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Ahstrnet 

This paper examines the replication and repair of yeast mitochondrial DNA during mitochondria1 biogenesis. 

Key words Mitochondrial DNA, enzymology, biogenesis, replication, repair, respiration 

1. Introduction 

The alternative life styles of Saccharomyces cerevisiae during growth under anaerobic and 
aerobic conditions have facilitated research on mitochondrial DNA functions. When 
anaerobically grown cells are subjected to aeration functional mitochondria are formed 
within 2 h of commencement of aeration. This transition process was'found to be sensitive 
to a variety of physical and chemical agents and the primary lesion was found to be 
introduced in promitochondrial Much of the work related to the enzymology of 
DNA replication is confined to the mammalian mitochondrial DNA4-6. In contrast to 
mammalian systems, the replication of mitochondrial DNA of S. cerevisiae has not been 
studied in detail. Yeast mitochondrial DNA is about 84000 base pair long, about five-fold 
larger than mammalian mitochondrial DNA7, and hence its replication can be expected 
to be extremely complex. Mitochondria1 DNA replication during anaerobic to aerobic 
transition was found to be crucial for the maturation of mitochondria and any damage to 
this replication process inhibited mitochondrial biogene~is')~. In view of the extreme 
susceptibility of mitochondrial DNA dunng biogenesis in S. eere~isiae cells to DNA-acting 
agents, the modes of repair of mitochondrial DNA, in comparison with those of nuclear 
DNA repair are of crucial importance. The studies presented here were aimed at examining 
the replication and repair of yeast mitochondria] DNA during mitochondrial biogenesis. 

Z Results and discussion 

Table I depicts the results on mitochondria1 biogenesis of anaerobic cells of S. cerevisiae 
during transition from anaerobic to aerobic state, which can be easily monitored as the 
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Table I 
~ ~ ~ i ~ ~ t ~ ~ ~  in S. eerevisintt: effect of UV irradiation 

 me of aeration Oxygen uptake of 
of anaerob,c -- - 
ce!ls (rnin) Unlrradiated UV-irradrated UV-irradiated 

cells aerated cells aerated cells aerated 
in dark in dark in light -- 
n moles of O,/mm/mg protein 

0 21 8 20 
30 40 9 47 
60 90 10 87 
90 114 12 98 

I20 140 16 139 
- - . - . - -. - - - - - - -. .. - - - - - - - . - - - - - - - - - . 
Aerobic celis 142 142 142 

S. c~recisiae cells grown anaerohically were washed and suspended in phosphate 
b u l k  pH (7.0) to the cell density of 10' cells/ml. Portions of cdl suspensions were 
exposed to UV (254nm. 10J~rn'). The trradiated and unirradiated cell suspensions 

were transierred to fresh aerobic growth medium and aerated in dark. In another 
experiment, the irradiated cell suspensions were aeratcd in visible light emitted 
by fluorescent lamp (370-80Onm). Aliquots of cell suspensions were withdrawn at 
different time intervals and the rate of substrate (succmate) oxidation was studied 
using a GME oxygraphZ0. 

increase in the rate of substrate oxidation using a GMB oxygraph. This process was 
completely arrested by very low doses of UV radiation and has been shown to be due to 
lesions introduced in the DNA associated with promitochondrial structures of anaerobic 
cells1. During this respiratory adaptation, four promitochondria (per cell), each with a 
single copy of DNA are matured into 10-12 mitochondria (per cell) each containing 4-5 
copies of DNAc9. Mitochondria1 DNA and RNA syntheses precede the maturation of 
mitochondria. This system of respiratory adaptation is hence ideal to study the mechanism 
of mitochondrial DNA synthesis. 

Interestingly, it would seem from the results that almost all or perhaps important 
components of DNA replication machinery were synthesized de n o w  during transition of 
anaerobic cells to aerobic state. 

As can be seen from Table 11, induction of mitochondrial DNA polymerase was 
observable within the first 60min of aeration. The enzyme activity was detected both in 
the cytoplasm and promitochondria. 

Mitochondria1 DNA polymerase was purified to electrophoretic homogeneity from 
aerobic cells. The properties of the enzymes are: it is Mgi+-dependent with an optimum 
pH at 7.5 and, surprisingly, lacks endonuclease activity. Antobodies to this enzyme were 
raised and cross-reactivity to the DNA polymerase associated with promitochondrial 
structures could be established (Table 111). 

Clayton et a1 have reported that in the mammalian mitochondrial system, H-strand 
DNA synthesis begins in the displacement loop region and appears to be primed by 
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Table I1 
l&tiaa mitochondrial DNA polymerase during 
mpiratory adaptation 

~i~~ ofaeration of p moles of T M P  incorporated/ 
anaer~hic cells hr mg protein 
---- - 
0 4.5 
t 52.0 

1 45.0 
Aerobic cells 5.0 
- - - - - - - -. - - - - - - - - - - - - - - - - - - - - - - 
post-mitochondria1 

cytoplasm 2.5 

M~tochondrial DNA polymerase was assayed as dcs- 
cnbcd by Winlersberger and Blulsch". The assay 
mlnture contained in a final volurnc o f 0  125rnl:0.05 M 
Tris-HCI pH7.5, 0.01 M MgCI,, 0.001 M EDTA, 
0.W2M 8-mercaptoethanol, 50vM each of dGTP, 
dATP, dCTP and dTTP, 0.25,rCi of 'HdTTP (specific 
activity 40Cl/mmol) 13pg of 'activated' calf thymus 
DNA and 25pl protein of promitochondria o r  
mitochondria or cytosol. Reaction mixture was 
incubated at 30°C for 15 min. Incorporation of labelled 
dTMP was assayed by precipitation of reaction 
products by 5% TCA containmg 1% (wW sodium 
pyrophosphatc. Acid ~nsoluble matenal was collected 
on Whatman GF/C filter, washed with 10% TCA 
containing 1% sodium pyrophosphale followed by 5% 
TCA, alcohol-ether (1:I) and finally with ether and 
dried, and radioactivity measured. 

Table 111 
Reaetiveefiicieneies of antibodies against mitoehondrin1 DNA polymerase with different 
plymerases 

DNA polymerase - antibodies +antibodies % inhibition 
p moles of T M P  incorporated/mg protein 

Ywt mtochondrial 
DNA polymerase 5.0 0.06 98.80 

E. cob DNA polymerase 7.8 7.45 4.48 
Rat nuclear DNA polymerase 0.071 0.070 1.40 
Rat mitochondrial DNA polymerase 0.13 0.12 2.30 
-.- .- 

DNA polymerase assay was carricd nut cssentidly as described in the legend to 
Table 11, except that to one set of experiments antibodies against mitochondrial DNA 
polymerase were added 

transcripts synthezied from a major promotor presumably catalysed by mitochondrial RNA 
P o l ~ m e r a s e " ~ ~ ~ ~ ~ ~ .  L-strand DNA is synthesized on a single-stranded ternpiate and a 
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mitochondrial DNA primase was identified as the enzyme responsible for initiating Lstrand 
DNA replicationt2~'3. Yeast mitochondrial DNA is much larger (84kb) as Compared 
to mitochondrial DNA (17 kb). In spite of the enonnous differences in :heir 
sizes, yeast mitochondria1 DNA replication may be an  RNA-primed bidirectional process 
similar to mammalian mitochondrial DNA replication. Recent work of Bernardi and group 
using petite mutants have identified at least seven ori sequences on yeast mitochondria] 
DNA based on the ori sequences studied in truncated DNAs in a variety of petite 
 strain^^^.'^. Of these, two seem to have nucleotide base-pair sequences similar to :hose 
found in mammalian mitochondrial DNA. Bernardi's work further suggested that ori 
sequences may lie visithin or in the vicinity of transcription-initiation sitesI6. Conceivably, 
therefore, it would seem that some at least of these ori sequences will function with RNA 
primers synthesized by RNA polymerase. 

Induction of mitochondrial RNA polymerase during anaerobic-aerobic transition was 
also studied (Table IV). Methods have been described for purification of DNA polymerase 
and RNA pofymerase from mitochondrial extract. However, it was necessary for our 
experiments that we obtain the two enzymes using the same mitochondrial extract. Hence 
a new method was developed in this laboratory that enabled co-purification of DNA and 
RNA polymerases from the same mitochondrial extract. The eluent from DEAE-cellulose 
column (at 0.2 M NaCl concentration) was tested for RNA polymerase activity and was 
further purified through another DEAE-cellulose column followed by glycerol gradient 
centrifugation. Mitochondrial RNA polymerase was purified thus to homogeneity and its 
properties were characterized. 

It has been postulated that different enzymes (RNA polymerase and a primase) are 
involved in the RNA priming of the two nascent DNA chains and that the initiation of 

Table N 
l n d u c ~  of mitochondrial RNA polymerase during respiratory adapt- 
alien in S. cnevisim 

Time ofaerat~on of Activity of mitochondria1 RNA polymerase 
anaerobic cell (hi p moles of 'H-UMP incorporated/mg protein 

0 0.144 
f 287 
1 1.63 
Aerobic cells 0.92 

Mitochondria1 RNA polymerase was assayed as described by Levens 
rt el". The assay mixture in a final volume of 0.025 ml contained: 
IOmM Tris HCI pH 7.9; 1OmM MgCI,, Im&lmi of bovine serum 
albumin, 57' glycerol and 150pM each of ATP, GTP and CTP; I f l i  
'H UTP 143 Ci/m mol), M 13 DNA 1 pgjassay. After incubation at 37°C 
for 20min, reaction was terminated by the addition of 0.5ml of 7% 
perchloricacidand0.1 M sodiumpyrophosphate. The reaction mixtures 
were then diluted with Sml of 0.1 M HCI and 0.01 M sodium pyro- 
phosphate and Citered through Whatman GF/C filters, washed with 
95% ethanol, dried and counted. 
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DNA synthesis of one strand is activated by transcription, and that of the other strand is 
primed by primase'1-'3. In view of a number of recent  report^^.'^ which suggested that 
DNA polymerase could exist as polymerase-primase complex, this possibility was tested 
in the parent yeast mitochondria1 sy'stem. Indeed yeast mitochondrial DNA polymerase 
was also found to have the enzyme activity capable of initialing DNA replication on 
single-stranded templates, like M 13 DNA and poly (dT) (results not shown). This could be 
due to the presence of primase responsible for initiation of DNA replication on one of the 
$!rands of mitochondrial DNA of S. cereaisiue. 

3.1. LiV-induced damage and repair in mitochondrial DNA 

Respiratory adaptation (involving the induction of replication and transcription of DNA 
associated enzymes) was found to be sensitive to very low doses of UV irradiation'. The 
fragility of mitochondrial DNA can easily be shown to be related in the presence of AT 
spacers and GC  cluster^'^. Ultraviolet radiation-induced thymine dimers preferentially at 
the pyrimidine-rich clusters as compared to the other DNA regions even though they were 
potential sites for thymine dimex: formation. A related aspect that was examined is the 
repair of mitochondrial DNA. DNA damage in fully matured mitochondria was found to 
be unrepaired upon incubation in dark'. By corollary, it may be inferred that promito- 
chondrial structures in anaerobic cells may also be deficient in this excision repair system. 
A very sensitive assay was used in which an endonuclease isolated from Micrococcus luteus 
specifically cleaves UV-induced pyrimidine dimers in the DNA and the resultant gap is 
seen as a strand break in the subsequent alkaline-sucrose density-gradient analysis. 

The results on excision repair of promitochondrial DNA of wild type strain (Table V): 
revealed that at low doses (0.5 J/mZ), UV radiation-induced damage was completely repaired 
upon incubation in dark and at higher doses (lOJ/mZ)(which impair respiratory adaptation) 
the dark repair is partial, but nevertheless functional. Understandably no such repair takes 
place in the UV radiation-sensitive strains rad mutants which lack excision repair. This 
would mean that any repair of promitochondrial DNA would have been brought about 
by nuclear DNA repair machinery alone. 

The results on partial excision of promitochondrial DNA damage at doses above 10 J/m3 
need comment. When the dark-held cells were subsequently exposed to light, all the dimers 
were not removed by photoreactivation. Possibly, the excision-repair enzyme could have 
excised the dimers but the subsequent repair leading to sealing of gap may not have been 
completed. 

Excision repair of nuclear DNA damage was quite efficient at all the doses studied 
whereas no such repair, even to a limited extent, of mitochondrial DNA was observed. It 
may be inferred that while nuclear DNA repair machinery influences repair of 
promitochondria1 DNA, it does not presumably act on the DNA of fully matured 
mitochondria of aerobic cells. It is ~ossible that fully mature mitochondria, but nor 
pr~mitochondrial structures, form a membrane barrier to the nuclear DNA repair enzymes. 

It is noteworthy that UV radiation-induced damages of both nuclear and mitochondrial 
DNA can be efficiently repaired by photoactivation brought about by post-irradiation 
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Table V 
F ~ * ~  01 endaollclease sites in the pron~itochondrial, rnitochondrisl md naclemr DNAs of wild type 

S. cererlisiae 
- 

Treatment Enryme-sensitive sites 

Nuclear Mitochondria1 Promit~chondri~l 
DNA DNA DNA 

----. 

SitcsjlO8 Siles,IlO7 dalions 
daltons 

1. Umrradialod 
2. UV-irradiation 0.5 J;m2 
3. UV-irradiation 0.5J!m2 and incubation In dark 

for 2 hr 
4. Umrradiation 0.5 J!m2 and incubation in dark 

for 2hr followed by incubatmn in light for I hr 
5. UV-irradiation 0 . G m 2  and incuhaion in light 

for 2 hr 
6. UV-irradiation 1Ol / rnz  
7. UV-irrad~atmn 1 0 J h 2  and incubation in dark 

lor 2hr. 
8. UV-irradiation 10Jim%and incubation in dark 

for 2 hr followed by incubation m hght for I hr 
9. UV-irradiation 10J/m2 and incubation in hght 

lor 2 hr 

blH)-uridine labcllcd organcllar DNA was isolated after different treatments. One set of sample was treated with 
the pyrimidme dimcr-speafic endonucleas isolated from Mieroc~~ccus l ~ t e u s ~ ~ .  Both the enzyme-treated and 
untreated samples of DNA were spun on 5-20% linear alkaline sucrose dens~ty grad~ents. From the dbtnbution 
of radioactivity, the weight average molecular wezghts of DNA were calculated. Number of strand breaks seen 
as enzyme sensitive siles were calculated uslng the following lormula. Number of sltcs per 10' daltons= 
, " \ I - \  

( A ) - ( ~ 2 - - - - ) 1 0 1 ,  where (M,),,,, and (M,).,., are the we~ghL avcrage molecular weights for 
l.vw)+e"z (~f. ,LZ 

endonuclease-treated UV irradiated DNA and 'minus enzyme' control, respectwely. 

exposure of cells to visible light. In S. cereuisiae it has been shown that a common enzyme 
(a nuclease gene product) can accomplish repair of both nuclear and mitochondrial D N A ' ~ .  

Either this enzyme (as against the complex enzyme machinery of excision repair) is easily 
accessible to mitochondria1 DNA, or during mitochondria1 biogenesis, promitochondrial 
structures are in the close vicinity of the nucleus. A fincly tuned coordination among 
nuclear transcription, replication, repair machinery and cytoplasmic protein synthesizing 
machinery in maturing mitochondria is expected in view of the fact that mitochondria[ 
biogenesis is not autonomous but largely dependent on nuclear functions. 
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