace et al, 1988“"

Zheng et al, 1990"“?

Rustin et al, 1994"¥

Complex I 15-56 61-161 Fatefi, 1978"*

Birch-Machin et al, 1994°%

(45)

Complex Il 58-131 313-1493 Krahenbuhl et al, 1994
Complex I-111 9-42 112-323 Zheng et al, 1989"*%
Complex lI-I1l 14-37 147-402 Chretien et al, 1994®"
Complex IV 65-204 345-1347 Hatefi, 1978““

Birch-Machin et al, 1994°%

(43)

Complex V 45-137 207-564 Rustin et al, 1994

(47)

Citrate Synthase 56-151 283-652 Huas et at, 1995

ludaaduressnidunfoil ﬂm:rg"f‘zf-‘fﬂ‘lﬁ‘m%wﬁﬂmnmﬁﬁmmﬂwﬁﬁnﬁf AUTUNNEATART 3R
nsafumrAingde dhudasunntdaaiilAndviauurn Feangundadudell s msluninfuiude
100 #2919 tm::n'am5"‘1msqzu"‘.ﬁms:ﬁumu’l'ﬁu'tieqqnwmﬂ'lqﬁ';wndnﬁﬁmﬂmﬂmwmwifnﬂ?:mﬁ
Aaudnann fdemeneliundndd wihiduee Sfsmmigud nsfleulniicagnidwelasians
dlesnn pulnenddszauaulaiisagnisuislasesluianeuwaislundntdes ndraudamnsunieny
IndAnaiu u‘?amqtﬁmqn%unﬁ’ﬁmﬁﬂﬁuwwﬁﬁﬂlﬁa’uﬁqﬂmﬁtﬂuﬁ’eﬁﬂ Wuifedalaty  Lildaas
nénuile Aninliduouluinaeuaieifes Wunalirsduaulaidn Weaslfuiladrdusetranduile
fiauauluinnauiieolni 4 damiansiassiszduieulnd Citrate synthase 3ailuiauledAnwulu matrix
wazfieiflu marker wiedaddad manlulnaeuedednidmaund d1sefu Citrate synthase Uni“ = 34
UNTANTY 'lumf'f‘lmmzu’ms::s‘fumu'l-nu'mqgnl"ﬁu'm'lﬁmnﬁ"m.%hq%ulﬁﬂ viaradla | Azeaiims
31AziiuIsEAY Citrate synthase faufoe uanilaainnisiiarsudssngueulad uazunFunnllsfu
uaziilelduanisiiassiuda  nasulanassdiieulniiasgnidmela  azdesRarsnduainda  Citrate
synthase f11nf wsiinguiaulsignlduiglaunangu 19u Cpx | uaz Iv A1 ateiAsazidedelddn nanas
Twnrzignifasdeiald uidr@nduilewilaldan Citrate synthase A1 udszduiaulmhinagnisunla Cpx
I & IV ndugenanUnf uiitanulanalyild ilasainan Citrate synthase i Faufuduiiiesiduanluinnau
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na1Un@
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ulniveslulnneusoyndafidoandremnn waenimmAnadzan 75 faatae aziiadywiluideacdl
standard deviation (SD) filMaandralndiAeeiuAaads AAisAsA v mAnnRrassziueulnignls
mnlalaanisideunsi Cumulative frequencies 209 75 Arsaeuledluung Y fiUA" Specific activity
voaaulmiluuny X fu q FeazialWldnsmidunss wazlddne 2.5-97.5 percentile (ATRUARN 95%) 183
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finatinefiilszdues Citrate Synthase TiidfussAusasnguianlnlgnidmela wdedldlunishuanmn
Annfassrieulmingugnitmelaios 75 detae tmeidiassiundsunsvisendng Specific
activity waz Cumulative frequency arlmduiduns Specific activity Tudaq 2.5 fla 97.5 percentile Hudu
dovgasanRrasudssnguieulal ﬂmaﬁ’:Lﬂ?ﬁzvﬂﬁﬂ"ujnﬁs}m?:ﬁmﬂu'l-nu'ﬁquﬁmﬂhum‘n:nfg'n'lu
aulnglnddeeiuAninaftiissauluansasiig o

uﬂnmnﬁt‘;’aﬁLm::w'ﬁ'wahq%uné"\mﬁwmg‘{ﬂfmﬁﬁmmfﬁﬁﬂnﬁﬂmné’wtﬁﬂﬁmu 56 A998
Tngldswilefmdaannisdnsmmeniineundiensd  aanisinuilieiisenadeaiunisifiasumig
pdfinuash W wilautumeeuluanans iasaniesainaiuuansncludasd wiaszauanuguuss
vaslsaludetraiuilaiidnm ﬁ’qﬁg’{'ﬂfJm'ﬂ’u’ﬁun’rs‘i"nuﬂu‘inwﬂ'\mﬁﬁﬂﬂmn?m'ﬁqu'l.qu;ﬂunfjuﬁlﬁ

a7n173ules Asinnuaruiadnfsesssineulndldvaranguludlosaupaaiu .




10.

11.

12.

13.

14.

41
(aNA15193

Cohn RM, Roth KS. Muscle: Normal and abnormal biochemistry and function. in : Cann CE .editor..
Biochemistry and diseases, Bridging basic science and clinical practice. Baltimore : Williams &
Wilkins, 1996 ; 513-28.

Duggan DJ, Gorospe JR, Fonin M, Hoffman EP, Angelini C. Mutations in the sarcoglycan genes in
patients with myopathy. New Eng J Med 1997 Feb 27 ; 336(9) : 618-24.

Byrne E. Biochemical effects in mitochondrial cytopathies: a new classification. Aust Paediatr J
1988 ; 24 Suppl 1 : 58-61.

Byrne E. Mitochondrial myopathies and myoencephalopathies. Current Opinion in Rheumatol
1990 ; 2 : 889-95.

Morgan-Hughes JA, Darvezina P, Kahn SN, Landon DN, Sheratt RM, Land JR, etal. A
mitochondriak myopathy characterized by a deficiency in reducible cytochrome b. Brain 1997 ;
100 : 617-40.

Ogasahara S, Engel AG, Freus D, Mach D. Muscle coenzyme Q deficiency in familial mitochondrial
encephalomyopathy. Proc Nati Acad Sci USA 1989 ; 86 : 2379-82.

Di Mauro S, Bonilla E, Zeviani M, Nakagawa Mand Di Vivo DC. Mitochondrial myopathies. Ann
Neurol 1985 ; 17 : 621-38.

Petty RKH, Harding AE, Morgan-Hughes JA. The clinical features of mitochondrial myopathy.
Brain 1986 ; 109 : 915-38.

Trounce |, Byrne E, Marzuki S. Decline in skeletal muscle mitochondrial respiratory chain function:
possible factor in ageing. Lancet 1989 March 25 ; 1 : 637-9.

Ernster L, Gkkos D, Luft R. Enzymatic activities of human skeletal muscle mitochondrial; A tool in
clinical metabolic research. Nature 1959 ; 184 : 1851-4,

Morgan-Hughes JA. Mitochondial diseases. In Engel AG, Franzini-Armstrong C, editors. Myology,
Basic & clinical (vol.2). New York : McGraw-Hill, 1994 : 1610-60.

Anderson S, Bankier AT, Barrel BG. Sequence and organization of the human mitochondrial
genome. Nature 1981 ; 290 : 457-65.

Chomyn A, Mariottini P, Cleeter MW, Ragan ClI, Matsuno-Yagi A, Hatefi Y, et al. Six unidentified
reading frame of human mitochondrial DNA encode components of the respiratory chain NADH
dehydrogenase. Nature 1985 ; 314 : 592-7.

Chomyn A, Cleeter MW, Ragan ClI, Riley M, Doolittle RF, Attardi G. URFG6, last unidentified reading
frame of human mtDNA, codes for an NADH dehydrogenase subunit. Science 1986 Oct 31 ; 234
(4776) : 614-8,



15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25,
26.

2.

28.

29.

30.

42

Alttardi G. Organization and expression of the mammarion mitochondrial genome: a lesson in
economy. Trend Biochem Sci 1981 ; 6 : 86-9,100-103.

Flier .:IS, Underhill LH. Mitochondrial DNA and disease. New Eng J Med 1995 ; 330(10) : 638-44.
Lee CP, Martens ME. Mitochondrial respiration and energy metabolism in muscle. In Engel AG,
Franzini-Armstrong C, editors. Myology, Baslic & clinical (vol.1). New York : McGraw-Hill, 1994 -
624-47. |

Hatefi J. The mitochondrail electron transport and oxidative phosphorylation system. Annu Rev
Biochem 1985 ; 54 : 1015-69.

Weiss H, Friedrich T. Redox-linked protein translocation by NADH-Ubiquinone reductase (Complex
[). J Bioeng Biomembr 1991 Oct ; 23(5) ; 743-54,

Ohnishi T. Structure of the succinate ubiquinone oxidoreductase (Complex 11). In Lee CP, editor.
Current topics in bioenergetics (vol.15). New York : Academic Press, 1987 : 37-65.

Singer TP, Ramsay RR, Paech C. The flavoproteins of the respiratory chain. In Lee CP, Schatz G,
editors. Mitochondria and microsomes, Reading, mass. New York : Addison-Wesley, 1981 : 155-
90.

Yu CA, Yu L. Identification of ubiquinone binding proteins in ubiquinol-cytochrome ¢ reductase by
arylazide ubiquinone derivative. Blochem Biophys Res Commun 1980 Sep 16 ; 96(1) : 286-92,
Nelson BD. The composition, structure, topology and function of Complex Il (Ubiguinone-
cytochrome C reductase). In Lee CP, Dallher G, Schatz G, editors. Mitochondria and microsomes,
Reading, Mass. New York : Addison-Wesley, 1981 : 217-47.

Weiss H. Structure of the mitochondrial ubiquinone-cytochrone C reductase (Complex III). In Lee
CP, editor. Current topics in bicenergetics (vol.15). New York : Academic Press, 1987 : 67-90.
von Jagow G, Sebald W. b-Type cytochromes. Annu Rev Biochem 1980 ; 49 : 281-314.

Reiske JS, Hanson RE, Zangg WS. Studies on the electron transfer system, LIX, Distribution of iron
and the component giving an electron paramagnetic resonance signal at g=1.90 in subfractions of
complex Ill. J Biol Chem 1964 ; 239 : 3023.

Mitchell P. Protonmotive redox mechanism of the b-c, complex on the respiratory chain,
Protonmotive ubiquinone cycle. FEBS Lett 1975 ; 56 :1.

Chance B, Powers L. Structure of cytochrome oxidase redox centers in native and modified forms,
An EXAFA study. In Lee CP, editor. Current topics in bioenergetics (vol.14). New York : Academic
Press, 1985 : 1-19.

Chan 8I, Li PM. Cytochrome oxidase, Understanding nature's design of proton pump.
Biochemistry 1990 Jan ; 29(1) : 1-12.

Dickerson RE, Timkovich R. Cytochrome c. In Boyer PD, editor. The enzyme (vol. 11). New York :

Academic Press, 1975 : 397-547.



31,

32.

33.

34,

35.

36,

37.
38.

39.

40.

41,

42.

43.

44,

45.

43

Beyer RE, Ernster L. The antioxidant role of coenzyme Q. In : Lenaz G, Barnabei 0O, Rabbi A,
Battino M, editors. Highlights in ubiquinone research. London : Taylor & Francis, 1990 : 191-213.
Stigall DL, Galante YM, Hatefi Y. Preparation and properties of an ATP-P, exchange complex
(complex V) from bovine heart mitochondria. J Biol Chem 1978 Feb 10 ; 253(3) : 956-64.

Futai M, Kanazawa H, Takeda K, Kagawa Y. Reconstitution of ATPase from the isolated subunits of
coupling factor F,'s of Escherichia coli and thermophilic bacterium PS3. Biochem Biophys Res
Commun 1980 Sep ; 96(1) : 227-34.

Futai M, Noumi T, Maeda M. ATP synthase (H+-ATPase), Results by combined biochemical and
molecular biological approach. Annu Rev Biochem 1989 ; 58 : 111-36.

Penefsky HS, Cross RL. Structure and mechanism of F F -Type ATP synthases and ATPases. Adv
Enzymol Relat Areas Mol Biol 1991 ; 64 : 173-214,

Lardy H, Reed P, Lin CHC. Antibiotic inhibitors of mitochondrial ATP synthesis. Fed Proc 1975 Jul
» 34(8) : 1707-10.

Heytler PG. Uncouplers of oxidative phosphorylation. Methods in enzymology 1979; 55 : 462-82.
Di Mauro S, Zeviani M, Bonilla E, Besolin N, Nakagawa M, Misanda AF, et al. Cytochrome C
oxidase deficiency. Biochem Soc Trans 1985 ; 13 : 651-3.

Birch-Machin MA, Briggs HL, Saborido'AA. Bindoff LA, Turnbull DM. An evaluation of the
measurement of the activities of complex I-IV in the respiratory chain of human skeletal muscle
mitochondria. Biochem Med Met Bilo 1994 ; 51 : 35-42.

Beaden JC Jr. Quantitation of submicrogram quantities of protein by an improved protein dye-
binding assay. Biochem Biophy Acta 1978 ; 533 : 525-9.

Wallace DC, Zheng X, Lott MT, Shoffner JM, Hodge Ja, Kelly RI, et al. Familial mitochondrial
encephalomyopathy (MERRF) : genetic, pathophysiological and biochemical characterization of a
mitochondrial DNA disease. Cell 1988 Nov 18 ; 55 : 601-10.

Zheng X, Shoffner JM, Voljavec AS, Wallace DC. Evaluation of procedures for assaying oxidative
phosphorylation enzyme activities in mitochondrial myopathy muscle biopsies. Biochem Biophy
Acta 1990 ; 1019 : 1-10.

Rustin P, Chretin D, Bourgeron T, Gerard B, Rotig A, Saudukray JM, et al. Biochemical and
molecular investigations in respiratory chain deficiencies. Clin Chim Acta 1994 ; 228 : 35-51,
Hatefi ¥. Resolution of complex Il and isolation of succinate dehydrogenase (EC 1.3.99.1). Meth
Enzymol 1978 ; LIl : 27-34.

Krahenbuhl S, Talos C, Wiesmann U, Hoppel CL. Development and .eva!uation of a
spectrophotometric assay for complex ill in isolated mitochondria, tissues and fibroblasts from rat

and humans. Clin Chim Acta 1994 ; 230 : 177-87.



46.

47.

48,

49,

50.
51

44

Zheng X, Shoffner JM, Lott MT, Voljavec AS, Krawiecki NS, Winn K, et al. Evidence in a lethal _
infantile mitochondrial disease for a nuclear mutation affecting respiratory complexes 1 and V.
Neurcl 1989 ; 39 : 1203-9.

Haas RH, Nasirian F, Nakano K, Ward D, Pay M, Hill R, et al. Low platelet mitochondrial complex |
and complex I/l activity in early untreated Parkinson's disease. Ann Neurol 1895 ; 37 : 714-22,
Takemori S, King TE. Reconstitution of respiratory chain enzyme system Xl sequential
fragmentation of succinate oxidase : preparation and properties of succinate-cytochrome C
reductase and the cytochrome B-C, particle. J Biol Chem 1964 ; 239(10) : 3546-58.

Ackrell BAC, Kearney EB, Singer TP. Mammalian succinate dehydrogenase. Meth Enzymol 1978 ;
53 : 466-8.

Shepherd D, Garland PB. Citrate synthase from rat liver. Meth Enzymol 1969 ; 13 : 11-16.
Chretien D, Rustin P, Bourgeron T, Rotig A, saudubray JM, Munnich A. Reference charts for

respiratory chain activities in human tissues. Clin Chim Acta 1994 ; 228 : §3-70.




	ปกนอก
	ปกใน
	กิตติกรรมประกาศ
	บทคัดย่อภาษาไทย
	บทคัดย่อภาษาอังกฤษ
	สารบัญ
	บทนำ
	สืบค้นเอกสารวิจัย
	วัสดุวิธีการ
	ผลการวิจัย
	วิจารณ์ผลการวิจัย
	สรุปผลการวิจัย
	เอกสารอ้างอิง

