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ABSTRACT 
An ethidium  bromide-induced  stopper  mutant of Neurospora  crassa is characterized at the molecular 

level. The mutant has two populations of mitochondrial DNA: a defective  predominant  mutant 
molecule and a basal  level of the wild-type  molecule. The aberrant DNA resulted  after a 25-kbp 
deletion from the wild-type  mitochondrial  chromosome,  which  included  major  genes  such as cytb, col 
and oli2. The deletion  endpoints are located in the  second intron of the ND5 gene,  and in a sequence 
250 nucleotides  upstream of the c02 gene. The recombination has taken place between two nine 
nucleotide  repeats CCCCGCCCC, one of which is close to a PstI palindrome at its 5’ end. Thus the 
mutant ER-3 differs from all the other stomer mutants described  previously  in the extent  and  location 
of the deletions in the mtDNA. 

. *  

S TOPPER  mutants of Neurospora crussa are  char- 
acterized by cyclic alternation of growth  patterns; 

periods of relatively rapid  growth are followed by 
extended intervals of  slow or  no  growth, resulting in 
an  irregular “stop-start’’ growth  phenotype (BER- 
TRAND et al. 1980). All stopper  mutants have severe 
defects in the mitochondrial  respiratory chain marked 
by the absence of cytochromes b and ua3, a gross 
deficiency of cytochrome oxidase activity, and  the 
presence of a cyanide-insensitive respiration (DE VRIES 
et al. 1981). At the molecular level, the  stopper mu- 
tants are characterized by the deletion of different 
sizes  in the various regions of the mitochondrial DNA 
(mtDNA)  and may contain  more  than one population 
of mtDNA (BERTRAND et al. 1980; GROSS, HSIEH and 
LEVINE 1984; DE VRIES et al. 1986). 

Based on the  nature of the  mtDNA,  the  stopper 
mutants can be placed into two groups. The first 
group of stopper  mutants  contains  a  mixture of a low 
level of the wild-type mtDNA molecules and a  high 
level of aberrrant molecules (BERTRAND et al. 1980). 
In  contrast,  the second group contains mainly a mix- 
ture of mutant molecules with deletions in different 
parts of the mtDNA (GROSS, HSIEH and LEVINE 1984; 
DE VRIES et al. 1986). The nature of deletions in the 
mtDNAs of stopper  mutants has been best studied in 
mutants  designated  as  E35 (DE VRIES et al. 1986)  and 
IAr55(11)2,107a (GROSS, HSIEH and LEVINE 1984). 
The stopper  mutant  E35 has been shown to contain 
two kinds of defective mtDNA molecules, each with a 
deletion of 5  kbp or 40  kbp in different  regions of the 
mtDNA. The  other mutant  (IAr55(11)2,107a) has 
been found  to possess two complementing circles of 
mtDNAs with deletions of approximately 20 kbp  and 
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40 kbp. In view of the above facts it was of consider- 
able  interest to us to determine  the  nature of defect@) 
in the  mtDNA of an ethidium  bromide  induced stop- 
per  mutant ER-3, isolated recently in our  laboratory 
(F. D. NIAGRO and N. C .  MISHRA, unpublished  data). 

The study described here presents the characteriza- 
tion of the  mutant  mtDNA at  the molecular level. We 
show that  the new stopper  mutant ER-3 contains  a 
low proportion of the wild type intact  mtDNA mole- 
cule in addition  to  the  mutant  one with a  major 
deletion. This deletion spans a DNA segment about 
25  kbp in  size containing  certain essential genes such 
as cytb (cytochrome b) ,  co l  (cytochrome oxidase sub- 
unit  1) and oli2 (ATPase  subunit  6). We also show 
that  the  deletion begins in the second intron of the 
ND5 gene,  homologous to  one of the mammalian 
mitochondrial  NADH  dehydrogenase  genes (NELSON 
and MACINO 1987)  and  ends upstream of the c02 gene 
encoding the cytochrome oxidase subunit 2 (MACINO 
and MORELLI 1983). Thus  the  mutant ER-3 resembles 
the first group of stopper  mutants (BERTRAND et al. 
1980) in  possessing a  mixture of the wild type and 
mutant  mtDNAs but differs  from all stopper  mutants 
belonging to  either of the two groups in the location 
and  extent of deletion of mtDNA.  These conclusions 
are based on  the comparison of restriction digestion 
patterns of the wild-type and  mutant mtDNAs and  on 
the identification and base sequencing of the  junction 
site of the deletion in the  mutant ER-3, as presented 
in this paper. 

MATERIALS AND METHODS 
Strains  and growth conditions: The Neurospora wild 

types were the Lindegren-Rockefeller strain, RL3-8A and 
the St. Lawrence strain, 74-OR23-1A. The stopper mutant 
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ER-3, derived from RL3-8A by ethidium-bromide mutagen- 
esis  is described elsewhere (F. D. NIAGRO and N. C. MISHRA, 
unpublished data). Wild-type strains were grown in minimal 
medium, and  the  mutant was grown on complete medium. 
All biological procedures involving Neurospora were  ac- 
cording to DAVIS and DE SERRES (1 970). 

Plasmids  were transformed into  the HB-10 1 bacterial 
strain, grown on LB medium supplemented with 50 Pg/ml 
ampicillin. Bacteriophage M 13mp 18  and M 13mp 19 (YAN- 
ISCH-PERON, VIEIRA and MESSING 1985) and the derived 
clones  were  grown  as  previously described (MESSING 1983) 
in 2xYT medium, using the JM105 strain as the host. 
Detection of  plasmid and phage recombinants was on 40 
rg/ml 5-bromo-4-chloro-3-indolyl-~-~-galactoside (X-gal) 
plates using 0.2 mM isopropyl-thio-@-galactoside (IPTG) 
as an inducer. 

Preparation of mitochondria: The flotation gradient 
method (LIZARDI and LUCK 197 1) with  modifications (LAM- 
BOWITZ 1979) was used to isolate mitochondria from my- 
celial  pads after filtration. As described earlier (GROSS, 
HSIEH and LEVINE 1984), 25 g of  mycelium was resuspended 
in 150 ml buffer containing Tris-EDTA (TE)  (pH 7.5) and 
15% sucrose which  was added  to an equal volume  of 0.1- 
mm  glass beads and homogenized in a Bead-Beater (Biospec 
Products) for  four consecutive 15-sec bursts, spaced by one 
minute ice  water cooling periods. When the beads settled 
down, homogenates were poured off and then combined 
with the liquid obtained after rinsing the beads with an 
equal volume  of extraction buffer. Additional extractions 
were carried out using the same glass beads  with more 
mycelia. After centrifugation at  1000 x g for 20  min the 
supernatant was spun again at 20,000 X g for 30 min. The 
pellet was resuspended in 60% sucrose-TE and purified by 
centrifugation at 20,000 rpm in a SW-27 rotor in a Beckman 
ultracentrifuge. The mitochondria were then collected from 
a discontinuous gradient  at  the interphase between 44% 
and  55% sucrose. The extract was diluted threefold with 
15% sucrose-TE, and then recentrifuged for  1 hr  at 12,000 
X g. The mitochondrial pellet so obtained was kept at -70' 
until needed. 

DNA  preparations: Mitochondrial DNA was extracted 
from mitochondrial nucleoprotein pellets by the phenol- 
ribonuclease-protease procedure (MANELLA and LAMBOW- 
ITZ 1978). Essentially the mitochondria were lysed for 5 min 
at room temperature in 150 mM NaCI, 100 mM Tris-HCI 
(pH 7.5), 2% SDS and  1 mM NaZEDTA, and then the DNA 
was extracted with an equal volume  of buffer saturated 
phenol for one  hour by rocking. Two additional extractions 
with phenol, chloroform and isoamyl  alcohol (50:48:2) were 
done  under  the same conditions. Afterward the DNA was 
precipitated overnight with 2 volumes  of 95% ethanol at 
-20". The DNA precipitate collected by centrifugation was 
dissolved in 10 ml TE (pH  8.2)  and was incubated at  37" 
for two  successive  30-min periods, first with 10 pg/ml  RNase 
A  and then 50  pg/ml Proteinase K. DNA was extracted 
once with phenol, three times  with ether and then reprecip- 
itated with 0.1 volume of NaOAc (pH 5.3) and  2 volumes 
of 95% ethanol overnight at -20". 

Plasmid  DNA was prepared  either  on  a large scale or as 
minipreps using the alkaline lysis procedure as described by 
MANIATIS,  FRITSCH and SAMBROOK (1 982). To  rapidly iden- 
tify a large number of recombinant plasmid  clones from the 
pUH library, the method of KADO and LIU (198 1) was used. 
Phage M13 and its  DNA were isolated  as described by 
MESSING (1983). In addition, M 13 DNA was prepared on a 
small  scale by the alkaline lysis method (MANIATIS, FRITSCH 
and SAMBROOK 1982). 

Restriction  digestion  and  identification of the  mtDNA 

fragments by  Southern  analysis: Restriction digestions and 
labeling with [(U-'~P]~CTP by  nick translation (RIGBY et al. 
1977) were done according to the manufacturer's specifi- 
cations.  Digestions of mitochondrial or plasmid  DNA were 
electrophoresed in 0.8% agarose gels and  transferred  to 
nitrocellulose as described by SOUTHERN (1 975). The probes 
for hybridization were gel isolated to NA-45 DEAE mem- 
brane. The hybridization procedure was  as described pre- 
viously (MANIATIS, FRITSCH and SAMBROOK 1982), with 
prehybridization of nitrocellulose filters in  5X SSPE, 50% 
formamide, 0.08% Ficoll/polyvinylpyrrolidone, 0.5% SDS, 
0.5% glycine, 0.1 % sodium pyrophosphate, 50 pg/ml  bovine 
serum albumin and 200 rg/ml calf thymus DNA at  42"  for 
2  hr. The hybridization was performed in a similar solution 
with heat-denatured probe overnight. The filters were then 
rinsed twice  in 1 X SSPE, 0.1 % SDS and twice  in  0.2X  SSPE 
and 0.1% SDS at  68". Autoradiography was done using 
XAR-5  film (Kodak). Gels  were photographed using  Pola- 
roid film No. 667. 

The restriction fragment sizes and nomenclature used  in 
this paper are as suggested by TAYLOR and SMOLICH (1985). 

Recombinant  plasmids  and  phages: Hind111 digested 
wild type  RL3-8A mtDNA was ligated to dephosphorylated 
pUC8 vector (VIEIRA and MFSSING 1982). The clones from 
this library were designated pUH1-pUH19,  the numbers 
representing the respective HindIII fragments of the wild- 
type mtDNA, according to COLLINS and LAMBOWITZ (1983) 
and TAYLOR and SMOLICH (1985). 

Other plasmids  used were pUE-4, containing the wild 
type EcoRI-4 fragment and PER-6.7, PER-3.4, and PER-1.5, 
containing fragments derived from the  mutant (ER-3) 
HzndIII-1' fragments. The numbers designate the size  of 
the mtDNA fragments in these plasmids. The mtDNA in- 
serts obtained from these plasmids were designated as  piUE- 
4, piER-6.7, piER-3.4, and piER-1.5; after nick translation, 
these inserts were used  as probes in Southern hybridization 
during identification of the  junction site of the deletion ends 
in the mutant mtDNA. The phage clones  used for  the 
nucleotide sequencing of the DNA segment containing the 
junction site were 15M13mp18 and  15M13mpl9 contain- 
ing piER-1.5. The structures and origins of these wild type 
and mutant mtDNA inserts obtained from cloned plasmids 
are shown  in Figure 4. 

Sequencing  procedure: The 1.5-kbp insert piER-1.5 was 
gel  isolated and cloned in both orientations into  the pair of 
bacteriophage vectors M 13mpl8 and M 13mpl9 (MESSING 
1983) after digestion with PstI and Hind111 (Figure 7). 
Clones for DNA sequencing were generated using the Cy- 
clone system from International Biotechnologies  following 
the  procedure of DALE, MCCLURE and HOUCHINS (1 985). 
Restriction sites  were generated by annealing an oligonucle- 
otide to  the phage M13 ssDNA. The circular DNA  was 
opened after digestion either with HindIII (when the 20 
mer and M13mp18 were used) or with EcoRI (when the 22 
mer and M 13mpl9 were used). Progressive deletions were 
produced by the exonucleolytic activity of T4 DNA  polym- 
erase, and  the clones obtained were recircularized after 
tailing with either polyA (M13mp18) or with  POIYG 
(M 13mp19) followed by ligation  with the same oligonucle- 
otides as  used for earlier digestion. After transfection into 
the bacterial host JM105, the  appropriate clones were se- 
lected either based on size determined by electrophoresis 
on 0.7% agarose gels, or  on  data from hybridization analysis. 
The latter  procedure took advantage of the fact that when 
the two  wild type fragments H5 and E4  (see Figure 7), which 
generated this 1.5 kbp recombinant DNA molecule, were 
used  as  nick translated probes to hybridize to phage dot 
blots, the  extent of the exonucleolytic digestion  could  be 
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determined. The clones representing the deletion products 
in  15M 13mpl8 (Figure 7)  were monitored using H5 probe 
(the wild-type HzndIII-5 fragment, corresponding to the 
ND5 gene). The hybridization  signal  became  weaker and 
eventually disappeared completely  once the deletion passed 
through the 3‘ end of the ND5 gene into the c02 gene. 
However, the signal from the hybridization with  E4 probe 
(the  other wild type fragment, EcoRI-4, corresponding to 
the c02 gene) used  as a control remained the same  with  all 
clones.  Such  analysis was made for deletions in both orien- 
tations,  using both probes for each orientation. Eventually, 
the clones  which  gave a faint hybridization  signal with one 
of the probes, because their 3’ ends were  close  to the 
junction site, were  selected for sequencing. 

DNA sequencing was carried out by the dideoxynucleo- 
tide chain termination method (SANGER, NICKLEN and 
COULSON 1977), using [cx-’~S]~ATP and the DNA Sequenc- 
ing System from New England Nuclear. Sequencing  reac- 
tions  were  analyzed on gels containing 8% polyacrylamide 
(20: 1 acrylamide:bisacrylamide), 7 M urea and Tris-borate 
E buffer (pH 8.3). 

Computer analysis: All DNA sequence  manipulations 
were done on a VAX computer system,  using the sequence 
analysis  software  package of the Genetics Computer Group 
from the University  of  Wisconsin (DEVEREUX, HAEBERLI 
and SMITHIES 1984). The program Bestfit was  used for 
sequence  comparisons. The program Plasmidmap was  used 
for drawings  (Figures 1 and 7). The displays  of the nucleo- 
tide sequence and the corresponding amino acids  were done 
using the program Publish. 

The densitometric analyses  were performed as described 
previously (EVANS and CLARK-WALKER 1985). The scans 
obtained from photographic negatives of the gel pictures 
with a densitometer (Helena Laboratories), were  analyzed 
with an  Apple computer. This method of densitometry used 
a chromatochart computer program for analyzing the base 
line  settings and signal  intensities  necessary to give the 
recorded values on the densitometric scans. 

Chemicals: Restriction  endonucleases, Escherichia coli 
DNA polymerase, T4  DNA ligase, DNA  size standards and 
agarose were from Bethesda  Research Laboratory. Protein- 
ase K and BAP were from Boehringer Mannheim. Acryl- 
amide 99.9% purity was from Bio-Rad,  Nitrocellulose BA- 
85 and NA-45 DEAE membranes  were from Schleicher & 
Schuell. The M13  Cyclone  cloning kit was from Interna- 
tional  Biotechnologies. The sequencing kit and [a-’*P]dCTP 
were  purchased  from New England  Nuclear. 

RESULTS 

Restriction digestion pattern of the  wild-type 
(RL3-8A)  mtDNA: A  simplified reference  restriction 
map  of N. crassa type I1 mtDNA  based  on wild-type 
strain  74-OR23-1A is presented  in  Figure 1.  Extensive 
restriction  analysis  of the mtDNA  from a standard 
wild-type strain  74-OR23-1A is available (COLLINS and 
LAMBOWITZ 1983; TAYLOR and SMOLICH 1985). How- 
ever,  there is no published  account  of  the  restriction 
digestion  analysis  of the  mtDNA  of  the wild-type 
strain  RL3-8A,  used  in  our  laboratory  to  generate  the 
ER-3  stopper  mutant.  Therefore, we first  compared 
its restriction  pattern  with  that  of  the previously ana- 
lyzed wild-type strain  74-OR23-1  A. T h e  restriction 
digestion  patterns  of  the  two wild-type strains  are 
presented in Figure 2. A comparison  of  the  two wild- 

type  mtDNAs  after  digestion  with  four  different re- 
striction  enzymes  (HindIII,  BamHI,  HincII  and EcoRI) 
showed no  difference  either  in  the  number or the 
sizes of the  DNA  fragments  separated by gel electro- 
phoresis.  Although  this  observation  does  not  preclude 
small differences  in  nucleotide  sequence  between the 
two wild-type mitochondrial  genomes, for the  purpose 
of this  study we considered  them  to be identical. 

Restriction digestion pattern of the stopper  (ER- 
3) mtDNA  and its comparison  to  wild-type  mtDNA: 
A preliminary  observation  from our  laboratory indi- 
cated a difference  in  the  restriction  pattern of ER-3, 
as  compared  with  that  of  the wild type (RL3-8A) after 
digestion  with  BstEII,  a  restriction  enzyme which gen- 
erates  only five fragments  from the wild-type mtDNA. 
To extend this observation  different  enzymes  were 
used for restriction analyses. A comparison  between 
restriction  digestions  of  the wild-type  (RL3-SA) and 
the  stopper  mutant (ER-3)  with eight  different  restric- 
tion  enzymes  (HindIII,  BamHI, EcoRI,  BstEII,  PvuII, 
HincII, XhoI and XbaI) showed  differences  in  the 
migration  patterns of the  restriction  fragments  on 
agarose gels. Some of the  data  presented  in  Figure 3 
and  Figure 5 showed  that,  although  some new DNA 
bands  emerged  in  the  mutant, all the  fragments spe- 
cific for the wild-type mtDNA  could still be seen,  but 
in  different  stoichiometric  amounts.  Similar  results 
were  obtained by the  densitometric scan  of the elec- 
trophoretically  separated  HindIII-digested  mutant 
(ER-3) mtDNA  fragments  (Figure 31, panels A and 
C). Different  light  bands,  such  as  1,  2,  4, 5 ,  6, 7, 8, 
1 1 and 16 (marked with  minus  signs  in  Figure 31), 
defined a continuous  region of the wild-type mtDNA 
molecule. This  finding is consistent  with the  idea of a 
major  deletion  in  some  mutant  mtDNA molecules. 
This observation was further  supported by the results 
of densitometric scans  of other digests, out  of which 
only  HincII is shown  (Figure 311, panel  A,  lane 2 and 
panel C). HincII  fragments  1,  3,  4, 5 ,  10  and  11, 
which are  present in  lower  amounts  (marked with 
minus  signs  in Figure 311) also defined a continuous 
DNA  segment,  consistent  with the data  for  the 
HindIII digests. These  data showed  that  the  mutant 
contained low intensity  bands (in near stoichiometric 
amounts)  and  high  intensity  bands (also in  near stoi- 
chiometric  amounts) of the  mtDNA.  These findings 
thus  suggested  the co-existence of the wild-type and 
the  mutant  mtDNA populations  in the new stopper 
mutant (ER-3). 

Two new DNA  bands  of  high  intensity  (marked 
with  plus  sign in  Figure 3) emerged in the  mutant 
which were  in  near  stoichiometric  ratio with all the 
other  high  intensity  bands;  this  pattern  defined  again 
a continuous  region  of  DNA  on  the wild type mito- 
chondrial  chromosome.  In  the  HindIII  digest  one 
such  fragment was smaller  than  the  largest wild-type 
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63535 
I 

FIGURE 1 .-A simplified restriction map 
of wild-type (74-OR23-I A) type I 1  A’. crassa 
rntDNA,  digested with enzymes Hindlll, 
Hincll. EcoKI and Rami-11. The  map is de- 
rived  partially from  those of COLLINS  and 
LAMROWTI ( I  983). GROSS. HSIEH and LEV- 
INE (1984) and TAYLOR and  SMOLICH 
( 1  985) .  The  inner  arrow  represents  the pe- 
nome of the  mutant ER-3. with a major 
deletion between the mitochondrial genes 
N115 (NELSON and MACINO 1987) and c02 
(MACINO and MORELLI 1983). The  map was 
drawn by computer using the  program Plas- 
midmap. 
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FIGURE 2.-Comparison of  the  restriction digests for  the m D N A  of the  standard wild-type 74-OR23-IA with the one used in this study, 

RI.3-Xh. The  enzymes used were: Hindlll (panel A). HinclI  (panel B). BamHI (panel  C),  and EcoRl (panel D). For each  restriction  enzyme 
lane 1 corresponds to 74-OR23-1A and lane  2 to RLS-8A. As a  molecular weight marker X DNA cut with Hind111 and EcoRl was used in 
panel A (left  lane) and X D N A  cut with Hind111  in panel D (right lane). 
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FIGURE S."Comparison  of restric- 
tion  digests and  densitometric scans of 
wild tvpe (RLS-8A) and  mutant (ER-3) 
mtDNA. I .  Hind111 digest; 11, Hincll 
digest. For each digest panel A repre- 
sents the restriction  digestion of wild 
tvpe (lane 1) and  mutant  (lane 2) 
mtDNA. Panel B represents  the  den- 
sitometric scan of the wild tvpe 
rntDNA  digest with linesspecifving the 
peaks corresponding to each restric- 
tion fragment shown at  the left of panel 
A. Panel C shows the  densitometric 

A. 6. C. scan of the  mutant  mtDNA digest. In 
both panels. numbers  at  the  right of 
the peaks represent intensities  of the 
fluorescence given bv the  ethidium 
bromide, normalized with respect to 
the size of  the  fragments. Bands which 
are  present in nonstoichiometric 

i 24 amounts in the  mutant  compared to 
wild type are  marked with (-) for un- 
derrepresented or (+) for  extra bands. 
The  mutant Hind111 fragment 
(Hindlll-1') chosen for further molec- 

; 175 an arrow in this figure  (part I ,  panel A 
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HindIII-1  fragment of 15.6  kbp, and had the same 
intensitv as bands 3, 9, 10, 12,  13,  14  and  15  (Figure 
31, panel A). 

Identification of the junction site containing the 
deletion ends  in the  mutant ER-3: Among the defec- 
tive mtDNA molecules, the largest novel DNA frag- 
ment  from the Hind111 digest,  designated  HindIII-1' 
(identified with an  arrow in Figure 3, panel A, and 

Figure  5) was selected as a good candidate  for  the 
junction site of the deletion  ends  generated as a  result 
of recombination between sequences from  different 
parts of the wild-type mitochondrial chromosome. 
When the wild-type 15.6-kbp HindIII-1  fragment was 
cut with a second enzyme, BamHI, three fragments 
were obtained. These were 8.5  kbp,  5.2  kbp  and 1.85 
kbp in  size (Figure  4). The mutant DNA had  the 
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FIGURE 4.-The cloning of the ER-3 recombination junction and its characterization by Southern hybridization. The novel 13.75-kbp 
ER-3 fragment (HindIII-1’) digested with BamHI gave a new 6.7-kbp restriction fragment as compared to 8.5 kbp in the wild type. There 
were two other fragments of  5.2 and 1.85 kbp  similar to the wild-type ones. To show  that the  6.7-kbp fragment was generated from two 
wild-type fragments the mutant (ER-3) probe piER-6.7 and the wild-type one piUH-5 were used for hybridization. To further characterize 
the junction site smaller mutant probes piER-3.4 and piER-1.5 were used for Southern analysis. The prefix pi refers to plasmid insert. H,  B, 
E and P represent HindIII, BamHI, EcoRI, and PstI restriction sites, respectively. 

smaller restriction  fragments and contained  a  frag- 
ment of 6.7 kbp rather  than  8.5 kbp. This 6.7-kbp 
fragment (piER-6.7) was used as a probe  for hybridi- 
zation to  HindIII-digested RL3-8A mtDNA. The 
probe hybridized to  the 15.6-kbp  HindIII-1  fragment 
and also to  the 3.1-kbp  HindIII-5  fragment  (data  not 
shown). 

In  order to confirm  these  results, we constructed 
an RL3-8A mtDNA library by cloning HindIII digests 
into  the plasmid vector pUC8. Using the same piER- 
6.7 probe we identified  piUH-1 and piUH-5  as the 
HindIII-1  and  HindIII-5  restriction  fragments  from 
the wild type which are  joined  to  generate  the  mutant 
mtDNA  (data  not shown). The 3.1-kbp  insert  piUH- 
5, when used as a  probe in hybridization experiments, 
confirmed  that it is indeed  part of the  junction  (Figure 
5) .  In the wild-type digest this fragment hybridized to 
the 3.1-kbp but  not  to  the 15.6-kbp restriction  frag- 
ment, while  in the  mutant it showed homology to a 
large  13.75-kbp  fragment  (HindIII-1’). T o  further 
characterize the  junction site, the insert piER-6.7 (Fig- 
ure 4) was digested with  EcoRI and  the resulting 3.4- 
kbp  HindIII/EcoRI  fragment (piER-3.4) was again cut 
with PstI. The largest HindIIIIPstI 1.5-kbp fragment 
(piER-1.5) was shown to contain the  junction site, 
since it hybridized to cloned wild-type fragments  orig- 
inating  both  from  piUH-5 and piUE-4 digests (Figure 
6). 

DNA sequence of the  junction  site  and  location of 
the deletion  ends  in  the  mutant: Finally, we were 
interested in determining  the  actual  sequence of the 
junction site. In  order  to accomplish this, we cloned 
piER-1.5, the 1.5-kbp mutant  fragment  containing 
the  junction site and sequenced it as  described in 
MATERIALS AND METHODS and as outlined in Figure 7. 
The mutant DNA sequence  presented in Figure 8 was 
compared with the published DNA sequence of the 
corresponding wild-type segments. Such computer- 
assisted comparison of the wild-type and  mutant (ER- 
3) sequence  revealed that  the  mutant has lost a DNA 
segment of about 25  kbp in length which contained 
major genes such as cytb, col,  and oli2. This  computer 
analysis also showed that  the two wild-type fragments 
which generated  the  deletion  junction in the  mutant 
were located in noncoding  regions of the  mtDNA. 
The first endpoint of the deletion was in the second 
intron of the ND5 gene. The second endpoint of the 
deletion was located in a DNA sequence  230 nucleo- 
tides upstream of the  gene  for  cytochrome oxidase 
subunit 2. The nucleotide  sequence further indicated 
that  the  actual  recombination was between two 9-bp 
direct  repeats, CCCCGCCCC, as shown in Figure 9. 
This 9-bp block at  one  end of the deletion in ER-3 
was within a  long  stretch of pyrimidines, a  character- 
istic very similar to  the 5’ ends of deletions responsible 
for  the  generation of the recombinants in the  E35 
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A. B. C. D.  E. 
FIGURE 5.-Comparison between restriction digests of wild-type and mutant mtDNAs separated hy gel electrophoresis and identification 

of the wild type fragments where recombination took place in the mutant. Restriction digestions were done with the enzymes Hind111 (panel 
A), HincII (panel B), EcoRI (panel C). BstEII (panel D) and BamHI (panel E). For each digest, lane 1 represents the wild type mtDNA of 
RI-3-RA and lane 2 the mutant ER-3. Autoradiographs of the gels transferred to nitrocellulose and hybridized with piUH-5  (3.1 kb) labelled 
with '*P by nick translation are shown at the right of each panel. The mutant Hind111 fragment (HindIlI-1') chosen for further molecular 
characterization is identified with arrows in panel A. 

stopper  mutant (DE VRIES et al. 1986). Also, the  5' 
end of the  deletion in the ND5 gene was 14 nucleo- 
tides away from two closely spaced PstI sites, referred 
to as a PstI palindrome. Similar palindromes are pre- 
sent in an unusually large  number in Neurospora 
mitochondria (YIN,  HECKMAN and RAJBHANDARY 
1981). No role has been attributed  to this sequence, 
but it has been suggested that it might be involved in 
recombination. 

DISCUSSION 

The restriction and densitometric analyses of the 
ER-3 mtDNA clearly showed that  there  are two kinds 
of restriction  fragments (high and low intensity), each 
defining  a  continuous  stretch of the mtDNA. The 
facts that no novel low intensity DNA band(s) could 
be detected in the  mutant,  and  that all the existing 
ones have a wild-type counterpart, suggest the pres- 
ence of intact wild-type mtDNA molecules in the 
mutant.  A basal  level of wild-type mtDNA is necessary 
to provide the basic  biological functions, since some 
major genes were lost as a  result of the deletion in the 
mutant  mtDNA. This observation is similar to  earlier 
ones (BERTRAND et al. 1980),  but  different  from  more 
recent  descriptions of defective complementary cir- 

cular mtDNA molecules in the  stopper  mutants (DE 
VRIES et al. 1986; GROSS, HSIEH and LEVINE 1984). 

It  is of considerable  interest to compare the loca- 
tions of deletion  endpoints  and  the  extents of deletions 
in different  stopper  mutants of Neurospora. This can 
be easily done by examining  their location on  the 
restriction map of Neurospora  mtDNA  presented in 
Figure 1. The data  presented in this paper show that 
the deletion  ends of ER-3 are localized in the EcoRI- 
4 and  HindIII-5  fragments;  the  deletion spans a length 
of about  25 kbp. The deletion  ends of one of the 
recombinants of the E35  stopper  mutant  are located 
in the  HindIII-3  and  HindIII-loa fragments and span 
a  length of about  5  kbp, whereas the  other recombi- 
nant of E35 has its deletion  ends in EcoRI-4 and 
HindIII-1 Oa and spans a  length of about 40 kbp. Thus 
the  3'  ends of the deletions of ER-3 and  one of the 
E35  recombinants are located in the same EcoRI-4 
fragment  but they start  at  different points in that 
DNA segment. Thus based on  the  characterization  of 
the deletion  endpoints of ER-3, it becomes obvious 
that ER-3 differs  from all other  stopper  mutants  de- 
scribed previously (BERTRAND et al. 1980; GROSS, 
HSIEH and LEVINE 1984; DE VRIES et al. 1986) in the 
location and  extent of deletion in the mtDNA. 
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FIGURE fi.-Comparison hetween  restriction  digests o l ’  clor~ctl segments  from wild type and  mutant  mtDNAs  and search for a mutant 
fragment which has the  deletion  junction. A. The  restriction  digests  were from piUE-4 (the 4.85-kbp plasmid insert  representing  the wild- 
type EcoRI-4) cut with Hue111 (lane 1) or Pstl (lane 2); from  piUH-5  (the 3.1-kbp wild-type HindllI-5 insert) cut with Hoe111 (lane 3). Pstl 
(lane  4). EcoRI (lane -5) or Xbul (lane 6); and  from piER-3.4 (the 3.4-kbp plasmid insert derived  from  the HindllI-1’ fragment of ER-3) cut 
with Psfl  (lane 7) or Haelll (lane 8). As molecular  weight markers. X cut with Hind111 and  6x174 cut with Hue111 (fragment sizes indicated 
to the left of panel A) were used. B, Southern analysis pattern  for  the  same gel transferred to nitrocellulose and hybridized to piER-1.5, 
which was labelled by nick translation. This  confirmed  that  the 1.5 kbp HindIll/PstI fragment  from ER-3 Hindlll-1’ contained  the  junction 
site. 

8750 
I 

BOOL 
HfndIII 

FIGURE 7.--Strategy for  generation  and selection of clones 
for  sequencing  the  junction site in ER-3. The  1.5-kbp Hindlll/ 
fs t l  fragment  derived  from Hindlll-I’ of ER-3 was cloned in 
both  orientations in the pair  of bacteriophage vectors M 13mpl8 
and M 13mp19 (only one is shown). The  arrow  designates  the 
direction  of  the T 4  DNA polymerase deletion  into  the insert. 
T h e  deletion started in the ND5 gene for M 13mpl8  and in c02 
gene  for M 13mp19  (not shown). H5 and E4 are  the RL3-8A 
hybridization probes Hindlll-5 and EcoRI-4 used to identify 
clones for sequencing. The  map was  drawrn  by computer using 
the  program Plasmidmap. 

5000 I 

4000 

The defective mtDNA molecule generated in the 
stopper  mutant ER-3 is derived by deletion of DNA 
sequences between two direct  repeats of a block of 
nine  nucleotides, CCCCGCCCC (Figures 8 and 9). 
This nine  nucleotide block (from HindIII-5  fragment 
in Figure 9) is part of an extensive pyrimidine rich 
sequence (20 Cs and 4 Ts  out of 26 nucleotides) close 
to a tandem of PstI sites called a PstI palindrome (YIN, 
HECKMAN  and RAJBHANDARY 198 1). There  are inter- 
esting similarities between the mtDNA fragments gen- 
erating the 5’ end of the deletions in the  stopper 
mutants ER-3 and E35 (Figure 9). Both have three 
common elements. These  are: (1) the 9-nucleotide 

element CCCCGCCCC; (2) a tandem of PstI sites, and 
(3) a pyrimidine-rich stretch of DNA (mostly Cs) be- 
tween these two elements. 

There  are 14 nucleotides between the central G in 
the 9-nucleotide block and  the PstI palindrome in ER- 
3 (H5)  and  19 nucleotides between the same elements 
in E35 (HindIII-loa) as seen in Figure  9. The recom- 
bination in E35 generated two molecules, one with a 
5-kbp  deletion (HI O/H3) and  the second with a 40- 
kbp deletion (H 10/E4).  It is not clear if the 40-kbp 
deletion was generated as a primary recombination 
event from the intact  mtDNA or alternatively as a 
secondary recombination  event from the  mutant 
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N D S ( R A D U  Dehydrogenase)  gene  intron 2 

TGTATGAAATATTTAGCTGAAATATTAGGAGGTAAAIIAACATTTATT~GTTACGA 

C H K Y L A E I L G G K K H L L K S Y E  
""""+""""-+""""-+""""-+""""-+""""-+ 

AGGTTACMTGTMCAGTTMTACCACT~TTATCTCCTATTGTACMTATTTTMTCT 

G Y N V T V N T T K L S P I V Q Y F N L  

T T A T C C T T T AAAAACTGTATATTACATATTTTMCTGMT~TATATMGTT 
""""-+""""-+""""-+""""-+-""""+""""-+ 
Y P L K T K K Y I T Y F N W I K I Y K L  

AGTMTAGATAAAIIAACATMTGATCCTGMAATTTATTATTGATTACGAMTATlUAAA 
""""-+""""-+""""-+""""-+-""""+""-""+ 
V I D K K H N D P E N L L L I T K Y K N  

TMCATTMTAAATCTGATTATMT~TAAATCMCTTTCGGCGGACCCCGCCCCTTCG 
""""-+""""-+""""-+""""-+""""-+""""-+ 

""""-+""""-+""""-+""""-+""""-+""""-+ 

N I N K S D Y N K .  

G G G C G G G G G C C C G T T T T T A G T M T ~ C T ~ T T ~ C A C A G C T A C A T A A A T G M G A T A  
""""-+""""-+""""-+""""-+-""""+""""-+ 

T A G T C C G A T C A G T T M G T M T T M C T G C G T A T T C C A C C C C T C C C T T ~ M G  
""""-+""""-+""""-+""""-+---"""+""""-+ 

GCGCCCCCGAAAIIAACAAAGGACGCTAGCGTAGCTMCCTTATGAGCAGCAGGCTAT~ 
""""-+""""-+""""-+""""+-""""+""""-+ 

MCCCATTAGGCACAGGGTATACTTCGTTAGTGGATMGMTTA~CCTMGCCTTMTAT 
""""-+""""-+""""-+""""-+-""""+""""-+ 

ACMTACAGTTTMTGTTATATTTAAATTCTATATTTATG~GATATMTATA~TTAT 
""""-+""""-+""""-+""""-+""""-+""""-+ 

TATTATGGTTTMTATTCMTATAG~TATTCTATTTCTTTTTTTATGGGA~TATTATTT 
""""-+""""-+""""-+""""-+""""-+""""-+ 

U G L L F  

MTMTTTMTTATGMTTTTGATGCTCCMGCCCATGAGGTATCTATTTTCMGATAGT 
""""-+""""-+""""-+""""-+""""-+""""-+ 
N N L I U N P D A P S P W G I Y F Q D S  

GCTACTCCTCAGATGGMGGTTTAGTTGMTTACAT~CMTATTATGTACTATCTGGTG 
""""-+""""-+""""-+""""-+""""-+""""-+ 
A T P Q U E G L V E L H D N I U Y Y L V  

GTMTACTATTTGTTGTAGGATGMTCTTATTATCTATMTMG~TTATATCAGTACA 
""""-+""""-+""""-*-""""*""""-~"~"""* 
V I L F V V G W I L L S I I R N  

eoZ(cytochrome oxidase subusit 2 )  gene 

mtDNA molecule with a  5-kbp  deletion. Recombina- 
tion in E35 was either between the $-nucleotide blocks 
(CCCCCTTC) as for  the  5-kbp  deletion  (H1 O/H3) or 
between 9-nucleotide blocks (CCCCCCCCC) as for 
the 40-kbp  deletion  (H10/R4)  considering  a  primary 
recombination  event. As suggested earlier, no simple 
mechanism could explain the  occurrence of a second- 
ary  recombination between the DNA fragments H 1 O /  
H3  and EcoRI-4  in the mtDNA with the 5-kbp dele- 
tion (DE VRrEs et al. 1986);  however, the only homol- 
ogous region which could  account for recombination 
is the nine  nucleotide block CCCCGCCCC (see Fig- 
ure  9). It is important  to  note  that  both DNA seg- 
ments HindIII-loa  and EcoRI-4 have the 3  elements 
that we consider necessary for recombination: the 
CCCCGCCCC sequence  element, the Pstl palin- 
drome,  and a  pyrimidine  rich  sequence. 

The sequence homology of the recombining  regions 
in ER-3 is only 9  bp which is weaker than what has 
been shown for  the two defective molecules in the 
E35  stopper  mutant.  In  the first E35  recombinant  22 
out of 24 nucleotides were identical for  the H10/H3 
junction (Figure  9) whereas in the second recombi- 

943 

FIGURE 8.-The nucleotide sequence of part of 
the 1.5-kbp junction  fragment from the ER-3 stop- 
per mutant as generated from the two  wild-type 
fragments after recombination. At its 5' end  the 
recombination junction (marked with a box) had the 
ND5 gene (NELSON and MACINO 1987). Thejunction 
was located in the second intron of that  gene, 140 
nucleotides after  the end of an intronic reading 
frame and 75 nucleotides before the next exon. At 
the 3' end of the junction was the co2 gene (MACINO 
and MORELLI 1983). The junction was located 230 
nucleotides before the translation start site. The 
amino acids corresponding to  the reading frames 
from published reports are represented  for  refer- 
ence (NELSON and MACINO 1987; MACINO and Mo- 
RELLI 1983). The numbers  represent the positions 
of the nucleotides in the same published reports. 

nant,  30  out of 30 nucleotides were the same for  the 
H  1 O/E4 junction (DE VRIES et al. 1986).  In yeast petite 
mutants with deletions in mtDNA, such homology has 
been shown to  range  from  5  to  26  nucleotides in AT 
spacers to 45-65 nucleotides in GC cluster  regions 
(DE ZAMAROCZY, FAUGERON-FAUNTY and BERNARDI 
1983). 

As has been shown earlier  (FARABAUCH et al. 1978; 
ALBERTINI et al. 1982; MARVO, KING and JASKUNAS 
1983; NALBANTOCLU et al. 1986) there is a  good 
possibility  of generating  the  deletions by intramolec- 
ular site-specific recombination between very short 
repeats. The deletion  endpoints  for most of the spon- 
taneous  mutants in E. coli occur at short homologies 
as small as 5-8 bp. Some of these have sequences very 
similar to the ER-3 CCCCGCCCC sequence  (MARVO, 
KING and JASKUNAS 1983). In mammalian cells a 
similar mechanism for deletions between short  repeats 
has been  proposed  recently  (NALBANTOGLU et al. 
1986). 

A  sequence similar to CCCCGCCCC present in 
Neurospora  mtDNA as described here  and elsewhere 
(DE VRIES et al. 1986) is also found  upstream of 
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FIGURE 9.--Selection  of the deletion junctions 
of the aberrant mtDNAs in  ER-3 and E35 from the 
corresponding segments of  wild-type  DNA. H5/E4 
is the junction in  ER-3 between the second intron 
of the ND5 gene, in HindIII-5 (NELSON and MA- 
CINO 1987) and a region 5’ to the c02 gene which 
is 230 nucleotides from its translation start site 
(MACINO and MORELLI 1983). HlO/H3  and  H10/ 
E4 are  the junction  fragments found in the two 
recombinants of stopper E35 (DE VRIB et al. 1986). 
The sites  of proposed illegitimate recombination 
are boxed. The solid bar above the sequences iden- 
tifies the nine nucleotide element CCCCGCCCC. 
E, H and P  represent EcoRI, Hind111 and PstI 
restriction sites respectively. Heavy  lines  (below the 
sequence) show the fragments from  the wild type 
which are retained in the mutants. The numbers 
above the sequence represent  the positions of the 
nucleotides as  shown in Figure 8 and elsewhere 
(NELSON and MACINO 1987; MACINO and MORELLI 
1983). 

~ 1 0 / ~ 4  I+/ a AvbII 

H tRN?HisGGACCCCGCCCCCTTCCQCCCCCCC&TGCAGTACTGCAGG 

b b HaeIII 

eukaryotic and viral promoters  and  defines  a  protein 
binding site called Spl binding site (DYNAN et al. 
1986). The same GC-rich sequence is further  found 
as  part of a conserved sequence in the origin of 
replication of some yeast petite  mutants, referred  to 
as cluster p (DE ZAMAROCZY et al. 1984). 

These observations  extend the  range of possibilities 
available to explain the recombination in the mtDNA 
of Neurospora that  generated  the  mutant  strains. The 
importance of secondary (or tertiary)  structures  pro- 
vided by the PstI palindromes and/or  other sequences 
as described (DE VRIES et al. 1986) might be  important 
in the  recognition of the CCCCGCCCC or similar 
sequences by an enzyme. This is consistent with the 
idea of recombination in mitochondria as being  an 
enzyme-mediated process, as shown for ‘yeast where 
the  gene  for such an enzyme has been recently cloned 
and sequenced (FOURY and LAHAYE 1987). 

The importance of certain secondary structures, 
potentiated by palindromes, in cooperation with di- 
rectly repeated sequences in the proximity of the 
recombination sites so far is based only on sequence 
data  and  computer  generated models. It would be 
extremely  important to find evidence for  an enzyme 
capable of binding  preferentially or cleaving such 
structures. Such study will enable  a  more  accurate 
description of certain  important secondary structures, 
as well as consensus sequences necessary for  recom- 
bination. This is presently underway in our labora- 
tory. 
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