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1 Introduction

'T II c cc II is a higII Iy organiled biologicaI sY' tcn1 \v itll 111 a11 y organcII C IIcII a

nuclcus.. cndo plasmic rcticulum .. Gol gi aparatu or mitochondria . Thc cell and all rt

organcIIes are surroundcd by onc or 1110rc mc 111 brancs that con troI tl LlXcol' variOll '

sub tanec in idc or outsidc and thu rcuulatc thcir contcnt in thc cell or oruancll c.
~ ~

Morcovcr.. man y fundam cntal proces C are locatcd on or in thc mcmbranc owing tc

spec ializcd mcmbrane protein s.

Onc o f thc n1 0 t important functi on of biological mcmbranc i ' cncrgy tran duction .

Cells require cncrgy for various proc esscs ., including C. g. synthc i ol' biological molccu lcs ..

active transport of mol ecul cs across cell mcmbrancs or thc gcneration of Iorcc and

movemcn t. The energy tran duction is assoc iatcd with mcrnbranc-bound enzyme

comp lexcs that are found in a particular class of mcmbrancs. 'l hcsc cncrgy- transducing

mcmbra ncs are plasma mcmbranes of bacteria ., thylakoid mcmbrancs o í chloroplasts and

thc inncr membranes of rnitochondri a (fígure 1). Thc intensity of cncrgy con vcr ion taking

placc in cnergy- transducing membranes is much highcr than in other mcmbrancs or in

olub le ystern .

The cnergy-transduc ing mernbranes are able to transport ions (protons in the casc ol'

mitochondria) and thus to create their concentration gradients., i.c. chemical potcntials .

imultancously, the charge separation by the membrancs establishes the electric potential.

Both the co ncentration gradient and thc elcctrical potenti al are uscd for the synthes ís of

high-energy molecule adenosine triphosphate (AT P). Th e energy released by hydrolyzing

th high- nergy phosphoanhydride bond of AT P can power many energetica lly demanding

proc sse s (e .g. transport of molecules against a co ncentration gradient).

Thc energy-transducing membranes are not the on ly site of Ar-rp generation but by far

the 1110St e ffi c i nt. Eukaryotic cells are able to prod uce 32 mo lecules o f ATP at the expense

of energy obtai ned frorn one 11101eCllle of glucose via aerobic metabo lism. taking advantage

of miiocho nd ial energy-transducing membrane. Only two mo lecules of A'IP are generated

when glucosc is utilized only by anaerobic glycolysis taking place in cytoso l.

Eukaryotic cclls contain many mitochondria, which occupy up to 25~/o of the volume

oť th cytoplasm. The mitochondria are surrounded by two functionally different
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membrancs which s0111eti111e C0111e togcther and form contact site '. The outer membran

surround the 'vyhole organelle and is assurned to bc permcant to srnall molecules and ion.

The inner mernbranc is largely irnpcrmcant and forms the 111a.10r barrier between th

cytosol and the mitochondrial matrix. Its surfacc area is greatly increased by a large

number of infoldings.. or cristac .. cnhancing its ability to generate A'lP.

vacu ol e

- centrio les

-,----------- Golg i apara tus

m itochondrio n

"tl (

\

ce ll membrane

• of .. . ... .
, ' .

, '. ~.. ': ,

•

Iysoso m e s

smooth endoplasmic
re ucu lurn

__..-.. endoplasrnic
.i.->: ret .cu lurn

nuclear
membrane

__---- nucleolus -- - - - --~., il'!!"'~'

_------ --- nucleus

. - ~

ro ugn endoplasrruc
reticul um

Figure 1
Schemaiic diagram ofanimal cell with electron micrographs oj'its organel/es,
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Mitochondria can bc rcgardcd a thc "powcr plant" of thc cuk aryotic cell a thcy

pro\'idc f\ TP fo r thc n1ajority oCCL llular proccssc . ,L\ par t rron1 tllc :\ T P gc11 cration, ,oII1C

cncrgy rclca cd in mitoch ondrial oxid.n ion cun hc di .ipatcd a ' hcat or dircctly u cd for

transport o ť n101ce ules acro ~ thc inncr 111 itochond ri a1I n c mbranc. rvIorco vcr, mitochoud ri a

house a rangc of euzymc that are involvcd in ion und prutcin trun sport. -'a.2 · scquc .trauon

and gcncration of rcactiv c oxygc n spccic (RO ) ( icholl s and Ward, 2000). ln gcncrul.

mitochondr iul ťu ne t io n i indi spcn abl c for cell urvix al. I-Iencc, dy íunction o l'

mitochondria causcd by mitoch ondrial poi son such as cyanidc or auactylatc or by gcnctic

dcfects of ox idativc phosphorylati on sys tem ma y bc critical for a numbcr oť cell Iunctiou

and may re ult in a di casc O l' cvcn dcath .

1.2.1 he chemio motic theorv
a.'

The key me tabo lic path way in mitochondria is thc tricarbox ylic acid cyc lc (T A)

that brcaks down ca rbon substráte - ace tyl coenzyme (whi ch is dcri vcd cither frorn

pyruvatc, fatty ac id or amine ac id breakd own) to generatc carbon dio xide. During this

proe c s D ~ and AD 2 t are reduced to ADH and FADI-I2 and these inicrm cdiatcs are

utilized by the enzymes of the resp iratory cha in, corn plex I ( AD I dehydro genase) and

co rn plex II (succinate dehydrogenase). Whil e the majority o f electrons entcr the respiratory

chain in this way, other enzymes are also constituents of the respiratory chain although

thcir capaeity is smaller and their content :s highly tissue spec ific. The examples of these

cnzymes are the electron-t ransferring flavopro te in (ETF )-ubiquino ne oxidoredu ctas e and

mitochondrial glycerophosphate dehydrogenase (nl GPDH) (figure 2). The first one

trans fers lectrons via ETF from the flavin-linked ox ida tion step in the catabolisrn of fatty

ac iLi bv f3-oxidat ion ( ichoII s and Ferguson, 2OO2), thela .ter is 10cated a t the oLlter

L rface o f the inner mitoehondrial rnernbrane and is invo lved in oxidation of cytoso lic

I DH via glyce rophosphate shuttle (Estabrook and Sacktor, 1958; Klirigenberg, 1970) .

The elee trons are then transferred via single-electron ca rrier ubiquinone to corn plex

III (ubiquinone cytochrome c reductase) ; cytochrome c, encountered in the intc rmcmbrane

space, then shuttles electrons to complex IV (cytochrome C oxidase) that catalyzes the

rcduction ofoxygen to water (figuro 2).
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Complexe__ LIlI and IV con ~ i t ol' manv protcin subunit of mitochondria] or nucl ie

origin .. whilc cornplcx II .. nl(JP[)1-1 and 1-~ 'rF-llhiqllinone oxidorcducta e are entirel.

encod d by nuc lear I) J\. Thc reactions o f cornplcxcs I.. III and I are al ' 0 a' .ociated -ith

proton transfer across thc mitochondrial inncr mcmbranc frorn matrix into the

intcrmcmbranc spacc (figuro 2) .. creating an clectrochcmical proton gradient ( J'II ). The

proton gradient is util ized hy A'lPase (Fl Fp -!\'I'P svnthasc or cornplcx V) in mitochondria..

which synthes ize: the A'TP 1'r0l11 - DP and phosphatc and rcgulatcs thc rc .piratory rate. In

this way .. the respir átory ratc and the rate oť 'I' P synthesis are couplcd through th ~

gradient of protons (Mitchell. 1961). Thc . 11itchells theory rcfutcd variou: hypotheses ol' a

high-energy intcrmediate .. which was proposed hy many rcscarchers who devoted years to

the eareh ťor thc intcrmcdiate. For this theory .. Peter Mitehell was awarded thc Nobel price

in 1978.

NADH

''-----' OHAP

~

G3 P~

nterrr.em br . ne
space

[J,
-:

ADH
AD

/

FADH 1
FADH

I
f""--__I

{
2H'+ 1/20 ,

I\DP+ P
ATP

Figure 2
An overview ofthe mitochondrial respiratory chain.
cC; PDHln1(J/)DH - cvtosolic/mitochondrial glycerophosphate dehydrogenase; ETF-()X 
electron-transferring flavoprotein uhiquinone oxidoreductase: Q - ubiquinone: cyt c 
cvtochrome c: (J3P - }!,fvcerol-3-phosphale,' DHAP - dihydroxyacetone phosphate; I, II, fff, IV
and V - complexes o] respir átory chain. Red. yellow and h/CICk arrows represent proIon
transport pathwavs . electron transport pathways and reactions catalyzed by the enzyme
c:()1'11/)Ie.t. respectivefy.
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1.2.2 Prutunmotive force

Elcctrochemical gradient ol' proton acro thc inncr mitochondrial mcmbranc, l' I I +-'

is a thcnnodynami c mca urc 0 1' thc cxtcnt to which a proton gradient i out 01' cquilibrium.

It ha two co m poncnts, zx p l l rcprc cnts thc conccntr.uion di ífcrcncc 01' I-I ' acro ' thc

mcmbranc and thc mcmbranc potential. 'fJl n~ thc diIfcrcncc in clcctrical potcntial bctwccn

aqucou phascs scparatcd by thc mcrnbranc . ~I hc clcctrochcmicul gradi ent can be cxprc sed

as:

- F IfJ I ! f) 'I' \ I Il ' II -t- - - 111 _ .. - \. L\ II ( 1)

It is convcnt iona l to convert .l / frt into units of clcctrical potcntial (rnillivolt ' ) as follow s:

P (111 V ) == - II II ··1F (2)

where 6/) iS the protonm otive forcc dc fl ncd by Peter Mitchc II (M itchcll, 1(61), -~ ~ R, T are

Faraday constant, gas con tant and ab olutc temp eraturo, rcspccii vcly.

ubstituting va lues for Rand T at 25°(", thc final cquation is:

P ( rn V) == Vlm - 59 pl-I (3 )

To understand the energetic processes in mitochondria it i important to havc tools

for tudying mitochondrial function by monitorin g important biocncrgetic paramctcrs, in

particular the protonm oti ve fo rce. The typica l [J value o f cncrgizcd mito chondria is about

1 O 11lV. The '//11 1 corn ponent acco unts fo r about 150 nlV , the rcmaining 30 11lV are

derivcd frorn a 111al1 pI-I grad ient of -0.5 units. lt sho uld be notcd that the elcctrical

capacity of the mernbrane is o low that the transfer of one umo l of I-r
l

per mg oť protein

across the membrane wi ll estab lish a '1/111 of abo ut 200 mV. 111 addition, the pI-I buffering

capacity oť mitochondrial matrix is about 20 nmo l o f H+ per 111 g of protein per one pI-I unit ;

thi means that the loss of 1 nmol of H t- will increase the matrix pH by onl y 0.05 units

(equivalent to 3 11lV) ( icho11s and Ward, 2000; ichol1s and Ferguson, 2002). rT~he 6pl-1

cornponent can be minimizcd by increasing P, concentra tion up to 5 n1M (Lamb ert and

Brand , 2004b) or adding nigericin (H +-K t- exchanger). Under such conditions, the ~ 'I',«

cornponent accounts for the entire ťsp and is therefore generally used as the bioenergetic

marker of mitochondrial function ( icholls and Ferguson, 2002; Duchen, 2004).
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1.3 Mitochondrial phy iologv in healt 1 and di ea e

Th c biocncrgctic bchavi or ol' intact ccll s i control lcd by thc supply of ub tratc

frorn thc cytopla 111'\ thc turnovcr o l' \ Tl' by cncrgy-con umin g procc c and thc ionic

cnvironment of thc cytopla n1 .. particularl y in rclation to a ~ ·. J - ltcration 01' all thc c

param ctcr occ ur in re pon e to chan gc in encrgy dcmund .. which is rcflcctcd by chan gc

in mitochondrial mcmbranc potential.

1.3.1 itnchondria l biovcne i '

It i gcncrally acccptcd that mitochondria originatc Irorn prc-cx isting mitochoudria

and that mitochondrial biogenesis consists of thc gcnctic and mcmbranc continuity ( isoli

et al.. 2004). Mitochondria have their own O .1\ (111tD ) that is mall and of prokaryotíc

cha racter. Human 111tO A cont ains only 37 gcncs (2 gcncs cncodc ribo sornal R s. 22

encodc transfe r RAs, and 13 encodc polypeptidcs oť oxidativc pho sphorylati n

cornplcxcs). The majority of mitochondrial proteins of whi ch thc mitochondria are bui lt, as

wcll as those fo rm ing the machin cry fo r asse mbling them are cncoded by nuclcar DNA

(nD l ) and ynthes ized in the cytoplasm Mitochondri a can divide, fu se and crcate a

rcticular netwo rk associ ated with cytoske leton. The degradation of mitochondria is

pcrformed by the lysoso rnes, which contai n a range o ť hydrolase .

1.3.1.1 ordination of mitochondrial biogene i

The division and replication of mitochondria depend on the coordinated interplay

betwe n the genetic systems of the organe lle and the nucleus. Recently idcntifi ed

transcription factors appear to play a key role in synchronization o f the synthes is of

prot ins encoded by mtf) A or nO A but relatively litt le is known abo ut the pathways by

which th pro teins are regulated .

The 1110St cssential factor See l11S to be the transcription coactivator, PG Ia

(perox isome proliferator activated receptor y coactivator Ia). PGC 1a see rns to activate the

synth sis of nuclear encoded mitochondrial proteins via upregulation of transcription

facto rs TRF- I and 2 (nuclear respiratory factors). The transcription of Tfam protein, which

promot s the increased production of the proteins encoded by nltDNA and replication of
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11ltD J A" is al o mcrea cd. Thi y tem thu appcar to coo rdinate thc ratc of nthe i f

proteins from both genome (Duchen" 200 -1-). In addition , e ther rcgu l.uory factor ar to b

cxpectcd that may faci1itate prO- 111 itochondrial cffcct o ť thyroxin Ol' e ther horm one

1.3.1.2 I\1itochondrial protein tran port

Thc majorit y of thc mitochond rial protci ns are .ynthcsizcd in cytoso l. .l hc .c protcin

are then transported and dircctcd to the matrix. thc intcrmcmbranc spacc or to thc outer Ol'

inncr mitochondrial mcmbranc. The importcd protci ns usuall y co rn prisc a targcting

scqucncc, which allows thcm to rcach thcir proper de tination. In gcnc ral, this scqucncc i

locatcd at the -term inus o f the protei n, it is po itivcly chargcd and i abscnt in maturc

protein .

The import of mitochondrial matrix protein is mcdiatcd by tran loca es locatcd in

the outcr (TOM) and inner (TIM) mcmbranc (figuro 3A ). TOM cornp lcx invo lves thrce

receptor for targeting moti fs and a transport channcl.To kcep the precursor in thc

uníoldcd state, it is bound to the cytosolic chaperons, which rcquircs AT P. Aftcrwa rds, the

precur or i delivered to the appropriate TOM receptors (Ton120) and transportcd through

thc porc. TOM complex interacts with thc inner mcmbranc T fM co rnplcxcs and this

intcrac tion i locatecl at "contact sites" , whcre the outer and the inner mernbrancs are in

physical contact. The driving force for the initial transport of positive ly chargecl prec ursors

across the inncr mernbrane is the lf-/ rn . A cornpl ete transport of the protein is faci litated in

TP dcpendent mann er by the heat-shock protein HSP 70. The translocated proteins are

usual ly bound by the mitochondrial chaperon I-ISP 60 that prevents protein aggregation and

pr rnature foldi ng. Then their targeting seque nce is cleaved in one or several steps by

mitochondria l proteases.

orn of the protei ns directl y inserted into the inner mitochondrial mcmbrane, such as

adenine nucleotide transporter or uncoupling protein., have internal cryptic targeting

equences. The sequences are recognized by a corn ponent of TO'vl cornplex (Ton170) . The

precursor is partially trans located, but remains attached to the TOM cornpl ex at its

C-terminus. Together with intermcmbranc space proteins (Tim» and Timl O), TOM

cornpl x assists in the ťol ding of tertiary structure of the protein and the TIM22 cornplex

ms rts the ťolded protein into the inner mitochondrial membrane (figure 38). The latter

proc is d pendent on .6 V.Jn1•
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Thc nuclear enc odcd prot ins of re spiratory chain complex (cornplcx I.. III.. I and

V) are imported initially into the matrix and then insertcd into the inner mitochondrial

mcmbrane together with mitochondrially cncodcd subunits via the tran loca e C0I11pl ,

OXA 1 (figuro 3(') and numerous cornplcx-spccific asscmbly lactors. For cxample .. in case

nf cytochrome C oxida e .. about 20 diffcrcnt csscntial "helper proteins.... have bcen

described in ycas t and man y nf thern are also known in mummalian mitochondria ( .g.

RI-· 1.. Se C)1 .. SC'02 etc.)

B

Tom20-!-__-------

I\D P L\TP

uruolc ec oro tem "-.,/'
Hs p 70

oute r
mem brane

c

vv
Tom70

Tim9/101 ~ ~ (
'\ o.o I UUU-------------

---
9 0 Sl l vely cr arc eo

.eacer secuerice C-

inner
mernbran e

-------- CJ· ů·v-

Fo lded mernbra ne
pro tein

Hs p 70

rntDNA

'oi o eo matrix
protern

Figure 3

,\1/iI ()ch ()nLiria/ pro /ein iln/JOr/.

f ..-1 ) transport of matrix proteins across the 7'()/V! (Ind TI/vl complex: Hsp 70 - chaperon: (B) transport qf'

integral inner membrane proteins; (L') insertion of co- assembled mitochondrial and nuclear peptide", of

respirutory chain complexes in/o the inner mitochondrial membrane hy ()/\,A / .

1.3.1.3 itochondrial fu ion and fission

Thc mitochondrial reticulurn is a dynamic structure that is maintained by an

equilibrium between fusion and fission. ft has become more evident that these processes

are crucial for many cellular functions (e.g. fusion of mitochondria is requi red for the

inheritance oť mtO A (Rapaport et al ., 1998)). Both fusion and fissio n require distinct

G'TPvbinding proteins that act at the mitochondrial surface. The yeast protein Dnm 1

(dynamin 1) and its hurnan homologue Drp 1 (dynamin-related protein 1) seem to play a
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key ro1e i 11 regII Iatio11 o f II1itocho11 cl riaI fl ion (IIIioto ctal. ~ I99 ~ I .azarcl ctal. , I999).

011111 1 and Drp 1 are 10cal izť cl on thc outer n1itochondr ia1 II1cII1branc a11 d colo cal ize \vith

mitochondri al cis ion sire ~ but thcir molccular ťunction i ti ll unclcar (Karbow ki and

Y oul e, 2 00~) .

Thc first medi átor oť mitochondrial ťu ion, thc ťU /ZV omon protcin (Fzo 1), .vas

idCnt1fl ecl i11 D r osoI )II i1(/ III c laII o CJ;(/s!cr . tutat1on in F:o I or knoc kout o ť tlle II1aII1II1a1ian

hornologucs of Fzo 1, mitofu in 1 & 2 (M fu I <-~2), rc ult in thc formation oť fragm ntcd

miiochondria indicating its participation in mitochondriul ťu sion (Hermann ct al.. 199 ~

Chen ct al., 2003) . Anothcr medi átor oť mitochondrial fu sion, gm l in yca t and OP 1 in

humans, 111ay part icipatc in thc ru sion o f thc inner 1l1CIll branc, but its spec ific role i not

clcar (Wong et al., 2000; Olichon ct al., 20(2). Thc mutation in OPA 1 wcrc detectcd in

patients w ith dom inant optic atroph y ( lcxandcr et al ., 2000; Delettre et al ., 20(0).

1.3.2 itochondrial proton tran port

Thc enzyrn atic complcxes capable of proton tran sport in mitochondria play a centra]

role in mitocho ndria l funct ion as they cstablish a dynarni c cquilibriurn bctwecn ~/)

formation and its utilization fo r the synthes is o f ATP . I) is forrn cd at thc level of

rc piratory chai n enzy me cornplcxcs I, III and IV. Perhaps thc most corn plicatcd, but very

interesting mechanism of proton transport frorn matrix to the intcnncmbrane space is found

in cornplex IV - cytochrorne C oxidase (COX). The uti liza tion of 6/) is performed by the

enzyme possessing a unique mechanism of AT P synthes is dri vcn by proton translocation 

the cornplex V or FlFu-ATP synthase (AT Pase). Alternatively., fJ can be dissipated by

unco upling proteins. In this case, the energy is trans formcd into heat but other

physio log ical roles for thes proteins have been proposed.

1.3.2 .1 vtoch r ome C oxidase..,

Marnmali an COX is cornposed of 13 subunits . Mitochon dria lly enco ded subunits I

III are evolutionari1y conserved and contain the catalytic core of the enzyme. Ten smaller

ub mits are nuclear encoded and they do not participate di rectly in electron transport ar

proton translocation, but numerous studies show that they are involved in the assembly and
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regulation of the enzyme activir y (Poyton and Mc wen, 109 ()~ Kadcnbach t al., 2000~

Ludwi g et al., 2001). Thc tructurc i ummari zcd in figurc 4.

Th e clcctron donatcd frorn cvtochrornc c cntcr thc via u., center an I i

sub equently transfe rrcd to hcmc (/ in ubunit I. lt i thcn tran ťcrrcd to thc binucl ar center

(hcme 0 3 and clectronically coupl cd C UH ion) . Whcn thc fir t two clcctron cntcr thc center,

oxygcn is able to hind and thc dioxygcn bond i clcavcd. ~1 \\'0 furthcr clcctron rcducc thc

oxygen to water. The binuclear center rcquirc Irce accc s ať it ub strate (oxygcn and

protons) and probabl y i the kcy player in cncrgy tran duction (Ludwi g ct al., 2(01).

FJr oI O /1 transloccuion hr CO)('

ince the discovery of the vectorial proton tran location in 0 .1 / by Wik trorn

(Wi kstrorn and aari., 1977) thc mcchani sm of coupling bctwccn elcctron transport and

proton pumping in COX is still debatabl c. During a cornplcte oxygen cyclc, four protons

are taken up from the matri x side for thc formation o f wat cr and four additi onal protons are

assumed to be tran slocat ed frorn thc matri x across thc inner 111 itochondri a1 mcmbranc to

thc cyto olic side . Two proton pathways, thc D- and the K-channel (narn ed aft cr kcy

aspartate and lysinc residues) were sugges ted theoreticall y and according to mutational

.tudie and wcre later confirmcd by crystallographic studie (Abramson et al., 2(01) .

lt was gcncrally accepted that the Ht-/e- stoichiometry in COX of mitochondria and

bacteria is 1.0., but several recen t observations indicatc that the H /e- ratio in COX may be

variabl c. Decreased J-ft)e- ratios in mammalian CO' . werc obtaincd a fter rernoval of

ubunit III (Ludwig et a1.., 2001). Murphy and Brand (M urphy and Brand , 198 7 ~ Murphy

and Branci, 1988) found a decrease in J-{+/e- ratio frorn 1 at low L1 V/ tll to Oat high L1 VJ1ll •

Rcvulat ion oj'ClO)(

The COX represents the perhaps most tight ly regulated enzyme of the respiratory

chai n Rec ntly, the regulatory role of nuclear encoded sub units of C=OX was confi rmed for

subuni ts IV, Va., Vb, VlaH (heart and skeletal muscle isoform) and Vral (liver and kidney

iso fo rm). Co nsequently, a theory ofCOX regulation was postulated featuring the allosteric

bind ing of adenine nuc leotid s to subunit Vla and phosphorylation of subunit IV (Ludwig

' t al ., 200 1).

decrease of H''zc ratio with increasíng intraliposomal ATP/ADP ratio was

obs erved with reconstituted COX from bovine heart and the nucleoti de-bindi ng site was

id nti fíed in subunit VlaH (Frank and Kadenbach, 1996; Tsukihara et a1., 1996 ; Huttemann
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tal... 1999). lJnder th sarne conditions with recon titutcd ( '() frorn bo ine li r

contai ning di fferent iso form o ť suhunit la no chanucs in I-I ' Ic- ratio with incr a in}!
~ ~

intralipo omal A'TPI DP ratio were observcd (Huttemann ct al. .. 19(9). These ohser ations

suggest a key role of suhunit Vla in dctcrmining thc clficiencv nf cnergy tran .duction by

cox.

1\ fP / A DP

A PI OP

I Se r 4 41
~ h o ph at e

~-,.- 3 , 5 -d u o d o -
th yr o nin e

, .

/

I

I

ATP /A DP

I . ' -

4 .C t l )3 '

,

Cu .A.

4 {Cy l c)' "

n H '

' y ro sol

fl H ' 4 j '

Figure ..;.
Structure o] ( '().X

r

dimerfrom bovine heart mitochondria.
Binding sites for substrates (cyt c and ( ) 2), allosteric regll/í1tOr.y .!clc/ors (A TP/A D?,
diiodothvroninc) and phosphorylation epitope in subunit I (Ser -1-11) are indicated. Adapted
fro m (Ludw ig et al. , 200 I J.

1.3.2.2 P yntha e

A'T Pase has two major domains known as Fl (ťactor 1) and Fo (factor oligomycin).

Thc globular Fl catal ytic domain in the mitochondria l enzyme is an assembly of Jive

subunits with the toichiometry a3~3Y I8 IEI . The (a~)3 subcomplex IS oriented to the

matrix and is linked to the membrane domain Fo by a central stalk ťormed by subunits y~ 8

and E (figure 5A) and also by a peripheral stalk that contains OS P (oligomyci n sensitivity

conťerri ng prot in) subunit, subunits b., d and F6 (Walker, 1998). The membrane Fodorn ain

contains subunit a and 10 c subunits, which are in contact and form a proton channel
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(.. tock et al.. 2000). and a number of small .ubunits that appear to ha 'e n direet role in

catal ysi (Collinson et al.. 1994).

Three a and three B'- ubunit -- are arrangcd altcrnutivclv around a central y "- ubunit.

This arrangement suggested that thc enzyme work s hy a mcchanism invol ing the cyclic

modul ation of affinity of nuclcotidc hinding sitcs in 3 catalytic J3 subunit -- by rotation 01' the

asymm etrical y suhunit. During A'I'P synthcsis. thc rotation is gcncratcd in Fu hy II i

trans location ( fi gure SB). During A'I'I) hydrolysis in F1Fo or in }-,', alonc. the energ

rcl cased hy hydrol y would drive rotation in thc opposite dircction and rc ersc thc

directi on ofproton translocation (Stock et al. , 2000).

B

subunit a _ I

,I
subunits c

Figure 5
Structure (~j'f'/ I~'()-ATP synthase.
(..4) Structure of the holoenzvme. The individua! subunits are indicated. Se e text for details:
(B) model (~/' the generation qj'rotation bv mo vement (?j' the protons through the Fo domain.
.-idaptedfrom (Stock et al., 200()) .

1.3.2.3 ncoupling protein

lJncoupling proteins (UCP) are inner mitoc hondrial rnem brane complexes of about

36 kDa capable of transporting protons. hey are sensitive to purine nucleotides and may

includ protonated and deprotonated ťorms of ťree fatty acids. The first uncoupling protein

( ("1)1) was di covered in the 1970~s in brown adipose tissue (BAT) where it has a

thermogenic role. BArr is found in small mammals at early stages of postnatal

development and in hibernators. Ut.P 1 allows the respiration to proceed in the absence of

TP .ynthcsis by uncoupling the BAT mitochondria and during this process the heat is
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generated (Heaton et al., 197 ~ 1 icholl and Fcrgu on ~ 200_: Du hcn , _004). R -c ntly,

other uncoupling proteins ( CP2 and 3) werc identi ficd in diIfcrcnt ti uc and pccic , but

th ir ph ysiological rolc is debatcd.

1.3.3 Mitochondrial ion and metabolite rran 'port

Mitochondria continuouslv cxchangc mctaboliics. cnd product and ion with thc cell

eytop IaS 111. Sincc 111 0St O f thosc are chargcd and/or wc ak ac id ~ thci rdi tributiou wi l] bc

affccted by '/JIl 1 or pH gradicnt. In practicc, tran port mcchan i 111 111ay exploit these

grad ients to dri ve thc accumulation of sub tratcs or cxpulsion of product acro thc

membrane. orne of the 1110re e01111110n stratcgics are ( ieholl and Fcrgu on, 2002):

1. c lectroncutral proton symport or hydroxyl antiport Icading to an accumulation

dri ven by pH (P i-/H t exchangcr)

2. e lectrical uniport ol' a eation driven by VJIl 1 (Ca' t- accumulation)

3. c lectroneutral or electroge nie exchangc of t\VO metabolite (ArTP'+-/ADpJ


ant iporter)

4. e lectroncutral antiport o f an Ion or mctaboIitc w: th protons ( a / I-r t

ant iporter)

1.3.3.1 Iitochnndris I cation tran port

A1i!ocliorulrial monovalen t calion Ira nsport

The influx o f a+ and K+ salts and water that occ urs at high VJIl 1 values can lead to

exccssive osmotic swelling and disruption of mitoc hondria. Hence, mitochondria pos sess

the electroncutral a t-/H+ and K /H anti porters which release K+ and Na+ out of the

matrix. The K+ for H · (frorn the oxidative phosph orylation) exc hange will alkalinize the

matrix causing phosphate to enter via the electroneutral Pj-/I-I+ symporter. When

miiochondria synthesize ATP, Vlil i decreases and co nsequent ly the Na+ and K+ infl ux

lccreases . The imbalance bctween intlux and eftlux causes contraction of matri x VO lU111e.

To prev nt it the mitochondria possess the ATP-sensitive K+ channe l (Mironova et al.,

19 1~ Diwan et al., 1988) , which is opened in response to endogenous signals to resto re

matrix volume by the K influx (Garlid and Paucek, 2003).
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It scern s that th II1ajority o f phy iolog icaI calciunl ivnalt» 111 1110 t cell are

associated \vith caIciIIn1 accu 11lul ation in 111itochondri tl (R i/ / Uto ct a1... 2O(4) . 1itochondria
I I ..

accumulatc Ca- by uniport (Kirichok ct al ... 2004) whcn cxpo cd to incrca cd a-

coneeII tra tions and Ca2
"T- transport i prin1ariIy dr i\'cn by 1lf / 111 (B rookc ct aI. ~ 2OO4 ~

Duch en .. 2004) . At cquilibrium .. thc Ca2
+ - uniportcr would dcvclop a conccntration gradicnt

across thc inncr mitochondrial mcmbranc .. but in practicc .. it doc not occur. --I hc rca on is

a Ca2
- e ffl ux by .', a '- 1 a2

'- antiport but thc toichiornctry o f thc cxchangcr i ti ll

contentious. It is suggcstcd that it is cithcr clectroncutral 21 a ' ICa2 t (Brand, 19 5) l r

cleetrogenie 3 a ICa2 cxchangcr (Jung ct al., 1995).

1t wa show n that Ca2
t- uprcgulatcs thrcc n1ajor ratel imiti 11 g Cnzy111 CS o f thc cil ric

ae id cycle (TCA) (McCOr111aek et al., 1990) and that thc magnitudc of mitochondrial

uptake during cytosoIiccaIcium ignaIing is SuffI Cient fo r TCA cycic rcgulation (Duchcn~

1992 ~ PraIong etal., 1992) . Rccent ly, Jouavilic ~ s group show cd thal II1i10eho11dr iaI caIc iu111

upta ke increa es TP production (Jouavill e ct al., 1999). In gcncral, it sccms that any

pcrt urbation in Ca2
+ homcostasi s, for instance due to dcpolari zation, could havc pro íound

implications for cell function , e.g. at the level of ATP ynth e is.

1.3.3.2 Mitochondrial metabolite tran port

To dare, at leas t 25 distinct inncr mitochondrial mernbrane tran sporters have been

ide ntifí ed and their express ion varies among tissues. Representati ve tran sporters of the

inner mitochondrial mernb rane are listed in tabl e 1. AII mitochondria possess adenine

nucl otid transporter (A T) and pho .. phate transporter, which are rcsponsible for ADP

and PI uptake and the release of ATP . Depending on the tissue, mitochondria have the

tran porter for the proper metabo lic pathways present in the ce ll. For example, liver has

transport pathways for 1110St ofthe TC A cycle intcrm ediatcs.
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Tran orter

pho phatc

pyruvatc

dicarbo xylatc

tricarbox vlatc
.I

car11 iti11 t lacy1carniti11

adenine nucleotide

2-oxoglutaratc

glutamate

1\ Iecha II i 111

P1- ' I-I .

P\'r -/O1-1-
"1 .,

111 a1atc -; Pi --

aru /Acylc um I

ADP -' -/ l~ P-+ -

20G 2-/Ma12


Glu-/O I-I -

Táhle I
RcPJ•ese ll/ ( I ! i , I e I) I i !()(-/1()II (IJ•i(II i II JIeJ' J)I eI} I bJ•( III e /1'( I JIS/)()I' / e I 'S .

One of the n10 t important mitoc hondrial tran port y .tcm s rcsponsiblc for

transport of clectrons frorn ADI-I to thc respir átory chain. AD J-I is produccd in

glyco ly i and cannot permcatc thc inner mitochondrial mcmbranc. Thc rc are t\VO

tratcgic to transport the clcctrons to thc rcspiratory chai n. Firstly, coo pcration of

2-oxog lutarate and glutamate-aspartare carri ers allows thc ox idation of cytoplasmic A DJ-I

crcating thc malatc-aspartate shuttlc (fi guro 6A). ytoplasmic ADJ-I is ox idizcd by

mulate dehydrogenase, malate enters matrix in cxchange for Z-oxoglutaratc and is

rcoxidized by the matrix malate dehydrogenase generating matrix AD I-I. Oxaloace tate

tran arninatcs with glutam áte to form aspartate and 2-oxoglutaratc. 2-oxoglutarate

tran aminates in the cytoplasm with transported aspartate to regcnerate cyto plasmic

oxaloacetatc ( icholl s and Ferguson, 2002 ). The glycerophosphate shutt le provides an

alternati v - way fo r the ox idation o f cytop lasm ie ADH (figuro 68). ytop lasm ic

glycerophosphate dehydroge nase si rn ultaneously oxidizes NADH and rcduces

dihydroxyacetone phospha te to glyce rophosphate. Mitochon lrial glycerophosphate

dehydrogenase reoxidizes glycerophosphate and transpor s eleetrons direct ly to the

coenzyme Q ( icholls and Ferguson, 2002).
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Figure (j

The oxidation of ( Vl oplasmic IV;l Dfl bv liliI ochondria.
( l l ) th e malatc-aspartate shuttle. ()xAc - oxaloucetate. 2-()(; - Z-oxoglutaraic. Ci/u 

(~/lI/un l(/Ie . 11.\'1) - aspartate. D /-fA P - dihvcIr0.':<,Vl tcetonc phosphate, (;3 /> - glvcerophosphate.

I • r e ra ca e eration

Mitochondria appear to be the major source of free radicals or reactive oxygen

species (ROS) in many types of cells. The main sites of ROS production were localized to

the electron transport chain .. the various one-electron carriers.. including flavoproteins, iron

.ulfur clusters and ubisemiquinone which ar suited for an electron transfer to oxygen and

give rise to supe ro ide ( C) ~ ) (Boveris and Cadenas.. 1975 ~ Boveris.. 1984~ Turrens et al.,

1985: Turrens.. 1997). T hc superoxide and free radical s in general seem to play a role in

various pathological disorders (Halliwell and Gutteridge, 1999) and also in aging (Cadenas

and Davie .. 2000) . In spite of antioxidant mechanisms ., which neutralize ROS .. the

oxidative darnage to macromolecules (enzymes., D A., lipids etc .) is considered to be

umu lat iv and can lead to cell dysfunction. Convcrsc ly, despite the dcletcrious action of

RC) ' _ it becornes vident that they can serve as pecific signaling molecules (Darley

tj .mar and White. 1997 ~ Hancock, 1 997 ~ uzuki et al ., 1997; Finkel., 1998; Saran et al. .,

1998: Allen and Tresini .. 2000).
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1.3.4. 1 M i to ch oII rl r ia I o II rce o f II peroxirlc

T\vo princip ál ite o f O',,- ~cllť rat10 11 111 mitochoIIli ria hav c bcen identifl cd 1n
'-

compl ex I and co rn plcx III ( figurl' 7). orn plcx III i main produccr to thc outcr idc f

inner mit ochondrial mernbranc (Bovcri ct al., 1() 7ú: adcna ct ul .. 1977: Turrcn ct al.,

1985)., but aI o produces O .~- to the outc r ide of tIIc iII IIcr m itochoIIdriaI 111 Cn1braIIe (I Cl n

et al.. 200 1~ Stark ov and Fiskum, 2001 ). On thc othcr hand. cornplcx I i suuue ted to00

produce O .~- onIy to the in11 er icl e ( ~I urrcn anli Bovcri " 1<) O~ GcIIova etal. " 2()O1:

Ku hnareva et a l. ., 2OO2 ~ t-Pierrc ei al.. 2OO2) aIId thc iroII - ul fu r cell ter ( Ierrc ro aIIcl

BaIj a, 19<) 7 ~ Herrero aIId Barj a, 19<) 8) or the active sitetl aviII (L iu et al., 2()O2) are thought

to be re ponsibl e ťor uperoxidc procluction. Recent studie also uggcsted that thc u e of

succi nate as a main rcspiratory subs tráte could lead to 0 '2 generation by reverse electron

transport frorn complex II to compl ex I (Votyakov a and Reynolds, 200 1~ , t-Picrrc ct a1..,

2 002~ Han et al., 200 3). Moreovcr, the 0 '2- production by cornpl cx I during reverse

c Icct ron transport is higher compared to forward elcctron tran sport (Lambcrt and Brand,

2004b ~ Larnbe rt and Brand , 2004a).

The re lative contribution ať eve ry site to thc ovcrall 0 '2- production vanes with

cxpcrimcntal conditions and between tissues and species (Turrcns, 1997 ~ Barja, 1999 ;

Duchen., 2004) . Cornp lex III appears to be rcspon iblc fo r most o f thc 0 '2- production in

hcart and lung mitochondria (Turrens and Bover is, 1 980~ Turrens et al ., 1982) whi le

corn plex I is the major source of 0 '2- in the brain (Barja and Herrero ., 1998; Barja, 1999).

Reccntl y, the reverse electron transport trorn complex II was idcntifi ed as the main source

in the skeletal muscles (Votyakova and Reynolds, 200 1; St-Pierre et a1., 2002; f-Ian et al.,

2 003 ~ Lambert and Brand, 2004b) .

A high rate o f ROS procluction h, s also been de tec ted in tissues with high express ion

of nlG PDH: insect fl y muscle mitochondria (Bolter and Chefu rka , 1990; Sohal , 1991 ;

1 iwa et al., 2003), brown adipose tissue mitochondria (Sekhar et a1., 1987 ; Drahota et al.,

2U02 ~ Drahota et al ., 2003) and plac ental mitochondria (Honz ik et a1., 2005) with

gl yce rophosphatc as a substrate. This suggested that 111GPDH is another site of the 0 2

production localized to the outer side of the inner rnitochondrial rn embrane (Drahota et a1. ,

2 002 ~ 1iwa et al., 2003) (figure 7).
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Recentl y. other po siblc sites 01' mitochondrial R() ~ " production \,oere id ntiťi -d

(Andrevev et al.. 2005 ). lirstlv. isolated succinatc dehvdroucnasc rec mstituted into
~ - • L

lipo ome can produce RC) , (Zhang et al. .. 1(98). lurthcrmorc .. t\VO rccent studies ( ' tarkov

et al.. 2004: Trettcr and dam- Vizi .. 2004) showcd that isolated pyruvatc dchydrogena .e

(PDI-I) and o-kctoglutarate dchydrogcnasc cornplcx (KGI)II(') could also gencratc

superoxide. eve rthclcss . it should bc notcd that thc 1~()S production hy these cnzvmes

was observed with isolated enzvrnes and thus thcir contribution to mitochondrial I~O'

production in intact mitoehond ria is stiII unc lear.

O.~-

. 0 .

•

ntorrnernbrane •SOél:-------;--
•••

NAD '

G3 P

(
FAD H .

C: HA P

)

J
/

FAO '

MXT

2H + '1/20

AoP+P
ATP

H .Q

Figure 7
Mitochondrial sources ofsuperoxide production.
mc! I )Dl l - miiochondrial glycerophosp hate dchydrogenase: Q - ubiquinone: cyt c 

cv tochrome c: G3? - g~vcerol-3-phosIJh{/le : DHA? - dih ydroxv acetone phosphate; I, II, III, IV
and V - complexes ofresp iratory chain. Sit es ofspecific inhibitors are indicated. Inhibltors oj'
complex III - mv xothiazol (MXT) and an timycin 14 (AA): complex I - rotenone (Rot) . Blue
arrows represen t su peroxide production. r eci (l r r OHJS - proton transport /J{//hl1J(IYs ,' yellow
arrows - electron transport [Jathl1 '!LI)JS.
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1.3.4.2 fJJn 1 and RO production

A essments o f the 0 '_- prod uct ion in rc pi ri ng mitochond ria vary f rom O. 1(X>t 4(X>

of total oxygen consurnption depcnd ing 011 thc oxygc n coucc ntr.u i n and rc pirat i n tate

of the mitochon dria (Ba1j a ~ 2OO.2 ~ ic11 oII and Fcrgu ~ on ~ 2OO.2 ). It \va 11o\vn that th ratc

of 0 '2- generation d epend on thc re piratorv t.uc ol' mi ioch ndr ia through thc valuc oť

protonmotivc force . In thc absence oť DP (statc 4 ) ~ thc 111 0\'Cll1c nt oť proton ~ through

ATP synthase ccases. thc proton motivc forcc . ihc mcmbranc potcntial and Apl I havc ihc

highcst values. nder thc c conditions. clccuo n flow "' 10\\" down. tbc rc pirator chain

becornes more reduccd and as a result thc íormation o ť O·; incrca es. Tran sition of

respiration state 4 to state 3 (in thc presence of DP) is accornpani cd by dccrca c o f

protonmotivc force , which is assumcd to allcviatc 0 '2 gcncration (Barju, 1999 ~ tanick

and ohl., 2000). It appears that most of RO producccl by mitochoudria in \ 'i\ 'o i

co rrelatcd with pH and /or '[Jil1 valuc .

Thc O 2- formation can bc also increased by spccifíc inhibitor o f rcspi ratory chain

co mplexes (rot enone for cornplcx I., antirnycin A for co mplex III ), which sto p thc elcctron

tran __ port by all upstream earri ers (I-Iansford et a1.., 1997~ Liu et a1., 2002~ t-Pierre et a1..,

2002). Unde r this condition ., the protonmotive force is zero. It rernains unclear whethcr this

mcc hanis m has any signifi cance for in vivo RO production . Possibly., str uctural changes

in rc piratory chain enzy mes blocking the eleetron transport eould be the reason.

Ir SeCll1S tha t the UC P proteins have an important role in oxiclative stress. It was

shown that UC P2 express ion might lim it the free radieal generation (C lapharn et a1., 2000;

Lowell and picgcl rnan, 2000) . Eehtay et al . (Eehtay et a1. ., 2002a; Echtay et a1.., 2002b)

observed that an increase in superox ide caused aeti vation of UCPs resu lting in mild

uncoupling. It indicated that thc interaction o f supe roxide with UC Ps might be a

mechanism for dec reas ing ťsp and thus the ROS production inside mitochondria. They

assumed that mainly UC P2 and 3 might be more associated with protection against ROS

than with thermogcncsis (Echtay et a1., 2002b) .

Thc relationship between superoxi de production and the components of protonmotive

force ( Vl n) and pH) has been reee ntly studied in detail by Brand 's group (Lambert and

Brand, 2004b; Lambert and Brand, 2004a). Earlier reports (Korsh unov et al., 1997 ; Liu,

1997~ Votyakova and Reynolds, 200 I ) have used uncouplers and/or inhibitors to show the
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sensitivity of the O ·~- forrnation t ") the / Vjll l ~ but under the e condition ~ thc / I II an i thus

t1p were also influenced. Brand ' group howcd that I) alter ~ upcrox idc production

1110 tly by a direet cffcct on cornplcx I in rat kclct .il mu cle mitochondria. lil particular,

they demonstrated that a high pl-I gradient across thc inncr mitochondriul mcrnbranc is

required for high rates of upcrox ide production by co rn plcx I duri ng rcvcr c electron

transport (Lambcrt and Brand, 2004b~ Lambcrt and Brund. 2004a).

1.3.4.3 ntioxidant defen e

uperoxidc aruon IS the precur or for mos t I~OS (figuro 8). Its dismutation

(spontaneously or by superoxide dismuta c) produccs hydrogcn peroxide (l-120 2) , whi ch

ean be redueed to water (by catalase or glutathion peroxidase) or to hydroxyl radical OH·

(by redueed transition metals), onc of the strongest oxidants (Turrcns, 2(03 ). M orcovcr,

O '~- can reaet with other radieals including nitrie oxide (1 O ·) and thc resu1ting

peroxynitrite is also a very powerful oxidant (Bcckrnan and Koppcno l, 1C)96~ Radi ct al .,

2002).

mce superox ide and its derivatives are highly reaetiv radicals, it is nceessary to

ma intain their coneentration at thc lowest possible levcl . Both the cytoplasm and

mi toc hondria are equipped with various antioxidant defcnses . MitochondriaI superox ide

di mutase with man ganese in the aetive site (MnSO[) ) converts O '~- to H20 2 in the matrix

Ol' in the inner side of the inner mitochondrial mcrnbrane (Fridovich , 1995). The 0 '1

eoneentration in the intcrmembrane spaec is controlled by several mechanisms. First, an

isoform of OD with eopper and zinc (Cu/Zn SO D) is Iocali zed there (Okado-Matsumoto

and Fridovieh, 200 1) and it is also found in the cytosol of eukaryotic cells . Cytochrome c,

which transports one eIeetron fr0111 cornplex III to cornplex IV, can bc reduced by O·;

(Butler et a1., 1975) regenerating ox yge n and the reduced forrn can transfer the electron to

the cytochrorne C oxidase. Th us, 0 '2- can eontribute to the energy needed to pU111p protons

through complex IV. Finally, Iower pH in the inte rmernbrane space faciIitates spontaneous

dism Ll tation of superox ide (Guidot et al., 1995).

Hydrogen peroxide, the prod uct of 0 '.,- dismutation , is mostIy degraded by

glutathion peroxidase, which has very high aetivity especiall y in the Ii ver (Chance et a1. ,

1979). Another detoxifying enzyme, cataIase that is present in peroxisomes, was found in
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heart mitochondria a well (Radi et al. .. 1991): this enzyme ha..' not been íound in oth r

ti.. sues.. including skeletal musclcs (Phung et al. .. 1(94).

ln add ition .. other electron carricrs appcar to havc dcto: o it~ ·i ng tcaturcs. For exampl ~ ~

ln the presence of the ubstratc 1'01' cornplcx II.. succinatc .. thc íullv rcduccd Iorrn 01'

coe nzyrne Q can act as a reducing agent 1'01' thc climination 01' various pcroxides. unlikc its

partia lly rcduced fo rm (scmiquinonc) .. which is a sourcc (J1' () ~ (Hever.. 1990: l.to ct al. ..

1992). Moreovcr .. the inner mitochondrial mcrnbranc contains vitamin l ~ .. a powcrful

antioxidant (Ham and l.icblcr.. 19(5).

:n ermembrane
sp ace

rnatnx .:
.:

OH'

Figure 8
.-1nt ioxidant defenses .
.Superoxide and its derivatives (Ire shown. Cu/Zn () ( JD - cvtoso! ic superoxide dismutase,
.vln,S(J/) - mitochondrial superoxide dismutase. cyt c3

- cytochome c.

3 ce I d at

Cell s die by two rnain pathways: necrosis associated with thc plasma membrane lysis.,

and apoptosi (programmed cell death) resulting in digest ion of ce ll contents mini mizing

its leakage ( icholl s and Ferguson, 2002). The ťamily of proteases (caspases) plays a key

role oť the proteolytic digestion . They exist in non-apoptotic ce lls as inactive precursors

and are act ivated by proteolytic cleavage. In 1996 it was found that during an acti vation of

cas pases cytochrorne c is released (Green, 2000) and., together with cytoplasmic factor

. pafl (apoptotic protease activating facto r 1) and procaspase 9, it creates ' apoptosorne
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eapable of aetivating other caspases (figuro 9) . /v second pathway for ca 'pase acti ation ..

suffi cient for apoptosis iII sorne celIs.. is iII itiated bv thc hindinu o ť Iiuands to th ~ tumor
.., '- '-

neerosis factor (1 F) fa111 i Iy and this co111 plcx is ahle to activatccaspases ( ichoII s and

Ferguson.. 2002).

Proc aspase 9

Apoptosis
, I
\

o
poptosome

A pa f 1

--

VDAC

l outer
~ membrane

AN T

inner
mernbrane

PTP

Cy P D

Figure v
Apoptosis - programmed cell death.
.-lp((jl - apoptotic protease activuting fac tor 1: VD.AC' - voltage-dependent anion channel:
.,~1 IVY' - adenine nucleotide transport ér: Cyl' D - cyclophilin D: P7'P - permeability transition
pore.

The mechanism of cytochrome c release is poorly understood . Thcre are two

hypothcscs : specific proteins form or activate a pore in the outer membrane allowing

selective efflux 01' cytochrome C or non-selective rupture of the outer membrane occurring

because ol' osmotic expansion after opening of the permeability transition pore (PTP).

--rhe P'IP is a large conductance pore formed by seve ral proteins ťrom both

mitochondrial membranes. Its structure seems to include the adenin e nucleotide

translocator (A T) in the inner mitochondrial membrane., the voltage-dependent anion

channel (VDAC) in the outer membrane and cyclophilin O in the matri x. (Crompton,

2000) (figure 9) . The PTP is opened by a combination oť high [Ca2+]m, oxidative stress,
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ATP depletion, high inorganic pho phatc and mitochondrial dcpolurization ( r n11 t n,

1999) and is non- e Iecti vcly pcnu cabIc fo r o Iutc up to aboutl .: k a. 1 he balc

consequence of the PTP opcning i thc 10 of thc protonmotivc forcc and cffl ux f

mitochondrial calcium (Chcrnyak . 1997~ Bru rov er ky and Dub in ky, 2(00).

It is clear that thc PTP can bc act ivaicd in cc lls unde r pcciu lizcd co ndition but it i

currentl y unkuown whethcr thc PTP play any role in ce ll phy iology or whcihcr it cvcn

exists except uncler pathophy iological conclitio n . Icvcrthclc '\ thcrc i gro\\'ing cvidcnc

sugge ting that thc PTP opcning i a normal ťcat urc oť mitochondrial phy iology. cvcral

gro ups have reportecl that tranicnt opcII i IIgS o ť thc PT P arc a ocia tcd \\ ith trani cIIt

changes in the 111 itochondriaI mernbranc potcnt ia l ( I-{u cr and Blat tcr, 199<) ~ Dc Giorgi ct

a1. ,2002) .

1.3.6 itochondrial oenetic and biology

Mitochondria retain a number of fcatures that rcflcct thcir cndosymbio tic origin. It

inc ludes a doublc membrane structure and circular mitoc hondrial genome wi th a specifi c

replication, transcription, translation and protein asscmbly system. During thc mamm alian

miioch ondrial evolution, many mitochondrial genes have bcen transfe rrcd to thc nucleus

and mitochondriaí genome has been reduced to about 16,500 base pairs (Wa llacc, 19 82 ~

Adams and Palmer, 2003) . It rernains unclear, why thc mitochondria sti ll retain genornes.

A wi dely discussed hypothesis is that S0111e highly hydrophobic proteins (e.g. COX II or

TP6) ar cliffic ult to import across the mitochondrial mernbrane and sort to the co rrect

location (Popot and de Vitry, 1990).

The mi tochondrion encodes onl y 13 subunits of the OXPHOS enzymes together with

12 and 16 rR A genes and 22 tR A genes required for mitochondrial protein synthesis

(figure 10) (Wal lace, 199 9).

The 111tD A is maternally inherited (Gil es et al ., 1980) and has very high mutation

rate . When mutation arises, ce lls contain a mixture of wild type and mutant nltDNA, which

caIl d hcteroplasmy. During ce ll division the mutant and wild type mtDNA are

randornly distributed, which can lead to segregation of any one type of lTItDNA

(hornoplasmy). When the percentage of mutant mtDNA exceeds a certain valu e, the

cellular energy ex penditu re declines below bioenergetic threshold essential for cell life.

B yond this value, disease symptoms appear (Scri ver et a1. , 1995; Wal1ace, 1999;
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Ros ignol et al. .. 2003). It ha bccn hown that the .ame rntl) mutation can caus

particularl y difťerent vmptorn a1110ng membcrs of thc affccted t~1111il., - in a .sociation with

the heteroplasmy . OXPI-IO" enZY111es can also be affected hy mutations in nD v-ith

phenotype ~ imilar to the se of 111tD !\ origin (Wallacc .. 1(99).

, \ m l) ll )

------------- .\

~\D 2

-

':)
)

,'",
- ~

Figur« 1()
Thc human mitochondrial genome.
The do uble helix can be separated into light and hea '.V chain. Light chain (orange) encodes

I RN/lse twhite boxes ) UI1( ! one complex I subunit (IVDá), while the heavv chain (green)
cncodes six complex I subunits (ND l, ND2, ND3, ND 4L , ND~ and ND5) , cy tochrome b (C)!/

b), three complex IV subunits (('()~X:I, ( '()XII and ( '())( III), IMlO ATP synthase subunits
tAřlPase Ó. .4 7'PL/se ?5) and the 1~ fR /VA5;e..Sites ofpoint mutation are marked (In(1 the region
ofcommon de letion is outlined (see text for de tails).

lh ree ať the most important aspects of the mitochondrial OXPI-IOS disease

pathog nesis are ene rgy depri vation. generatian ať reactive oxygen species and regulation

or' apoptosis. Mitochondri al PTP can be initiated by excess ive mitochondrial uptake of

.alcium .. increased exposure to RO ar a dec li ne in ene rgetic capacity. The openin g of the

P'I'P caus s collapse oť p, welling of mitochondria and release of death-prornoting

factors (Zoratti and Szabo.. 199 5 ~ I iu et a1. .. 1996 ~ Green and Reed ~ 1998; C rom pton, 1999;

"usin tal. .. 1999).
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1.3.7 Mitochondrial di ea e

Mitochondrial defeet oecur ln a broad variety of dcgcncrati vc di ca c . aging and

cance r. More than 200 rntf) A point mutation . dclction and in crtion havc bccn

identifi cd in a variety o f dcgcncrativc di ca e (MI ~rOM f\p: A Human Mitochondrial

Genom e Oataba c. httpv /www.nutomap .org l. Duri ng thc la t dccadc. it ha ~ bccn 110\\'n

that mitochondri al disca se as ociatc al o with mutat ion in nuclcar ucnc that cneodc
~

subunits of OXPI-IO prot cins, O .,/PP I-IO - pccific as .cmhly prot cin ar di ífcrcnt

com poncnts of mtl) and protein ynthcsis machincric ( houbridgc, 2001 b).

Ox idat ivc phosphorylation dcťects can rcsult in a variety of multi sy tem disordcr

prima rily affect ing tis ue with high-encrgy dcrnands. Thc mitochondrial disca c rang e

from severe ence phalopathies of carly childhoo d to mi ldcr di ordcrs ar adult . Ocpcnding

on the type o f the genetic defect s (in 111tO A or nO A), thc mitochondrial disordcr

tran miss ion ca n be maternal a r Mcnd clian, so rnc o f thc most cvcrc di ordcrs are

acqui red.

1.3.7.1 mtD mutation

Pathogenic mutations of mtl) A include po int mutati ons and rcarrangcmcnt

(delction/duplication, inse rtion). Poin t mutatio ns have bccn ident ificd in tR A, rRNA and

structural gencs and are more CO I11I11o n than mtf) A rcarrangc mcnts. C linical phenotypes

a ť mitochondrial diseases can diverge or overlap because a given 111tDNA mutation can

produc di fferent phenotypes, whi le very similar phenotypes ca n be caused by di fferent

111 Lltation .

Mutat ions in str l/ c l l/ r u l genes

The 1110St frequent 111tO A mutations ln structural genes assoc iate with complcx I

and co rn plex V. - Leber hereditary optic neuropathy is typica l1y caused by

mutauon ln genes for corn plex I subunits 01 , -0 4 and D6. These mutations are

usual ly hornoplasmic r sulting in visual loss due to optic nerve at rop hy.

The 1110St C0l111110n rnutation in complex V genes is transition of T to G in posit ion

993 in /1TP6 gene encoding subunit a, a part of the proton channe l in the Fo dorn ain of

ATP synthase . Depending on the mutation load the mutations can manifest either as
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Leioh" YII d rome (ll cLl rly 11 o1110pla 111 iC mutati011 10ad ) or a ~ . ., I~ P (ll eurogCII iC IIiu cle

wcakness. ataxia and retiniti pigmente a) \\'hC11 lc than 750
/0 ,ť muiatcd mt l)

presen1. Leigh ., s syncl ron1e is aII car1y-oII cL 11 euro dcgCll crati vC di ca. cellaraetc riI li b.l

bilatera1 1e ions in the brainsten1 ( ho Cf11cr c tal. ., 199:2: Tatuch ctal. ., 19tJ2 ~ rtII tal. .,

1993)., which are ab ent in RP.

Mutation s in /1~ JV)l

Mutation s in mitochondrial protcin synthc i gcncs can cau .c diIfcrc nt symptom:

ine1ucl ing encephCl10pathic or II1yo pathies \v ithraggcd rcd f ber (RI~ F) ( cri\'eret a1. 'I

1 995 ~ Rosenberg et al., 199 7 ~ Wallacc. 19(9) but spccific mutation also a sociatc with

specifi c clinical manifesration. For cxamplc thc mtl) mutation at po ition 8344 in

tR A1ys gene result in myoclonical epilep y and I~RF (MERI~F) (Wallacc ct al., 1 9 ) 8 ~

hoffner IV et al., 1990). Another mutaiion in tR l AI.L'Ll gcne at pos ition 3243 assoc iate

with trok -like acti vity and mitochondrial myopath y (M ELA ) whcn 1110rc than 85(~~) of

mutated 111tO is pr sent (Got o et al., 1990) or diabete mcll itus and dca Inc whcn th

percentage o f mutated ll1tONA dccrcases under 30(~) (Gcrbitz et al., 1995 ~ Goto, 1(95).

ilde r mitoch ondrial prot ein synthes is mutations can bc hornopla mic, affccting only

1 I · . R ACiln . .centra nervo u sys tem suc 1 as mutanon ln t gene at position 4336., which is

associated with Alzheimers disease (Sho ffner et al., 1993).

Delctions ~fnl/I]Nil

Dis ases resulting from mtl) A rcarrangcmcnts include chronic progressive external

ophtalmopelia ( ~ )., Kearns- ayre syndrome (K ), matcrnally inhcritcd diabetes

mellitus and deafness (Ballinger et al., 1092~ Ballinger et al. , 1994). CPEO and KSS

pati nts uffer frorn mitochondrial myopathy ophta lmoplegia and ptosis (droopy lids) and

orn hav cardiac defects, renal problcms and other SYll1pt0111S (Mita et aI. , 1989;

houbridge et al. , 1990; Heddi et al., 1994).

1.3.7.2 n . mutation

. itochondriai diseases resulting frorn the mutation Ul nONA exhibit Mendelian

inheritance patterns but stilI share many clinical features with the diseases caused by

mut ations in mtl) A. Mutations affecting several genes essential for mtO NA replication

r suIt in multiple mtl) A deletions or decreased cel lular content of lntO NA - mtD NA
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depl etion. In addition, increa ing numbcr of mutation ha bccn rej ortcd in th la t decad e

that cause specific, isolatcd defect o f individual O. ·p 10 cornplcxcs.

P to now, pecific dcfcct o f nuc lcar origit: havc bccn ťound in al! mitochondrial

respiratory chain complcxe including CO. ' ( -' houl1 ridgc. ~()()1 a: Pecina ct al., 20(4) and

i-\TP asc (Houstek ct »r ., 19(9) .

(~\ '{ OC/11·OI JI c C O_Yidasc (/~fiCJCII C ics

COX de ťects originating fron1 II1Utatio II in nuclear gen o111 C (T iraII ti ct a1.'1 199 ~ ZIILl

et aI., 1C)98~ Papadopoulou ct al., 1t)9C) ~ Robin Oll , 2 000~ Pecina ct al., 20(4) oftcn manifest

in the fl rst months o f Ii fc and thc pro gno i ' is vcry scriou or ťataI. o far, no 1l1U tat ion in

thc nuclear gene for COX subunits havc bccn locatcd, but nurncrous mutations in thc

genes encoding COX a sembly protein have bcen de cribcd. l -'hc d ysťunction of C X duc

to these mutations is causcd by struetural chan ges and/or changcs in thc amount o f thc

enzyme . The mutations in '("0 / '1 5'( '0] and ( '0)( / 5 gene are u uall y manifc led as

cardiomyo pat hies (Papadopoul ou et al ., 1999~ Robinson , 2000~ Antonicka ct al., 2003b),

111 utation in the ( "'0)(/ O gene resul tcd in 111 uItiPlc carly-onsc t c IiII ical phcnotypc

( nlonic ka et al., 2003a). The most corn rnon COX asscmbl y disordcrs are cau scd by

mutations in the S'URFI gene (Ti ranti et al., 1998; Zhu et al., 19(8), which are frcqucntly

manifested as COX-assoc iated Lcigh syndrome - subac ute nccroti zin g cncephalopathy

(DiMauro ct al., 1986).

.~ l TIJ SJ 'll l hase deficiencies

A TPase defects of nuclear origin art; characterized as a se lective dccrease of ATPase

con tent caused by diminished ATPa~e biosyn thes is. Since 1999 several cas es of

mitochondrial disorders of nuclear origin \vere described in the Czech Republic (Houstek

et al., 1999; Vojt iskova et al., 2004), Belgium (De Meirl eir et al. , 2004) and Austria (Mayr

ťt al., 2004 ). Most of the cases showed reduction of ATPase content below 300/0 o f the

control, early onset of the disease, cardiomyopathy and 3 mcthyl-glutaconic ac iduria

(Housiek et al., 2004). The possible cause for insufficient AT Pase biosynthes is can be a

Iimited production or mutation of some of the AT Pase assembly proteins (Atpa fl p,

tpa fžp). The mutation of the A'TPAF2 gene was found in one of the patients from

Belgium (De Meirleir et al., 2004), no mutation in structural or assembly genes were

id ntifi d in othe r pat ients (unpublished data) .
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1.4 onitoring of mitochondrial function by 'Pill m a Ir m t

Th e mitochondrial mcmbranc potcniial cunnot bc a l" cd dirccilv u inu thc
~ 0

microclcctrodcs bccausc or thc izc of thc rnitochondria. on cqucntly ~ indircct mcthod

havc been e111p1oyccl to 111011 itor ~ 'll m in tllc ecII S ~ c pccia II y fl uorc secIICC II1Cthl d . Thc

carly methods u cd radioi otopc ~ in \\'11 ieh ca c thc c rgauc II c ~ have to hc cparatcd from

the medium . owadays , thc 111 0st e01111110n mc thod s U uall y mc nitor thc rcsidual

co ncc ntra tio n o f thc mcmbranc-pcrmcuhl c c.uions (c.g. phosph )niU111 c.uion ) u ' ing ion 

se1ec ti ve elec trodes. A11 altcrnari ve approacII i to u c mcm bra nc-pcrrncab Ic eation ie

fluo rcscent prob es and monitor thc changc in thcir pcetraI propcrtics. These dyc s are al so

ca llecl pot cntiornetric, slow or recli stribution mcmbranc-potcntial fl uorcsccnt dycs.

1.4.1 cm b r a ne-per mea b le cation redi tr'ibution

Mcmbranc-pcrmcablc cations (cithcr pho sphoniurn cations or cationic

fluoro hrornes) are on1y suitab1e fo r thc esti mation or 'F. ; bcea use o f thc ncgative ehargc

in idc mitochondria. During inc ubation with mitochondria, thcy 1110VC across mcmbrancs

unt i1 they reach clcct rochemical equi1ibri um. Undcr th is cond ition, the distribution o f thc

prob e betwcen aqueo us phases at the t\VO sides o f the mitochondrial mcmbrane obeys

I crnst cquation (Ehrenberg et al., 1988~ Plasek and Siglcr, 1996) :

III = _ RT In c2'-
zF C ,

I

(4)

wherc Cu and Cl are the concentrations of the cation outsid e and insid e mitochondrion, z is

the ion valency and R, T and F are gas constant, absolute temperature and Faraday

co ns tant, resp ctively. Thus, the increase of the cationic dyes concentration ln

mitocho ndria indicates hyperpolarization ofthe mitochondr ial membrane.

Iť we incubate whole cells with the mcm brane-pcrme able cations, the vo ltage

dependent partit ioning of the dye between medi um, cytoso l and matri x is described by the

equauons:

zF i1 lJ.I
CI == C exp(- p )

o RT

zF i1 lJ.I
C == c exp( - tll )

111 )( RT
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where VJp and VJIl1 are pla ma and mitoch .mdrial mcmbranc potcntial ~ rc pcctivcl y.. c.;

Ci and CIJl are the conccntrati on of thc dyc in thc medium. cyto 'o l and mauix -10 avoid thc

contribution o f thc plasma mcmbranc potcniial it i po ' siblc to pcrmcabili zc ccll s by

detergent .. for cxamplc digitonin (Floryk and I-Iou rek. 1()9lJ). uch trcauncnt ha thc

fo IIow i 11 g advantages : (i) pIa 111 a II1C111branc pot c11 tia1 is li i ' ' ipat cd. (i i) lc ti111c i

neccssary for thc accumulation ar c.uionic probcs in mitochondriu, and (i ii ) compounds

in fl uencing thC VJIl 1 havebetter accc ibil ity to t11 C II1itochondria1mcn1braIIc .

1.4.2 'lJn1 determination II inv radioi .otope or ion-selcctive clectrodes

The radioisotope technique is bascd on thc 111ea urcmcnt of the di tribution ol' f3

cmitter ~() Rb - that subs titute K ' in thc presenc e oť valinorn ycin . Isolatcd mitochoudria are

incubated with ~() Rb-, valinomycin and substratc. Aftcr ccntri fugntion, thc amo unt of

i otope in the pell et is assessed, and thc conce ntration o f the isotope calculatcd. 10 pcrform

this calculat ion, another indic ator , c.g . [I-+CJ sucrosc that cannot pcrrncatc the inncr

mitochondr ial membrane, has to be present. Thc sucrosc count indicatcs thc volurn c ať

contam inating mcdium and allow correction o f X() Rb- count . 1t i also necc ssary to

e timate thc matrix vo lumc by determination of the di ffcrcncc bctwccn [1-lC] sucrose-

permeablc and 3H20 -pern1eable spaces (Rottcnbc rg, 1 98 4~ icholl s and Fcrgu son, 20(2) .

Thc di advantage of this method is the fi xed va lue of the llJn1 corrcsponding to Nernst

cLI uil ibr iun1 fo r the pre-existing K t- gradient across 111e111 hrane.

Thi drawback can be avoided by using phosph onium cations, for cxamplc TPP t

(tc traphcnyl phosphoniurn). The positi ve charge of r nr- : is shielded by hydrophobic

groups and thus it can pass through the ínner mitoc bondrial membrane in depend enc e on

VJlll . The cation accumu lation can be mcasured isotopica lly, or ion-selecti ve electrode can

be used . Tf'P '<selcctive electrode allows the conti nuo us monitoring o f T PP+ concentration

iII the 111ed i II 111 aIId t1 tfJrn can be caIcuIated via Nernst-eq uatjon (ZoIk iewska etal. , 1989 ;

. icholls and Ferguson, 2002) . Unfortunately, the !1 VJrn calculat ion in intac t ce lls requires

the values of the mitochondrial volume and the amount of T PP+ that binds nonspecifícally

to th vano us cel l 111 mbranes . Moreover, relativcly high amounts of the sample are

neces ary.
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1.4.3 «Pnl deterrnination II inv fluore cence potentiumctric dye

Huorcscencc-based mca urcrncnts oť thc mitocho ndriul mcmbrunc p )tclltiaI can bc

ca rried out iII iIIdiv id Ll aI eeII Ll ing II1ic I'o tl Ll oriII1Ctry a ' \\'cII as i11 Cc II .II pc11 io11 Ll 111g

fl uori metry. It is necc sary to pay atten ti011 to thc se Icct ion o ť prop er dve and me thod.

1.4.3.1 Gene ral prop ertie ol' poten tio metric dyes

Fluore ccnt potcntiornctr ic dycs Ll 'cd ťor moni tor ing ať mitoch ondri al m crnbrunc

potcntial are mcmbranc-pcrmcablc cationic fluoroc hro rncs. It is assurn cd that thcir upiakc

bJr 111 itochOndr ia is co ntro II cd bythc n1itoehoJldriaI 111 Cn1brane potcntiaI in aceorda11 CC \V ith

I ernst equation. Each cornpound coruai ns quutcmary nitrogcn with dclocali zcd chargc,

which can increase thcir mcmbranc pcnncab ility. ~I hc dyc pcrrn cabi lity ean hc also

modifi ed hy struetural featurcs (c.g. thc lcngih o f thc alkyl chain in ca c of ea rhoeyaninc

dye intluences dye hydrophobieity) ( icho!l : and Ward, 20(0).

The 1110st widcly used arnong fluorcsccnt dycs sui tablc for thc mo nitoring of

mcrnbranc potential are carbocyanines and rhodaminc . Carboeyaninc wcrc vcry popul ar

in the early period of slovy dye application (Plasek and iglcr, 199ó). Rhodarnin cs wc rc

ťi rs t uscd to measure L1 'IJI11 in cell and can be uscd in both matrix qucnchi ng and non-

qucnching modes (Johnson et al ., 1981). Thc thircl cla ss of slovy clyes are oxono l
. .

- anIO nte

dyc which acc umulate in the intraeellular spaee o f ciepolarized cc lls, but not in

mitochondria with high negative-inside potentials. Thus, thcy are suitab le only for

moII itoring o f pIas111 a 111 e111 brane pot entia1. 0111 e o f the red istribution cl yes are Iistecl in

tahle 2.

o111e gro ups have also used MitoTracker dyes (table 2) for monitoring of L1 '1J
m

changes ( acho et al., 1996 ~ .latyl cvitch et al ., 1998 ~ Buckrnan et al., 2001). The

MitoTrackers dyes (MitoTracker Green ., MitoTracker Orange Cřvíl Mkos or MitoTracker

ReJ C. ~ ' Ros) eon tain chlo rome thy l groups that are thought to react with SH groups

w ithin theceII. MitoTraeker GreeII is Suggestedto be L1 'l' ,« insen sitive and thus it can be

suitable for a sessing the mitoc hondrial 11laSS (Poot et a1., 1996). On the other hand,

, itoTrack rs Orange (table 2) and Red are positi vely charged and it was shown that they

can be VJll l-sensitive (Macha et al., 1996 ; Matylevitch et a1. , 1998) , but it depends on the

cell types (Buckman et al., 2001; Plasek et al. , 2005) . In addition , they partially inhibit the
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activity of complcx L but the: c idc cffcct cun bc rcduccd by II ' ing low dyc c nccntration

- le s than 100 nM ( corrano ct al., 1999: Dcgl i po t i ~ .2 00 1).
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1.4.3.2 Fluore cent propertie -. 01' potentiumetric dvcs

pectra can bc bluc-shi íted (I-I-aggrcgate.) or rcd-sh iltcd (J-aggrc gatcs) rclativc to tho c

oncs of monomers, or by thc binding o f thc dyc to matri x macromolccul c (protciu etc.).

The spectral e ffccts are u ually acco mpunicd by changc in fluore .ccncc lifctimc and

quantum yie ld ( ims ct al., 19 74~ Emau ct al., 19S(): PIa ck aud Hrouda, 1991 ~ PIa ck and

igler, 1996). These changc dcpcnd on thc properti c o f a gi\'cn dyc, its conccntration,

and the cell density, as wc ll a on thc fluor imctcr se t up.

The spectral properties of carbocyanincs are co ntro llcd by thc so lvcnt polarity and by

the eco nd heteroatom (i .e. I., O or ). T hcy are also in fl ucnccd by thc num bcr a ť mcthinc

groups in the bridge betwccn the rings. For cxum plc curboc yanincs with pcntum cthinc

bridge (-Cn(5)) have a strong tcndenc y to fo rm agg rcgatcs contrary to thosc with

trirncthine bridgcs (-Cn( 3 ») . On thc oth er hand, carbocyanines are rclative Iy in ensitive to

thel ength o f alkyl chains ( i111set a1.., 1974 ~ Tsien ancl 1-11acl ky., 1(78 ).

ln rhoda mincs, a red shi ft of absorption and fluorescence cmiss ion spec tra (about 1()

n111) i observed . In contrast to carbocyanines, no couccntration-dcpcndcnt formati on o f

aggrcgate was found with rhod amines ( mau s ct al. , 1( 86) . Rhodamine 123,

tetramcthylrhodaminc met hyl ester (T MRM) and tctramcth ylrhoda rn inc ethyl ester

(T RE) \vere consid red to be sensitive and specific probes for '/Jn1 in isolated rat li ver

mitochondria (Emaus et a1., 1986; O'Connor et a1., 198 8; Scaduto and Grotyohann, 1999)

and also in permcabi lized ce lls (F loryk and Houstek, 1(99).

1.4.3 .3 Dve electio n
0.1

Pot ntiornetric dyes share a number of draw backs for their use, including self

quenching ar toxicity. Before starting the experiment, an optirnal dye-loading protocol

should be designed for given cell type, cell num ber and detection technology. The dye

oncentration should be sufficient to yie ld optima l signal-to-noise ratio without

.ompronusing mitochondrial function. The ern phasis should be put on maximizing
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detcction (1alllo or on mcrca Ing amount oť thc sarnplc r.uhcr ihan in rca Ing dvc

conccntration.
, .
I ncrca Ing thc Il l d V cau ~

photobleaching or radical formation Finally, whilc clccting appropri.uc fluore cent probc

not onl y its propertic but also corupatibi litv with thc tcchniquc houkl bc con idcrcd

(D ykens and Stour, 20(1).

fJiOC()(3)

3 ~3'-d i hexy l o x ac a rbocya n i ľ1 c iodidc [ D i OC~(, ( J ) J bclongs to thc largc íumily ar
carbocyanine dyc . It ha bccn uscd a an indicator of mitochondrial mcmbranc potcntial .

Unfort IIIIatel y., DiOCh(3) al otai IIs endoPIasII1ic rcticuluII1 (D ykcns andtout. 2OO1).

According to Rott enb crg ct al . (Rottcnbcrg and Wu, 1l)() ) DiOL () (J ) taining is clcctivc

for mit ochondria onl y at conccntration bclow 1 n . DiOC{,(3) may al 'o inhibit

n1itochondri al respi ration (Rottenbcrg and 'vY u, 1998~ Dykcns and Stout., 200 1).

,JC~ -- /

JC- l (5 ~ 5',6., 6 '- tctrachloro - I ~ 1'., 3~ 3 '- tctracthylbcnzin1idazolylcarbocyaninciodidc)

differ frorn the other potentiornetric dye in its ability to display thc changcs in its

drivcn mitochondrial accumulation by marked changcs in thc color of cmission. At low

conccntration or Iow ~ V.llll~ Je- 1 cxhibits green fluor escence., whcrcas at a highcr

conccruration or higher V.l11 1 the dye form s J-agg regatcs that cmit red nuoresccncc (Rcers

ct al., 1995). This is in co ntrast to the sc lf- quenching in rhodamines that occurs upon their

aggr gation at high concentrations. Thi s mcan s that J ,- 1 can be used as a ratiometric

indicator of mitochondrial mernbrane potenti al. Cossarizza et a1. (Cossarizza et a1., 1996)

showed that the ratio of monomer to J-aggregate fluorescenc e was proportional to L1 VJI11

(Reers et a1., 1991). Therefore, the spectral properti es of JC -l are suitable for the

vi ualization of mitochondria in living cc lls using fluorescence microscopy as well as for

cytofluorimctric analyses (Smiley et a1., 1991 ; Reers et a1. , 1995). The main drawback

as .ociated with this probe is that tairly co mplicated instrurnent s are required for ratiornctric

measurements. With JC-l ~ a drop in L1 q.ln1 is theoretically reflec ted in both the increase in

th gr en fluorescence and the decrease in red fluorescence. Di Lisa et a1. (Di Lisa et a1. ,

19(5) reported that the primary response to depolarizat ion is a spectral shift to red

fluor scence. However, another group has reported that depolar ization caused an increase

in gr en fluorescence in the cytosol (Scanlon and Reynold s, 1998).
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Rhodamine 123

An alternative to DiO ()(3) i rhodaminc 12~ - a verv popu lar probc ťor 111 nuoring

mitochondrial membrane potcntial. Howcvcr. it uífcr frorn scvcral limit.uion a ociat Ll

with the use of slow potcniiomctric dyc. I Ol' cxamplc. it cxhibit .. an cxtcn ivc lf 

quenching, inhibits thc respiration and uncouplcs mitochondria signi fic.mtly at micrornolar

probe concentrations, and it non- pcci ťí c bindi nu to mitochondria cornpromi c it

ernstia11 distribution (E111au ctal. ~ 19 () ~ BUll ting ctal. ~ 19 t) ~ cad Llto and rotvohann,
..I

1990). In addition., phototox icit y i anoth cr idc cffcct one n1U t takc care to avoid with thi .

dyc ( licholls and Ward ., 2000).

TMRM and TMRE

Tetramcth ylrhodaminc methyl (or cthyl ) ester ( ~rMI~M., ~I MI~ E) havc vcry sirn ilar

tructure a rhodamine 123 and they werc introduccd in 19 8 by Ehrcnbcrg and collcagu .s

(Eh renb rg et al., 1988). Thesc dyes, espccially TMRM., are more pcrmcablc than

rhodamine 123 (Bunting, 1 992 ~ Vergun et al., 1999) and havc 11111Ch lowcr non- crstian

bind ing to the ce ll than rhodamine 123 duc to lowcr hydrophobi city (Ehrcnbcrg ct al.,

19 ).

It hould be noted that TMRM and TMRE also inhibit rcspiration but at much highcr

concentration than rhodamin e 123 or carbocyanines. Thc rclati vc degrce of rcspiration

inhihition is following: TMRE > rhodamin c 123 Tf\1 RM. Summarizcd, --r MRM appears

to bc the 1110st suitab lc fl uoresce nce probe for determination of L1 Vln 1 in a conccntration

low er than 1 Jl M (Scaduto and Grotyo hann, 1999) using various methods (Floryk and

Houstek, 1999~ Duchen et a1., 2003).

1.4.3.4 echniq e for fluore cence detection of 'Pn1

The ~ 'l',« can be measured by fl uorescent dyes in either quenching or non-quenching

mode . Quenching ol the dye fluorescence can be observed in the suspension of

mitochondria or whole cells. In this case, dyes are loaded into the cells at relatively high

concentrations (~ 1 -20 Jl ) for a short period (15-20 min), As the dye accumulates into the

mitochondria, its concentration exceeds a certain limit and non- fl uorescent aggregates

occur. Mitochondrial depolarization causes redistribution of the dye into the cyto sol that is

fo llowed by increase in fluorescence intensity (Duchen et a1. , 2003). Obviously, the

fluore cence signal is a non-linear function of dye concentration in this case, and thus this

37



approach is usel es i11 at tempting to co n1parc 'JJi II i II pop ulati) II or c II in rc p n to

111 anipul ations. Add itionaIIv, thc eonecntrLlti011 1 ·~ too h igh a11 d tIIu eould bc to.' ie f r th

cells (see above).

The non-quenching mode i cmploycd in fluore ccncc n11Cr) copy or Ilo-v cytomctry

and it is possiblc to use vcry 10\\' eonecntration 01' thc dyc. In thc .c circum tance, thc

redistribution of the dyc bctwccn mitochondria aud it ~ cnvironmcnt ol ey ~ crn 't cquati n

and the depolari zation oť mitochondrie is indic.ucd by a dccrca c in prl bc fluore ccncc

intensity (Fink et al., 19()8~ Buckrnan and RCYI10Id', 200 1~ \/Vong and ortopas i, 20(2).

5/)ec ll"~(lZIoriI) 1eII ~\ ' iII •\' 1(sI)cIIsio II

This assay is theca iest and thu vcry frC II ucnt 111 C thod fo r thecstiII1atio II o f 'lJI l1 iII

both quenching and non-qucnching mode. Grcat care 1l1U t bc takcn in thc sclcction of thc

fluorescent probe and the ex peri mcnta1cond itions bccausc man y factors can intcrferc wi t11

'jJ1l1 ignal, e.g. variations in plasma mcmbranc potcntial (in thc casc of intact cell) or thc

acc urn ulation of thc probe in ether cell organcllcs. Morcovcr, thc acquircd signal is thc

avc rage of all thc fluorescence changcs in thc cell suspcnsion . .lh is phcnorncnon can bc

avo idcd by measurement in quenching mode or invcstigation of isolated mitochondria

( ichol] and Ferguscn, 2002) .

Fl(J \ \ ' ( \ '10nIeI~v

ln fl ow cytomc try experiments, thc total fluor cs encc of cach individual cell in a

large cell population is determincd . In most flow cytorn eters scattcred light in both forward

and side direction is also estimated, which provides information about cell volume and

gran ulari ty, res pective ly. Typicall y, ce ll suspcns ion is incubated wi th fl uorescent probe

and then the ce llular fluorescence as wcll as scattered light are measurcd. A typical

measurement is disp layed in fi gure 11. ince cytofluorimetric assays of L11J~11 measure the

íl uo rcsc nce intensities associated with cells, the fluor escence dyes whose response is

ba cd on quenching are not suitablc. The best dyes for flow cytometry are rhodamine

li -rivates T RM ar rr M R E (Flo ryk and Houstek, 1999). Carbocyanines with trimethinc

bridges and JC-l are also suitable (Cos sarizza et al. , 1993 ; Plasek and Sigler, 1996).

lt should be not d that, in the case of intact ce lls, the flow cytometry measures the

mean signal from the whole cel l, i.e. !1 lJJp also contributes to th is signaI. This means that

the fluorescence signal can change after depolarization of plasma membrane without any

chang ~ in V.Jn 1• On th other hand, depolarization of mitochondria causes redistribution of
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the dye to cytosol, but the fluore ccnce iunal frorn thc wb .ilc dr e n t chan uc ( u h n t
~ 0

al.. 2003). To avoid these probl cm ~ thc cell should bc pcrmcabili zcd by dct rgcnt (Flor, k

and Houstek, 1999).
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Confocal inicroscopv

For thc measurcmcnt of 'IJr l1 changes by confocal microscopy, both qucn ching and

non-quenching mode can be used. The measurcmcnis in thc non-quenching mode are

based on the principle that, at very low concentration, the dye rcdistributcs according to the

rnst eq uation (figure 12). f-I igh-reso Iuti on imaging is necessary for the accurate

measurernents and it is important to remo ve out-o f- fo cus signal by de-blurring algorithm .

This ISSU is carefully discu sed by Fink et al. (Fink et al., 1998). The approach can be

II .ed in dynam ics measurements, e u<t»: 'IJ n 1 change in response to pharmacological

treatrnent . In such cxperimcnts, the dye redistribu tes to cytosol in response to

mitochondrial d polarization, which is followed by dye re-equ ilibration between cytosol

and xtracellular nvironment due to plasma mernbrane potent ial (Duchen et al., 2003) .
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Fig ure I 2
.'vIiIochon(Ir ia lilieIJI brane po!ent iol 0/70lvz c:/ h.\' COl itoci, I "I icroscopc.
Intact human skinfibroblasts }vere labelcd with ]() n M l }yl/?A!./()r 30 min. L (~/i !}(IIl(!1 - l lvlRA·1
is accumulated in energized mitochondrie: right pane] - l lvl/?A/I is rcleasci! into cvtosol after
uncoupling.

-rhe prohlem arises when the avcragc signal across a ce ll is mcasurcd . In this case ..

thc mean signal may not change at all after mitochondrial depolarization . Th erefore.

sevcral groups used the quenching mode resulting in incrcase of fluorescence signal after

depolarization. s the fluorescence signal is a non-I inear funct ion of dye conccntration,

this approach cannot be used in attempting to compare ~ '1J
m in popul ations of cells

(Duchen et al . 200'"' ~ Duchen, 2004).

I~ řluorescence resonance enerKY transfer (F-'RE'7j

ln this method .. the energy of erniss ion of one dye is transferred to a second dye

molecule with no photon emission, resul ting in the quenching of the first, along with the

corre ponding e citation and emission of the second dye. The extent of energy transfer in

FRI:,rr is altered by numerous ťacto rs (e.g. the extent of overlap between emiss ion and

'. citation spectra oť the dye pairs)., as well as physical characteristics of the dyes (e.g.

dipole oricntarions) . However, the principal facto r in deťini ng the efťiciency of FRET is the

pro, imity ať the xchanging dye molecules.

Dykens and colleagues (Dykens and Sto ut., 200 I) developed the FRErr assay for

VJm based on f-'RET between two dyes .. both localized to mitochondria. The excitation dye
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1S 11 ony1 acridine oran gc ( . O) \vhic11 t~11 n card ioIipin (Liip11 o 'Phatidy1 g1yC I' 1) ~ th

mitochondrial specific lipid, and thc ccond dvc i livlRlvl (or T ~REL which i

sequestered into thc mitochondrial matrix by ~ '//11 1, I· R E ~r bctwccn thc .c t\\ ' dyc ccur

onI)í vYhe11 'lJil 1 exists Ll ncl T]\IlR ~v1 cntcrt II c II1atrix (OYkc11 .. and ' touL _()O1).

Calibration ofprobe rc .'!) OJ/S C

Finall y., all the tcchniquc outlincd hcrc are de igned to mca .urc rclativc changc in

VJIl1 • I ť an ab olu tc valuc o ť 'll m is I'cqII ircd ~ thc probc rc pon .c mLl t bc cal iIII'ated, \vhich

is q IIite diffi CIIIt. Thť 1110 -,t \vicl clv IIsed Cd IibI'ation is bascli on thc 'lJ ela1111) in u to111 ~

potassiu111 eqII iIibri Ull 1 d iffusion potcntia1s - 111 c thod cl csc ribcd by Oi Li a c tal. (O i Li a ct

al., 1995 ). This protocol works onl y with mitochondria or pcrmcabi lizcd ccl1s (Plasck and

igler , 1996; Dykens and Stout. 20(1).

In this procedurc., thc cell s are mcasurcd in thc presence ol' dcfincd potassium

concentrations and the potassium di ffusion potcntial is crcatcd by thc subscqucnt addition

o f a aturating amount o f val in0l11 YC in. Th c n1Cl11 branc pot cntial i calculatcd accord ing to

thc ernst equation and it is assumed that matrix potassi um conccntration is cqual 120 111M

(Ro si and zzone., 1969 ; Di Lisa ct al ., 1995) .
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2 The aims of the the i

During studie o f molc cular mcchani 111 oť mitochondriul dv tuncti m, thc

pro 111 inent ro Ie ofl) becon1c c v idCII1. -I' 11 i ~ CC 11 tra1 c 11 c rgctic paran1ctc r l f t11 c

m itochondria may trigger 1hc ca cad c o ť cCIIular C\ ' l ' II t ~ rC ., ulting iII CCllul ar dy ., runctio11

and cel l death. Thcrcfo rc, dciailcd and Cll itivc mca su rcmcut of !~/ ) . muinlv by mcun o í

'l/. ; ana lys is, represc nt vcry powcrful tool for both rc .carch and dia gno tic tudics of

human mitochondr ial di ca c

The presen t thes i wa ťocu cd on thc dvnamics of thc mitochondrial mcmbranc

potc ntial, 'IJll l , and its roIc in ctiopathology or mitoc hond ria1 li isordcr.. Thc primary ai111

of the study was to devclop a cytofluorimctric mcthod for a es mcnt ať thc changc in

VJll l in cultured cell , especially human skin Iibroblasts a thc 1110St írcqucnt and

acce sib1e materi al fo r study o f mitopath ic . Thc tcchniquc wa thcn app Iicd in

cornbination with othe r functiona l mcth ods in studie o ť a numbcr oť peci Iic

mitochondria l diseascs assoc iated with thc defcct s of cithcr 'F. ; Iormation or utili zation in

patients harbori ng various types of dcfect in rnitochondrial and ccllular Iunction.

Thc method was sensitive enough fo r detail cd charac tcrization oť pathogcnic

mcchanisrns and proved to be both casy and acccssibl c for diagnostic screening of

mitochondrial disorders. All thc rnitochondrial mcmbrane potcntial 111 CaSUrCI11cnts were

performcd by the author of the thesis.
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3 ummary of the re nit

The thesis cons i t o f cvcn article .~ iII \ \ ' II ich -,t uII ic ' o ť ._\ '1 /111 II avL bcc II pcrťo rmL d l n

factor , ATPase dysfunction duc to mutation ~ in 1l1tD 1 1 \ or nD l J!\ alld changc .. In

mitoch ondri al biogene i in canccr cell originating lrom kidncv tumor.

1. Flow-cvtornetric mo niro r ing of mi tochondrial depolarisation: ťrorn fluore .ccn ce

inteII itie tomiII ivol ts. .J. I) I(í.\' (' k, .. I. 1.(~i /i. \;k() ,.(í (/ne! .J. I /() u. \' /LJk. tj()II rII aI (~I

Pltotochcmistrv and. Pltotobiolo...~\' 13: 13i% <.,<\ ', 7S: 99-/ OS, l005.

T he f rst article cl c eribet IIc dev CIoplncn t o í tIIc 111 CtIIod tIIat 111 ake ' it po sibleto

mcas ure the '/Jn 1 changes in pcrmcabi lizcd cell in au absolutc .calc of millivolts. It

ernp loys the cyto fl uorimetri c mcasurcmcnts o f fl uorc scence o f cc II s Iabc led w ith thc

cationic redi tribution dye T RM. Thc fluore ccncc intcn ity is proportional to ~rM I~

conccntra tion acc umulated in mitochondria according to crnst cquation. Thi s fact allows

thc logarithmic transfo rrn ation of mcasured data to a lincar scalc of mitochondrial

the following pathological 111011cl : O. . de ficic nev II Ll C to 111 UtatioII S in SL'RF1 a " L 111 bIv- -

mcmbranc potentia l. The theory wa validatcd using thc clas icaI approach for

dctcrmination by TPP t clectrode.

ll/
J m

2. un tional alteration of cytochrome C oxida: c hy SUIl /7j mutations in Leigh

yndrorne, r Pecina. lvI. CVYLIIJkoVLí, S'.K./? Chowdhury, Z. Drahota. 11. IJu!Jo /, l l.

1'ojl iskova. 1-1. Hansiková. f l. Hou š ť kovú. .J. Zeman, C'. (Jo(l i l l 0 / LII1LI .f l loušték.

Biochimica et Biophysica Jl cta , 1639: 53-63, l003.

ln the second articlc, the fi brobIasts with cytochrornc C ox idase (COX) defici ency

due to mutation in 'URF1 gene were inves tigated. The S'URF1 gene encodes the asscmbly

factor for COX and its absence results in lower steady-s tate levels C~OX and accumulation

01' incompl te fonns of the enzyme. Using cyto fl uorimctric analysis o l" t1t[Jn1, we

d monstrated that the proton-pumping activity of incomplcte COX asscmbli es is impaired.

This Ieads to dccreased ability of celIs to maintain t1 VJn1 at functional load, which presents a

possi bl pathogenic mechanism .
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The next four articl e dcal with thc dcfcct o ť /\~I P vnthusc. In centra t to tll

de ticineies ~ ATP asc de feet Llrc a ociLltcd \\.ith iII1Painu c 11 t )f Ll t i1i /.at ion o ť \ 'IJ11 1'0 r i \ TP

synthesis .

3. 1\/1 itochond rial rnernbrane poten tial and .~ TP production ln primarv di surder oť

i-\T P Ynthase, / 1. 1'( ~ j / i.\'k() \'(í. I) . ,Jc.\' iJl u. . .\ I. I\.ctIoIIS . 1', 1\"aI)IaJl () \ '( í ,\ I. 'l 'es i t /'-o \'( r. IJ.

Fornuskova. !-l. JJu!Jo/. ,/. Z CIJ 1U Il . i Gndino! atu! ,f. 11(} 1I .\· / (~k , 7 (J.\"i(' (}I()~~.\ · \/CC / U l ll i .\" 1J 1S atul

Metliods . 14: 7-1I , ] ()04.

Whil e in the matcmal lv inhcritcd A'I P« e dc ícct .. duc to mitochondriul D /\
.;

(111tO A) rnutati ons in I I TP6 gene thc cn::yn:c is structuraII y and funet ionaII y mod i ri cd, i11

AT Pase defects o f nucl ear origin mitochondria eonta in a dccrcascd amount ar otherwisc

norm al enZY111e as thorou ghl y discusscd in thc third articlc.

4. G G i an efťicient initiation codon to tran late the hUI11an mitochondrial ~' 7'P6

oe ne ., A. Dubot, C. Godinot, 1/ . Duniur. ll . Sablonnicrc, T. Stojko vic. .I/\ 1. Cuissct, /1.

1/( ~ j I í.~k() vá. P. I)ecin( I, I). tfe.vincI { In(I J. 1-/() ll .\'Iěk. 13iocheII I ic{/I (Ine I I]i()I)h)'sicaI I? esearch

Comnntnications, 313: 68 7-693, 2004.

The fourth paper summarizes our studics on a novel mutation in the initiation codo n

o ť /1TIJ6 gene ( 527 >G ) coding for subunit a of A'TPasc. which forms a proton channcl

ancl thLlS is cruciaI fo r qJIl1 uti1ization. urprisinglv, mcasurcrncn ts o f L1 qJll 1 as wcll as

oth r biochemical and function al analyses of patient cclls harboring this mutation show d

no differences frorn the data obtained with control ce ll. Most importantly, thc analysis of

mitochondrial protein synthes is using ))S-n1ethionine labeling revealed that despite the

change of AUG to GUG initiation codon, the subunit a is present at normal steady-state

I veIs. In accordance with this fi ndings the cell respiration , maintcnance of 'I',« and ATP

ynthesis is unchanged from control. The main conclusion of the paper is that , in human

mtl) A., GUG can be used as an altemative initiation codon.

imini hed ynthe is of ubunit a (A P6) and altered function of A P synthase

and c~ tochrome C oxi da e due to the mtD A 2 bp microdeletion of TA at position

920 and 9206, P. Jesina, lvf Tesaiova, I) . Fornůskova, A. Vojtíšková, P. Pecina, V

Kaplano v á. H. Hansiko v á. J Zeman and tl. Houšték. Bioch emical Journal, 383: 1-·/ 1,

~U04 .

In contrast to the mutation in initiation codon, very severe functional changes result

frorn another very rare mutation i11 A TP6 gene, namely a two-base microdeletion in the
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stop codo11 (92 O: ~r1\ ). \v hicII i dceribcd i11 thc fi tthpaper. -I' hi ' 111Ll tation iIItcr f r ' \vitll

the /4TP6 tra IIscript 111 atllratio11 and 1cad to it l v crc rcd Ll ction. ln aceorda11 Cc ~ thc pro tcin

cont nt is dramatica 11 v cl cer cascd and it ' ab cncc i11 thca 'Sl' 111 b Ictl 1 \ T Pa c caLl c

profoundly decrea cd abil itv 01' / ~ /1/ 111 uti liz.uion. Thi \\ ' (1 ~ dC 111011 tratcd bv

cytofluorimetric analy is - in statl' 3. thc !~ 11/11 1 wus highc r in p.u icnt ccl ls th.in in co ntrol.

Correspondi ngly, ATP prod uction iII pat icnt cell \\'a ' pr mou ncc d Iy dcprc ' ' Cl i.

6. litoch ondrial di ca e and A'I Pa .c defccrs ol' nuclca r o rlg l ll ~ .l. l lousték. T.

Mráček . .,1. F '(~j/í.\'k(),·ú atu! J. Zeman, Biochitnic« c/ Biophvsictt ,'[c/u , 1658.. l i i -l l l, ~()()-I .

T hc s ixth art icle d csc ribl' s tll c ctiopatIIolog iC 111 cchan i .ms o ť AT' Pasc lic ťects o ť

nuclear origin. As mcntioncd abovc in these cascs thc bio ynthc sis o ť AT'Pa 'c i down

regulated due to a block at thc carl y tagc 01' cn/Y111c as cmbly. "f il c dccrca 'cd arnount oť

the enzyme results in a low capacity for cfficicnt util ization 01' t1 11/'11 and thus in

hyperpolari zation of the mitochondrial rucmbrunc. This artic lc pec ificully show that thi

bio energetie abnormality leacls to a dramatic incrcasc 01' mi ioc ho ndria l production o f

rcac tivc ox ygen speci es (RO ). Wc concludc that oxi dat ivc strcss tluc to inc rcasc R () S

production might be equal ly important for thc ctiopatho logy of A'TPasc di ordcr as thc

impai rrncnt of cnergy provision.

7. new role for th e von Iippel-Lindau tumor ' I ppre sor protein: stimu lation ol"

mitochondrial o. idative ph o phorylation complex b iogcnesis, I:;. l lcrvouet, J. Dentont,

1->. Pecinu, /1. Vojtíš kova, J. f-foll.Š'/ék. /-I. Simonnet and ( 1. Godinot. ('(Ircin()(~enesis. 26(3).

53/-539, 2005.

Thelast article dea1s with rn itocho II driaI fu IIctioII ancl energeties o f clear ce ll rena1

carcinorna (CCRe). These cell s are characterized by bi- allelic inactivation of the von

Hippel-Lindau (Vl-l L.) tU 1110r suppressor gene, which encodes a protein invo lved in oxygen

signaling to hypoxia-inducible transcription factor (HIF). Although CeRC culture ce lls

uffer from a mitochondrial defíciency cornmon to many typ es of eancer as originally

describ d by Warbu rg (Warb urg , 1956), our mcasurcrncnts showe d that these cells are able

to maintain normal values of ~ll ' This faet indicate that the maintcnance of L1 tj/Ill Ís

essential for cell survival and gro wth and is achieved even a: the cost of suppressed

synthesis of AT P. Consequentl y, mitochondrial energy provision is severely deereased in

thes cancer cells and they have to rely on ATP supplied from glyeolysis. This can be

demonstrated by the inability of these eells to grow under the conditions requiring
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oxidative phosphorylation . c.g. rcplaccmcnt ať glllCO e by galact rsc in culturc 111 dium

The growth of CC~RC ccll on galacto c could havc bccn 0111y rcsiorcd aftcr tran ťcction

and ectop ic expressionor \\'i Id -type \ í I-I L prote in. It cxpl'es ion inC I'ca 'e d 111 it C11 ondr iaI

biogenesis - 111tO ! TA contcnt. cxprc ~ ion oť . 'PI I cnzvmc and cel] rc piration. ~I 11

stimulation of mitochondrial biogcnc i de .cribcd in thi -, papcr i . a novel funciion ťor \ 1' 1-1L

protein.
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I . Introduction

Thc 111el11 brunc paten tial in 111 any cell typcs, as wcl] as
in thci r o rga ncl ks suc h as 111 itoe hond ria. has bcc n suc
ccsxí'ully mouitorcd using potcntiorncuic íluorcsccnt
probcs t ha t cu n bc classificd as lirophilic ca tio ns, Ol'

redistributi on dyes [I 3J. Thc lalter nal11C re!'ers to th c
!'aet that these dycs rcdistrib ulc be t\\'cen an l'xtcr nal
aqueolls Incdiu111 and ccll (and/ar the intcrior ol' cell
organel\c.' ) until an eqllilibrilll11 statc is rcac hed. U nder
this condition the ratio ol' respective probc concentra
tion s in thc eell/organcllc and their 111edillln obcys
Nernst equation . ~r h e 1110st popular dyes rOl' Inonitori ng
1l1itochol1drial 111cnlbranc potcntial are rhodal11ine 113,

Cu rrL.'s pon dil1g i.lu tho r. Tcl. : +42 () 221 ()II )-flJ: fax: +42U
224022797 ,

1:'-111(/lloddress .. piase l\. (u,ka rlt1\'.mtl.cuni ,cz (J , Pl:lšek) ,

IlJll-I)-f4/S - see ľru n t matter 9 2()()4 Else\'ier B,V , AII rights reser vL.'d ,
dpi : IU. I ()16/j.j pho to bio I.2()()4,()lJ ,O I I

ll' t LIl n ct hyIr 11 n li d Iu i II L' 111 c t 11 ~ I 1..' :... tcr (' l Í\..1R Í\ 1), t l' t r.:
II h: t11 yIrh() li a Iu inc 1..' t 11 yI cstl' r (' I'M R l : ), 1) i( )( .()(3) a 11<.1

.r ( '- I ,

Cutionic rcdi st rib tu iou d vcs tcud to acc um ul.uc wit h
in mit ocho nd ria Thux thc intens ity o l' pro hl' íluo rcs
Lence ca n bl' used as a 111 C ~l s u n: ol' Init () ch () n dr i ~ t1

n1elnh l' ~ lne po te11 t ia I (!'or re \'ll' \V sel' [ I 1 ) , 1\ nuo rl'sce llt
pl' () bl' C.\ pc ri111 C nt can bc pl' r1'0 rln cd, a nd 111 it() ch() nd ria I
111C 111 hra ne po tcntia I n1 easII rel l, i11 cithe r 11 () n-II ucnching
o ľ II lIcnc hing Inod c , -r he fo rl11Cľ o l1 e is el11ployc l! \vith
11 11 0r cscen ce 111 icr oscopy, n O \ V cyto lnc try, and plat e
ľeadcrs . With thesc h j gh - sc n ~l iti vit y techniqu es it is po s
sib lc to lise very lo \v dyc cO l1cc ntra tin ns, -r hcn thc
a r pa ľc11 t II LI o rescc11 ce in tl'nsitY fo \Io w s sa tisractOl' ily ;1

Ncl'ns tia n d istr ibllti on o l' th c pr obc bct\vccn l11it och on 
d ria a nd th cil' cnv iro nl11cnL and a l11it och ondrial dcp o
larisatio n is ind ica tcd by a dc crea se in pľobc

IlLloresccnce inte nsity, SCl' for exa l11plc [4 ()l, Mo rcove r,
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IIC 11 ~ io 11 S II I' i ,' t)Lit cd 111 i t t)Cho 11 d r i;1 (~ ) r \\ h\. )k ll' II " l h I' ' I1

:-- i()11 S \vi th Init o chu 11 d r i ~ i l' .\ ~ un i I1l'd 111 1[ U) \\ hl '11 i h.:I :'

ll ut)IT "CCncC i 11 tc11 Si ty isnl l' a-; url'Li h ~ L II I d ,1rII tlu \. )r 1111 ' 

t r ~ i 11 thc LI II C11 chi ng 11 hllk, 111 thi ~ l' ~ 1 l' ~ 1 1111 t l )l h\.I111.,1:' I. 1I
IIC jl II Lir i<:i t in 11 i ,' 1'0 III.)\vcd hy ~ ll1 i I1lTc:i l' i 11 !lu ()rl' "L' '11 'l '

i 11 tC11 Si ty , T hec ~ i uSc o l "Ulh :i d i I' ~ u i1\ hl' 1\\ l 'cn t hc III ) II 

LI UCnchi 11 g :l11 d LI uC 11 chi 11 ~ 1111.) cl c ' i<, 1hl' ,'() r111. I [ 11. ) II \.) I'

11 o 11-11uu rl' SCl' 11 t :i !! !! rl' !2 ~ i tc ~ n I' jl r t)hl' 111 ()k l' Uk" 111 th ' 1.1[ 

tl'r CiSC. which ha ppcn- whcu t hc d~ l' l \. )I1 L'l'I1[!',I[ I\. )11 111
ln i ll)Chll nd r i :i C.\ Cl'cd s ;i cerLl i 11 cr i t icll Ii 111 i t [- I,

I' l o s1 PuhIishl'II ;ISS;lY" l) l I11 i [()Chtl 11 d r i;1I 111 L' 111 h r\I I1L'

PUtl' n t ia \ \\'c rl' ca r r icd u ut :I t ~ I II u ~ tl iLI t i \ l' k \ l' l. l hu

} il' \d ing o 11\yin 1'0 r II1at i t)11 o n \\ 'hCthl' r t) ľ I11. ) [ ~ I I.. k rl I ) I.I !'
iS:ition h:lppcl1cd . and /ol' \\ 'hich l''\I'L' ril11l'I1LIll',) l1d i [ i ,)ll

\\'aS abk to C11 h:i nCl' thc ~ iPjlarl' 11 t l k jl () Li I' i " ~I t i()11 1\l' !.I
ti \ 'cly rC\\' st ud ic ,' on \y CI11 p\uYl'd ~ l'rlht l'q U,I t it )11 1()

tranSrUrlll r:1\\' challges il1 prohl' llUt)rl'SCl'I1Cl' il1t l'lhi l ~

to a g rad cd n1Casurl' n r ul1lk r \yi 11 g 111 i tl) cl 11. I I1Li r i ~ II l11l' I11 

braII c po tcn t iaI \'ar i:i t io II s, Oh\'iously. thl' d l' \ 'l ,jI.) I' l11 l' 11 t

n I' q uan1i ta t i \ 'C 111 l' 111 b ran cpu tc11 ti: tl sIII cl il' " \\ ~ l\ h ~ ll11 

pcrcd by the nl'l'd to corrcct thc r~l\\' llUt)ľCSl'l'I1Cl' il1tl'l1

~itics rnr a non-Ncl'llstian binding lIr [hl' d~l' ll)

Initol'hondria bl'rore llsin~ Ncrn~t Cqll:ltit)11 [7 I (l ),

!\/lorco\Tr, the quantilicatiun ol ' l11ilnch()l1dľi ~ll l11l'l11

brane potential in \vholc cclls is h~lI11pl'rl'c1 hy ~ l k'\\
:idd i t iu ll a l tl'l'hnical Jlroblcnls , First. lhc ~lctu :ll :lCCU

Inlllatioll ol' cationic dye in 1l1itol'hol1dri ~l i ' l'untrnlk'd

by bot h 1hl' pl aSlll :t1ellll11a I :llld thl' ln i tnl' h t)IHI ľi ;11

Inclllbranc potclltials becallsc probc l11okcuk~ cl1k' ľ

Initochondria in a t\vo-step proccss (including thl'

Incnlbranc potcntial-drivcn /l0\\! ol' prohe I1H)!cCll!c\

rrOnl the nlcdiul11 to cytosol that is rollo\\'l~d hy lheir

rllnhcr distribution to 1l1itnchnndrial 111atri.\), Sl'COIHL

thl' 111i tochondria wi thi n cells arc 1110rphnlogic:t1ly' :lnll
funl'tionally heterogcneous [11] , ~rn cope slIl'ccssrull)

\\' ith thc latteľ challl'nge. nlicrolluoril11etry Seel11S to

bl' a choicc , Microlluoril11etric assays Inusl bl' SlIl' 

portcd by advanccd 111ethods ol' il11age prnl'cssin g

\vhcncvcr a reliablc quanlificalion ol' indi\'idual 111itoch

onJ r ial contributions is a priority [4], \Vith dctecliol1

techniqucs that integratc 111itochondrial rcsponscs fronl

\vhole cclls, such as /lOVy' cytoll1ctry, any inforl11ation

on thc abovc hcterogcneity is obviously losl. and ccll

avcrageJ valucs oť InitochonJrial n1clnbranc potcntial

can only be asscsscJ. furthcľInorc, to avoiJ thc above

seq uen l ial rcsponse ol' rcdislribution Jycs to thc chain

ol' 111elnbranc potentials , thc p\aslnalc111nlal potcntial

hdS t G be f1rst co lla psed, e.g" by penl1cabilizing thc
ptasrna 111C111branc \Vllh J Igi tonl n [6,12J.

thcoretical ťrall1ework is prl'sentcd in this paper

thal sho\\' s hovv rav\-' f1ow-c yto111Clric intcnsitics ať probe

Iluorescence fronl nlitochondria in pcrn1cabiliscJ cell

can be sealeJ in 111illivolts. To dell10nslrate this ap-
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I~ , 'I, t)r Inil()l'!l()I\d rl :t1 l'!l ~lll :'l'" ~1""I,)l 'i ~ll l'd \\itll ( ':1'"

I.. k pk lit )11 \)I' [ IIl' ,, ;I ľC()pLi" ln il' rl' t il' ul Ul11 I~ q I ~ I 11 1..1 l " L I 11 \I \..' "

ill , \ ' / ' III d llkrl'I11 [YI'Il',,, (l/ 'lll l( l) cl1 l)lld ľI:11 dh l' ;I ~ I..'s l' ;111 ~l ' d

h}' d}"I'tlllClIOll 1.)1' t)\id ;lti\l' p!lo"p!lt)['~'LI[itlll l'Il/}'lll l' "

dUL' l tl I11 ULI [ i()Jh i II 11 lil' k :I I' I,) I' 111 i t I,) l 'l h ) 11 d I' i ~ tl f) j l: \

I-,( ) -'5 1,

2. ,\ l a tcr ia ls and Illcthods

Il u ll1 :t 11 skill l ihľohla,-,,;ts 1'1'0111 COl1trl)1. hc~t1thy illdi 

\'idu:ll Wl'rc cullur\.'d il1 I ) rvl L . l ln ed i ll ll l (SLV /\C, Pr:l 

L!lil'. ('/.Cc h Rl' PII hl ic) \ \ 'i t h I()" I) l'uc L tl ctil' Sl' I' liln (S i~ 111 ;I.
St, Louis. l S/\) ~It 37 ' ( ' in ) 1' " ( '() 2 in :lir , C'l'lIs \\ 'cre

gn)\\'n to :tl'l'ro.\iln:ltl'l) tJ{)" I I Ct)nllucnce :tild h:lI"\ 'CS1cd
II i I g (),()5" I I t rypsi 11 :IIH.I () ,() 211

I , L l y r /\, r)c t:l l' hl'd Cl'II~
\\ ' C ľ l' dillltcd with ice-l'old clllturc 111Cdilll11. sl'dinlcl1 ted

bv cCl1trirll!2atiun (()()() Á 1.,') and \\ ':lshcd t\vicc in cold
.., "'- -' \

phosphatc-hullcrcd saline (P BS), "r he cclls " 'CIT resus-

pended i n a Ke'l nlcdi unl (S() nl M K CI, I () ln M "Tr is

I-IC'I, 3 111M Nl~ '12, 5 111M K 11 2P0 4 , I 111M FDTA,
p l l 7,4) to a protein cOl1cl'ntrd tion I Ing/111!. ~r h c pro tein

concentratiol1 \vas Ineasurcd by thc 111c thod o j' B rad ro rd

[ ~ (1 J in sII 111JI Ies so nica tl' d 1'0 ľ 2() s,

) , I so /([ f io /l (~ľ ruf /iľcr IJlif(}ciIollc!riu

~r h e Ii ver t issuc \vas h01110gen iscd in 0.25 M sucrosc.

10 1~IM ~r r i s H 'I. I 111M ED~rA 111eJiulll, p H 7.4, and

l11itochondria \verL: isolatcd by a stand~trd difTcrentia l

centriľugation 111cthod as dcscribcd by Schneider and

Ho gcboo n1 [37].



I ()I

3, I. F !zc ( USC o! i.lcu] ,\'c J' Il Sf i UIl (/ ( '( lI IJJlt/lI f i(J1I (~{ ccu ioni«

U '(!isfrihllfiulI .lvc» in mitorliomlti«

l .ct us aS.'UI11l' i h.u ~ I c.u ionic rcdisuibution dvc cntcrs
111 itoch u 11 d I' ia \\'IH).'l.' ln l.' 111 br a II l' pn tc 11 ti~ II is L\ ll' . I I' a II

cquilibrium rcdisuibution of i hc dvc has bccn uchicvcd.
its rl'spl'cti\'l' (ol1cl'ntratiolls il1 1l1itocl1l)l1dri~ 1 al1d their
l11ediull1. ('11 1 al1d CP ll l ' nbcy Nl.'ľl1sl cqll~ltiol1

( I )

(2)

(3)

T o Icarn n10rc a bOLl t thc lllcan ing ol' thc abovc tcr111 S,
as wcII a s a bo ut thc thco rc tica I backg I'o uno o r tluorilnc
tr y, see rol' CXalll pic [41 ]. ex t wc wi II rcplacc rOl' prac
tica I rca son s thc prod uCl ať thc photophysica I
pa ra111ctcr s a r thc dyc (;;( )e) and Q) ano the inst ru Incn t
para111cter s (Iex( and Sf)) by a single Inultiplicativc con
stant, hcreaťt cr dcn otcd as P. Arter substitutlng thi s re
nalned product into Eq . (1) wc gct

\\'here F.R and r is l :arad~IY COl1stalll, gas l'onstal1t al1d
~Ibsolutc tCl11pcratLlre. t"Csrccti\ 'cly . "1'0 tnakc <..juantila
ti\' c asfl ccts u l' b te r fo rlnul a s 111 o I'C c Ica r. \\'l~ \ \' iII rCliLll'l'
thc RT/F product by its 1I~lrticular \'alllc cOľrcsponding

tu sonlc\vhat arhitrary 1'00111 telnpl'rature ol' 2J °C', ror
\vhich RT/ /: =25.5 111 V.

1\ nyin 1'0 rl11a tiCln a bo ut thl' co neCII tra tio n o I' II Ll o l'es
ccnt flrobc \vithin an individual organcllc (and th us
about thc Initochondrial rotcntial ~'I') is rcportcd by
I. thc intcnsit y lIr rrobe llllorcsccncc, \vhich is propor
t io naI to t hc fo IIu \ \ 'ing rac to rs:

C ll 1 thc actu dl ( o nccn tra tion ol' dyc in thc nlitoch 
ondrion ,

Vm thc 111itochondrion inncr volun1c in \vhich thc
oyc is accull1ulatcd,

1.-:. \ ( thc intensit y ol' cxcitation lascr bcanl,
;;( J. ) 1110 lal' absorptio n cocf11cil'n t of th~ oye,
Q lluo I'Csec nce Cl ua n tu111 YicId,
Sn thc ovcrall scnsitivity ol' lluorin1ctcr octcc tion

sys tenl,

Us íng thc abovc sYll1bol s, wc get

oud r iul 1l1l.'1l1h LII1l.' potcnt iu l il1 (l.'I I. · witl: thci r

jlLIS111 ~ Ik 111 111 a I jlI.. ) ll.' 11 tia I ( l)I\; II') "l.' d , c L!. " bY pc ľ II1l.' a bi
li/il1g i hcm wit l: diuu ouin :\ 11 iuhcrc n t tc.u urc l)r 111..)\\ '
l' \ 't('11l1l.' t ľv i.' th ~ lt thc l)bSCl' \'l.'d tlu. )rl.' scc I1l' c i11 tC11 .'it\' i.'. " .

~ I I'c ~ tl ~ 1II r ihLl t' li l" ~ I I') a rl il'U LII' ( l.' IL I'rl.' c 1.. )I" ~ l 11 Y UI1 dc-
<ir.iblc II Ul)ľCSl 'l'lll.' l.' cont iihuuon l'ľl) 1 1 i hc cell 111l.'d 
iUl n , T hc l'c rl.)ľC, 11 n tl.' I' 111 .' dul.' tn thl.' CxtL ll.'l.' II ula ľ

tluo I' l.' SCl.' nec 11l.' l.' li tl) bl.' ( l)11 Sid l.' ľ l.' li i11 thl' thl' U ľ \' l)I'
Ill)\v-l'\' tn mc tric as.' ~ I\'Sl) I 111 itnl'h.)11 d ľ ia I ll)l.' Iu bra I1l'
jld tc lltia l.

3. ' ľhco ry

~r h e lh cory presenteu in this pa pc r has bcen tai
lored lO lhe tlO\V-cy lo 111elric n1 0n ito ri ng ol' thc lni toch-

~ ,3 , ,\ I C(/ Sll r Cn ICll f (~I , 1'1'

ll.», cvt onu-trv Al iquots ol' cclls ((l .1 Ing ol' protci n )
\ \ 'l~ rc d ilu tcd in (), 5 ni I o I' KC' I 111 cd iUl n and ine uha tcd
w i t h 2() n IT 'I R /1 ( l olccula r Probcs. l.ugcnc.
l 'SA) and wii h I pl oť diguoni n t lluk a. Huch-. S\\'it/.er
l.m d ), stock solutio n 10 nlg/lni in [)i\ lS() (Ima l couccu
ir.uion n.1 nlg digitonin/mg protcin), for 15 min .u rlh)1l1
tcmpera turc . l3 cfo rc sta rt ing Init och on d ri~ tl n1c i11 bra nc
potcn tia l assays wc also tcstcd whcthcr thc app.ircn t

I' rohc IIuorcsccnecin ten sitY fro 111 ind i\'idulil cc IIs io ' actu
.i l ly proportionul to t hc ad dcd T l Rřvl conccntr.uion,

\\'hichi s ~I IIasiCpI'crcCl u isitl' fo I' thc ~ I ppIica tiun u I' thc

model prcscnicd bcl ow. It \vas round i h.u cvcn \\'ith rully
po l.ui scd mitochondriu i his condition is s~lti , 'lied up tu
ihc d yc conccntration ol' IO() n /1 (data not ,'IHH\'n ),
\Vhcn studying uncouplcr- Ol' 1\ [ P-induced dcpol.uis .i
ti011. ca rbo 11 Ylcya nide-/J- t I"i II LI o I"l) 111C tlll).'\ ~'p IleI1~ ' 111 )'(ll"~l

ll)ne (FC'('P. I pM) or 0,1 nl1\11 !\ D P \vas added to thc
cells I 11lin beforc Incasuring l~I\IIR 1 lluoresccnce
II1lCnSlty' .

1\/1 itoe hond ria \vcre sta incd \vith li to~rrackcr G reen
(M 'r G , Iolecu lal' Probcs, Eugcnc. U Sf\) by incu ba ting
the ccl ls \vith 20 nl\ll probc rol' 15 nlin at roonl tcnlper
~ I t II re, 111MT (J ~ ISSays, F ( '( 'P vva s (\ Ll cl ť cl iII t \voli itll' rť II l
\\'a ys. bl)th PI' io I' to and II rtcrt hciI' ine II ba tio II \Vith thl'
111ltoeho nd ria l nlarkcr .

C'ytn ll uo rinlc tric analysis \vas pCrrOr111Cd using F ('

Su rl IIo \\' CYto 111Ctl' I' ( Bce ton O ick ins011, San Jose. USf\ )
l.'q uippcd \vith an argon laser tu11cd to 4~8 n111 , -r M R M
Iluurcsce llcc was anal ysco in thc FL2 channcl (bano
pa~ , ' lilter SkO ± JO n111) and M'rG ll110rcscencc in thc
FL I ch a nnel (ba nd -pass liltcr 530 ± 15 nln). A 111ininlunl
ol' 10 .000 cclls \VCIT Ll scd rOl' ca ch lncaSllrcnlcnt. Data
",crc ac q llircd in loga rithnlic-scalc lnooc Llsing a ( 'cll 
QUl'S t so rt\Va re and anal ysco \vith rrCe-\VarC SLlnlnlit rM

So!'t\\'arc (\V\V\\',cv to 111 a tio n ,CO lll) , /\ rithn1ctic lncan va
lul' o l' thc IIuo rcsccncc in tl'nsity (lnca : u I'cd in rcia tivc
un its. hl'rcar1.cr ocnot co as re l.u,) \vas dctcnnincd rOl'
cal'h sanl ple,

T PP+ - sel/ siri l.'e (! / (! (' fru ciť , tl tp o I' ra t Iiver 111 ito cho n
d ria \Vtl S 11l eas ur ed u 'ing TPP+-scnsiti vc elcc trode
a(COl'di 11 g to [3g] a t 25 oe i11 a fina I vo luniC o I' 2 n1\. Bc
ror c addition o l' 111 itoch olldria thc clect rooe was cali
bra tcd \ 'ilh increasi ng co ncen tra tio n o l' TPP+ ~ the hna l
r p p t- concentra tion wa s 6 pM . Values a r tfJ \vcrc cor
rcctcd rOl' ~r p P + bindi ng acco rd ing to [39]. Thc In1t och
onu ria l concentra tio n \vas 0.5 111 g/n11 as assesscd by thc
l:3 raLi 1'0 rU nic thoo [36] í.lnd assII lned 111 a trix vo lunie \vas
1.1 plltn g pr otci n [40],



whcrc 1'1 1 is t hc fluorescen ce intensity l'() ITC SIll)ndin g tl)
thC 111 itoch ondri~II n1Cn1hra nc pn tcntia I .\ '[I , i\1(J rl' l)\'l' I'.
\vc Clil cn1PIo y a triv ia I ract tha t thl' co 11 Cl' 11 tr ~1ti()n , ( '11 1 '

o f Irce dyc in mitoch ondria is C.\PCL'tl'd tl) cq u.il ( . ' ll l ir
L1'fI =O, Thc fluore scence intcn sitv lrom 11I1C l)Ul'kd
muoc ho nd riu. I~ ) ca n bl' thc n wriu cn ~ l. '

wu h highl y cl1l' rgi 'l'd mi t och ond ri« wh cn i hc l'l)I1 L'l'l1t ra
i io n l)ľ ~ I L' ( U l ll~ ) L lll' d d~ l' is l' \ lll'L'tl'd t<..) rc.uh ih mu xima l
\ a lUL' , ~ <.. )tl' ~ IIs() 1h~ It a t hi!...d1 d\ 'l' l'()11 L'l'11 t I'a tion :. ~ ll1
i111 111l'd i~ 1tc Sl' 11 ,' it i \ i1v \. )ITlR I rl','1I \.)11 Sl' t() .\ 1['

( h ~ I 11 ~cS C ~ I 11 bl' I\.)s t 1-()I.

.md ucco rd in glv 1'11 cxprcsscd ln tem» of .\ '[1 .u id /11 ~ I"

Iol lows:

I / , . ' \ 'IJ /') - -,, 'I' = ! ) Lxp l, - L .' _ ) . ~ ) . I ~ I

3,3, ," Iin (,u r S ( II I.: I(I" II 1( 'll ,'/I ,. ilig IJ 1ir l / I .;1(I I/ ( I,. iII I II / ( ,, Jl hr II 1/ ( ,

j U lft'/U/U/

L.IIn 11 ~ I Si111 Jl k- !()g~ II' i lh Iu il' 1L 111. ' ľl )I' 111 ~ Il iu11 () I thc
l'.\II t )J 1l'I1 1ia I rl) r111 uLI (~ ) \\'l' l)hLIi11

. \ 1[' (7)

whcre c~1 is a 11111l tipl icati vc co nstan1. Wh cn cOln bincu
with (4) , thi s eq uation yiclds

(0)

( JO)

wh ich SU ggl'Sts ih.u ~I liuc.ir s(ak for mcaxutinu mitoch 

o11 Li I' itl I Inc Inbra I1l' I'h ) tL' 11 tia I l'a 11 bl' L' ()nst I' Uctcd i I' thc
JI ruhl' lluurl' Sl'Cnl'l' i 11 ll' nsi1y . / 11 1 • j.. L' xJI rl's..cd i11 tC I' m:'
nI' an ! "J l. , r.u io . Thcn. wc c.u: aSSL'SS rUl' ~ I Il Y cxpcrimcn 
lal / "1 a co r rcspondiu g 1\ '11 v.i luc in unit s nI' m V, pro 

\'jlk-d i h.u \\ 'C .uc ~ I h l c ln dctcrmi nc / (1 in a c.ilibr.u iou
cxpcri mcnt wii h 1\ '[1 Sl't ln Il'rl) , NOlL' . IH)\\'L'\ 'Cr, th.u
cvcn i! i hc .ibovc ca li hrat io n L'annul hl' dOIlC, it is stilI
JI{J ssihlc tu clnpluy (7) rur qualltiryin g ~ l dil1crcllL'c hc
t\\'cell 111itochnndri ~t1 Inl'n1hral1l' potcllli ~t1 s ill l\\'o di~ 

tinct sta tcs .
Ll't us assunl c tha t tIIl' 111 i1ocIH ) IH.I rial 111 CI11 b r~ Ill l'

potcnli ~l! chall gcd rrnll1 ;\ '[1
1

tn 1\ 'fI ~ , alH.l thus thc
110\\'-cytonlctri c a s s ~I Y ga \'c l1uorcsccn cc illtcllsitics /1/11

alld I III ~, rcspccti"cl y. In C ~I SC that l l ) can hl' trcatcd as
a co n: tanl, Fq. (7) rcsult s in a sinlplc ron11ula

\vherc a synlhp l A 'fJl ~ is used tn denotl' thc potcntial dir
rercncc l\'fl l - L\ '/J: .

~r h e abo vc ll ssun1ptinn ol' (l COIl Stdllt 10 va luc is jllS
tif iccl iI' \V C dca I \V ith \vC11 -dl'Ii IIcd Cl' II Spl'ci 111 eIIs o I' co 11 

~l a n t tnitochondrial vo lullles. Fo r cclls ol' dilfcrcllt
origin, ho\vcvcr, their actllal 1l1itochondrial volunlcs
necd to bc detc nn incd , a Ild the expcri 1l1Cn ta I pro bl' IIu
o re.'ccncc illtcnsities nornlali scd relati vc to sonle refcr
C11 ce va lue be1'0 re IIsill!!: (X). -ro ach icve th is, \ve \\1 i1/
co rnbinc thc Inca surenlenl o l' probe fluorescence inten
sity Ilfi with a Mito~rrack er Green assa y: this approach
is ba seu on assulnpti an that a MitoTracker uye accu
111111atcs in n1itoch olluria in a potential-independent
vvay [43J . Under thi s cn ndition its Iluoresccnee inten
sity, I N'/. c'ln bc treatcd as proportional to thc total Init 
oc ho nuria l VO lUI11e in cxalllineo cell s (sec Sectian 4 ),

I.e , ,

T hc ernst l'q ua t io 11 -based 1'0 rIIIII!a ()) I. ' () 11 Iy n g
o ro us fo r dycs that rcd i.. tributc bciwccn two comp.ui
IIll' n ts o f \ 'C rysi111 iIa r physico-che II1ica I PI'o pcrtiCs,
l ;n 1'0rl LI na tcly , this is no t thl' casc o I' 111 itoch o nd I' ia
wliosc i ntcrior is hca vil y loadcd with v.ui ous prot c inx .

l -hus the 1()tal intra-lllilochondrial dye conccntralion
c ~ l n bl' co ns idcra bly cnhanced in a non -Ncrnsli ~ln

\\ ' ~lY , i.c., d ul' 10 its hinding to nlatri.\ 1l1alTOllll)!ccuk's
[1 ,71 · )\ cco rd il1 g 10 papcr by Scadulo [71, thc tol~t1

anll)unl o l' l 'M R M in ll1atri.\ spacc \voulel bl' about
33-1'0 Icl higher than 1hl' a1110 Ull t Prl'd icted rl' o 111 thc d i
rec l dpp lica tion o l' 'crllst cquati oll . -r herero re, \ve
ln us1 add lothc er II st l'q ua tio n-based 1'0 rnlula (:) )
ale I' 111 II ua n tirying the con tribu tion o I' bou II d dyc
II UD resccllce .

f\ rcaso lla b\c ll1 a thclnati cal treatn1ent o l' a resultant
co n1p\c.\ nl0d cI is possible as lon g as ('ill (lhc dye co ncen
1ra tio II in 111 i1oe ho nd ria) is negIigibll' co 111 IIar edto the
cO!1 ccnlra tion OrlllaC r01l10lec ular binding sitcs in thc nlit 
ocho ndr ial 111atrix [1.-'+2]. Unde r this co nJ ition thc
~1I110un t nI' dyc lhat binos to In acro ll101cculcs is to Cl good
approxinlatio ll proporti onal to ('11 1 ' Thcn thc expression
,'()r / '11 is

\\'he re 1\ i ' thl' cquiI ib riulll ratio ať bo uno-to- frce dye
L'oncentrat ion s, ano :' is the ra tia ať bo uno-to-free dye
IIuorescenec q ua nt unl yielos. A sinl ila r cq uation can
also bl' vv rittcn for l b) in whic h case it ho los ('in =Co u r.

O nc can cí.1 sily shovv th at upa n rep laci ng P by
P* =( I + :'K)P, thc Eq . (5 ) beco n1es applicab le cvc n to
thL' case ol' non- crn stian accuIl1ulation a ť the pro bc
in 111itochonori a.

'1'11 ť II PPIica bil it-' o I' thl' a bovc lin('a r ap proxin1 a l io n
' é.l 11 'a sily bL' test ed in prí.tcticc. Such Ll test co nsists in

IinOing thť ran ge o I' Oye concent ra tions ťo r wh ich the
appa rent fluo rcscen ce intens ity ťro ll1 ll1itochondria is
proportio nal to thc pr obe concentra tion in their lneo
iunl . f o r o bvious rca son s, this test should be perťanned

3 . ~ . Tl ic el l (I(' / ol' 1l0}7 - jVC,.IlSI ;OIl aciuniula t ion ol' tlu :

.I1110fCSCCIl ( prob, : in th c init orh on.hi.,



\ 1).~

\\ hiChrl.' II ľcSl'l1 t. ' ~ I t IIl'l )ľ l..' t ica I b ~ l. 'i ' rl)rel) ITL'cu 11 g ľ ~ I \v
llu ~ )\'l' SCL' ncc intl.' Jhit ii,.' " I ~; : I l'u r l II l' C~ )J II ľ iblil il) 11 ~) I' h ~ ICk
g ľl)lIl1Li tluorcsccu cc .

F iIIa II y. \vC \\'iII substiturc ( I () ) lilt ~) (7) tl) gCt ~1 rlJ r
mulu suiiublc for t hc aS ~C SSll1C llt uf i hc dillcrcucc LK'
twccn mitochondrial mcmbr.mc potc ut ial« lil t\\'l)
distincr cell popul.u ions

( 1 I )

\ '/ ' ~ '-,) ' I l i ! " ~ ! I \ ( ,' tl" l - / ,, 1\.' ,ll - - \ , I l L. - H ) ( 1-+ I

whcrc ( v1 1 a nd 1 \1 ~ are i hc Mitolruckcr fluorescence
iutcnsu ics mc.isur cd in cell. i hat cxhihit thc mitocho ud
ria l mcmbr.mc potcnt inls I~ 'fl l und i \ 'fl ~ . rcs pccti vclv .

..t. Rcsultx and discussion

3,-1 , Tlic ctfL'c f ofprob« accinnulation in cel! cvtosol

.f. I. 1'11 (' monitorins; ( ~ľ mitochon.lri«! uius. 'l rolunu : II'ifII

n n u u rurk cr ::':,I'(' (' 1l Iluo/'csl 'cll ce

llc rcuft cr. wc will denotl' i hc su m ol' ( ' lll and ť,: t as l B

t buckgr o und fluorescence) and get thc I crnstiun part
ul' 1l 1C ~I SUI"cd fluorescence intensit y as Iollows

A probc fluorescence signal fro rn who!c ccl!s, / ~; : I.

co m priscs ihc purc crnission Irorn m itochond riu. 1 '1/ '

pl us thc conuibutio ns o l' I'ř " aud f ,: l fluorescence intcn
.'itiL:S. \V hicha rl' duc to a dyc bo unli tl) thc o ul cr racc u I'
thc mit ochoudrial mcrnbr.mc and accumul.ucd wit hi n
thc cell cytoplasm. rcs pcctivcly Thcn \ \ 'C ha ve

l ! n1'0 r tuna tel y. nocytu IIuo rin1 etric assay ca n d i
rcctly d iscrinlinalc bct\,\'cen 1'11 and l B, ' r hcrcro rc. \\'C
I1l'cd \o nlC additiollal inrOrn1ati)n bcrorc proccssing
t II c 111 casurl'd dat a II ua n tita tivcly. -I'o gcti t \vc \V i\I ta kc
ln to ~ Iceo uII t tha t bot h I O U I a II o f YI in d igito II in-trl' a tl'd
l·l.'lls arc indcpc l1 d l'n t ol' 'fl; this asslIn1rtion is rracti
C ~ tl I) l'LI uivalcnt to C () lil bl' ing ino erl' no cnt o I' L1'fI
'hangl's. Obvi ollsl y, thi s can happcn ir thc toutl volun1c
o l' n1itoc ho nd ria in thc a na lyscd ccll suspcnsion is ncg
ligible a\ co nl parcd to thc sus pcnsio n total vo lun1c, Ir it
is su. thc accu l11 ula tion o l' thc oyc in n1it ochondria can
I1Ut rcducc co nsiocra bly the dyc co ncl'ntra tion in thc
ll1Cdiull1 . -r hen bo th C(Hlt ano lB can be trcated as
l'onslan ts .

ln suc h CirC Ul11sta nccs. lB ca n bl' oeteľl11inl'd aťtcr

dissi rali ng lllit ochondrial potcntial with an uncoupler
(st atl' 3 unco upled ). l',g.. FCCP. In thc litcraturc.
thc \'aluc ol' 'fl in ene rgiscd ll1itochonoria (state 4)

\ arics ťr0l11 150 tu 200 lnV depending on cell type
O l' thc experi ll1ent a l 111cthod [9.40 ,44 -49J. Wc used
~{Ji\.',t1 = 150 l11Y . but as dcn10nstrated in Table j , this
\ ' ~ t1 u l' is accu ra tc en ough for n1any cxperin1ental situa
lions , ~r h c n t\\'o refe rence va lue ' for thc estilnation ať

ba 'kground intensi ty can bl' used - thc tluorescent
In lcnsity in sta tl' 4 (ce lis \vith subst I'a te Cl nd witho ut
/\ O p ) and th c int ensi ty in the sta te 3 unc oupled
\v ith co II apscd L1 {Ji ( ce II s with subst I'a te and an unco u
picI' FCC'P), I r \ve denotl' thc fluorescen ce intens ity
111l'a.' ureo with encrgised a nd unco uplco l11itoch ondria
as í ~l l ~ and I ~ ' ,ll. rcspcc lively . thc Eq . (8) cOln bineo with
Eq , ( 13) yield s

'1'0 aSSl'SS in rc l.u ivc uu its thc to tul ma sx l)r l11 itn cIH)I1 
Li ľ ia i11 i11 \ ' l ' ~ t iga tcLi Cl' lls. \\'l' USl'd thl' 111 itlK' hoIid ria-.'l'
lcct ivc probc li to 'l' rackc r G rccu ( 1'1'(; ), 'r his d yc is
11l)11-l ll l~)I'l' _ 'CC I 1t in aqucous solut ions ~ 1 1 1l 1 bl'Cl)111l'S íluo
rl'sccn t o 11 Cl' i11 thl' 111ituch o 11 d r i ~ tl I iPiLi l'n v iro 111 11 c 11 t ,
. vcco rd ing to -l olccu l.u Proh cs l l .uul book by l lau 

gIa 11 d M 'I CJ IIro bc a ppca rs to acc lll11UI a tl' i 11 111 itnch011 
dr i.: ol' cc rta in ce ll tYJ'l'S rcu. ud lcss o l' i hc
mitochondriul mcmhr.uic po tc nt ia l I -+ ~ I .

ln con tru st to i hc Io lccular Probcs l landbouk
SOI11l' .ruthors rcpor tcd i h.u i hc M'rC; .rccurn ul.u io n
in muocho ndri u is scnxitivc to L\ 'Jl ch.muc-. [50.5 I I.
~ 111 d/o r ca n vary l)\ving to thc I'ac t tII.u M 'l G is II P-gIy
co pro te in subst ra tl' 1521 , B IICk 111a 11 a nd co -\\'o rkl'rs 15I I
1'0 unLi thII t M'rG 111ay be uscd 1'0 r 111 l'IISU1"C n1ents o I'
11litochondrial 111 ass at lo\\' co ncc ntr lltions only ( -s:: 50
n M ), ~rhe rl'1'0 re. \vc tl'stl'd tIIe Sl' nSitivity o I' M-I'G flu0

rcsce ncc intensity to ~'fI in o ur particular cell l11od<:1
(h II n1 a n skini) bro bIasts) II t thl' d ye co neentra tion n I'
20 n M.

This test COI1 ~,i sll'd in con1pari ng rcs pcc tivc M'rG
IlLloresccncc int en .. itics ťron1 cc lls \vith and \vith ollt
FCC P. No difTcrl'ncc was obsl'rvcd bc t\vcl'n rcspcct ivc
M ~rG Iluorcsccncc intensi til's fro n1 cne rgised and
uncouplcd n1i tochond ria \vhcn F ( '( 'P \vas addcd to
MTG stai llcd ce lb . \Vhen the cc lls \verc Lln coupled
pri() r to thcir stllining \vith Ml~G . thc resultant flLl O
rC .'ccnce intensi ty vvas abou t 1 () (~ J lowcr than that
)llC frol11 encrgised 111itocho nd ria (data n<'Jt shown),
l~his ddTcrellce is SInalI cnuLlgh in thc logllrithrnic sc~tle

tha t is to be Ll scd to q ua nl ify the n1 eaSLl rcd fl Ll o I'Cs
cen ccin tcnsit ies in tl' I' 111S o ť L1'P. In thco ry. thc app a I' 

en t insen si tivity ol' MT G Iluo rcsccn cc to 111itocho nd rial
n1Cl11brane potentia l could be an a rtcfac t indi catin g
that a binding capacity ')1' lnitochondria has becn cx
cl'cded . To cxcluoc this evcntuali ty \ve ln easu l'cd also
the dcpcndcnce ol' fluorescence intensity on thc con
centration o ť MT G added to ccl ls. II was ťOLl nd that
the MTG llLloresccnce intensity 1'1'0111 couplcd cells is
pr oportional to the probe co nce n tra tion up to 100
nM . Fig . I. Since we always added thc dyc to the
invcstigated cell s at a concel1tration oť 20 n M, a con
tri bu tion ol' thc abovc čl rteťact to thc data presen ted
below is practically cxcludcd .
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( i) lIIc dctl' r111 iIL II il)n l)t I H \ ' ~ tl Ul' ll.. 111 g L LI . ( I --+ l.

t ii ) thc ca lcul.u ion l)r I.~ .urd l l ' usinu l .q ( 131.
(iii ) Cl)ITL'l' ti11 g hl)lh I.~ ~ I11 d / 1 ' rnr lhc rl' Ia li\ l' \ U III IIll' l)I'

111 itl)clH )11 li ri~ I i11 l' .\~ I111iI1l'd l'l' \I.. I' c.'u lll'd i11 ~ I I' l'LI
ti \'l' I~ UIlI fl) rJ 11 .'l't l)" I/~ 1\1 ~ \ 11d I l .j1\ t r ~ IIil).' . .\ e I' lI 

ci.rl q uc-nio n i.' hp\\ ' I'l' I'J'l)dul'lhk thc mon i to r ing l)r
111 itl)ehl)IHI ľ i~ li mc 111 b r.uh .' JI l)ll' IIIi ~ li ~ is \vhl'11 il i"
ha<cd l)11 Slil'h !..~ / I \ 1 \'dlUL' ~ . \\ .l' ~ lila Iysl'd lhl' I'l' rlHl'
P b.'l·1' \'C d " ľ P hl' tlu .Hl'sel' 11ec i11 ll' 11 sitil'S l i ; i11 ll' r111 s
~)r fl uciu ~ Itil)11 .. l)l T IR 1-ľ l'"P rl ccl mc 111 bL urc Jl()t 

cn t i.t l: (\ III..H.. rc l.u ivc t o i hcir 111l'al1 vuluc ,\ lfl o i .c ..

il1 tc rm- ,\ ll l .n, .\ 111'.0 hcrc.utc r dcuotcd ~ I S

(~ ( L \ I I I LH. : 1 l Utl' i h.u such iluct u.u ion-; Clil hl' dctcr 
111 i11 cd c\ 'l' 11 iI' thc 1\ 'II .u, v ~ tl Ul' S thC111 Sl'1\'l'S C~I1111 Ul
bl' ~ Iss es.' e d . Thi s ~ 1 1 11 a/ i 11g luct rcsults Iron: ihc lo ~ 

urithmi c rcl.u ionxhip bctwccn rH.. .uid L\ lfl .n, as
in volvcd in Fq s. (7) .md (S) . Owinu tu i hi s rcl.u iou 
sili" i hc .uitlunct ic I11C ~111 I\ lfl .~ ul' a ccrt.i in sct of
1\ 111

..0., vn lucx Cd11 bl' cxprcsxcd in tcr ms ol' i hc uco 
mc uic.il I11 C ~I11 ol' c o rrcs po ll d i l~g probc II UOrl'SCC

II1Cl'

intcll.'iticS !..H" i.c ., i11 tc n 11 S UI' I4 :.:- (1 .1I14 :, . . . 14" f' . II
cu n bl' e asi l ~ ShU \\'11 t h.u l .q ( S ) whcn a pplicd to 1
and rH:. pair• yiclds L\ 'II /.. 1\ w;

Wc Iound i h.u a <t.md.ud dcvi .u ion ol' t hcsc ()(L\ 'fl ).,n,

IIuc tIIa tio ns v\' IIS -t.r<2 111 V \vhl' 11 thc c .\ per i111 Cnta I II čl LI
\\'cr c 11 0t cor rcct cd ror thc rclativc \'011l111C ol' l11itoch on 
dri ~l. Whcn corrccted probc tlllOľl' sccnce intcn siti cs !..~ / 1,,:,..1

\vc rc useli to ca Ic II Ia tc óU.\ '11 h. lluctUa ti(,) ns, thc sta 11 dard
deviati on dl'c rcasl'd to l.r<~ 111 V. T'his il1dicatcs thaL dc 
spitl' its k nO\\'11 dra \vha ck s, lVrrG probi n!! ol' rcla tivc
11 1 i tocho n dri~tl Vl)llI lnCS Cdn illlpro vc thc prccision ol'
-r 1R M-bascd í. l~ '; .; ay s.

f\ no the r int cr 's t ing tlndin g co ncc rns the size ol' l B,
Fo r thc par ticlI Llr case a r hunldl1 skil1 (lbroblasts thc
ex pc rin1l'n tIII I B va lues a I'e co 111 pa ra ble to thl'ir co I' I'c
sponding I ~l/ t va lul's , \vhi ch il1di cat l' that th c assulnption
o l' ncg ligib ly sn1a ll lB, as used by Q 'R cill y ct al. [ 10],
sh o uld not be ro uli nc ly tak en as justifl ed for <ln y ce ll

lYrC.
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In s unu u a ry. thc inte ns ity nf MTt.i Iluo rcsccn cc
ťrom hUI11a n skin íib roblns ts c.m bc acc cptcd as a suit
ahlc mc.rsurc ol' thc totul 111a ss of thcir m it ochoud r i.r.

und hen ce a lso o l' thcir t otal \'O IUlllC, wh ich prope r 

i ionuli ry i.' jus tilic d unt il \V C are not dcalin g wi th COI1 
dit io n-, rcsult iug in s\vclling O l' conuac tio n.

400

j ·ig . I . T hc dcp cndc ncc l ) ť M ito truckcr Circen Iluor c-ccncc in tcnsit .

Irom pol.ui-cd mito.... ho ndri.i of hurn.m skin lihľnhLhh on t hc tr.u.c r
co nccntru tion

-ľ() asscss theco nt I' ib lition () I' lB to r(l \V IIuo rcscencC

int cns itics 1 ~;/l l \ve llscd Eq . ( 14) \vith L\ lPc l 1 se t at I )()

111 V . Thc assa y \vas pcr fo r111cd \vith cc lls \vithd ra\\'1l
rrUnl the sa n1e fl br oblast cell cu lture 0 11 rou r d ilTer el1 t
days ovcr thc peri od ol' rour \vcck s: ror t\\lO o l' these rOllr
l.'l'lI prc pa ra tio l1s the 11 0\v cy to 111c tric ass ay \vas rc pcatcd
threc tin1 es. Data are sho\v n in -r a blc I .

\Vh ilc thc indi vidual va l u ťs o ť I ~l ) t . I ~\) t a nd 1\;1 varicd
o nly 1110 dera tc ly \vithin thc sct s o I' da ta 111eas urc d Oll a
particular da y, thcir dlly-t o-day var ia tio lls werc not neg
ligiblc . Rcgard lcss ar the se va ria tio ns, Cl da ta pr occ ssin g
that co nsistcd in

-L lbk I

C) hl/luorimLtrJc Illonitorlng ol' IJl in hUlllan :-;kin fibroh Llsts: the t1 l1 c t LJ ~ l t i o n s in thc sct o l' data L'o l l ~c tcd durin g t h ~ p~ri od (ll' ľo ur \Vc~ k s

I) ~t \

liC llllll'tncal IllC~ln~

SLtlldard de\ latinn~

lvIeas ur~d da ta Calcubt~d va l u~s

/l \ )l (re l.u. ) I tl}( ( rel.u. ) 1'\1 (rel.u .) / 1{ (rcI. u.) I ... (rel. u. ) 1...11 11.1 I t I (rel.u.) () ( IJl) (mV) 6 ( ~ IIJ )L' l lIT (mV)... ľ

505d I04 d 75.2 102.9 -+02. I 5 .~5 I. III - 3.9R 1.93
h -3 97 117.9 95 ,-+ 557.h 4 .73 I .ÓO 4 .20 - 1.14
h2h 107 107.9 105,:) 520.5 -+ )\2 1.50 2 4X -- OJ)5

ó6'+ 97 112.2 95 .-+ 56rl.6 5.07 l .hO 4 .69 (J .59
()"7 7 92 I32.-+ 90 .-+ 5\'6.6 .+,43 1.60 5,47 2.77

-+ 73 9rl 7rl .5 97.ll 37h .U 4.79 I.00 - 5.65 - 0.82

-+1 '5 79 77.7 77,() 407. I 5.24 1.10 - :' .67 1.42
-+01 rl] 77.7 X1.9 409 .1 5.27 1.10 - :' .54 1.54

566 4 71.4 4 .95
4.62 1.()3

d Fur ~(llltrob the h~lIrwidths (I :\VII M) ol' experimental pea ks \Ver~ typically aho llt ±35 1j';, o l' the peak mean val uť in ťll l l y energised mit och ond ria .
ln lhL resultant mV scak this has corresponded to abol t ±X mV. ln FCC P trea ted cells thc peak s wcre a ho llt I 5-fo ld hr oadcr in tbe mV scal c.
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4.4. A J)P inducel! depo/urisolioll: { II I exu/71ple oj'/1u)(lera!c
c/iallges in I'ni /oc/ionc!rio/ I'n el'nhron e polenlio/

II is kn own that up on adJ ing ADP to ll1itoch onciria
tha t are at sta tc 4 (wi th subs tra te, with oul ADP) th ei r
nlc lnbranc potcnt ia l d ro ps by abo ut 20-30 ll1V bcca usc

I ' i ~ , 2, lhc ximu l.u ion lI r i hc "jil' 1)1' l' ;lIi hľdt illl l - i ll d lll.:l' d l' 1TPľ i r: i hc

. \ ' I I I ~ ;h :-; l ' '' '' Il 11.' I l t , lndividua l vurv cx 1"l'\ )ľl':-;l'l l t ľ) ( . \ ' I I I .' ) rl \ 1" ." i l ll ll L l tcd

~\ ' / ' I .'. 1" ~lll~iI l~ Ir.vm 2() ll) 12() 111 \ ' ("l'l' ;l t t: l l ' lI l 'd l.i hcl x). Thi í.'~ lin cx

iu .lic.nc thc l i m it -: wit h in whic l: \) (, \ 1/ ' 1.'. ) j" k:-;~ t h a n JO" I tl r .\ 'II, ., v.i l uc .
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rcs pcctivc 1\ '1'12 v.i lucs ca lc ul.ucd Io r ovcrcor rcctcd ~ IJH.l

truc d.ua

Thc Si/L' o í ()( L \ '/II ~ ) cr ror in our simul. u cd d.u .t ľ\.'

n1a ins ~ ICCcp td hly It )\v 1'0 r a \vide L ln gc o I' po tl'n t ia IIy
import.mt cxpcrimcut .rl si t ua t ionx . In p.m iculur. in casc

o l' mod cr .uc dcpol.uis.u iou (/\ '/112 < ~ 20 InV) it is kss
than 3.5 111 V Cven i I' c rro nCo us L\ 'fi l.' ,II is as I0\\' ~ I S 7()
111 V. \Vith incrca sing lna 12,11 i tude ol' lni i ochond ri.:I depo
lari sdtion thc tcd crablc ullccrt~linty ill ~1/\' ;lI va lllc oc
co nles obvioLlSly lnore narľ()\v: 1'01' l'X~l1nple, \vith
~ 'fiI2 = XO 111V thc error in settin g ~tl\' ;lI values shollld
not exceeJ 25 111 V to yic ld () ( ~ 'fi I2 ) ~ 3,5 lllV. -I'hOllgh
11111 Ch Icss than in th e prcceding case , thi s llncertainty
is s tili acccptable ľro 111 thc point ol' re~d FCC'P calibra
tio n cxpe riln c nt. Finall y, an extre 111C sitllation is reprc
sented by ncarly unc oupled nlitochondria 'vvith ~'flI 2

valllc close to 150 lnY . In thi s casc, 1 1/1 2 fluorescence
int Crl sity 'vY iII beco 111 e ve ryl o \V, and hcnce theca Ic ul é.l ti011
ol' t\ tl1 12 extrcnl cly sensitivc to cven lnodcrate errors in
thc ln aSSCSSll1en t.

T hc a boves i111 ula ted dCl ta are not ad eCI uCl tC 1'0r
I ~Ll l a nd I~ l tlu orescen ce inten siti es that ciitrer con sidcra 
bly ľro ln th osc we found in a ur co ntrols . I-Iowever, one
ca n cas ily perfornl sill1ila r siln ula t io n test, and thus
check th c lilnit s o l' relia b le ~ tJl 12 assessnlents ťal' an y
par ticula r assay perľornled 'vvith a redi stribution d ye
a nd now cy to ll1et ry.

,\ III I :' ( m V ) 2() -+0 hl) , ' t ) JIH) 1211

1'1' 1 (rl' l .u . ) -+ ~ I .3 -+ :) I .3 -+ :) I ,3 -~ :) 1, .' -+ ) 1 , -+) 1, '
I 'I ' :: (rel .LI, ) 2()h .() 9-+ ,() -+2 .1

) I q ,h ' 1\ -L Il , '

T ;lhk 2
Thc <im ul.u iou nľ L,;l!ih l ' ~ ltil) ll -iJldll(I_'d l ' I"!"I ) I"" 111 t h,. .\ '1'1.' ;\' .... c .... -m cn:

mudcl p ~l il" 'i nf / '1' 1 .nid / '1' 2 llu orc-ccncc Illkthitll' " 1..'.lkuLl tL'd (1 \ 1" i hc
<crics dr h yp ()th ct i ( ~ 11 ,}-. 111 12 dlllcrcI1L'cS ( ..; ce tc xt )

-f,3 , P ra ctica} limit» (~ľ /1'/1 1.7 /l/( 'OSlt!"( 'IJlCIlI s

T hc log urithrnic rc l.u ion shi p bct\\'CCI1 mc.isu rcd
pro hl' fl uo rescence intcn sit ics aud undcr lv i ng m itoch 
o nd riul mcm bran c potcnuul s ha s got a t riv ial e OI1 -'L'

II Ll cncc conccrning a ppa rl'n t c rro rs in L\ 'fi l ~ ~ I~ Sl' sS111 L' 11 t :
i! scal cd in milli volt s. thc y appca r acccpta hly 10\\' C\'C 1l
.u r.uhcr high I IJl 2/I I/'1 fluctu .n ion s. For cx.unplc . i hc
/~ 'l', ~ crro rs do not cxcccd I. 3 .uid 5 m V lcvcls iI' rl' la ti \'C
I ' / , ~/I I I J I cr rors are lcss i hcn ..V I, ~ ) , 1211

/11 .uid 22'111,
rcspcctivcly.

Thc 1110st problcmatical aspcct o l' th c I I/ ' ~ / 1 1/' 1 mcu x
LlITll1Cl1t is thc lB asses sment. whi ch is allc ctcd hy tbc
unccrta inty abo ut thc tru e ~ '/\ ;1I va luc . T o undcrstand
whcn i his uncc rta inty bcco mcs a scr io us limit to thc rcli 
.rblc cst im.u ion o l' ~'Jl I 2 wc pc rťo rmcd a scr ics o l' e0 1l1
p Ll tl' r si1l1l1Lltio ns. 'vYe II sccl typ jca I val Ll cS o I'
r:>l a 11 d I ~ III in tens itics o f T M I{ M IIuorcsccncc as 1'0 II nd
111 cont rol cclls rr0 111 hcalt hy d on ors. In í hc pa rt icula r
G ISC o I' h Ll n1an skin tibr o b Iasts w c have go t I ~(\ I a nd I ~ I ,) I

n I' 550 and 100 rc l .u., rcspcc tivc ly. W c cul cula tcd lB
a nli 14 íluo rcsc ence in ten sities 1'0 r these da ta II sing
I~ 'II l, II = I5() 1n V, a nd go t lB =98.7 rel. u . a ncl r~ o I'
-+) 1.3 rel.u . Seco nd, r~ =45 1.3 rc l.u. was introduccd int o
Eq . (~ ) as 1 '1' 1' an d silllulatcd 1 '1' 2 Iluorcscellcc int cn sit il's
\Vc rc c~dclllatcd that are to bc obsl'rv'ed ir th e undcrl yin g
nlitochundrial lnC111brane potential d rops rr0 111 ~ 'f1 1 to
t1 'f1 2 by ~'PI2 =20,40,60,80, 100, or 120 111 V, T a ble
:.2 . T hcn wc sirl1u1atcd an ctTce t ol' inco rr cc t cali bra lÍo n,
ha\' ing asslllneu that thc actllal depo larisa tio n o l' co ntro l
Initochondria due to the ellect ol' FCCP on the co n trol
Initochondria is weakcr than cxpecteu, an d th us th e ac
tllal .ó.'fl L~l l = .ó. (Jl 4 - .ó. tfl u ddference is less than ISO 111V.
In these cireulnstances, the I B( 150) values ca lculated
\\'ith Eq, (14) anu ~lfJL;l!= 150 lnV are higher than thc
truc background I B(t1 lfJ cll): hercaťter such a ln od el-dc
penJent Jeviation 1'1'0111 thc truc bac kground intensity,
lB( I 5O) - lB(.ó. (Jlc; II ) , 'vy i II bl' deno tcd 81B . T hcn thc
asseSSll1cnt oť .ó. tp 12 values bascd on experinlcntal
I :;: ~ and I :~\ ~ Iluorescence intensities shall be tlawed be
ca use it i~ not obtaincd with truc probc fluorescence
!nt\:I1~lti l' , / IIJ2 and I 'fl l ' but with their o vercorrccted
Lu un ter pa ns J tfl ~ - 6/ 15 and 1 '/1 1 - 8113 , Consideril1g this
\\ 'L' Cil n sin1ulate the etfcct 0 1' ovcrestimated 113 back
gr(j II nd ~ fo r t hC 1110Ue I Jata o I' T Cl ble 2 using a wide
ra nge o l' .ó. tJl L a l va Iues . Thc rcsults are prescn led in
Fi g. 2, with b( .ó. 'P 12) reprcsen ting thc difTerencc between
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5. ( 'onclusions

Thc l11athl'Il1atic~t1 l'orl11ulas prcscntcd il1 this papcr
pI' O V idc a rl"a n1C \V o I' k 1'0 I" assi~ 11 i11 g T M R M (oro ther
rcdi stributi c)fl dyc, l'Xpcct J ( '-I ) Illlorl'sccncc intc nsi tics,
as 111 ca SLlIT I o) Il o\\' cytol11ctry in digitDnil1-tl"catcd cclls,
to thc ulH.lerl y i ll ť cha ne cs ol' Inilochondria l n1cn1branc
pot cntial in ti1l' dbso llltC sc ~ t1e ol' Inilli volts . In ordcr to
co rrect rol' ccllular contcnt ol'lnitoc lh)IH.lria, thc -r M R rvl
Iluorcsccncc int cl1 sitics arc norl11aliscd lIsing spccilic n1i t
oc ho nd ria l probc M-rG . In Slll11111a ry, thc Inain stcps ol'
this proccdurc arc :

~ ')" a 11 iI1l' ľL' ~1..L' Li L' 11 L' ľ ~y Li L' 11 LI nLi \\.hL'n :\ -I.I' i.. .'Ynlhc
"i:-- L'Li [4(),4- I. 'I'hi ' \ ~ IIl1L' 111 a ll'hL' .. \\'L' 1\ l hc ,\ If I I:' ra II gc

r~)r \vhil'h lhL' II ")\v-\..' ~ l ~ )I11 L' l ľ il' Pr")1'1 iII ~ l ) I" I11 il")\..' 11 u 11 d
ri~ II 111 L' ln hr a 11 L' ll" HL'n liaI .h ~ )li l li bc ľ L' I~ I li\ L' I~ rub ll . l

\vil h rL' sII L' L'l l ~ ) lhc II ~ )s.. i1'1 k II II L'LT LIiI1t yin lhc .\ If I ~ .11

\ ~ lili L' .

\\ .L' 111 L' as II rL' Li lhL' O. I I11 1 :\ I ) I' -in LI lil'cLi l k' IIoLI ľ is~ I 

li()n (.. LilL' .1 :\ I ) l ') i11 l' II lt u ľ L' Li h II II L 111 Sk. iII Ii hľobl :l. .h

h_. IIu \v l'Yl ") I11 L'l ry (six i11 LI L'I') L'IHk'11l I11 l' ~ I SII rl' 11 1l' n t s ) a 11 d
~ tl ~ ) i11 i..u Luc Li Lil Ii\'L' r I11 il")l'Ih ) nd ria bv -I'PP 1 - Sl'll. i 
u vc clcct rodc (Ii\l' mc.txu rcmcuts ). l ' sillg cvt olluori 
mcuic ~ 1 11~ I1 \' s i . · \\'l' obt a incd i hc \ ' ~ I1 l1 l' S I ~, I( .uid I ~' .' l,

\vhich \vL' rc thc 11 IISl'd l~) L'ak uLitc I H v ~ II Ul' .'. .I'"') ll'St
IH ')\v roh ust")ur I11 l' tIH ) d is \vL' Iixcd ! \ If I l ' ,ll tU l'ithl' r
15O lH I S() In V . :\ ftc ľ l'l)IT l'l' l i II g ra\v II IIorl' sec nec in tC11 

si t i l' .' I ~I I( a IId I \ '1\ I ' fl') ľ l'o r I'CsPo nd i 11 ~ I H \ .~ II Ul' .', l hl'

:\ I) I' -i11 d Ul' L' d ch ~ 111 gc.' iII 111 i tl)l'hu 11 d r iaI mc I11 h ľa I1l'
pu tl~ II t i ~ I\. , \ 'fl ol. .\ I ) I' , \vL' rc l'a ICLIL Ill' li (" I'~ Ihk 3). l c:111

L\ lf l.L \ !) I' v.rlucs in IH11l 1~ 11l lihrl) hLlSls w c rv

-'::~ 4 . ~ ± I .() .nid - ~4 .4 ± I . (l 111 V for 1\ Ifl l ' ;1I = I )() al1d
1,'0 I11V , rcxpcct ivcl v. These v.iluc« m.uch pc rfcct lv
i hc va lucs obt.uncd Iron: t hc '1'1' 1'1 clcct rodc

~5 .() ± 3.5 111V which conlum-; ihc ruhu st ncss ol" i hc
L\ III calcul.u ion Irorn -I' 1R 1 lluol"csccncc illtlTI. 'ilics .
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T hc 111casurClnents ol' ~ 'fl changcs are pcrrorn1cd \vith
l11 itochondria in pCrJl1cabilised ce lls, in \vhich thc
pla slna 111Cl11 bra ne-potcn tia l-dri ven dye upta ke is
absen t.

Prior to an y routinc lise ol' this n1ethod, thc dyc con 
centr a tio n and incubati on period 1l1uSt be opti lniscd
with rcspcct to thc actual rangc or linear fluore sccnce
response in the particular cclls.

• Probc fl uorc scen cc in ten sity ('rol11 111 itochond ria in
uigi ton in-trcated cclls i.' then 1l1easurcd using flow
cyto l11e try, and q uantifled in tenns ol' its 1l1Can valuc.
Th e fluorescen ce intensit y is lneasurcd in the cells in
sta tc 4 and in sta tc 3 uncoupled , yielding
I ~o t anu I ~~ l. respect ively.
A bac kg ro und (l uoresctnce inten sit y f B is assesscd
using I ~o t , I ~(; I and Eq . ( 14 ) with properly chose n
~'Pca l va luc.
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• Co r r c c i c d fluorescence intcn -u ics 1 '/' 1 - I ~ ; : ~ I I~ a nd

l r . > I ~; /) ~ - /B 1l1"C thcn dcicrmincd ťor m itochoud ri .tl

St ~ ItcS Or intc rcSt a IId I~ tll 1"2 iS C ~ I lculated \vi t h Fq (,' l.

• řvl IG fluorescence intcnsu ics. 1\ 1, slh'luld bc nll'as
urcd to norma lize fluorescence i.ucnsit ic. 1 '1' 1 ~llld

1 '1 1 "2 cq u.r] mitochondr ial volumcs

• lin all y. I\ lfl l ~ is calcul.ucd using the se no rrua li -cd 11u 
orcsccncc in tcnsu ics .md l.q (II) .
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,\ hslr a r t

Sllhacutc nccrous ing cnccphalo myoputhv ( Lcig h :-;Y I1<1l"Ol l1l') duc ll) l'~'Il) l'h rlll11l' c o x id.r:-;: ( '( ). ' ) lk til.'i \.'l1l·~ ' i~ Unl'll l' ~ l ll ~\': <I h , : nu n.u io n-,

111 Ihc ,\ C RF ! gCll l ' , cllc \)di ng thc Surfl p rotc in l':--sl.'l1l i~t1 fo r CO .\ ;l ~~l' lllh ly, \ \ďl' h:r, l' in ve: l i L~ a k\ 1 l i \ l ' p ;lt lL' l l h with di tTl'rl'n l S{ R f-'!

niut.u io n -, ľl.'slllllll g i n thc absence nf Surtl pro tc in . .'\ 11n f ihcm p r\..'~L'llkd \ \ 11h :--l' \ 'L'l'l' .uid gL'1l 'r;l!i "l'tI ( '( ),\ d l ' k l ' l. 11111 1l111l 0l'k ct rupholl.'l ic

;111 ;11:: ~l~ ol' culrurcd íihrohlas t« rcvcalcd Xso IJ dcc rc.r«: u f thc no rmul -v r.«: ( ' ( ).\ l'lHllpk \l':-. ;11](.1 ~ igl1i lic1l1 1 ~:l'l'lllllllLl liull uf ill l'l ll llpkk ( '().\

~ 1:-' ~ l.'l11 hlie~ o t 9() 120 k D a. Spcct ropho iomctric l\~say of C'U .\ ~ ICli\ il~' , 11l)\\ 'I.·d ~ l 7U \) (1°11 lkc rl'~l~L' in l.iu rv I mal toxidc (L \ 1)-SOlllhi lisl'd

ti hr\)h la ' ts, 111 contrast. ox yucn co usumption ;ll1alysis in whu lc Cl' II~ rl' \ l,~t1c d oulv a IJ J I I) II l!n.: rl'; lsl' ol' ( '().\ al,ti \ 'i l::', wh ich \\ 'as

l'pJn pktely 1I111 1b ltcd hy detergent in patic nt ccll-: blit not in coru rols . 111 p.uicnt l i h ro h l ;l sl ~ /\ I) !> - :-- t l l ll ll Lt l l \ ! 1\ 'sp ir;ll iull \ \ '~h ~ ()()() dl'lTl'ascd
.uu. I:: ro lluoromctrv showcd tl sigl1iticall t dccrcasc o f mi tochondn.r l mcmhrauc po tcm ial ~ 'f/I II in " t;lk L a~ \\ ' ,II as tl 2."! - ll l ld h iuhcr

.... \.·Jh ll l\!ly nf -1 1f/11I tu 11I1COllpkr. \ Vc co ncludc [Iut thc absence ll l" tll.: ~llr l ' l protc in k ads III IhL' l o rm .niun ol' Il1l'ol1lpll' ll' ( "( ).\ complcx.» ,
\\ l1i L'11 III s i ru mu inr .un r.uhcr high clcct ru n- uu nspo rt activitv. \\ hi !c thcir ! I -pul11ping is Ill q"dirl'l 1. 1'. 11/)'111\: il1;ICti\ ';l l io l1 hy Ih l' lk'lcrgl'11 1 ill

1".1 111..'11 1 ccll :-; 1l1 d icalc:-, illSIJbili ty uf il1l'Olnr\ctc CO X a ~ ~('l11bl i('s.

(. ~ () ()3 L bC\ ·1I..T H,V. /\ 11 rights rl.'scrvcd .

1. ln t rou uc tioll

!'hl.' Ll.'igh sYlldrol11c (LS) is Cl subal'utc nccro tising
l'l1c cphal\Jpathy charactcriscd by bilatcrally sy nlll1c trical
11 1.'cruti( lcsio ns in subcor1ical braill rcgions vvith onsct carly
in ln fanl'Y I i I, Hcterogencous gCllctic dcfcch of bnth
n1Í h.hJ 1oIH.i rial (Ind nuclcar origin havc bccn dc...;cribcd as a
ca Ll se o ť L S i ~?, !. Thc aII toSoIna I r(:cCss ivcLS assoc iatcd \\1 i th

Ihh" ',"\ 'iu!J(J!lS 'S, \.. Ilrak .... ~ nI1a:--, \:: C l L\ . cy to ch romc (' o\ldasl.:: :

( J( '( 1<. t'l. ú'ľllpll\)~phalc c ~ tochrU l1l l ' ( ' l"cdLlct asc. SCCI<, ~LJCl'il1a lc

I [ 'I I I I ~, ( I l,\ [ , ' I IL'~ ldl.'11l\HI 1C l ' n.' l Lll.'t~b\.\ .S. ' _'--'Ig 1 ~ Yl1l l"oml.:: : _s . ., ~l'-i:-;l)Clalcl \\-'It I

I " o l ; !~ c j ~) tdl' hro l1lc ( o .\ l dasť ~kl i cl \..'n cy, l. M, !aur) I mall llSldc: ..1 IJl11\ '

1 1l i~ U \..' j h ' l lLl:'J c I mťl11br~ll1 c p\)lent ial. T :'vl Ri\!. ~ l'tr~lmťthylrhoJ~llll il1 c' mťt h yl

'f' ('lllTl.''' rh .ll1dlllg ~ Il thlll", '1'\..'1.. r -+2-2 IUh-2 ..U-+; ť:.lx : -+-- -+ 2-24 1Uú-21-lY,

I:' 111(1/ 1 ť/ddrn',) hl) L1 '-ite!-. ((/ hl U l1lťd ,cas . L'L (.I, Iloustěk ) ,

(N2~· -+ Jl) S .. ..;c\..' ťmll! l1lat k T 1(' 2( 0) FISt'\ 'I\..T B ,V. ;\I l rights r c sCl"v c d .

dO l , I () I (I) () S(l9 :2 ~ --+-l Jq( ()3 )OOI27 -J

i~ I )L l t c d cy tuchr0/11 e (' nXldaSl' ( (, ( ) X ) dcll Cil.' l1 cy (LS ( () X) is
I hl.' Inost COll1 111 0n ťo rnl n ť ( '( )X di.'ordc rs I,'~ I ~ lJ H. l onc Of thc
11 o~t ťrc q uc nt ly occ llrring rcspi r; lto ry chll in d c ťCCh in in
f~ll1CY and chil dhood. It \-vas gcnetic <l lly cnntirnlcd that
LS( 0 .'\ is ca llscd by a nllcka r gc nc disorclcr 1..+.5 I. Further
nlorc, Inan y n ť thc C ;l SCS slud icd bclnn gcd to a single
c0 l11 plc Illcntation grnup 16,7 !, sllggcsting nnc Inajnr Incus
to bc rcspons ibic for thc discasc .

HUlnan C() X is conlpo~cd ol' 13 subunits: In tD NA gcncs
cncodc thc J sub units fOrt1'1ing thc catalytie corc 01' thc
cn7Ylnc~ thc othcr 1() subuni ts are encodcd by thc nllclear
gcnonlc I~ I, In add ition , nulll crou s nUl' ICllS cncodcd t~1 c t o rs

are rcquircd for c ťtlcicn t assc I11 b ly and Inaintcnancc a ť thc
C()X holoenzy nlc:; that are sinli lar in yeas t and hunlan
19. IUI, Using diťťcren t cxperinle ntal techniqucs. t\VO groups
iden tiťied nlut ations in SL/Rf ' ! ge ne to be responsibl e for
LS('o ,\ I! 1, 12 1. SLJRf 'j enco,Jes a protein hOlll0 log011S to



I' l ',: .n.: t I· .t , / )" 11, / ; '11 1; <. .: l : / ).,l/ ' ;:\ ' i l l 4' ! l ... ' I ) . ,' ,) (_"I(J ,'. ; ",' t',

YC~1~t Shy 1p. \\'h il'!l i ~ rcquircd II)r ~:ťt i( il' l1 ~ h " C (l1 l "'\ l \ l)
C()\ : 1 ,~ i,

Thc dom.iin stru ctu rc nf th i- ,~ () - k /) ~ l i nncr l11 i ll)(lhl!ldr i ~l

mcmbranc proic iu is wcl l cOI1~cr\'l'd dl11UI1g l'lIk ~lryntL':-. ~ll1d

~ 11~ (~ prok.uyotc s wh ich uudcrlinc-, ih nc ('e:--~ity rll! ' thc
runc tio n ol' t hc rcspirntorv cha in ,1 --+: , To d.uc. abo u t _~ ( )

di ífcrcnt p.uh ogcn ic mut.u ion: in SL 'NF / havc bccn de 

"crihl'd 115: , ,''' lost o íthcm are nUlbcn"e mut .n ion-, indul'ing
thc Iormat ion l)r ~ l prcm.uurc ~ll)P l'l)dl)IL 11 lh"l'lhC .m. ]

~p l i c in g-s itc m ut.u ion-, drl' !c ,, ~ common It h.i-; hecu pro 

Pl)"; l'ci th'-1t t 11 c ..; c \ 'crc i"o I~Itcd (' () \ dek ( t.. rl'"ult fro 111

i1II P,- l irctl '-h ')c 111 hly oflhc L' 0111 Plcx. \\'hi l' h sto p" ~ I I tI1l' S~

in tc rm cd i .u» bclorc insc n ion ol' <ubuu its II .md ill in to th,:

hctcrod imcr ol' subun it ., I ~IIH.l 1\ ' ; !h 1~ : ' Thl' LI 'lTl~ ,-lSl'd

<tcad y-statc lcvc l ol' C().'\ <ubuuit- l i t) j. po int ill~ to d !C, SCl'
.uno un t o ť rhc C().\ holocn zymc. is (un sistcnt \\'ith "l'\ 'crl' !:
deercascd C() X ,-IC ti\' ity 111 C ,-I~ ured SPl'ct1'0 pllut l)f 11l't ril' ~ ll l :

i i] 1, Rcccnt stud ies on C,-I!C iUI11 hOllh:n .'tas is in lihn)h Llsh
ol' L S('() ''< pat ienL suggc~t '-1 c1ecrcascd 1l1itochl)[ldr i ~1! I11CI11 

br~lnc po t c n ti~ll i .'2 U j, \vl1 ich 1l1 ight hl' í.ln ill ll'()rt~1nl Lll't ur
nl'gati\'eIy a tfc cling thc ATPsy 11 th('sis abiIi ty. k ~ \cl i11 g to
.;;c \'crc p ~1th (1 lo g i ca l phcnot y'pc nf thc d isc ~lSC, !\ nu thl' r
í.1na l :,/~ i: rcvcak d incrc,-lscd thcnllusensiti\'ity lInd grcatl'r
su ~e c p ti hili t y to detcrgent inactivation ol' thl' ( '().\ 1'1'0111
I..S( () ' lihroh l ~1~ts i 2 1ll ' resultin1!. 11rob:1h lv frOI11 thc dl' -

I ~ v

C ľe ~1SCcl sU1II iIity Cl r IIart i~ d Iy or i111 pro per Iy í.l S:-- CII1blL'd
C() .'\ cOlll pk xcs. l-hn\!cvcr. nci thcr thl' CX,-lCt rok nf .\L'1\F /

in C() .'\ lIs,'cll1bly nor dctai lcd charactcrisat ion uf thl'
tlllh:tional ClHl scqucnccs ol' thc dcfect has bccn rcported .

ln thi~ pí.lpL' r \ve ana lysed tibroblasts froln ti"I..' LS('( l ,\

1':lrlcn rs \vith SL'Rf '! 1l1utí.ltion cOlllbining sevcral cxpcri 
l11cn t:1I lL'L hniques nove I to L SC()X study. ()ur ,lÍ 111 \vas to

g '-Iin III rth l ' I' ins ig IIt i II to thc rutl ctio IIa I co nscqIIencl' s () I

SL '1\1-'1 lll llta tion s on cl' lI cnerget ics .

~. 'Iatcrials and Illcthods

T his stud),' \va.' carncd nu t in acconJ ancc \vith the
I) 'C Iara tion o f ll c ls ink i o ť thc \Vor ld iv1ld ieal Assoc iarioll
and \\'a~ ~lppro \'e d by thc COlllnli ttces nf Mcd ica l Ethics aI
all cullabo r'-lting institu tiolls , Jnt(HTncd conscnt \.va s obra incd
ťr0 l11 parl'l1 ts .

:l,l, Po/len/s

AII tivc ch ilJ rcl1 \vcre ba rn in tcrll1 att cr "n unco111p li-
, ~ lt c d pregnancy \\'ith birth \vť i ght 31 RO-3500 g and length

-F) ·_· _-2 (,111 , rhe ir p~lrents and ~ ib li ngs are hcalthy. In a ll
l'11l 1drcn. the p\)stn~Ha l adaptatinn and carly psye hO tll0tor
dč\ c Upill 'nt \\\:re nunna i ln thl.' tirst nlonth ~ Cll' li ťe, but
i~ljlun: tl ) thnv' , progreSSl\ C 111uscle hypolonia , hypertricho
,, 1:-> and ~ c\ erc LiL' lay ln deve luplll enla l l11 iieston es \\/itl1
~. trdbi~ n~lI s (patlc l1 t :2 and 4). nys tagnl11s (patient 3) D r

Jln ~ lL1 rl h ;" (pJ tll'l1 I ) \\ ,ľl' 1.11 ,,'[' \ 'd .u lh' '111.1 l)ť th ' r r\l

Yl' ~lr nI' li lc. 11) ] l)\\'l'd hy ~l t l.ll ~ 11 ~ I IT '~t \,1' r) ~Yl' !l \' n lll{ ll ľ

dl'\ clopmcnt H il.)l'h l'l n i( ~ 11 ~ 1 !1~I! Y \ l' rl'\ l\ 1 l'd h: 11LT Ll(t ~I( I 

lk 111 i~I (h II)P d-Ll( L lIL' 2, I ~Ll) 111 11 h )I 1: ( \I11 tľl ) I" ' ~ ,I) \v iIh
l ' lc \ :1tl'd Lil't ~ l ll' I'yrl I \ ' ~ \ll' r:I I l l ) (=II ~ (): ( l 1!1 t ľl I h 1() I I ' ) ~ llll l

illl'l'l'J "l'd :~ l C L ll l' in \,: 'I' 'hr l)'11 ilLl. tluid (C." :-LlcLlt' 3 . ~ ~ , , '

1111 1l I 1: Cl)[ 11 n I l- , 2..~ L I'hl' \ ll) I 1. ' I' thl' h ľ ~ IiII ( in l) ne Ch l '

CI ' ) dcmon ' t r ~ lt l' d -vnuuctr .ca l u 'l'ľl ll i l' l c ion in h~l~ ~t1

g ~ l ns li ; 1 (l)ITl'~pl.lndill S ll) l. . ' in al l ~ lI ll' c tL' d chi drcn . l:lI I r

-hi .lrcn dil'd :II 'lL'r 1\.'1 l\ltl'd I'l' , 'I) i r~lll)r: in tcct ion d UL' I ~ )

c.ud io -rc I) il ~lll)ry l .u lurc .u thc ~\ Sl' hl't\\ 'l'l,.'n , ~ ~ l ll d --=' Yl' ~lh :

l "lI~ ' onc I -: l':lr-llld girl \\ i th pl't., I~lll g 'd l'Plll'''l' ul thc
l! i"l' : h l' (p ~ I t ie II t , ~ ) i :-- ~ Jl i \ 'l' .

l'lIln ~11l sk in lihn,hLht .· \\' 'rl' l'llltllrl'd in [)ll lbecCll '"
Inudil i 'd L ~l ~ 1 " 111l'd illl11 (Sl'\ ' ~Il'. C/l'ch Rl'plIblic) \\' jlh
I {) I I O tl)l,tll c ~ Jlr "l'rUll1 (S il.!.llu. C/l'l'h Rl'Pllh lil'). Cl'lI..; \\ 'l'ľl'

g n )\ \ ' 11 to : l p p ro \i l n~ l t l' l y l)()O()l'ullllul'l1(l' ~ll1d h~lJYl'~tL'd usill 12.
() ,()~ () (l tryps in ~ l ll d ().02° () I ~I)T :\, I)l't~IChl'd cl' lb \\'lTl' dilutl'd
\\'i th icc-c(ll d L' ultu rl' 1nl'd iII II L ~ediII ll'11 tL'II by Cl'ntri fug ~ II i() II

dl1d "V ~ l S l1 l' d t\\ ·i c~.' ill pho . ·ph~ltl' -bllrk'red s ~lIillL' (PHS) ,

\ I i to c III) IIItr i ~ 1- C II ľ iL' I1l' d rL1L' t i l I II S (I 11 I t liL' ho IIIII' i ~ l) \ \' C ľ l '

prcp ,-1rl'd rroln lihroh Ll~h ~l~ hl'llll'l' I '.~ .',~ 1. 111 hril' l', tl"Y11Sill íSl'd
cel ls resllspL'IH.kd ill 0,25 ~vl ~UCn)SL'. 10 111\1 Tris. I 111 1\1
\':/)'I'!\. rl' 7,4 (S I'l ': 11ll'd illlll) \Vl'rL' tre~ltL'd fór 15 11lill wirl}
II íg itonin (() ,...~ lng I Ing PI'() te i ll: I: luk ~ l. S\\'i tll' I'I~111 cl) II t () : ( ,,

Thc suspens ion \v;\S I () -tl, ld diluted \\'ith STI ~ ,lnd ll'ntri 
fllgcd ,-It 12.()()O o( g Il)r I () Inin . Thc pellet \vas rl'suspenlkd
in STL, \vll~hcd hy cL'lltrirug ~lt ion ~Illd rcsuspcnded to (\ tina !
co ncentratiol1 o l' 1 ,2 11lg prute in/nl l. l3ased on ilnlnllno<.\c 
tcct ion alld CI1 / :'/ rne ;1L' t ivi ty Inl'aSllrelllents , 111 orl' th;ln ()5

1
) o

oť thc illll(T n 1 il () chondr i ~1 lllClllbrane prnlL'ills \VL'rl' rccov 
cred in th is fLl c t i{) n,

l ,.J, /) :V.. I o/Jo!.r", i.\' (I/Jd S(!l/ /((' /Jcl /Jg

;\11 ninc cxons uf SL/RF/ \\\?rc alnp!itied u,-,ing higll
lidelity KlcnTaq pu ]yn lcrasc ((,enc !\gc Tcchnologies.
Prapuc) in live scparatc PCP rcact iolls \vith thc inlroni c
pril11e r pa irs as dcscribcd in "'Ihle I. peR prodllcts \\fcre

cxtrae tcd tJ'Onl thc gel and puritied llsing ()IAquick Gel
Extracrion Kit (() iagl'n) , peR products containing exons I
and 2~ vcry rich in CIC , \vcre arnpl iticd in thc presence uf
7-deazadCiT P and d(iTP (3 : I), i1S dcscribed by Zhu ct al.
11 1 1. Autoll1ated cy clc ~cquencing \vas perfornleC! on Alf
cxprcss (All1crshalll Ph aťillacia Biotech) using AnlpliTaq
pol yrncra e (App lied Bio sy~t ClllS) anet cy5 -labelccl sequcnc-
, .
Ing pnnlers.

l ,5. 80c/('''io/ expressioll (Ind /Jur(jica/ioll (?( hl/IJUI/z SlllJl
1)J '() IeI11

A hUIl1an SL/R/~ 'J cD A traglnent (an1inn acid s S I to 30()
o l' hunlan Surfl) lacking ;(s natural stop codon and its
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;1l1[h~tls\.' : ~ ' - \.' , li; ~ ; I ; \; l l' ;l bl·t ;l ·g,lC e · ( jC ' " < ' : \ l ,( 'c' ( j< ft ' '\ ( i rl l i l ; I ll.. \ I ~

<cn-.c : ~ ' -U; I i;l q':; lL' ll';Il' i;I l;I~ ;; ).; ( i ( · l l ' I \ (j ( i ( · , \ (j l.. ' \(dil rrr(, \ 11 ~

; 1l1 t! ~ \.' l1 SC , ~ ' Cl~ g;l ; I ;I C ; l ~,': \.' Ll i ,~ ;h_· ( jC i C ,\1 i r( j \( ' I \ \ \ \( i r( '( '(' \ ('( ' \
,, \.' 11 \ \.' , ~ ' - i ;l; l Lll· b , l l' tl·.l l'1:l L l ~ ~g ( 'l '( ' rl I ( i ( ' ( 'l l' l < ' rl '( ir« \ ( ' I I ;

.un i -cn -c : ~ ' -l';\~g ;l~ l ; l\.· ; l gl't.l1 g ; l \.' r( ( T \( ' l ' \ \< j( I r r( 1< jl j l j \ 1 II I I ;

SCI1Sl' ~ ' - 1; l;ll;IL' ,~ ;l( tL' ; I l' t; lt ;l~ ggC ( ' r \ r<rl j( iT( i <' ( ' j'( i \ ( ji l I \l ' ;

(1l11i" ,.:tl sc : 5 ' - l ' ; 1 ~.: g ;I ;1, l l· ; I ~ C t ;1 1~ ;IC< i '\ ( j( j ( .rr \( j l i \ ( j( 1\ \l j< 1 \ ( ' \ <I I \

Sl ' :1' c , ~ ' -t ; l; l l. l l'g ; l l' t Cll.·l:l l; lg~.~g :\ : \ ( j( j( ' C ,\ 1 \( ' ,\ ( ,( i \C ' I r l l \ \ ( ' ~ '

;l1lt j ~ \.' l1 ' (' : ':; ' -C:l~ g ; 1 ;I ;k;1 ~ \.'t; 1 1 ~ ; l l' \ ( ' !'< i '\ :\ ,\ ( r \ \ ( j( ' ( ' '\ < rl , \ r I I I \ ~
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prcsum cd mitoch ondriai sign;l! SCqUl'llCC \\ ';IS in~cr lL'd hy L-\
c lnni ng into thc plasmir] pct -15B contain ing upstrc.un tu thc
;\ - tCrl11i 11 aI SII r fl p sCIIIICne I..' ;\ () - H is ~ 1..'qUl'nc I..' ;1 nLI ;i tIIrl )111 

hi n si ll' (to clcavc thc (i-Hix scqucucc) . Thc pLI~111 id \\ ';1:-\

u-cd tu transfonn bactcria .lNI lOl) (Dl.:3) ( Pľ() lllq; ; l) m.ul.:
compctcnr hy CaCl 2 trcuuucnt Thc protc in \\, ;1\ ovcrcx
II rcs~ I..'d i 11 t hcSl' buctel' i;) hyl P-I'(, J i 11 II IIct ion anci pll ri I"i l' Ll ()n

;111 aťtl ni t y nickc l co lumn ťo ll<)\v il1g thc () I;\ c.\prcssi()lli~t 1 \ 1

IIr()tl' l' ()I IInd LI Sing S lvI II rca , I () II1i'vl s()Ll i IIn1 I") ho ~P11; Itl'. 1()
111 \;1 Tris ~ l ll d 0.25 lvI i ll li d~17 0k' (pl l -+.5) liS clutiul1 hufll:r.

Thl..' Sa 111p le s rOl' Bluc- N;l ti ve-po Iy acry l ;l111 idl..' gcI c leet ru 

ph(H I..' \i ~ ( B N - P;\ ( II ~ ) \VCIT prcparcd as dl..' scribcd I ~-~, \ j.
\1 i lth:hondri;tl prn tci n ( I SO ~ l g ) dcrivcel jloOll1 contro! al1d

11; Ili c ll l ll b ro b la sts \va s sulubiliscd by digitol1in ( 2 t!."g
prl' lc i11 ) i II 50 ln M NaeL 5 ln l\~ 6-,1111 inohc\ anoíc ac iel. .)()

111 \ ,1 iI1 1id;l /o!c !l I CI bu ffcr (pH 7'()) ;\(1(1 cl'l1trifugcd ,l l

2U.()()U < g fo r 20 11'1111 . Thc supcrn atants \vcre colkctcd

-111<1 thc Scrya n luc C, dyc \vas addcd in conccl1tralion ofO .\

g g dClL' rgc ll t. Protein aliquol s ( 10pg ) orlhc~c Sdlllp k s \vcrl'

"l.· p ~l r ; ltcd on ;1 h -- I ~ ( ~ /U g rad ie nt pol yacry l,ltn ide sl ab gcl

pr cparcd ;1 ccord ing to Schaggcr 12,3! i11 lvtin i Protcan systen1

( 13j ~) R~H.i). Thc c lc cl roph oret ic run \-vas pcrfornled ar C)O V

l o r 3,5 h.
Thc sall1p le ~ o l" fibrobl asts and deri vl'd n1itochundri~1 for

SDS-Pr\CJE \vc re boikd fur 3 n1in in ~l salnp le Iysi s buffer

( ~ () /t) nh:rcaptoeth anoL 4 ( j~) SDS. 10 111 Nt Tri s -- HeL 1Ol//~)

g lyccrol) . SDS-'Tr icine elect ropho rcsis I~_: ..;. i \va s perforn1t.'d

Hl I ()(~ .() ur 1 2. 5(~ ~ ) polyacry lan1 iue slab gels (rviI in i Protean,

l ) lURll d) . 'I hl..' .;; a l11 e pro tcin aliquots (10 -- - 15 rlg/sl o t) ol'
\,:ont rol llnd patlel1t san1ples u ť lni to chondri a Ol' or igi nal

li brobla ~h ( 10) \vc rc loaJed .

1- 0 1' inl 111unod c tcc ti on of Surťl pro tci n. protc ins fr0l11

th l..' gcl \\crc bl o tt cd Ol1 to a Sch!cic hc r anJ Schuc l l '\'

nitnKI..'l lu](b l' ln c lnbranc ( () .2 -~ l nl po res) by sCI11i dry c lcc

Irut l ~lIhťl'r at 0.7 111 / \ :C111 :2 j-úr I h. Thč rn -.:nl b rancs \vcrc

bluc kcJ \-v lth PBS co ntai ni ng ) o/~) Jct~lttcd 1l1ilk and 001 ( ~/i)

I \\ L',,'n 20, incubatcd \,vi th po lye Ional anti-hu l11an Surťl

~lI1l1body (I :200 d i lut íon, a gcncrolls gitt froll l Dr. E.I\ .

Shu ubn dgc. rVl c(jill U ni v l..' rsi ty, [\Ilontrcal , C anada) ane!

thcu \\ 'ilh g(l ~ 11 anti -r.rbh it Ig( i C()\ l,jllg;l tL' d with horxcrud 
ish Ik'ro\iLl;l. 'l..' ( I : ~ O , () () () , Hip!\ ;ld L Tlll' hl()h \\ 'l'r l..' de

\ l' I() Pl' Ll II ~ i 11 g S II Pl' r S ig tLil \ \ 'L' S I I:L' 111 t U S II bs I r;II c

( I)i L' rcL'), 1..' . Sl'11 1iaIIy ;I~ tk ~cr ihl..' II hy Y;10 ;111 II SIII HIhridgc
1 l) i
I ' \ .

,:() r i I11 In II t1t)(k tec I i o II () í rl' spi r:1t("0y c h:1i 11 1..' 11 / : 'mc ~ .
prl' k i11\ Iroru t11l' H\ - i>:\ ( i I: <) ľ SI)S- J>:\ ( /I : gl' IS " 'l' r l'

h l() lk' l l ol1lu 11 , 'ht llHI ( ' - I' .\ lr ~1 l1i trpl'l'l lulo,",c l11l'1l1h r;111l'

( : \ InL'I \ II;II n) ;I~ ;tl-)( )\'l' ;111 d t IIl ' 11 h.,' In hr;111l' \\';\S hll'Ckl' II i II

I)\)S \\ 'Íth O,2il
( 1 1\ \ '1..' 1..' 11 ~ () ( PHS 1' ). I'hl' In cl n hr;lll l ' s l'ru II 1

H\ -P/\ ( i! ', \\ 'I..Tl' ll:-;l'd ; I~ ;1\,,!luk: I hl..' 1111..'1l1hr;1I1 l'" l'rUl1 l SI )S

I)/\ ( JI ~ \\'l ' rl' Cut ;IC C t}10d i 11 g t() ~ I \V J 11 ;trk l ' r \ i II 10 P;1rh

c()I1t ;Ii 11 iIIg i 11 li iv id ll ;II ~ IIhUI1 ih . I'!l CSl' p;trl s \\'lT1..' i 11 CIIb(Ill' li
!'or 2.:1 h \\ ' jth L'orrcspul1dil1g prilll ~ lry ;ll1ti ho dil's {111Ul1 uc lo -,

11 ;II ;1111 iboLi iCs ;19 ;1i Ih t (' ( ) .\ 1 (I :3_) O), ( '( ).\ 1V (\:()7()).
C( ).\ V Ic ( I :2()()) (111 li ,.' I - 1-\'1' P~ ISL' ( 'ť SuhUll i I ( 1:2.)O) rr()11 1

\!Iokclllar Prohcs dilutcd ill P '~ ST l'()l\ ldillill~ 21
' (1 hoví l lC

ScnIIn ;IIhUl11 i II (I )HST;\ ), I()II()\\'cd by ine II h;1I i() 11 I()rl ..)

h \v itll pcr()xid;t:~; ,: l(lhclled ~()~ll al1 li -1110 1lSI..' I ~ (; (Sig ll 1a)

li i ll! Icd I : I ()O() in ! l HST;\ . Tll I..' l' II1..' n1Í IUlll iI1l' sel' 11 1 rcí.ll t i()n

IIS i11 g L( .L k i t (/\ 111 "TSh(l ln) \ \' (lS (k I I..' cll'd ()II I.J\ S I()O()
(' ;uji , Japan) (ll1d Ih l' sigl1(l1 \V;lS ljual1 t i lil..'d lI sin g ;\ ida 2.11
1111;\~ (' !\ 11 aIvser ~ t ) II \VIIrc .

'- .;

] _7. ,\/ }('C/ FO/ lho/ () IJIC /I'i e IJ/ COS 111'('111(' /lIs ()ť I'<,,\p in1/ (>lY c ho ill

(, J) I:: \ '/} I (,J, \ ' (I ( ./ i\"i! ie.\'

C( ) X , slIccinatc-cytochroll1c C redllct;lsl~ (SCC R). g lyc 

cro phosp ll atc- cy toch ro ll l c c rcdllctlse ((;(' ( ' R ) and ci tratc

sy nthase (eS) \vcre assayc d (lt 30 (l e as prcv iollsly I?SI. ln

bricť, S;l ll l p lcs nf 0.1 1l1g proteill uf cll l turcd cclls \vc rc

so lub i l iscd \vith 4 Ing lauryl I1l;litosielc ( IJvI)hng prntci ll in I

n11 o f :2 O n1iV1 phosP11 Lltl..' bll fťc r Cl t PH 7.4 Cl nLI the C ( ) X
rcact ion \va s sU rtcd by í.l dd ition ol' 40 piVl reduced cyto 

Chr0l11C c. SCCR and CiCCR \VelT 111Cí.1Sll1Td in a 1l1cdilllll

c()ll tai II ing I O 111 N1 po t(lSsi II 111 ph osPhatc (pH 7.X), 2 nl !Vl
l DTA.. 0.0 I (~/; ) bovinc serUll l albulllin (f~1tty-acid-ťľcc), 0. 2

111M ATP, I InM KCN , .5 JIM rotcnonc and 10 n1M succinatc

Ol' 20 Inl\!l g lyccro phosph(ltc . Cclls (0.2 1l1g pro tc in ) \vcrc

incubatcd \vith 1 Ing d igitoninltng protcin in I lni nf thc

1l1cdilllll tOl' 2 Inin at 30 Je, tl1 en thc rcaction was startc d by

40 pM ox id iscd cy tochro ll1c ', ' and assaycd for 5 In in . es



I ) I )t ( ; } ' \. " t ,# . : I ;' )' t / Jl ,': I " I' ' . .: l : ,: ; .' l , 11 '. ' . I. : i l ' l : .' I I " t , f _" I J, I " ~ ~ / ,

\\ ';'1. dctcrmincd at 30 (' in ;'1 med ium l:nnLl ll1in ,S ! ~ ( l 111 \

Tr js _.. HCI (1""-1 ~' ..2). -+ I11g L \ 1 111 g Prnt c i 11, () , I 11 1\ 1 II1th:\111 i 
trobcnzo ic ac id and 0 . .2 111g pro tc in tlť lihnli) Lhh ml lhc
renet io n \\ ' ll ~ st;.lrtcd \\ 'jth) ,11 \ 1 .i cc tv l Cn ,\ ;Ind \,:h ;'II1 ,S l.'-- I ) !

.rbsorbancc at -+ 12 11111 wcrc rc.ul tor 1 m.n j " 11 \ ;1: li l.' \ \ ;1

<ubtructcd trom ihc ratc obtui nc d aficr ul» cq ucnt Jd d i t :\) i l

nf o.. 111 ,\11 oxaloacci ic .ic id.

dJ rd / tl.' I t) r \ Luin \ \ h j111 '\ '

\,:.nk ' l.' C l : 1.: II L i l j t ) ll , I I )· (),()~ )

( ) x Yll.CII C() ll ,' Ull 1II t i()II hY ti 1'1 ľ( )hI~ I~ h \ \ ';r-; lil.' tc r I11 ine II ;II ,~ l I

C as dcscr ibcd bc forc i ,~ .~ i lI S i llg thc ()I{( ) IH )I\()S t 1.\ : 

g r ;' lp h ( lnnvb ruc k . Au-uin ). lrc 'hl y !l;' l ľ\ ' l.' ~ t l.' d tihl\)h LI'-oh

wcrc rcsuspcndcd i n a Ke l med ium (~() 11 1.\ 1 k C 1. l O 11 1\1

rris '.- Hel. _~ 111iv1 \J1gCI .> ) 11 1\1 Llr!": \ . ~ 111\1 I )\lt ;'h ~ illl ll

phosphutc . pl l 7.4 ) .md cel l- ( I Ing prot rin 11 11) wcrc pl.'r 

111 c (\ b i I isl' tl by cl ig i t (, II i II ll . i ll!.!. ().()~ 111 g 111 !.!. Prutl' i l l. \ ';'1 r i\H 1'0

rc spi ra tory Sll bs t1';.1 tcs ;'llld i IIh ib i tors \\ 'LTC II .cd u i nd ic l lI,: d ,

() :\Ygc n C() II SII nipti u n \va s e:\ p re ,.Scd i11 pln \} l l) \ Yg i.' 11 ~ 111 ~

prntc in . C()X (lctivity \\', IS 111easured \\ ' ith ~ In \ l ;'hc l1 ľb ;' l t l.',

0..2 o r I 1111\1 T\t1Pl) ;.Ind 40 11 ;'\,'1 c vt och rOll1C <. . and it \\ ' ~h
I ~

cu rrcc tcd fo r ~H lt on x i d a ti o n . \vhich \ \ 'as dctcnn il1l.'d as ()..; 3
111 :-v1 I" C i '-i nsensi t i v e oxy gl.'n llptl lkc.

_"'l . (l (, \/( ~ / ll1 (} l'()n /(.' / ,. ic ( lI l u f l' s i s ( ~/ llli/oc!7 olJd"ill! IIl ( 'IJlh,,(/Il ( '

l )o/cII/ iu!

\ 1itOl' ho n d r ia I 111CI11 b ral1c potL' lit i;.l! ( ~ 'F II1 ) 111l.' ;.\S II ľ '11 1cnh

\\ 'crc rcrťOrJl1cd un the FA C So rt 110\\' cy to lll l.' ter ( l3cc tt lil

I) ll'K 1IL'l )ll. S;'lrl .Iu sc , C A, U SA ) ~ l cc o rdi ng to F loryk al1d

Il lHl. 'tCK i .:'(11. F i brob l ~l s ts \v erc rL'sll spended in thc Ke l
I1h:d l Ull 1 co n t 'l i n I ng 1 () ln v l ')UCL' i na tl' ;.1 t ~ I prot ť i n co ncc n

tr;.ltlo ll pf 1 Illg/ 1l1l ~ I n d pcnncabil is('d by 0, 1 111g di git ol1in

111g pr01ClIl. Pern l eab i l i sed tihr()b l ~l sts \vcrc rl' sll spl'ndcd i n

th c K( ' I ll 1cJillln at 0 .2 111g prut ein /11 11and i nl' ll batc d \v ith 20

n:\1 tl.'tr;'\111ct hy Irhod alll i ne Il l et hy ! cs tcr (T i\ '1Rf'v'L lV'lokCll l ~I r

J> ru bc ~ . L SA) , :\ lll ini n1uIl1 uf SOOO cclls \V;'IS ll scd for cach

FA ( 'S 11 1C;'lsurClllcnt. Da ta \vcre ;'Icq ll i rcd on Cl l og ~ca k

II ~ i ng Cc IIC) ll l~ st ( HCl' to n [) i ck i n s{)n ) an Li an IIIYscd \vi th

\\. ' inVIDI 2.( ,'o fh varc (T'ro tt c L J.. T SR I. La .J o l la , USA).
A nt hlllct i c 111C;.I n va lucs nf tluo rescence signal in arb itra ry

u n ih \Vl'rl' d .. tcnn i ncd for cach salll p!C for Sll bscq llel1 t

grarhic rcpre scntati on .

::. 10. Pľ()!l ' 111 dcl eľ17 ÚJlu!io!l

[ ) , '_\ ;111 ;1lv ~ h r' \ -l.' ;I Il.'d tl in~' r ' 111 ln tl L i t i tq h \. " . ,\ l 'I';' F /

,S l.' 11l.' in t IIl.' i 1\ '" t I~; Itl'd II ~ I t \l.' 11 h ( I ,Ihl ,: ), P;It i l.' 111 1 \\ ~ I~

h\)'lit )/ : ' ~2n II ťl I r thc rl';1111 l.' -; II i rt r1111 L II i\"1 ~ I \. k 1( " l t1l;' 1t

llltrl )t!ll l.'l.· :--' ;I prc m.uun: --lili ) l ' t l d t )1l i n L' _\\.)1l ) , I hi,' mut.u ion .

lih l l k , lT thl'd hy li r.m t i ct ;.11 . l·~ ~ I. ll ~ l S ~ tl r l' ;' l d y hecu
ľ'!1\)rkd rt)J' .' l' \' l'ľ ;. t! l) llll'ľ !1 ~ lt i l.' ll h (t ( )r ľ l., \ ' jl' \\ ' ~l.'l' I ) l ' ť ,

: ;..:; i j , l 'n t icut 2 l'\ilibikd nuu.u ion -' 12 ill . !\ I ' lkll () \\ 'h il'll

( )l'l-' lI ľ " ;11 hir h ťr l.'l\ lI l.' ll C: ' in 1 ,,( () P;l t i l.'ll h ~ l l1 d ;1 S2 1d '11:--;

111 11 t;lti l )11 w h ic h r c s u l t -, i n thl' rcmoval \ll' c xon S !.: \)
I'u u cut .~ . \\ Ih) i " th,: l)Jl! O l l l.' " ln í \ ' i ll ~ ;It thc ~ It-l' l ) ť I I

: 'l.';'1r ' . \\ '~ I. h l.'tL' rt)/ Y!.!.l )l h • l ' ;1r r: i 1H2 thL' \)~+ I (k I( ' I I11 II t ~ 1t i011

( ' l.' ;' l b l)\ 'l.') ;'ll1d ;'1 I1 L'\\ ' ( '~ 7 ~+T ln i . s 'I1SC 111ut ;lt iUIl i ll "\0 11 (I

t!l ~lt l' 1 ]; I I1~L' d thl' ; l ľ !.!. i l1 i n l' ;\t po" it ioll ) l)2 to ~ I t rYI) tnph an

! .~ ()I . Intcrl.' , t i ll t~ l y , thl.' :\ q/ 'I_' i , U I I1. ' 'I'\ 'l.'d 111 :lI l l ' lI K;'lry n h

hut .·II·,/hi t/o/)"i " ,1! ,lIi(/lI(/ \\'hik i t is ol1ly () l' c ~ l ~ i n ll;. lil y ro u nl!

in bal'tcľi ;11 Sll r !'1 IH )ll1() log~ i l·~ I. l \lt i l.'lI t - ~ i ~ 11Plllt)/ygoll,

t()ľ thl.' p ľl' \ ' i n ll ~ l y dC~l'rihl'd I1 Hll;.lt ip l1 ( ' () K ~T c l1 angi ng t!l l'

~1ľg in inl' i n I'o si t i()II 2-'() i II tp ;. 1 ~ tnI) Cl )d I.1I1 i 1;-.;. -, 1I. I};.\ t i l' II t ~

c' ;' l r r icd thl' ~-+ I(kl('T ln llt~lt iul1 , : ' l l ut hl.T 11111 t~ l tinn cOll ld hl.'

lktcckl! i n p ~ltil.'l1t ~ . , ' i l l1 i L \ ľ l y ;\') ill S l.' \ ' C ľ;. t! utl1l.' r p lIhlis!l l' d

I -íg , I ~!lO\\ ~1 !h;. lt th l ' Sur! '1 "rok'in cUll ld no t bc dc tc ck'd

in ti bro bLI ~t I nit \H_' h u n d r i ~ 1 ol' ;'Iny uf thc ti Vl' LS( (l\ p;.lticll ts

b y \Vl'~tL'rl1 hlp i é l n ~ t1 y~, i s , u.' in g r ~ lb bit a nti - IH lI ll~ lI1 Surfl

ant ihody , ;. l1 t h P llt~ h thc ;'1l1tiho dy ľl';ICtcd \Vc ll \vi th is o l;'l tl'd

Surfl pro tcin ;'l nd c!carl y dctcck'd thl' SlI rť\ p rot c ill i n

lni toc h o l1 d ľ i;, l frOIYl c Ol1 tn )! librohla~ts .

l : ib ro bl ~lS t~ t' "Unl al l LS('()' / pat icllt s cx hi b i tcd sc \' c rc ly

decrc~lscd ( '()X ;'1ct iv i t.y in eUln par iso l1 \v i th co n tro l eclls

Tah le 2

Í\'lul ations in ,)'URFl lil II \' ~ [1:\ 1il..'n ts \Vi I II Lei gh syndro me duc l\) CO\:

dej 'ic iency
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dell ;-; 3 1(l ] I X/CX \)ll X rcm()val

P3 (1: \) C574 ' T ('-l l dclCT I\ rg I \) 2 / Trp/ľr;\mc shi ft : S[\lp c \l dol1

:-.: 70 X72

P-l 7/7 (' 6:-'; X ·,T/ ( ' (.x:-; · ~ T A rg23{» stor/;\ rg2 3()' >stop

PS \j l - X41 dclCT ; - 1'1';1rncshin : stt )r l:odon X70 -S72.:

Th c p ro tl'i n eo n tc n t \V~1S lncasllrcd accn rdi ng to th c

Ilk,thod a ť Bradford 127 1 Dr by thc rvlic ro BC;\ prot c in

ki t ( l.3io R ;.Id) ~ lI~i n g bovi n c senll11 a lb u ln i n as a ~t 3 n da rd .

( 'l:' l l ~a nlp lc ~ \VL're ~u n iGltcd ror 20 s priur to p ru teil1

dc tc rll1 i nat iun .

J)a l ~l are p re~ l'n tcd ~lS JT1Can 2:. S.D . v al ues deri vcd fl 'on)

paralk l ln C~I ~ I rl' Il1 ť n l s in both pat icI1ts and con trols . Stan -

P~I t iI..' nt [ .. on Mu!:It io 11 S [vl ll t; l ! iO I1 type
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\\'hc Tl II ~ i ng. t II(' ~ tan.ia I' li cl i ~1g 11 o q ic sIIlo' c t ro IIhn h IIII c tr i (
~lSS~lV (lah lc .'~ l. I n thc g ro tl p u f Iivc p.uicnt« thc ( '()\
\\ 'as dcc rcascd approximatc lv tu 2 () (~1) of thc co ntrol - (thl'

mc.m V (lIU L'~ wc rc 7.34 ~ I Tl d Jh.4 I 111l1ul cvt och romc c'

ox id iscd/rni n/mg protc in i n LS( (1 \ p.u i cn t-, .md contro l

fibrobl ast- , rcspcc tivclyj. \\'e Iound - im i l.u d(' c r c ~h l' (, f
('() ,\ activity in ull nf nul' p.uicnt s. dc-p i tc thc d i l'kr'...'l1 l' L'S

i II theco II r~c o ť t ll e di .'l' ~ISl'. ! \ c I i \ 'i I i l ' S () r ot hl'r 111i!l IC11\ I II 

dľ1é.l! l'117)'1l1l'S . Se-C R. ( ,CC R and es. \\ 'CI'C th c "~ llllL';1. ill

~ ( I 11 tn.I l el ' II s , rl 111 S . thl' C(L\ ~ Ict i, ' i t , . rl' LI te II I II ( ' S. ~ I

Inito(h()lld ri~l1 nlat r ix In ark c l". \\ 'as rOllrro ld dClT lo'a scd (0 ,1-+

I ( Sť ( l,\ , I () -7 ' I I ' .! II r 1l' ,, p ~ Itl l' 11 h ~Hl C , ) 111 t 1C (()n t ru s. rCSPl' c ti \ 'L' l y )
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Hy spcctroph n lOlll c t ric ~ l n (\ ly ~ i s n ť C()X lI,-, ing pl'rnlc~l 

h lllScd Initochol1d ri a, a 11111 x inlU1l1 lIct iv ity is é:lch ic\'cd

\\ h ich i :-, kno \vl1 to bl' i n c xccs ~ OVCI' thc othcr COlll po nc ll ts

(ll' thlo' rc~pir~lt ory ( hai n: ho\vc vcr. \"hl'll th c C().\ ~ Ic t i \ 'i ty is
lk t Tln lnl'd as () ' y g l ' l1 consu n1ption \v ith T v l PD t asco l'bat('

111 ,, 'hok cc lls \v i th i n t~ lc t Initoc hond ri a. th c act i \ 'it v ol'

( '(),\ C'\Cl' ,tl" ol1ly hy 1.5 ·· 2 . S - ťn l d thc act i \' it y o l' rc~ pi ľ~l

tu ry Cll'l ill dchydrogcnascs ! ,· ~ .·;.";-l-l . \Vh en \ve 1l1caslIrcd thl:
. b S( '( l ·l l l ' I(I\~g '11 consUll1ptlon y L . / tl ) 1'0 ) asts 111 t 1C prCSCtll'C

()l' !:( 'C P. thl' actl\'ity nf sul'cinatc ox.i dasc aCL'O ll tltcd ťor

I' ()' J() l )ľ thc ~ ll'tl\'ity uf c()ntrol~ U·jg, 2, 'L lh l \.' "'n. S i ll1iI~ l rly.

. i h ' X ' . , ( S( '( l \ t·l I I ' I\\ C h)lIIH t ~1t ()" actJ\'lty IIl ..H • 1 ) 1'0) ast s \Vlt 1

.\ ( 'NF / 1l1U tat iUIlS \vas 69 ·· Xp Ii;) () f act i vi ty i t1 con t1'0 I Cl' IIs,
dCll CIHii tlg on thc conccntration uf TfVIPD lIs cd. T hus, in

l' ()l1tľ~l~t to . pcctrophoto ll1ťtril' Inc~lsurcn1c nts, t\1c C ( ) X

~ll't l\ i t ) i n paticnt tibrob lasL' \vas l11 l1ch lc~ . dccrca scd

\\ het1 Inea~lIrcd polarograrhically in cells cot1 tai ning in tact

ln i ll)l'hond ria .

(}\ygraph ic ana lysis ťllrthcr ho\ved signiťicantly lo\vc r

.Ict 1\ ~lt i o n u I' rcspi ratiun by AD P (t. ig, ~2. ) , huth absol ut c Iy
~ll1 d in rc latiun tu '.;tate 3 uncollpled respiration , \ Vhen lIsi ng

:-. Ul·C lllatl' as tl ~ub~tralc. thc .L\,D P-sti nlulatcd rc~;piratiun i n

th c pa1' il'l1t cclls \vas 5(Y~/() dccrcasc:'d l'U Il1parcd to cOl11'rol

llb rubl asts (l';,lok .:~) and consl'qllcntly, thc ra tio bct\vccn

~LIl\..' 3- .~ J) P a jld st II tc 3-II nco II Pk ci rc spi rat ion \va s I. h - ťo Itl
Iu \\ l' r in pat il' Jl t c c l is.

.,:..\ ~ ~ho\\'n i n ,-19. 3. thl' d i:-;crcpancy bct\vCCI1 thc spcc

truphu tu ll1L: t ri c and pol~jrographil' dctcction uf C()X activity

in LSl 'u. tibroblasts rcsult('d frolll a d iťťcrcnt scnsitivity of

ccrx i n LS ('( l .,\ and contro l cclls to detergen t action,

.:\dd it inn u ť O,U I 2 ( )/ (j Lrv1 to thc po larographic assay C(Hll

pkt 'i.. inhi b i tcd thl' C()X activity in LS( ox flbroblasts but

L!hll' ,)

Spt'ct ľOp]lIllllll1t.: tri( l k lel'lJlill ;ltioil o l l.'n/Yl1h,· acti\ 'itic"i l n cu lt llrcd
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CiCeR 1,':':.3 .L O,<J() () .2~ .L 2 77 II :--< .Ú

CS (lh ,3 I . j 35.72 «~. ()· l .L X,() I l)(,,-t

co.'<:cs 0.57 ..L 0,25 0 .1 4 .L O.(U 24.6*
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tud ilo' . i t i-, 111~1 1 : 1 ) l' l , b ~l h k ih.u lil ' \ lT~ i l \ \ \ ( '()\ .1(1. \ l t ~

l k " ( I'ihl.'d i II thlo' 'i k ' r:I t II I'L' i II I . 'l l I I);I ll' 11 h rl' IIL'd th '
ll! ~ !ll' I' ' II i t i \ .t: l' r ľ ( )\ 111 I .'( () I";It i ' II h vv ith .\ ( 1\F 1

m uLIt i l )Ih hl l k lLT~L'Ilt ,

" (1 ~l \ l 'S th c .imount ~ l ll d l' l )l l l"usi til \11 01'( ' ( ) .\ co m pl cx ,:

111 p ~l t ! l' llt vvr ll"; l 'ol lt n l] 1 1l it(' l' ll l )lld l' i ~1 i. ob tl'd lro m fi bro 
hLI r- . \\ 'l' ~1l1~lly ", ' l! d i ~ it (1I1 ill - ~(l l lI hi l i . · '<.I . :1I 11 pk:-. (2 Ill ~ ln e

I)n)ll'i ll) hy thlo' H , ' -1':\ ( ; I : and \\ 'l' lLTIl h lott ill ~ II ' i ll ~ IllUlll) 

CI()JLl1 ~ lll tih( l dy ;1~~ l i l1~1 UhUll l ! ( '( L\ I ( \ l l )kl'lILII' I'I'UhL' ~
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11 1l 1l1()lll l ' r -.; hll t ~1I . o ~ lIl)f' ~I Il H, kc ll Llr st rlll' tll rl' . l' ( ) l1 t~ li ni ng

( '().\ i .~ ..:; i ~ l ll d ;\"~ l'l llh ly í l ltl'l' l l1l' <.Iia ll's ~ IC l'lIJll11 1~ l t i llg dUL' tu

~ l! k'r ~ II i()II l ) I' :IsSl ' 111 hl\' U I' thc l ' II / \' 111 l '. hl'C ~ I I b l ' ( ' ( ).\ I is t IIl'
~ .

'\ IIhUll i t ~LIrl iIIg I11\..' d ~ Slo' 111 h ly' p n) CL' ~ ~ I I () !' 111 LS( ( l . 111 iIu -

C 11 ()IIdri ~1 C() 111 P~ Iľl' tl t() Cunl rli ls, t IIl' II IIa II t i IIc ~ II iu II I'L' \ ' l' ak tl
onl y a JOI} ;l cOIl lL'1l 1uf Ihl' tu Lil ( '() . ' I sig ll; ll (Ind prullulIllc l'd

Ch;l llgCS o l' it~ distr ibut illll (\lllUll g scvl'ral d ist ill ct strllctlll'l'S.

()n ly h ~l lť ul' thc ,' i g n ~ 1 1 i ll I .S( (l\ 1l1 it()ch()lldri ~1 cUlncs ťrUl1l

( '()X (1~sc n 1blics rOlllld i l1 contru ! 11 1i(ochul1dria. l':\i~l ill g

c ith cr ~ IS ( '() . ' Inll110111 Cr~ U l' ( '( >. ' - c u l1 t ~ l i n i n g S ll p l' ~ II 11 {) kc lI 

la l' strllctll ľC . ' \ \ 'ith llt hcr rl' ~ p i l': l t () ry ch~lin cll/)'lnL's . Thl'

II thc I' h~II ť ()r r11\..' '.. i!;naI in LS( ( l . 1nit ocIIo II II r i(l \\' (l S ťPlI I1(.1

ill i.Is ~ c l l1 hly it\lL'1'!:!\_' d i~ l t l'S r~ l llg i ng i ll si/c 1'1'0111 l)() to 120

k/) ;l, \vhi c h \vc rl' ~ lh ')C Il I i l1cu nl ru ls . ()lI ~lI1t it :lt i\ 'cl y. thl' C()X

I i n inc o ln p k tl' rl )rJ l h l)ťp ~lt icnr C().\ 11l ~I(k lip i.lbollt 15 ( ~ ;J ol'

thl' toLt! C()X I sigll~tl in cu n trul:-..

ln or<.!cr to ťllrtll cr ( h~ l r( lc t l'r I /, C thc rcspiratory c h ain

~lI p r~l nlolcc ll lar s t rll l' t uľCS ~lCco rdi llg to Schaggcľ\ 1l01l1Cn 

ci ~ l t ll rl' I~ S I, \\'c pcrro rJllctl dct cl'tion \vilh ~1I1tib()dy aL!, ~l il1st

, ' I DH3l) sllbun it nf cn nl p l c : I. l Jnlikc to C()X , thc SUlll nf

Spccllíl' aCli vities ol' cytochrulllc (' (lxi<!asl' (C O.'< l. sllcc inatc cylochro mc I '

rl'l!ucl(Jse (SeC R), glyccrorhosphate cytoc!lro l11e C ľcductase (C iCC R ) and

Li trate synt/1;be (es) are L:Xrrl'ssed in nrnll l/m in/mg pro lc in. V;lIucs art' thc

Illcan .!... S.D, ol' l1lL:;\surclllcnb pcrlill'lllcd in .5 LS( '(IX and.5 30 control

líhrobl<l:-;t cultu rcs ,
>I< p <' 0 ,0 I ,
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( ) X and control
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:\ I I I .; ' ) d ! :~ :I ~ l. lil' ... k k ( t il) 11 \ \ ' i Ih II I. \ll\. )II \. 111 ~ I I ~ 1111 i-
h ()di l ' ľ l' \ .a lcd ;1!' I. H l! t\\·\.) !\)ld \.k l rl\ l.~' 111 thc (()l1lL'l1t u f

( .( ). ' aII d ( '( ).\ I \ ' " u hUll ih i Jl In I I I. h : II \. )II II r i ~ I tr. II 1'1 , . ' ( I l'

Pa lil' II t. . (I 1~: ~ . .: ( . ) 1.\'l' 11 II. 1\\ . ~'1" \\ .~ l. t IIl ' .....\. )11 ll' III l) ť ( .( ).\ I I

II hUll i t (2~ I ) I) l) I' I IIl ' ll)J II rl) 1) ~ 111 II tll' 111l) . I rl'II II~. c II vv a t II~'

~' () n tc 11 t \. ) l C (L\ \ .k . u hUll i t (_ ()() I) l 1\. I hl ' cu ntr o I ). 111

L'I.)J 1tra .t. tII~' ( U ntc Jl t l d ' tll' I: I r : \ l P~ IS l' (\ U hU ll i I \\ ;h hy
;Ih()II t ~ () II Cl II i~hcr. I IIi ľ l' . ul l to ~c thc r \\ 'i I II tll' ~ Ih\. )\ 'c H:\ 

1):\( il : lbt;1 pcrh. ip -, plli l1 li11~ tl. ) ;1 l'O I11 pl' I1~ ~ ltl)r~ ' mcchan isru
i l1 l1 UC l'd hy imp.n rcd l' l1l'r~Y provi .. ion l hl' . ume rcsu lt-,
\\ 'l ' r l' \.)bt ~1i I1l' II \\'hcn ll"; i 11 g vv h\.) k lihr II bl ;I:-; Is ( 11 o t :....1 1u \\ ' ll ).

Thc~l' c lcctrophorc tic d.u.: in dicu tc a ~ ll h~t~ l l1 tia l d l' l'1" l' ~ lS l'

u ť thl' (l) 11 ll' 11 t \.) r 11 II n 1Lil ( ' ( ) \ ; I. .:-; l' Iu hIi l' . (111 U 11 \.)111 L r ;111 II
.... II Pra( \.) I11 Pk xl' s ) i 11 li hro h Ia ~ t .. u ť II Ur I.S\. ·\. I J1 ~ It icnt s.
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Flg . ~ . CYlu llu o ľ() l11 ctr ic (k:tccl ion o l' m i tochondr ial ~III I Jl wit h TMR M .

Flbrobla:-; ls fro ll1 co nl nl l and LS( ()X pat icl1b w crc pcrmc~lbili scd with

d ig i toni n (0. 1 mg/mg Pl"lltcin o l' cc l ls ) alld staincd wilh 20 nfvl TMRM in a

KCI nh::d iulll cľlnta i ni ng I () mM SLlCCl natc . (1\) Typ ical rcad ing ol' TMFUvl

lluorescence lil thc presel1cc al1d ah sence n ť I 1l ~'1 FCCP is sho 'vvn. Intťn ~i ty

o ť tluOrl'Sl'l'I1 l'L' (PL2 hl...·lght) on thl...' ahsclss<.I; l 'c ll l1 umbcr (e VCl1h) on thc

ordil1ate. (11) T hc ll1ťan .L S.D. (11 -=35 39) and stat istica! s igni fícancť (* J

u ť data ťvaluated using thl.' M ~1I1n VY hitncy U l ť~ t is "hOWll.

COXVlc

.:·. ·.:#.:é:~ ···

COXIVCOXIICO XI

COX IV

COX Vlc

040.00
'--ca 30,00
u
o::' 20 .00

C
60,00 1

50.00

10.00

O,OO+---'----'---,---'- --4--r--'--- -"---,.---'-- --'---,

( 1; 111.2 I V j ) and to a l~ss l.? r cx tc nt 111 suprac o rn ple x c
(1111121\' 2). ·r hl.? Icvcb nť both these structurcs \vcn~ pro
IhHll1 l'l:dl y lkcrC~lSl.?d ill ,'an1 ples ťr0l11 pat il.?nts ~ \vhere Inost
... )ť thc l'UI11p!CX 1 \,\'~.1S rounJ i 11 CO X -l acki ng supracolnplcx II

(1:1112 L I1h)~t likely iuc to lack a ť cOlnp k x IV nccdcd 1'0 1'

:-.ru ich iun1etric llssclnbly nf grcatcr stn lcturcs .
I·... ) <.Íl:lcnninl.' the l'oll1position ol' C()X co nlpl cxcs i n

!. ~\ (I ti hrobla~ts \ \ 'ith SL'RF'! IlH tat ion, \ve pcrfornlcd
')!)~ -j>:\( iL and \Vcstern biot an~llysi~ sing conlnh:: rci~l1ly

~ \, ~1 1 Ll b ll.' "pecltic 111onoclol1al anribodics agains t f'lHlr dif-

I I ~ -f I k ".:t j"()P110n.' I 1C ~1I l.l 1 J ..; 1" U ť CO.'( 1II ťl brobI<Ist " \\ I[h SL'Rr I
11111:.11lt l, h (, \ ) H'\.; ·II /\ ( il · \Vc~ t\..' r ľl b lo l dcvclopcd w ith .mu (' ( L ' ! or unu

,~ \ 1>1 13 \) II1Ulhll,:llllldl unubodi,..'~ . TUl 11lIcrl )g r;1I11 prote in .ihquots trom

\..'-1111:\11 (C) .md P;\III...·l1h J <Ind -+ ( p _~ and P-+ ) \\'ťrc IO;H.k d. Lcgend to Illark ,,'

I ,, 1. lI ll! ... t \ I; ' I:IL:tl 111 IIklc CO .'< ,l:-; scm h lJ t:..... 111 stall d ~ r(Jr cu" ln I ll1oJnťr..lll d

d. h . ,l:h l l ll1;lIl lh\..' rť~plrat()ry ..;u pral...·llm p !ť xc ..; I, III~ , 1,/[ 12IV 1, ,Uld

! ; l l i ·1\ :- rC'-; lk ·C!I\ c l j . ( Bl SnS -p.AJ;!":: \Veslcrn b ln t oť thc CUX '-; llbul1lh

,, 1l11k11l rl...'rI -I J1II...'ľ()~LlIll pro[cl!l al iq llol ~ II I' mI l l lChOl1dria ťrl lm COIlI rol

! lhll)i"1Lh~ ~ \ C ) al1d trum tjhmol~lsts ol" LSI
()\ pa t l ť l1 b PI , P3, ;md P-l \\,c r ,'

l l .... l·tl l ~l: :l i l .lI : '-;h fklCl...'ti l)ll \Va....; dtll h..' wlth 111ul1 (xlonal :.ll1tihu dlCS lil lhe o.

" 1,hu i l l ! , lť F , \f P~b~ (Fl o ) ell1d C'U " ~ Ublllllts I. ll. IV. and V I<: . (Cl Thl.:~

~-'-: .I t1; I ...n,) \ -; tih: lne~111 " S.f) \ aIIIc: ~ II ť tht.' C() 11 ten t o ť CO X ..; LI bIIn ih

d,: t ' : 111111,,:11 III 1:1! t:e r. ~/ ( J , pati\..· I1IS . e'\pl\~~"t:d 111 (1 ercťl1t u l' conlruls .



t l l

i ' j ~~ - Thc "';l' hL' 111 ~ ltl( l.t r~l\\ ing () I ~ thc Il~ ·l ) () t h \..' sl,,~.: d ( '( )\ r\lI 11(1Il'\ L'''' p :\ .."L' l l t

1 L,l 1) '\ ' -f l I ( ')\ -
l i ) ..~ P ~ )\II.,.'I) t...; , h.' l'l l lll p l 'l l ' \... ( , l ' I1 / :: 11 1L' P I\ :".....n: I I) 1 :--"" qu.nu n ,

L' ( 1I11 11~ II,,,,,' d w u h coru rol h~I S normal ....' k C [ ľI ) l l - l r ~l ihr) ( ) rt ~ 11 1 d l ) n l[( )I) -[) 1I1 !1r)1 11 ~

,11.: 11\ uv filc :l Cl'U I11U!; l1 i...' d mcumplc.c C( ).\ .1:':,....' 111 h1l l..''' 1. 1 l'k l i l ~ -'; i11.111

l lI IC !l' l h - l.' l l l' o d L'd <ubu nit-: h.ivc Ur- r l.' t!1I 1:1kd l..'kT lrlI IH r :ll h [) (l l" :11..'[ 1\ It ~ , hut

l b l..' l ľ proton- pum p ing .ihi lit , I "; i rn pai rc.l .

. icc i nat c ()X id~L'C acnv incs comparcd to cnntrols . ult houuh

ihc CC):X neuvity of LS('()'\ cc lls \\'as high ly rcduccd in thc

spcc tro photomctric mcasurcmc nt in thc prese nce ol' ~I dctc r
gL' 11 t. T h js li iSl'r 'pa II cy bet \\ 'CCI1 spel' tro ph n to 111l' t r ic ~I nli

I' u b r t)g raph ic data could bl' Cxpl~lined hy dinl'rent ~cns iti\ ' 

l t~' nI' (, <) X to thL' dctl'rgent in paticnt l'clls . 111 spectrupl1u

1~ ) ln L' t r l l' 11 1c II S II rl' ln c n t o f C () X, thC 111 i to ch o n LI r i ~ l I
!1 1 c Il 1 b r ~ l n c hllS to bc disrupted Ol' suluoi lisl'd to cn .'ure

Pl' f1 L' t rati u n nf c:\ogcnous cyrochro ll1e (' hut \\'hcn thc

( ' t ) . dc ti \ i ty i ~ 1l1casured as oxygcn lIptakc. lI:;;curbl ltc

,Ind 1.\ I PI) are lIscd as c\cl'tron donors that tt'cc ly ľL'~ICt

\\ \t l1 ~ 1 11 c l1 L1 ogcnu us cytuchrol11e c in inract Inituchondri ~l.

\ \ 'L' ťU lll1d th~lt C()X llcti vit y 111casured polarogrllphical ly in

i..' l Hlf nd ťib ru bl a s rs is qll itc rcsistant to incrcasing CUnl'CI1 

trl l tl l )f 1 ~ u l' LVL 'vv hereas i n tibroblasts \vith SL/RF! 1l1utatiuI1

rhl' C() X (lCtlv i ty \vas h igh ly dccreascd oy thc detcrgent

( I ~ ~ ~ f, In1pu rt ln tly, \ve lIsed thc co nd i t ion s (0 .2 - I 1l1ivl

I':VI PI) r' 5 111 (v1 a~corb a t e) ~ \vhcn thc CC)X activity corrc 

ptH1li \vL'1I \ \ ' i th o: idatiul1 nf cndogenolls sllbstratc:;; in

inr l l ~' l ' ~ll "i Ol' ha~ oni;.; sl igll t c.'\C('SS capaci ty, thu s cxh ib it ing

.... llh ~ lll n ti í.ll con trol ~ trcn ~t h ov c r thc rcsIJ iratorv ratc
~ ~

~~ , ~ ..: ...L2j. Indccd. thesc rl' l'Cnt l'x pcri n1cnts uf I\ t tard i 's

Ltbor' l rory arl' in agrccll1cnt \v ith thc COl1ccp t uf a "sccond

In l.' ch~1Ili ~ l n o rrc ~pi ra to ry co ntrol" postulated by Kadcnb~lc h

'-, ~ , ~ .. ~ , l hat is ba ,~cd o n rcgul at io n of CC)X act i v ít y and

li ' e r~lt ios i n vivo and con trast \vith thc origina l stud ics

~u ~ !.!. e~tl n :!. nellll" ibk co ntrol -.; tren!.!.th by' C() X (ťor rc v ic\v'-'"- "-' ~ tJ '-'

'\L'C Rl'" ! ..1.)]). Sllll i la r ly to ollr spect ropho to l11c tric assay ,

\. 1~ag L' o ť :-,un ica t ion in stcad n ť detcrgcn t IIIso Ic~lds to

lkt l:c tlo n t)f o nl y ľc~ i dua l C() X acti v it y in pat icnt cc ll s

~ fí:. I I1CľC~l~cd ~l:ns i t i\'ity nf C() X to LM in thc case of
L S~ '~) h a ~ bc~ n ľcpu rt cd beforc ! ...+ 7 !. \Vh i k in co ntrol c c ll ~

~L(:\ ťH lid , bq)h d ~lC. , c tl 'al o ry and inh ib itory i cpcndencc

ll ' ( .t ) .\ ~ lct i \ ' 1ty. onI y the lnh ib it ory ph~L ť \ \1as foII nd in

, ,. ')( (), tlbr()b la ~b \vh ic h co n ta ine d red uce ci a111o II n t o f
~ L'\ LT~I l1IC kus-c..'ncodeJ ')ubul1 ib . In lt:~ rťs ti \lg ly, thc n1 on o

ph~l~ic C( ).\. <.ÍL'p endencc \V~S al so present i n strll c t ll rally

:Jl1 l ~ k C·() .\ l'rPll1 j) ( I/ ' (/ ( ( i ( ' ( II\ .lvn initn. n ). : ," whuh

Lh : k" h~ )In(\.P ~ II L" l' I' t hl' J1 ~ ) .... t t ) t :u ~ i J 11 111 ~ II í l l! 1 tl hu II ih

L' 11 L' t)liL'II i 11 t11l' 11 11 ( 1-: I I " ,

lh c:«. d~lL l ind ic.uc th.u 111 ~ 1 ( ( tHd ~ l l1 l' l' \, 'jth lkLl\' 'd

I11 ~ 1111 ll' . Li t i t)11 t') t ....' Ii 11 i ( ~ I I :-- y 111 pl U 11 i-, • I IIl ' 111 L' t~1htJI ic l' l'n ,'c 

q IIL' 11 L' l ' U I' .\ ( 'NF I l11 Ll tJ l i tII 1 111 i~111 hc i II Lll' t 111 i IIlL' r thaII

,SCl1 l ' J' ll1 Y l.'\ll'll L\ l ťrt 1 1 11 ro ut i nc ( '( >, ' ll . 'll UJ'L'l1h:Ilt. , 1\ )

Ll ro ,S J' ~ ll' IIi L' P \ : g '11 .t)1h um pt i t' 11 , t II II i l ' ~ t) I' rl' . p i J' ~ Itu J':

cha i n cn/ \'n1CS thu-. 111~1 \ ' bcttcr m irror thc in \ i \ ' {) co ruliti on :. -
hL'C IU L' thl' () \ id ~ It i \ ' l ' p iH1, I' 11 tl ry l ~ It ip 11 i .' l"t 111 Y l"t 111L' t i t)11 aI.
\\ 'h ik spcct roph oton ct ric ~ lIl~l! : sis i-, l l d \ '~ l l1 tl l ~e() llS in d i ;l ~ 

Ih )" t i l ' l) f thl' ( ' ( ).\ l k I~' ct dUL' to II 111 u IIsk i 11 g U I' th ' I~ Ibi Ii ty
ol' thc L'n /Y l11 c com plcx.

H ~I ~ L'd on ~i~ ni lil'l l n t lkc rl'lhl' in ,, \ I) I' - ~ li nH ILt tL' d rc-pi -
' i I " I .( (l\" l I I Ir.u.o n an: l' I1 L' rg ~ ' L' Oll l) 1J 1L!. In .S 1111\1") l\. 'ts. our c l ~lr -

~ IL' tL'r i ~ lil it '11 (.) t thl' I"tl 11 ct i()11 ~ II c 11 ~ 111 gl '" \\ l C( ).\ dul' tl) S( 'N. F I

m ut.u ion-; \\ '~ l tur rhcr ;l i l l1 L'd .u th,: ll ' - t rauxl oc .u iuu llc ti \ 'i ty

o, ' tI)L' rc p ir:1tl) ry Ch~ 1i11 , \\ 'l ' u,' 'd ~ ln i IIli i rc c t ~IPpro ~ leh thl'

l' \ t ~ ) 1 uororuc tri c 111 '~ls ll rl'llll' nts o t thc mitor hondriul 11 11'111 

br.mc l'utL' l1ti~d ~ '1'111 in pcr mcahiliscd cL'lb lI Sill g T\lR~l a:
fluore: cent prob ' . 111 uu r prc v io us stud il' , th i s mctho d

f' n )\ 'L'li uSL' íu ! tn dc tL'l' t thL' li l 'c rc lISc in stL' ~1li ~ . -stIIll' k v l' I

ul' ~ '1'111 in li brobLl sts ~ I n d L' yhľid s \\ ' jth ;1 pn)lHHlI1L'L'd ( '()X

tkkcl dUL' tu !\ ~ J --+ --+ ( ; \ /1LRRI: Il Hl tllt ioll l -+<) i. III thL' ca,' l.' o l'
r. Sl. ' l ) \ Ii hroh!llsts \V i th \ 'll r i()Us .\ l 'N. F! 11 Hl t II t inn.' cC)f 11PIIrl:d

\\ 'it h co ntrn! cel ls . \ \ ' e ItHIIHI ;1 s l11~ l! 1 hut s i~ n i licl l1t dCl'ľL' ll Sl'

in ~ '1'111 ~ I t ~ L l t~ -+ ( I í!;,. ) ) \\ 'hL'n thc USl' uf th c P ľutu ll

~ r ~ l d i c n t i~ 11 1ill il n isL'd. Furt hl'!"l l1orL' , ti trll tiu lls \, ' jth FCCP.

\vh ich sin1ulatc thc rll nc tiu l1~l! l {)~ l d tl1 ;lt 111 ust hc c U l n pe n ~~ l t 

cd fur by i nc rL'll~L'd p ru tun pUll 1pi l1 g fru ll1 thc 111 ;ltri:\.

,'IH)\ \ 'L'd Jl111C h hig hcr scns i t i v i ty ()I' pll t icn ts ' IIhrubLls ts to

th~ uncoll pl ing L'n~'c t ul' I:c ep. T hi :-.. i n dic~ l tL's a (kCrL\I~ e nl'

proto n plllnp ing ;! '~'rivi ty ol' C( ).'\ i n paticnt cclls. Intcrcst 

i ng Iy, i t h ~l S bC('1l Sllggcstcd by \V;\S nil ' \VS kll l't aI. !~ () I un thl'

basis ol' calc iu l11 !JP111cos tasis ~ tudies that thc LSC
() ,\ tibrn

blasts \vith ,)' [j N. F I Inu tations lnay h:l vc a C! ecrc i:lscd i1'I' III'

Thl'se ťll nc tiona! chal1 gcs shoul d be rcl ~lt cd to c h~ l ng('s in

thc ll1l1ount and c0111 pnsition ol' (' ( ) X In o lcculcs in LS('():\
Cl: II s. Ti ľII11 t i c t Cll. I I 7 l it HInd th ~1t SL/RF! 11 111 t (1 t i() n i ntC ľ

ťc rc ~ \vith assc n1bly nť CC) .'\ sub uni ts at th c Ic vc l nf S2
~ ll b l'() 111 p l c x . Thcy alsn d etcct ed only a sl11 a l l rcsidual

PUl1io l1 nf ťully asscn 1b lcd cnZYll1C c0 l11 plcx, \v h ic h agrces

VCIY \vc ll \vi th our rcs ults uf I y~//) co ntc n t of nor111al CO X

lISSlJl1bl ies in pa tien t In itoch ondria. Intcrcst in gl y, thi s cst i 

nlatc co rrcsponds \vcl l \v i th th c rClll ai n ing C()X act ivity in

LS( 'o .\: dctcrn1incd spcct rn photo llll't ric ally (TčIhle J J, Bascd

on our J3 N-PAGE ana l y si s ~ ha lť of thc total SlI ll l nf COX
corn p lcxcs in L S (' (l .'< cx ists as inCOll1plctc asscn1b l ics. ft i s

\vel l cstab li shcd th,tt LSC()X cc l ls wi th sr//? Fl 111l1tation s

contain dcc reased anl0un ts oj' va r ious C()X sub ll ni ts, codcd

t()r by 111itochondrial and nuc\c,l r Dl f\, bu t th c data d iffer in

va r io us stud ie ' I I (), J 1,)0 53 1. ()llr quar tiricatiol1 i n In itn

chondri a 1'r0l11 cu l tured fi bro b lasb sho\ved an approxi n1ateiy

5 0~/;) decreasť n f the CiJn tcn t ol' subu ni ts J and IV, II 7O?;;)
decreasc 01' the sllbuni t I I and X (Y/~) decrease 01' th e Ieve l of

Vlc subun i t , a pat tern tha t \va s qlli te si l11i l ar to th e resu lts of

e

incompletenor mal

o
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Thc diffcrcntia l dccrcasc nf indivi.lua l ( '() \ -ubunit 111

Pat icn ts \v i th SL 'Nr"j niti Lit i() n -; LI l' tec tc d hY Lh ~ln LI i tl th~'

abovc-rncntioncd ~tudic~ íurthcr indic .ucs th.u inC('lIllp ktc
( '() .\ ass crnblics would prctcrcn tiu l lv lack \ ()1l1~' o tihc "Il L1I l
nuclc II S- CnCodcci SII huII i ts. T II~' \ C !i 11 diIIgS. tl)g ~' tIIcr \\'ith th1...'

pol.irogruphic rncasurcrncru-, nf C() .\ ~ lcti\·i ty. " lh )\\ ' i l1 g tlLII

half rcduction ol' subunit I and IV and 70 11
' 1 rcd uct ion ()!

subunit I I 1l1~ lY stili a llow for ~ 1 ncur-uorm. rl íunct ion (l!

rcspira tory cnaiu-li nkcd dellydrogcn,lsl's in situ. are I)Pl'1l111 ~

thc qIICstio11 to \Vhar cxtcnt čl IIcl !1 o\\' t II c partiallY (\ sSl ' 111 bk d
C().'< subcom plcxcs cun opcratc As hcmcs c/ und cl , .rrc
prcscnt in C() X subunit L ,)IHj (hSlllllillg lhat ,11~() <ubcorn 

plcxcs conruiniug C()X I ' ~-('()X II ~ lrl' capub !c ol' c lcctron

transfer neuvity. these incomplctc ('() \ asscmhlic-, 111U~t

contributc <ubstantially to ox:ygcn consum ptinn dctcrruinc.]
in polarographic cxpcrimcnts . This wou ld hl' p()s~ihk i r
S0l11C nf thc inco rnplctc. bu t fu nc tio uu l. C() \ (\~Sl' lnb l ie~ arl'
ľ110 ľC ,l c ti ve in clcctron transpol1 but Ics~ in ! I ' pllll1pi 11~

act i \ 'ity t II čl n thl' co Jl 1pll' tc C() X cn II1P!cx c ~ ( ,. ig, '7 l . It h~1~

hCCI1 sh()\vn by Kadcnbach's grollp that thc activity l)ť ('() \

is j nc rc, l ~ cd upnn rCIll0val ur dissoci ation uf SUhlll1it CC)\

Vlh !5 li 01' C()X Vla !4~ ! , in accoreh!ncc \vith the hypoth 
l'~i~ th,H slllall nuc!cus-cncodcd sllb lll1i ts pl1 y siu lug ic ll ly

d(l \ ~ 'n -reg ll l (l t c thc é1ctivity nf thc n l ,l1 n Il 1 , t1 í ~l n CIl/YI11l'

It \ \' o lil d bet hIIS possibk t 11 čl t tIIe é:l bscncť n ť sol11l' o f thl'

!lU C lcII ~ ,-cnc() clctl sII bllnit s, a~ is gen craIIy founli ll1 S[ 'RF I

p~ltiel1 ts. 1l1,I Y in I~lct paradoxically scrve ()s ~olne kind uť (\
ťl'\CUe rnl'chanislll that kl'CPS thc C()X e!cctrol1 tra nsport
;'\I.:ti, 'lly 111 situ unly 1l1ildly dccrcased , This \vuuld provi<.k
nl'élľ-l1 11 rJll, ll e !cc t ro t1 tlux: through thc ľcspiratory ch,1in and
~l!ll)\\ ' proto n plllnp íng ;,It C0I11p!Cx:es I ,llld III cllsllľlng ,1t
!cél"l lkcrl'č h l' d lcvc l nf ATP s YJltl1l~sis,

ckno\\'I('dgt'1l1cn ts

Tbc ~'XP l'ľt technica l a~ s i stancc o f V, Bro7kovú ane! V,
FI,t!o"ú h g ra t cťully ac kno \vlcdg cd, This \vork \va s
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Stud les ol' ti b ro hl asts wit h p ri m urv d eťe ch i fl m i tochund r ial
.\TP \~ nthuxc ( :\ T Pa,..;c l d ue to her eroplasrn ic mtl>1\.. \ mutut inu s
in tht, ·\ 11)6 ~enl" a ťťec ting p ru to no phu ric Iuncti on O l' xvnt liexis ol'
... uhuuit u, sho w t hut a t h igh mutntion lnads. mituchundr ial m cm 
hranl' potcnt ial ,,\ I.Vl ll at ..;t a te ... is norm al. hut "\IH'-induced d iv
r ha r gl' of \ ~~) 11\ i, iru paircd a nd -\'1'1' ~Y ll t h es is ar s ta tl' J -:\IH) j,

dl'tTťa cd . Increased _\ 1.J.I 1J 1 a ud lo\\' AT P svntlu-xi« i" a lso lound
\\ IH~n t hl' A'l' Puxc co n te n t is d im inishcd hy altercd hi () gťllesi~ o f the
l 'lll! IIu.' co rn p lcx. l r rcxpect ive nf thc di tfercnt pathoge nic mccha 
nivms. e leva tvd ,. \ 141 m in primary AT l'use di sordcrs cuuld incrcuxc
mirochundrial pruduct ion nf rcac tive o. 'ygl' ll s pec u..'s a nd d er re ase
l' fl l' r~~ pn" i~ion .

. .. . .._..._-_....._-- -
h.l' ~ \ onh :\TP ~>nth~l"l~ , ,,' IPh, Flll\\' ('yt(lll1élry, ~'h" l l l b r ~ lf l C

Pi)tt'lllJ~IL ~/l i lUf_'h(ll1dJ'l dl disl'; j'l~", m r[)~ .:\

\ l ll u l hun llrt.t! l'lh;~ph~lloJIlYUP~llhic, dUL t(l tkrcc(\ ln 1111 

IIIL'hundľ1 ~d F()F: -alk nu... ine 5'-tr ip!l()",phatc (AT P) .... y nrh0sc:

( ,\ l'P~l"'L' ) ~11 L' !c\ :-, L:OlnJlllHl [han di~l>nkr\ ol' thc rc"'pirato ry
\':lt~lln L'l)Jllp1L\l':'> , but theJ are u\ually ver)' "cvere <til d 1'~!Il bl~

\': ~ l l1~ Ld b~ rTll()L:hpndfl~t1 D !A (rnt DN A) m ll u ri() n~ Ol' by lT1U 

t . tt IU Il ~ ln IlllL'kar ~cnL, , :vljr()L:hnJ1dri\l1 r\T r~he i ~ t h ť kť )' co 

l: Il le u i" l'élluL..tr energ) l'onver... iol1, By n1cans oť a fa\ci n,ll

ing ru t ~tl': JnolOr Inl~ct10nl~ll l ( Kinu')íla et ~ d, !()\)X: Stuck ct ~d.

.2UU() ). II ~ I) u pk' \ thc H i g raJ lcnr gCI1Lr~I(L'd hy th~~ re-.; pi ralory

IÚ·I..·.:'I'H: d I J II } ~()() .' : dL'CCpkd J () .lul ~ 2()O'; .
}'h h \( )r i( \\'.1:". lIpP'lrted by (;r~lllt Agl' lll'y uf rvlini\lry u f

Ik,llth ,d lhc Clcdl Rcpuhl fL' (, EhS ~, 3) ;,Ind I Ih l It ll t i u n ~tl pn.l)ťcl s

-\ \- () / ~ I I I 1q 2.2 tl I II I V I 1I I !()000 3

'\ ddl".:: \S l urr c \11I..HH.kní..'c III Ju,.,c;t HOll štčk. ln"lll utť uf PhY,) IUlug) .
\ 1..,l\k l l J~ \Ir" ')... l l 'IK I..',.., u l' l hc C l ed l Rcpublíc . Vídťllsk ,j I()XJ, 14]20

PLIgl t' . ' ·'1\:,,'11 i{c puhlh: c -l1l,lll , hllll'tek Vúhjilll\(:d .L'a~ .l'1

7

ch .un I I thl' .... ~ Illh l, .... j , l I r r\ I'P trl 1/1 1 :1l k l1\l "iI I L' ,:" - i il)l!o 'p!l :ll l'

\ t\ D P) ;t11l.1ph l )"p h ~IIL' , ll1 l..' :\T I'.I"l' l 'l l/ Ilpk \ l'l l/lq" I'l"I,' " 1(1 di l ·
l c rc n: <ubu ni t . ( \V; II ~l'[' .uu l C lt\l iJ h( )11 Il)lq ) . Ir i" u " l q H ~ "L' d

~ d l lll' ~ I(lhlll : l l ' I : , \"'~I t;dy tl \..' P; l['l. \\l1l l 'h i-, C<l ll ll l'L' ln l h~ l\\ ()

1,t1"-\ tp 1!J1' Illl' lllh r: ll ll' - l ' ll l hl'dlkd h ', 11l()Í l 't . : thc l.u : .r t J'~tr h l <l -

'dk" p rotn ll\ d l'l'(l -, II ll' 1f11ll' 1 rlll lPc llll ll<l rL tI u rc mhr.uu- . T\\' ll

F,:) <ubu ni t- . -u buni i a f : \ I P (») :l l1d <ubuni: 1\ (" .. ,IrL' l'l l (kd h~,

I1H I )\'!\ I -vndcr-on cl JI. IqxI ): :1I 111111l.T -uhu ni t-, : I I"L' nurl c.ul y
t ' I1l ' ( xlcd

Thr 1l111 'r l 'l )ll ll J) ( lll c.iu-«: D l' ATP~I "l' kkch : lI l ' 1I1i\\ l ' llSC her
cro p l«..... m ic ITllf) N ..\. n11 1(; l l lll ll 111 11 1l' : \ I'I'() ~ l ' l l ~, \ \ !lid i ~ t1Ú, ľ {

thc pn) tllllo phu ril...' ;U ll«(inl1 uť" ll hu ll it ~l. ~l lll' '''''L' lll i i.l 1 (() Jll P U ll l ' l l t.

tngcl hcr W l( h 111 11l 1l p k I..: \lp i l~ ~ u l' "Uh Ull l t C o ť lllc I \ T f \ I ",l' pn) 

(pi) C h~H1 fl ť l (f{urchl'(lll cr ~t1 , 2(10 1: Srnck L'l ;11 . I l)<) (» ) . H ighcl'

pI'L'vak'r1Cc ,,11P\v TX l) () ~r; I,c ) 111lI Lt t í ()[1 (('i< l ťd ! ( lI l i c t <tl , I l)C).' ;

Holt C{ ~ ll , Il)l) (): f>udd tl c l ~ t1 . I l) IJ. ~: Sh()lln er c l ~l l. 1l)I) 2: T~ lll1 (h

c t ;t1 . I ()9..t) v,hil'l ll.. h ~ln g l' Ll'U I ' ll to !\ rg Ol' Pru . Ar a I()wer

m Ll 1~ tl i()11 ll> i.lcL rhey 111 a11 í re:-. t :I " 11 L'Uľ(lgl' nic rn II ~ l'le w l' a" IIl' \ '" •

~IUl\ I~ I . (Ind rd initl\ pi gll'lenl () ~d ( \J;\ RP ,,) ,ndr()II1C ) : ~ l r hc.t cľ() 

pLI SI11 Y c:xcccd ing 00 (,:, thcy f1ľCI",l'lH <1\ rnat crrw l ly i rlh c r i t čd

Lci.g 11 ,.,y ndl'omc (\C \' CľC (Ind ť~ l ta ll' nce p h (l l tl p a l hy). Lc '):-, l' O I11

Illo n are T~>I 7 (, i(C') Jl1UWt iGll S , wh il'll C h~ l ll~C Ll'U 2 17 (C a rT()/ / ()

Cl a!. 200 I ; D iOlli 'i i - Vi c i e t ~l! . 1() ( )~: Th Y 'I~ ar~l.i ~1I1 Cl al. 1<)<..)5 L ol'
~ 1 TSX51G ll1ulati on (Dc \ -'l cir'lcir c( al. I l) <») ) lha t c h: lnge~ Trp /{)i) ,
al l mani fť .~ t ing aho a~ stri aLtl l1 e cro ~ i -; ~ynd Jú!rlcs (Sehon et al.

20() I ), Irnpainncllr uf lhl' ,:\T P:l:-. e H'" C!l ~II1 !lcll\~ sult."i oťlen , but
no t ,t1ways. in d ecrca ~c cl ATP p ľoduc (i n n , \vhereas thl' ATPa..;ť

hyJro lyr ic activ i ty rť rn a ín ~ largd .y unt.:haf1 t!' cd (Houstck ct :ll.
I l)t) S: Taluc h and R()hi Il SOI1 199 J ). r\ d illerc nt type \)1' pathogef1ie
rll cc h a ()i .'~ l n represen ls 111lD\JA ~ h p rnicJ'()dc!cti()f1 92():)dcITA ,

\vhich was ťuund i n Ll l1 ťw borll w ilh Ir;lfl\ ieJl t 1;I CII C acid ()s i~

(Seneca et a!. 1996) and als\) in a L'h i ld with cnccphalo pal hy

and \c\'cre p~ ycho rll ol u r ré( ~ l r(la t io l1 (Fornus \(ov a cr " I. 2003 1.
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:\ 9~())dťI'L\ mutation remove-: ihe "!l)i~ l '(ld \)l l 1)( r!ll' .. \ 7P{)

gene alld ;lfkch thc r k ; J \' ; I ~ L' ,itl' betwc c n rhc .\Fl'f ) ;l l1 d c řt >.\ /11

rr Ll n ~c r ipt- ; \ 1o-,t rccC 11 t ly. tl nc\\' 111 II tat i ~ )11. i rl \ \ hi«II :\ :\:; 2"7 ( r
~'h;tngcs thc i \.T P;I ~ e () ui i t i .u io n l.'~)dun A L'C; in to (;L'c.; ( ,\ k l .

V;lI). h~l :-' bcen Iou nd in <111 adult p.u icn t wiih ncurop.uhv. f11I,:Il[;1!

rc tardat io n . ll1yopathy. <upr.ucnal pcriphcr.i l iu-u l tic ic ncv. .m.!

rcrinop.uhy (Dllhnt Cl al. 2()U.'l .

,:\ T Pasc Je ť('cts due to 11 Ul' lc«ľ t!L' IlU111l' Il ll1 r;lI i(lfh ; Irl' \ 'CI ~

rJ 1\' ;mLl appcar t(,) bť ~: aII \ ccl hy cl i ln i fl i"hl'd hi,),,) utl:l' .., i< l )ľ t fll'
AT P;I\\..' comp lc x. :\ T Pd\C dctic icu cv (l l' PI h .iblc IH ' Il I11i t ( )( ' 11I \11

dri a 1uri~i II \va ,') I)rq dcscri bec! i II ;1 ch lid \\' i th .' -mcthYl .~ I[I (;IC( ll ll c
aciduria ;lIl d severe lucric {Icidu\i ." t H()II11 \.' ct ;11 . ] ()() 2J. 1-:\ 

trcmc!y lov, ATPasc acti\·it~, .md 11)\\, t lg hr l: Llllq)kd r L' pir.uion

ratcs wcrc obxcrvcd in m u-cle mitochondrin . hut 11<l mut.tuun
\.v ;\.\ Iound in rnt DN A gcncs cncoding ATPa~c <ubunit -, . .'\ nu

l' lc ;11' or: gi II nf :\T P ...;,Y nt h ~ I " C de tic il ' lll' Y \ \ ~ h (k l11( 111.', I r.uccl lo r

thc tirst ume in Il)99 (H()lI\tc~ Cl ul . ILJ99) in a ncw type llť

Ll tal l11i ( uc h (} I H.l ri ~ d disordcr: a child with -c vcrc lal'lic al·idlhi ".

\..' ard iofll \.'galy, a nd hep;lt()lllcg; lly dicd .2 day\ drlCr hirt h. 7() to

SO l,; dccrcu-,c in ATP~[sť neuvi ty and t\ IV product ion \\ ';l ' ;1."1

"UCi;llCd with ;1 corrcsponding \c\cdi\'ť <.kcl'l.' (J\C in lh\.' : \TP~ l S l'

c' ~HnpIe\. W hic h 1'1 ~ td rl U r n 1a I "íI. C a nd .... 1IbUll i t c () 111 P(),i.; i[i (l n , 1n

~:rc a~c d hl()syntl1ťsi~ ol' thc ť> Slibl/nit \.vlt h ;\ vcry "h orl Iwl l'- l iťL'

cOIH rastcd wi th decľc;l scd bíoSY fl thc:...is ol' rhc al., \l'l11hlcd t\T
P~ I"C and ind icatcd asscrnbly dcfcc t at the k've l uť F I -ATP~I\ l' .

( ' ! hnd \xll\ rnalk uť paticnt tlbruh la,\h ru l l)' cO fn plC lllcrltťd thc

ATP~IS t: dcťect ~ll1J co n fi n ncJ thc Il uclcar origin (Jť i mpai rcd

hll)g l.' ll c ~ ís ul' thc ťl1l.ymc cl Hnplcx ( HU lls tc k cr. a l. 1l) <)9 ) . Latcr
l \ tl ~ l'\.'(' r~d tl t h l:.' ľ s t' l e c r í \ ' ť ATPasL' dcfec ts ol' varying severity
ha\ c het.'n l'ounet. including a ťata l ATPasč defcc( de-.;c rihc d in
l:3 ť l g i u rn ( V~ll1 Costcr et al. 200 I) ; ~ l In il der case nf ATPasc dct i
,:it' lll'y l(Jund in ;111 Au\rrían patíclll (rvlayr cl. ul. 2()()2 ); and l w o

Ill'\\' Ltln i lic ,-; \vi t/) ATPasc Jchcicncy uť nuckur urigín f(Jund

in thc L Lt.:ch Republ ic . In lhi ,') article, we SUI11111arizc ou l' stud 
Ie" lIr th c runcl iI )fl ~t1 CU f1.\Cq ucnccs of varioLls types 01' pri lnary

. --\T P;l ~ ť dc: ťcct.'1 at thc Ievel uť rnitocllondríal /,-\ [ r syrHhesi\

~ l lhj Ill~li nl l' n~lnce ~ I n d di \c h;J rgc pf thl' rnílochonl!r ia l rncmhrJl1c

p()kn lial ,

MATER IAl 5 A o METHOOS

Cell Cultures
H UI11<.tl l '1 kin íibrobLt\h \ve re culturcJ in Dulbccco's f\:loditlcd

Eagle '" !\:lediu fl1 (DivlE\ 1) 111cdi llnl \vith IOl,1·· feud \..'Jlť se rU ľll

.1137 C in 5( 1( , c lrbonJ ioXltk in air 10 approxirnately 9(Yk l'dn 

liu l' l1l 'l'. Cel l" \~' ťre h an: ť.\ [ ed L! \ ing O ,())(i~.' trypsin and O.02t/r
c'lhy lc n edl JlnillC' tťt rJJc e tic al'íel (EDTA) . pľeviou~ly e\wbli\hed
íi b robla~t c ul lu re~ w ilh Ll iťťerellt heteroplasrnic mtDNA muta

li ull~ ill lh e ATP6 gene (Table I ), aod tibroh1:..bt cultures "vilh

"ek~ti\ť ATPa.\c Jcti ci~~l1cy o ť nuclear oríg in ťrom three unrc

!a le d C/.ech ľal llllle :-. (Ta h le 2 ) \vcre uscd ťor the experinlcnts.
De r: \ cd t ran~1l1l[ochondn ai cy br ids were preparcd as heforc hy

thc II Jl~l hud u f Ti ranl i dnd col league~ ( ! 9<.)5).

'1':\ BI.l': 1
:\T P !"ť( \, IUCl i 'lll 111 Ilhl'l,I" I:I "I{ ", il h d i l'k r l' ll t (1)( 1) ':\ IlH IL1t i~)J1

111 (!ll' .: \ řl ř l't. ~' l ' 11t'

..\ T })

I l c tvrop l.i 111\ pr\)dlll'li~Ir1\ :
--_._-----

T ~ tj II .~ ( ; :\ 1i l ' Jh (' I .. l' II . : \ I'~ ~J7I ',;

I) ~ () .~ Ll L' 1T.\ StU I) l' l )Ll ()II - o L::" I '() I. (

..\ ~ <~ 7( ; \1 \.' t o V; li. c ll: III~C ~) 7( i

llr' in i t inu on co . lon

.'\ L\ I • <. i l 1(;

:\ 1 1l 111 1 : ~ ' l ll . \ " l'll "l l l \l'l' l l 'd ll~": ll' l1 II lll~ " L ! L' l' l l l ~ l l l' I II f)!llI\ ~ tll'

Jil d I~ lI L' ~ I" :1 " ll ll" ll' ~ lIL' .

Cytofluorornctric Analvsi»
FI\'~ !lI\ 1);I I'\ 'l,~tl' d rih l'\ lhL h h \\l' I'C' rl' ," L1"P \.'ll~ kd in S() (]) J\1

K e l: l l) 111\1 "1'1" 1\ C I i)H 7 . ~L . ) 111\1 i\1 ~CI 1 : ] 111 [\ 1 L DT.J\: 5 1111\ '1

KH2PO,I : ;1IH I JO 111[\1 -ucciu .uc Ll l ;1 prut c in conCl' IHI';ll iu ll ul'

1 n:g/ m l. . <. \' II'" \.\ C!'l' Ik ' r ln l ' ; Ihi1i ll' li hY (), I 11 1g di~ i I()11 in pc I'

rl l t; pr()lL'in ( S i t; l1l ~ l C!lClnil'd l. SI. Ll)lli~. ~ '10 ) ;ll1 d , tajncd witl1

20 11 !\'l ll'l r;lll ll'l l1yl rhIHb lll i!ll.' 11l l 't ll }·l c ." lL'r ('1'1\ 11\\ 1: [\'1 11IL'l'u l ;l r

Prll hc l." Fugl'll L', OR ) ťur 15 In i ll at r()()1l1 t c nll 1L' r d ( lI rL~ . ,\ D I', ill

l1 ihitur:..., Ol' ho th \\' l' r l' addnl a l Indi l ' ;l t<.: d l 'on l Tnt r;ll ioll :-. I Ill IJ1

bcľuľt~ cyto l ] llo rurnl' rl'lC I1ll';t-;II I'c'Il l l'nh. wlli ch \\' Crl' pcrťorJlIc d

(1 \ d l' ~cri hl.'d cl\L'\\' hl'rl' ( F l u ľy k :lIl d Jfllll "ltck 1( ) ( )~)) on:1J:ACSOrl

Ilo '.,\' cytn l11ctcr ( l3cc ro ll Dic k in soll . S;1I1 .1ose. CA ) l~qlli ppl'd with

a 11 a rg()fl LI'"ť r. -+ ~ g 1111 1. Thc T i\1R\'1 "i g r1 ;[ I \\';I :'" a Jl:ll Yze li i II thc

FI_2 channcl. cq uiprcd with ~ \ b;lIld pa \ s l illt'ľ 5 ~ ) ·± 21 11111 : thc
pl1(jh\ ll1ultip l ie r \ ';liut' l1rt hc dek'c tn r \":(l~ (l l (-d I V in "1.2, Dau
\vc ['c ;(cl\ uircd in l(,t! sc,dť ll sin ~ Cel lQ ucs t (BeC[lln Dic~in"'on,

San Jo,,,;c , C A) and :til~t1Yl.ť d wi th \Vini'v1DI 2.X ~o n w a rc (T SRL
La JII IIa, CA). f-\ r itII f II t: ( iC ll)e (l il \ '(ll IIcS () f tIIe II II Urc\ l' l' 11 Cť S ig. 
1l ~1 i n urh ilrary unih \vere dctern l i ned ťl) r cach s~ l l1lp l{:' fo r thl'
purpo\e o ť ~; 11 bseq lit: llt gr~ l rhic rC prl~~Cnlal ion .

ATP Production Measurements

Thl' ratc n I' ATP sYll lhcs is ( \Vandcrs c t (II. I <J C) ]) \\'(1\ In ť;l 

sLl rcd ln 150 rn iVl Kel: 25 l11 i\:l T ris/ HC I: 10 mlYl KPi : 2 111 ;\,1

EDTA : I (.Jr; BSA, pH 7.2; Ll \ing 0 ,5 rnf\'1 ADP llnd stlcc i ll ate.
kťlglurarate + rnalate, Ol' pyru vate + rn a l ~\ t e as a ,') ll b:-; t rate, all
1/1 10 mlVlconcen lral io fl. Fo r pc r l11eahi líl.ati ol1 ol' í ihrohlasts and

cybric!s, O. I and U,O .~ mg Jigito f)i II per m g prot ťi n . respecti vely.
\vas use L! . ATP \vas de tč rrni ned in Dt\1S()-qu en ched a liq uots
according 10 () uhahi and co llcag:ucs I I 99R) by a lu cifcrase

a\say.

Ethics
Thc dcsc ribcd stud ies \vcre ca rric d Du l in accordance \vit h

tlle Declaration uf He lsínk i nť the \Vorld lVlcdica l A ssoc iat io ll

and werc approved by the COllllnirtecs of J\1edi cal Ethics LlI all
( o lla bo ra ling i n ~ t ll U ( í on s , lnfonncd co nsc nt ,,\/us obtaincd frorn

invest.i gated individuals nf the ir pare nts.
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PhcnotYpe
Onset/surviv ~ il

AlPase acrivity in fibroblasr .
((;'( oť c() 11 troI l'"

ATP product ion in tibrobla- t-,
I \ 'r o f control J"

ATP product ion i 11 cyhrids
(fX-- otcontro l )"

1.:\ . C 1. II
i\l'\\b' lrll/~ d~l\"

.~ ( Vř

II

I .v. C \ 1

~ l'\\'I I l rl\ / .~ _ da v
~() ( ;

II I

I ".\. C \ 1. I , \ 1. II l' \ , (k,Ll \

, ' '\ ll U l l '/7 \ ' l'. l l"

-'(ll';

,/()1i~()I1l ) ci 1) -scnsiuvc :\TPa-c adi v i l : ,

/,Antimvcin ,\ -~L' I1 " i t i \ c product ion LJ ',111~ 111..'\.'1 11.11 (, 1-- (' Il I ~ l lIl.ll· ~ tll't mal.uc. or ~ll l r. l lll: ll l' , m.i l.ur :11" ,I -ub-rr.ur .
C\1. cardiomvopathv : r·:i\l. cnccphalomy op.uh»: H , h l'f' :II (\I1lL' ~~t1y : 1.,\ . !; )C l ll ' :11..' id l ll" j" .

Notc. Thc data for Casc r are I'r'JIJ) thc work pť l lou-t c], .uid ( ( >I k~ l ~ ll\." \ I ()l I l) 1: l il ' ll:l l;\ ť, Ir ( ' :1 . I I ;llld I II .u r

ťrom two new pallcl1l ~ Irum uurc l.ucd I.uui li c-.

RE ULTS AND DISCUSSION
T hc pathogcnic mcchanis mx unde rlying diftc rcnt typl'''' ul'

AIPa:,e derect s and d ixordcr- <ccm to rungc t ro m a dy Iunct ion
of mut.ucd - ubun i t a, through insuí tic ient or altercd hiovynthc 

- i: u f -u bunit a. to J dirninishcd producrion nf ot herwi-.c normal

ATP~ lse co mplcx. With the aim nf assc~sil1g how these d i fťc r 

eur ,,,\ 1Pasl' dctccts intluence the mi tochondrial energy provi
.... Ion. n u to c ho nd r ia l mcmbrunc po tcnt ia l L\ I..VI1\ and ;\ T J> pro

duct io n wc rc <rudicd . A~ <ummarizcd in Tahle I . thrcc tv pes

ll! hc terop lasru ic mutation s in Ihe /\7P6 gene. all prosen: in
tll gh 111 n.u ion loads ( 86 tu ()7 C;~ ·), aťlcctcd substrutcsupportcd

ATP prod ucr ion to dilfcrcnt cxierus . The most prouou nced de 
l· rl'~l. t· in ATP " ynlhc ,,-;i,, was in 9~O "'deITA ce! ls: hig her ra le~

\\ť rt.: rounl! in T8tj93C tibrohlasts: thc AR5'27Ci muta tion \Va~

llhu ut ;lilY (' fťče l. Flow c Y ( O nlť t ry lls ing T :''/lRNl as a fluores 
\.: ťll t pro bl' ťu rthcr showeu that these 111urarions have varying
illtlU l' n 'C s 0 11 thc ~ tV ' lI ' Sr~ad y -.'tale leve ls of ~ tlJ rn \vere dc
lerlllil1ed llIlder ~ta (e 4 L' orl(jitions. when no /\J)P is Jvai!ablc
ano ~ / .lH t cannot he ul il i / cd for ATP synthesis. fn all typcs
( )ľ tibrobLts ts. thc ~u te -+ D. tV l11 valuť s were wilhin the control
r~l!lgc. ~lll d the .tdd it ion o l' aľl uncollplcr, FCC P, sin1Ílarly oe
d' "a~ecl the T~I R:\'1 '-ligna l. inJi caling that none of thc ATIJn
I1lLltat iuns ~ tll Ji e d incrca sc s thc pas~i ve H l' í1uw ar ~tate 4. The
;ldd itio l1 o l' ADP (."" Iate 3- A DP) caused a significant decrea,,;;c
o l' ,\ WIll in both thc cOl1trol ano thc AR527G cells. an d thi ~

:\D P-de penuen l cJec re a~e \vas full y prevl'l1 ted hy the ATPase

inhibiuJI' oligornycl ll (F ig. I) . A Inl1~h slnal le ľ~ although fully
ľe\: ťľ~ibl e, etfeel of ADP was sccn in 9205delTA cel ls, and only
a fl1inut~ e tre\.: l \\'(1, ťoul1d in T )993G fibrobla::;rs. Both tYpťs

uf t ll d iť ~~ , thu.... . con\- l nc ingly sho weJ thal near-hornoplaslnic
TSYY)(J lllutatiun lm"gely , but not complctcly, preventcd the
discharge nť ~ Will and thc l.iy nlhesis o l' ATP by 111i tochondriJl
" T Pa:"le.

it 1.'-1 1!1{(:ľt:~lJng (U nOll.' lhar tl1c hehavlor n f cel l. ' with

9205del TA i~ vcry "" iln ilar. and alterati o n o fthe ATP6 stop codon

prub abl J inte rťe res with the "ynthesi " nf suhunit a ~ ar aIl don-

gatl'd ťorm uf -ubuni: a l'llu ld hl' p rl)d l l\..'t~ d, rl' ~lIl lil l ~ 111 no ufunc

ti(ll1a l ,\ T P "Ylllll d\(' . 111 thc l ir--; [ l'~ l l ' . .... omc iIIL\llllpktl', <ub u n i t

a -Llckill ~ AT Pa";l' LOll1pIL.\L ..... wo uld b' ťllnlll'd , 111 thc l.'l'I IIH.l

l ' ~ t: C, t IIc , LIhuni t a \\.uu] tl bc :II tl J i I i l ' d i Jl II] C C -!l' ľll , i II ( tl p:t ľr.
wh cre scverul :\ r\ rcxidu c- th .u are in vo l vcd in H I -uu nxiocation
are loc.ued (Sc hon ct (II. ~O() I ). Bu tlll yp\.' ~ o l' m cu-.urcm cnt-, a lxo
clcarlv <howcd that :\( ' ) 27( , 111 1Il; ll i\)/ } 1\ wir hour dl'tl·l..' t~ lbk cf
kl' t on n1Ítul'!10 IHl riII I ;\'1'P sy 11 thl'. i,-; ~ lil tl. \'l' r.y Ii kc ly, (hl' (i l J( ;

in it i.u ion codon. rl'p lac il l ~ tlJ e c.mo nic u] /\ U Ci , i "'(,1I11l't l0\V op
cr.uivc in huma u m itoch o ndrial .'\ 1'1-'0 IIlR N /\ uau-Lu ion. ~ l."" i ~

thc cusc uf C()XI and COXII ill ~()I11l' vcncbr.nex (Jo hanscu cl al .
I ~)00 ; Pan l' ( aJ. Il)Y3) .

A cOlnp lc tť ly d i ťť:: rc nt pa t h()~L' ll il' Ill l'clJani \l ll is a~sOl'í akd

\vith pri ln ary ATf'a .... ' defccts ol' Illlckar origin (1luustc K L~ t aJ.

11..)09). \Vhe- rl' thc rnilpL'l1onL!ria l COIl !t.:Il t ol' ATP;I.~l' COl ll rlex is
~dťc tivťly t'edu cl'd r~lativc to thl' cu nlcn t of n,~ spi ral()ry - c h ; lil1

el1!'yml.'S, \-v llile th c ~lIh u l1 it l'\)lll f)()",i tio l1 ~ 1ll( 1 lhe hydrol yt ic as

\-vc l! as the ~ynt hetic fUl1cti on of thc I'c Jn a ini ng ATPasc CU Ill 

pkxcs are norrna l. Thi~ rc l a t i v ť !aek o l' ATPasc \V (l ~ ťUlJl1d to
cau sl.' an incľc;l.-;e in 11ll.'lnhrane potl'l1 tia ! al s(; t (ť 4- (Houstek
c l;1I 19(9 ), w hi ch í-.. inL1ic; lti ve ol' l kcl'cascL! pa~ s i vc H ~ k ak

~lIld 'y\ 'hich resu lted in a prol1ounced deL'ľl~a~c ill AT P prod uctlon
Í\ t ' e Table 2 and f-Iollstek ct al. 1( 99 ). As i .... sho\vn in Tahle 2,
a siln i larl y pronounce d decrcase o l' ATP prOdlll't io ll \vas fnund
ln t\VO new patients ťro ln d i tťc rent ťam ilies, i n \vhorn a 70-80 r;t
dťcrease ol' rnitochon Jria l ATPasc \va~ ťo und . T hci r c linica l prc
sl;.'ntatiuns also includcd la<.:tic acidosis and cardio rnyo pathy, ln
one casc the patiell t sllrvived fo r seve ral \vce ks: the nlher case
was nlildcr and prcscnted wilh i~1C t i c aci c1osis, ca rd iolnyoptahy.
encephalopathy, and ucveloprnental dcl ay. In order (o t1 nd nu l th e

ge ncl ic origin of these new ATPase defects, transln it ochonciria!
cybrids wcrc prcpared by fusing e nuc leated pati ent fibrobl asts
\'\.,:ith rntDNA-kss ( p l l ) 1438 T K- ostcOSJrCOlna ce lls. As shown
in Tahle 2, the ATP s )/ IH hes i ~ was tul1y res torcd in hoth typel"
ol' cybrids. indicating again thar the unde rlying genctic dc ťec t is
not a rntDNA nlulalÍon.
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J' I< ;, I. CJUIl[.;.(· ... in ihe mi tochu ndrin ] mcrnbr.u«: pUIt.: nti;d .\ IVIl) ln nhrob Lt \ h \1. 1111 Jl ťkn:nL .\ I l 'r. 11111t :11 1t'11:-' , ( 'y líllltll ) !'l lI ll e l ne a n.i] y ... i " Pl' Il it.' lili " I t.'h ~ Illd n:t1

uu-tnbr .me P( l( t' rl [ l : tl h~ T \ 1Rf\l t luuľt.-"')l.',:nľl' W:l~ pcr lortucd ,n , I dl~ uon in-pc rmc. iluh I l ' tl II hrob ];1\[ \lI ~)pl ied \~ I rh I () 111 \ 1,1Il' l'IIl :I[t.' . ( : \ I l I u- d ll'l' l \ II I II i\1 F( 'e ·P.

I ) I rn\1 ,\ D V <lnt.! ADP ľ( dlm-\cd hy I II \1 o!i gul11ycin ("J~II) 111 L'Plllrtll LTI I I B I Thc :\ 1>P il1dul 'l 'd dn' [\:, t\l' (Ir I \lR\1 11u(ll l' ';L'l ' I1lL' rc l.nr«: Ip ihc H '( 'P-indllú'J

.lc , rť:l"ť W :I'" .lila 1)- lť d in cl' ll" \ \'1111 Irh111'att:d rntD:-J I\ mu t.iuou ,

;\ 11the k nown primary dc ficienci es n f mitochondrial t\TPa\l'

.an signitlt:ant ly aífcc t the mitoc hondrial ATP produ ction, irre-
peCl Ive of whcthc r the c ause is an insuttic icnt arnount uf norma I

cn/ ymc Ol' altered properties o f AlPase corn p lcx {hat jo.;Í')fe. ent in
norma]quanti tiex. Ir i~ also quite clear that in all typcs of ATPa..;c
detcer.;;, the pro duction o f ATP is only partly inhibi tcd. even in
vcry severe caxes. Ir is difticul t (O undcrstund how only a partia]

lcc lme uf cncrgy provision t so mctimcx o n ly 50 fk or less) can
h.ivc such verious and o ltcn ťa t al cffccts. Alt ATP sy nthcsis dala
are bascd Oll \..ell cultu rex, and the situations in thc most com

II oni:; aťťected ti"~ LJe~. which have high energy dcmands, 'uch
~l~ bra in, hcart. and skc lctal muscl e, can be co mplcte ly diffcrent.
U ll the nther hanJ, inhibitor titr arío n sLud ics in ITllIscle ti ~ ." u e

( Rns s i ~ n ol ct JI. 1l)L)l). 2()()]) sho\v an espec ially high thrť ~ho l d

for ATPase. indicating Lhal so rne lOS}' nf thc nonnal acti vity uf
thc cIlLyn1ť i~ . uf!icicflt for Inore than .s O ~f. ťu nc t io n a l j ty n f thc
\\ h ~)le resplratory chain.

Ir i~ well establishcJ that ~d() ng with cnergy sho rtagc, other

lnelabulil' l'OJl"\ť4ucllces, in particular the produc tio n ol' reuc 
li \ ť U.\ ! ~en spccic~ (RC)S) and the índuction ať apoptosis anu
ti", ll,,: llťcrnsi~ , are l11ajor (Olnponen ts uf thc pathog en ic lnech
~lni .ďI11 ' /1 Illilochun<.1rial ()X PI..IOS diseases (Len al. ct aJ. 2001:
\-ValLlce 19<-)'-) I. An exponential incrťa~l: in mitochondri al RC)S
r roJ ul,tion hdS oťcn dcrnonstrated at Iev~ l s ol' ll 4J m abovc 140
IIlV ~ K()r~huIlU\' e.:t a , ]9Y7: Liu 1999). \vhereas a dec reasc in
~ 'J1 111 \ iJ \tirnuLttiorl o l' ATP ~ynthase activiry, a ]0\\/ ATP/ ADP

r~t(ío, ' uh:-;trate II IllHatIOn, l>r increased pro(on pcnneability d ue

ltl cxtcrnal Ol' inrernal uncoupliug lowcr rhl.' .uuouut ol' R( )S pro 

du ccd ( K adcnbac h ~O{)~) . ThL main concl us ion wc dr aw í rom

Dll r cyto fluore metfil.' tLId icx is thal i 11 AfPasc d ixordcrx, highl' r
levels uf o 4J lll can h~~ cxpected bc cau :.c a low amount ofcnvyme
Ol' altercd Iuncrion pi rhc F l) proton .hannc l .rpparcntly limit thc

phyxiolo gical di\chdrgc o! rcxpir.u ion -ucncratcd 6jJ. H l , lf rhis
is the casc, increascd .md unbalanccd RO S product ion. r.uhcr

than diminishcd ťne r~ y provision , would bl.' rhe kcy p.uhogen ic

process in pruna ry ATP:ISC di sea scs .
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mt D . '. \ -cllL' Oded p ro tcins. o n sizc and thc contcnt o l' A'IPusc s u b u n i t a . on AT P hvdroly si-; a n d () 11 mi toc ho n d r i a l

mcmb r.mc potc m i a l. 111 addition , ATP synthcsis was barely dccrcuscd Thcrcforc. ( ; t 1(J is II Iunct io nu l i niti. u io n codo n ro l' thc
11 ll I1U Il, ' 1'1-)(1 ge ne .

c) ~()03 Elsevicr Inc. A II righls rcscrvcd

Á I ' \ ' \l urd, . ATI\I SC-;\ lPsynthusc : A'I'P asc subunit a: ..1'lPó gene; Mit och ondr ia l discuscs : Lcbc r ...; hcrcditury optic ncuro p.u hy: M itoch oud ria í
uu uauon co d o n: l l uruun

l itocho nd ria l di scascs associated with dcťect s in
oxida tive phosphoryl a tio n (OX PH OS) complexcs d LlC to
mut.u ions in mitocho nd rial D l A (rntD A) are gcncr
(ll I~ 111LL lu ~YStl' 1ni c li iscasLs Cl flt: cli ng preci oln inant ly
brain aI1\..t 111LlSck but they ca n a lso involvc lnan y organs
I I I, t j p t () II o \v , tll () n,~ t h é:l n 7(J ti jlrl'rť II t Pu iII t tll II t é:l t i()II S

ln IntO : 'A. cClusing dcrccts in pro tcin-co di ng gene s o ť

cOlnpkx L III, I V or V havc bccn de scribcd [2J . In
'u n1pk x V, thc resulting disea ses can be seve re as is
:.-\ RP ( ll ť u ro p a l h y , ataxia, a nd rctinili s piglnentosa ,

0 ,11 M 5350(0 ) O l' MI LS (lllaternally inheritcd case o ť

CdITeSp\)(1 din g ~ Iu t h or Fax : -r )) -4-7 2-44-05 -55.

J~' -IJl(/I/ oddJ' {',\\': gl) dinul!(/ llI lI \ -I)l>n l J r (C, GnJinot) ,

( H II)h-~l)I .'\ / ~ - SCl' ťrun t matter ll' 2(0) Flsev icr 1111..' AII riglHs rťsťrvcd ,

dl)I,I() I()lh/.l ,hh rc ~( )(U .l ~ ,OI3

Lcigh synd ro me, O M I lVI 51()069) tha t are associ.ucd
with thc nu D : A H9<)3 ~r .> G or C point muu u ion in
AT f'use subunit a, depc nding on thc pe rccntagc o f
111 uuucd tlltO NA . Ano ther type ar d iscasc is thc Lebcr 's
hcrcdi tary optic ncuropat hy (L I-I O N) charélcte rized by
bIindness gcnerally appeari ng in rnid lifc and associat cd
with tl1tONA nllltation s on gcncs n1ainl y enco di ng
co n1plex I sllbunit s. Al though these Inuta tio ns are gcn
cralI y hOlnoplaslnic, thc di sease has inconlpl etc pene
trance . This has suggcsted the influencc oť cither
enV irO nlTIen ta l ťactor s ar thc occlIrrencc ol' additional
gcnclic ťactors [3J .

IntO A 111utations lnodiťying the initiatiol1 codon
are rare ln hUll1an dis ease s. A. Inutation 3308T > C (M
to T) at thc initiation codon ať N D I (N AOH



dchydrogcna sc subunit I) has bccn idcntiticd in ~ l

MELA paticnt [..f l. HO\\·C\Tr. thc cornplcx I .rctivit .
and i hc synthcsi , o! thc ]\jDI poly pcptidc wcrc normal
Thc authors sug gestcd th.u .uiothcr Met cl)dun loc.uccl
closc to t hc 5' cnd ol' mi tochondrinl In R I ':\ s could hl.'
llscd as ua nslat ion.rl uuu.n or . On i hc coru r.uv. i hc
m II ta t ion 75~ 7T , C', si111 iIa rly rl'pIaci11 g Th r rl) r t hl'
initiat or Met in cvtochrornc C oxid.isc subu n it I I (( 'C)I I )

[51. rcsultcd in negligiblc svruhcsi« ol' ( '01I. probabl .
bCC~ l U SC i hcrc is no in-Ir.nnc let codo n in i hc viciuit v of
thc ~ ' cnd ol' ( '(JI l [61. This .'uggested rh.u ,L\ L i( j \\'as thc
only ellicien t initiat iou coclon in h uma n m t D . A. Wc
dcscribc hcrc a ncw muuu ion in thc ,-1T P() ini ti.u io n
coclon uud show that thi s nc it hcr i.dlcc tcd l lic si/e n o : t hc

a111 ount o ť A T Pasc subu nit a syn thcsi7cd . in spit c o I' thl'
absence o l' au a ltcrnat ivc let closc-by thc 5'-cnd nI'
the A TP() gene. do\vnstrean1 rn)111 thc initiation codun ,
\Ve hypothcsizc that other reaturcs than thc initiator
,t\ l lG in thc 11l1111an IlltON /\ sequcnce I1Hlst bl' used rl)\"
sclcct ion ol' the proper initiation site .

Patients and rllcthods

!)(!flólf ,\ Pat icn t P \V ~ l" the Ilrth child horn to c()ll"an guin cou s
p.l ľ (l1 h S Llp t ~ lľ(ll ~t1 illSllllicic llcy ~ l p pc(\ r( d e ~l rl y ~ l rl l..:r hi rth dllll

h YP () «I ll t ~ 1 laI cI' Clil Hc had dcLtycd milCSI 0IlCS, \\' ~ lI k i llg dilliL' u l lic ~ ,

,Ind pS:I.... hIHlln tor rcta n,Lltioll ol' llnkno\vn ca u: c, A pcro\i som ~tI

dlsl)rdcr \\ ~h C\Cllldc d 171 , At thc agc ol' 22 yea rs, hc rell1dillcd
,ll1l h llLltll l': \\' ith Cllles dlld th č m ~lin L' lin icdl fcatLires \\'crč l11 ellt al
II..'LlnLt l ll. lll, sťl1"nry a:\ull ~ t1 l1čul'npath y , l)ph tha lll1 upkg ia, ret illo p

.l 1 11 ~ . dlld "up r.lrctl,t\ g la lld illsullic icllcy . Hi ~ l uchelll i cal al1aly:-;í:-; ill
Illll 'c k rc\c ,lk'd ; 1 k\\' r~lgged red tlhLI"" \\'ith 1l11)dili cd G o nwri 's
tlll.'IHdll1C ,llld Iq"lI d stu r~lge \\it h blaL' k Sudal1 :-i ta in , Ekct ro l1 llll -

T lhCI)P . d i"l.'!u"cd ahnurm ~t1 llli tlK'ho lldri a aL'c lll1l llla tLd un dc r th e
') ,ll l'l)IL lll 111 , I.

P~ltl Cllt L 'illddcllly hccamc ~t1 m o s t hlind at th c ~ I gc u f X yca rs alld
c\ h l hIlťd ~ l n aculč pcripapi ll:.try miL'rna ng iopa thy typiL'a! o l' Lehcr

dl" c,l"e [J I. I llS grandparel1ts \\'crc tl r"a L'ousills a lld no ot hcr famil y
I1IClllhcr \\ ~l~ hlind .

S~ 1l1 Ilh ruhla"t s ťrom , RP pdtičllt S \\'ťrč also uscd il1 thi s study .
I hc: \ c rt: I.)h l.l incd from palicnts previulIsiy dc scr ihed by Parťait et ~ l l.

ISI,
Illfo rllled CD I1 Sč l1 t was ohtaillcd fro m a ll investlga ted indi vid udls

l)J" l'rlH ll thclr parel1b ,
C('!I ( 1IIIUn ) SkIn lihrohlasts ťrlHll patien t P, ťrulll , ARP pa tle nh

il.lrh lJl'ill g 1l1l lre th~l n l)( r ; " u f 1l1utai1t mtD :"J A (S9l) ] T ./ G), an d ťrum

l.'nlltrl)] ~lI h.l e L' h \\ c re L'ulturt~d ullder stan darc,l con ditio n ' ISI , Fi hro·
hl,h t Ini tl)l.'hu ndria \\erc lsulated hy hypoosmotic shu L' k 19 1.

,\ f tl (i i /w lldrtd! (' 11:.\ '111(' u ,)',w.n, ATP synthesis was mťas u red a s

dC:--l.Tihed II (J I ln librobl asts pcrmeahili l.ed in th e presen ce n I' 0,1 m g
dlgltl)llil1 / lllg pr ute in . ATP \as delermll1ed in D l\1S0-q uenchcd
~ t1 1 q L llt ' L :->ll1g ~I 11I L' ifcra se a~~aj III j, I{esp ira to r) cha in an d citra tc
'):'I11 hasc adi \ itie ' \\cn: deterJnincd as des cribed for mllsclc hu mo
gCI1~I ~ C ~ 112] .111<.1 for tlhru hLt st 113] The oligomYL'i!l -Sensitive AT Pasc
~ ld l \ l t:. \\ ~I S lllca surcd by thc s p e~ t ro p h o t u m et r i L' ass ay 11 4] aťtc r

l rca llllg tihr nhLtsts \\'ilh dlgitunin and rem o ving cOlltam ina ting
, ' ,AD I I l)\i d~ l ~e h:. I(J" " Percoll trcatmenl [1 51, Plot cin contents we re
111 Ccl~ u red u~ ln g thc Bradfl)/'<"\ ,Issa y (Biu- Rad) \\'llh hovine serum al
bUl11ln , I~ s l~lnl. Lt rd

( '1 If I/IIIU(( i/)[C ll'l ( " 11(/ll SI \ . 1itl)cho nd rial melll hra ne poten t ial

L \ IJ1 nd \\~IS jlerťurmcd \Ílh ľľ c s h l j har\'ested tihrubla~ts (lcrllleab l-

II /úl w ith d Í ~ it l l ll i : l ,ll1 d L1 1l1l'd w n l: _ 1) 11 ~ 1 tct r.uuc thv l rhod .uu mc
mc rh . I C, tc r ( 1' \ 1Jl \ 1. ~ 1 1 ) 1 xul.u P l' l ) b l' ~. l 'S :\ ) l)1l thc 1::\t 'S
( ' ,l l lbllľ lll'\\ ~:~ t.uu ct cr I Ik l.,tl' ll 1) 1~:~ l l l 1)11, S;lll .lo -.c . l ',tll fl)rl1 i,1,

L'S '\ ) IIhl.
O.\' I .tn .tl , \f l I11 l l )\: :\ -l' lh:l)l..kd '\ 111;h l' ~ l'lll'S \\1..'1' 1..' "l' l..j lll' llcl'd

u-, ln~ 1hl' (I) 11 1)\\ 111 ~ I~ I uu cr- . I :l, r l' I') Cl :<~ I ·L R l' \ \ ql) \'~ .'() , 1:l1 I'

, ' ~ 4 1 1 :-- ~ ClI ) , R I..' \ q ,~() l ) q 2~ 2 II ~ l , l ilI..' l' l'ľCl' 1 1 Ll ~ l' nf m ut.u cd

1 ' ~ 2 ~ :\ ' (j \ \,1" l,,,tlll1. llL'd h:. Pl 'R ;llld ll..' ll'lI,: lil ' l1 , II L tI ~ s is : ,I Ill-f -h l'

I 'LI ~lll l' llt \)\: ,-\ w.r . .un phtic. ] 1I ~111 ~ 1:\ ,\ :\ 1' :\ ( j:\ :\T t j..\ I'C :\ t j
r ,\CT(jC(r) ,\.' i cvci-c prim cr ;llld t:\ :\ I 1:\ r :\ :\c :\ :\ :\CC~II'<.,j :\

(j :\ :\CCt :\) ~ h fl)['\\ ;lld primcr i h.u \\ ' ~ľ ll1 iSl11 ;ltL'hl'd tll crc .uc a

Sll1gle /) (/('\ rc-t rict iou <itc l)l1 l:. in t h.: l'ľl..' Sl' lll'e Ilr t hc 11111Llti l)I1 , :\ ftl..'l'
,~ ~ P ' I{ cy clc-; 2 pCI l, f 1J. :: P ld( · I'P (,,()()() ( 'i!Jlll1 h)!) \\'a '\ ,ldded . i nd

, '!1 ' : l d d i t i l ) ll ~ tl l.' ~ c k \\ ~h l' l'l'ťl)l'I11l'd w it h ; 1 ~- 1l 1 i ll dcn .u ur.ui on alld ~ I

Ill-Illill l'l tll1 g ~lll l) ll t imc . lhc PťR I'l lldUch \\l're uuu b.ucd \\ n h n dl'l
rllr " h a t ,, "7 o ( ' ~ 111 d SII h111 ittl'd t I I Ck drl ll' h tl I'cSis t111' 1. 1 Ugh a I 2" "
I'PIY ~llT~ l.unid« ~ l' I , lhc dried ~ l'l \\'as sC;lnlll'd \\ ith a 1)11l'"phlll'illl
~ I g c r .uid t hc pro po rt io n l)r mut.ucd mt l) . ..\ \\a s l'stlll1atl,d w itl:

1111 ;lge OU;lllt S l)ťt\\arl' ,

11'( ' \'1('1'11 hlo l (/ll d/nis, P ľ PlL'ill S SI' I';ILIlL' d hy I'ril' illl' SDS P:\ ( jl :
11. '1 Pll I()" " p l)I:' ~I Cľ:.Ltlll id c gc ls \\lTC hlllttl'd lllltll lI yhll lH.I C-e\tra
llit rPl'l' llull)se Illl'll1hr;ll1 l' (:\ll1l...'r..h ~ll11 BillSl'ic lll'e,\) hy sl...' l1l id ry ckc
tI' II t I' ~ ln '\k r (().~ Ill,. \ IL' ll1 2 , I ll) . T he p ri111 ~ Iry ~ lil t iho d ics aga i11 SI thl..'
..\ T P ~ I '\ c I : I - ~j ' llhu llit. (2()\)(l , 1:2ll,()( )(), Ill)l) ~ I n d ,.\ T Pasc ~UhU llit L'
( I : 1.) () l l , 12()1) \\'LI"l' uscd , Thc ~ l ll t i - ..\TP ~ I "e a ~ l l l t i h ll d y \\'as IHl'P;II'I..'d

hy Dr . 1\ 1/: Hp u/ id i usill g a peptilk l'lllTL'SPPlldl l1g tl) thc , -tl'l'
l1l ill;J1 !O a lllillo <IL' id ' p f lhc hlll1Ll11 AT P;lsc "lI h Ullit ;1 tll \\'hich a
tyr osilll' \\'a s ~ I d dčd for L' P llpling tl) ho\illl' .'l'rlllll alhul11in (HS..\ ) ill

thc preSCll Ct~ ol' hi sdi ~110hl'll/idill L' 121 1, Ik fp rc USL', thc rahhit ser Ulll
\\'~ l "'; illl.'lIh ~llL'd p\ 'l'rlli gl1t ~ I l -f '( ' \\'ith 5" " HS..\ ;llld thl' 1111llll1ll ll

l'ľl'L'iI1itdlL'd dllti -sl...'rUnl ;llhull1 ill ~ l ll t i h o d i l' S \\'crc rl' Il1 P\'l...' d hy L' l' ll
triťugatipl1 at 2(),O()O !.,' ťl)J ' ., 0 mill , T his '\lL' p \\' ~I S ľl...'peatl'll t\\'iCL' I hl'

.;pcciticil: ol' thc alltih pd:. \\ ~I S C hCl' ~l' d hy \'l'l'iryillg th ~lt t l1 l..'
20 kDa h~llld cprrcspo l1dil1 g tl) th c .:\ T P ~ l se SUhllllit a \\'a" spccili 
c tily dh scl1t in IkLa S~ 1'110 " cl' lh dC"oid ll/' I11t D , A ll -ll . It \\';\ S

dilutcd (I :5()O) hCťllľC usc ,
8iO.\'l'Ilf /wsis o l IIli/(I c/rolldri,,1 / Jro/('lIls. Fih ľ(l hLists \\'cre culturcd

111 Ciihc o mcdlulll 2 1()I) dl...'\ pid ol' 11ll'll1i()llille and CYSlL'ill p lus
1011

" e.\ tL llsivcl) d i;lIY I.l'd ťct ~d cd ť scrum , 1111 II pyru\'atc , 2m1\1
glutdnl inc, ) (J mg ~')' '' k i n / L , dnd I O() pg clllctin c/mL as dcscrihcd hy

C ho l1ly n 1221. T hc:. \ve rc bhclcd ťor Jh \\'ith 375 pCi /l1l1 I -l l ~Sll1lc 

thionine , Pr ndllc h \\'C ľ l...' 'ičparllled throu gh a 41 ~~ 1 stacking gcl al1 d ~ I

\ 5 2()1/~ ' gradicnt sns PAGI~. Crcls \\'erc illcub ~ ltcd with Ampli ry
( Illcrshalll Bioscil...' nccs ) accordin g to thc 1l1 ,I11Urllcturer's pro toco \'
dr icd. ~ l l1 d c.\poscd Ip Il ypcrlill11 !'vIP (t\mcrshall1 Biosciellccs ) lilll1 s
ror (llle \veek ,

Rcsults

Iclf!Il/{fic(//ioll oj ' /he 852 7JI > (; Il/ u /o/io// o// cI (~ľ i/s /c[" c/
(~f II (! I (!ru p /0 ,,'171 )'

Fig. I (top) shows that paticn t P ca rrieu thc Inll
tati on 8527A > G (G cn Ba nk Acccssion No, :
A Y 370877) in thc nli toch ondrial JI T P6 gene cnco di ng
ATPase subunit a . An1pliflcation o ť Cl Int DNA fra g
n1ent ene 0111 Passing t his 11111 tCl t io ll, II SiII g a ln is111 Cl tch
pri111crt ha t crea ted a I) cl(! I rcstricti o n sitc only when
the l11utati on was prcsen t: (F ig. I bOtt0I11), showcu
that Dclel cleaved 1110rc than 97% 111t DNA fro111
111 uscle o r fro111 fj broblast.s, A nalysis oť DNA 1'ro111
thc blood ol' the patient and ol' his 1110 ther ga ye



8527A>G
r ;l hk I
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\ ' ;l! ll CS rll r co nuo! «: r ; l l1~l' ll r va l uc-: ll h~ l'I' \ l' d rllr lun I :,() cu n tro l

nur-clc 11 (l111 11 ~C I Ll kS o r 1'(1 1' ~ ' ~ i I 1 lihrllhLt ..;t cu lt u rc-; t.rk cn bctwccn

) .uu l ~ p ;h~ ~l gC · . I : ll r p.u icn: P thc l Ll !;1 rcprcccn t t hc I11l' ;111 l )r 2

mc .tcu rcmv n t- ; :\ ( t i it i l' ~ ;trl' l ' \ p rl'..;:-;cd ;IS 11111(11 xubxtr.u c tr ;II1 ~ 

rl) r l llC d / l11i I 1l 111~ (ll' prlltl'i l1 ; I IH I "I ll h.;t r;l k tr .m sťorm.u iou « ;1rl' LI ";

rl 1II(1\ \ .;: l ' i t I' ;t ll' ,..; : 11 tll ;1:-; C . :' - t 11 i I 1- 2-11 i t I' I ) hl' II / l ) ; I ll' : co m pk x I.

ro tc nonc-xcnsu i vc ~ :\!)II u hiq umo nc o xid orcductiou : co rn p lcx II.
2Jl -di( l1 lpn >phl' I1(lliI 1d l l p I1L'1 1l l l rc d uc í iou : l'll l l1p ll '\ 1\ ' , rl 'dll l'l'd l ': to 

ch ro nu: (' o xid.u ion : l'll lll pk \ 1 + III. .un im vci u-scusi t iv c \l :\I) I I -

l': toc h ro mc (' rcductio n: co m plc: II T III , xucc iua tc-cytochrom c (
rcd uction : ;t l1 d o l igo I11Yl' i l1-scl1si t i \' l ' :\ T P;lsl ' , A T P hyd rolv/cd . i hc
ru te pl' ATP h ydnlIY"li~ \\ ';IS lirst 111 C;ISllrl'd in thc a bscncc pl'
l l !igo ll1yc in und t hcn a l tcr .rdd i t ion PI' I p~ ol P!i gtlll1 yl'i n in di git (l 

ni n- .md l' crcoll -t rca tcd l 'l' II"I, ;1'1 dcscribcd in Paticn tx ;111l1 mct hod«:
1 ) l i ~P I 11 yc i ll inhih itcd thc rak PI' t\ T P hydrpl ysis hy (JI " " (co n tro ]

li h ru h la'lh) ~ 1 l1 d ()O" " (pa t icnt tibr o hlusts}. t\ T i> syn thcsi-; AT P SYIl 

t hcsi /cd in th c presen ce o l "I ui..c in a tc (l l' pvru . dll' + m.t la tc ( p , rvi) . 111

i hc cusc PI' ATP xynthcxi-; i hc <cco nd line indi catcx the l11Cdl1 S L Sl)
ol' J cx pcr imcnts .
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II111L lľ rcsults (no t show n), but thc 8527;\ /' G Inu
t.i uon \\'a~ no t dctcctcd in the father 's blo od . Th c
mut .u rou was thcrcfo rc inhcritcd Irom thc mothcr
who did not prcscnt a ny a pparcnt c1inical sy m pto m
1hl: l10 rnla l ATG initi a tion coJon is highly conscrvcd
ln ,-ITP () all ovcr thc phylogcnic sca lc, Thc ATPr>
"hl)\\ cd a Sl)] 2 T hO lno plaslni c pol Ylnorphi sn1
changi ng a Pro into Ser (t his Pro is not con servcd in
~t11 1l1 í.l lll 1l1í.1I s) tha t \vas dcscr ibcd in hcalth y subjects
l23] . ln this patienL no other Inutati on has bcen
ľound in thc AT Pasc A (jL ar ln the elose-by IR /VA LI'.\

gl.'ncs.
T hc (l -27 > G 111utation vvas no t ťou nd in a scries

( ) ľ () l\ . ~al11plc s o l' I()O hcalth y un rela tcd co nlrols
\\'ith no identillcd 111it ocho ndri al di sea sc and in 43
l.)lll dr -+-+ patient s ~ u s pec t cd oť Lcber 's I-Iercd itary
() ptIl' : 1ť LIrnpa thy (LHO . ), blit in \vhichllone o I' the
111U~l rrcq llen t LHO I tnutatio ns ( 11778G > A,
-+2 16-1' > C', 401 7 G, 3460G /' A, 1-+482 > G ,
I -l--l-S -r r / (', 15257G A) could bc detc ctcd , Th c
LI I() : I pat iťnt car I'ying this 111 Llta tion was pat ient L
\\'ho ~lLo harbored the 932C /' T PolYl110rphisln, th at
111a'v bc rťl a t cd to ! 'o rt h African origin ol' both P
and L patients.

-r ablc I ShO\vs that in paticnt P, all tcstcd rcspira
to ry chain acti vitics in nluscle and fibrob lasts \vcrc
\;vithin thc range ol' contro l valucs. Sil11i larly, thc oli
gO lll ycin-scnsitivc A-rPase hydro lytic activ ity \vas nor
111a i in paticnt P cells. -r he g527A > G cclls wcrc
cClpa bk o I' a near nor111 a I A-rP synt hcsis (using cithcr
succina te o r pyru va te a nel IYla la te as a subsl ra tc) tha t
\vas ab out 20( ~) decreascd c0 111pa rcd vvith con trol cells.
Fig . 2 sho ws that thc 8527A > G cells displaycd nor l11a l
va lues ar thc TMRM fluor escencc , which is propor
tiona I to thC 111 itoc hon dr ia I 111 Cn1 bra ne po tcnt ia1 (~tp 111 ),

Cl t sta te 4 (con1plctcly sensi tivc to an uncoupler FCC P)
and the sta tc 4 ~ tP l ll was decrca scel by AD P (state 3
ADP) equally in patient cclls and in controls. ADP
ind uccd elecreasc o l' TM RM fluorescence was fully
prevcnt ed by 1pM 0ligoJl1ycin (Fig. 2), IO~lM carb
oxy a tractylos idc O l' 3 ~lM auroverti n (not shown) indi
ca tin8 fully opc ra tional ~ tP Ill discharge by ATP
'ynthase, This co ntrasted with a dinlinished etTect a ť

A D P on tP Ill in thc i ARP cells carrYlng thc
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Fig . 4, Incorporation ol' [' 5Slmcthioninc into pro rcins cncodcd by
llllDNA in control , NAR P and patient P Iibrob lasts .

S ~)l)Tr .> G m uta t ion that ha ve highl y dccrcascd abilit y
t o "'Yl1lhcsizc ATP [24].

-uuounts oj .i T Pasc sub units and syn thcsis o] JnflJ !VA

l ' 1/ ('uded !J!'o f eins

v este ru bio t an al) sis ať . T f'a .e ubun its (F ig. 3) in
" ~2 7 . .> Cj Iibroblasts an d iso la red íibro blas t mii o-
.ho nd riu shov cd thut nu D : -cnc oded ATPase subun it
a \ \(1S prescnt wi th a norma l size and that thc relati ve

Cl 1110L1n t of su bu ni l a to nL clcus-c nco dc d ATPase sub
uni ts 'J. and c was prcsen l in sinl ila r propo rt ions in
paticnt Pand in control fibrob lasts . Also ana lysis of
lauryl maltoside-solubi lizcd mitochon dr ial protein s by
BI ue ativc gel elcctro phorcsis revealcd norrnal sizc ol'
ATPase cornplex Irorn 8527A > G fibroblast s (not
shown) . Fig . 4 ťurther shows that C~ 5S] 111cthioninc
was apparently incorporaied into ATPase subu nit a in



sirnila r pro port ions as ťor ot hcr nu D : ' :\-c ncl)(k'd pr.»
tci II S o I' co nt I'o I o I' 1 ' ,,--\ RP JI ~ 1ticntec lis . Thc I'C1'0 rc. thC

111 U Lit i() n iII thc .~l TP() initia t io II cod()n d id Ih) t dCcr l'a .'l'
i hc biosynthcsis .md t hc stcady st.uc .uuoun t of i hi .
subunit in íibrobl. rst.. ,

Discussion

This study dcmonstr.uc-, i h.u i hc mnt.uro n
()527/\ .> G cha ngin g thc Al.: Gin iti~It ion co do n nr thc
ATP() into GUG (uorrnullv cncoding a v.ilinc) di d not
JI I'evcn t tbc syn thcsis o I' thc A T Pasc a suhun it. d idno t
ch.muc its sizc. .md did not dccrcusc its co ntc nt rcl.u ivc
tl) orhcr AT Paxc subunits . This part ol' i hc I11tI)0! /\ sc
qucncc cncodcs two ATPa.'e subunits . thc subuuit a .uid
thc .'II bll nit f\ 6L (a Iso ca \Icd.' Ub unit ~) . -rhc S527/\ / ( i

nlU ta tion d idno t cha ngc thcsc II ucncc nI' thc Ia tl cr hl' 
cau sc it \vas a sile nt 11111tation o n thc third pnsit ion nI' thl'
codo n . l~o our kno\vlcdge. thc on ly kno \\'n Inut a ti()ns
Inod il\i ng initiation codon.' in thc hll ll1an ll1t I N /\ arc
thc JJ(L)'r " ( ' a nd 75~ 71~ /" C 111II ta tio ns 10ca tcd in thc
gcnl's co d ing rol' ND 1 and CO ll, rcspecti \'cly'. Bo th a rc
J") ITdic tcd to changc lVlct to -f hr , ln thc casc ol' thc ,\ '1) /

gcnc. it ha s init iaIIy bccn iclen ti11 ccl in a lVI ELf\ S pa tiC II t
[ ~I . ll o\\'c\ ' 'I', thc c0l11plcx I activity ol' cc lls bcaring this
Inutati n n \vas norn1a!. sincc thc 111 utatioll cli d not pro
cl II cca ny cl' tcctab1cal tcl'a tion in 111 itoch on d I' ia I I I) I
JI ()I~ Pl' pti dc sy nthcsis, a t Icast in sk in IIb I'obIasts, ancl
",incl' thc l11l1t~ltion \vas also prcscnt in hcalthy indivi d
II ~ II~ Ca I' I'Yi IIg thc vVcs t ;\ rl' ica n ha plog rourL 1b [25].
l:c rnaIHk z-Morcn o et al. [61 have suggcstcd that thc
,'\ l .(J co do n .'peci rying Mct prcscn t on thc thi rd triplet
I 11 - rl' ~ 1111 C \ Vi th t hc 5' cncl o I' thc o I ln R j f\ is uscd as
tLlll",lat1O lla l in it ia to r. -r hc t\VO 111issing N-tcrI11in~d

~llnl no ac ids \vo uld no t prcvent DI 1'1'0111 bcing
ru nct Iona I.

ln thce'()II casc, the init ia tio n co do n f\ eG \vas not
runctional since thc lnu tati on 7587-r > C resultcd in a
111i tUl' hon dri a l cnccpha lo lllyo pa thy and in lo\ver Icvels
ol' C'O X obse rved in Ilbers a r cells containing Icss than
~5 6) iI ~ i ol' \vild type 1l1t[J A [5].

ln th c case o l' thc .--l T pn, no Met codon able to rc
placl' th~ nornla I ini tiati on co do n in thc vicinity ol' thc 5'
end ol' r\ ~r Pa s c Ó In R ! l\ is present in thc scqucnce [17],
rullng out thc poss ib ility that an altcrnate Met could
replacc thc norlll al tran sldti onal initiator . Thc I'irst pa
tíCl1t in \\'hich Ihis 11luta tion wa s o bservcd prcsents
nlu ltí- organ dctlcicncy rClllinisccnl o l' 1l1itoch ondrial
d i::'eas~s. a nd the abili ty o l' paticnt tlbroblasts to syn
thC~IZC Al~P in t h~ presence o l' ci ther succina te ar lnala tc
and py ruva l ť, \vas at lnos t decrcascd by 20tj';J, as lnea
slIrcd by .· cnsiti"c lucircrase ass ay . On the o thcr hand.
:-\T P hJdrolysis and DP-induccd dec rea sc o l' 1l1ito-
'Ill)ndrial 111en1bralle po tcnti a l \ven: equal to co ntro ls,
~lnd all attc ll1pts to dcn10ns trat c a dellc icncy 01' thc

:\' {, Pa,'l' subunii a. .m d pui.u ivc L'hal1~l' in i hc a.·.·l'lllhl y
~ 111 d l'l'IIuI;l r L'() 11 ll' II t ()I' thl' :\ .l P ~ISl' L'( ) 111 r'k x ha \'l' hl'C 11
uu SlI L'l'CS.. I\ II ,

T hc verv I()\\ ' resid uu] .unount () IO Il1l I) , ' :\ .uu plilicd

~ l. . tIh~ \v iId typ c (Ies:. tha 11 ,~ II I I ) is 11 U t Iikl'Iy t() PI' tJ \ 'idc

cn.HIgh IH) r111 a I .: r l) () 111 R , ..\ t() L't ) 111 pl'nsa tl' 1'( ))' t hl'

dcťcct if : \ ll ( j \ \ ' a ' i h,: ( ) I1 I \' .ut ivc iuu i. u io n cod o n .

M o r c ov c r t hc - m a l l Pl' ľ lol'l1t ~l gl' t)r 1) , ' ,\ .uup l i f ic d ~ IS

nor mu l 111t I);"\:\ in i hc p.u icnt Illay bc ()r nuclcar or igin
lnciccd . du rin g evol ut ion, 111( 1) '\ .'\ has bccn irucur.ucd
o u .cvcru l cluornoso m c- o l' i hc nu clcur gCIH)lnc . :\ BLl .'t
.:tUL1 \' in G cn lšun k rcvc.rlcd .u lc.is: scvcn I) N/\ Ira u
mcnt s (in chro moso rncs I. ::2 . ). () . 7. 10, and 17 IJr i hc
hum.m gC110 1l1C) i h.u co uld hl' .unpliticd witl: i hc primcrs
u.'cd to dctcc t hl' tc I'o pIas111 y in thc pat icn t Il1l I) l!\ a 11 d
cx h ibit cd hon1o I()!! Y \v it h /\ .I Pasc s II bunit a . .I hcrcfo I' C,

it i.' likc l\ ' tha t thc Initnchnnd rial l11utation is hOnH)
pla.' lllic ill th c pat icnt P"s 111t l) 11

/ \ a nd in that ol' his
hcalthv l11 o th c ľ .

()nc ca nno t ~ lscc rt~ l i n that thc clil1 ica l SY l1 1ptl)J llS ob
"l'I'\'l'd iII th ís IIa ticn t a I'c rl' Ia tL' d t() thC IllU ta tin n
S~27 /\ . oCi bccausc his 111 nt !t c ľ is hl'alth \' a nd c~ l r r i cs th c
.'al11e practically hO l1h) pLl.' lll ic 111uta tion I l) ~llL unlc ss thi s
is a nc\\' C\ a 111rIc u I' inco 111 plet c pL' nc t ľancc o ť tllt l) 1\
111 u ta t ion , as o bsC I' VCcl in L I I() j [2()I, .rhc n 111 y o thc r
indi \'idua l ill \\'hOIl1 thc n1ulí.lt ioll ha s bCL' 1l obscrvccl
bCCa111l' sudden ly b líne! at th c age o l' ~ yca rs, pľcscntin g

(l n nptic a tro phy si ll1i lar to \\'h at is uhscr"cd in pati cnt s
~ulrcrin!! fro nl LI-I() l , This nligh t SUl.2.!!cs t that thi s

'- '- '- '-

Ill utatio n co uld ind llcc SU 11 1C ncgati 'v' c co nsc q ucnces at
kast in S0l11e spcc illc tissllcs. ' r hc Ino st likcl y c.\pla na
tion is that thc rllut atcd ini tia tio n co do n G UG l11l1 st bc
son1cho\v rllllct innaL as it has hccn n bsc rvcd in o thcr
clIkaryotic nllD\i,-\ [27] a nd in I~'sc//( ".i ('h i{/ co /i [l Xj. ~r h i s

111utation l11 ight cVC llllla \ly br ing o n SO llle Il egati vc
conseqllcnces t!ldt \vo uld ind llcc th c di sea sc, \vhen co n
j uga ted to a nol hcr fac lo 1', genc tic o r en viro n1l1 Cn ta I. Thc
ract tha t bot h pa ticnts P an d L ea rrying thc Sa n1 c t'vV o
I'nutations on .,,1T P(j are consa ng uineo lls SllggCS tS that
an unide n tillc d nllc!car gene 1l1 ight co ntrib lltc to th c
d i ~ l' lI SC ,

'f hc lna in conc lusion ol' this paper is tha t, in hlllllan
1l1tD l ;-\ , G G can be lI scd as an a ltcr na tive initiati on
l odon to produce a no nn al anlo lln t of ATPasc sub unit
a To our knowlcdge, GU has ncver bce n rcp ortcd to
be ablc to init ia tc the tra nsI čl tio n o I' h II ln a n 111 tO NA 
cncoded pro tci ns. 111 Succ/uI/,()/ll yces cereo is ia(!, whc n
AUG \vas 111lltatcd to l\ JA in ('0 11 InR NA , th c
translation occurred at this CO d O I1 at a rcd llced rat c
and not at thc next downstrealn A UG [29,30]. AI
though thc 11lcchallisnl oť start site selcctio n in ln ito 
cho nd ria l translatio n is not wc ll unde rs tood, st lldies
111 ade in yca st haveshown thc i11 vol ve ln cnt o ť nl R NA
specillc acti vator protcins, such as MRP21 and MRPSI
[31 ], eventllally artcr binding to specif1c seqllcnces
prcsent on nl R N As or 5' ~ u n t r a ll s l a t ed regions [32],



\V c pro posc as a \\'o rk ing hypot hcsi.' that. in t hc Casc
ol' hUI11an A Tl'« . a p ro tcin . ~ct t o bc idcntiticd . miuh:
bind ups trcarn thc ,L\L1G (nr GL'G) init i.u ion codon at
thl' lcvc I ol' thl' A TPS cod ing SCl] ucncc, tu posi t ion thc
1l1 RN f\ on thc ribosornc . 1'0 inducc thc discasc. such ;1

Jl rotcin sho uld carry a 11iu ta t ion tha t \\ 'lHll d dcl' rl' ~ I.' L'
I' iboso 111 C bi 11 cl i 11 g cII1cic IIcy aII d I0\\ 'cr .. \ Tra .C " Ll bLl11 i t
a svnthcsi» whcn I\ LíG is mut.ucd to CiL 'Ci . T hi-; could

bl' hurmful mainl , in tissuc. rcquiriug a high r.uc o l

A'TP svnthcsi .. .
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Diminished synthesis of subuni a (ATP6) and altered function of ATP
synthase and cytochrome C oxidase due to the mtD A2 bp microdeletion
of TA at positions 9205 and 9206
Pavel JEŠ INA *l, Markéta TESAŘOVÁ -r l , Dan iela FORN ŮSKOVÁ -; · , AlenaVO JT íŠKOVÁ ' , Petr PEC INA· ,Vilma KAPL AN OVÁ·,
Hana HANSíKOVÁ-r , Jiř í ZEMAN-I- and Josef HOUŠT ĚK* L'
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Czec il ReplJb lIC , é1 nd -rDepé1r imenl ol Ped lé1 i í lCSé1'ld 1 11 S ' ,il : ~ ICí 111".;í ,'PI: ~I h) ' d : l l : D'~ " ' :C" ; 1 ~ ' h l'l. ';Y 'I ~.. h)l: e [':' C'':ir' t'.' 1 : ;' I '."lr~; \ ,'lJ [JO f)r;H)I:t) C.'l'C;l ;~ Cpl!: l l l l'

Dysfunc tion ol' mitochondrial ATP~ISl' (F l F\ ,- .~\TP \Yllt!lase) dUL'
10 mixscnxc mut .u ionx in ATP6 Il1 ltD í'\A (Iniloc l1u lldli a! DN:\ )
cncodcd xubunit a j is a l rcqu cnt ca use ol' seve re mit ochondr i .rl

cnccphu lornyo path icx. Wc havc invcxtigutcd ~ I r.uc nu D '/\ mu 
t.uion. i .c. a 2 bp dclcti on ol' TA .u poxiu on» l)2() ) .md l)2()()
(lJ 20St-. TA). whic h a lfcc tx the ST()P codo n ol' thc : \"I P () gl' nl' .uul
thc clcavagc si tc bc twcc n thc RNA s rol' /\ I P() .uul C()X3 (ey lo
chrome (. o xidaxc ]). Th c mutu tion wax prcscnt .u incrca sillg 1 () ~Id

in a thrcc-gcncration Iamily (in b lood: I h (lJo /Xl IlJo / > l)X (;;)). 111 th c

alTcctcd bol' wit h seve re cnccph.rlop.uhy. a homopl.rsmi c mul at ion

\Vas prcxcnt in bloo d, librob l.rst« and musc lc Thc lihrobla xtx Irom
thc p.n icnt showcd no rmal aurovc riin-scnxitivc A'I'Pa:«: hydrolyt i«
al'li, ity, a 7() 'X) dccrc axc in ATP sy n thcx ix and an XS IlJo dccr cuxc in

C()X acli\ ity. ADP-s tilll lllatc cl rcsp i ru t io n und th c ADP-indu cl'd
dcc rc.ixc in thc mitochond r i.rl mcm br.mc po tc nt iul at xt.uc -l
wcrc dccrcaxcd by SO ex). Th c contcnt u f sllbllnit a was ck
crc;Iscc.l l ()-ro ld cOll1parcd with o thcr ATPasc sublln its . and [\ ~ SI-

INTRODUCTION

Tlll' 111 ;1I11lnalían ATPasc (F l Fil -ATP syn tha sc) cOlnpkx cataly
"' l'S Ihe synthesis ol' ATP rrom ADP and PI' thc l in~" step ol'
thl' ()XPHOS (o,' idalivc phosphorylati Ol) pathway. Tl1e ATPase
ClllllPIt.' ,\ co ns i:'l ts ol' 16 difkrcnl subunits [II. and is cOll1poscd ol'
Ihl' g luhllIar F l cata lylic part conncctL'd by two stalks lo thc n1c111
hranl'-embc.' dded F~ 1l Illoicty that lranslocatcs pro tons across lhe
rnil<. h:ho nd ria l inncr Illclllbranc . Only two Fil sublln its, sllbllni t a
(AT P6 ) and A6L (AT PS), are cncoded by IntDNA (n1 itochoncl rial
[)I'\A ) 121 . Both are L'ssentiaJ for lhc biogcnesis and assclll bly o l'
I!lL' ATPasc co n1pll'x [J I.

ivlutal ion s in nltDNA represent a ťrequcnt cause ol' n1itochon 
dri al di:'leasc s . Thcy can involve tRNAs , rRNAs ar protein-cn
coding gl'nl's (for rcvicw scc [-l /) ano are associated with a wide
variety o l' clin ical pictures , ranging froln isolated nlyopathy to
l11ulti sy ste l11di sordt'rs , affecti!lg prin1í.lrily tissucs with high en
ergy de rnands. such as ske leta l 1l1uscle, hean and nervo lls systenl .
~l o st pathogen ic l11tDNA 1l1utations are in [RNAs . Mutations
ill pro tel/l- ellcoJ ing genes are Inuch Icss frequent, wi[h thc cx
l'l' plion o I'tho se ass oc iated wilh con1pk x Jor ATPase dysfunction .

meth ionin e l.ibc llin u ShU\\'l'd a l)-ruld dl'lTl'aSl' ill subuni: ;1

hio sYlltll l'.·is , Thc l...·OIllL'Jlt ()r C<)X suhuu itx I, -+ .uul (K' \\,;IS <.k 
lTl';ISl'd hy .~ () _ () () l~ ; ) , North cru Blol .uid qu .un it.u ivc rcal -timc
reve rse Irallseriplioll PC '1\ ~ I l l a l ys is Iurthcr dcmonxuutcd lhal thc
prilll ~Iry ,\ I'Ph ('OX 3 tr .ui -arip: is e k~ I \ 'l' d lu thl' ,i\TP() .u icl CO\ J
1111\ í.:\S 2- .")- I()ld k ss c ttic icnrlv. Slru clural xiudics hv Hluc -- -

lat ivc .uul two -dim cnx ional l' ke l ľo p ll u ľl's is rcvcalctl ~ I Il alll'ľl'l!

pat ll' ľJ1UI'C() \ asxl'(II hly ~ II HI insIah i Ii1Y o I' IlIL' ;\'1'Pasl' co111 Plcx .
whi ch diss()c i~ I lL' d into SUI1L'( )lllp !L'.\l'S, Thc rcxult-: indi c.uc tlia:
thc <')2 ()S~T/\ mut.u ion prcvcut x lhr SYIl I!ll'.\is pl' ;\TP~lsl' xubunii
a, ~ II HI caIIsl'S ihl' r l) 1'111 ~ , IiuII () I' ilI l' () 111 Pk ll' :\ I'Pasl' eu111 p k .\ cs
Ih;II arl' ca 11 ahk o I' ,\"1'P hyd I' () IYs is hll t n()I 1\'1'P sy1IIIIcSis. Tll l'
mut .ui or: ~ "s o a íťcc t x thc hi o~ l'l l l' si s ol' C()X, whi c} : is prcxcn: in

a <.kc rl'asl'd .uuoun t in cc l lx Iron: ~ I rkc ll' d individu al-. .

Kl')' words: /\FP(). ATP s)' nlllasc, ( '()X3. cy t oC h ľO ll l C (. o.\idasl' ,
111 iI()cho 11 d I' iaI cl iseasC . 111 itocIIoIld I' iaI [) N/\ (111 tD NA ).

Allnlal l'ľ1 1all y in/J/_'I'i tL' d ATPasc di sl'aSl'Sare causl'd by Illlltatioll ,\
in thc I \TP() gCII"" :, no mutal ion has bccn rcporled in thc I \ I P 8
(I\()L ) ge nc. Mu taliO!i.~ iII thc 1\ '1P() gl' lIl' d iSI II rb Ihc rUllct ion o I'Ihe
ATPasc prot on Ch:II1 11 CI, whicl1co llsists ol' suhllllil a alld Illultipk
co pics o l'sublln il c . Thc (llusl frl'qll cnt ~ I rc hctcroplasllli c TX<.)<') JC;
[S] or k ss scvc rc TX()l)3C Illutali olls 161 , whi ch rl'sull in rcplacc 
Illellt o l' LCU i)h by Arg Ol' Pro in Sllbllllit a , and ortcn prc scnt as a
NA RP (nc ll rog l~ n ic ln usc k wcakncss. ata xia , rctinitis piglllcntosa )
[S 1 or MIL S (nl atcrna lly inhcrit ed Lci gh sy ncl ro lllc) 171 phcno
type , Seve ra l othcr, k ss frequc nt, 1l11ltations of /\TP6 at positiolls
<.>j -/6 Ol" XX SI havc also bcell dcs cribcd (for rcvi cw sce IXI) ,
i'csultíng in s in1ilar ksions in brain , pal1icularly in thc striaturn
(fanliliar bilatcral s triata l nccrosis ). Th c TX<.)<.) ]G 1l1utation results
in a dccrease in lnitoch ondrial ATP production ll)] without a signi 
lican l e fťect on ATP hydrolysi s [7 ], and in stru ctural changcs ill
the ATPasc CO lll pleX [10], whi ch , how cvcr, could not bl' found
in sOlne cases [ I I ]. Jl has bce n obse rvcd that the ATPasc deti cicn cy
is associated with a d ecl"(~(I sed abilit y o l' ce lls fr0l11 affectcd incli 
vicluals to assť rnble co rrcc tl)' thc ATPase co rnpJex, whi ch shows
inst ability in BN-PAG E (Hluc- Na tivc PAGE) expcrill1ents
[ 10,12].

';Dorc;v ldt loI1S usoo ATPaso . F l F,) ATF) syn nl asc, BN -PAG E, Blue -N ativ e PAGE ; C OX, c y toc ~l rom e C ox idase; CS , c itrat o synth ase ; 20 , two -d im ensiona l:
OOM, uodocYI fll dlt oSldo , FCCP, carbonyl cyarllde 4 -t rr fluorometh oxY P~l o n y l llydrazone , LRPPRC, leu ci ne -ric h pontat rico pept ide repeat casse tte; m tON A ,
11 11!o crlor Id rla l ON/\ , OX PHOS , oXldative pnosprloryla l lon; 6. \VIY1 , mi tochorld rla l mcmb rarle potential ; RFLP, res tric tion fragm ent leng th polymorphism ;
R; peR reverse: 1rdllscr lp tlorl-peR. SD f-1 , SUCCIrlEl te dehyd rogenase ; TM PO, N,N,NI,N'-tetr ame thy l-p -phenyle ned iam irle ; TM RM , tetr a rnet hyl rhod arn inc

r:h_' ! t1'11 estor WB Wes.orn b lol
Tfh;SC; autrlors corltrr bulCd cqu ally to th ls wo rk

, To vvrlorn c o rrc sp orl d enc o s~lould be addressed (em ail ho uste k@bi omed .c as .c z).
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In thc prc scnt papcr " 'C h.rvc ,\ llh.!icd a \'l'r: r.uc I11ID l ':\
mut.u ion in thc ,, \ ,(P(> gcne - a 2 hp mi crodclcrion ;11 j1t )sitil )ll .
Y2O) and ().2 06 (Y2()) ~TA ). Th is mut aI ion ( a11 Cc Is Ihl ' ST< )Jl
codon o l' / \ ,(P () ucuc and chang cs thc c k a\'agl' xitc bciwccn thc
,\T P6 and C()X" (c v tochro rnc C ox idaxc xubunit .' ) Iral1 slTil)!." .
II w. ix ori ginall y di scovcrcd in a ncwhorn with ILlI l icn t l a ~.'l i l·

aci llos is [ IJ J. Rcccnt ly w c found a Sl'Cl)lld l'aSl' t)r a t).2() ) '1':\
mut.u ion th.n \Va ,' prcscnt in a c hilli \\' jlh severe l'll(l' ph;t1n l);lt hy
.md hypcrlactucida cm ia [ 1"+ j. Hcrc " 'l' pr c l'I1 I thc rcxult-. tll'
Jll o lcCuIarand h joc hcIII icaj stud il:s o ť .\ TP;I. .c ;lild C():\ IhaI fl)( U,.

Oll thc bioxynth cxis of AlPase xubunit a .md thc -tru ctur.rl .uu l
Iuncti onul conxcqucncc s o l' thc Y2 (}) T,~\ I11U Ll liol1 .

EXPERIMENTAL

Ethics

Th ix study w ux c.irricd o ut in accordu ncc with rhc Dcclurati on o l'
Hl'i. ·inki of thc Worlcl Medi ca] Asxoci .uion. .md was appro vcd hy
ihc Com rniuc cxo l' Mcdi cal Ethicx .u all co llabonuin j; il1s lilUlio l1s .
lnfonl1ed co nsc nt wa s obta incd frol11 thl' par l'l1!." ol' Ihl' ( hild .

Ca se report

Thl' hoy was bo rn at terlll frolll a sl'cond , uncolllpli cat l'd prl'g
na11 cy, \\'i th hirl h w c ighI J-+ 5() g aIIcl k IIgth ) .2 CIll . F;Ii 11I rl' I()

thri\·c. spas tic qU~ldruparesi s alld Illi crocl'phaJia ""l'rl' UhSl'rVl'd
frulll the J rd l11ul1th ol' life. fullowed by praclical alTl'st ol' any
psychOIl1PIOr dl'vcloplllcnt. Ml'tah ol ic illvl's ligatio l1s rcvl'akd ill
Il'n n iltel1 t hypl'r laClac idac ln ia (B-Iac tatc , 0.95- 3'-+ 11111101 /1: L'(Hl 
t r()l~ < 2.1 111l llUI /I ). with inC rl'aSl'd Icvels o l' lactall' alld alallin l'
11 1 thc cl' rchruspinal Iluid [Iactalc, 4 .X 1ll11101 /1 (contru ls
< I .l' 1l1l l1ol / I): a lanine, Jh 11IllU I/1 (contro ls J ..+ IUllol/I )]. Hl'
\S 5 ycars uld at prl'sl'n t. Bot h parl'nts arl' hl'allh y, but an o l<.!L' r
hľol hc r (fro l11 thl' lirst Illarriagl' ol' thl' Inothl'r ) dil'd dul' 10 a
rl' , plralury failurl' at lhl' agc o l' ] Yl' ars . Hl' prl'sl'nll'd wilh fatal
IIlLlIl lik l'IlCl'phalupa lhy. Sl'Vl'rl' psycho lllo tor dl'la y, fronl al lube
; l tľo p l1y arH.llaclic acidosis .

Ce ll cultures and isolation of mitochondria

Fih rub Ltst cUIIUrl's werl' l'stablishl'd fn)Jl1 skin biops ies, and
l'l'lls wcr e grown in Dulbccco\ Illodil ied Eag ll'\ Illcdiuln sup
pkl lll' lltl'd with 10 <Ycl (v/v) kta lcal f se rUIll (S igrna) at ] 7 :JC in
.- <X l CO ~ in alr. Cl' lis Wl'rl' grown to approx. 00 -X) co nIlul'nce and
ha n csled u~in g O.OS <X) (w/v) trypsin and 0.02 <X) (w/v) EDTA.
Dl't ach l'd ce l:s Wl're cliluted with an ice -co lcl culture nll'di ulIl ,
,\ l'd llllented by centrifugation and washed twice in PBS .

\ 'liloct1ollL1ria were isolaled froll1 1ibrob lasts by a hyp O-OSlllOl ic
\h(hJ, Ine tho d [ I) I. The l'reshl y harvested ce lls we rl' cli sl11 pted in
I () 111 fYI Tris bllfk r (pH 7.4 ) ancl IIuickIy hoIIIogen iI.e cl in a Tl' tlon/
gla:-.~ hOl llogenizL" at .:+ oe. Sllcrose was adde cl to a linal co ncc n
tra liol1 uf 0 .2S l 1 illl Jl led iate ly after hO lllogenizat ion.Th l' nucle i
Wcrl' rl'lllo ved by centril'ugation for 10 lllin at 4 oe and 600 g
alld Ihl' Ini toc ho l1 dria l l'raction was isolated fronl the poslnucle ar
\UpCll1alall t by ce ntrifug ation for 10 Inin at 4 °C and IOODOg.
Th l' lllitochond li al pe llel W~L'i washed and linally res usp cnckcl
lil () .2.- M suc rose, 2 InM EGT , "+0 111M KC I and 20 111 M Tris ,
pH 7.-+ , aIId sto rl'd at - 7() u C .

\l ilop!asl:-' were prepared 1'1'0111 librobl ~i sh a~ clescribecl prc-
lously [ Ifl j. In briL' L trypsi nizl'd cells s u s pe n c ť d in an STE

IllL'dillm (0 .25 M :-.u c rose. 10 11l rvl Tris . I mM EDTA, pH 7.4 )
\\ l'ľl' Ireatl'd wi th d ig iton in (0. -+ nlg/1l1g 01' pro tein; Fluka) on icl'
for 1.- min . Th l' suspension was dJlllted 10-fold with STE and
l'l'l1lriťug l'd for I() 1111ll at ..+ vC and 12 000 g . The pellet was

\\';I "hl'd hy l'l' lI lll lug;llit)Jl .uu ] rl'..... u ~p l'lI ll,d ir: STr: (tl a li nul
l'l)II L'l' lI tralitln tl/oI .2 Ill g l)f protcin /m}. ILlsl'd l)(l inuuunodcr cc 
ti on .uul l'I1 / : m c a(li\'it : mc.: .ur cuu-nt s. .... l») ll ., o l th c m itocho n

dri ;t1 inncr mc mhr.mc proic in..... \\'lTl' rccovcrcd in thi s ťLIL'ti UIl ,

\1t1 sl'k' Ill iltl l'IH)lldri;1 \\'l'r l' i xol .u 'd a (( l ) rd i Il~ lu [ 17]. bu:
\\ iIhlH II II 'l' l)I' I)n )[ l';I. l' . Ti ~ -" lil' ,.;Ull I)k.\ \\ l' ll' hllil H 19 l' II i/ l\ I ;II -l ( '
in ,I Kel medium \ I(}() 111\1 KCI. ) () 111\1 Tri ..... . .2 111\1 EDT:\ .
l l ) IlI g/llll ; lJ ) r ~ l{ i ll i ll . 1)11 7.) ), Th c hUI ll ll ~ l'l l ;I!L' \\a" l'l' lllrih lgl'd
fl' r 10 min al"+ ( ' .uul (11 )( ) g. thc . t1P lTlI ;II ;1 1I1 \\ ' a~ ti ltcrcd thnlll gh
;1 I(}() li l ll 11: Ion .·( rl' l' ll. alld ru itochoudria \\ l'rl' .'l'dillll'lllL'd h:
l l' lltrih lg;llit)1l Ior I() 111111 al-l C .nul I () O(}O g . Th c Illilllchulldri ;t1
pl'lk t \\';I S \\·a.'hl'd hy C l' lI l r i rll ~ :t l i l ) 1I ;IIHI rcxu. pl'lItkd III ;1 Illla\
I)rl)ll' iII l' II II (l' III LI titlII l)I' .2o .2 ) 111 g/1111.

DNAana lysis and sequencino

Tot.rl gl' llo lllic D i: \ 1"n1111 11I1Isck .uul cuhurcd lihroblaxtx " 'as
ixol.ucd hy ph cuo l rx trucí iou . Thc cm in: 11Itl) 1:\ " 'as alllplilil'd
in si\ u\'l'rlappill ~ ťra gl11l'l lts hy peR (7 ,,1-lS, ,2073 57I t).
) h,,+) -S I'I\S..+()3 111 .)2. II O()5 1..+()S"+ ;llId I-,S()3 1 .~() ) .Pllri 

lil'L1 fr;lglll l'III S " 'lTl' Sl'q lll'IICl'd Ull Ihl' alllulll;lli c Sl'q lll' llClT
..\ LFE..prl'ss II ( ..\lll l'rs!J;llll Biu Sl'il'IICl'S ) lISill g cyc k , l'qlll'llCillg
\\·jlll ..+ I Cy) -I:lhl'lkd illlL'rll ;t1 .'l'q Ul' IIC illg prilll l'r.·.

Restriction anal ysis

To (k IlTllIi(l l' IIIl' ;1111 o I"1tu I'1111 [) :\ l't lil t:ti II iII g Ihl' 111 j l' ru(k k Iiu II .
lhl' PCR/RFLP (rl's tricliull rr;lglll l'1I1 Icllgth polYlllorpllislll)
an ;t1ysi s 11Il'thud \\'as 11L'rťorJlll'd ;Icconlillg to [I Slusill~ lhl' Illis
IlIalchl'd (ho ld )pri IlIers 5'-c e 'T CT;\ ( '( ''I' CiC;\ ('Ci;\ (' !\ ;\ T( ~( '

;\ - J' ( fo r\V ard ):tlld )' -CeiTTATCiC;\ TT C; C!\;\ (i "[,Ci !\A!\TC,\
C-3 (rCVl' rsl'), w!Jich illtrodtl Cl' lwo lIovel Nsil restriclioll sitl's ill
thl' CISl' ol' llil' wild -IYPl' Illll) !\ ;1I 1d ()J IL' Nsil rl'slri clioll sill'
ill lhl' C ISl' ol' I11Ut:t1l1 IlltD 1;\ . P('R prodllcts \VlTl' radio:tclivcl y
l;thl'lkd \vilh [u - '';P jdCTP il1 lhl' llllal cvc k ol' PCR and rllll Oll
a llol1 -(kllalllril1 g 13 lX. (\V/V) j1oI Y:lcr yLtlllidl' gel aftcr COlllpictl'
digl' sti ol1 .Thl' pn)l)()rtiolls uf wild -typl' alld 11I1Italll IlItD A WlTl'
Illl'~ L"' t1 rl'd liS ing ;1 Pho sphor Inlagl' r aIld Illlagl'()u allt so ft \Va rl'
(Mo!cclllar DYll a l ~ : i LS ) .

Northe rn biot analysis

Tulal RNA was isol all'd from cllltllrl'd lihroblasts hy phl'nol/
gllallid illlll thio cya nall' /chlorobnll l'xtraclioll [IYI . Apprux .
20 ILg o l' lolal RNA per lalll' was sc paratcd through a 1.2 lX, (w/v)

aga rose/fo rll1aldchydc gl' I and transfl'rred to a Hyhond -N nylon
Illl' .lIbrane (f\ ll1 l'rshall1) in 20 x SSC ( I x SSC is 0 .15 M Na "1/
0,0 lS lVI sod iuIl1 c itra tl') . Th c Illell1bralll' was prl'h ybridized for
2 h at 45 °C in 5 x SS , Dcnharclťs so lutioll, O.) IX> SDS and
IOO /Lg/1l11 sonicatl'd hl'rring Spl'nll. Tllc 1l1cnlbr~Ull'S Wl're hy 
brid ized OVl' rn ight at 45 oe with [0' - \~ PIdCTP-labe IIl'dprobcs cor
rl'spondin g to rl'gion s ol' the gl'ne .'i I \TP() (X361-Y060) , COX3
(0260- 09 12), Nf) j (33 1.1-425 2 ) and COX j (6 120- 6% 0). Thc
rad ioactivity was dctected by phospht)r imag ing (as abovl') .

Quantitative RT-PCR (reverse transcription-PC R) ana lysis

Total RNA W~L'i isolat ed frorn c lllturccl libroblasL"i using RNA Bluc
reagen t (Top-Bio, Pragu e , Czec h Republic ). Following DNasc I
treatllle nt (l nvitroge n) , f1 rst-strancl c DNA was synthcsizcd frolll
I lig R A al iquo ts with 200 llnit s SuperScript II reverse tran s
crip tase us ing e ithe r200 ng o l'randolll hexanler prinlers or 500 ng
ol' o ligo(dT) I ~ _' X (a ll Inv itrogen ) according to the nlanufacturcr 's
ins truc tions . Real -tinlc quantitative RT-PCR was ped'onned on a
Light Cycler ins trulllent (Ro che Diagnos tics) using a QuantiTecl
SY BR Green peR kit (Q iage n). peR rea ctions werc perťornl ed



on cDNAs lIsing primcr pa ir- xpcc ilic Ior IIll.' .:\ ll' t. ~l' l1l' IL11 1."; L'ripl
( forward. 5'-cCT T,~\T GAC CliC~ C; C t\ C .\ C; T- .~ : rcvcr-.c. .- '
CAG GC;C TAT TCC :\ r\-3': 111 SS"+6-Sl)t)4 ), rl )r thc c.»: ~l' l1l'

transcript ( lorward. 5'-ClC eTC Tl :\ ( ;CC eTC CT:\ .Y I '(" ; - .~ :
reverse. 5'-GTC ( ;lC TTC~ C~T:\ T(~T C;eT -r r e TCC; - .~ : III
0267- ( 4 16) . for thc /\ 1P ()- C()X3 gl' l1l' ILlll SL'ri!)1 ((()r"' ard , .~ 
r\ AT CC A A(JC CTA CGT TT'T CAC t\ CT-3 : reverse. ) -T:\ C;
CIce GGAG GT CAT TAG li -J : III t) I ) () - t)2lJ) l. 1'0 r Ihl' C }"ľn
gene lranscripl ( forw ard . 5 -C /\ C CTC c ce :\ CC CC:\ T( 'c : \ -.~ :

reverse . 5 '-;\/\/\ GGC (, (~ T TGA (l(iC C;Te '1'(1 -." : 111 1..+ ;-.:()..+
1..+ ()35 ) and rol' thl' NI) I gene tran xcri pl ( íorw .ml. ) . r ::\ :\ CeT
CAA CCT AG(J CC T CCT-J : reverse. ) '-"\CCi C,CT :\ C;C; CT:\
C AG GTG GC-3: nt 3595 - 36"+"+ ), The ptimcr p.rir (Ol' , \ l'I )()

COX3 was des igncd 10 IIank thc xplicc s ill' o l' Ihl' .. \T Ph -ccr\ .'
tranxcript Amp lilicd rcgions ofthc ATPh orCO\3l LII1 S cľipl \\'l'r l'
prcscn t in both proccxscd and unproccsxcd Ri\ t\ s. :\ 11 rl' ~l lli oIl S

w crc run .u an nnncalin g rcmpcr.uurc ol' hO "C . Thc peR mixrurc

containco .) I JI ol' 2 x SYBR G rcc n peR 1Vlasll'r \li.\. 2 III l)r
100 x di lutcd reverse Iranscri pl ion prod uct .md 2()O II ~ 1 II I' l'.n, h
primc r in a total vo lumc o l' 10 IJI. AII rcaction .; wcrc pcrfortll l'd
ill triplica te. For cach prinler pair. llon -ll' lllplatc clllltrol." \VlTl' il1 
c lllded to c hec k for the absence ol' co nLllllinallts alld prilll lT
dilners tha t would interferl' \vith ljuantilicatiol1whcll SYBR Cirl'l'll
is used . Thl' cxte rnal standard curve \Vas genl'l:ltl'd ill paralkl rol'

~ li I rl' ac ti()II S Us iIIg se ria I cl i lutio II So I'c DNA ."ly 111 hCs iI cd rn) 111 l'U11 
trol l~NA . For cach salllpk. thc relalive alllollllts ol' ATP(). COX 3.
C YTB. ND I and unproccsscd ATPA- COX 3 trallscriph \V lTL'
tiL' tcrtn illed fnHn Ihc standard curves . Each samplL' \Vas ~ ll l a lysc d

111 twp scpa l:llc cxperilllents .

Electrophoresis and WB (Western biot) analys is

B -PA(; E 12OJ was usccl fo I' the Sl'PaI'atio II o I' IIativl' 111 itoch () n
d ri~ t1 ()XP HOS C<'H llplcxcs on 6-- 15 (X, (w/v) polyacrylal1litk
~ ra di L' ll t l11inige ls (Min i Pro tc ~ll1 system: Bio -Rad ) as dcs cribcd
prcvio u,,, ly 116 J. Mitoplast s wcre pcllcted by cl' ntli fugation fur
10 nlil1 at 4- oe and 10 OO() g, and solubilizcd using 1 g o l' DDM
(du<. k cy I l11altoside)/g o l' protein rol' 20 1l1in on ice in a hufrcr
l'o lltaill lng 1.75 M aln inucaproic acid . :2 1l1NI EDTA and 75 miVl
BI,, -Tris (pH 7.0 ). Sa nlp!Cs were ce ntli fuged for 20 ln in at
~ () ()()O g and SlTV II BIUl' (J dye was added to co llccted su per
Il~ lt allts at II concl'ntration ol' 0 ,1 g/g o l'detergent. Elcctrophoresis
was pe rlún ncd at 50 V for J O min and then at ()O V.

SDS/PAG E [2 11 wa s perfonned on lOl;;;) (w/v) polyacr ylarnide
,'\lab Illinigel s, and analysis o l' [\ ~ S Jl11e thioninc- labelled protei ns
W~l~ perfonned on a ló cn1 long IS-2()C% (w/v) gradient pol y
~ l c ry l a n l i d c sbb gel s (Pro tean syste t11; Bio-Rad ). Th c sal11ples
\\LTCboikd for 3 111in in sall1plc Iysis buffer 12 lX) (v/v) l11ercap lo
l'thanol. ..+ o~) (w/v) SDS , I() 111 M Tris/HCI, 10 (Yc) (v/v) g lyce rol].
For 20 (two-di ll1ens ional) anal ysis , strips of the tirst-d ilnension
l3 !-PAG E gel werl' inc ubated for 1 h in I IYo (w/v) SDS and I (%
( v/V) 111 c rcaptoe thanol and then subje cted to SOS/PAGE ( I()%)
poly acryl an1i de) for separatiorl in the seconu di rnens ion [2 1].

C el." \vcre blo tted on to Hybond C-ext ra ni troce llulose 111e111 
hrane,\ (Alllers halll ) by sel11i-dr y e lectrotransfer for I h at O .~ 111A/
Ull ': and Ihl' nlen lbra nl' was blocked in PBS con t ~ů n i n g 0 .2 o;;)
(v/\' ) Tween 20 (PBST). The !llel11branes we re used whole Ol'
\Vl'rl' CU ( accurd ing (o Inolecular Inass Inarkers in(o porrions co n
taining individual OXPHOS cOln plexes Ol' (he ir sub units . Men1
br~lf1cs wcre incubated for 3 h with pril11ary antibodies di luted
in PBS con taining 2 ~) (w/v) BSA (PBSTA). Previou sly char
aeteri l.l'J polyclon al ant i bodit..~ were used at thc indicated titres :
t!lu ~ e aga inst the F"c subuni t o l' ATPase ( I :l)OO) [22 1 and tho se
against (hc F"a (ATP6) sub unIt o l' ATPase ( I :SOO) [231. In ad
ditiun, \Ve Ll scd 1l1on oc lonal antibodies against subunits COX I

( 1:.'., 0: \l l)k l'uLt r J>n)hl':-- :\- ()..+ (),, ). ( '():\"+ ( I :()7(): \l l)k \.'ular
J>r( )hes .. \ -h"+ ()l»), CO \() \.· ( 1:20(): \ ll)k l'ular J>rt)he ,' ..\ -h"+ (} I l.
[\ ..\ l) ll.~ q ( 1:~ :=; (} : \ IIdl',.' ULl r Prl)hl' :\ - 1I 1-4 () ), S{)I{7()(,..; Ul'l' iII ~1ll'
lkily Li rl)~ l1L 1.\ l' ~. II "I);1 :--U buI I jt: I :~ ()()(): \ lo k cuLIr J> n )hL' " :\ 
II 1..+ 2 ) ~ I Il Li -ubuu u u ' l)r I:,-.. \T J>;I. 'l' ( i :2(l() ()(}() : lut 2(} l)( ) 12 ll.
ln cub .u ion ", jl!l P lTl)\ld ~\ \l' -l ahl'lkd ,\ l'l'llll<. Llr}' alltihtldi l'S ill
PBST:\ \\ ' ~I. ' !1 l'r( ()rI1 Il'Li fl)r 1 li usjll ~ ,-' ilhl' r ~ U ~ l t .uu i -nrousc

I ~ ( ; ( I : I ()()(): S i ~11L I :\ Sl)2..+ ) or ~ l ' a t .uu i-rahhi: IgC; ( I : I ooo:
Sj ~II1 ;1 F(} .';-':2 ). Thc Chl' llliIUI1 1il1 l'Sl'l'l1 l'l' rcaci ion witl: an I:CL I'
k it ( : \ I1'1 l' rsILIIII ) \ \ ~1S l k ll' llL'Li l)I1 ~ 111 L:\ S 1()( )() i11 SIrl II11 l' 11 I (Fuj i )
:llld I!ll' si ~I1:t1 \\'as qu.uu iti c.! lISill ~ .\ ilL! 2,11 111l:tgl' Alla lysl'r
(lr, v.irc .

Spe ctrophotometric assays

Th c .ui ivitic x ul' Ihc IlliludH1IHlľi ~t1 l'Il/ \'ll1l'S ': \ 1)11:( 'uC) 1\' -. .....

Lilll't ~l."; l' (lUlllPk'\ l l, SUl' Cil1;IlL' :( 'uCJ rl'dul'(;L";l' (CUlllpk \ Il l. ( 'u() :
l ytuc !ln )llll' (' rl'dul'L1 Sl' (l'(lI llpk \ IIIl. CO\ (co I1 1pk .\ IV),

.: \ J) I I:l'yIuchn )f 11 l' (' rl'd IICt.1,..; l' (L'l)[ II Pk \ I - 111 1. sul'l' i11:t IL' :cyII j ;

l'!lr()( lll' (' rcducta xc (l'UI1 1pk .\ II + III ) ~ l ll d C S (c itr.uc sYIl I!l asl')
\vl' rl' II ll' ~1SUrl'd spl'CIr()!)liUtl II I1l1ľ icaIIy hy sI~ IIHL\n i mc tliuds at
37 '(' iIl 11lllsck IH)[llU~ l'ILltL' ~ l ll d iso l:tll'd Il1 usck Illilochulldria
117.2) 2;-': ] Oľ ill clllluľl'd lihrohL lsls 12 l»).

;\'1'Pas\.' h:'dľolyti l' ~ \c l i \ ' i l y \\ '~IS I ll L' ~ I S U rl'd ill ~ l !\T P-rq !l' lll'r:tt
illg SYStl' lll ~ I S lkslTihl'd il1 [-'O] , i\ lillll'ho"dri ~l (S 22 Ilg ol' pro
teill/Jnl ) \\'l'rl' illl.'uhalL'd ill d Illl'd iuln c()"laillill ~ ..+0 Illi\'l Tri s
(pll 7 ,"+ ). ) Ini\!l ~vl gCI .'. IOlllivl Kel, .2 Illivl phus phol' lX l! pyr
uvall' . 0 .2 Illivl (\ DII. I I l ~/Ild rutl'1l0Ill'. 0 .1 (I;) ( \V / v ) HS;\ .
:=; Ull its u r pyni\' d tc kiII ~1Sl' d IId) Ull its o ( IacIall' (k IIydrIIg l ' I J :L\e fo ľ

2 mill. Thl' reactioll \V ~IS sLlrlL'd hy thL' additioll uf I Illi\1ATP ~ l ll d

t!ll' rak' ol' NAD II uxid ~lti()11, l'quilllu!ar to AT P Ilydru l}'sis. \\' ~I S

IIHH1iturl'd as thc c\e l'rea..;e ill ahsurhal1cl' at 3..+() 11111. Sellsi tivity
to auruvcrtill \vas tktellllilll'd hy p ~ lralkl Inl'~ lsurl' lncnts in thl'
prCSl'n Cl' uf 2 II rvI illhihilor.

High-resolut ion oxygraphy

OX ygl'll cOlls llln pl.lo ll hy' culturec\ lihrohlasts was de tcrI nille d al
JOne as descrih,_'d previull sly [2{)J I] USi llg all ()xygraph-2 k
(() roborus, Inn sh ľll l'k. ;\lIstria). Freshly harvested libroblasts
\Vl're suspendlxl il1 ~ l KCllllediulll (~O IniVl KCI, 10 111M Tris/I ICI,
3 InM rvlg CI ~ , I i11 :v'1 EDTA . 5 Inrvl potassillmphospha ll',p H 7.4)
and ce lls werc pClllleabilií'ed by digilollin (0 .1 Ing ol' tk tergen t/
mg o l'prolein) . Rcspiratory sub,\tratL's ~llld inhibitors were used at
the co ncentratiolls indicatl'd . Ox ygen COIl Slll llptioll was exp ressed
in pl11 01 ol' ox ygen/s per Ing ol' prutein . COX act ivity was 111eas llrcd
wilh S In M ascorbate and I InM TMPD (lV.N, N ',N '- le lraIl1cthyl
fJ-p he ny lc n ed i ~ nine) , and was cOITected for substrate allto
o,'i dalion (de ternlined as oxygel1 uptakc illsensilive to 0 .3l 111 M
KCN).

Cytofluorimetric analys is of L\ \flm (mitochondrial membrane
potential)

Cy to tluori1l1etric 111eaSll rell1en ts wcrc perforl11ed on a FACSo rt
now cy ta lllcte r (Bec ton Dickinson ) according to I~21 . Fibroblasts
we rc suspended in a Kel 111CdiuIl1 conta ining 10 111M succinatc to
a protein co ncentration ol' I Ing/n ll and penl1cabilizcd by 0 .1 In g
of digitonin/111g ol' prot ein. PerIlleabi Iizeclli brob lasts werc di luted
to 0.2 1l1g a ť protein/Inl and incubatecl with 20 nM TMRM (tctra 
me thy lrhodarn ine 111ťth yl ester~ Molecular Probcs) rol' I S 1l1in .
OXPHOS inhibitors and ADP at thc cOllce ntrations indicatcd were
addecl I 111in be rore cyto tluorin1ctric analysis. Approx. 10000
ce lls werc uscd for each n1 CaSUrel11cnl. Data were acquired on
a log arith l11ic sc~de usin g Cel lQuest (l3ecton Dickinson) anet
anal ysed with WinMDI 2 . ~ sofl warc (1. Trotter, TSRI , La Jolla .
CA, U .S. A.). Arithn1ctic 111 can valucs ol' fluorescenc e signal in
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Table 1 Resp iratory ch ain enzyme and mitochondrial ATPase activities in isolated muscle mitoch ondr ia an d cultured skin fibroblasts
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urbura rv uui ts wcrc dctcrmincd for cuch x.unplc Ior subscqucru
~ raph ic prl'sl' llL Iti OJl .

ATP synthesis

Thc r.uc u f :-\T P xynthcs ix wa.'i mcusurcd at J7 :J C in 150 mřvl KCL
2:=1 11lfv1Tr i:..,fHC L I() InM potasxium phosphatc, 2 nIM EDTA and
I ' ) ~ I (\v/v) BSA , pH 7.2, usillg 0 .5 mřvl ADP and IOI11M suc -
c iu.uc O l' I() mlvl py ru v.uc + 10 n1M mulate as suhstr.uc, as dc 
\ lTihl'd prcv io ux ly [331 . Pr ot c in concen trat io n was I Ing/1l11. For
PCrl1ll'ahi li/ atio ll o l' tibr obl ust«, 0 .1 Ing ol' digitonin/rng ol' protc in
\\ ~ I." u-cd . The reuctio n wax xturtcd by addition ol' íibroblastx
.uid pcrfortucd for the ind ic.ucd ti rne intervuls . Rcact ion mixturc
.iliquot« o f 200 lil werc addcd to 200 Id ol' Oiv1S0, and ATP
~' l )l llL'Ilt wax dcic rmincd in DMS()-qu en chl'd x.unplcs by a lu ci 
lcra: l' a.'isay acco rding to [3"+ I, AT P prod uc tion wax cx prcsxcd in
n l l1oll) ľ :\T P/tn in pe r nlg ) j pro tl" n,

Biosynthesis of mitochondrial proteins

lJ rowl h Il\l'diuln was relnoved fro nl cultureu libroblasts , and thl'
cl'll s \Vl'rl' rin .'il'd with In l' t h i on i n e - frcť 111ťdiunl withuut Se ľlHl 1

(G ibco n1ediulll 21 ()L~ ; I In rvl pyruvate, 2 mM g lutallli ne and
3() IlIg /1 cys tei ne) and incubatťd in thc salne n1ediur11 containin g
!() I/u (v/ \) dial:sl'd fl't al ca lf SerUI11 and I00 l ~ g/1111 el1 ll' tinl'
ror !O lnll1. T he ce l:, Wl're Iabelkd for -' h with ]O() /LC i/nll
L-[ '''S llnet ilil)ll ine, as describe d in [J SI. Thť prouuc ts wcre
sl' paratL' d b) IS-20 (X> (w/ V) PUIYLlclylaln ick g radien t SOS/PAC E.
A \rn ~lI l aliqu ut u ť the salnples prepared ťor clec trup ho res is wa s
I ~ L'd tu Ill L' a~ U ľt' thl' to ta l incolp or:ltion o l' rad ioac tivi ty in the
!llltuc!1olldria l ľral,t iun as tr iehlu roacet ic aci d-p recip itab le co unls,
Th l' r~ld lo acti\ Ity u l' prute lfl:' wa,' l!uanti tied in dr ied gels us ing
a 8A~-50(H ) systelll (Fuj i). Labelled protei ns werc i d ť n t i lie d

aCl'old ing to the ir 1110lecular Illass as rep ort ed previ uus ly in e.\'

\'/\ '(} t ra ll ~l a t i o ll assays [351.

Protein determination

Thc protcin coutcut w.tx mcuxurcd hy thc Brll d fon l o r tli l T O BC;\
protc in kit assays ( B io-Rud). using BSA as l\ xt.uidard Sa lllpks
wcrc xunic.ucd Ior 20 s prior to protc iu dc tcn uination.

RESULTS

Activities of resp iratory chain enzymes and mitochondrial ATPase

Thc activit ics ol' rcxptrutory chuin c nzymcx (Tahle I i\) in a l11l1SCIe
hornogcnat« Irom a p.u icnt wiih cucc phulop. uhy and lact «, ac id 
oxix show cd a dccrcuxc in thc C()X/CS r.uio. l il ixo la tcd mu scl c
mitochondria, both C()X neuvit y .uul thc COX/CS ratio wcre at thc
lowcr cnd ol' thc control rangc , co m p lcx I uctivi ty wax bcl ow

thl' contro I rungc and cOln pk ' III ac tivity was modcratl' ly cl e
crc.ixed . ln íibro blas ts Irorn thc p.uicnt , wc Ioun d a pronoll l1cl'd
dtCrl'll St' in COX activity to 15 (Xl oťthl' contro l, es wasj llst hclow
the co ntro l range , and thl' activities ol' othcr rcs p irato lY chain
enzYlnl's wcre nonnal. ATPasl' hydroly tic activi ty was dcte nn incd
in isolated 111itochondrla froln thl' pa ticnťs tib rob ias ts. ft was
1l1e ~L'iUrl'd as aurovcrtill -sensitivc activity at a cuns tan t ATP con 
ccntration ancl was 1'Ollnd to bl' norlllal.

\Vhcn COX activit y was Illcas lln~d in librohlasts 1'ron1 thl'
patienťs asymptolnatic Inoth c'r and grandlllothl' r, c1l'c rcased COX
activity and a C()X/CS rati o Ill'ar thc lowcr lilnit o l' the reference
rangc Wl'rl' ťOllncl in thl' rlloth cr, but not in the grand1110 ther
(Table lB) .

mtDNA 920SATA mutation in the affected family

SC4uen cing o l' thc paticnťs n1tONA rl'vl'aled a velY rarl' 1l1 tONA
n1utation - a hl'tl'roplaslll ic 2 bp delction TA at positions 9205 and
lJ206 (92056TA) in thl' AFPó--COX3 gl'nes . Analysis 01' 1l1utation
het er oplasnlY in tissues u f thl' ~drected boy by radioactive RFLP
(using NsiJ ťťstrictase ; Table 2) showc d practlcally hOllloplasm ic
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Figure 2 Product ion ot ATP by co ntrol and 9205 t\ TA fibroblasts
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Flgure 1 Dxygen consum ption bV digitonin-permeab il ized skin tibroblasts

\\';\.\ SO ()() ()(), 1{ 'CP -slillluLll l'd rl'Spir:lliPIl \\':lS 1()() -II() t/,:) .uid

CO.\ ;Ic li\' ily \\':lS --lO )( ) I :~ ) (l/ ' va lucx jil l'()lltnl ! cc l!». I\l lho llgh
wc l l couplcd. Ihc m itoc hondri .: uf l)2()S \'1':\ l'l' lls thux s!Ju\\'l'd :I

slrull ~ly impu ircd l'lh'l' l u l' :\ DP. indic. u inu « dl·l'I\.'~\.\l' d ahi l itv to
xvnthv ' j i l ' :\T P,

Low ATP produ ction in g205 ~TA cells

Changes in ~ \{J m

'I'hl ' ~ Ihi Ii IY o l lihn )hLl s ts Iu .'> y 11 1!J l' s ji l' r\'1'P hy thl' I Jl i Ioc IIo II dI' i ;II
() .\ PII() S path\\'a y w.rx mc.txurcd dircctl v in cc llx xuxpcndcd in
III i10cho II d I' i.rl 111 l'd iUl lL pl'nnc:I h iI ill'd hy d ig ito II i II :111 d sUpp I iL'd
wi th rl'spira lory suhs l l~ ItL'S and :\ D I>, ;IS in thc o.\yg r:lphic c.\pcr
imc II tx. \Vi 11 1 C iLIJ cr s IIce ill;ItL' o I' PYni v;lIL' - 111 a I;II L' ~ IS SUhsIratc ,
Ii II l ' ; ll ' Pr II tlu ct iuJl u l' :\'1'Jl w:IS II I).'\ c r v l' tl i II U li l I r III CL' IIs I'url :; 111 i II ,

COITl'SpOlld illg 10 /\ T P pro duc t ion o l' 16 ,--l ± I ,X alld --l:; ,--l ±
I ,S nmul /m it: per I llg u f pro ti-in rcspcctivcl y, in accord.ui cc with
ihc o.\ygra plJi c mc.rxurcmcutx . rll l) 2 0) ,~·:I ~t\ Iibrohlaxtx. a stc.ul i ly
d imin ixhcd :\T P pr ud uctio n \\' ; \S obxc rvcd durin g thc 15 min
illll' rval wilh hotll Iypes o l' suhst ra le, g ivillg va lues o l' --l ,X ± 0.7
~ l ll d I ~ .7 ± O,--l 1l1l1 ol/illill per Ing o l' prolL'ill rl'sp ectivcly, which
arc ap prux . JO {Xl ()r contru I va lues (FigUIT '2).

~ 4J I I I was ana lyse d cy toll uoriInel riea llyin cl ig iton in-penn eabi 
lil.ed ltorob las ts usillg the I1lel l1 hrane potcntiai -sensitiv c cationic
probl' TivIRM. Wť found that th l' .6 '-v111 0 1' thl' pati cnťs fihrohlasts
was practica lly nO!llla l at statc 4 usíng succ inate as a suhs trate ,
hut Ihl' cllect ol' the addi tion o l' A DP Oll \ '-VII' was s ignilicantly
<.k creascd in 02()5~TA ce lls (F igurl' J), Wh ereas in co ntro l cc lls
thc TM RM lluorescencc was deercased hy thc aclclition o l' ADP
(statl' J ADP) to app rox. 2X ll':> o f thc statc 4 valuc, in thc 92()5 ~TA
cl'lls thc T MRM lluo rcscl'ncl' d l' crť í.t s ed to only 50 ll':>. Th c ob 
sl'rved 2-1'0 1<.1 di ffc rl'neť in T MRM lluor l'sccn cc wo uld cor
respond to an eVťn Inorc prollounccd <.li rfercnce in ~ \.IJ III valul.'s in
111 V, because thc acculllulatiol uf thc Iluo roph() rc obeys thc

l'rnstcljua tion and dl'pendsexponl.' ntia lly on .6. 41 111 [36 1, In both
typl's ol' eclls, the cflee t o l' ADP was rully rcvc rs iblc by o ligo 
1l1ycin (Figurl' J), at ractylosidc O l' au rovc I1in (rcs ults not show n),
indieating that thl' c ffec t o l' ADP rcquires thl' transpol1 o l' ADP
to thc 1l1itoehond ri~~ J11atr ix as wel l as thc ea talytie act ivity o l'
ATPase . In accordanee with thc Ineas uren1cnts nf ATP prod uetion
and respironletry, these result : sugges t that ATP syn thesis by
1l1itoehondrial ATPasc is stron tJ,!y illlpaired in 920S.6.TA cl'l ls
ťroln thc affceted individual.
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I. ..

I

Jl)

F'~ r u v ~i t t·
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'Jll' rh u l l i '1t 'lil~ Wl; IL' pC lf() lr r l l~ LJ USl flU O1~ 5- 0. 62 rn~ ol cel l plotelfl/IIII rlll lJ O1 rrl\] uf
; j l: I I I II ' l] t prr)!eln Su tJ')cqUl:rlt dc1lJltll H1S ol pyruvéJiC(5 mM ). rrlrlldte ( 15 111 M). '-;UCCl rld!t'

1) "\t11 AJP \O5 filM). olluornYC lIl (1 II rvi ). FCCP (1 I I Ml. dlltl lnycl jl A (O 2 II ~ / r r l l l.
1 I ~d; t' 15 111 M) 1MPD (1 fIlM) df lll KC~J (O 33 rn M) dle IrlcJ lcatecJ. OXY~ Cl l COI1SlJlll fl(IOfl

) ~ ":j J ) - ::: 1 1- 'lC:: Cjd I V~ VJ J~S Ci :1 ~ tw:;1l inie ce r vauve J ' :::han es 111 CY'/ , en ' :? nSIOIl (O'llJI

. , ;JCI ~;I~ ut [Jfuielfl,

l)2())~T,Io-\ III tDNA Ill Uta tion i 11 lihrobl asts, Inusc k and blood
( -' l),JII'U ). r\lla lysis o l' blou d D A cOl1 lin nl'd thc presencc ol' the
l) ~()) ~TA 111 utation at lowl' r loa<.i s buth in the Illothcr (X2 (/':») and
111 thl' gr~lrH.l lllo the r ( I A U;;» , Interestingly, a sil1lilar nlutation load
\\ ~\...., foullJ in the ir librobla sts ( n l 0 t h c r 0 2(~)~ grandnl0the r <)(Yo),

ill l'ulTespulldence with thc oose rved dc crcase in COX aetivity in
thc IllothlT's libro bla s ts (sec abov e ).

:\ n l'Lj Ua I ln utIItiuII 10IId in the pat ient 's IibrubIasts was ruurl cl
u ~lng RFLP ul' isu lated D A as well as ol' cD A rcvcrse 
Iralhc rilK'd frolll isola ted R A using e ither oligo(dT) or oli go
\LIT) -r raJldoln pri lne I'S, ind ICating that the lnuta tion is ruIIy
reLlillt:d ln ATP6-C()XJ R A and po ly(A) RNA (Table 2 ) .

Oxygraphic analysis of cultured fibroblasts

T ik' fll Jl c t l u n~t1 cOllseLjucnccs ufthe 0205 TA ll1utation were ana
I: ",cd b.: high-resol II tion 0,\ ~ gr ap hyuf thc patien t 's libroblasts that
h~l(.i bee Jl perIlleabili J:ed by a low co nce ntratio n o l'd igitonin . The
l) 2()) ~TA cc lls showed a pronou need Jeereasc ill .A DP-stinl ulated
I.l xy gen COIl SUlllplion using pynlvate , 1l1a! ~ tl' and sllecinatl' as
, UbslratL', whleh co nlrasled with a no n nal rate ofs tate 3 respiration
111 lhl.' prcse llce o l' lhl' une )upk r FCCP (carl)onyl cy anidl' 4-tri 
I1llu rO tnl'lho \yphellylhydraLUlll.'L \;V~ a!so observecl a cll.' crea se in
CUX dl:tlv ity dl'll'nllilll.'d \\ Ith T IPD and ascorbatc (Figurl.' I ).
111 l)2())DTr\ ce lls ľr0l11 thť patienL .ADP-stimul ated res piration

(f) 2004 Bioctlemlcal Soclety
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Figure 4 Electrophoretic analysis of OXPH OS cornplexes

idc nt ical p.utcrn in cun tro l and t)2()) /~ T;\ cc l lx - \Vl' o bxcrvcd ou ly

inr.u t co mplcx wuh « m ul cculur Illass ahovc X()O kDa (Figurc '+ B)
th~ t1 was prl' sc II t i i 1 1IIc s:t111 c a111 o unt s i II t) 2O)1\ '1';\ ~ t11 d C011 tr()I
cc lis ,

tA) c; [ )S/ PN~ f' vV8 ll r t~ ffl; I Si~ , COX,II Id ~; ; Jr! <; l ,l1lHIIt'-, Wrl" :1(:1itli rrlf'l! lJ:' I 'l lj d ;lq lJ ut ~; (II ! ~) I I \J II
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Figure 3 Cvtofluorimetric ana /ysis of control and 9205/\ TA fibroblasts

l / 'l ,(Jr '- trl' , ~1l11YSI ~ N(J S rp.fl íJrmeCj Ifl l IQI(OIlli1 - frp, (J te 1' lr1rn[) irlSi S II . ffG ~ ; íJWIln'11 1/ mr;
" JILlft': II) drHJ ::,féJ ll lcrJ WIU1 2ll 11 M fMRM I f1 rl KCI Im~ Jiurll cO ll t d lr li r l ~ 10 111 M SUCC lll dfC

A .r Cd (t:d Jlnq ol IM~ M IllJorcsccn :e al ststc 4 ano ellcc\ Ol 111M FCCP I:' Sflt)WIll[ )

~ i lr ' U;Ju,'r rJrH ICIS t.owe: prWCIS snow thc clícct ol 0,1 fnM ADP é1 fl cl ItS sellslllvlt y tu 1 11M
II(jlllil jll; 1I1 (OII ~U ) (B) " M~ M fluo rescencecl siate 3-MJr an oeuec: ol ouccrvur IS ~ ~Dres ~e c:

j~ ~Jl ~ r ( :l' í )tdlJe ot ttlP. std te 4 SI ~rl éJl lhe _\ \V 'n Irldcpencjeflt slorlal (alter addil ion ol FCCP) wa s
) L U il dť tl ' (J uo:n rlll (J;:ltd rhe da ta represr:rlt rneans t S.D lor rour imJeperlcJcfl t r~ x perlrllcrlls

Altered composi ti on and increased labili ty oř ATPase and CO X

III ordcr to asscss the ce llular con tcnt u f Af'Pa xc and COX sub
unitx . wc unalyxcd thc mitochondri al p ro te ins o f ixolatcd libro 
b L t ~ b by SDS/PA(;E and WB . ft is c lcarly apparcn t frolll
1 \~;lIrl' ..HA ) thal 020SL\TA tibrob hL"i ts had a SClcclive ly dirni
nl.-.;hed contenl or ATPase slIbllnit a and a s igniticantly <.lccreas L' d
L' OI1lL'nl of C()X subunils . In cOlnparison with contro l ce lls.
02 0).0.TA Illilochondria containcd II ±S.0(% ol' Fil subunit a,
127 ± 13.0 (x) ol' Fl Ci subunil, X5 (1«) ol' OSCP (oligo lllyci n-
~el1sitivity-confcrring pro tein), IOX ± I~ .O (% o l' Fi , subullit c,
..+7 ± 2 ( l lYt ) ol' C()X I subunit, 60 ± ~.S lX) o f CC)X4 subunit and
36 ±21 .2 (% of C()X6c subunit (avl' rage values o l' four cx pcli
Illenls : data nunllaliLed to thc content of thc SOH 70 kOa subun it).
Thc ,.., a IHl' pattl'rn was obtained whe n analys ing CO lllp letC ce ll
proLein eXLracts (ľcsults not shown).

To resolve thc nativl' ATPase COIl1pIeX, we so lubilized mito 
chol1drial ()XPH()S CUl1lplexes 1'1'0 111 1l1itoplasts by OOM and
:tll: t!: .... L,d lhl'lIl by BN -PACE and WB using an antibody against
:-\T Pase F I Ci subunil. As shown ill Figurl' 4( B), in \.)20SL\TA ce lls
'v\l' roulld a decreased conll'nt oť thl' full-siz l' ATPasc and thl'
~lCCllllllllatiull uf all incolllpll'll' ťUrIn 01' the AT Pase with a Inol
ecu lar 11la:-,~ uf apprux , ]00 kOa . A paralkl WB analysis o l' C0 I11
pIL-.\ I lISill~ all alltibody to thl' lADH30 subunit showed an

2D electropho retic analysis ot ATPase an d COX

Dctuilcd alla/ ysis of l hc dilfcrcnt Iortn x oť A'TPuxc prcxcnt in
DD1\1-so lub i IiZl'd c 11 ZYmc co 111 Pll'xcs w as per ťo rl II cd by 2Dekc
truphorcxix. whereby protein s rcsol ved by BN-PACi E in thc hrs t
diJlll'llsion we re se paralL' d by SOS/PAC; E in the sc conddilnell siol1
(tIld de tected by WB . T he ATPase COlllp leX with an apparent 11101 

ccular Illass o l' appro x. ť12 0 kDa was s igniticalltly c1ccrcased ill
lJ205L\ TA cells, but several o ther, slll a ller ATPase subco lllp lexes
wer c dl' tcctl'd by Fl subllnit [1 - and Fi ) subunit c - i lll nl ll n() l~ ac t ivc

s ignals (Fig url' 5A). In acldition to thc ~ 00 kDa Fl subco lnplex
contain ing thc CI suhun it, whi ch was prcscnt in thc l) 2()S ~TA cc lls
in i n c rl' ~ L-.;c d alllounts , a largcr 460 kDa COlll plcx conta ining botll
subuni ts Ci and c was a lso ťound in thc 020S L\TA ce lls. Morl'over,
an addi lional, subllni t c-contain ing cOlll plex with a 1110leclllar
1l1a SS o l' approx. 120 kOa and a tnarked ly increased anlount oť

frce subun it Ci (approx . óO kOa ) we rc scen . How cvcr, non c ol' thl'
abov c conl plexes show ed a detectable rca ction with an antibod y
agains t subunit a in thc 92 05L\TA cc lls.

20 ana lys is o l'COX was perfonncd us ing antibodlcs to COX I
and Cf) X4 sllbunits (F igurl' SB). A pronounced decreasc in the
an10un t o l' COX was obselv cd in thc ODM solubilizate o l'
02()S~TA cclls. In control ce lls, 1110S t o f thc COX was prcscnt as a
11lonOll1er, bul a sig nihca nt all10 ll!1t of COX dinl er s (approx. 420--
440 kOa) and snla ll alllounts 01' C() X superco ll1 plcx (appro x.
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AIIU110ts (15 jl Q ol protcin) ol DD M-soI110il izCC1 rTlli ()pi(J:,t '.; f l \ll ;: 9205 \ fr\ lilI! , ' '' i' I
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670kDa: pro bably COX-hc
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xupcrco rup lcx) ax we ll as xornc
monomc ric C() X 4 subunits wcrc clcu rly scell. In thl' tJ2()) '1'/\
Cl' llx thc jlatll' rn w«s II i IIcreII t. A n aLI dit iOll al baIId {) I' tll U ll.' CULII'
Ill,I\S ap prox . IO() kDa w ux prc scnt, and thc rc l.uivc conicnt ol' thc
írcc ('( )X.+ xubun i t wa x much hi ghcr (uppro x . I ) -ro!ll ) th.m in
contro] ccllx .

\VB .uialyxix o l' com p lcx Ion 20 gels lISillg a m onoc lo nal .uu i
hl. H.I Y to tIIc NA[) f 13l) s II hunit showcLI no di rrc rl'nCl' bl' tw l'c 11 Cl)J 1

Irul .uid lJ2())úT'A cc llx Only thc Iull-xizc. usxcmblcd co mplcx r
\\ ~I\ Iound. alld was prcxcnt in ximilar arno untx in borh typcx ol'
L· l ' Il .\. ' o uxxcr uhly inrc rmcdiatc x wcrc dctcctcd . Simil.u'ly, no d il
Icrcucc \V ~IS Ioun d in thc C ISC olcomplcx rr lIsing thc an ti-SD H7()
.un I hod y. Thux , un Iikc A'FPaxc and COX , thc biosynthcxis and/ol'
.\ Lthllíty ol' CO lllpJeX r wcrl' not afk ctccl by thc tJ 205~TA Inlltation .

Stea dy-state levels and processing of ATP6 and COX3 mRNAs

Thl' l)2())~TA Inicrodelction is sit llatcd bct wccn the gcncs ,· \ '1 P ()
, l lI d COX3 , which arl' transcribcd in onc po lyc istronic tralls crip t
tha t is "';L1 hSL'lI uently c kavcd stcpwisc and polyadenylatcd into
lllaturc ll1RNA. Thcrcťun..' wc stu dícd thc slcady- statl' Icvcls and
pru cl'ssillg ol' ATP6 and COX3 11l RNAs. Northclll biot anal y.'ii...;
1I .'-l iIl g cDNA cl.Jnlplcnlentary to llltD NA scqul'nces X361--lJ()h()
~ II Hj lJ26tJ-l)l) 12 as aprobl' was pcrfo rnled to dl'tcrnlinc whcth c r
thc Il1utatioll distu rbs the R A p rocťssi ng ol' ATP6 and COX3
trall...;cripts (Fig url' 6A ). Thl' pri lnary, unprocl'ssed , and thc
"L'l' I,)IHj~U'Y A'TPX - /\TP6-COX3 transc tip ts occurn:d in both
l),20)Ú r ' cc lls and l'ontrol cc lls in sinli lar anlou nts. The stca<..\y
"tatc Icvt.'ls oť processed COX3 and ATP~-ATP6 transc ripts werl'
dccrcased in lJ20S~TA ce lis. The relative values nf the ATPX
:\T P6/ AT PX- AT P6 --COX3 and C()X3/ATPX-AT P6-COX3 RNA
ratius rcvl'alcd approx . ..+0 (% and 50 (% dcc reases rcspl' ctively
ill ATPX-ATP6 ano C()X3 RNA levels. In parallel, we also
dl'tcrIllinl'd thl' skaLly-statc Ievcls ol' thl' transcripts ar two other
gl'nL's l'llL'odl'lI by IntDNA , i.c. NIJ/ and C()X / . Wc obsc rved the
.,, ~ lI liL' ( Ulllt.' nt or thc lllaturc O I transcript (Figurl' 6B) in CO I1
tlol alld l)2()5~TA cclls . Sin1Ílarl .y, there was no diffe rence in thc
'_'() lllL'll[ ol" COX I transcnpts ( re s u lL ~; not shown).

These . 1onhern biot data werc rully conlinned by 4Uí.lnti
wri\ ť RT-peR l'Xperirllents (Figurl' 7). Using PC R products

Ma ture t r n scrip ts
(A TP8-ATP6}

Figure 6 Northern biot analysis of ATP6 and COX3 transcripts

~j () r t n , \ r r l t)iut dflrllysisuf COX3 MP8 f\ ! f)() (!lId ND! trclrl~cr ipls WrlSpr:rlurrllcd in u Hl trul (Hlt!

()i 05 _\ fAceus nic I II R ~ J I\ Sp '~l~l l~<" r(:prt~s t~lJ tll] (J (A) nit: prlrrldlY rllllm t~ pulyclslrun lr;HISui pl,
[JrlllldIly proccsscdArPH--I\ ff'f) CO ,'j tl ;lr lscripts drill r r ld t lH ( ~ COXJ ílfld 1\ fP8-·Af f)G Ir ;HISCl IP!S

dr ld (B) r rl (J t l Jf f~ ND1drill i\lPH ArPb trdrlSUI pl.' drt~ IlldlCíltcd.

co rrc xpond in u to ·\ "[P () (n t XX'+h -X l)l)'+ ). C ()X3 (nt tJ 267 - l)416)

and i hc ;\ '1 'fJ()- (' () X3 c k avagc xi tc (nt tJ I )()-1) 2 l) l) ), WC fOllllcl
tha t ATP6 as \VL'1 1 as COX] RNA k vcls wcrc dccn:a scd 2 -] 

ro lLl rcl ativc to those u ť t h c llllCkavl'd pol ycistroni c ATPX-ATP6
COX ] tran sclip l. Thl' dccrcasc was also cOlllin nccl whl'1l rclating
ATPh and C()X] RNA JeveI....; to e YF/) alld N D / c.\ prl'ssioll (peR
prodllcl o l' 1 ..~X04-1 4l) ] 5 for CYFIJ ltnd ]) l) ) -3 644 for NIJ / ).
As also show ll in Figllrl' 7, s iln ilar rc .'o\lIlt s wcrc obtainl'd lIsing
cDNA prc pared hy o ligo( c1 T) Ol' rand o!l1 prirncrs , indicating that
pl.}lyadcny lation is Il c itl1cr irnpairccl !lOl' allects transcript
proc 'sslrlg.

Specific decrease in the biosynthesis ol ATPase subunit a

To assess how thc 920 56 TA tlllltati on alfcct s the bios ynth csis
o l'Sll bun it a and ot hc r nll DNA -cncodc cl protc ins, [.1)SInlct hion inc
labe lling o l'protci ns in lJ 205~TA Cl' lis was perfornlecl in the pres 
ence ol' elne tine (an inhibi tor o l' cytosolic proteosynthesis ). Th c
cxtcnt 01' labc lling (Figurl' ~ ) Wi\S cOlllparable in 9205 l\TA and
co ntro l ce lls, and thc pattc lTI o l' lahell cd protein s was abo silnil ar,
with two excep tions - l11arkcd ly dccreased lab clling o l' a band
ol' approx . 22 kOa and increased labelling o l' a band ar app rox.
12 kOa . Thc lirst band was iden tified as ATPase subunit a, based
on WB anal ysis perfo rnle d on thc sanlC ge l with an antibod y
ag ainsl subunit a (Figurc X) , in acco rdance with thc size and
nl0bility ať subuni t a in th is type o l'SDS/PAGE [37 1. On the bas is
o l' its size, the second ban d wa" identitied as ATPase subuni t X
(A6 L). Th e COX3 subunit was weakly labell ed in both ty pes o l'

(~ 2004 Biochernical Society



568 P. JeŠI ra d[ld cners

( ~ , ~~ ) 1 ~ 1 "'''' « () \ ' l

c::::=:=:.:::,;":7;- ·- •_ _t. : ::...::.:...:.:..! .... 4A.4-" .

\Ve tern hlo t
I':; ..~ l r tl -t hio nin

la bcllinr

20 kD .4

t ox 1
\; ! ).J

l \ lb
t'-.:f) ~

II I

, U~ ~ , kl),

Conrro l 9205i\TA

Contrnl 1.1 2(L .\ TA C(lX ·.~-~_"·""1
C(lX}

..\ r T'<:,

( O fi20~ J.l'\ ; n C lln t rol )

PIH.)!:. "'')ll''f ; •
I' O L "' ·\ U I:." , 1 .,\ ·l l 0 '-'

Tot al RNAII

;:
-1

0°1
'2 'O l)o
tJ

c
100Ce

' .>
l..
~ 11) 0o...

1.

DISCU SSION

Figure 7 Quant itat ive real-time RT-PCR analysis of ATP6 , COX3 .
cytochrome band ND1 transcripts

l'cll:'\ , and no sigllll leant ditl ercnee eo uld bl' seen between thL'
l) 2 ()5~T ~lIH.l control cells . Thrl'e illdependl'nt ťxpe rirnents gaye
C:'\:'\l'llliall: thl' s~ lI ne rl's ult, and c k arly showed, in accordi..U1l'e
\\'ilh all \Vl) data. thatll1utation ol' thl' ATP6 STOP codo n grea lly
decrl'a~l'S thl' synthesis o l' ATPase subuni t a (to 12.7 ±0.73 (:10 l) ľ

lhl' cOlltrol). 111 turn , up-regula tion o l'ATPg synthes is is apparl'nt.

Figure 8 Incorporation of [35 SJm ethionine into proteins encoded by mtDNA
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ol emeti ne R d ci i od C t IV ( ~ prot 'Ins wcre , t ~ ~ lrH a t e d by SOS/F)AGE orl tl 15- 20% (w/v) gradienl
polyau ylarni eje gel zmd dctccted by ~1 1 0 S~ ~l(H i r l lrl U l ng Oll the lelt sidc. Hle WB horli tho sau.e
SO S/PAGEIurl Ll inuan dnI ibodyaQd irlst subunt F.a isshown. rrwII1Iqrauon of IntDNA-em:odc ej
polypcptidcs émd ol fIloleclJ l;Jr mass starH !éJl ds is irldica tec j

plcx III ucnv uy wcrc Iound in muxclc . Scqucncin g ol' IntDNA
rcvculcd a 2 bp microdc lcri on , which disrupts thc STOP eodon
ol' thc /\FP() genl' , Thi x mutution has bccn dcxcribcd ulily on cc
prcviously, in a pati cnt with xcizurcs and rcpctitivc bouts ol'
lactic ac iducrnia [ 1.3 I. It wux rcportcd as bcin g hornoplasmi c
(Iy mphocyte.. and Iibroblaxtx), but was not dctcctcd in that
puticnts mothcr nr grandrno thcr. In our pat icnt. thc mutation was
also Iou nd to bc hornoplasru ic ( 0X<X» in all t ixxucx testcd . In
udd ition. thc hc t .roplasmic 11111tatiolll)2()5~TA was prcscnt in thc
asy rnp tomtui mother (X2 (%) .md grandrnothcr ( 16<1<». I IT1 
po rtantly, a high mutation loacl in the moth cr 's Iibroblasts was
also assoeiated with a decrcu se in C OX aetivity.

Thc IntO A mut .uion 0205 T'A lics on thc boundary ol' two
gcncs, ATP6 and COX3. and it is highl y probablc that it influcnccs
thc i ranscript ion and po ,~t -tran seriptional 111oclit1cation of these
ge nl's. Ass llIT1ing that this is thc n1aineause ofthe pati enťs phcno
type, i n s u ťti c i e n t energy provision is to bl' l'x pee tcd in thc tissucs,
partieularly in brain (exp laining thl' donl inating encephalopathy ).
Our ITICaSUrC l11l'nts in thl' patil'n t \ libroblasts showcd a 3-folcl de
erease in nlÍtochondrial ATP production. fn fact , thc obse rved
decrl'ase was even higher than that obse rved in cases o f I1li sscnse
111utations in thl' ATP() gene (T l) 176G , TX993G and Tg<)l)3C) ,
whe re higher valucs nf res idual 1l1itoch onclrial ATP produ ction
have been repo rted [ I O- 12,jX I.By analogy with these n1utations,
we found e0l11pletely norllla l ATPasl' hydral ytic activity. Thu s it
app eí.u·s that only a l'raetion nf ATPase cOlllplexes can utiliz e 6. Will
lo drive ATP syn thesis in <) 205 6 TA cells. Thi s view is further
supported by thl' no rl11al 6. 4J 1II obse rved at state 4 and its dccrease
by FCCP, wh ile AD P (statl' 3- ADP) caused a nluch srn aller
decrease in 6. 4J III in the pa tient. These data indicat e that 111itochon 
dria in 9 2()5 ~TA ccl ls can be fully energized and that the n1utat ion
does not e n h aneť thc passive H-t- transport at state 4 via thc ./.
proton ehannel ol' the ATPase c0l11plexes, which are knawn to
contlibute to the pro ton concl uc tivity a ť the n1itoch ondri al inner
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u ~ JA.) J [) t dlrl l~d trOfII (B ) IOtal RNA (reverse uanscnpuon Wlttl .andom orimcrs) ar (C) r!lRNA
't ' JII )t,; :raIISC: Iptlurl wun olluo(dT) prllnersl wcrc used. Ine .ciauvc alnouflt ol unclcaveu

A'r) t) -LO;(3 ' Idl l ~crlp t dr ill the amcums ut dll AfP6 ar CO X3 transcripts present either tn
,[ lIJ d\,I:)~ f~ U rour' or ,II IfIdlure tonn were measuren ano correlated. lne va lues were aISL)

" r"lrj :L:U tu r:'t; cX P l ť)SllJ lllJ ! mnocn onnna I CY TB anONO1éJS re terenceuenes. Graphs cep ict
I .1 . b uutal rl l'( ~ 1[' 920J /,..,,\ 1\ ,Drooi3SIScxoressec JS II oe r.en'aqe ol the mean t SD.ior inree
I::' I"

\\'l' prl'Sl'nl a dl'Iaikd an alysi .. uf thl' illlpac t uf a n1atl'rnall y in
I1 l'ri tcd 2 bp Inicrodektion TA at pos ition l)205 and <) 206 in thl'
lilI D ;A ( l) 2()5~T'A ) on thl' rl'spiratory ch ain CO lllpIeXCS, with
thc diIll ol' disclosing thl' pathogenic I1 hx hanlsln in a patil'nt
\\ Ilh ~l'\lTl' l'ncephalolnyol.:uthy, spastic quadrupares is. Inicro
l'l'plla Iia alld h)'perlactaeidaL'111ia.

BllKl1elnicall y. the patil'nt presented with a pronouneed select 
I\ L' t.!L' lTl'aSl' in C()X activi ty in his libroblas ts (15 t% o l'eo ntro l).
wllik a lowered C()X/C S ratio and a 1l1ild dl'c re a~e in C0I11-

c ~Ov~ B IUC II t; rl1l~dl SÚLl ť r y
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mcrnbranc [.""'lJ] , \VI1L'n. how cvcr. .~\ D P hcconK.'S avail.ihlc. thc
discharg c hy ATP x v n t h c x i s o! {~ 41 I ll in lJ2()) , TA c c lls is -.;igni -
ti c.uuly dc crcascd .

Our Iunctionul dala xuppori thc vicw th.u thc F.. part has .m
.rl i c rcd Iun ction in thc majoritv ol' .~\TPa s l' co rn p lc xc-, oť thc pa
ticntx tibroblastx. dul' 10 thc absen ce ol' xubunit a (.m cxscntiul
co rnponcnt 01' thc AlPaxc proton chunncl) or .m altcr.uior: ol'
ils structurc (for rcvicw, SCL' ['+()] ), Thc absence ol' thc ,-" /P ()
STOP codon could imcrťcrc with svnthcxis nf thc subunit bv

* •

dl' crcasing thc tranxlati onal CťtIC~I CY otthc ATPh IllR f:\ . ľl'sultil1g
in a low .unount of subunit a hl'ing produ ccd and in thc ťorm 

.u ion oť AlPu:«: co rn plcxcs luck ing xubunit a .md inc.ipablc ol'
,"ynthcs iz ing ATP. An othcr poxxihil itv miuht hl' produ ctiun o tx u b

unit a modili cd in ihc C-tl'llninal part. as a puly tA ) tai] in thc
absen ce ol' a rcgular ST()P codon could cause cx tcnxion ol' severu]
lyxinc rcxiducs at thc Cvtc rrn inus. Indccd. scvcrul .unino acid
rcxiducs invol vcd in H ' tranxloc.ui on are loc.ucd in thix part ol'
lhl' protcin [X].

To dclincatc thc subunit cOlnposition and nativl' stľllcturL' ol'
ATPasc . wc clllploycdclcetrophorcti c/WB anal ysis using suhunit 
spcci lle antibodics. inc luci ing a pol yclonal antibody ag;\inst sub
uni t a [23]. We havc found thal thc contcnl ol' subul1it a is gľcally

dc crcascd (to II lX> o fc onlrol) in thc paticnťs libroblasls. whcrcas
othcr AT Pasc subunits are unchangcd . Thc anlibod y was raisl'd
;\gainst 10 arni no aeids at thc -lcnninal pal1 oť hUlnal1 subunit
;1. ~ Ill d (nos l pľohably would ľcact \vith a putativc ťOľm ol' suh
unii a l' longatcd al lhc C- tcn n inus. Howcvcr. no largl'r ťOllllS oť

"uhunit ;\ co u ld hl' dťtc clcd by \NB . A low contcnt oť suhul1il
;\ \\tas confirJ llcd by lJ -ťold dc crcascd labclling o ť this subunit by
[" S llnClll!o l1 inc. and the labcllingpattclll alsodid not indicalcthc
;\cculllulalion o l' a largcr ťonll o l' this subunil in lJ 205~TA cc ll.'.
ľ lll k' r nal ivc c lec tro pho rct ic cOIH.l itions. wc ťound in thc

()2()) TA cc lb a dccrcascd co ntcnt o ť DONl -solubili zed, nonnal -
I/nl F,I::-,,- TPase , togethcr with an increasl'd contcnt ol' an Fl

\U hU)111pk x u ť JlJ() kDa . Th cre was no apparent diťfcrcncc

hL' l\\'l'Cll thc rno hil ily o f t!lc A20 kDa ATPase co rnpk 'x in thc
()~() 5[\ T. and contro l .'aln ples; howcvl'r, subunit a, pn:scnt in
lhl' ATP~l.\c in onc copy, rcpre sťnt s only .+ l% o ť the total ATPasc
111 as,\ . and thl' cxpcct cd d i ffcrl~n c c in Ino biIitYo I'thc who Je ,subunit
ll-Iacking cOlnpk ,' is hc low the rcsolulion o l' BN-PAG E.
FurthL' ll ll o ľc. Wl' found yc l é.lllo thc r largcr, F ,-co llta ining subco rn
pk, u f -1- 6{) kDa that consists ol' F ,-ATPase and SO lllCF" subunits,
Inl'luding ,\ ubunit c . This patlClll c losely rcselll bles that in cc lls
\\ Itli a TXl)l) 3G nlutation in thc I \FP6 ge ne [ 10, 121, or in
CL' lh \\11 th dox ycyclinc -inhibitcd rnitochondri al pro tein sy nthcs is
[3], Illll'rcsl ingl y, thL'se thrce diffcrcn t Inechanisllls that arfect thl'
bro:'Yll thesis o l' subunit a gaye a very si ln ilar pieturc at thl' leve l
ol' ATPase structurl'. In thc casl' o l' the lJ '205 6 TA nlutation , thl'
XTPa~c cUln plexcs cxert labilit y upon DDM extrac tion that is not
l )b~L' I"\ 'c d in thuse ľrolll contro l ce lls; howeve r, l've n lhc subunit
; 1- 1 ~ IL' k i ll g ATPasc cUl11pk xes 111aintain stn c tural intcrac tions
hl'twl'en thc F l and Fil parts of the enzYlllc , a lthou gh lhese are
\\ l';\kL' r II appcars lhat incorllpl ctl' F,) is aIso ablc to .gate ' thl' F l in
thl's l' CO lllpIeXCS,as no H j !cak has becn delec tcd by nlc as urernen t
~) f Illl' Il1hra nL' potcll tia l.

III add itioll to changes iII ATPa sc. Wl' also ľound change,..; in the
tructu ľl' and func tio ll o l'C()X , Thc prono unccddccrcase in COX

;ll,' tl ' l l ~\ ob~c rv ed in spel'tropho tonlet ric assa ys W;L'-; con lirllled
b: lhL' o,\i datiol1 ol' TMPD + ascorbate in lJ205~TA ce/Is . Thc
re lna ln ing C()X act iv ity, huwever, dil! not lilnit the gcne ratiol1
o l LV III ' and it \\las als u suťt l cient for substra tc oxi dation in the
UIl l'o up lcd statL' , Th c ťunct io l la l co nse4uences at lhl' level o l'COX
Il' :"I Clll bk d lo ~ Ollle cxlcnt C()X assclnbl y de fects dul' to SURFI
lllut; tllOns [-+ I ]. T ilL' total alllount of C()X subuni ts de tectcd by
\VB \\' as a lso dc crcascd, indicating a ] ()- 50(% dl'c rease in enZYlllC

contcnr. Somc of thr CO\ l'Ulllpk\l'.' xhowcd a norma] .'i/l'. but
xoruc CO:\ xubunitx lktccll'tl hy ~D/\\'H allalysis \\'lTC ťound tu
hl' prcxcnt in CO ,\ ,"Uhl'Olllp lc.\l' :-' or ax Irce xubunits . Thc 21) pat 
tem rcxcmhlcd thc paucrn obscrvcd in ccll. ' witl: a 15 bp dclction
( l ) -+ S ()~ I) ) in CfJ.\'3 í ,~71 th.u ,' Il o\\, a tuilurc tu aS.'l'lllbk thc
11 ()ll)C 111 Ym: l.· l)J 111) lcx a11 LI i11.'1abiIitYl) I' thc C(r\ I- C():\ 2 intl' ľ

act ion [-1- 2 ].
Whcu C{)lllpaľillg. thc L'hallgl'.' in :\T Pa.'l' .md C()\:. it appcaľs

th.u (20)6TA cl'lls contain appľl).\. I () (~<) ol' thc coutrol coutcnt
of normal ;\T Pa.'l' comnlcxc» .uid J()-)U (% ol' that uf normal
C()\ complcxcx Holil Cni'.Yllll'S are prcscnt in mitochondri a .u
II() ľlll a I. phYs iu Iug ica I co ndition s in cxCl'Ss iII 111osI I iss ucs. aIId
thc rr thrcsho ld valucx arc knowu tu vary in individua! cc ll typl'S
[-L'] . With rcg.ud tu thc dom in.u inu cnccphuloputhv in our p.uicnt.
it is in!L'rCslillg thal thc rcscrvc capacity ol' C()X appl'al"s to bl'
r.uhcr high in bra in, whilc l hc rcxcrvc capacily uf A'TPasc uppcurx
10 hl' much lowcr.

AII ol' thc dala prcxcntcd Ill'rcill arc ill accuľdancc with lhl'
hypOlhc.'is lhal lhl' l11e chanislll hy whichlhc l)2())~TA Illlllatioll
affL'cts Illitochondlial ľUllction is associalcd wilh changcs in thc
lranscriptiun ol' thc /\ '1 P () and ( '()X3 gCllcs and thcir translatiollal
corllpctcncc and cfllcacy. Using two indcpcndcnl approachcs, i.l'.

orthcrn bIot and IIuan tilal ivc rcal -t iIlll' PC R anal ys is ol' c DNA.
\Vl' found that proccssing ur lhc prilllary ATPS -ATP() -C()X~

lľallscript is illlpaircd ill our palicnt. 80th Illl'thuds rcvcakd a
2- .,-I()ld dc crl'a"lC in lhc cOlltl'ntoľ Illaluľc ATP6 and C()X3 tr~IIlS

cripts, whí!c thc contcnt ol' DI and C()X I transcľipts was lIn
alTc ctcd . Thc salllC piclurc clllcrgl'd whcn analysing pulyadcnyl 
all'd fOľlns 01' ATP6 and COX3 RNAs . rl hcsl' diffL'rl'nccs fUllnd ill
thc paticnťs cc lls Wl'rl' also C O n l l ľl ll C d whcn rclatil1g thc stcad y
stalc Ievcls ol' ATPA and C()X J R As and IllR As to thc kVl'ls
o l'C Y T B or O I transcripts .

Thc dccrcasc in thc all10unt ol' thc maturl' ATP6 transcript
agrccd wcll with thc dccrcased synlhcsis and conlcnl ol' subunit a.
Intcrcstingl y, the labclling ol' sllbllnit X was incrcascd, indi eating
up-rcgulated translat ion ol' thc I\TP8 gene, wh ich prccedcs and
partiall y ovcrlaps thc I\TP6 genc. Thc translation ol' thc ATPX
and ATP6 nlR TA" is wcll dcsclibcd in yeast, but thc structuľe

ol' these gcncs and its rcgulation di/Tcrs cOlnpletcly froln that in
Illallllllalian nlit()ch ondlia , whcrc thc rncchanislll 01' ATPX and
ATP6 biosynthcs is is largely unknown. Thc qucstion ariscs
whcthc r inc reased labelling oľsubunit Xeould bl' causccl by trans
lat ion o f ;\'1P8 frolll an unspli ccd forlll nf thc ATPX-ATPA
COX] transclipt , part nf whi ch is , according tn our results , poly 
aclenylated [cD NA sy nthes is with randOlll prinlers and oligo(dT)
P"I'ncr] and co uld bl' the rl' fo rl' s II bjc ctcd to trans Iation ,

Rece ntly, Sencca and eo- wo rkers continued an analysis ol' thc
librob las ts ľrorn thc t1rst paticnt idcntificd with thl' 920) TA
de letion [1 X,44] . Th cy investigated the levels ancl fate 01' ATP6
and COX3 IllR As and did not lind any c1ifference in prilllary
transcript proccssing in their pati ent, bll~ SOlllC diffcr l'nc es in thc
de adeny lation a f 1l1RNAs were present. In thc sccond paper they
invcstigared thc bioch l'llli cal consc4 ucnce s of thc 1l1utation, and
thl' only difference they round was an acculnulation af thc F,
ATPase interllll' diate and in c re~L,-;e cl ATPg labelling . Th cr l'forc
two patients with thc sallle ( 20 ) 6 TA hOlnoplasllli c rnutation
d itre r dralllati call y, and this differen ce is difhcult to und erstand .
Thc re appeal~ to be a good co rre lation bctwcen c hangl's in 1l1aturc
transc ripts , pron ounced bio ch ellli cal consequences and severe
cnceph alopathy in o ur pati ent , cOlll p;u'cd with unchanged RNA
processi ng, ins igniticant bio ch ellli eal changcs and Inuch weaker
c lin ical presentation in the Se nec a study. On thc othl' r hand , both
pat iellts harbour thl' sa lllChOllloplasllli c 920SD.TA 1l1utation. Thus
in one case the lllutation is pathogcni c , and in the other it h(J s
Iiule e ffl'c t. We have no ex planatio n for thi s diffl'rcn cl' at thl'
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moment. but xcvcral aSJ1l'Cts might bl' import.uu . In both CISl'~

numcroux othcr c hangcs in Il1tO :A xcqucncc wcrc ťound. In our
caxc all wcrc idcntiticd as more or kss Ircqucnt polvmorphism»,
unl' nf whi ch was prcscnt in thc ,. \TP() gcnc (:\SSh( ;) .md onc
in thc COX3 gcnc (G9-l77A) . In thc 'cncca CISC 1l1t01\:\
scqucncirig rcvculcd 42 changcs from thc rcviscd Cumhriduc Ret 
crcn cc Scqucncc, including thrcc rurc po ly morphixm x ( C I.).~.' 5T

l\ 11 .'ť12G and ;\ 12S22G ) and two novel tr.mxirions (T I52S7C
.uid TI57()5C ) in thc C YTn genc. Thc two typc « ol' mrl) :,.\ al.'o
bc long to di ťfcrcnt huplogroups .

Thc qucsiion .uixcs as to whcthcr in thc Scncca CISC thc uhxcncc
o l'p.uhogc nicity mi ght hl' dul' to xornc compcns.uorv mc ch.mixm
aífc cting thl' post -tr.mscription a I pro ccss ing .md tr.msl al ion o I' thl'
ATP6 and C()X~ InR As . Two rcvcrt.mts havc bccn dcscribcd in
hum an 111 tONA. in ce lls c.ur y ing IR A 1l1U tatio ns. A suPprcssor
mut .uion at poxition 1 2~O() wax found, gcncrating tR AI"II
(CU ). wh ieh com pcnxatcd for thc 32.+] (NIELA ~ : ln itochond riaI
cncc phulomy op.nhy. lacti c acidosis and xtrokc- Iikc cpisodcx) Inu
tation o I' tRA 1-1'11 (UUR) 145]. ln thl' sec ond CISC. a G.') 7()J A
Inu t~\ t i o n in tRNA :\'1l was fun etionally rcscucd withoul changcs ill
n1l0 A upo n cu!tivation in a galactosc Incdiulll ['+6]. A COlll 
pcnsa lo ry illlpOl1 ol' surrogatc tR A dul' 10 Iluckar Illutatioll
\V ~I.'" pro posed, hut not shown. iVlorcovcľ, a silllilar cOlllpcnsalo ry
import o l' R As o r protcins is highl y unlikcl y in 9205 TA cc lls.

A poss ib lc conl pensalo ry Incchanislll could bl' conncctcd with
factors Ihat alrcct ( a n d/oľco rrc ct) thc procc.' sing oflnilochondrial
transcrip ls and Iheir translalion in l)205 ~TA ce lls. Intcrestingly.
sl'vcral nuc k ar-encodcd faetors have bCťn dcscribcd in yeasl
(' C I\ 2 , CAJ , AM l/iVITF2, Aep3p ) that arc csscntial for
propl'r processi llg o l' 111it oeh ondrial RAs, nanH.:l y thc ATPX
:\T P6 co -transc ript (for rcťcrcn ccs sec 1-l7 n, but thcir IlwnHllalian
o rtho logucs have not hcen round , possiblyrcllťctin gdilfcrenccs in
lIJ e' \lrllClurl' of l1l itoc hond lia l RNAs hetwccn ycas t and 1l1al1llllals .
.~\ ll o l l1 c r grulIp o l' fact oľs is represe lltcd by protcin s Inediat 
Ing thc lu R t\ -riboso lllC intcrac tion. Thc scarch for 1l1al1l1nalian
d rll1 o log llcs in this g rollp was 1l1 0ľC su c c e ssťlll. A LRPPRC
( I 'u c inl'-rich pcnta trieo pcplidc rep cat casscltc )protein W ~L'I idcnti 
IIl'd u~ing a fUllc tiol1 al gc no lllÍcs approach [-lX], and it was
h(l\\,1l Ihat 11111ta tlon ill thc LNPPNC ge ne eallscs thc Leigh sy n

dn llllCol' Frcnch -( 'anad ian typl', whic h is a hlllllan 1l1itochondrial
COX lk lic il' llCY 1"+ 9 1. Howcvcr, lhc divergen ce o l' thc LRPPR C
prute ll1 \eqllcn cc frolll that ol' thc analogou s ycast prote in is very
b rgl' and . rhl'rcfore , it has not Yťt hecn poss ible to idcntify othc r
IllanH llalial1 protcills hy a .' e q uc n cť si l1l ilarity approa ch .

T:I,) v'l ork Has suppor ed Dy ~rants Irorn the Grant Agency ol the Ministry ol Health oí
;ne v ~eln Mepuollc ( R/77 0-3. 8065-3), tne Grant Agency ol Charles Unive rsi ty (GAuK
14 2004) [ ~, e rant Agen cy ol lne Czech Republ lc (303/03/0749) and by Institutlolla l
I)rJjects (,D., OL5011 22 , VZ 111100003) The expert technical asslsta nce ol V. Fia lova
dl' Cl V BrOLkova 15 gratelu lly acknowledged .
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Mitochondri al di ~ C é1 S C S c111(1 ATP~l SC dcfccts of nuclcar orunnb
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.vv.n lah lc on li ne I' .lunc ~(} (}-l

vhxrruct

[)y .tu ncti o ns o l' thc F l F , ) - /\TPa~c com plc x cause severe mi tocho ndn.i l di , 'C;I~C~ a fťcl' ti ng prim.uil y th c pacd i.uriv popu lation. \Vh ik in thc

m.ucrnally iuhcri icd /\T Pa~c dcf cc ts dul' to I11tf)~t\ mutati on s in thl' ,'11'/ )(> gcuc thc L'n/Y Il1l' is suuc tural ly {Ind íuuction allv modilicd, in

,\T Pa.'C dcfccis of nuclca r o r igi n mi toch undria contain a dccrcascd .unou ut o ť o thcrwi -.c norm a] cnzv mc . In th i-; C~ I ~ l' h ioxvnthcsi-: nf A'lPa«:
I " do \\ n-rcuul.ucd d ul' to a block at thc car ly s ta~c o l enzyme asscm hlv form.u ion u f thc 1" , cutalyt ic parl. Tlic pathogcnctic mccha nism
nnplic .ucs dys lunc tion u f Atp 1~ O l' o thcr lj -spccific .isscmbl v luctors. lo r cc llulur cncructic- ; 11l)\\'C\ 'L'I'. Ih L' IH:g;lti\'c cou scqucnccs may bl'

qu uc si m i lar i r rc xpcc ti vc o f wh cth cr thc /\TPa~c dystuncr ion is of m iiochondrial o r nu clcar orig in.

\. 20()-l LI ~ c \ icr 13.V. í\ 1I righ ts rcscrvcd .

l. Intruduction

I . ;l ~ r dccadc ol' bioc ncrgct ic rcscarch on mirochondrial
di ....l'a~cs has uncovcred an inc reusi n]; 11 L1 1l1ber u f hurnan

mitochondrial diso rdcrs that are caused by mutations in
nu .lcar g.CI1l'~ cncoding thc subunits of ox idativc pho spho
ryb tinn complcx cs (() XPf I() S). Ol' othcr protc ins that are
c <cnt iaI c ithcr for thc bio-,y nthcsis o ť spec ifil' co facro rs

( l ch dS hc rnc ) or as-.cmbly nf hctcrooliuomcric () XPHC)S
complcx 's trom individua! subunits (fo r rcvicw, sec Rel
i j ; ). L p tu no w, nUllll'rOllS rnutations ín Iluclea r gc nes havl'
h L' l.T I ", ho\\ ťl tu CJ ll SC a dysfilnction of 'lIl 1l1ítocho ndrÍal
I' 'SPlrl.ttury ch ain cornpll' ,'es, . ';\ DI--J dchydrogcnasc (Co ln
p lcx 1L ~ llCC IIlatc dchy(lrogcn,L'-;c (Co lTlplex 11), be l cO lllplcx
(CO lll P k .' III), cy tochrol11c C ~xidasc (Corllplcx IV) and a1so
F1l<l- I\T P sYllthasl' (/\TP'ISl' , COll1plcx V). Very onen, these
d~.·tl'l' t ~ 1l1a n iťe sr rather carly anJ aftect paed iatric pop llla
t lon , Intcrc st Íng ly, thc Cornple . I de fects are n10stly
COIHli.\:t CJ \\ ith 1l1 utarions ín gcnes encodíng the subunits

I / lil / (' \' / , ; /i U /I, \ ( ) ' I' II <)S I, ) Id,tlI\ l ' pllO:-> r hll l) Iatlon . t\TPa:->~ . mllu-

~ , l u ' l tl : · 1.l 1 FY 1' \ rl' ", I1lh ,I :-. C: IllID , r\ . I ll ll \) l'h u n J rJ ~:1 D . '/\
• " "li :OP()lhilll':; ,ILlh 'l!'. Tc l -t-l.! ~ - -l I O () - _ -l' -l: Llx t-42 -~: - -lI() () -

1 • _~ \. j

I HIl!:" ~-..: ;-., . - " L' I"." ľľ l >l l! m ~ lt( c' ľ t ' 2()O-l F be \' ! c' ľ 8 ,\. , ;\ 11 ľlghts ľe sen ' cd,

d l l! I(J I () I() .I,hb,lb l\l 2()()4 O-l 0 12

o ť thc complcx, \ \ ' 1'1 ílc Cornpl cx IVand Cornplcx I II de fccts
arc causcd hy :nutatío ns ín spc cifi c asscmb ly protci ns or
biosynthctic f~ ll't(} r~; . To thc sarnc catcgory apparcntly bc
lon g the A'IPasc dcfic icncies of nuclcar origin that are rathcr
rarc aud bioch cmically manifest as a reduction uf cellu lar
contcnt of A'I Pasc co rnp lcx that is othcrwisc strucrurally
and functíonally norma] .

_.. ielective defects of rn itochondr iaJ fr f Pase

iV1ítochondria l /\ T P3sc ís thc kcy enzYll1e oť ccllular
cncrgy convcrsion. /\ T Pasc uscs thc f_·[r grad ient gcncrated
by thc rcspiratory chain as a urÍving forcc for thc synthB) is
o f l\TP fronl ;\DP unci pho sphate. Th c rnarnlnalían /\TPasc
co rnplex ís fOľlT1Cd by 16 diťfcrcnt subunits [2 j and consísts
nf thc g loblllar Fl ca ta lytic part connected by t\VO stalks to
the n1enlbrane-e nlhedded Ft) 111oiety, \vhich translocates
protons across the inner nl ítochondrial Illenlbrane. T\vo
Fl) sllhuníts. slIbllnít a (f\T P6) and /\ 6L (ATPR), are code d
for by nlÍtochondria l DN/\ (In tI) 1 A) ['3L alf oth cr sllbunits
:.lIT nuc lcarly cncodcd. Mitoch ondrial cncep h a1 0 1l1 yopa ňl ics

duc to sclectivc dcťccts ín tllitochondrial ATPasc are less
frcquc nt than thc disorders of thc respiratory chaín con1
plc/cs. Thcy are 1l10stly vc ry sevcre and can he causcd hy
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ni()(lle lllica l data

<In d phl'l1 o typ l'

I.;\. llll'thy lgIUI<l l·Ol1 ic

~ l c l d u r i ~ l . crvl,
dl'vl'l()pmcnt, t1 lk lay
I;ll ~t1 1./\. C ~vl.

hcpatoll1cgaly

1~lla l l. A, Clvl

L.-\. l' iv1, rl' spir<l t() ry

t ~l iI url'

LA, crvl. shoľ1 st~lt llll',

l ~li lurc to thr ive.
dcvclop mcllLa I lklay
LA. rnethylgl ut<lľol1 ic

<ll' idur ia, c: rvI,

devL:iopmcnw l delélY

LA . Civl. devel op mell tal

delay

LA. methy lg lutacon ic

al' id ur ia. ci YSllh)rph iSI1l ,

Cll Iarged Ii vcr .

marke d hrai 11 atrophy

t~ltal LA, enl:.lrgeu Jiver,
~mall Icrt vcntr i l' lc,

If1tracrania l Iiacmorrhage

JO I1I'Unal1' 2 da y-;

<' I () 11LoIlatd l5 ll1()nths

, .')() nl'lll1ate: 2 day-.;

< 20 l1c:n!l •.lte :'32 c1ay~

.' 30 ne()/lal\." ) Yc;lrs

< I() neUllalc/ ] ycars

.: 20 Ih~l)I1ate/ 14 l1lo/lths

i\T P~ISl' ( )rh"\ '

CI/O) :\l: rVI V ~11

~. A'lPasc defcct s oť II lil' Ira r o rigi II

volvcd in tr.msl.u ion l) r mitochundrial R. 'A ,' is rq)n.~Sl...'ntl' d

by protc inx mcd i.u ing 1111\\: :\ ribo xomc intcracti ons .
Scarch for 111 (lInI11~I1í;ln ortho louuc- in thi-: tlruup \\'as more

succcssful .md au LRPPR( ' protcin \\·a.. idcuti íicd usil1 t!
íunctional gl'llUll1íL' S approuch 1.2··+I, It \\'as <hoxvn that
I11 II ta t ion in t 11 L' I~ RPF H. ( , t!- l'ne caIISl' .' thc I.c i tlh syndrum,:
of lrcnch Cauad ian typl'. which i-; ~i 11l1111an ruitochondri ul

( o -, dcfic icncv I ,~ ~ I. ldcntific.uion ol' additional l11al11l11a 
lian Llctors spl'Cilic 1()J' othcr mitochondri .r l tran .. cript-. ca 11
bc forl'sccn.

!\T P as ť dcfccts dUL' to II nuclcar gl'110111C mut.uions \\'IKTC
;l il altcrution uf IntI)N /\ ~e ll l' S \vas cx cludcd arl' charac tcr
iscd as xclcctiv c dccrc.i-c o f /\T P ~ l s c contcnt that ís causcd
by diminishc.] bioxvnthcsix ol' thc ;\T Pase comp lcx. /\ n
incrcasing numbcr ol' cusc .. diagnoscd rcccntly (Tahle I)
indicarcs that these dcfccts mav bl' more trcqucn t than
o rigina II Y ex pccted . /\T Pa ~ l' de lil' icncv tl r pussib ll' 110n 
rnitochoudrial urigin \\'as lirst clcscrih cd in a child with _~ 

mcth yl glutacon ic aci<.!lIri a and scv erc lactic acídosis [2 ()j .

/\ n cxtrcn1cly Itnv i\T Pasc actívity and lenv, tightly cOllp!cd,
rcspíratíon ratcs 'vvcrc ohscrvl'(! ín 111 II sek' 111 itochondria , but
no Inlltatíon \vas fOllllli in 1l1tDN /\ gcncs cl1coding /\T Pasc
subllnits. Th~ llllck'ar orígin ol' ATP synthasc defíciťllCY \vas
d Clll0n stratťd ťor thc fírst tírnl' in 1999 [~ 71 in él ne\v type ol'
t~ltal Initochondríal dísord cr. í\ ehíld \víth severe Iactíc
aeídos is. eardíolll yopatl1 Y and hcpato l11cgaly dicd 2 days

V I

!I b

l Ila

Tahk I
Patll'nts \vith 11l1f(, ... l1ondrial ;\ r p~l~l' dl' lí cil'llcy

v

Ila

VII

IV

Il lh

1./\ 1;.1I.:tic al'ldo:-;is. CM cardiomyop~lIhy,

J. ATPf> m uta tio ns

~ l' n l' s.

/\ 11 m.ucrual ly inhcritcd primarv !\TPasc dcťCCh are
(1SS )e iatcd \\' i t II sII bUll ít é.l (. .cl' I~ c l. 14 l). an csscIHía1 co 111 
poncn t togcth l'r w it h multipl c copics of thc subuni t c o ít hc

:\TPélSC pro ton cha nncl ]~.h ! . Thc ATPó gellL' i,' a horspot uf
P;l thogc n ic 1l1tf) . ;1\ 111 II ta ti on s affcct ing /\TP(lSl': no lnU ta 

tions havc bccn found in thc .·1TPS gene . .,1TI)(j mutation s
arl' mostl Y ln isscnse hctcrop lasm ic mt f):\ /\ ln utution s i.lf
lcc ting thc pro tonoph o ri c fu ncrion uf thc subunit a. Highcr

prcval cncc SIH)\\, TX993Ci(C ) muta tion- !7.S i which chan gc
Leu 1~ ( , to Arg or Pro . At t l 1()\\'Cr nuuat ion loud thcy are
m.inifcs ted as a N;\RP sy ndro me (\: cllrug cllic musclc
wcak ncss . Araxia. Rctinitis Piumcnrosu) . at hctcroplasm v
cxcccdiru; ()() ( ~ o thcy prcscnt él S marcmully inhcritcd l.ci gh

<vndrornc (se vere and fatal cnccphalopath y) . l.csx frcqucut
arl' T91 7h( i (C) mut.uio nx wh ich changc Leu 1 '; [q.101 Ul' a
'L) ~ ) 1Ci mutut ion r 11j a tTcctíng Trp l l)\). both 1l1al1ifcstil1 g

also as striatu l nccro sis <y ndn.mcs (sec Rl' r l ,~ ~ [). lmpa ir
I11L'nt o ť thc i\T Pasc H ' chaI1I1C I by uiťfcrcll t .'1 TPf> 111 LItati uns
I'L'SlIItS oťtc n. but not ahvays. in dccrcascd ATP produetíoll.
\\'hik thl' ;\ TPasc hydrolytíc acti vity relllaíns ullchan ged
! 1~~ . i , ~ I . lV'I itoeho nd ria frolll TX993G cells are capab h: o ť

. \T P-d l' p ~ 11 lell t pro ton tran.. location r I ,-~ l indieatíng that at
I 'l1-.;t thc vcetoria l rroton transport by th~ cnZYllle ťrorn

ln ;\ tn '\ to cyto:o I is unaffccted. Incrl'ascd labiIity o f th~
"TP ~I"L' eOlnplc:. pos~ibly dlle to altcrcd assclllbly o l'
ul/unit ;'1. aprarent as aec lIIn ulation a f ineo lnpll'te I\T1\1 SL'

~ 1 sell1blics. has beell dcseribed ín TR993Ci Inutatíon I,! 3.1) I.
Intcrestl ngly, these asscrnbIy i11 tl'rnlcd iatcs cO llld Il ot bl'
ťound in SOll1C othcr eascs f 161. \vhieh ind icatcs that,
"i111 tlarlY éIS i 11 Sl'g rl'gat ío II o f ATP(j ITl II tatioII S I. 171 . a
d lnCrel1t IlLlclcar haekgrollnu und pal1icipatio J1 u f putat'i vl'
rl'glllatury ťactor(l.i) 1l1ay bl' involved in their pathogcn cť i c

111 eL: h~1l11 S111 .
:\ ClHl1plctely di ncrcnt typl' ať pathogenic n1ec hanisln is

ľ 'p r~sentcd hy hOllloplasnlÍc rntD i í;\ 2-bp 1l1íc roucktÍ()n
l)205dcIT.'\. so tJr ťÓllnd ín t\\'o eascs anly II ~ .I (Jl. This
111 11 t ltiun rCI110\'CS thc ~tor codon oť thc .LJTfJó gen e and
~dreL't~ thl' eleavagc l.iite bet'vvcen ATP6 anJ C'());.?II tran
~ Tlph. Thc bíoehcrnícal and elínical presclltatíons oť th~se

t\\ 'U L'éi~CS arl'. ho\vcver, strikíngly diffl'rent 1:20 221. I\n
l!1 v ul \' l' ll1 ť n t ol' I.i0l11e !111elea r-l'nco dťd l~lct() r operating at
thc levL'j nf 111ítochondríal R! A processing is to be
L'\pecteJ . Several proreins have been desclibeu in yeast
(, '('/\ 2 . . :C/\ J . :\ /\M I :' ~vl TF2 . /\ cp3p) that are cssential for
proper proces, 'ing of tnitochonch-íal Ri As , nanl<.~ly 01" thc
.. J TF(' .-iTPó colral1SCľ1 pt (see ReC 123j) . but their rnal11lna
11~ 11l o nho log ll c ~ \\'L're not ťound , pussibly rcllecting diftcr-
'I1 L' CS il1 thc structure nf 1l1all11nalian Initochondrial R f;\ S

th.H. in cOlllparis)11 \vith yeast. lack introns and 3- anJ 5
prillle 1I l1 trans!Jtcd regions . Another group oť faetors in-
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,\ )!lIhlll\cd proh.'II1 .· trorn hcart mi toc hond ria 1'1'1 )111 r ~ l t ll' ll l (l la in Ld' k I ) .md ":Ull lrol, thc gl" \ \c1 .-- S .uncd w ith C llOll l ;\ :-'; :'IC bl uc T hc 1"'") :-.;i li")ll ol' :\ T Pasl '

\.'11111 k .md o ľ rc-piratorv ch.un com plcxc« LI li .m.l IV IS indic.uc .l: \\ 11Itc . IIT U\ \ . !) ( )\ llt () n I', F l A r p:\,>c subu nu x.

a ltcr birth. !\ gcncralised, 70 ~on/ ~) dccrcasc in ATPasl'
.uu vitv and ,\ TP production was associatcd with eor
rl' 'pundíllQ<clcctivc dccrcasc oť thc conrcnt of rhc I\ T Pasc

COI11 p!CX. wh ich had norma] sizc and subunit compoxition

í I l~:! . I), Tru nsmi tochondriaí cybrid cclls madc of paticnts

Ilhr uh Lt sts ful ly co rnplcmcntcd thc AI'Pa:«: dcfcct and
c\)11fí rmc .] thc nUl' lcar ori g ifl uf impa ircd biogcncs is o f thc
1...'11 I: 'r lil.' com plcx [:~7 ] . Latcr Oll, t\VO ether similar casťs o í

~ kc t i \ l' /\T Pase dcfi cicncy \VťIT found in thc Cvech
!\ l 'puhli c 1'-:':.:' ) tlll d onc in Au stria [.2~ J. Most rcccntl y, t\VU

P.l t ll': Il L-.; with sclcc tivc A'lPasc dcficicncy \Vl'IT dcscribcd in
I:k ' lglUlll l ..·~( )J . lil onc o ť thcm, De Mcirlcir ct al. locatcd thc
pa tllogcllíe muuuio n in thc ATP! :2 gene for thc first time
('-Il'C turther). I\ S su rnrnariscd in Tahle I, most of the cascs
'-I ho \\'Cd a rl'duction o ť /\ T Paseco II te II t to < 3(Y~/ll o f the
~'() l1 t r,)I, l'3rly onSl' t or thc disease . cardioll1yopath y and
.... L r\ i\ 'l l uf scveral days or \vceks. Intcre stin gly, nlethylglu
LleUnil' aciJurí'l \vas fou nJ in scve ral lon gcr sllrviving
p~ ltl l' n h. ()nl' ol' thenl slH.nvcd a difťcrcnt phenotypc uť

dcg l'rl Li-a tl \ 'C cncl.'phalopathy charactcri scJ by cortical and
.... Li bcurtle~.t! ~tlroph y 12{) J.

: . .' lt~rcd biosy II the -is uf l\ T Pase

Thc Incchanislll o ť ATPasc biosyn thcsis is stiII not Vl'ry
\\ l' ll lInJťl~loud . Th l' 1l1anlll1alian ťnzynlť is l'xpectl'd to
~ ~ ~ l' l nbl c o·tcp\vi· l' (Fig . 2). Several tral1si cnt assc rnbly
llltl...'n ncdiarcs h:.i\·c bcen identiticd \vith inirial fornlation o ť

thcF : cat~d y t il' pa11 to 'vVhich t he nLlclea rencodLU ln en1branc
l.·l'hJr slIbunirs are aJdcd, fullo\ved by naD :;\ -ene<.xled
UhUl1Ít. : .; ( ) ~) ~ ; . : ' :.i ti \ ~ t<Jrn1S oť /\ TPasl' can bc easily

ll' \ ca l 'J h ~l B iuť->.. an\,l' ~lcctruphorťsis I.')J I thar bťca nll' Ll

\ T;' ro \l'rl ú l 'lpproach to Jiagnosties uf lnitochonurial
(> . . Pi I() :-, ck' fl'l'h roctlY, '0/C ha\e p l' rťornlcJ dctail eJ stud-

ics on most uf thc dia glHhl'd G1SCS nt" sclcctivc AIPu:«.

dcfi cicncy Lind alwav-: found only a full-si:«: AlPase COI11

plcx tu hl' prcscnt in ccllx and isol.ucd mitochondria I(-(H11

thc pat i l' II t 's t isS Ul' S [ ~~ 71. N() accII II rula l i()11 () I' assClnhly
intcrmccliarcs analogous to subcornplcxcs obscrvcd in
. ITP() mutations or cclls with doxvcyclinc-inhibitcd transla 
tion oť mitochoudnal protcins [ I .~. 1:\321 coukl hl' dctcctcd
in fibrobla sts with A'FPasc dcfccts ol' nuclear orig in. ln
[.\sS l-mcthioninc labclling cxpcrimcnts. dccrcascd biosyn
thcsi-. oť thc asscmblcd AlPase has bccn Iound (Fíg. ] ). It
contrastcd with thc incrcascd bioxynthcsis Dr thc ~)) sub unit
o f thc F I Cata IYtl.c part 1. hat had a Vl' ry shorl h čl If.. 1ifc [2 '7 J.

Thc cclls also showcd cxtramitochondrial accumulaticn of
thc ~ )l subunit. supporting the vie\v lhat thc biogencsis ol'
!\TPase is distllrb ťd at dn carly stage \vhc\) thc Fl catalytic
part is fonned .

6, F l- i\ 'TPase assclnhly a nd a ffected n url ear fa cto r(s)

TIll? possiblc causc of insuffícient i\TPasc biosynthcsi s
call bc a linlitcd production or lllutation nf sonlC of thc

c, h. F6 . oser ... a. A6 1,

Flg. 2. ATP;JSC a:-;:-,;cl1lbly sch cl11 c.
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:\T P ~ l s e sub units . Thc ccllul .ir co ntcnt uf ;\TPasc diffcľs in
mammal ian tissuc » and it llla y vary J1s0 during OlltOgl'llCtic
dcvcIUpl11Cll T. Ph ys iolog ica Il y /\Tl'asc i: down -rcgul.ucd
about I ()-f~JI<.L rclarive to o thcr ()XPl-{()S complcx cx, in
th cnuo gcn ic bro w n fat whcrc thc clcctrochcruical potcnri al
ol' proion gradient is dissipatcd in thc forll 1 uf hcat hy thc
uncou pl in j; protc in UC~ P ! r _~ c.q . Intcrcstingly, rhc t\\ 'u-di 
mcns ion a] clcc trophorctic patrem nf () X Pl-{()S protcins in
hrown l~l t is almost idcntical with that found in paticnts with
, \T P ~ 1 'l' dcfici cncy. In hrown fat a sclccti vc transcriptiona l
do wn-rcu ularion of subunit (' isogcnc-, PI and p~ and
availab i luv nf thc subunit c has bccn íound JS Cl limitiu g
,'tep for dl' ll OVO sy nthcsis of ATPasc !J Sj. Thc transcrip
uonal con trol uf suhuni t c gcncs has bccn irnplicatcd in
co utro l n f thc ccl lu lar co ntcnt o f AlPase also in ether
11l~ 1 111 1 n a l l a ll ti.' SllCS [36.37j. Ho\vever, in /\T P a sc-d c ťi c i c n t

p_ltll'llts e\prcs,'iol1 01' sub lll1it e isogcnc s 'vvas n Oľlnal or
'\ l' ll incrc ascd ! .~ 71 ~l nd the ln RN /\ Icvcls fo r other i\TPasc
"UhUlllh dld lll)t sllo\\' a signiticant cfcercasc . As alsn
l'qllCI1Clll g ol' Cr) i I\ S of Fl and Fo subllnits (roIn paticn t

l'L'll" \\'a.' llnélhk' to dctcct any pathogen ie lnu tation, thl'
pu"...; Ibll' C ~ l l! Seur tht.' d iscaSl~ In ight bť assoc iatl'd 'vV ith a
dy...;fllnction of an ATPasc - s pceil~c asscnlb ly factor.

Blosy'llthesis u f clIka ryutic /\T Pasc is Cl hig hly ordcrcd
p rO l'l"~, \\'hich in\,ulvcs s C \/l~ ra l !\TPase-spL'C itic assc nlbly
pn)[l'ln , . Studi e", ln Yl'~lSt i d cnt i ti í.~ d ti v ~ ehapcrune-tY Pl'
LH,.. tur ncccssary fur thc asscrnbly o ť thc funct iuna l cn
I~ lne. Atp I Op anu /\ tp22p \vcrc fOl.lnd to Incdiate Fil

_h "L'lnh ly i ,~S ..V)j \vhilc !\ tp II p. /\ tp 12p Jn u FIne Ip arc
rl' Ll II irctl fur thc FI pa11 l. 4II , ~ 1!. Fnlc I p is csscntiaI at

l' l ' \ atL'd gro\vrh teln pcrarures but F'AIC'I deiction could OC
ľ l'~ C ll cJ by ovcrexprcssicn o f Atp 12p r ,-~ ll . Reccntly. hll
rna11 u rl II(Jlog IICS o f !\ tPI I panci l\ tPI 2P (i\ tpafI p aIIII
: \ t r a ť2 p accordi ng to nc\v nO lncnclatllrc ) havc also bcen
idl'!;tiťi ~'d , Likc thc yeast protein s. hunlan Atp 11 P has
l.·h"lpcrolle- iih:c Jc tÍ\'Í lY tu\\:ard the I~ subunit ano hurnan
..'\ tp 12p i n t l' ra c t ~ \vith the Ct .'ubunit [ -l2.4 .~ I. Expression uf
·I r Jl! ! and .·[TP I } in InanllllJ lian tissucs is about 1\\'0

~ )i"liLT", U ť InJ ~11 !tudl' lo \ver than cx. prCS:-)lon of genes fo r
thl' CO IT l' ~ pun din g Fl "ubllnits. in acco rdance \vith thc
l.'hdfX'I"()[1e flll1ction oť thcs e protcins . lntcrcst ingly, ~TPll
l' pľe s ~ i u n in rnOllSC is nca rly co nstant in all tiss ucs.
Ill dicatlng th~lt ,..ITPl I rarhcr bchavcs li ' c a rnaintenancc

gl'nL'. ln con tras t, .'ITJ> I _1 exPrcSs ion di ITcrcd lip to -'0-1(.) Id
in ditcrcut tissuc« and it \\'as tound to corrc latc wcl] with

IllRN!\ lcvclx o ť both F l -O .md Fl -I ») (13 /\T ·::->kidIlCV, livcr>
hcurt. bra in: xkclctal 11111sclc). showing thc highcs: IllRN/\
1c\'C1 in thc thcrmogcuic. I\T P ~l S L' -r ()O r brown udipo «: tissuc
1..+ ,. ~ I·

Thc 1l10St rcccnt mo lcculur gl'llctic studics by De Mcirlr ir
ct al. 12()! in t\VU paticuts Irom Bclgium with /\T PaSl'
dcfi cicncy idcntificd in onc casc thc first mutatio n in
:ITl}!.} (pat icnt h in Tahle 1), which was 11()1l1UZygUlls
T(,C,-;\(J(J misscnsc mutation in exon 3 changillg Trrl),1 to
Arg. No mutution in ATPI I Lind AT/}I ~ was prcscnt in thc

sccond casc . Sirnilarly, \VC wcrc un áhle to Iind any mutation
in othcr cascs that havc hCl'11 analyscd (paticnts II V in -I.iblc

I ). Morco vcr, \VC \VCIT abo lInablc to detcct any dccrca~' in
,·ITP/ / and ATP/] tran scrirts in thcse paticnts that \votlld
illd icatc their dccrcased contcnt. Takcn tOL!.cthcľ, thl' availablc
data Sll !.!U,CSt LlIl involvcll1cnt uf anothcr, vct lInidcntificd

'- '- .
/\TPasl' assl:lTl hly factor. This vie\v Illight also bl' sllpportcd
by the fact th;it thc phcnotypc uf thc paticnt \vith ATIJI '}
rnlltation - n l a ľk l..~d brain atroph y, significantly difTers ťrorn

other patients prl'senting \vith cardiollly opathy (Tahle I) .

7. Biochenlical cha ngcs in nudea r !\ l 'Pa sc dcfects

Prono llTl ced rcdllction uf ATPasc contcnt in paticnt \
tibroh lasts strong ly dcercascd thc synthcs is or ATP, J\[)P

~ l Jt n ll l a tcd n:spiration, and thc dischargc of Illitochondrial
11lcrllbranc potcnt ial \vhieh sho\vcd cvc n high cr stcady state
valucs than thc co ntrol ce lls 1,~ 2 . 2 7 ~ 2x I. f·f o\v e vcľ. cvcn in
cclls \vith 9 0(~';) decrcasc of !\TPasc contcnt, a signitic all t
/\TP produ ction cO llld bl.' scell [2XI. As apparellt froln
inhibitort itrat ion stII cl ics [-l5.~~6 J, incl iv icl IIa1 O-XPHOS
eIIzy1'11ťS o f 111 i tocho IId ri (J I Cll e rgy 111 Ctab o I is111 eaII bc
inhibited to a certa in ťxten t 'vv ithou t noli ceablc redu etion
of the rni toch ondrial couplcd respira tion rate. These thres
hold e ťťc c ts are difťcrcnt for individua l ()XPl..{()S C0 111

plexes anu they alsu di sp lay t iss uť spec ificity. In the case
o f /\ TPasc, SOIlle 1O (~,'Ú o f nornlal activity of thc cnZYl11C \vas
ťound to bc suffieient for 30 .6o(!I() functionality of thc
\vho le rcspi ra10ry chain, dcpending on thc type of tissuc.
This \voul d nlC í.lJ1 that, with rcspec t ofnl itoc hondrial encrgy
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R()S prud uccd (" ce Rl,r [-+qj) , Our dircct mc.tsurcmcut- in
in tuc: fi brobl.i-as frorn patients with :\TPasl' dcficicucy
rcvc alcd pronounccd activ.uion of R() S production that
\\'as prcvcnicd by an uncouplcr (l-'ig . -l ). Intl'rl' ''' tingly. cclls
with .~l TP() mututionx also shovv an altcrcd dischargc nf
~ 'FIl! !~~ :2 . ~()l· Thcreforc. it appcar-: that thc muochondrial
mcm brunc potc ntial is gencral]y incrcascd in borh typc .· uf
/\TP asc dcfccts, irrcspcctivc of whcther thc inncr mitochon
dr ia l mcmb ranc contain s dccrcascd amounts uf no rmal
.:\T Pase co rnp lcxcs or normal contcnt of altcrcd AlPase
co rnplcxcs tha: are unablc to operatc a"i I\TP svnthasc . ln
hoth xitua tions. thcrcforc. up-rcgu lation nf R()S productiou
is to bc ex pcctcd to play a kcy role iII thc parhogcncs is u ť thl'

discasc.

S. Conclusio ns

rn\'0 ]V ť l11 C 11 t o f nul' kar genes i II thc patho gcncsi-, o I

primarv /\ T Pasc dcfccts resulting in severe mitochondrial
~:nc cp ll a lo-ca re! iOlllyopath ies 111ay be rathcr cOl11p]e,\ . \Vhi Ic
S l ' kcti\ 'C ;\TPase dcfí ciency is causecl by a cl y.. ťllnction o ť

F1- "p,-'c ific. l1L1c k ar-cncodecl assel11hl y tJetor(s ), othcr 1111-

'k~ lr t! l ' I1CS arc ]i kc ly to bl' involvcd in transll1issíon and
111~llli fcs t ~ l r i u n o f 111 t [)N;\ tn II tatiotls i11 til c ATP(j ~cnc tha t

Il11 p~ll r tilc tllllctioll of thc !\TPasc pťDtOIl chal1llc1.

,\ r kno\\ Il'dg('nH~nt '
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jL\ new role for the von Hippel-Lindau tumor suppressor protein: stimulation
01' mitochond rial o,'idative phosphorv lation com pJe.' hiogenesis

Eric Her vouet '. .Iocelv ne Demon t ' , Petr Pecina ",
Ale na Voj tixkova ' • .J o~ef HOllst ek 2

• Hclcn e . iimo nnc t 1

and Cather ine ( ;od inot I.J

I C" l1 l rl ' l il' Ci (; l1é tlq llL' \l l )k c l tl a i r l' cl Ccl lu l.u rc , l ' i\ lR ) .~ .; -l.

('l '111r(' i\ al i l ll la ! de Li RL'l'l1c rcl1l ' S Ci L'Illi l i qul' -·--- l i lll\\,T"l ll:

Cl.unk: I-k l'l1ard l k Lyo n I, F ,h () ()~ .2 V i l lc urb.m nc. F r; \I)Cl: al1d : 1 11 ~ l i l l l ll'

u l Pll) , jl)lo~y aIld Ce ntre Ior I lllq~ ral l' d (i l ' l l n l11 i L .... . (\ c; ll k l ll ~ (ll' SCi l 'llCl' '''

(l l i hc (.'lcc l1 Rcpuh l ic . \ ' íl k m h.;í Im·u , 1-l2 ~ () I )r a ~ ll l' , CIC LI1 Rl'pllhl iL'

IT(I \ \ 11 0m 1:1 ) 1'1'(' .pondcncc , ho,t1d hl' addn"'l'd
hl1; lil ' ~ ()di Il I ) I(éi lI Il I V..lvon l .fr

Althollg h mitoc hond r ial defi cicnc v ln ca ncer ha s hccn
dcx cr ihed bv W arbu rg, m any YCiWS ago. th e mechanism x
under lving t his im pu ir ment remain exsc n t ial lv unknown .
:\Iany types oť ca ncer cel ls a re co ncer nc d und, in purt icu 
lu r , clca r cell r enal carci noma (CeRe). ln th is ca nce r, th e
t UI110r Sll pprexso r gene. IIJ-Il~ (vo n Hippel -Linda II factnr l
is invalidated, Previous st ud ies ha ve shuwn th ut th e tra ns
fection of th e VII /., ge ne in IIIIL-de tic ient ce lls origi na ti ng
ťr Olll ce RCs could sllpp ress th eir a hility to ťonn tU lllors
when they wcre injected in to nud e ln ice. H()\vever. var iolls
add it iona l genl"tic a1tl"rations a re ohse rved in suc h canccr
l'l' IIIo,j. In order to investigate \\'he ther VIII.. invalidation \ras
re la ted to the Initochondrial illlpai rl lle nt. '.ve have st lldied
the effects of wild -type Vll l~ t ra nsfec tioll into VI II,
de ficie nt 7X6-0or R( :C IOcells on their oxidativc phosp hory
lalio fl ( ) , ' PH( )S ) sui>unit ťontcnts and ťunctiolls . \Ve show
tha t thl' presence of \vild -type VHL protein (pVHL)
inc re ased rnitochondrial D: rA a nd respiratory chain
protl'in contents and pertnitted the cells to r ely on their
IHiloc hond r ia l ATP prodllction to gr()\v in thl' absence of
glucose. ln parall el to 1l1tDN A increase, thc presenťe

ot' pV HL up r l'gulated th l' Illitochondrial transcription
fac to r A. as sho wn hy \vestern bIot analysis. In conclusion.
in CeRCs. p VI-I L deťiciency is one oť the factors respons
ihle for do\\'n- re gu la ti tl l uf thc hiogcnesis of OXPH()S
cOlnpIexcs.

In t r (><1 ucti () II

Cit-Jr l'('11 re n~d ca rcil1 u ln as ( "'CRC) are thc rnost COll1 ll1 UI1
n:ll~d n l ~tii g n a l1cy ano repre~ent >7(Y!c, uf kio ney ca nce rs.
rl lCSl' cancers arc ch~Jracte ril. cd by bi-allc lic illact ivation of
1hc V()[l I I ippel -L iIldau (VI-IL ) tUl110r Sll pp re"so r gene, locateJ
~l t thc Icve l o f the Chr0 l110S0lne 3 shon ann, at IOC llS 3p25 -26
(1-3 ), vu n l lippel -Lindall pro tein (pVlI L) fornls a conlplex

\ hh rl: \ iat io rls : C( 'RC, ,'kar L'L' II n: ll al l' an:lll ll(l1 .\: COX, Cytol'!l fl) IllC C

\) \ ll h ,,"' , FC('P. l 'arhlll1yl l'y aill lk -l- --lr iflull l"Ol1 icthoA yphcll ylh ydra /,onc : Ill f ,
11 .' Pll\ l.! Ifhlul'l hlc I;IL'lll l : ;1\ [1) 1\ ; \ , 1ll11 11í..'hund rial Df\'i\ : I\ /U' I and I\I{I' ~ :

ll l ll,:k .l r 1\:"111r~llllr~ taclu!' I alld .2 : OXPI IOS. () '\i d ~ l livl' p il o ' p !l o r y lal l ll IL

1>(;( ' [ 1' \' 1'1) \ : '-01 11111' p rllllfL.TalU r :ICII \;lI l ' d rCCI:plll r 'f (PP:\ R -'f! C()~lc tl\' a l nr I :
PI'C P(j('! rcg u lalí.'d 1..'1) a\..·I I\~lf() r I: p V flL. Vl lll fl ippc l..Lin d a u p n>tclll :

: }. \ I , fl\ l l l lL'h l l l l d n .d I r all"LTlplll ll) I delu!" f\ ; r \t1l-Uvl. lL'1ral11c th . ' lrh ()daI111Il l '

r l ! \..' I ll.' i l ' " I l' !.: ', / li .. ()fl I II Pll ' I I. lild~1U g l ' ll C ,

with <cvc r.rl prorc i u x illl'luliill g c!ollg ills C a l1 d H , Cu! 2 ~llH I

Rhx I (ul-«: l'a lk d I{() X I Ul' I lrt I ) (3 ), Th is complcx di s!,1lay s
1:3 ubiq uiun ligasc .ic tiv itv th.u tar gct. thc alph .: subunit ul'
rhc hctcrodim cric tr.m scrip rion f.utor l ll l (hy poxiu-iuduci blc
Lll' to rl for uh iquit invlat iou. 1c~ldillg tu ih rapid pro tca-om al
dc "trul' t io ll (-+L Thrce 11l1111~1I1 III F<\: pro te ins : IIII :I ( ~ , 1111 ;20:
II11 d I I IF-") n IIavc hl.' I..' II lk se rihcd , III tIIc PrcSl'neC o ť oxYgCll , thc
l llFo ch uin-. are pol v-hydrnx vlutcd Oll consc rvcd prolyl and
drgi llyl rcsiduc« by ox ygc n-dc pcndc ut ~ ro lvl ( ) -7) .uu ] urgin yl
1l!:d roxyL~ l' " n·n. Oncc hy d roxvl.ucd. thc l l l l-« pro te ins hind
to thc pVl lL comp lcx to bc uhiquirin vl.u cd (xcc rcvi cw ir:
rc ť. (»). Uulic r IU \ V II XYgc II ctl IILI itiUllS ( hYIIox ia , ische111 id ) •

hvd rox vlu iou i ~ rcduccd alld thc "ta b ili/cd I III:(\, chains accu -. .
IlJ UId tc i11 thl' nul' Icu " w hc rc thl'Y fu rl 11 a co111 IIIc x with tllC

co n vru u t i vc l v cx prcsscd I I I F ~) . Thc l.ut cr c o m p lc x c an ac tiv .uc

thc tru n-cripu on ol' > 40 gl.' IlCS whosc protc in prod ucrs pla l'
cruc ial rolcs ir: cc l lu lar ad.ipt.u ion to a low o xygv n cnv i ro n

mcnt ( 10). It incrcascs thc sv nthcxis nf c rythro po ictin. of vas 
cuLlr elldo the lia! grow th Llctor , 0 1' g lucosl.' t r ~II1 Sp()rt e r 'i alld
g Iyco Iyt ic cnZYlllCS in ordc r to lna iII tai II AT'P prodll c(ion des
pitc thc !o \\: c ffil' ic lll'Y uf an ~lcro b i c I'll ctaholi slll cotllpa rcd
wirll oxidati ve Inculbol isI1 1 ( l l). It also s h i ťt s thc bal allcl'
bc t\vccn pro - alld anti-apo pto lic Llctor'i to prolllotc thcir sllr
vival. ťavors ce ll p ro l iťe r l l t i o n (tulllo r g row tl1 Llctor(\' alld
TCFI3), sti tnula tcs syntl1csis of gencs invo lvcd ill iron rcgula 
tion, ill protcol y"is (Inc ta llu protcinasc )( 12 )(ll' c isc in ac i d- h a~l'

cuntro lling 11 1 C r ~lholi c p ~lt l1\vay 'i (ca rho nil' a t1 hyd r~lsc IX) ( 13 ).
ln ce lls bck j l l ~ wild-type pV I IL, these gc ncs a re cunstitutive ly
cxprc."sl'd and c()ntributc to tU l1 10r p ro l i ťc ra t io ll .

Rcccnt "tudies iII our laboratory ( I ~~ ) ha vc slu >\v n tha t in
CeRes, the l' Xprl'ssion o ť rnost pro fc iII S inv()Ivcd i11 oxitlative
phos phory latiu ll "- C)X Pl lOS ) is strong ly decrcas ed while, in rentl!
uncocytollla, OXPI lOS C0I11p!eX pro tc il1s a re all inc reasc c!
cxccpt those nf cO ťl1 p le x I ( 15 ). S iln ilarly , Cucz va tf o/.
ha ve ",ho\\'n thar in CC RC s as we ll as in canccrs frorn orher
ti'iSllCS, a dccrca seu biocl1c rgetic fun cti on nf Initoch undr ia is
ass oc i'ltccl with 'ln incrcasc d glyco lyt ic rarc in acl'onJancc with
thc \Varhurg hYP(lthcsis ( I ó). Fo r c xanlplc , the ex prcss iotl o l"
thc ~ subllni t of thc núroc!lollllri,d l l ' -A T P syn th'lsc wa s
rounu to be dcpressed ill liver , kidney and co lon carCin0l11aS
( 17 ) or in lun g, brcasr. eso phag lls or sto ln ac h canecrs ( 18 )

\vhile glyc oly tic rna rkers wcrc inc rcJscu . T his biocncrgct ic
d cťic i cn cy was thc highcst in rati e l1 ts with a poor prognos is.
T hc glyco lytic phcnorypc is "vcl l rccogn izcd in nlé.l1l Y cancc r
l'c l!s ( 19,10) blit the tllcl'hal1isnl by whic h In itoch on drial
dc ťi cicnc ies nlay bc rc lated to tllnl0r dcvc loprncnt is pourly
unue rstoou (2 1). It depends on the canee r type , as eareino
gc ncs is in thc livcr invo lvcs a dcp lctio n of thc who lc cc lllllar
tn itoc l1ond rial cOl1 te nt whercas in kidncy and colon carcino
11l as, ()X PHOS subun ils are nl0re specí fically red uced (17 ). As
1l1cntio l1 cJ abo vc , tllc IIp-rcgu lation nf glyc o lyric enzynlcs in
renal c 'lrCinOlll JS is du c to thc \\/cll -doc ulllcnlcd tran sc ript ional
activalio n of g lyc o lyt ic cnzy nlcs hy HI P in Vf lL-dcficic nr cc lls
afte r hinuing of I II F on hypoxia-respon sive e lelnent -; iles
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Results

k ll '!',,' l';1I11 rC in t lh' Pl\ · .... l·nl'l· ol' ~(l n \ 1 T . l R\ !. .. \n;lh ";l ' · \VL' rl' p,'rťlll'll1 l'd ~ l ";

lil' ,'nh, ',1 hCl'lII'L' 111 (32 l.

\ \ (1 / t '/'I1 hl, III!!I'-:

TI lf; ll 1)1'1*' 11 1" ll t' fr l )/l' n t i "; ,"; l ll' ''; o r L'L'II..; \\ ,'r L' l ' .\ l r; ll ·ll.'d in Iy si" b u lťcr : 101111\1
'1r : .... , I !ll .\ 1 I ~U 1':\ . p l l :-; , I 111 \ 1 1).\1SF, .2 ~t~/IIJ1 <L il Ii prnl l' ~I "'; l'''; ( Si ~ nl; l 

.\ ldr i, ·I1 I \ I , . I 111 \ 1 IHlilll 11 v ~ 1I 1;l ILtIl'. I " ; .ho xvchol .uc . .. \ Ik r pror c in qu .uu i
lic.u ion w irh Ih l ' Br;ld t'll rd <1 :-... ~ I Y ( Ir on: Hin Rild l

\ ! ) . d ith ioth rcuo l (0 , 1 \ 1) \\' ~l"

, I d ~ k d ~lI1d thl' 11 11\ \\ ~ I." illl' l lhakd Ior 10 mi n l ll l in' . l.vvis \\ a..; thcn ach icv r d
al 'k r ; l d d i ll ~ ().2I i; T ril ()n.\ 100 .uu l !( !r sns (j' iJlal COIKl' lI l ral io lh ), Pl'lllL'i lls

( I 0-- . ~ () Itg) \\ l: rL' ..;c para k d in a 12..'\ 1:; ;llTy Lll lli ddhisany lll m ide ge l ~ 1l J( 1

ILIIl "k rrl'd lil <I Il il l'l ll'l' l l ll l l )"; ,' IL\ S , ~ l11l'llI br:IIl,: (Sl'l1k il'!l l'f ;lI1d Sdlll<:lII'\I )
tllcll \\as prc -illl'L1h; lkd \\ilh .'i ( /~ ..; ~ i lll I ll il~ ill i\ ~ICI ph ll ~l'hall' huffer. Th,:
1I 1Lmhrl ll lL' \\ a,...; i tll'u h ~lk d !'llr .2 11 ~ I I m011l t, 'll ll'n<LlllrC ",ilh varill LlS pr ill lary
al1 l ih(ldi," ( ~· .\ l' l' p t íllll i -pVIII , tll; ll \V;h i lll' ll hakd Il\'L'rn igh ! :1l -1-"( ') . \\'íl shL'd

flll :r 11I1h:"; \\ ilh hll lll'l' ;\ l i\l\CI- pho,...; phalL' hu f fer l '()111a irli l1~ O. I ('l' T\\\ ','rl 2()).

il1l'llh:ltl'd fl )r I h \\'l th hl)l ·.... l·radi,, 11 1>L'I'o\ ilLt SL' l'll niU~a ll'd íl llti rahh it I ~(;

( H ll ) 1{;ld l \l : l ilO (lOO) (ll' : lll l l - l lI Il II S ~' I ~C ( Bill Rad l \ ! : I I.'()()()} ;llld \\a "lh'd
\\ IIII hllllí.:I" 1\. :\ 1111 ' I , ~ . -+ "Uíl ( I /. ~( )( )()), IIIIt i L'(l rl' I I ( 1/ I () ()()() L aIIt ! in ll! ..; III f il I'

prut"i ll. L lll li -ISP) ( 1/25 O()o ). all li hlld i ,':, \'vl.'rl' prl'p ~Jr(.·d a~ l ksl' rihl:d hy L l' gnh
('/ ol, ( . ~ 3 ) íli:!ai ll..;t thl.' l'() IT"" P() l1di l l~ prl )t ,' irl :' 111 ~lt hL' II)i1 g III l ·Olll pil.' \ I I I (.) -+1 ,

;\ ll t i- A I'l-'a"'; l' "'L1hu ni t () ( 1/5 ()() / \\ ~ lS prcpa l'l:d as lk~n l hcd hy D uhol ( ' I {I I, (J~I .

,0\11 11 adc nllle II Ll cl c llt idc Iran 'Iocalo r . all li ('0 \ I V ( 1/2 ()()()) alld ;lIl ti
1I 11[I)L'1111lHlrlíl l Ira ll~criplilll1 LlClur i\ (T Fí\ \ I) ( I/I ()( )()) \VL' I,\: gL'lle ro ll :' gi fl~

o l' Dr H r~lI ldl )l ill (6), Dr T~'l\lllnllll (37 ) :l ll d Dr 1<I)j o (J~n, rl'~pl' l'ti vel y , :\ !I l i
I: , :\ T Pasc alpha :'lIhll l1it ( Ino OO() \Va..; f[,o/ lI \{o r~llli í\ l lIél i and (;udilll)t

( ~t}J , ~lll d ;l ll li ·p V II '- ( 1/250) fWll1 Ik cl llll D iL'k i lb llll l
\1 ,

III IIJN,-\ (f f{ťlllliji ( '(/fiO Il I /\'illg u 'u/ lilJl€' />( R

rl )li ll D NA was l'X ILlCll'd ll~illg III, : g~ lIo ll 1 il' Dr\ :\ " it l'rull1 Sigll1a-;\ldri l'h ' \ I ,

Tl l lklL'nnit1l, lh c mlIOdl ~1I1d ria l l() !Il1L'kar U I\'A ralil ), thc Sl) N. F I genc pr cscnt

.I .'; , I .... ln~1c co py in L·ai.:li , 'hro ll1o, onll' l) al lek' Il f II1Ic lcar DNA and Ih,' CY'!'U
g,:lll' P IT~L'lll 11I1l'l~ i l l l ' ;l\ ' l l pl' (Ill: 1Il1llti pk IlI tDNA l'npics \\: ~Tl' alllpl ificd lI :,i !lg

pnlm:r~ i ll d ic;l lct! in '1"hll' i . Tllc peR n:aet ion wa~ IX'rfnrmcd i n a RCJl'h c

l.i~h t CYl' k l' ~ l p p a l"a t lls Il"i Il ~ I hL Fasl :-,f~ l rt D N;\ 11l1l ~t cr SYBR Crl'cn "i I
( I{ ochc \tllll1c iml \ 1, Clcrma l1Y), D N A (:2 fl.I ) \Va..; mixc d wi Ih a hu fkr C ( lI 11~ l i n
i ll g 5 111 .\/1 M gC I,:. 0 .2 11 1.\1 d l TPs, 0 .5 IL Vl oj' fOl"w ard all d rc\'c ('~l' pr illlCl' '',
SYBI< grccn [dyl' ~ ltI d O.2~ I I I lot Start '(O(! [) i\' t\ poI Y l11cra~ l' in :\ f in ~d vol ulIll'
l ) ť..:! () ~LI . Thc real· t i l) n ~ wc rl.' p~:['ťt) rnll'd ~ I S ft) ! !m vs: ini l ial Ck n ; l !ll r ~ lt i o n at t)YC
rOl' x mi ll . and -I-S cyclcs al l))';C for I ,) s, 6())C rol' :1 :-; ;lI1d 72 ' C for I () s, Each

n1 '~' d 1I 1\.'lllc nl \va ..; d ()ll ~ four t irn es alld nOľl ll~t1i /.ed in cach l'X pCr i l llenl wi,1l
",-' r i~ 1 , I ll ll l l11l lS o l' a cOlllrnl D NA .... ~ I m pk ,

,\ l ll ll .I I/U,'/ I lIwlYSI .\·

.\/k ;lll~ trolll II1rL'L' Ol' rnn ('L' 111lk l1l'IHk lll ,'xpL'rimCIl! S <lrl' g i vcl1, S t a l i~ til'; d

L'l ll1lpa ri :-;011 h~1 \-\J'l;CI1 d i fkrc ll l el ll,yrne ac t i vi t ies, rnil ochondrial D~A Icvcl s
,lIld n ;;\ \-l cnlltl' nt wa~ pcrfo rm cd hy 0 11(' way al1alysis o l' va ri ance ťollowcd

hy Tukl~ y', P()q hoc corn par i " on ft) r rnul li pk d~lla corn pan.;on~ O l' hy Slu C!c nl 's
pa lrl'd l ·tcst 1'1)1' raired dala . a<.; ~lppro p ria t('. IIsi ng tllc Ins tal3 '1 \ 1 so ftware ,
Stdli sl ie al sig:ll f ícal1l' c w as scl at ' P <,': (LOS . . t P < 0,0 I Ol' , •• P < 0,00 :'),

Slin/ldalioll (~ť nzi((}c!l oJldria/ r eS/JirOlory ('!loin UCl/ Vll/es

(/Il l! ( )XP I-/()S ('a/u/city hy l /'("l.~l(}('l ion (~l "rFi /d-type Vf-l L iJl
VfIL -dllj/cicJl r ce lls

Thc citI'atc "ynt hasc ac tlvl ty , o ťtc n cons iJc rcd as prupoftlonal
to thl' anl()Ul1t oť 1111tochol1dria , has been 1l1easured in V/-IL
Jcficicnt cc lls n I' in cc lls rran sťcctcd with wild -type Vl IL.
r~'igllrc I A sho\vs that thc presen ce of pYJ'IL did not signi
ťicant ly 1110di fy thc ci rI'a te sy nthasc activity.Thc activity Oť COIll 

pkx I I III was detcll l1 inccl by thc ~ucc i n a tc cytoc hr0 l11c C

r', 1/ ./1 11-';' /I {>/I// 1111'(/ \ 111 '( '111( '111 \

\I at erials and Illethoc1s

1 / \ 1 /11 ' '' /IIjllť '\

I l ll l il '! '" rrUlll CC I<C .... ,l ll d th c ir <Idl ~I~\.'J1 1 1101'111;11 rl.·Il~ t1 cor l c ,X were ohllli llcd

tr u lI: p.l l1~ ' ll '" :1l1 I llJc lr ~ r i l( k " \\,er e (h:.lracl l'nLl~d ~ I S de.....crihcd ( 14 ),

(IIRE I prc - ' ll t i 11 t11l' promotcr o t ~e ne- c nco i i I1 g <u c11 ,-'111Ymc ~

( 2() ), Howcvcr, it i s not known whcthcr, and huw. I I I F l'ould
~tl,o in hi hit m irochondriul hio gcl1e i" , Bl'sidc". to our know 
I .duc. I IRE-Iik c . it c- thut miuht iudu cc a <i lcnciuu ,-' tlC l: t O ll

~ ~ ~

I !J c c' '\ II1\ ,'Ss io II () ť OX PI IOS gC 11 c. ' havC II () I h,-' C II idl' II tiťi cd,
111 .uldition to thc \ fIt. mod ilicat ioux. orhcr gCI1,-,ti c alt c ra 

t ion-, (22 -2 5 J, oltcn associ ~ltcd with highcr g r~l de ~ uť tumor-.
11 :1\ 'C hecu obscrv cd in CCRC\ , :\ multi -xtcp procc-« in whi ch
modific .uion s of scvc ra l chromovomc-, cornc into rlay t tl rc.u.h
ťull mul iunancv c h.uuctc rizcs thc-c ee Rl s. Althouuh mito -

'- . '-

ch ond ri.il dcfi cicu cv is nor mu ch 11101T import.int in high th.u:
i 11 I()W tII rno r g r~I cl c CCRC" ( I -+), i t ca11 no t he cxcIIIded that
,Ol)ll' ol" these add it io nul gcnc t ic .rltcrut ion-; miuht hc rC"'I.1oI1S 

ihlc for thc mitochondrial dc ťi cicn c v . 111 thc prcscnt <tudv. wc
11:1\'<: lI-';co CeRC ccll s iniriall v dcvoid ol' activc pVI lL but
Ir~llhľcc tcd wi th cc rop ic wi ld -t vpc VIII . or w ith a void vcctor to

ll'S( thc <pcci fi c influcncc of pVIIL Oll thc cxprcs-.i on uľ

prorcins in vol vcrl in ()XPII(JS , \Vc <how th.u thc prcscuc« of
!)VI IL. known to prc vcnt thc fnrtnation uf tlllnors aťtcr in,Íec
t i() 11 i11 nll J e ln icc ( ~6). "t i 111 II Iatccl t IIc cxprl's~ iu II o ť () XPI I() S
prllteills ;1l1l1 re~to rcd thc cl' ll c~ l p ac i ty to g ro \V in thc ab :--.cn cL'
()ľ ~llll'O"C, th at i s lInJ cr cOll d i t io ll s in whi l'h Initochondr ia are
tlll' c~scntial so url'C uť cncrgy fo r thc cell.

. ",I
( I , 'o ' .... ' , .

( , 1/ ( IIlfllI ť '

{ 'd ! i: f/ I ' I ( 1I'! "; /l I{/{ l! l g ( i ' (l11I Ce H C {J0liť' lll\,

!' \ II I 1l-.lllwnt 7 Sh () L'L'II dOlil'''; 'rall~ l 'c~:lčd c il h,T \Vit h an l'mp ly veL'lol'
I 11'1 11,' f ) I { (' ~ l Ol' \Vlt ll \\lId typl' \'111. (l'I() Ill'~ \VTS ~lIl d \\ 'T U)) (2h l \'-''l_'I'l'

h. 111d l \ 1'/(I \l, k d h) \ V i l l i ;lI l1 K al' I II) ( 1) ~ l n a - Fa rhc r In "t i tute. R() ~l l )Jl. \{ ;\ ),

I) ' I II 1 1 L· ~al l\ '.' ~( 'CIO ce l'" and ~ I chml' "Ia hly tran ..; ťc ct ed with wil d -IYPl'
\ ll! i, ' i l ll k' -;0») \\ ',TL' gl'llLTllUS gll l s ol' 1)1' Kal' l (I.Pl ate (Johanll \V ulfglln g

( ; \1,111 , ' I 11 1\,'1'''11: ,1-'1' ;1111,.1'11 1'1. C;crlIlanYI ( '},71. TI lL' C(' RC l'ellllllL'" ll fl' dnived

I 11 ' 11 Ill :Jl ldll .... p( lr~,d l l' C C I<C" ;lI1d l' pn:..;, Illde l i ve r V HL.

(\'11 \ \, ' 1,' !:-'f'()\\, 1l II I I<P\11 I ()-I-O 1l1úliulI1 v.:ith IO(;~ kl al c li l' ~crll rn al 37 'e
lil '~ ' I ( '( ) dlld rl1Ufl ll l 'l : Il .... l 'd al 70- ~()I I(- l:()lInULlll'l' , For J11Lt ;lho lic ..;tudIL':',

': 1' II Illi ll lhL' r \\ ~I .... L·.... llIll ;llL'd hy cOl jJ) t i n ~ in d lL pre:,c l1L'l' o l' (l.{ )-l- ( /; l 'r )/paJl

i {i " ,- . ll l,l \\ a.... fo l lo""L'd l (Jr 2 --0 d~ I Y" 111 cul l ure lIIediulll con t ~lllling L· it lJn

~ ;2,.1 , ll I ) ~Ill' ·(l"'.: llr 2 g/I (ll' D-gaLI l'l()"';l' , I\'lll'kar IlInrplh)lo~y \\Ií l~ , ls~~:~ .... l'd
l il I , ' "'lhPl ' lI l k d cL l h "; 1~ I I J1L' d L'il/h,:r w ltlJ IhleL'h ,"1 llJld ťi .\l' d \vil h Y1r ťt l rm ~li 

, k ll ~, l l.· I II' \\ l lh .1l'l'l dll lL· II rllII gL' ~ 1I )( 1 L' lhi dl ll l ll hmll1 idc dS dc-.:crihcd hy (;hl'lli

.\>~, ' í l ,- ,) 1. llrn ; Jl: l i l \J r '-'I..' lh \. /.1 nl l';I"U 1",' \ ! JI ;(),-C ln K 11 1edlurn ( '() lll .\'f
K( ' I I jl 111 .\ 1 I·r l'-. lIel pH '7 -L. 111 .\ 1 vt gel ,> I 111 \ 1 EUT A . :-' m.\'{ K I I ~PO ) as
,k .... , l lh·, 1 11l (32 ) U:-"' l Il~ Lll11gh re .... O! 1l110 1l () ROI~() I~()S I"'I \lxygr~lpll ,

( ' I"1' )/ /IIUi'u ltl ('/l'Il ' 111/,,1\'\1 \ ul 111/1(1( I' ()I /(Irw l lIIell lhru}/c jl()f( Jtll iu/

j ) (I :1 .. , 1(( l L'1 1 \\-,:rl' d ll llLd 1\) I mg. pI'lJLL'i ll / m l i ll K mcd i ullI and IIH.'11

I 'L' ll l lL· ,II)lI l l.L'l.l " l l h 0 .1 ll l g 1l1g ll l ll ll n/ l l1g ťl t pl'll lci n for 15 mi ll JI roll11l

\1..' 11, t l,' I II , l l r:ll l ' " :J11I1a:-"'L' ( 29) ,mL! :-"'UL L' lnat c Ly! ()chro ll1l' (' rl'dllc taSl' (3ln
I\ ·:rl. , k h.: r I11 1 Jl ~.' d I II (L·l l .... ";pL II ~ jo w ll Lll 20() .l: 1'\)1" 5 111111. frl) /,cn al ~O · C.
I I I :I\\I.,' , ! ,Hh l lJollll JgL'1 11 /,, 'd in i\. aC I. phospfla lc !llcdiu llI ( 1.5-1- J11 ~'1 KII .~P() ....

II I ~ \1 , ;1(' 1. .2 7 111 \'1 l a~ I I P().~ 7 / I ~O , p l l 7.4) , ,'\ T P;ISl' aCllv ily 'vva ..... lk' tL'I'

111: 1I,' d "' I)l'~ lr( )phdll)f11L' l n l~ll l) IJ) <lil :\ T P r~:gclll:ral iJlg 'y "'ICII1 a.'; dc\crih l~d

P ľl \ !l l!. .... ' . \ ') I I ,\ hll UI 5 ' 10" trl ,/,cll n' ll \Vne pel"lIl cahil il.l:d hy i ll L'llhall Ol1
l I l(' III m ill l il I lili l l' I.: -l' ll ld II1l'd lUl lI i) (0, 25 \ '{ "ULTOSC. 20 111\'t TfI~ - HCL

p l l .., .~, . ..H l 111.\'l KCI. 2 m!\l L::CT..\ . I mg hovi nl ' S~_TLJm albumin/ml) 10 wh ich
(IO!' , , 1t ~1 1 1 ) 1l 1 11 and I ()( / ~ Per co ll l

\ ! \h'rl' ~ l dd c d: cel l .... \VL'rl' "PUIl dOWIl at

~~('(l..: 11) 1' 5 111 : 1I, \a" lh 'd l il I II1 l nh: dlLl Ill D and .... IHUl ag~lin al 6000 t: for 5 ml/1.
I l.L 1:11.1; pl..'II-..· ( \ d ~ hll 1l10gc Il l l.cd i ll SO p.l 1)1' ll1l' dl Ll II1 D. ThL Ill llOl'h()lldnal
\ I f)d-'" dL': l \ 11.\' " ~l :-'" l'~I1L ld a tL'( 1 a.... t h ' dilkreJllT hL'twccn thc rat e~ I11casLll'ed

Jh' I , JI\' dlld ~ lÍ l l' í .ldd!l tu l l (IÍ i p.g. n l lg omyc l ll <Lnd:2 11,'\/1 aurovL'rl ll1.
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Fig.2 . l ncrcu«. in ()'\ygl'l l co u-aun ptio u l'a paL'i t ~ in / ~ (l ' () lT I I" Ir:lll ..; k cl l 'd

\\ Ilh \ '11 1.. CL'II\ " l'ľl' PI..'rJllL.'d hi li/i.'d wi rh d i~i tu ni ll (0 ,1 1I1~ / I I1t! pro tci u í and

II : ~C nl'( l lh ll ll l p l i ll n ( p l\1 () I /"/J ll ~ p ro rc i n : \\ as m un i torc .] ~ Irl ' I' \lll'lTSsi\l'

.ukl i t ion-, \1 1' "lI!ls l r ;ltl''' :tild iuh ihitor-. nI' l itl' mit.uhondri u! rl':, pi r,l tll ry ch.un
( JO 1\1 \ 1 pvruva rr ,~ I 11 \ l mal.nr . I 111 \ 1 ;\/)(1, 10 111 .\'1 succin.uc. 10 ~1.\'1

11I it!lllllY l 'ill. I ~..L .\ 1 1.'('( ·P. I ~ ..L.\1 .uu imv ci n /\, ,) /11 \ 1 :l :'l' llrhall' , " O() p..\'1
1'\1 PD. ) ()() fJ- \ 1 1\. (' 1\ 1. lhc ~r; l p ll ..;1l11\\ s 111C;1Il vuluc : + SD Irom rour
l:.\p~,Tinll.'Il IS lll' pyruvurc . 11l ;1I :t tl' i "lI ITi ll; lll' o x id.ui on sti lllll l; l h.'d hy
(\ D Jl ( "Lili.' -' ;\ 1) p) O l' FCCP (SLil i.' 3 111-'('(' 1' ) .un l I\.C N ' '' i.'II:-- it i \'l'

~ N' I H' h; l lL' T \ IP I) o vid.u ion t e ( )\: ) o r 1l1hi h i lL'd hy oli~orl1Yl'ill i n parl'II L iI

7:-: h·() l 'L'I I" t \\'1111(' hll \L.' \ I ~ l ll d \\ ''1' . Ir~1I1" rL'l'kd \ \ ilh w il. l - tv pc V I II. cc ll -.

(hh d " hll l''' ),

pe r In illigLllll o f pro tc in in Vf-IL-deliL'icll t 7:\6 -0 cc l l« ( rucan (l f
niuc a s s ~I Y s l:: SEivn č.lnd of 0.165 -... O.()Ot) ( I,:) (l..; say s) for cc lls
t ran s ťc crcd with t 'IIL (WT- ~ ) . Th c pcrccn ragc o ť A'lPasc .ic: iv..
itl' tha: w. rs sc usinvc to aurovcrtin bu t inscnsitivc to oli go 
11 1yc in d id not app eal' to hl' mod i ficd hy thl' presence uf pY IIL .

Latk (~ľ (~II(/( 'I (~ľ Vl i l , Ir( lIl.~/('(' liu ll Oll thc tni tochondrial
mcmbrun« l)o(eJl l io/ o] VI IL -dej/cic JlI cel ls

\ ' I IL-dcťicicll t 7S6-0 cc ll x (PRC3 or 7l:' 6-0 parcutal ) and ce lls
tr.msfcc tcd wirl: Vl I L ( \VT~, \\/'1'10 ) wc re pc rmea bili zcd and
trca tcd wi th dtf'ťt' ren t co nccn rr.uion s of d ig ironin (O- O. ) nlg/ Ing
nf protci n) to opii m i:«: (hl' ce ll pcrrncubi l izat ion coud i tions, as
rcstcd wi rh propid ium iodidc fluo rescen ce and T MRl\!l stainillg
with F;;\CS. A l'Oln plctc pcn nca bilization was obtaincd with
0.1 111g digitonin/n1g uf protc in that gavc a n1axi,n al TMR íVl
\ignal (not shnwn) . Sinntltanco llsly to thc 111e,lSUrC1l1Cl1 t
ol' Tivl Rrvl fluorescence , rv1i tl..>T racker Grccn (Molecular
Probes T\ " ) tlu orescel1cc was deternlin ed . T he lalter fluor
C ,' CC llC C is co nsicle red as prop ortion al to thc arnount of lll ito-·
c l1 undria, independe l1 tly ol" thc lnl'lnbranc potcntial. In Ihis
way, the rnell1bran e pote ntial co ulí! be nornla lizcd to the
anlount oť nliloc hon e! ria in cac h ce ll line . T hc nornl a li/cd
intensi tie\ nf TrvtRM fluorescence \vcrc not s ignifican tly IIiť

ťe rent in Vf-IL-dctícicn t 7~6 -0 ce lls and in cc lls cx prcssing
wild -type pV I l L . 111 llll cases, thc hig h TMRrvl fluo rescence
ubscrvcd in state 4 was col lapscJ afte r FCep add ition and was
decrca",ed afte ľ ADP addi tion (fhc Af)P dcc reasc was pre
ventcd by oligornycin , au ruvcrtin Oľ atracty los idc, data not
shl..)\vn) sin1ilarly for all type~ of ce lls , Thi s ind icated that tllc
nlitocholldria prcsent in Vf-IL-dcticicnt ccl ls wc rc ablc to l11 ain
lain a tTlell1branc poten tiaJ sirni lar to lhat of ce lls ex prcss ing
'vvild -type pV I l L .

Illcrcosc in ()XPf-/()S fJro feil1 co n[cJl ls hy lnll l.~fc(' fi()n o/VI I I.,
in VfIL-dl:licicllf cells

To tal protcins we re extractcd fror11 VI-IL-dc ťic ie n t ( 7 ~6 -0

parcntal, PR 3) and VffL- tran \ťcctcd ce Jls (WT8 . WT IO)

533

WT10WT8PRC3

**

A 0,2,....
c

Q) (1)
(/)

....,
~

o
1-.c o,.....

c O>
~ E 0 .1(/)

a>~..... c
~
"- E+J

U O
E
::J..

0 .0
786-0

B
30

u ....
(1)

,
,.... e
t: a>o -.tJ

\... o
..c Cl> '- 20u CI> C-
O co Ol....., ~

E~u
U ::J

~

(1) "'0 'e
+ol a> 10~ ~ Ec
u Ou E::J

(j) C

O

hg. I. I:tkl' l tl ľ \\il d - lypc \ /11 . Iran"kcti nll into \HI . -dcť i l· Í l'1l1 ('eR C
LL'II , \111 mi tocho nd rt.rl cnzy mc uc t i v it ir« . Cilr~llL' \ y"t!Ja,'L' ( r\) alld
-u: ('ll ld!l.:' L'~ tochroruc (' rL'dl lcla SL' ( B) aCl i v il iL'S \VL.Tl' mcuxurc.I in I\V\l

llll kl'l' 1l 1 p; ll't' n l; 1! C('RC cc ll l inc« 1 7~h -() nnd RCCIO ) and in thc ";; lllh: cl: l ls

11,111 rl :l 'll'd w uh wrld type \1/1. ( \ VT X. \ VTI O alld ."J) Ol' wuh ;111 cmpty
\ ,'I lm ( PI{ C31. Tlll ' dala are ~I ve n as I11L' al1 : SI) Sig ni lican t d i íí 'crcucc-,

Ill' l \\l' L'11 \ /11. Ik ficil' ll l cc l l-, ;Ind cc ll-. lranskctí.:d with VII I, are markcd wi th
(. 11 .... " / ) o'. (J.() I ( I II/ 'c l : lu ' 1\ , ' '\ pl' ri tll l ' l1h) ,

r ' d ll l'l ~l\t' .ict ivuy til ~lt coule! be supp ressed by malo n.ue Ol'

h: d ll t i111 Yc 111 A (Fig Ure l B) . It wa s - 2-fo Icl higher i11 VI IL
tr~lľl \ "cc t ed ( \VTS alld W'T' 10) cells tha n in pan:ntal 786-0 cclls
tl]' ill PRCJ cl' lb lral1sfcctcd with a voi d vťc tor . Sin1i lar results
\\ ' rl' ob er vcd wl1cn ReC I O-53 cclls transťcctcd with VliL
\\\ .' rl' L'O lllparcd with \ 'f l L-dcfic icnt Rce I () parental ce lis.

Tt) c valuarL' the ovcrall ()XPJ 1()S capacity nf 7R6-0 cell..,
tLUI I'ectl'd Ol' !lot with wild -type Vf /L , tlleir rate of OX ygl'll
C' Ulh Ul1 1ption 'vva... 11 1unitorco arter cell pcrnH:~abili l.ation \vitl1
(l ,1 111g dig itonin/rng of protcil1 in the prc'lcncc of sub~trat c ...,

~ l l l d il1ll ihi tors uf ()XPHOS (Figure 2 ) , Althuugh in cach
l ' , Pl' riI nL' nL thL' rc \VJ S ;l tcndc ncy for LIp-rcgularion in thc rale'!
\ l ť pyruv;l tc -,-- 111al atc and ~ lIcc i n a tc oxiJation [average incrcas c
() ť ~ I ) (.Ir i 11 t hL' prc ...el1cc nf A DP alld nf I I G/(; iII thc presence [) ť
~: a r bu I1Y t l'ya nidc -+ .. tliť1uurOll1~tl1o / ' yphenyl hydraLonc (FCCP)I,
~ lI1 d uf cy a ni d e -s ť l1 s i l i v l' o.xid~ltion uf ascorbate + N,/V .N1,/'l 
tL'(r ~ll1 h: (hyl -/)- p h c ny kn cJi a n 1i l1 e r r lv1PD), rcťkcting thc cyto
", h r< >I l1C ( ' () , idasl: ( C () X) act ivit y. thc diffcrcnces wcrc nut
..,utbtl , ~t1l y ... igllificanr bcc a u ~ť re lat ivel y large ariations ill
u ) ~l'11 CUl1 '-.Ul11p tiull rJtcs \ven: ob~el\! l'd ťrolll une ťxpcrilll cllt

(( ) tlll' uther.
Tbc ATPa\L' ~ ll'tl v it v , ...ensitive to n!i}20In Vcin that inhihitsJ .... .I

t)J liy (/ lc~ \\ hu k F()-F I cU ln plex, and to í.lurovertil1 kI10WIl

tu I l1h l b ll a\ \\ ell F()--F , cDln p!cx as ťree Fl nr Fl not fully
J'-."l'lllhlcd \Vlth all other Fl) sllbu l1i ts was ~ilnilar ill 78f)-Oce ll ~

k,' lli ,I o ť \ /-/ L () I l r~l llsfl'C tť li with \ 1-/L. Th i~ Jcr ivity was
\) 1 (J . i hó ..:- 0.0 Itj fJ-.I11o i nf T P hydrul yzed pcr ITllnutc al1d
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Fig. J. IlllTC;I'-.l' i II ( ) \ PI I<>S pro tc in l'() nlc ll h in 7 ~ h · () l'l' II <.; I ľ :lll :,;fl' l'h.'d wi l il \ III .. \\\' ~ l lTIl hlo t :l ll aly -;i..; 1'1' 0.'\ 1)1 /()S <uhun :h :ll ld o! 11 V I II . i 11 7 ~ h () p.uvu tn] .
7:-'h il 1)1\( '.'1, 7:-i h -()· \VT~ .un l 7Sh ().. \VTI() ce l l s. IllCľca~ing "lJlHHII1 I .<'; ( 1()·- ,'1 () p.t. ) ul' I'r\lk ill ~ wcrc Ll '-.c d hl l'<.; l l lll" IIC th,: pnl!1()rl ioll č tllt y hcrwccn č ll l l i hod )

" l .:.~ 11,11 . i nd pn ll l ' lll :1111\ 111 111'-. . :\ lili h(l<! ic tl i rCl ' led at.lI i Ils1 complc x I V -u huII ih : ('ox II (1111 Ul\.1\ c lll'ot!ed) 1I11t! Ctl \ IV (II Ul' leči !' (lr it. i ll ) , lI t. č\ i ll ,! l' o l ll pk.\ III <.; 1I hu nit-..
, \\/ ' l l. I \ I ' .uid I .; k 1) ,,1 \\ hich are aII nuck-ar -cncodcd . :1t.,1iIhl complcx V : :\ T Pase Fl :dpila <ul-uni t (nucl cur Ol"l t. ill J. XľPa<';l' -ó ( 111 11) 1\ : \ CIH'()l k:d)

, 1I1. l p\ III \\ l' I\' lhet! .

.md \\ " tl' rll b iot ~ l ll a l y s i ~ \\'a,-; pcrformcd ll si ng antibodics spc 
\,.'1( h..' to r pV II L ~ \I 1 d for () X PI I() S com IIlcx subun its. Incrcas i Ilg

p r tl kl l l ~ 1I 11 (1 11 1l l. ( I 0-3() ~g) wcre usel! in cach experiment to

,.'" t I111.1(C (IH.' prop()rt i()naIi ty hl' twcen thc S ig II aI ancl thc an Io Un t
I) { 11ru tl' i ll Ior ' ac h tcvtcd anribody. Aťter tra nsfer. thc mcm 
h Lllll' " \\ c rc stai ncd wirh PUIl CC:lU Rcd to veriťy that xirni lur
PI\l ll' l ll .I I1IU U l l t S we re presenr lor eac h cell type . In Figuro 3,
II í,.' .... 1~1l ~t1 oh"C IV'L' d with thc uuti -pv l lL antibody coufirmcd
Ill d! p V I IL was onl y prcscnt in \ ''l-IL-transťected ccl!s . Staining
l)l1 l , tlli l'd \\ Jtll .uuib: íic-; ~1~ a l llS t complex I I I subuuit-, (corc l l,
I ) . ,f ~ n~ l .III i i ron -u lťur pro tein r, com plcx IV subunits (CO X
II .... uhu rut cucodcd by m irochondrial DNA und CJ)X IV sub
lilii t \.' Ill.'\ H,led hy II Ul' lcar DNA ) and cornpl cx Y (F() -A'TPusc ()
ul» lit uf mitochond ri al o rigin) was much strongcr in eell s

tI ' , 1I1 ťcetl' Li with \ 'l IL than in \'lIL -dcťi ci cnt cclls . This wus
p.uuc ul.ul y \trikil1g whcn anti bodics ugain st thc }3.4 kDa
compl cx III <ubuni t O l' ~lg ail1s t thc cytochromc C ox idasc sLlb
un rt IV wcre u-cd . Th e .mn -A'TPase o subunir wa s the only

\.' L q .H lU rl hl rh i: rule : nu ~ig niťic an t diffcrence bcrwccn cc lls
\.. .p rl' , \ i n ~ pVI ll. and cc lls dc fic icnt in pVIIL cou lu bc
I I h"l' rvL' tl \\ I t h thi ~ II n t ibud v .

II \\ d , 'h 'l' ~c d th~ tr re"piratu ry ( hai ll sub unit cUl1 te l1b that
L1\' l(l\\l'r i ll 7(' () - I ) ccll" thall ill Vf-IL - t ra n s ťcc tcu cťll ~, were

.l i .... u l.k- pletl'd 111 tUl1l0r ",-lI n plc\ as cOlnpared with theil" l1 0fln al
, t< IJ l l'i: I1t r l.· Il~t1 1 h ~ u c and lhal tilť re fo n.~, lhi s depl et ion Wi.1S not
II l ll ll l.' d to thc 7( 6 -() tllrnor cell line. Tota l protci n..; u ť CeRe
(l l lldl ".tr lqJk dl1d u f ll OrI ll ltl adj acent tiS ,'l C~ Wl' rc c , tra ct cd
,trld \\ l · .... tl·111 hlut al1 aly~i~ \v a s pCIi"nfll1l'd with anriboJi es
dl rc"IL'd :lg ai lh t diťťc rel1 t ~uhl.lll its of rl'sp irarory chain C0 I11

plL' ·c \ . alld llgailbt pV I IL. lil ag reell 1ent with thc abov ť

1\: .... lIlt . II '-.trollg llc c rc a \ť 111 (J XPI IO S cOlllplex co ntents nf
( ' ( ' })(' (Ul ll ()r "alllpk" \\ a~ ub "crvcd (Figurl' 4 ). Su bul1i ts uf

Grade II II IV

~~~
Core II

13.4 KDa

Cox II

Cox IV

A NT

............,.
. ..,,:.; " ::,:.

VHL

Fig, 4, Dccrc:l.'>ed allll )unl s nf OXPIIOS prnl cin s in Ce Re IIlJllnr ~ a ll1 p ks as

,,' \)Ill parcd \v i th normal adjacclll kidl H:) . \V cslLrIl hlot al1aly sls was pcr"ormcd
.\." ln Figu rl' ~. lIs l ng 20 !-Lg o,. prolc i ll .... rro lll lumor t i -.; SllC.... tT ) Ol' frolll Ihe ir
Iln l'll!al adj,lľl'nt c()untcrpart ( i\ ) "rl lll1 1!lC' -; amc kidnc y . C allec r gradcs II
()r I V \-vne dct LTlllinL'd :Iccordillg tn lhc h ll m n an ' s c1a<.; si fi eat ion (40) .
A I~ li hndi l's against rc<.;p iraiory chai n co m plc x sll hunih are Ilamcc! as

dcsnitx:d " ' Ihc k gcmllo Fi gure 3. A NT rl'prL' sL'Jl IS lhc adeninc nllclcolic!c
l ran .... ll l 'al or.

ub iqllinol -cytochronlC c rcdllcti.L~e (eore Ir and 13.4 kDa sub
units ) and oť cy toehro lne C oxidasc (subu nit II and subullit IV)
were barely Jetectable in turnors as con1parcd with nornlal
adja ccn t tissues . In addition, all threc CeR sanlp/es tcsted
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p ~ l rt i ~ lI ( ) \: PI I( )S lkťil'il' l l( Y. gru \\·th iru pai nuc nt h a ť hel' l l
rC!lorll'd whcn thc l' c l l:-; \\'l'rl' inc ub.uc d in a medium cont.uu 
i llg ~; t1 al' t() "L' in pla CL' uf g l lll'USl' (_ S.-l2, -l 3). Ci ~l! :I C tu ,l' i ~

IIo t c Ili l ' il' II t l) ut i I i/ Cd hY 111 a11 11 11;tl i ~ lil l ' c IIs a" ~ I gIYl'U IYt il' "ll h
<tr.uc .uu: thc l' cc l l - ~ l l\' ť()ľ l' l' d l l) rc lx a lInU\l c xcl u-i vc lv U ll- .
( )\: PII ()S ťor .' \ T P produ cr ion ( ~ l 3 ). \'111- dcfi cicnt ( 7S(1-()

1 ) ~lrl'I II ~t1 ) .uul \ 'I1f , -lr ~IIl,,;fl' l,t l'd ( \VTS) l 'l 'l h SL'l'lk d .u
1.':; y 1()\ c l' lls/disll (-H) 111111) \\' C rl' l'ul tUl l'd i 11 D 1\1F l\ 1sUIIPk 
Illl' ll ll' d witl: SVF ( I oe; ) ~ l l1 d c ithcr 1) ·g l llcusC ur !) - g~lI~ I Ctu ~l'

( 1- ) g/ !). Prc lim iuarv cxpc rimc uts ,,!lu\\ 'l'd ih.u uptim nl g,n )\\·t l1
ra tc w ;t .' ub .CrvL' II \\'ll L' II t I1l' "llga I' Co II ľCll tl'a t io II \\' ~ I S a t k a -, t
_ !2/1. Fiuurc () /\ cU ll q la IL' ~ th c gn l\\·t ll c urvc s uf \ '11l . -(kti ľ i cIlI

7S6-() Cl' \Is or 7~ ()-() Cl' lL ' t I'aII stcCtcII \V i t 11 w i III- typc \ 'IIL
i II ln cd ia ľo 11 U iII in g I'YI' II vatc ~ 111d cit IIc r g,lucusl ' u r gaIac toSl ' .
Bot II \ 11L-l k ťi cic 11 t Cl ' \I" anII Cl' IIstrans f l' ctl' d \\' itII \ 'IIL
c xh ihitcd an c xpon cntial !2 ru \\ 'th in thc presenc e oť g l llc ()sC
ťo r -l-·6 lI~ IYs unt i l ccl l-. w crc c o n ťl u c n t . Ilu\\T VLT. in gl ll coSl ' 
cout.u ning me dium . thc \IIL-d l'ti <: il'llt ce l l : gn: \v at a slo\\' l'r
rak' (i lli ti; l! d () lIh l i ll~ t illl l' nť 2S !l l tll ~1I1 th c (c l ls trall,tl' l.'ll'd
'v i tII \ 'IIL ( i II it ia I do uhl i11 g t i Ill l ' o ť ll) ll ). 111 l'o II t ras t. i II g I lil' ()Sl' 

dep Ictcd gaI~ ICtoSL' - l' oI1t~ I i II i19 Incdilil n • thL' \ 1-1 L-dc til' il' lil
7X6-ťl ľcll~ f ai lcd to d iv iLil' , Th l' cl' l ls l' xprcss i llg pVIIL
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in thi -, c xpc rimcnt wcrc l kťicil'llt ťor pVl ll . lnu l'lll1l~\il1l'd

<imil ur .un o uni-, of adenine nu c lcot id c tr.m-.locator . lt 'dll)uld
hl' no tcd that thc diffcn:lll'c~ in thc .uuou ut - l)ť ()\:PI [()S
pro tc in , hct wccn normul .md tumor ti""Ul':-; \\'L'rl' more !'!"l) 
nounccd th~111 tho : c ()h\l'l'\ 'l'd bcrwccn 7Sh -O cc ll - l'\prl' ""ill~

p\'I IL vc r-u - nul! (C\nnp~lr' Figurc \ 3 .uul -+1 . l lowcvv r. thc
protcin ;II1HHllll dctl'l'll'd hy \\ 'l'"k'rn hlot houkl no : hl ' 1... 011 ·

<idcrcd ;1:-; tl prcci:.c qu.un ifiration bcc.iu«: thc :-.ig nal i ll k' ll\i ty

i" on lv proportional to thc .uuount uf pro rc ins i ll tl rcvtr icrcd
Llngc .uid thc rcxpiratorv ch. nn ubun it ~ 111 1<H l ll t ·..; rc maiu uu; in

thc tumor are probahlv Ik'lo\\' thc rcspcct ivc .uuibody dc tcct ion
Ii11 1i ts .

('(//'(/{ ' /f\ ' (Jl Vf ll , -d(~/i' c il'llr cell.\' (u rel." (Jil ATP /)/D\ 'idcd hy
() \ '!) / /( ).\ jo l' (!Jt'i,. ~ n J\ \ '( / 1

.\ t II cl Il':-- [ll ~ llk by Sl C i Il\X' rg Cf (/1. (4 I) havc c lL' aI' ly \ ho \Vn

th,ll ~ Iyľ () IY I I ~ a C t i vat l ' d iII CeRCs , T hl' II II C s t io II wa s r a i "i Ccl
1(1 KIH)" \\ hl·thc r tlt c ()XPI IC)S dl' tivi ty rC lnaining ill VI I/ ,
deťl 'll'1l 1 7 S ()- () cell ... \V;\s c ťť i c i c n t cllulIgh to "LJsLlin ccll
gro Vl il ,llld "' ll r v l v~d. lil prc v iou ... "itlldic\ using c l~ lI "i c xh ib i t i ll g

lil ('r(,IIS( • i II III ( I)N. \ lL ,\'('I hv \ III. r,.II ll. \I()('(i() II {/I

\ 1 11 , -d(~/i c;('II( ('('lis

111 CCRCs. thc dccrca-c in ()XPI IC)S activuic-, i . coucomitunt

10 ~I dccrcu:«: illlntJ);\ :\ contcnt ( I-+l. W c thcrctorc dctcrmiucd

thc l~llcct ol' \ 'l IL tran\ťl'ctioll Oll thc ~ 1I11()Ullt of In tDN;\ tl)
" II () \ \ \V IIctil cr a 11 i nc rl' tl "c i II l n tD i 'A c()ul d hl' C( )l T l ' Itl tc Li t II

( ) \: PI I() S "t iIllu l ;t t io n by p V II L o hSl.'rv l' d ;Ih()Vl' hy ()xy p () LIr () 

g raphy . h:v' l'l1ly n l: ltlc ;lllalys is o r hy v/ cstcrll biot. Tota l DNA
\\,; 1 t,' · trad l 'd ťroln 7 ~ (1- () parclltal cc ll " Ol' cl'l ls trallsťcc tl'd

\\ i t 11 ~ 1 1 1 CIII Pty\' l' Cl() r (PRC-' ) (l r w i t h a Vl'C tnr c \ IIrL' ss i 11 g \V i Ici
t}pc pVl lL ( \VT~ ;lIld \VT I ()) in ()nkrt() qu a n t i ťy Int D I ;\ hy
rL' ~ll tillle peR . J ' lIc le ar or Initoclloll dr ia l Dl ' A was anlp lificd
lil t!l l' pn:\clll'l' ()f p rinlcr~ dcsigncd for Sl/RF I Ol' c"yr8 gCllcs.
l\' \ pl' l, t i vl' ly (Figllrl')). 'f bc ratio bc t\vcc ll ln i tocllond li al DNA
,l ll d llll clc ~lr D \fA \cvl'l" ~Ippcarcd ab o ll t t \VU tinlcs h ig ll c r
III cell. Irdll~ťc CtL'd \vith VI-lL (WTX or \VTI O) thall ill \'I IL
lkfil'l ' l l t cl' ll ' (7X6- () parl'ntal cc lls or PR CJ L'clls) . Silllil~lr

1I.IL I \\ ' TL' ohLlillcJ ,\/l1cll c()lnpa ri ng \:/-IL-dcticicnt Re C I()
l 'l'll " t( l tilc I~('CI()-53l'cll"i transfcLtL' ci witll VlI l. .
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h g. 5. IIh.rl · ~ l:-.l · l i l 1l1lIY\ ,\ /llul!L'ar D :'\ l il 7S6 II c lls tra ll:-.ťcClcd Lvi th

\L. d I>Pl' \ l/i .. rbl' ľ ~ 1 1 1U:-- IllIUf\t\/ll lll'k;lr1)r\ ,\ V\l'rl' l' Slllll:ll l' d 11Slll~ 1\:,11

:llll l.· 1'( '1-<. I hl.' ,IIIlIHllll llt d í111{(1l 11l 1lh l n : t! );l'lll: ( l' YII H: h J"l Hl1l: h) , \vhlch i
I" ........ Il! dl llll t1l :pk '.'l l l ' l l· p l' l l .: l l dlld 111..11n f .. IlUl k argl'llc (~ { IU I I p rC:--l: 1l1

dl li li. I ll .... U p l l· pl'l' l'l'I!. \ \1.'1' ....' /llI.." I:--L rl'd Illl' d~lla arc giVl..'1l ,IS , I IllC<l1l l)1
f ,\ , ,lllkpl.·fll1L'111 ,klcrrlllll~I(lllll 'SI) Slglllfi, ·.t ll l d ilkrl'Ill.'C'-. hl'l\.\l'C11

\ II I l k ll l : l.' l l l u :1 " .uhll·c l l .... l ra ll '-. ľ, · C !l' d L\!lll \ 'fIl . .trl' m, l/tl'l.! "dlll
'(,I I .... ' Jl (j.( 10....

Fig. 6. Cirowl h eurVl' 1) 1' \'1/1,··dc fi c icn! 7l-\6·0 ecl ls Dr 7Xó-Occ II s transfccl cd

' ''.'llh ~· /l I . ln mcd ium cOll l ai ll ing c i l hc r g lucose (sq uarc symhol 'i ) nr galacln'i c
ť t nang lL's) . (A) Cul l urc m edium v.:ilh 4.) 111M sodi urll pyrllv<ll c : \11/1,
( k ťici c ll t 7S6 () par clltal cl' l lš (g. ray dashcd l ine'i ) O l' VI II,-trall skclcd \VT X
c 'I I.' (hbc \.-. II IlC~) we rc "l 'l'del! dl 1) .< I () i cd ls/.+()-m l11 dial11ctcr dišh alld
" ul l urcl.! II ) J)~lF i\:1 supp l ' m l' Il ICd \'/i t l1 11 111 .\11 gluc()sc (h lac \.-. linc") nr
~ a l, l et()", l' (das hcd lineš). ( B) id i ll n t/ l ure medium wil!l oUI pyrll vat c . Eatll
POill 1 I" thc m l'an l ) ť tlm..' l' 10 ntlle detnm inarionš I SEM .



L.HcnolJl't ('( lil.

I, ig . 7. II illlll:IKl: l)l' PVlil (11) "1 F/\ ~ l PľOtC ll l L' xprCSSII)fl . T hL' IT !\ :vl prn tc in
,111 'llIiil! I~ r\..' ,,:nf llll..·l.'llll m ':-, \. ~ ,' p ll''' '' l ll g pVl lL ( \VT X .trHi \VT I () ).

III , k t k l L l t ( f 7~; () (J,I)r Ir .lIl" k c Il'l! \.\l l h dll L lll p l ) VL'Clll r ( P R C ~) and i n

\l .II, \ >I \ I I \)1' dl Ilh.'! r ,ldl .l lL'fl l rlO rJll .1I 1<. 111 111..' ) ( 1\ ) \" ~l. 1l1l .IIYIL'd hy \\L', lcrn

1) ,\ 'I . dl"~ r lh l'd 111 Fi~lln' ~ . I ...; m g I () nI' 2(l p.g pnlk'lI1 !()<ld s l il l hl..' gel

,I, ' l l ( )I ) l l l l1" h .If1 d ~ l l 1 1 1 [} ' , \ \1 .11l1I hl hl y . rhc ' lgnal l )hulll1 \.'d Ul1 l hc \h 'SIL'm

!)I I'1 r 1l1l1 \\ •.1.... ~~1fl!h:d .uld ljll .l 11l:11Cd "" l l h l ll l~ Il llagl..' ()U<l rl l .... 1)f l ..A:a n.~ I\I .

I I II ' I ' lil') I'L' ( \ \ L ' 1..' II l il I..' "'1g. II d l ! Ilk'n'" 1(y ()hsc n L'd I rl I IIc , !LllIIc d cc Ib III I h a l

,)Ihl, !\ " d i f1 !11 ~' .l h' ~.' Il ~ c 1) / pVI IL (PI<C3 ~.:L' II ~ J \ \ <lS l..'a!L'll l <l lL'd I II I..' a c h

" I )l ' I' l1h.' l l! I h l ' ~l \ l ..'1l \ ~dlll' rq)rl..'...; \..'n", 1111..' 1111..' <111 n f s i x dcll'rtlllll 11 titlll s +.SD .
f \11 l il ~ ' IL.!11l1r . tlll' r~lll<l hcl cL n Ih ' ľ1 l1 d l adlaú'f11 1o. 11!r ll..' Y alld tum() r \" .1"

.dll'lLlll..'d ~ 1f ld thc gl \I..'11 ~duc 1 I hl..' rt lL'<.l1l ral l O I)h l al ll l..' d ťo r fou r di ťfercl11

' Lrtll l l oSU 'I) <: (U l), . ' I) < 0 .0 I ; II pVl lL Cll ll lL! hl' dctCL'( cd 111 thL':>L'

I , ) l.1 '1 1111\ ll'

( \ VT JO) g n~ \\ ' ar ~l rcduccd rutc in g llll'O\C-lk p k tcd ~~l! a ( t O \l'

med ium, wh cn ( (1 11 1 r~ l r l' d witl: th.u oh-crv ct] in ~JUl'()~l'

medium (ini tial doubl ing tim c of 32 11 in gaLlcto..; c ill~tl'ad uf
It) h in g l llco~c ) . \ flf . -d eťi ci cllt PR( ) cl' lI ..; tr ~lI 1. ·ťc l't cd with II

\'()id vccto r hc huvc <imil .rr!v ~h thc \ 'IIL-d . fi c ic ut 7Sh -() cell "
.uu] thc \ IIL -r r ll n~l'C l't cd \VTS CIO llC co u l. ! hl' mu int ainc .:

lil rhc p re sen ce nf gaLtcto'\c in II <imil.u l11 l1l1I1 l'r a ' that ol'
tlll' \VT I () clon c (no t SI1()\V Il). Wh cu pvru v.uc WllS rcmovcd

lr um rhc cultu rc med ium (Fig url' 6B ), thc VIIl.-lkfi cicnt c l' l l ~

pr(lg rc,",s iVl' IY d icd ing11I COSl'-dcpk led ga IaCrO .T -co niai ning
me d ium. Attc r h d.iy -; aI111() ~ r all thc \ 'IfL -lkl'i ci cnt cc ll s growll
i n thc .ibscucc o f pyru v.uc in u luco .c -dc p lc tcd ga LlC tn 'l'
\.'(lI1t ~lining. med ium wcrc ťl oa ti l1g . l n co n trast cc lls tr.m tcct cd
w ith \ IfL co uld g ru \V in thc pre sence ~ h wc ll as in thc absence
o l' :lddcd pyr uv.uc .

{ -) il ' l '! ()r /J\ I IL l' .\p r essi() 1l o ll thc lc vrl of tni tor lunulriul
íI'UIl. \( 'I' l jJ l i OIl [ a . to r / \ in volvc. ! in In l l ) /V,.\ 1J1uinlCI/( IIU'l' .uul
.\ \' 11 / hcst:

Tlll' ~ l hu vc da ta ~howcd rhar. a lrhu lIgh thl' l11clnhr~lnc potcnti ~11

\\ ';\" 1l1 llintai nc d i ll thc a h ~cn cc ol' pVI lL , a lk lTca'-\c in
( ) .\ PI I( )S c a p~ l c i t y ~uffi c i cnt to prcv cnt thc cc lls fr()ln g ro wil1g
111 till' ~ t1 ') " l' ll 'c u f gl uc o\c W~h ohscrvcd. This was rclarcd to
. 1 d lln inllrio l1 ill thc cOľl tcllh ()f ~cvc ra l ()XPIIO ' l'ornplcx pro
h: i 11 " , T ll l ' III \ VC rl'II k vc I u ť 111 tON;\ cuulII ex pIa iII thc
d l' l' n.' ~ l ""cd lllllOllllt uf C)X PI I( )S sUhUllits, VCL it rC Illa ill\ tn
lIIl~ k r t ~lll d how pYl lL co ulcl rcgularc rntDNA s Yllthc si~, whi ch
I " ~ 110 \\ II to hl' 1I 1l dc r thc contro l uf nucl e ~lr gClles (.+ -~ -..f7), A,
....' Pl'L'tl'd ťru n l thl' Int DN A i n crc a~ (F igu rl' 5L thc prntc ill
' \ I' rc .... ,,1()( l (jť T r:A ivl \Va ~ hig !lcr ill cc lls co nta ining pVIIL
tlL lil J 1\ 'l' ll" cl cvu id II f pV I lL (Figurl' 7) . IntC rl'sring ly , thc
1' 1:,\ .\'1 rr() tl'in arllOllnr W ~ l~ aho llccr-cast'd in Vf IL-

L1\..' ! II I 'lit tll l ll O ľ ~ a ln rlcs WhC l1co rn pa rcd with l1urJnal ac.!jaccnt
tl ' lil' "- .

I )iSClISSlO Il

Th c data prcscntcd in thi-. report dcmon str .u,' th.u tr.uisfcction

( )ľ \ 'III . in \ 'I/I_-dctl cil'lll l'c\l~ incrc .r- cd mitochoudriul
()\PIIC)S pro tc iu O l' D . ':\ l'(llltl' llh lll1d thc ir fuurtionx .Iudccd.
\ III . tr ~1I1s ťl' l't i oll inc rca l'd ihc exprc : xio u ()f rl' , pir.uorv ch .un

l ()(llpk"l' '' ' stimu latr d succinat l' -l': to r h ro mc (' rcductusc .uul
l'y tOl' hrOll1l' (' ox id.i-«. .uti v it icv. improvcd th« r.uc uť xub: tratc
ox id.u ion .uul rcsiorcd thc ir ahil itv to grow in thc abscucc ol'
~ l lIl' U SC th.u is .u thc onlv l'XI)L'Il.'c ol' ;\ '1' 1) prov idcd by mito 
chond ria. Th crcťorc. thc uhsc ncc uf \ ' I I I~ gcnc cxprcs-.ion was
~ t k' a ~ t onc ol' th c co m ponc ru -, involvcd in mitochondriul
il1 l1 .u rmcut in \ IIL -lkfici cl1t cclls ,

On thc oppoxitc. \ 'IIL -tran Iccrion in \ 'IIL -lkťil'il'llt cl'lls
111 oll i ťi cLI ncit hl' I' tIIc ir ln itocIIoIIII I'ia I 11IC111 braI1C pot c II t ial 11 o ľ

th c ir oli ~Ulll y cill - .uul aurovcrrin -scusitivc A'I'Paxc .ictivitv .

It mc.u » th.u thc mitochoudri.t prc scut in \ 'III. -dcficicllt cl'lls
C lil m uintuin thc ir mcmhr.m c pot cntial cvcn though thcir n:s 
p ir.uorv c hait: coutcut wa : lowcr th.m tha: uf ce lls transfcctcd
wi th \"111. , Pn:vi()u~tudil' , had ShO\\'11 that tlH: Initocl1ondlial
11lClllhralll' P()IClllial c~1I1 I:-K' InaillLlilll'(\ ill p cclls lkvoid uf
Int DNA and hCI1 CC unahlc to ~ Y ll r l1 cs i /c ATP, provilkd that t!le
F 1o-ATI\I'- C ~ I n d thc aLlcnill l' Illlckotidc tran,loc~ltor rClllaillcd
act ívc (3 I A S) , Thc \'1IL-lkficicllt l'c lls cUl1 ta illl\ 1 silnilar
;\T P~ I ~C acti vit y alld aIlHll)llt~ oť 1: I-ATPasc ,'lIbllllit ~ l ~ cclls
trall ,-fcctcd wirh \ II!. (f:igllrl' )). F1 -ATPa\c WllS alsu round ill
~ t1 l l l' s t c d tUl nor ~~l1nplcs as ~ l l l al k;l~t partll' ~ lssL l n h lc d h,-I :,
'~' o l ll p kx . althou g!l it~ acti vity cu uld bl' dccrca scd ill ~~()lll C

cascs ( 1.+). ;\ (kn illc l1u clcoridc trall"l()cator w(\S abu preSl'llt
in CeRe tUlnur s a l n rl\e ~ (t!lis \V o r" alld rel'. -V») a ~ \\'l'lI a~ ill
rC llal cancc rccl l lincs ( 4 l)) . Th c Inaillt cllallCc uf this Initucl1ull 
dr iallncnlbrane potctlt ial is c '\sc lltial for cc ll s lI rv i v~ t1, 111dccd it
is nl~cc ssa ry in rnitucholldria for thc ilnport uf prot cil1s
inv o!vcd in thc c irric acid cyc lc ~ lIl d arnino li citl , ťatty acid
Ol' Il uc lcic acid Inct llhol i,"illl. ()n thc cOlltra ry, 111itochondrial
'-\ ynth csis u f AT P 111ay bl' slIp prcssc d \virhout indllcing cc ll
lk ath prov idcd tiLtr g l y c o l y ~ i ~ coulll y ield c noug h ATP ro thc
c y t () p l ( l~ l n, It is tlh: rcforc tlOr surprising tllat the se cance r cc lls
cUllld Inaintaill thei r 111itucllUl1dri ~t1 nlcrnbranc putential.
T hc ATPll SC ac tiv iry wa s dccrcascd in 1110~t high -grade
CeRe tUI110r biop sie ', and th c propurtion betwccl1 frce F l
an d assc rllhlc d Fo-F l COlllp !C ' was SOlllc \vhal variablc in prc
vin lls ly all ~d Y Led tllll10r biop sics ( 14) . Tral1-.;ťection with VliL
c1i c! Ilut Illud ify thc a(llOllnt u f f"' 1hut increa sed that of slIbllni16 ,
.IS Ilh: l1 tio llCd abo vc . Tll c I()\vc:rarnount n ť ATPasc sllhunit 6 in
\'f l l. - dc ť I L' i c n t cc lls than in cc lls transkctcd \vith VI-lL illlplics
rhat thc who le anH.>unt uf co nlp lex V was \(nver ill Vf IL
lit' ťic i cn t cc lls. If frce Fl cO[ll pcnsa tcd for the lack ol' co rn plex
V thi s cOllld rnai lltai ll thc ATPasc acti vit y and hence thc
Illc lllbranc po tcntia l (3 1). But ťre e Flor corn plc x V dcvoid nf
suhun it () should be aurovertill-sen sitive and not oli gol11ycin 
'\cn siriv e . T'!lc fact that pVI lL did not challge thc relative
se II '\ it ivity to aII r{) vcrl in aIIcl t () o Iigo[llYc in sIIggCstccl that
Vf l l. rran sfcc tín !1 dí d no t s ig niťi can t ly changc thc propor1ion
of ~ l c t i v c A'T' P sy nthasc 111 ac.! c nf intac t o ligo[llyc in-scns it ive
Fo- F: , C0 I11p!CX to th at of acti vc ATPasc co ntain ing F l or
incu ln p!ctc Fo-Fl cO[llplcx , Prc viou s stud ics on CeRe IJiop-·
siť \ havc shoWIl thar. llnexpectedl y , the presen ce offrce Fl was
a~sociatcd to low au rovcrti n-scns itive ATPase acti vity ( 14) ,

\ \! hich ~Llggc sh rhat c ithcr thc F l-AT Pasc acti viry was panl y
inh IhiteJ iII thcsl~ tlllnors or tha r thc auro vert in -~nsi t ivity wa~

decrca seO . Mo rcover, ta king into acco unt the ťact lhat d i 'soc i
arion of FI -scctor fn) 111 Fo Icad s to loss a ť ATP synthasc
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.ut iv i tv hut to .in incrc. isc o f :\TP:hC ~ Ic ti \'i t y lip to :1 Llc t()J' ()ť

I () (::I ()l. IIIC m,: ~ I "-II rl'cl ;\T P;I Scal't ivitY 111 ay II ot hc d irl'l'll}
rcl.ucd 10 rh c Fl or F()-F I .uuount- al H.I idcuuc.il r.u c- () ( !\ T P
hyd rolY"iis in \'1IL - d c ť i ci cnt or \IIf. -rran ',;ľl' l'tl'd l'l' l l ~ 111 ~I Y bl'
ťortuitous . l-urth c r <rudics wi ll hl' llcc cs~ary to undcr-tund thc
mc ch.u uxms rl' gll l atill~ F()-F I .r--cmhl y alld activ itv in ihc-«.
tumo r cc lls . . vnvhovv. these d:lta , uggcst ih.u pVIIL di ffr rc u
t ia l lv rcglllat l's thc b i ogC llC~ i s and/or ~ l s ~c l1 l h l y ol' F(j'-l : , .uul
th.u o l' rcspir.uory c h.un com plcxcx.

Thc d iffcrcu cc- in thc rc -pir.uorv c hain uct ivitic« ;tild ~ llb

unit contc nrs obsc rvc d bctwc cn \ 'IIL -lkťici cllt cl'll...; .uu: cc l!
tru ns ťcc tcd w i th w ild -type \ IIL w crc not a,' hi~h a"i tho «:
ob xr rvcd bctwccn tumor s.uu p lc« :llld udja ccut rcnul c o rt .x :

rhl' rl'spirato ry cha i11 "i II DU niI u nucn ts \\'l' rl' upprox i111 ~ I tl' ly t" 'U

timc -. h ighc r in \1IL co n ta i ni ug cc ll s th .m i n \ 'IIL -lkli cicnt
(cll , (F'igure 3) and 5-1 O-fo ld highcr in rcnul co r tc x th.m in
tUll l() r ti~"UC(Fig IIrc ~l ). T hc Succin atc -eytoch ro lne (' rcd IIcIa '" L'
al'tívity Ineasured in nOrtllal kidne y llOll1ogl'natcs \"'crc Oll t!lc
:1\'cr~lge fivc rillle ' highcr thall that of adjacl'nt tUlnor~ ( 14) :uld
tvv() to th rcc t illle s higllcr in cc lls tran ..ťcclcci \vith \ IIL t!l ~1I1 ill
l'arcllta l tUIllor ce ll"i or ill cc lls transťccl cd witl1 :1 vuid vcctor
l Figurc l B), Thc c ~/toch r()nlC (' ox ida sc activity \vas a1s() rnuch
11l0rC red uccd wh cll tUlllors \Vcr e cOlllparcd with 1101"l11al ti ,'suc
( \4) tha 11 \vhc ll \ 'f-l L-dl'ti c iCllt ce lis \vcrc cOlll [larcd \vi th Cl' li s
tL11l fcctl' d ", ith Vf l l. (Figurc 2) . rt ...;hould be not iccd that tltc
"iIKl't!ic dct ivi tics ol' th c ~c cUlnplc: cs cal culatcd [lcr 111illi gr aln
ol' prorcill \Vcrc cOI11 parah lc in Vl-/L- d c ťic ic ll t c ultllrcd cc lls
:lI1d 111 palicllt tlllllor bi nps ic'i. Otl l' rca~on to c.\p la in thc
LI 1ťkn:llcc bet \\'l'l'n thl' II igh rena I cortex (l ct iv it ics and tIt l'
l'()J llPdLltivc ly lo\-\' act iv ity ol' cclls cxprcssin g pVIIL co uld
hl' tl1~IL ill \ 'i\ '(J . tllc ľlO /l l l al proxilllal rcn ~l! tuhu le ťrOlll \\lhich
Il1 c"c tlllllors a rc o rigi natcd is irriga tcd hy ,ln ~ : h ll ll da n t ox ygc n
nO\\! ~ l l1 d Inlls t cxprcss a h igh ()XPIIOS activit y to sLl ,...; ta il1 thc
,Il l' r~ y-dC111~ 11 1cl i IIg PUI11 ping ac tiv ity o f thl' k idn ey tha t is II U t
Ill'l'l k d 111 ccll~ cult urcd cr \ 'i\ '(J (5 1). rt ha s bccn dCll'1 011stratcd
l:k a rly, al k~l~ t ill tllc heart and rlltlsck, that :ln illcreascl!
~' l l l: r~! delll:lnd "i tinwl( lte ,,- l11 itoc hond ria l b i ogcnťsis (52),
.\ Ilu tlll' r Itypotllc...;i. cxplain ing a 11l0r C pronoll nccd dcereasc
111 ( ).\ PI I()S ťu nct ion iIlg uhscrvcd hctwcc n t1IlnOr and adjacl'n t
Ih"-lll' th ~ 1I 1 hCt\VCl'll VI-Il--dcficicn t and VflL - t ra ns ťcc tcd ccl l~

111l~lJt hl' rl?latcd to rhc addi tional 1l 1 oJ iť i c at i on s nf gcncs
t h~lt would coopc ratc witl1 \ 'lIL to up -rcg u latc Initoch onJri a l
1)logcI1L' '-li '-l. Illdccd , in ~pitc of thc IJrgc inci de nce n ť pV I lL
I I L I( ti \ " lt i o n ill CCRC\ , lnany other chnHnosolllal a l ttTati()n~

hd \ e hel' 1l oh"crvcd in thesc canCl' I"s (revic\vs in re ťs 2 '~ ,.2 5) .

111 1IIL' rIIrl'c tIIIIIo r'-l ana Iy I. Ccl in lh is stUdy. tllL' WCstť rn hIo r
:1I1~1I) "j" uf tUlnof tl~SU~S n:vcaled a vcry 10\".1 cn ntcn t oť (ort' [[
.llld 13 "Da cOln p!cx 111 -;uhllnits as \Vell as C () X [I and
( 'O . ' IV "UbL/l1lh . In ~ l prev iou~ paper (14), an avcra~l' uf
-2()( ,; rc ,,-id ll~lI CIIl.Y ll1 e activity 'vvas ubscrvcd in such tUll10r. .
.\ Ulelltion l'd ~I bu v ť, thl' diťferencť bct\vcl'n residual COlllP!cX
a",'u \i tic \ ill thl' tunlUr\ ( 14) and apparent res id ual alnounts of
.... Uhlllll h bc longi ng tu thc"c COll1p!cxes (Figurl' 4) 1l1ight ne dul'
I(l thc rc ~tril' t cd rallgc ol' proportiollality hctwecn the alnount
(Jl' pn)tl'l ll\ ~ll ld thc allt ibod y lÍL' tecl ion lill1its,

' j 'lll' ( ll I rl,clll)nJ ria I hi o~cnc ~ i~ dO\Vll - regu Iat ion inu uccLl by the
\:lck uf pVI IL (llainl)' 'O Il C ert l ~ tllc ()XPI IC)S cOlnplcxes ano
lil) t ~lll 1l1i t OL:ho II drl a I al' ( iv i t ic 'I . IIILlecli . tllc n: wa s 11 o s ig II i -
'i . ~ 1 [ 1l di ťťc fell l'ť l il l'it rarl' . }11t hasl.' acrivit y be rween cultured

( -II~ 'Ullt a i II i IIg U r de \' ()iO o ť PV II L (Figurel ) a Ithl)llgh thI.

~1l't1 v ity \\'a~ lo wc rcd hy a faeror nf aboUl two in tUlnor CeRe
hiop~i(.:" a...; (u lllparcd to nunnal ad jaccnt rcnal cOl1c .\ ( 14).

1'11l'ľl'r'url' , ' \ hde thc ab"cllc l' of pVI lL I ~ C()ITl'latcd \vlth a

l nfl ucncc ol' \'111. Oll mitochondr ial hi()gl'I1l'~i~ in ( '( 'l{( '

dccrc u-.c i n th,: hiogl'l1l'\i"i o f ().\PI \()S compl c xc -. both in

cul tUrl'd cc Il s .u:Ll i 11 tumors, ~ I \ 'll L- i 11 LI cpl' IIIkilt 111 cl.'h:111 i "- 111

dO" 'Il -rc gulari11~ c itr.uc .vntha-«, :Il,ti\'ity i.. rl' , pon-iblc for th l'
10\\' c it r.u c yuth.rsc .i ct iv itv oh" ' r\'c d in tumor-. "11101l g
( ).\ PI I( )S "uhufl ih 1II ~ It h.:v Chl'c 11 tl' "i tcd i1I tII i ~; StIIdy. thu l'
l' 1ll' U (kLl l \' [ll I D i\' A , C ( ).\ II a II Ll ! \ T PaSl' () \ \, C IT botII l k l ' 

rca cd . Sim il .nl .'. <ubunit . cnco d 'Ll hy nuclcar gel es wcr,: ~ t1 o
dccrca-cd in th c C I .' L' ol' complcx III .md complcx IV. (Jil thl'
coru ra ry. thc 1:1- ..\TP~I"-c u: subunit c xprcss ion \Va" not modi 
íicd Thc a'<clllhly otthi-, subunit tu ťoru: thc Fl COll1p!C.\ Ul' :111
inco mp lctc (:o-I : l <ub-complcx in m.uumal ian ccl ls doc s uo :
rcquirc thc prc-cncc uf thc subunit () uf mitochondrial orig in ~IS

Fl c .u: hl' :lssl' lnh k d in pl) cell.' (3 I,::IJ). 011 tlll' contrary. a luck
ol' mirochondriullv Clll'odl'd <ubuuits prcvcuts complcx (V or

co 111 Pll' \ III fn HII hl' i IIg stabIY asSl'111 hled (5-L:;::1 ), L i 111 it i II g
amount-, of mitochondriallv cncodcd subunitx c.u: thcrcťorc

cx pl.rin thc dccrcuscd .utivitics ul' thcsc t\VU cOlnplc.\cs.
IntDNA CUlltCllt was dcl'rcascd hy :l f:lctor ol' ahulIt I"'u

whcn cUln parillg huth rl'llal c lrc illOll1 a to Ilonnal kidllcy ur
VI I /., - d c ťic i C l lt l'clls tu cclls tr:lnsťcctcd ",itlt VlIL . Thcrefurl' .
t IIc \ 'III .-i IIduced C) X flI I()S c () 111 PIcx ci u W II - rl'gulat io II is PI'Uh
abl y dul' to this IlltD J ;\ dcCre~l. ·l" which .'uggcsts that \ 'III.
wa.' sOll1l' ho w illvolved ill the rcgulatioll uf Il1tD I A rcplicatioll
alld transcriptioll . Thc Initul'h()lldri~t1 trallscriptioll faetor A,
TFt\\;1 W:IS :ilsu iIH.:n::lscd by \ 'III . tr(lllsťcl'tiull ill parallcl to IhL'
IlltDNA incrcasc . Tlli s cOllld bc rcl:llcd cithcr tO:l1l inl'lTd:-- l'd
stab ility nf thc TFANl prnlcill ur tn :ln up -rcgulatíoll uf ih
yntllcs is. "f FA rvl i~ II nllc\car-clleukd Initocholldl; (t1

tr~Hls lTipti lln factor. \\'!li l'll i~ ill1 po rtL'd il1lu thc 111ituc!londrill.
bind s to light alld hl'avy strand prOll1otcr 01' IntDNA and is
known to bl' csscntial for tlJc 111ailltcnallcc :Ind rcpair nf
IntD J A (4 )), TFAl\'1 c () - I ()c al i l.c ~ \vilh Il1tD A ill l1ucleupru
teil1 cUlllpk xe s \ J ~ ). Thc stability ol" TFAt\1 is tightly :ISS() 
ci atcd to thc prcsen ce uf IntDNA within l!ll' cell s incc cl'll s
pL'r l1 lanclltly (56 ) or rransi cllll y (::17) dcpl ctcd of IntD A (p('

cc lls) arc charactc rizcd by th c ab sťnce (Jf delcctablc levcb of
T FA ivl prOtL' ii:. llo wc vcr, thc 7'FAAl transcript is expresscd dl
no rnla l levc jc,; ill the p '1 cc lls (56). Chroni c c lcc trica l stinllIla 
tion inlTCa\C' lnll sc!C rnitucl10ndrial hiogcllcsis (::I~) through
an incrcasc uf TFA /H and uf 1l1ituc!lulldrial CO,'( lil 111R NA
c, prcssi uIl (59) . ,' illli1 a rly , c lev ated TFA !vl InR I A cxpression
was Inat ch cd by a paralkl incrcdsc in 1l1itochondrial C( )X I and
C OX 1l1l1Rl As in rat hcpatolna cc lls (60 ). llo'vvcv cr , reported
studies 1l1a(le e irhc r by Scri,,1 Anal ysi s 01" Gen e Exprc ssion
(SA ( JE) iII 786-() ce lls transfl'c tl'II ()r II o t w ith l/IIL (6 I,(2) o r
by Illlc roarray anal ysis (ll"CRCe biopsics cOlll parcd \vith their
nUľllla l adjacent tissLlc (6J-A5) dil! not put fonvard prolllincllt
changcs in thc cxp ress ion of gc ncs c nc od ing ()XPI ros COIl1
plex sub ullits in n1itochondrial DN A or lhat of nuclcar gen es
cncoding ťacto rs kno\vn to regulate n1Ít ochonJri ,~ biogcn csis
such :l ~ TFA ivl, ,VRF I , !VRF2, PC;C"'j or PRC (sel' revi e\v, reť.

(6) . Prel ilni nary expe rill1ents usin g a se nli-quantitative
R'r -pCR J nJ lysis initid(ed in o ur laboratory clic! not c ithc r
'illggcst irnportan t nh)di ficfJtions in thc cxprc ssion of thc se
genes , Perox isoln e p ru l i ťe ra ro r- ac t iva ted receptor ry (PPAR
ry ) coal'tiva to r I (peC I) o r pecI reg ulatcd co -act iva tor I
(PRC ) arc co ns iJcrcd to o rc hestrate rnitochondrial bio gel1 csis ,
PGC I can II p-reg ula tc nllc lcar gc nes that are rcquircd for Inilo 
chondrial bioge n~is in pa rt thro ug h a direet int eract ion with
1 iRF ! (nuclca r rcs pira to ry fac to r I) , PRC that is cc ll-cycle
rcgll lated in cu lrurcd cc lls und cr co nd it ions wh ere PClC I is
not exprcsscd inte racts vvit h Rf:"} and its tar gct gcn cs, sin lÍ
larly to PCJCI. Since o ther Icss we ll charac tcr izcd signa ling
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PJ III\vay" In ay ~ II"O i 11 tc rIc n: \\ 'i I hnl iI ()cIIo IIdr i~II hio!2cnL'" i <
(hh ). d more c xtc nxivc "tudy uf cxprc-xion uf gl'nc " L'ncuding
111 iI ( )l' ho IIliriaI pro Ic iIIS \v iII "t iII bl' 11 Cl'C\ ~~Ir: Iu ~ I"cl'rl aj il

\\ hc thcr tr.m-cr iprion rcgulatioll is involvcd or not in miio 
chondr ial bioucnc-; is dowu -rc gul.u ion nf c.mccr- ; l l owcvc r.
uur work iJl g 11 Yrol hc-, i\ ra rhcr favors l11l'C h~ 1I1 i"111" i11 \ . ~ ) lv i 11 g
rc uu l.u ion .rt thc lcvcl of tranxlat ion or ()ť protc in <t.ihi litv. For
1..' \~ 1 11 1 p k , TFA:'d i" q~lhili/Cd hy ih int 'Llctinl1 with l11tl) \ :\ ~\. .

iI" IL 111 \ cr iplic vcl is n() r ch ~ 111 g .d iII P- Cc ll ' \V h ik Ihl' pro rciII is
vc r v l o -v (>iCC abovc ).

T hc d.u.: prcscnrcd in th i-. work sho\\' th.u \ 'l-1I . -lr~ll1skctioll

l )ť\'//L ··dcťicicllt ce RC cc lls rcndcrcd thc ccl l-. ahlc to <urvi ve
~lll d gn)\\' in thc absence ol' glllcOSC . lndccd. rcplacillg gIUl'O-';l'
hy g ~liacto\c in thc culiurc medium almost complctc ly prc 
vcu tcd ce l] gro\vth, which mc.m« thut thc r.uc of ;\TP sYllthc"j"
provi dc d hy thc part iully dcfi ci 'nt mitochondriu \"as not <uf
íicic nt to xu-ruin gnnvth of pYI IL -dcťicicl1t cells . It has hCl'1l
\ hn \\'1l lhal \\'l1cl1 glucusc 1\ rcpLlccd by g~lIactusc ill
( )X PI I()S -partially deficicnt cells such a" ce lls fron) paticl1ls
{Ll'her IIcred ita ry ()pti c Ncllrorat hy). cl~11 deat II uc cu r-.; hy
;IP()pl ()\ i\ (JO). I II 7t\6-O ce IIs. IIo sig II o f apop Ios is Ctl ul cl hc

pll l fn r\\ llrd (data Ilot shown). CJajc\vski cr ol. (67), l1avc "hO\\'11
IILlt, il1 wild -typl' cclls, norl11al ATP Icvels \Verc nuintaincd
111 ~I! I \..'l' \I COll1pa rtlllcnts whcl1 tI1l' ce II '" \VCľC grnwn in tl1c
.lh""'l1l· ' u ť g l l1 C O , ' l~ ~llld PIT\Cl1l'C uf pYľl1vatc, wl1icl1 is tnl'ta 
h(II i / Ccl In I!J c II1itoch oncl ria . O II t 11 c C() II tra lY, whl'n c(' II s l'x 11 i
l"itll1~ .\11 C)XPIIC)S dysfunctiotl wl'rl' grown in thc ahscnce uf
gilll'() l' ~ l lld rr '\cncc uf pyruvatc " ATP Icvels \\Tre rcduccd in
lill' Illit()chu l1 d rill ~ l n d tu a g rl'atcr cxtl' I1t , in thl' tluclcus . Itl our
1..' !h'rInH.' nt ~, in thc abscllcl' of pVI lL , II silnilar dcpktion ol'
1l11l'k~l ľ ATP cou ld OCCllľ and thcrcťorc, cell division wnulcl be
[11PPl'd hy lin litalion of thc high -cllcrgy COtllpUllllds tlcccssary

to n:plil'ar ' nllclcar DNA. f\\thulIgh l leLa ccll growth in galac 
tll \,' Induce d an incrcasc iII 111 itoc!lolldli al ox idati ve capac ity
\\ 'ltl·tl Ihc trcatlll cnr \vas applil'd ťor 3 \vceks (6~), thc
() . 'PI I( )S COIl lc n h ol' VflI. -deticicIlt ce\ls \vas prubably too
11 )\\ lllr rhl~ cl'l l" to OVl'rCOll1C rht' tnirochondria\ dl'ťici ency ,

II I · ~ 1I 1 l' 1 1I " i 0 I1 . ir h ~I S hL cn dcn)()I1\tr~ltcd for thc ťir-.;t tirne ,
1 !J~ I [ Ihl' \ 'jIl. tUII lOľ "; lIpprcs\{) r prodllct up -rcgulatcs Inito 
\..hl )Ild n ,I! (JX PII ()S conlpic,' hi()gc l1 es i-.; alld ťUl1ct ion . FlIrthcr
'l l lidI,: '" \\ III be !ll'CLil-d to II (l lk r~tand thc 1l1ccha II iSlll S () ť

tlll" rl'~LlLlli()n, at thc kvcl nf ge nc tran"cription, nf post 
I r~llhlTjrrtnll~t11110di ťic l t i o n " ur () f protcin turnover.
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