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ABSTRACT

Yeast mitochondrial DNA-pBR322 recombinant DNA molecules known to con-
tain tRNA genes from a tRNA rich region of the yeast genome were used as a
source of DNA for restriction mapping and tRNA gene sequence analysis. We
report here restriction maps of two segments of yeaslimitochondrial DNA and
the sequences of mitochondrial genes coding for tRNA6Y and tRNAGU. Both
genes are flanked by A + T rich DNA and neither has an intervening sequence
nor codes for a 3' CCA end. The tRNA structures deduced from the genes have
the usual cloverleaf structures and invariant nucleotides. This combination
of DNA sequencing and restriction mapping has enabled us to determine that

val phethe tRNAGUR and a previously sequenced tRNA, the tNA are transcribed from
the same strand of DNA.

INTRODUCTION

Yeast mitochondrial DNA codes for mRNA, rRNA and tRNAs used in mito-

chondrial protein synthesis (1). Genetic (2,3) and physical (4,5) mapping

techniques have demonstrated that about two-thirds of the tRNA genes are lo-

cated in 20% of the 70 kilobase circular genome while the rest are dispersed.

In order to determine the arrangement of the tRNA genes in more detail and to

elucidate their fine structure we have been identifying, mapping and sequenc-

ing mitochondrial tRNA genes cloned in the E. coli plasmid pBR322. The

identification of tRNA genes in the bank and their localization on the yeast

genome by deletion mapping have been reported (6). Here we present the se-

quencing results of our studies on two tRNA genes from the tRNA rich region

which is between the chloramphenicol and paramomycin resistance markers on

yeast mitochondrial DNA. Mapping studies using one of these plasmids have

enabled us to locate the tRNA gene precisely on the genome and with res-GUR
pect to a phenylalanyl and threonyl tRNA gene. A comparison of the restric-

val phetion map and tRNA gene sequences demonstrates that the tRNAG and tR;
(78) are transcribed from the same strand and the direction of transcription
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is away from the chloramphenicol marker.

MATERIALS AND METHODS

Isolation of nucleic acids

Mitochondrial DNA was isolated from purified mitochondria as described

previously (2). Mitochondrial tRNA was isolated from purified mitochondria

(2) and labeled at the 3' end using [a-32P]ATP and E. coli nucleotidyl trans-

ferase (6).

Restriction digests and filter hybridization
The various DNAs were digested with restriction enzymes according to

procedures recommended by the commercial suppliers of the enzymes (New

England Bio Labs or Bethesda Research Labs). Fragments were resolved on

agarose-acrylamide gels (9), transferred to nitrocellulose by the method of

Southern (10) and hybridized to radiolabeled tRNA for 16 hours at 60°C in

Denhardt's buffer (11) containing 6 x SSC (SSC is 0.15 M NaCl, 0.015 M Na

citrate). 2% agarose gels were used for the restriction mapping studies.

DNA sequence analysis

The 1020 base pair Hpa II fragment (Hpa 1020) was cut with Taq I and

the resulting staggered 3' ends were labeled using [a-3 P]dCTP (Amersham)

and E. coli DNA polymerase I (Boehringer Mannheim) (12).

The 1420 base pair Hpa II fragment (Hpa 1420) was cut with Taq I and

the resulting staggered 3' ends were labeled using [a- P]dCTP. Overlaps in

the sequencing of this gene were obtained. One of the fragments from an Alu I

digestion of the 1420 fragment was labeled using polynucleotide kinase and

[y-3 P]ATP and sequenced. In addition, the nucleotide sequence around the

Hinf I site was determined in both directions following labeling of the 3'

ends of the Hinf I site with [a- P]dATP and DNA polymerase.

The sequence between 2 and 25 nucleotides from the labeled ends was

determined by fractionation of the cleavage products on ultrathin 20% poly-

acrylamide gels (39 x 39 cm) containing 7 M urea. The sequence between 25

and 300 nucleotides was determined by fractionation of the cleavage products

on ultrathin 6% polyacrylamide gels (87 x 25 cm) containing 7 M urea.

RESULTS

Identification of fragments that contain tRNA genes in mitochondrial DNA-

pBR322 recombinants

Native mitochondrial DNA and mitochondrial DNA-pBR322 recombinant DNA
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was digested with Hpa II, electrophoresed on acrylamide-agarose composite

gels, transferred to nitrocellulose and hybridized with bulk labeled mito-

chondrial tRNA (Figure 1). Using this technique we identified a 1020 base

pair fragment in pYm 318 and two fragments, 1420 and 680 base pairs in pYm

424 that hybridize mitochondrial tRNA. Fragments of the same sizes were

also observed in the native mitochondrial DNA. The sequence of the 680 frag-
phement revealed that it contained one tRNA gene encoding a tRNAU: (8).

Restriction map of plasmids pYm 318 and pYm 424

Plasmid pYm 318 contains a 2100 base pair insert. We have located the

restriction sites for Alu I, Hinf I and Hpa II within the insert (Figure 2).

Since this insert was not cleaved by any of the restriction enzymes whose

sites have been mapped on the wild type genome (13) we could not orient it

with respect to other known physical markers.

Plasmid pYm 424 contains a 4500 base pair insert. We have located the

restriction sites for Alu I, Ava II, Hinc II, Hinf I, Hpa II and Xba I in

this insert (Figure 3). The Xba I and Hinc II site are separated by 1040

base pairs. The only Hinc II and Xba I site in the wild type genome that are

this close together and between the chloramphenicol and paramomycin loci are

located at 19-20 map units (13). A comparison of genetic mapping (2,3) and

Fig. 1. Autoradiogram of Hpa II
digests of (a) pYm 318, (b) native
D273-1OB mitochondrial DNA, (c)
pYm 424 that have been run on 2.5%

~2000 acrylamide, 0.5% agarose gels,
transferred to nitrocellulose and
hybridized with 32P-mitochondrial
tRNA. The numbers at the side
refer to base pairs.

1000

- 500
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units

Fig. 2. Restriction enzyme site map of the mitochondrial DNA insert contain-
ed in pYm 318. Each unit corresponds to 700 base pairs in the wild type
genome. Alu I (v), Hinf I (A), Hpa II (o). The tRNA gene is located at the
Hinf I site in the center of the map.

our fine structure restriction mapping demonstrates that these two sites are

in the opposite orientation to that reported previously (13), i.e., the Xba I

site is closer to the chloramphenical marker than is the Hinc II site. As

shown in figure 3 mapping of the restriction enzyme sites located within the

mitochondrial DNA insert of plasmid pYm 424 reveals that the genes coding for

tRNAv and t ph are located about 1200 base pairs apart on adjacent Hpa IIGUR
fragments. Since the orientation of these fragments can be determined by

analysis of the location of internal Hinf I, Ava II and Xba I restriction

sites, and because the orientation of the tRNA genes has been determined by
DNA sequence analysis (7,8, this work), the orientation of the two genes to

each other can be determined. The coding sequences for tRN4A;e and tRNA

are located on the same strand.

Sequence analysis of tRNA genes in the pYm 424 Hpa 1420 base pair fragment

and the pYm 318 Hpa 1020 base pair fragment

The results of the DNA sequencing can be seen in Figures 4 and 5.

cap . par
15 16 17 18 19 20

units

Fig. 3. Restriction enzyme site map of the mitochondrial DNA insert contain-
ed in pYm 424. Each unit corresponds to 700 base pairs on the map of
Morimoto and Rabinowitz (13). Alu I (V), Ava II (0), Hinf I (A), Hinc II CED,
Hpa II (o), Xba I (*). The tRNAval is located at 19 units and contains a
Hinf I site while the tRNphe is cated at 17.2 units and contains a Hinf I
site. Cap and par refer to he chloramphenicol and paramomycin marker.
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HpaII

CCGG....about 540 bp to... A ATA GT T CTGGAT
TaqI HinfI

GTC7TCCMCA1TGMTGGTGACCCGrATCTATA TATTAATATTACCAA

TATCCTATAATTAACTAAATACAATTATATTAAACTTATATTATATTATAATATTATATTA

HpaII

ATATT...about 490 bp to...CCGG 3'

Fig. 4. The sequence of the yeast mitochondrial tRNAgly gene. Only the non-
coding strand is presented. The arrows indicate the Erections of sequencing
away from the labeled Taq I site. The tRNA sequence is in italics.

Figure 4 su.iarizes the results of sequencing a portion of the Hpa 1020 frag-

ment. The sequence 5' to the Taq I site was obtained directly as written

while the sequence 3' to the Taq I site was obtained from the sequence of the

complimentary strand. When the region of the fragment that codes for the

tRNA is folded into a cloverleaf structure the anticodon is 5' UCC 3'.
Therefore, this gene codes for a mitochondrial tRNAgly. Figure 6a shows the

1l GGR
cloverleaf structure of the tRNA& that we have deduced from the DNA sequence.

AATAATTAT

AluI

MATMATTAATAAGAGlTTGGATATATATCTGTGGAGTATATATTTTATAAAGGAGATTAGs
TaqI

TTAArroTATAGCArrTTCTACACGAMGA TArAGG19AAC CCTATATTTCCTAA

ATCTAGATATAATATTATATCTATCTTAATATAATAATATTTATTTATTTATTTATTAATAA

HinfI

AAAAAATAAATAATATTAATTAATATAAG$TCTTTTTAATTATAATAATAAATAAATAAAA
HaeIII

GAGTA...about 470 bp to...GGCC 3'

Fig. 5. The sequence of the yeast mitochondrial tRNAl,a gene. Only the non-
coding strand is presented. The arrows indicate thelrections of sequencing
away from the labeled ends.
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tRNAIGUR (b)

Cloverleaf models for yeast mitochondrial tRNAgly (a) and
GGR

Figure 5 summarizes the results of sequencing a portion of the Hpa II

1420 fragment. Only the non-coding strand is shown. When the region of the

fragment that corresponds to this tRNA sequence is folded into a cloverleaf
val

the anticodon is 5' UAC 3' and this corresponds to a tRNAGUR. The tRNA

structure deduced from this sequence is shown in Figure 6b.

DISCUSSION

Sequence analysis of mitochondrial tRNA genes yields information about

the tRNA structures themselves. A number of yeast mitochondrial tRNA genes

have been sequenced (6,7,8,14,15,16) and some of the tRNAs coded by these

genes contain features not previously found in tRNAs. The tRNAGGR and
ValGR

tRNAGUR are not, however, atypical in secondary structure. Nor are they

atypical in their invariant nucleotide characteristics as elaborated in (17).

Both have a U in position 8 and an A in position 14. There is a GG sequence

in the D loop so they can pair with U55C56 and form the teritiary structure

dictated by this pairing. Both have a U at position 33, a G at position 53,
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a C at position 56 and a TTC sequence in the TYC loop. It is likely that the

tRNAs will have T at position 55 but direct sequencing of the tRNAs will be

necessary to ascertain this. A consideration of semi-invariant positions in

these tRNAs shows that both have purines at positions 9, 15 and 57. Both

have pyrimidines at the position before the TYC stem begins and at the end of

the TIC loop. The tRNAgly does not have a pyrimidine at position 11 and the
val GGR

tRNA does not have a pyrimidine in the first position of the anticodonGUJR
loop.

Genes encoding yeast mitochondrial tRNAs that have anticodons correspond-

ing to arginine (16), cysteine (14), glycine (7, this work), histidine (14),

phenylalanine (8), serine (7,8,16), threonine (15), and valine (7,15, this

work), have now been sequenced. None of them encode a 3' CCA end nor do any

contain intervening sequences such as those found in yeast nuclear tRNA genes.

All of these genes are surrounded by ver A + T rich DNA but there are no ob-

vious specific base sequences within the flanking regions that all the tRNA

genes share. It may be that signals for initiation and termination of trans-

cription are close to the structural genes but the lack of base sequence

homology between the different tRNA genes makes it impossible to predict their

exact locations. Alternatively, initiation and termination in mitochondria

might require A + T rich regions but not specific sequences. Yet another al-

ternative would be that initiation and termination occur far from the struc-

tural genes.

After this work was completed, Li and Tzagaloff (15) reported the loca-

tion sequence and orientation of the tRNAth and tRNAv gene on DNA isolatedCUR GUR gn nDAioae
from petite mutants. A comparison of their restriction map with the map in

thr phe valfigure 3 shows that the tRNACUR gene is between the tRNA;j. and tRNAGUR gene

on the 1420 base pair Hpa II fragment. The tRNACUR gene is transcribed from

the opposite strand from which the tRNAva (15) and tRNA< genes are tran-
ph va~Uscribed. If the tRNhe and the tRNAGUR are derived from the same transcrip-

tional unit, then both strands of the tRNAthr gene must be transcribed. Al-

ternatively, all three genes may be transcribed independently.

The wild type strain from which we obtained mitochondrial DNA for cloning

is the same strain as that from which Li and Tzagaloff obtained their petites.

A comparison of the sequences from the two laboratories shows only 4 differen-

ces in 310 base pairs, all in the A + T rich spacer regions. The ease with

which cloned mitochondrial DNA can be isolated will facilitate future studies

on the transcription and organization of this unique eukaryotic genome.

1441



Nucleic Acids Research

ACKNOWLEDGEMENTS

This work was supported by grants to N.C.M. from the National Science

Foundation (PCM 77-17694), the American Cancer Society (EN-73-9-20), and the

Minnesota Medical Foundation (SMF-240-78) and by grants to J.E.D. from the

National Science Foundation (PCM-76-13461) and National Institute of Health

(GM-21696).

REFERENCES

1. Borst, P. and Grivell, L.A. (1978) Cell 15, 705-723.
2. Martin, N.C., Rabinowitz, M. and Fukuhara, H. (1977) Biochemistry 16,

4672-4677.
3. Wesolowski, M. and Fukuhara, H. (1979) Mol. Gen. Genet. 170, 261-275.
4. Van Ommen, G.J.B., Groot, G.S.P. and Borst, P. (1977) Mol. Gen. Genet.

154, 255-262.
5. Morimoto, R., Merten, S., Lewin, A., Martin, N.C. and Rabinowitz, M.

(1978) Mol. Gen. Genet. 163, 241-255.
6. Martin, N.C., Miller, D. and Donelson, J. (1979) J. Biol. Chem., 254,

11729-11734.
7. Martin, N.C., Miller, D., Donelson, J., Sigurdson, C., Hartley, J.,

Moynihan, P. and Pham, H.D. (1979) in Extrachromosomal DNA: ICN-UCLA
Symposium on Molecular and Cellular Biology, D. Cummings, P. Borst,
I. Dawid, S. Weissman, and C.F. Fox, Eds., Vol. 15, New York Academic
Press, in press.

8. Miller, D., Martin, N., Pham, H.D. and Donelson, J. (1979) J. Biol. Chem.
254, 11735-11741.

9. Peacock, A.C. and Dingman, C.W. (1968) Biochemistry 7, 668-674.
10. Southern, E.M. (1975) J. Mol. Biol. 98, 503-517.
11. Denhardt, D. (1966) Biochem. Biophys. Res. Commun. 23, 641-646.
12. Nichols, B.P. and Donelson, J. (1977) Virology 83, 396-403.
13. Morimoto, R. and Rabinowitz, M. (1979) Mol. Gen. Genet. 170, 25-48.
14. Bos, J.L., Osinga, K.A., Vander Horst, G. and Borst, P. (1979) Nuc.

Acid Res. 6, 3255-3266.
15. Li, M. and Tzagaloff, A. (1979) Cell 18, 47-53.
16. Martin, N.C., Miller, D., Hartley, J., Moynihan, P. and Donelson, D.

(1979) Cell 19, 339-343.
17. Rich, A. and RajBhandary, U.L. (1976) Annu. Rev. Biochem. 45, 805-860.

1442


