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SUMMARY. Autoantibodies present in the disease primary biliary cirrhosis react by im- 
munoblotting with four major yeast mitochondrial antigens of 58 kDa, 55 kDa, 52 kDa and 45 
kDa, tentatively identified as the lipoate acetyl transferases (E2) of the pyruvate dehydrogenase, 
component X of E2 pyruvate dehydrogenase, E2 of 2-oxo glutarate dehydrogenase and E2 of 
branched-chain 2-oxo acid dehydrogenase complexes respectively. The synthesis of these an- 
tigens is sensitive to catabolite repression. The reactive antigens are present in mit- mutants of 
yeast which have specific defects in the mitochondrial apocytochrome b, cytochrome oxidase 
subunit II and H+-ATPase subunits 8 and 9, and in mtDNA-less rho ° petite mutants, but a sig- 
nificant increase in the sensitivity to catabolite repression was observed in these mutants in par- 
ticular in the mtDNA-less strains. © 1989 Academic Press, ~no. 

It is recently reported that anti-mitochondrial autoantibodies (AMA) directed against trypsin- 

sensitive (M2) antigens of the inner mitochondrial membrane, found characteristically in sera of 

patients with primary biliary cirrhosis (PBC)[1,2,3,4], react specifically to the lipoate acetyl trans- 

ferase (E2) components of the pyruvate dehydrogenase (PDC), the 2-oxo glutarate dehydrogenase 

(OGDC) and the branched-chain 2-oxo acid dehydrogenase complexes (BCOADC) [5,6,7]. 

These PBC autoantibodies crossreact with mitochondria from a wide phylogenetic range including 

yeast [8,9,10]. The autoantibodies of PBC, therefore, could be used as a novel immunoprobe in 

the study of the 2-oxo acid dehydrogenase complexes. 

We have exploited the above findings and employed the PBC antibodies in the present study to 

investigate the levels of the 2-oxo acid dehydrogenases, in various respiratory deficient mit- and 

mtDNA- le s s  (rho °) mutants  of Saccharomyces cerevisiae. The assembly  of  func t iona l  

mitochondria requires the coordinated expression of a large number of mitochondrial as well as 

nuclear genes [see Ref 11,12 for recent reviews]. Studies in the yeast Saccharomyces cerevisiae 
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indicate that regulatory interactions exist between the various mitochondrial and nuclear genes 

involved in this assembly process; a mutation in a mitochondrial gene coding for a subunit of a 

respiratory enzyme complex, for example, frequently has secondary effects on the assembly of 

other components of the respiratory chain. It is of interest, therefore, to investigate whether such 

pleiotropic effects are also extended to other enzyme complexes involved in oxidative metabo- 

lism, in particular on the synthesis of the 2-oxo acid dehydrogenases which are central to the 

flow of the fermentative intermediates into the Krebbs cycle, and thus an important point of. 

regulation in many organism [13,14]. 

MATERIALS AND METHODS 

PBC Sera. Sera containing AMA obtained from patients diagnosed as PBC according to estab- 
lished clinical and histological criteria and with positive AMA as determined by immunofluores- 
cence [8]. 

Strains of Yeast and Culture Conditions. The strains of the yeast Saccharomyces cerevisiae used 
include a wild-type haploid strain J69-1B (c~ adel his5 [rho+]) [15], the mit- strains 37-16-6 (c~ 
adel his [cob-box]) [16], 38.6.1 (c~ adel his [olil mit-]) [17], M26-10 (c~ adel his [aapl mit-]) [18], 
1203 (a adel his [oxil mit-]) [19] and three rho ° respiratory deficient mutant J69-1Bp ° (c~ adel 
his5 [rho°]), D253-2Ap ° (a adel hisl trpl [rho°]) and 70Mp ° (c~ adel lysl trpl [rho°]) [20]. The 
wild type cells were grown in 2 L fluted erlenmeyer flasks in 600 ml of medium containing 10 
g/l glucose (or 54 g/1 for catabolite repression studies), yeast extract (10 g/l), a salts mixture [21] 
and the auxotropic requirements (100 #g/ml adenine, 50 #g/ml histidine, 50 #g/ml tryptophane, 
50 #g/ml lysine). The mit- and the rho ° mutant strains were grown in either batch cultures as 
above but with 2 g/1 glucose or, in glucose-limited chemostat cultures at 28 °C at a dilution rate 
of 0.1 h-1 as described by Marzuki and Linnane [22]. Cells grown in the batch cultures were har- 
vested after around 5 hours in the stationary phase while cells grown in the glucose-limited 
chemostat cultures were harvested after at least 8 generations in the steady state. 

Isolation of Mitochondria. Intact yeast mitochondria were isolated from spheroplasts prepared by 
zymolyase digestion of the cell wall as described previously [23] in the presence of protease in- 
hibitors phenylmethylfluoroanelsulphonate (2 raM), e-aminocaproic acid (5 mM) and p- 
aminobenzamidine HC1 (5 raM). For the isolation of human mitochondria, term placentae were 
obtained from a local hospital within two hours of delivery. The placental mitochondria were iso- 
lated as described by Hare et al. [24] except that all buffers contained the protease inhibitors as 
above. 

Polyacry lamide  Gel Electrophores is  and Western Immunoblo t t ing .  Polyacrylamide gel 
electrophoresis was carried out on 0.75 mm thick slab gels (Biorad Miniprotean II) in the presence 
of 0.1% SDS essentially as described by Laemli [25] and Studier [26].  After separation by 
electrophoresis, mitochondrial proteins were transferred to nitrocellulose filter (Schleicher & 
Schuell, Dassel, W. Germany) [27]. Immunoblotting was carried out essentially as described pre- 
viously [28]. 

RESULTS AND DISCUSSION 

Four mit- mutants, shown in previous studies to exhibit different degrees and characteristics of 

pleiotropic effects, were examined. The mutations in these strains have previously been defined 
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Table I. Mtt- and rho ° mtDNA-less mutants of Saccharomyces cerevisiae 
employed in the present study 

Strain Genotype Primary Pleiotropic Ref 
Defect Effects 

37-16-6 adel his5 apocytochrome b decreased synthesis 16 
[cob-box] of cytochrome oxidase 

subunit I 

38-6-1 adel his5 H+-ATPase subunit defective assembly of 17 
[olil mit-] 9; early termination cytochrome oxidase, de- 

-+ truncated product fect in the synthesis 
of 7 aa residues of H+-ATPase subunit 6 

26-10 adel his5 H+-ATPase subunit defective assembly of 18 
[aapl mit-] 8; early termination cytochrome oxidase 

-* truncated product 
of 18 aa residues 

1203 adel his5 cytochrome oxidase 
[oxil] subunit II 

J69-1Bp ° adel his5 
[rho °] 

D253-2Ap ° adel his5 Defective synthesis 
trpl of all mitochondrial 
[rho °] translation products 

70Mp ° ade lys trpl 
[rho O] 

decreased coQ-cyt c 19 
reductase 

20 

and the b iochemical  defects associated with the genetic lesions character ized,  as summarized in 

Table I. Strain 1203 has a muta t ion  in the oxt l  gene coding for  subuni t  II of  the cytochrome 

oxidase complex [19], which  lead to a cytochrome oxidase def ic iency wi thout  any secondary e f -  

fect  on the synthesis and assembly of the other  respiratory enzyme complexes.  Strain 37-16-6  

carries a muta t ion  in the f irst  exon of the cytochrome b gene [16] which  in the yeast Sac- 

charomyces cerevisiae is split  into 6 or 3 exons, depending  on the yeast strain,  by in tervening  

sequences ( introns),  some of which  suggested to code for  R N A  splicing enzymes designated 

maturase.  The maturase  is essential for  the processing of  p r e - m R N A  for  the cytochrome b 

apoprote in  and for  the cytochrome oxidase subuni t  I. The cob-box muta t ion  has been shown to 

increase s ignif icant ly  the sensit ivi ty of the cytochrome oxidase subuni t  I to cataboli te  repression. 

The  oli l  mit-  s t ra in  38.6.1 [17] and aapl strain M26-10 [18] carry muta t ions  in the structural  

genes of  the H+-ATPase  subuni ts  9 and 8 respectively. In both  cases the mutat ions  lead to an 

early t e rmina t ion  dur ing  the synthesis of the H+-ATPase  subuni ts ,  result ing in t runca ted  products 

of  only 7 and 18 amino acid residues for the subuni t  9 and for  the subuni t  8 mutants  respec- 
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tively. In both cases, the mutations which lead to the formation of non-funct ional  H+-ATPase,  

secondarily affect  the assembly of the cytochrome oxidase complex, and to a lesser extent the 

respiratory complex III (ubiquinol-cytochrome c oxidoreductase). In addition to the mit -  strains, 

three mtDNA-less  petite mutants (strains J69-1Bp °, D253-2Ap ° and 70Mp°),  were also 

analyzed. The complete loss of mtDNA in these strains leads to the inability of  the strains to syn- 

thesize all mitochondrial  translation products which in yeast include: three subunits of the 

cytochrome oxidase, the apocytochrome b, a protein of the small subunit of the mitochondrial 

ribosomes (the varl protein) and three subunits of the H+-ATPase [see Re f  29 for review]. 

Several PBC sera were initially tested, and one serum, used for the entire study reported here, 

was selected as it reacted with the maximum number of antigens when tested against human 

placental mitochondria (Fig. 1). The major 70 kDa ("a") and 52 kDa ("c") antigens observed have 

previously been shown to be the E2 (lipoate acetyl transferase) of  PDC and the E2 of BCOADC. 

A component of  the PDC-E2 with a mobility of between 50-52 kDa (designated component X) 

has also been shown to react with PBC antibodies; this antigen (designated antigen "b") 

i a ~ '~" 31 e 
o o  f 
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01-. ~ 0 0  

a 

b/c 
d 
e 
f 

H Y 
Fig. 1. Comparison of the Reactivity of Human and Yeast Mitochondrial Antigens 
with PBC Antibodies. Mitochondria were isolated from human placenta [24] and 
from the yeast Saccharomyces cerevisiae [23]. Mitochondrial proteins were then 
separated by electrophoresis in a polyacrylamide gel in the presence of SDS [25,26], 
electrophoretically transferred onto nitrocellulose filters [27], and immunoblotted 
with an AMA reactive serum. Horse-radish peroxidase labeled sheep anti-human Ig 
was used as a second antibody to visualize the reactive polypeptides, with 4-chloro- 
1-naphtol as a substrate [28]. Standard proteins used were bovine serum albumin 
(68 kDa), ovalbumin (45 kDa), carbonic anhydrase (31 kDa) and eytochrome c (11 
kDa). 
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presumably co-migrates with the 52 kDa E2 of BCOADC ("c") in our gel system. The PBC an- 

tibodies have also been shown to react with the E2 of OGDC, but the mobility of this antigen 

varied widely between different laboratories, ranges from 43-50 kDa [5,6], and most likely to be 

the 45 kDa reactive protein ("d") in Fig. 1. A 33 kDa ("e") and a 28 kDa ("f") mitochondrial reac- 

tive proteins were also detected but the identities of these antigens have not been elucidated. 

Four major reactive proteins were observed when the PBC serum was used in a Western im- 

munoblotting experiment against the wild-type strain J69-1B. The largest antigen, was sig- 

nificantly smaller (about 58 kDa) than that observed for human, but could be shown by employ- 

ing antibodies to pyruvate dehydrogenase to be the E2 of the yeast enzyme, and thus the equiv- 

alent of the human 70 kDa antigen (H. Sudoyo, S. Marzuki and G. Brown, unpublished data). 

The other three yeast major antigens had the electrophoretic mobilities of 55 kDa, 52 kDa and 45 

kDa proteins. By comparison with the electrophoretic mobilities of the human autoantigens [5,7], 

these reactive proteins were tentatively identified as component X of E2 PDC ("b"), E2 of 

BCOADC ("c") and E2 of OGDC ("d") respectively. The PBC serum also reactive with a 38 kDa 

("e") and a 31 kDa ("f") mitochondrial proteins. 

Since the respiratory deficient mit-  and rho ° mutants of yeast have to be grown in the presence of 

a fermentative energy source such as glucose, it is important to establish whether the synthesis of 

the lipoate acetyl transferases in the wild-type strain is sensitive to catabolite repression. For this 

purpose the yeast cells were grown in the presence of 2% glucose as an energy source to allow the 

release of the cells from catabolite repression to be followed during growth. In this growth 

medium, the wild type strain exhibited a biphasic growth curve, the first phase of which repre- 

sents the fermentative growth (division time 1.8 h) on glucose. Around four hours of a lag period 

was then observed, during which the cells were released from catabolite repression in preparation 

for an oxidative growth, which occurred following the lag period (division time 6 h; Fig. 2 top). 

Mitochondria isolated from cells harvested during the fermentative growth showed weak reac- 

tivity with the PBC antibodies although the three major reactive proteins (58, 55 and 52 kDa) 

could be clearly detected (Fig. 2a); the 45 kDa antigen was not visible in this Western- 

immunoblot due to the low amounts of mitochondrial proteins used to allow the quantitative 

assessment of the larger antigens. An increase in the mitochondrial levels of the three antigens 
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Fig. 2. Release from Catabolite Repression of the Yeast Reactive Antigens. Cells 
of the wild type strains of J69-1B were grown to the stationary phase in a batch 
culture, in the presence of 2% glucose. Samples were taken at intervals to deter- 
mine the cell density (top) and mitochondria were isolated from certain samples as 
indicated (a to f) and immunoblotted with PBC serum as in Fig. 1 (bottom). Stand- 
ard proteins used were bovine serum albumin (68 kDa), ovalbumin (45 kDa), car- 
bonic anhydrase (31 kDa) and trypsin inhibitor (21 kDa). 

was observed dur ing  the derepression period (Fig. 2b, c, d). A slight increase in these levels was 

fu r the r  observed dur ing  the oxidat ive growth (Fig. 2e, f, g). 

To examine  the levels of the M2 antigens in mi tochondr ia  of  the m i t -  and rho ° mutants ,  the 

mu tan t  strains were grown in the f irst  instance in batch cultures with  2% glucose as an energy 

source, and harves ted  four  hours af ter  enter ing the s tat ionary phase of growth.  This cor-  

responded wi th  the end of  the non-g rowing  derepression period between the fe rmenta t ive  and 

oxidative growth  shown above for  the wi ld- type  strain,  and as expected,  mi tochondr ia  of the 

wi ld - type  strain conta ined  normal  levels of the major  58, 55 and 52 kDa M2 antigens (Fig. 3a). 

The  mi tochondr ia l  levels of these antigens,  however,  were s ignif icant ly  lower in the mutants,  in 

par t icular  in the mtDNA-less  rho ° strains. Thus,  the three antigens could be detected in trace 

amounts  only in one of the rho ° mutants  examined,  and were almost undetectable  in mi tochondr ia  
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Fig. 3. Yeast Reactive Antigens in mit-  and mtDNA-less rho ° Mutants. Yeast 
cells were grown in (a) batch cultures in the presence of 2% glucose as the energy 
source and (b) in glucose limited cultures to minimize catabolite repression [22]. 
Mitochondria were isolated and PBC reactive antigens were examined by Western 
immunoblotting. Shown are the western immunoblots of the mtt-  strains with muta- 
tions in the structural genes of the apocytochrome b (3), cytochrome oxidase subunit 
II (4) and H+-ATPase subunit 8 (5), and subunit 9 (6), as well as the mtDNA-less 
rho ° strain J69-1Bp ° (2) and the wild type strain J69-1B (1). The other two rho ° 
strains examined (strain D253-2Ap ° and 70Mp °) also showed a significant in- 
creased in their sensitivity to catabolite repression. 

isolated f rom the other  two rho ° strains. When the mutan t  strains were grown in glucose-l imited 

chemostat  cultures under  condit ions which minimize cataboli te repression, however ,  all three 

react ive proteins were found  to be present  at levels comparable  to that  of  the wi ld - type  strain 

(Fig. 3b). Thus,  it appears that  the reduct ion of the levels of the M2 ant igens apparen t  in the 

mu tan t  strains when  grown in batch cultures was due to an increase in the sensi t ivi ty of the 2- 

oxo acid dehydrogenases ,  or at least their  lipoate acetyl t ransferase components ,  to glucose or 

taboli te repression. It is of interest  to note that  the increase in the sensi t ivi ty to cataboli te repres-  

sion is s ignif icant ly  more severe in the mtDNA-less  rho ° strains indicat ing the existence of  a 

nuc leo -mi tochondr i a l  regulatory interaction.  Fur thermore ,  of the four  m i t -  strains examined the 

c o b - b o x  s t ra in  37-16-6  exhibi ted  a s ignif icant ly  h igher  sensit ivi ty to cataboli te  repression. Strain 

37-16-6  carries a muta t ion  in the f irst  exon of the cytochrome b gene, and in common wi th  other  

mutants  wi th  genetic lesion in this region, has been shown to be severely af fec ted  in its abil i ty to 

synthesize subuni t  I of  the cytochrome oxidase, due to an increase in its sensi t ivi ty to cataboli te 

repression. The present  study, which  illustrates the util i ty of the autoant ibodies  of PBC in the 

s tudy of  2-oxo acid dehydrogenases,  suggests that  this ef fec t  is not  specif ic  to the cytochrome 

oxidase, bu t  media ted  by a more generalize mechanism.  

226 



VoI. 158, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

ACKNOWLEDGMENTS 

We are grateful to Dr. I.R. Mackay and Dr.E.Byrne for the PBC sera. This work was supported 
by a grant from the National Health and Medical Research Council of Australia (No. 840226). 

1. 
2. 
3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
11. 
12. 

13. 
14. 
15. 
16. 

17. 

18. 

19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 

29. 

REFERENCES 

Kaplan, M.M. (1987) Adv. Intern. Med. 32, 359-377. 
Berg, P.A.and Baum, H. (1980) Springer Semin. lmmunopathol. 3, 355-373. 
Berg, P.A., Klien, R., Lindenborn-Fotinos, J. and Kloppel, W. (1982) Lancet ii, 1423- 
1426. 
Berg, P.A., Wiedman, K.H., Sayers, T., Kloppel and Lindner, H. (1980) Lancet ii, 1329- 
1332. 
Fussey, S.P.M, Guest J.R., James O.F.W.,Bassendine, M,F. and Yeaman, S.J. Proc. Natl. 
Acad. Sci. (in press). 
Van de Water, J., Gershwin, M.E., Leung, P., Ansari, A. and Coppel, R.L. (1988) J. Exp. 
Med. 167, 1791-1799. 
Yeaman, S.J., Fussey, S.P.M., Danner, D.J., James, O.F.W., Multimer, D.J. and Bassen- 
dine, M.F. (1988) Lancet i, 1067-1070. 
Frazer, I.H., Mackay, I.R., Jordan, T.W., Whittingham, S and Marzuki, S. (1985) J. Im- 
munol. 135, 1739-1745. 
Uzoegwu, P.N., Baum, H. and Williamson, J. (1984) Cell Biology International Reports 8, 
987-988. 
Ghadiminejad, I and Baum, H. (1987) J. Bioenerg. Biomembr. 19, 239-253. 
Tzagoloff, A. and Myers, A.M. (1986). Annu. Rev. Biochem. 55, 249-285. 
Linnane, A.W., Marzuki, S., Nagley, P., Roberts, H., Beilharz, M.W., Choo, W.M., Cobon, 
S., Murphy, M. and Orian, J. (1980) in The Plant Genome (Davies, D.R. and Hopwood, 
D.A. eds), pp. 99-110, The John Innes Charity, Norwich. 
Reed, J.L. (1974) Accounts Chem. Res. 7, 40-46. 
Koike, M and Koike, K. (1976) Adv. Biophys. 9, 187-227. 
Maheswari, K.K. and Marzuki, S. (1984) Biochim. Biophys. Acta 781, 153-164. 
Roberts, H., Smith, S.C., Marzuki, S. and Linnane, A.W. (1980) Arch. Biochem. Biophys. 
200, 387-395. 
Jean-Francois, M.J.B., Hadikusumo, R.G., Watkins, L.G., Lukins, H.B., Linnane, A.W. 
and Marzuki, S. (1986) Biochim. Biophys. Acta 852, 133-143. 
Macreadie, I.G., Choo, W.M., Novitsky, C.E., Marzuki, S., Nagley, P., Linnane A.W. and 
Lukins, H.B. (1982) Biochem. Internat. 5, 129-136. 
Orian, J.M., Murphy, M. and Marzuki, S. (1981) Biochim. Biophys. Acta 652, 234-239. 
Linnane, A.W. and Nagley, P. (1978) Plasmid I, 324-345. 
Proudlock, J.W., Haslam, J.M. and Linnane, A.W. (1971) Bioenergetics 2, 327-349. 
Marzuki, S and Linnane, A.W. (1979) Methods Enzymol. 56, 568-577. 
Spithill, T.W., Nagley, P. and Linnane, A.W. (1979) Mol. Gen.Genetic 173, 159-170. 
Hare, J.F., Ching, E. and Attardi, G. (1980) Biochemistry 19, 2023-2030. 
Laemli, U.K. and Favre, M. (1973) J. Mol. Biol. 80, 575-599. 
Studier, F.W. (1973) J. Mol. Biol. 79, 237-248. 
Vaessen, R.T.M.J., Kreike, J. and Groot, G.S.P. (1981) FEBS Lett. 124, 193-196. 
Hadikusumo, R.G., Hertzog, P.J. and Marzuki, S. (1984) Biochim. Biophys. Acta 765, 
258-267. 
Senior, A.E. (1988) Physiol. Rev. 68, 177-231. 

227 


