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Antibodies to defined epitopes on the human ATP ',ynthase ~,ould provide a powertul tool in the definition ~f the suhunit 
compost,it,, of the enzyme complex and in the characterization of any defect in it,, asscmbl~ in diseases :associated with 
mitochondrial disorders. Antibodies have been thus raised against s~nthetic peptides, corresp~mding to t ~  regions on the 
human ATP synthasc ,8-subunit: the C-terminal region, and a rcgio=i which includes the two dic}clohe×~,lcarbodiimidc 
(DCCD)-reactive glutamic acid residues suggested to be involved in the enzyme catalytic activity. The antibodies to the 
C-terminal peptide reacted with the A'I P synthase ,8-subunit in ELISA. in Westcrn imntunoblotting and in immunohistochcmical 
experiments, and had the ability to immunoprecipitatc the enzyme complex. The antibodies to the DCCD-binding region pcptidc 
did not react to the ATP synthase ,8-subunit in its native configurat,on, although reacted well under Western immunoblotting 
conditions. 

introductio~ 

Monoclonal antibodies to the various subunits of the 
ATP synthase (H+-ATPasc, EC 3.6.1.3) have been 
instrumental in the elucidation of the structmc, func- 
tion and assembly of this muttimcric enzyme complex 
[1-3], which is the terminal enzyme in oxidative phos- 
pho~lation; this enzyme complex uses the transmcm- 
brane proton motive force generated by the electron 
transport chain for the synthesis of ATP. In particular, 
the use of monochmal antibodies to the two major 
subunits of the yeast ATP synthase (a and /3) as 
immunoprobes for defects in the assembly of the en- 
zyme complex in various m i t -  mutants of the yeast 
S a c c h a r o m y c e s  c e r e r i s i a e  has resulted in the definition 
of the assembly pathway of the enzyme complex [4]. 

Antibodies to defined epitopes on the human ATP 
synthase would provide a powerful tool in the defini- 
tion of the subunit composition of the enzyme complex, 
and in the characterization of its assembly defect in 
disease associated with mitochondrial disorders. Sev- 
eral monochmal antibodies to the anti-yeast-ATP syn- 
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thase, previously isolated in our laborators, have been 
examined lor their cross-reactivity m the human en- 
zyme. However. while cross-reactivity cart b e  clearly 
demonstrated by Western-immunt~bhttting. the affinity 
of the antibodies to the human subunit was lound to be 
at least three order:, of magnitude lower than their 
affinity to the yeast proteins. Thus. the anti-ycast-ATP 
synthase monochmal antibodies arc not usclul t0r the 
stt, dy of the human enzyme complex. 

hi the present study, antibodies have been raised 
against synthetic peptides, corresponding to the se- 
quence of tv¢o important regions on the human ATP 
synthase /3-subunit. The first one of these peptides is 
of eight amino acid residues long, corresponding to the 
sequence of the carboxy terminal region of the human 
fl-subunit [5]. The second peptide corresponds to a 
region between amino acid residues Ig6 and 202 on the 
/3-subunit, and includes the two dicydohexylcarbo- 
diimidc-reactive glutamic acid residues which have been 
suggested to be involved in the catalytic activity of the 
enzyme complex [6]. The antibodies to ,he carboxyl 
terminal react with the ATP synthase /3-subunit in 
ELISA and in Western immunoblotting experiments. 
and have the ability to immunoprecipitate the enzyme 
complex. The antibodies to the DCCD-binding region. 
however, did not react to the ATP synthase /3-subunit 
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the t ~ l  !~cplitlc', tl,,ctt i11 the prc,,cnt qtM~ arc ,,tlt~v.n 
in "lalqe I. The firq pcptide, cl~lrcsp~!lding to the 
',t.'qttellCC , l l  the c':lrbt~x) lcr l l l i l l ; l l  i t :gion l i t the tlunl~lll 
/J-r, uhunit [5]. i~, cighl amino ,'.cid lcr, itltic,~ long and v,a~, 
,,)nlhc,,iictt im ,in Applied Bio,,)qeni~, 431}A pcptidc 
~,$nthc~izer cmphL~ing convelltJonal t-Boo ehcmi,,t,3 
17,Sl. The ,,econd peptidc i,, of I~ amino acid re~,idue,,. 
c{~rrc,,pnndlng t~ a rcgMn hct~vcc, 'min~ ,,cid rc,,iduc,, 
I~(~ and "112 i~l lhc /L~uhunit  plu~ ~in c~,tra lyqnc 
IC~,idlie ~il ailli l lO-~crnlJnill ekd. 

FI'odlIcIioII 11]" ~lllli[~tJr/i¢'~= S)nthct ic  pcptidcs ~c i c  
coupled hi c i ihcr  kc)ht~lc lii~nput hacrnocyanin I K I . l t :  
( 'a l t~ i i lchcm-Bchi ing.  1 LS.A.) or I~t}~inc ,,drum all~uniin 
I l lS/It: ~igm;i I:.f~.-\.t ~1,, :.ill inl l l lum~gcnic Cilrricr h% 
u,qrig 7hl lai  nidchsdc f ' l l  Ralq~it~ ~c l c  i l l ln lunized v, i ih 
Kl . l t -c~mjug: i lcd l~Cplitlc~ (25(I #xg of pcp i idc  per rah- 
h i l l  emulsi f ied in I:reund'~ complete adjuvant l i o la l  
~ol 1 ml per raht~it), for Ibm p; imar3 injection. Boo~,ler 
injcclMn~ ~crc  carr ied out at 2-;veckl) intervals af ter 
the primar3 injection, using inconlph:te adjuvant 1125 
/xg pcptidc per rahhit). Anti-pcptide antil~odics in rab- 
hit scra were as,,aycd I ~cck after each booster injcc- 
lion, b) an enzyme-linked immunosorbcnt  as~,a~ 
(EI.ISA) ~ith the pcptidc~, (coupled to BSA) or crude 
t : rATPasc  ;is an antigen a~, th'~cribcd helots. "1"~o 
rabbit,, were immunized with each peptidc. 

I'rq>aration o f  mi tochomhia .  Human placenta wcrc 
obtained from the Royal Women ttospital and the St. 
Vinccnt 's tto~,pital. Melbourne, within 1-2 h of deliv- 
er3.' and transported in ice to our laboratory in Monash 
Unixcrsity. Bovine hearts ~cre  obtained from a local 
abattoir aud collected immediately after the animal 
was slaughtered, t tuman heart and liver wcrc ohtained 
trtm~ till organ donor  wi th in  3 h l)Ost-nlortcnl. 

Placcnt;.ll mitochondri;.i ~,crc i: ih.ltcd hy the method 
~ff l lare  cl al. [10] in the prc~,cnce of pr,~tcinasc in- 
hihitors. ~-amino-n-caproic acid (5 mM ). p-aminobcnz-  
anfidi;-c-lt( ' l  (5 raM) and phcnylnlcth+~lsultonyl little- 
ride (2 raM). l-itlnl;.in cind ho~,inc heart ndtllchondri;i 
~cre  i.,,olatcd c~e,cnliallb a~, dcs~:ribed I~) Smith II1] 
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c \ccp l  tli,~t ;ill l~uller,, c, ln ta incd 5 m M  l?-mcrcapto- 
ethan,,[ [12i. l l u m a n  li,.er m i tu :nondr ia  were isolated 
a-~ l~,r~.-~i~t=',l.~ de,,ct ihcd [13]. c.;ct.'pt that all buffers 
c~,ntaincd the proteina'~c inhih i top,  phenylmethy lsu l fo-  
nyl flu,~ridc (2 raM). ~-amino-n-capro ic  acid (5 raM)  
and p-aminohcnzdmid ine  t tCI  (5 mM).  

Yca,,t mnoch~mdria v,'erc isolated c,,,sentially as de- 
,,crihed prc~.iou',l) [14] from a ,~,ild-typc haploid strain 
.I,'~9-1B (a. a~h'l hi~ [ r h o ' ] ) o f  Saccharomyces  cere- 
i i~im'. 

l'rt'paratio;; o] submi tochondr ia l  particles. Submito-  
chondrial  particlcs from human placenta,  human liver, 
human heart and bovine heart were prepared by a 
,,onication method [12]. Mitochondria (30tl m g ) w e r e  
,,uspcndcd in a I(I ml (final volume) of 20 mM Tris-HCI 
I~ufft.r (pi t  7.5) containing (I.25 M sucrose and 1 mM 
dithi¢}thrcitol ~ith the help of a glass tissue-homo- 
genizer. l 'hc  suspcnsi,m was c~,ntrifuged at 30(X}0 × g 
for 3fl rain :it 4~( ". and the pellet was rcsuspendcd in 10 
ml of the at~o~e buffer. The su~,pcnsion was then soni- 
cared using a MSE ultra.,,onic disintegrator at setting 2 
fl~r 3 x 1 rain ~ith 2 rain intervals. After  a low-speed 
ccntrifugation of the mixture for 15 min at 30000 × g  
at 4 T  to rem~xc intact mitocbondria,  the supernatant  
~ a s  centr i fuged at 1 4 0 ( i 0 0 × g  in a Beckman 71).1 Ti 
rotor, for 5 h at 4°C to pellet the submitochondrial  
parliclc~,. The pellet was suspended in 10 ml of 20 mM 
Tris-ItCI buffer (pH 7.5) containir, g 11.25 M sucrose, ! 
mM EI)TA and 5 mM /J-nlercaptocthanol.  

Yeast submitochondrial  particles were isolated as 
dc,,cribed hy Tzagohfff and Mcaghcr [15]. 

I~ofimo~, o] ~rmh" F~-ATPasc. I:l-ATP~,~sc prcpara- 
tion~ |rom human placenta, kuman liver, human heart. 
bovine heart and yeast were prepared essentially as 
described by Bccchey et al. [16] and Walker ct al. [12]. 
Submitochondrial  particles were suspended at a pro- 
tein c~mccntration of 3tl m g / m l  in a 2(I mM Tris-HCI 
buffer (pi t  7.5) containing (I.25 M sucrosc. 1 mM 
LI) IA and 5 mM /3-mercaptocthanol. Analytical-grade 
neutralized chlorolorm ((I.5 vol) was added and the 
mixture was shaken vigorously for 111-30 s at room 
temperature.  After brcaking the emulsion by low-speed 
centrifugalion in a MSE bench centrifuge at r{x~m 
lcmp~.rature for 5 rain. the aqucou,~ layer win, collected 
and ,,tirrcd under  a ,,trcam of nitrogen to rcmovc the 
re,,idual chloroform. The aqueous layer was further 
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centrifuged at 14()()O(l:<g for 45 rain ;~t 2¢1('. I~- 
ATPase wan collected lrom the yellnwisl~ ,,upcrn0t01~l. 
A modified method ol  I,ow'r3 ct al. [17] ~,,as uscd t¢~ 
estimate protein concentration, :sing bo',inc ',erum 
albumin (BSA) fi)r the construct,m of the stand0rd 
c u r v e .  

Determination t~f I I  '-,,1TPa~c oct,it)'. I f  -ATP0se 
activity was assayed by a modification of the method ol 
Pullman [18]. The basic incubation mixture (1 mlt c,m- 
sists of 50 mM Tris-HCI (pH 8.0), 3.3 mM MgCI 2, 2 mg 
antimycin A. I mM phosphoenolpyruvote, 5 unit', , f  
lactate dehydrogenasc, 2.5 units of pyruvate kinase. 1 
mM ATP, and 0.3 mM NADH. The reaction x~0s 
initiated by the addition of 10-50 #1 of the sample to 
be measured. Oxidation of NAI)H was tollowed spcc- 
trophotometrically at 340 nm at a constant tempera- 
ture of 28°C. The sensitivity of the H - A T P a s e  to 
oligomycin was measured by the addition of 10/11 of 1 
mg/ml  oligomycin solution. Enzyme activity was ex- 
pressed in terms of mmol ATP hydrolyzed/min per mg 
protein, which is equal to the mmol of NADH oxi- 
dized/rain per mg enD'me protein. 

l:Snzyme linked immunosorbent assay (ELIS.4). Anti- 
gen (I to 10(X) ng per well in 5(1 ,ul phosphate-buffered 
saline, PBS, containing 2.7 mM KCI, 1.5 mM KH 2 PP. .  
8 mM Na2HPO 4 and 11.14 M NaCI) was incubated in 
the wells of a micr~ti:re plate at room temperature 
overnight. The wells were then washed three times in 
PBS containing I mM MgCI 2 and 0.05% (v/v) Twcen- 
20 (washing buffer). After washing, 5g ~ BLO'FIO (5 g 
skim milk in 100 ml PBS. 150 p.I per well) was added to 
block the remaining active sites in the well. followed by 
an incubation for l h at 37°C. After three times wash- 
ing with the washing buffer, rabbit antiserum (in vari- 
ous dilutions) was pipetted into the wells (5(; /11 per 
well) and incubated at 37°C for I h. The wells were 
washed three times, and /3-galactosidase-linked donkey 
anti-rabbit lg (Amersham International. U.K.)diluted 
500-times with washing buffer, was added to the wells 
(50 #l/well) .  After 1.5 h of incubation at 37°C, the 
mierotitrc plate was ~ashcd three times with washing 
buffer, and l(X) #l  of a substrate solution containing 
4-nitrophenylgalactoside (0.9 mg/ml).  (LI M MgCI 2 
and 0.1 M fl-mcrcaptocthanol in PBS was added into 
each well. After a further 1 h incubation at 37~C. the 
color developed was read in a Titertek plate reader 
(Multiskan MCC) at 405 nm. 

Polyaco'lamide gel electrophoresis. PolyacDlamide gel 
electrophoresis was carried out in a Bio-Rad Minipro- 
tean I1 gel apparatus, on 0.75 mm thick 12% slab gels 
in the presence of 11.1% sodium dodecyl sulphate (SDS: 
BDH, Poole, U.K.L essentially as described by Laemmli 
[19] and Studier [20]. Protein samples to be separated 
electrophorctically (10-15 ~g)were solubilized by boil- 
ing for 4 min at 100°C. in a 62.5 mM Tris-HCI solubiliz- 
ing buffer (pH 6.7) containing 2q; (w/v) SDS, 10r; 

1 ~! ..7. 

~",i ~) gl,,cu'n~l. ~LHflI 25" ,- (~ /~ )  l'tnmltq-d'~cmd hhl,: aud 
5' ,  (x /~)  243-mcrc,q)toeth,mt~l. t-lccm~photc,.i~. '.,,~ln 
c~lrricd (Kit OI 2 ( ) ( )  \J, lIt', (conMont to'doge) ulttil t he  d kc 

~ronl reached the bottom of the .gel. rhe  ~cpt!~..ttcd 
proteins were visualized essenli011.~ as described b,, 
Mcrril et ,d. [21] emph6ing a silver s:aimng method. 

l|'t'~lclT! ilHIHIIHOI)/IflIIH,tL ~ ' e M c r l l  i l n n l t l n o b l o t t i n ~  

experiment v,o~, perlormed e,,s~,nlially as dc',cribcd pre- 
~,iow, ly [I]. I h c  separated proteiw, on polyacD'lamidc 
gel were electrophoretically transferred onto nitoeellu- 
lose filters (Sch[eicher and Schuell. l)0ssel. Germany) 
at 60 V ti)r 1 h. in a tran,#er buffer containing 25 rnM 
Tris. 192 mM glycine 0nd 2(F; methanol at p i t  g.3 [22]. 
Following the transfer, a strip o l  f i l ter was ~,tained if 
required [staining procedt.rc was 10-15 min in fl, l ( ;  
fl.~,/v) Amido block in the presence of methanol (45%. 
v/v) and acetic acid ( lift;. ~/v), lollo~ed by dest0ining 
in a solution containing acetic acid (7.5";. v/~) and 
methanol (4(if;. ~/~)]. The rest of the filters were 
incubated m phosphate-bultered saline (PBS: lfl mM 
NaH2PO~ (pH g.2) and 150 mM No(q) containing 5G 
I~,/~) Carnation skim milk lY;  BI,OUIO) for 30 rain 
at 37~C to saturate remaining protein-binding sites. 
The filters v, ere then incubated in 5"; BI ,OTIO (op- 
prox. 250 / d / s t r i p  of f iher in sealed plastic bog) con- 
taining the antipeptide antibodies ( l : l O f l  m 5(; 
B L O T I O ,  v/~,) at rt,~m temperature lor 2 h in a 
rotating table. The fi lter were further washed from 
excess antibodies three times, each for 10 min, with 5C; 
BLOITO. Antibodies bound to the antigcn,~ on the 
filters v, ere detected with the u,,c of horseradish perox- 
idase-labelled anti-rabbit Ig. at I: 10fl dilution in 5 ' ;  
BLOTI'O, by incubation lor I h at r~n~nl temperature 
on a rotating table. After washing three times with 5 ' ;  
BLOTTO. the color development was init iated by the 
addition (/1 a solution containing 3 mg/ml 4-ehMro-I- 
naphthol in methanol, diluted (, x in PBS (pH 7.4). and 
0.02'; (v/v) H ~O,. and an incubation fl)r 15-30 min in 
the dark. 

()mpling of  atmhodu'.~ to Oam~,k,~ t-hromi~h' ((',VBrl- 
actil ated Sepharose 4B. Antipeptidc antibodies against 
the carboxy terminal region ol the human ATP s~n- 
those /3-subunit ~erc coupled to CNBr-activatcd 
Scpharose 4B esscntialb as described previously [I]. 
Freeze-dried CNBr-activated Sepharose was svu)llen 
for 15 rain in a solution containing 1 mM HCI. The 
s~ollen Sepharose beads were washed with 2{10 ml of 
the same solution, followed by washing with the cou- 
pling buffer (5 ml) consisted of 0.1 M NaIICO~ and 0.5 
M NaCI (pH 8.31. Swollen beads were then suspended 
in 5 ml of the coupling buffer, and mixed with antibod- 
ies solution (5-10 mg protein/ml of beads suspensiun). 
After 2 h of gentle mixing at room temperature, the 
Sepharosc 4B beads were ,gashed with the coupling 
buffer (200 ml). The residual active groups on the 
Scpharose beads were blocked by the addition of the 



12~ 

coupling butler ,,nlution omtainin~,, t L2  M gl~cinc ( p i t  

S . ( I )  and gentle mixing h , r  a hnihcr 17 h at r oom 

temperature, t:mall.~, the hcad~ v.crc ~ashcd alter- 
nately with {I.I M acetate buffer solution (pH 4.11) and 
the coupling buffer tpH g.3) to ensure thai no unbound 
antibodies remain attached to the bca'ts. The washing 
cycle of low and high pH is essential, since protein 
dcsorption occurs only when the pH is shifted. 

hnmunoprccipitation oJ' mitochondrial ,, |  TP synthasc. 
Human liver mitochondria were suspended in a 0.112 M 
Tris-HCl buffer (pH 7.5) containing 0.25 M sucrose 
and 5q; (w/v) of octyl glucopyranoside at a protein 
conccmration of 5 mg/ml,  and wcrc held at 4"(" fnr 30 
rain to solubilizc membrane proteins. Protein antigens 
were immunoprecipitated from the detergent extract 
witb the antipcptidc antibodies coupled to CNBr- 
activated Scpharosc 4B as previously described [1]. The 
immunoprceipitatcs x~cre washed three times with 11.112 
M Tris-HCI buffer (pH 7.5) containing 025 M sucrose 
and 1.25~; - ( w / v ) o f  octyl glucopyranosid,_'. Proteins 
bound to the conjugated antibodies were released with 
50 p.I of 0.1 M gl~cinc-ftCI (pl-t 2.5) and immediately 
adjusted to pH 8 with I -2  #1 of 2 M "l'ris solution (pH 
11). Small aliquots (10-15 /.,I)were then analyzed b.~ 
SDS-polyacr31amidc gel clectrophoresis and a silver 
staining method [21] was used to ,,isualize thc protein 
bands on the gel. 

lmmunohis*ochemi.~m.'. Serial dilutions of protein A 
purified antipeptide antibodies wcrc incubated for 20 
rain at 2ff'C w~th 5 ~,m tissue cryo-scction mounted on 
glass slides. The sections were washed twice with PBS. 
incubated with fluorcsccin isothioc~anate conjugated 
sheep anti-rabbit immunoglobulin F(ab') ,  fragments 
(Silenus Laboratories. Melbourne, Australia). washed 
again and mounted for examination by fluorc.,cencc 
microscopy using transmitted illumination with narrow' 
band bluc (495 nm) excitation. 

Results and Discussion 

Description of  synthetic peptides 
Two peptides were synthesized f o r  the purpose .,~ 

the present study. The first peptidc represent,,, the 

carboxx tcrmi;:at o l  the human fl-subunit, and is eight 
amino acid rc:,idues hmg (Table 1). The primary con- 
sideratinn in c!,oosing the carboxy terminal region was 
that in general'the C-terminus of a protein is relatively 
free It) rotate . [23], thus likely to be accessible to 
antibodies. Furthermore. it is expected that the binding 
of antibodies to this region would result in only a 
minimal effect o,1 the conformation of the fl-subunit. 

The second pt ptidc, which is 18 amino acid residues 
long. correspond!" to a region between residues 186 and 
202 of the subun~t, and includes the two dicyclohexyl- 
carbodiimidc (D(CD)-reactive glutamic acid residues 
which have been ;uggcsted to be involved in the cat- 
al.~.tic activity of tl.e enzyme complex (Table 1). It has 
been shown that t'm inactivation of the bovine mito- 
chondrial F!-ATPasc, by DCCD is due to the modifica- 
tion of a specific glutamic acid residue in the/3-snbunit 
[24.6], and that the inactivation could not occur in the 
presence of Mg:*. The suggested explanation of this 
observation is that a giutamie acid residue at the active 
site of the ATP synthasc fl-subunit binds Mg 2~, and 
Mg-'" complexes of adenosine nucleotides [6]. How- 
ever. it is also possib!c that Mg -'+ affects the reactivity 
of the glutamie acid ~ide chain with DCCD by binding 
to an allosteric site where it induces a conformation 
charge. 

Characterization o f  the atttipeptides' antibodies 
Two rabbits were immunized with each peptide, 

conjugated through their NH,-terminal to keyhole 
limpet hacmowanine (KLH). When monitored by 
ELISA. the rabbit sera were found to react with the 
immunogenic carrier KLH (Fig. 1), as expected. To 
examine the antipeptide antibodies in the sera, there- 
fore, bovine serum albumin (BSA) peptide conjugates 
wcrc used: in all cases the anti scra did not show any 
reactivity to BSA (Fig. 1). Both peptide conjugates 
wcrc found to induce antibody formation to the pep- 
tides, as the antisera reacted with the BSA-peptide 
conjugates as shown in Fig. 1 The titres of the antibod- 
i,:., against each peptide detected in the immune sera 
reached their maximum at around 1:25 000 to I :30000 
af',cr two booster injections (data not shown). 

TABLE II 

('¢nnpanson oJ the amino atul st'qucncc o! flw A TP s.*nthaw [3-submm from d(/h'rcnt organi~m~ 

Alignment of the amino acid sequence of lhc human, box'inc, and .~cas! D('CD binding and ('qcrminal regions of the ATP synthase fl-subuni! 
are shown. 

Amino acid sequence 

DC('D binding region C-terminal region 

190 200 471 480  
t | un l an  G V G E R T R E G N b L V H E M I A K A O K L A E E H S S 

B o v i n e  . . . . . . . . . . . . . . . . .  
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Fig. 1. Characterization of the antipeptide antibodies to the ATP 
synthase /3-subunit bx ELISA. The assay was carried out as de- 
~ribed in Materials and Methods. Antibodies were incubated with 
various concentrations of microtitre plate-bound antigen, and bind- 
ing of the antibody was detected with ,8-galact()sidase-linked &mkey 
anti-rabbit Ig. Antigens used were keyhole limpet haemocyanme 
(KLlt). bovine serum albumin (BSA). peptide coupled to BSA (P- 
BSA) and human mitochondrial FI-ATPase (1t), at 1 ~g ( ,q ). I(I ug 

( L3 ) and I(10 u.g ( • ) per well. 
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The reactivity of  the ant ipcpt ide  antiN~dies to the 
/3-subunit of the ATP synthasc was examined ~i th an 
F~-ATPase preparat ion from human placcntal mito- 
chondria.  Direct ELISA rcsults, using this FI-ATPase 
prepara t ion  as an antigen, showcd that C-terminal  
ant ipept idc  antibodies reacted with thc enzyme com- 
plex, presumably with its B-subunit {Fig. 1). in con- 
trast, the ant ibodies  to the DCCD binding region wcrc 
found to be not reactive in this experiment .  

The reactivity of  the ant ipept ide  antibodies to the 
,8-subunit was verified by Westcrn  immunoblot t ing 
ag~,inst the human F~-ATPase. Only one band,  corre- 
sponding to the ATP synthasc /3-subunit (51 kDa), was 
observed for both antibodies (Fig. 21. Similar Western 
immunoblot t ing exper iments  were carried out using 
the total human mitochondrial  protein and octyl gluco- 
side extract of the human mitochondrial  membrane ,  in 
both cases, one band cor responding  to a 51 kDa pro- 
tein could be consistently demons t ra ted  {Fig. 2) with 
the two ant ipept ide  antibodies.  No significant cross-re- 
activity to o ther  mitochondrial  proteins could be ob- 
served, except for the ant ibodies  to the DCCD binding 
region when tested against the total mitochondrial  
proteins.  

Species .v~ecificity of antipepttde antibodie.s 
As shown in Table 11, the human ATP synthase 

/3-subunit shares  some homology in thcir  amino acid 
sequence,  both at the carboxy terminal and at the 
residt:cs 186 to 2(12 region, with that of bovine and 
yeast. It is of  interest to de terminc  thc spccics speci- 

C-Terminal Antibodies DCCD Region Antibodies 

51 k D a - - ~  ~ ~  --'" 

D 

M OE F1 M OE F1 

Fig. 2. The reactivity of antipeptide antibodies to the human FI-ATPase ,8-subunit in W':stern immunobloning. Total human mitochondrial 
proteins [M], octylglucosidc cxlract of human mitochondrial membrane JOEl. and a human F~-ATPase preparation (chloroform extract) IF 1 ] v, erc 
separated by electrophoresis in 12c,: SDS-polyaerylamide gel, electrophoretically transierred onto nitrocellulose filter, and immunobtotted w=th 
antipeptide antibodies. In all cases, a band corresponding to a 51 kDa protein could be cons stenlly dt, m,mstrated with the tv, o anlipeplidc 

antibodies. 
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t.~g. 3, Species specificity of antipeptide antibodie~ b~, EI~ISA q he 
assay was eanied out as described in Fig. 2, Antit~dies to the 
C-termin:d regi~m ~a~ ex~mined ~gainst human F j ~ r P ~  I11). 
bovine FI-ATPasc (B). and yeziM FI-ATPa,,e (y,b as anti~em,, b~und 
to the microtilre philos. Tile ct~ncentr~nli~m of antigen', '.,.ere I /zg 

( [2 ). I1) ,u g ( S] ) ;ind 1()() ,u g ( • ) per well. 

ficity of the antipeptide antibodies, as the pattern of 
the cross-rct~ctivity might provide information with re- 
gard to the cpitopes recognized by the antibodies. For 
this purpose, the reactivity of the antipeptidc antibod- 
ies was examined by ELISA.  Since the antibodies to 
the D C C D  binding region are not reactive under 
EL1SA, only the antibodies to th': C-terminal  region 
were tested for this purpose. These antibodies wcrc 
found to cross-react with the bovine Ft-ATPasc,  but at 
a significantly less intensity compared to their  reactivity 
to thc human enzyme (Fig. 3). The antibodies reacted 
only weakly with the yeast F r A T P a s e .  Western im- 
munoblott ing experiment against human, bovine and 
yeast mitochondria confirmed the ELISA results (data 
not shown). The above ebservation could be perhaps 
explained on the basis of  the homology of the amino 
acid sequence of the human, bovine and yeast ATP  
synthase/3-subunit at the C-terminus. Thc human ATP 
synthase /3-subunit [5] shows a complete  amino acid 
homology in the D C C D  binding region with that of  
bovine [12] and yeast [30]. Similarly, complete sequcnce 
homology was observed at the C-terminal region be- 
tween the human and btwine A T P  synthase /3-subunit, 
except for one serine residue which is absent in bovine. 
The homology of the human and the yeast C-terminal 
ATP  synthase/3-subunit ,  however, is low. 

Immunoprecipitation of human mitochondrial A TP syn- 
thase 

The antipeptide antibodies have been used to im- 
munoprecipitate the human ATP synthase complex in 
a solid phase system [see Material  and Methods for 
experimental  details]. When the immunoprecipi tated 
complex obtained with the antibodies to the C-terminal  
was analysed by clectropboresis on a 12% SDS-poly- 

~icr3'lamidc gel. 14 protein band~ wcrc observed (Fig. 
4). At least five of  thcsc wcrc observed also when a 
n~rmal non-immune human ig fraction v,a:~ used in- 
stead of the antibodtcs, indicating that these proteins 
wcr :  non-specifically associated to the Sepharose 4B 
beads used in the immunoprccipi ta t ion,  despite of  the 
pro-absorption of the antiscra with the beads prior to 
immtmoprccipi tat ion.  Two major bands of  53 and 51 
kDa teu ld  be identified as the a-  and the/3-subunits  of  
the F~ sector of the enzyme complex. The  oliver two 
subunits of  the F~ sector, )~ and ~5. appeared  as bands 
with the mobility of  31 kDa and a 14 kDa protein, 
respectively. Three  o ther  bands corrcsponding to 29, 
24 and 18 kDa proteins were observed. One  of  these 
bands (24 kDa) was tentatively identified as that of  the 
mitochondrially synthesized subunit 6 of  the F~,-sector. 
The other  two, are presumably the equiwdcnt  of the 
P25 and P18 subunits of  the yeast A T P  synthase [1,4], 
which have been also reported to be present  in the 
bovmc hcat t complex [25]. The e lcct rophoret ic  system 
employed did not resolve the e-subunit of  the F~-sector 
and subunits 8 and 9 of the F,,-sector at the bottom of 
the gel. The other  polypeptides which were observed 
on the gel were probably aggregation or  breakdown 
products of  the a and /3-subumt, as described previ- 
ously [!]. 

The antibodies to the D C C D  binding region did not 
appear  to immnnoprecipi ta te  the A T P  synthase com- 
plex. SDS-polyaerylamide gel e lectrophotesis  analysis 
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Fig. 4. lmmunoprecipitation of human mitochondrial ATP synthase. 
ttuman mitochondria were !solatcd as in Materials and Methods, 
:,nd membrane proteins were solubilized from the mitochondria with 
octyl glucopyranoside (5%). Protein antigens were then immuno- 
precipitated from the detergent extract by using the antipeptide 
antibodies to the carboxy terminal of the numan ATP synthase 
fl-subunit [Anti ('-terminal] and a normal non-immune serum [Non 
Immune] in a solid phase system, immunoprecipitated proteins were 
separated by electrophoresis on 12c~ SDS-polyacrylamide gels, and 

were visualized by silver staining. 



of the fraction obtained with these antibodies b.~ im- 
munoprecipitatior, did not cvcn show the ~-subnnit 
(data not shown). Intcreslingly. however, the Western 
immunoblott,ng results clearly showed that these anti- 
bodies recognized the /3-subunit of the ATP synthasc 
(Fig. 2), and not only of human but also of a range of 
other organisms, including yeast (data not shown). It 
appears, that the epitopes recognized by these antibod- 
ies are hidden in the interior of the F~-ATPasc, and 
become exposed under the membrane solubilization 
and electrophoretic conditions employed in the West- 
ern immunoblotting experiment. 

[~ (e l c l i t  l lV 1)/' ltl~" lllllq~t'~l[l'g[(' t l f l l l l )Od lc s  /tl  II~llHtlllr~/Ii~,l,~ - 

One of the potcnti~d use of the zmtit~odic~, dc~crit~cd 
in the present study is in the imm~mottistt~chcmic:d 
cxamin,dion ~1 the A r P  synthasc i~1 the skcl,:t:d muscle 
and other tissue materials, in pztticnts with ,~t~i,~t~ 
mitochondrial rcspiratoD chain di~t,rttcr~. The :d~ilit~ 
of the antipcptidc antibodies to the C-tcrntinal rcgiun 
tc, react with the A-IP s.~nthase under hist~)chcmica! 
conditions, therefl~re, has been examined. M~usc liver, 
muscle and stomach scctions wcrc used fi~t :.Jr- 
pose. 

Fig. 5. Reactivity of the antipeptide antibodies in immunohistochemical experiment. Results shown arc for the mouse ~tomach (a) "lll~ 
immunofluorescence pattern observed with the antimitochondrial autoantibodies in the serum of a patient with pr ima~ r bil ia~ cirrhosis. (h~ The 

immunof luore~enee  pattern observed for the C-terminal antipeptide antibodies. 
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I l l  all c':t~u~ (he ; i i ! t ibod ics ',~clc l ( I t lnd 1o rcaicl 

po~i l i ;c l ' ,  b' i tninul l~dhi~ucccncm l h c  inlnlt inol l t l t~+ 

rcsccncc p a l l c r n  l~ci~ ~imil ; i l  t i l  I l l  tl o t ; , c r~cd  ~t l lc l '  

a i l l Jm ihx :hondr ia l  auh}-~:r l i ibodien t rorn :i p:.t l ienl ~ i t h  

p r i m a D  h i l i a ~  c i r rhos is  ~ e r c  u~ed. a~ sho~n  in Fig. 5 

foi a sec'liiul lrom a lllttu~,l...' ntOillach. P r i n l a D  biliaD. 
cirrhosis is an ,tuloJrntilune disease affecting pr imarik 
the intrahcpalic bili;,rx ductulai,  and charactcr izcd b$ 
the hnding of aiuto-anlihodies to n,; toehondrial  anti- 
gens in serum of patients [26.27]. The autoant igens 
ha~e recently hccn identified as the E2 componen t s  of 
thc mitochondrial  2-oxoacid dehydrogcnase  complexes.  
ill particular the 1:2 of p)rtlvalc dehydrogenasc  cl)m- 
plcx I [2s.291 

(Otl¢ ' / l ldi l l~ rctlltt,"k ~, 

The pr t )duc t i lm  of the  ant ipept ide anl iN~dies  to the 

human ATP s~ntha,,e subunit reprcscnts  on,: of our 
research ;iCli',itie,,. ;timed I¢1 chic(dale the pmcc,,,,es 
i m o k c d  in the as~cmbl~ of lhc mi tocho-dr i .d  encrg~ 
l"ansdul.illg mcmlmitz~: in human,,. T',~.ese ant ibodies 
~ould he usclul tk~r the in~estigation of the structure 
and function of the human ATP svntha~c complex in 
normal and disease situations. As an example,  lhe 
ant ipcpt idc anlibodic~ to the C-terminal  region of ATP 
synthase ~-subunit  have t ,2en used in a study to inves- 
tigate the association of the autoant igens  of primary 
biliaD cirrhosi,,, an auto immune disease character ized 
by the presenee in sera of patients  of autoant ibodies  to 
milochondrial  mncr  membrane  proteins.  ~'ith the ATP 
s}Hlhase. The i m p o r l a n t  issue of ~ h e t h c r  any o f  the 
PB(" reactive polypeptidcs arc associated with the 
milochondrial  A l P  .vnthase has been thus resolved 
[311. 

T h e  ant ipept idc antibodies against the C-terminal  
region of the ATP synthasc have been also used no~  in 
(he histochemieal examination of this enzyme complex 
in the skeletal muscle of patients  ~ i t h  mitochondrial  
di,,ordcrs, in pameula r  those ~i th chronic progressive 
external ~phthalmop!egia (CPEO)[32] .  This particular 
typ,: of mitochondrial  disorder  has been shown to bc 
associated x~ith the presence of partially de le ted  
mII)NA, which coexists in tissues in a heterophismic 
manne r  v. i th the normal m t l ) N A  popiil;ition. 
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