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ABSTRACT

A+T REGULATORY REGION OF THE Drosophila melanogaster MITOCHONDRIAL

GENOME: ORGANIZATION, EVOLUTION AND PROTEIN : DNA INTERACTIONS

By

David Lawrence Lewis

Animal mitochondrial DNA contains a single noncoding region of substantial

length. In Drosophila mitochondrial DNA, this region is called the “A+T region"

because it contains 90- 96% deoxyadenylate and thymidylate nucleotides. The A+T

region contains the origin of replication and most likely the promoters of transcription.

Molecular cloning and DNA sequence analysis has revealed that the D. melanogaster

A+T region is 4.6 kb in size and is organized in two different arrays of tandemly

repeated DNA sequence elements with nonrepetitive intervening and flanking

sequences comprising only 22% of its length. We conclude that the length

heterogeneity observed in the A+T regulatory region in mitochondrial DNAs from the

genus Drosophila results from the expansion and contraction of the repeat arrays.

Three DNA sequence elements are found to be highly conserved in D.

melanogaster and in several Drosophila species with short A+T regions. These

include a 300-bp DNA sequence element that overlaps the DNA replication origin and

two thymidylate stretches identified on opposite DNA strands. We propose that the

300-bp conserved DNA sequence element, in conjunction with another nucleotide

sequence determinant, perhaps the adjacent thymidylate stretch, functions in the

regulation of mitochondrial DNA replication.

The DNA sequence of the coding regions flanking the A+T region was also

determined. The flanking regions contain the genes encoding the 128 rRNA, 16S



rRNA, tRNAVa', tRNAi'e, tRNAQ'", tRNA"met and the 5' coding region of subunit 2 of

NADH dehydrogenase. These sequences, together with the DNA sequence of the

A+T region and mtDNA sequences obtained in other laboratories, complete the

nucleotide sequence of the D. melanogaster mitochondrial genome.

DNA binding proteins that interact with the A+T region were also identified. One

such protein, mtDBP-26, preferentially binds to A+T region DNA with high affinity.

Competition experiments using different mitochondrial A+T region DNA fragments did

not show mtDBP-26 to have a pronounced preference for a particular A+T region

sequence. These results might suggest that mtDBP-26 functions in the formation and

maintenance of mitochondrial nucleoprotein structure.
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MITOCHONDRIA: BASIC CONCEPTS

Mitochondria are subcellular organelles found in all eukaryotic organisms

(Tzagoloff 1982). The size of the mitochondrion varies between 1-2 pm in length and

0.5-1 um in width, and is dependent on the type and respiratory state of the cell (Pollak

and Sutton 1980). Mitochondria consist of an outer and inner membrane and two

aqueous subcompartments, the inter-membrane space and the matrix. The inner

membrane is folded into cristae, actually increasing its total surface area. The

mitochondrion contains its own DNA (Nass and Nass 1963), consistent with the

hypothesis that mitochondria arose from a bacterial symbiont (Wallin 1922).

The principal function of mitochondria is oxidative phosphorylation, although

mitochondria also contribute to the biosynthesis of pyrimidines, amino acids,

phospholipids, nucleotides, folate coenzymes, heme, urea and many other

metabolites (Whittaker and Danks 1978). The mitochondrial energy-producing

pathway consists of five enzyme complexes located in the inner mitochondrial

membrane (Wallace 1992) . Complexes | to IV make up the electron transport chain in

which electrons are transferred from NADH + H+ and FADHZ to the terminal electron

acceptor, oxygen. As electrons traverse the transport chain, protons are pumped out

of the mitochondrial matrix, across the mitochondrial inner membrane, and into the

inter membrane space creating an electrochemical gradient. The gradient is utilized

by the ATP synthase (complex V) to synthesize ATP from ADP and inorganic

phosphate. Finally, an adenine nucleotide translocator exchanges mitochondrial ATP

for cytosolic ADP where it is utilized in a multitude of cellular processes. All of the

proteins encoded in the animal mitochondrial DNA (mtDNA) are components of this

energy producing pathway (Anderson et al. 1981, Chomyn et al. 1983, Chomyn et al.

1985, Chomyn et al. 1986).
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GENERAL FEATURES OF MITOCHONDRIAL DNA

The mtDNA fulfills the same basic role in all eukaryotic cells. It encodes rRNA

and tRNA molecules utilized in the translation of the small number of mtDNA-derived

mRNAs specifying protein subunits of the mitochondrial electron transport chain

(Tzagoloff and Myers 1986, Attardi and Schatz 1988). In animal mtDNA, the proteins

encoded are seven subunits of NADH dehydrogenase (ND1, ND2, ND3, ND4, ND4L,

ND5 and ND6), the apocytochrome b component of ubiquinol cytochrome c reductase,

three subunits of cytochrome c oxidase (COI, CO" and COIII) and two subunits of ATP

synthase (ATPase 6 and 8) (Fig. 1). Not all of these genes are found on the mtDNA of

all eukaryotic organisms. Indeed, only the large subunit (LSU) rRNA and the small

subunit (SSU) rRNA and the genes encoding COI and cytochrome b are common to

all mitochondrial genomes whose coding capacity has been defined completely

(Okimoto et al. 1992). In contrast, the mitochondrial genomes of some organisms

contain additional genes; for example, those encoding proteins associated with

mitochondrial ribosomes, or proteins involved in mitochondrial RNA processing or

intron transposition (Chomyn and Attardi 1987). All other proteins involved in

mitochondrial biogenesis and function are products of nuclear genes, translated in the

cytoplasm and then imported into the mitochondria in a process requiring ATP and a

membrane potential across the inner membrane (Pfanner and Neupert 1990).

The mitochondrial genetic code differs from the standard genetic code (Attardi

and Schatz 1988). Variations in the mitochondrial genetic code can also occur

between species. For example, the triplets AGA and AGG, both of which specify

arginine in the standard genetic code, are used only as rare termination codons or not

at all in mammalian mitochondrial genetic codes, and specify serine in insect

mitochondrial genetic codes. The triplet UGA, which is a translational stop codon in

the standard genetic code, specifies tryptophan in the mitochondrial genetic codes of

animals, fungi and protozoa, but not in those of higher plants.



Figure 1. Structures and genetic maps of vertebrate and Drosophila

mitochondrial DNAs. OH, origin and direction of H-strand mitochondrial DNA

replication in vertebrates; OL, origin and direction of L-strand mitochondrial DNA

replication in vertebrates; D, D-loop region of vertebrate mitochondrial DNA; R,

direction of leading strand mtDNA replication in Drosophila ; A+T, A+T region of

Drosophila mitochondrial DNA; 12S rRNA, coding region for the small subunit

ribosomal RNA; 16S rRNA, coding region for the large subunit ribosomal RNA; ND1,

N02, N03, ND4, ND4L, NDS, ND6, coding regions for six subunits of the NADH

dehydrogenase complex; cyt b , coding region for cytochrome b; COI, COII, COIII,

coding regions for the cytochrome oxidase subunits I, II and Ill; A6, coding region for

ATPase subunit 6; A8, coding region for ATPase subunit 8. Capital letters represent

the standard nomenclature for the genes which encode tRNAs. Codon recognition

groups of serine and leucine tRNA genes are also shown. The arrow associated with

each coding region indicates the direction of transcription. Adapted from Jacobs, H. T.,

D. J. Elliott, V. B. Math, and A. Farquharson (1988) J. Mol. Biol. 202:185-217.



 

VERTEBRATES

(
A
G
?
)

 
DROSOPHILA

 

Figure 1



6

The mtDNA of eukaryotic organisms is present as a circular, double-stranded

molecule although several examples of organisms with linear mitochondrial genomes

have been noted (Grant and Chiang 1980; Wesolowski and Fukuhara 1981; Kovac et

al. 1984; Warrior and Gall 1985; Suyama et al. 1985; Pritchard et al. 1986). In

vertebrate mtDNA, the two DNA strands have different buoyant densities in alkaline

cesium chloride gradients and have been termed the heavy (H) strand and the light (L)

strand. The size of the mtDNA varies tremendously between species from 13.8 kb in

the nematode, Caenorhabditis elegans (Okimoto et al. 1992) to an estimated 2400 kb

in the cucurbit, Cucumis melo (muskmelon) (Ward et al. 1981 ). Most of the size

variation is due to the size and number of noncoding regions and/or the presence of

large duplications rather than increased mtDNA coding capacity (Clark-Walker 1985).

The mitochondrial genome of animals is genetically compact and contains only

a single noncoding region of substantial length (Attardi 1985). The noncoding region

varies in size from 121 bp in the sea urchin Strongylocentrous purpuratus (Jacobs et

al. 1988) to approximately 6 kb in some Drosophila species (Fauron and

Wolstenholme 1976), and contains the most divergent DNA sequences found in the

animal mitochondrial genome (Moritz et al. 1987). In spite of the divergent nature of

the noncoding region, the origin of DNA replication in both vertebrates and

invertebrates has been located here (Clayton 1991a; Goddard and Wolstenholme

1978, 1980; Jacobs et al. 1989). In addition, the promoters of transcription for each

DNA strand are located in the noncoding region of all vertebrate mtDNAs examined

(Clayton 1991a) and by analogy, are most likely located here in invertebrate mtDNAs.

In insect (Fauron and Wolstenholme 1976; Crozier and Crozier 1993) and nematode

(Okimoto et al. 1992) mtDNA, the noncoding region is characterized by an extreme

bias towards deoxyadenylate and thymidylate residues and is known as the A+T

region. In vertebrate mtDNA, the non-coding region is characterized by the presence

of a three-stranded structure in which a short piece of nascent H-strand DNA, termed
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the displacement-loop (D-loop) strand, is located near the origin of leading-strand

replication (Clayton 1982). Whether the D-loop strand 3'-hydroxyl and functions as a

primer for continued replication of the mtDNA is not known, but a high level of D-loop

strand turnover suggests that most do not (Bogenhagen and Clayton 1978).

There is evidence indicating that mtDNA D-loop strands exist in mitochondria as

nucleoprotein complexes. Isolation of mtDNA: protein complexes from rat

mitochondria revealed the presence of a 16 kDa protein, termed P16 (Van Tuyle and

Pavco 1981, 1985a). P16 has a high affinity for single-stranded DNA suggesting that it

is bound to D-loops in vivo (Van Tuyle and Pavco 1985b). A protein present in

Xenopus Iaevis mitochondria also has an affinity for the D-loop structure in

reconstitution experiments and could be recovered from mitochondrial nucleoids

(Barat and Mignotte 1981). The protein was shown to have single-stranded DNA

binding activity in vitro (Mignotte et al. 1985). Amino acid sequence analyses reveal

both the rat and Xenopus proteins are homologous to E. coli SSB (Ghrir et al 1991a;

Hoke et al. 1990).

Evidence also exists that suggests other noncoding region mtDNA, in addition

to the D-loop strand, exists in a nucleoprotein complex. Electron micrographs of

osmotically lysed mouse L-cell mitochondria revealed the presence of nucleoprotein

complexes (Nass 1969). Proteins can also be seen in electron micrographs of rapidly

sedimenting rat liver mitochondrial DNA (Van Tuyle and McPherson 1979). Similar

studies using HeLa cell mitochondrial lysates showed the presence of a nucleoprotein

complex within the D-loop region (Albring et al. 1977). Protection from a DNA

crosslinking agent, trimethylpsoralen, was observed in the D-loop region of HeLa cell

mtDNA (DeFrancesco and Attardi 1981) as well as the corresponding A+T region of

Drosophila mtDNA (Potter et al. 1980, Pardue et al. 1984) suggesting that the

protected areas are complexed with protein. In studies of Xenopus Iaevis

mitochondria, several proteins have been identified in preparations of mitochondrial
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nucleoids. These include a 28 kDa acid-soluble protein with unknown DNA-binding

characteristics (Barat et al. 1985), and proteins that preferentially bind to supercoiled

molecules containing the D-loop region in vitro (Mignotte et al. 1983). Another protein,

termed mtDBP-C, is present in large amounts in Xenopus Iaevis mitochondria

(Mignotte and Barat 1986). The protein has the ability to bind supercoiled, relaxed, or

linear double-stranded DNA without apparent sequence specificity and in a

cooperative manner (Mignotte and Barat 1986; Mignotte et al. 1988; Mignotte et al.

1990). Kinetoplast DNA, the mtDNA of trypanosomes, can also be isolated in complex

with proteins (Xu and Ray 1993). The role of the nucleoprotein complex in the

maintenance of mtDNA has not been established. One possibility is that the structure

interacts with the inner mitochondrial membrane allowing proper segregation of the

mtDNA during mitochondrial division (Albring et al. 1977).

REPLICATION OF THE MITOCHONDRIAL GENOME

Replication of Mitochondrial DNA in Vertebrates. The fact that

mitochondria contain DNA that encodes essential gene products poses the question of

how the DNA is stably inherited and its genes expressed. The observation that the

mtDNA does not contain the genes essential for these purposes demands that nuclear

gene products be involved. There is considerable evidence that the mtDNA copy

number varies according to the respiratory state of the cell and the cell type indicating

that mtDNA synthesis, and most likely the expression of nuclear gene products

responsible for replicating mtDNA, are regulated events. For example, it has been

demonstrated that the concentration of mtDNA in mammalian striated muscles

increases in proportion to their oxidative capacity (Williams 1986, Williams et al. 1986),

and the number of mitochondrial genomes in highly oxidative type I muscles is greater

than in the glycolytic type II skeletal muscles (Annex and Williams 1990). The rate of

cell growth also affects mitochondrial genome copy number as evidenced by the 2-fold
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increase in the amount of mtDNA / cell in logarithmically growing mouse fibroblasts as

compared to the amount in confluent cells (Shay et al. 1990). Also, mtDNA is

amplified during oogenesis in sea urchin and frog, but does not replicate in the mature

oocyte egg or early embryo (Matsumoto et al. 1974, Webb and Smith 1977). In

addition, the amount of mtDNA in mammalian oocytes is approximately 400 times

higher than that in somatic cells (Michaels at al. 1982). In HeLa cells, mtDNA

replication occurs predominantly in the late S and G2 phases of the cell cycle (Pica-

Mattoccia and Attardi 1972).

The mechanism of mtDNA replication has been studied most extensively in

mammals although details of mtDNA replication in other systems are now emerging.

The process of mammalian mtDNA replication initiation involves two distinct origins,

one for each DNA strand, separated by two thirds of the genome (Clayton 1991a). The

origin of H-strand synthesis (OH) is located within the D-loop region. The origin of L-

strand synthesis (OL)is located within a small noncoding region near the middle of a

cluster of five tRNA genes (Fig. 1). DNA synthesis initiates at OH and proceeds in a

unidirectional and asymmetric manner 67% of the way around the genome until OL is

exposed in a single-stranded form. L-strand synthesis is then initiated and proceeds

in a direction opposite to that of H-strand replication. Thus, at least in the mammalian

system, initiation at OH dictates a replication event while initiation at OL is a secondary

but essential process.

The precise locations of the 5' ends of nascent H-strand replicative

intermediates as well as the 5' ends of nascent D-loop strands have been determined

(Tapper and Clayton 1981; Chang and Clayton 1985; Chang et al. 1985). The 5' ends

of nascent H-strands are identical to three of the four major D-loop DNA species

suggesting that a precursor-product relationship may exist between D-loop DNA

strands and nascent H-strands. Given that the turnover of D-loop strands occurs at a

much higher rate than initiation of mtDNA replication (Bogenhagen and Clayton 1978),
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only a small subset of D-loop strands could function in replication. If elongation of D-

loop strands leads to heavy strand synthesis, the control of D-loop strand termination

could play a role in regulating mtDNA replication (Doda et al. 1981).

Conserved termination-associated sequences (TASs) at the downstream end of

the D-loop region have been identified in proximity to the 3' ends of D-loop strands in

a number of vertebrates (Fig. 2) (Doda et al. 1981; Mackay et al. 1986; Dunon-Bluteau

and Brun 1987; Foran et al. 1988). TAS elements are sites of protein binding in situ as

evidenced by protection from DNA methylating agents (Ghivizzani et al. 1993a;

Madsen et al. 1993). Thus, the TAS-binding factor may regulate mtDNA replication by

modulating termination of D-loop strands. However, it is still unknown whether mtDNA

leading-strand synthesis proceeds by elongation of arrested D-loop DNA strands or

whether a separate round of initiation and synthesis through the D-loop region is

required. DNA-binding proteins potentially involved in the arrest of DNA synthesis

have also been identified in extracts of sea urchin mitochondria (Roberti et al. 1991;

Qureshi and Jacobs 1993). The protein identified by Qureshi and Jacobs (1993),

termed thBP1, binds DNA at a sequence near a strong leading-strand DNA

replication pause site outside the noncoding region, while the protein identified by

Roberti et al. (1993) binds DNA sequences located in the noncoding region.

Mapping of the 5' and 3' ends of both DNA and RNA strands generated in vivo

from the D-loop region has revealed that the 3' ends of some RNAs can be aligned

with the 5' ends of some DNAs (Chang and Clayton 1985; Chang et al. 1985). The

locations of the 5' DNA and 3' RNA ends are near three evolutionarily conserved DNA

sequence blocks (CSBs I, II and Ill) (Fig. 2). The RNA molecules have a unique 5' end

which maps to the light-strand promoter suggesting that RNAs produced from the light-

strand promoter may function as primers for D-loop DNA synthesis. In support of this,

a molecule consisting of RNA at its 5' portion and DNA throughout its distal portion

was identified in mouse (Chang et al. 1985). Thus, it appears that transcriptional
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Figure 2. Schematic presentation of the known major features of the

vertebrate mtDNA D-loop. The dashed line represents RNA synthesis from the L-

strand promoter (LSP) and the dashed/solid line represents an RNA-primed nascent

DNA strand. The transition from RNA to DNA synthesis occurs within the boxed region

indicated; there are three conserved sequence blocks (CSBs) at this location, I, II and

Ill. The D-loop is bounded by the genes for tRNAPro and tRNAPhe. Mitochondrial RNA

polymerase is shown at the transcriptional start sites at the bipartite LSP and at the H-

strand promoter (HSP). The known binding sites for the mitochondria transcription

factor mTF1 are indicated. The 3' ends of D-loop DNA strands map near conserved

sequence elements that have been termed termination associated sequences (TAS).

Taken from Clayton, D. A. (1991) Trends Biol. Sci. 16:107-111.
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promoter function is involved at least in the production of D-loop DNA and possibly in

replication of the mtDNA in its entirety.

The transition from RNA to DNA synthesis at OH may be mediated by an RNA

processing activity termed mitochondrial RNA-processing ribonuclease (RNase MRP)

(Clayton 1991b). Originally identified in extracts of mouse mitochondria, it was found

to have the ability to cleave an in vitro-generated RNA derived from D-loop region

DNA in a site-specific manner (Chang and Clayton 1987a; Bennett and Clayton 1990).

The location of cleavage lies between CSB II and CSB lll, near one of the sites of a

putative RNA-DNA transition. The endoribonuclease was later found to require an

nuclear-encoded RNA component for its activity (Chang and Clayton 1987b).

Molecular cloning and DNA sequencing of the gene encoding the RNA revealed it to ’

contain a decamer sequence complementary to the sequence adjacent to the

enzymatic cleavage site on D-loop RNA (Chang and Clayton 1989). The gene

encoding the RNase MRP RNA has also been isolated from human and yeast (Topper

and Clayton 1990; Schmitt and Clayton 1992). Human RNase MRP was also found to

cleave RNA adjacent to CSB ll near one of the sites of putative RNA-DNA transitions.

Similarly, yeast RNase MRP cleaves an RNA derived from a putative origin near

sequences resembling the CSB II in vertebrate mtDNA (Stohl and Clayton 1992).

A role for RNase MRP in mtDNA replication is based largely on circumstantial

evidence and has been the subject of much debate. First, the location of RNase MRP

cleavage sites in vitro do not correspond precisely with the positions of 5' D-loop DNA

ends of the majority of in vivo generated species in either human or mouse mtDNA.

The one exception is a minor RNase MRP cleavage site in mouse which correlates

with one of the three major 5' D-loop DNA ends in that species. Second, the amount

of full-length RNase MRP RNA found in mitochondrial fractions is less than 1% of that

in nuclear fractions (Chang and Clayton 1987b). In fact, the amount of RNase MRP

RNA associated with highly purified mitochondria was found to correspond to about
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one RNA molecule per 100 mitochondria (Kiss and Filipowicz 1992). At the same

time, a role of RNase MRP RNA in the nucleus has been demonstrated in yeast

(Schmitt and Clayton 1993). Mutations in the yeast gene encoding the RNA lead to a

defect in processing of nuclear-encoded pre-5.BS rRNA. In view of these facts, the

question of whether or not a role exists for RNase MRP in mtDNA replication must be

resolved.

In contrast to the complexity of events leading to the initiation of leading strand

replication at OH, initiation of light-strand replication at OL is relatively simple. In

human mtDNA, L-strand synthesis begins within a small noncoding region situated in

a cluster of five tRNA genes (Tapper and Clayton 1981) (Fig. 1). This noncoding

region contains DNA sequences with potential for forming a stem-loop structure. The

putative structure is conserved in the mtDNAs of different mammalian species despite

nucleotide sequence divergence. However, no noncoding region similar to OL in

mammalian mtDNA has been identified in chicken (Desjardins and Morais 1990) or

sea urchin mtDNA (Jacobs et al. 1988, Cantatore et al. 1989). In these cases, it has

been suggested that a stem-loop structure may be formed within one of the tRNA

genes. L-strand synthesis begins only after OL has been rendered single-stranded by

displacement due to H-strand synthesis. The development of an in vitro priming

system capable of L-strand synthesis allowed the identification of the critical DNA

sequence elements required (Wong and Clayton 1981; Hixson et al. 1986). Included

were an intact stem-loop structure and a short flanking sequence near the base of the

stem where the transition from RNA to DNA synthesis occurs.

Replication of Mitochondrial DNA in Drosophila and Yeast.

Replication of insect mtDNA is best characterized in Drosophila species. Electron

microscopic studies of Drosophila mtDNA replicative intermediates indicate that the

origin of leading strand DNA replication is located in the A+T region (Goddard and

Wolstenholme 1978, 1980). While the origin of lagging-strand DNA synthesis has not
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yet been determined, lagging DNA strand initiation also likely occurs in the A+T

region. Drosophila mtDNA replication is highly asymmetric: synthesis of the leading

strand is up to 97% complete before synthesis of the lagging strand is initiated. No

DNA sequence similarities between the conserved regions of vertebrate D-loop region

and the Drosophila A+T region have been identified (Clary and Wolstenholme 1985b).

Thus, the DNA sequence elements involved in initiation of Drosophila mtDNA

replication are likely to differ from those in vertebrate mtDNA replication. However, this

does not exclude the possibility that the general mechanism of mtDNA replication

initiation is similar in both.

The organization of the yeast mitochondrial genome is quite different from that

of animals. Genes are separated by large intergenic regions and gene order varies

between yeast species (de Zamaroczy and Bemardi 1985). Three or four origins

active for mtDNA replication have been identified and have several characteristics in

common (de Zamaroczy et al. 1984; Faugeron-Fonty et al. 1984). All are

approximately 280 bp in size and contain three GC clusters separated by A+T-rich

stretches. In contrast to the relative locations of the OH and OL in vertebrate mtDNA,

leading and lagging DNA strand synthesis in yeast mtDNA initiate in the immediate

vicinity of each other (Schinkel and Tabak 1989) so that replication, although

unidirectional, is symmetric. All of the yeast mtDNA replication origins are immediately

downstream of an active transcriptional promoter (Christianson and Rabinowitz 1983).

The existence of a functional promoter near the origins of mtDNA replication in yeast is

reminiscent of the location of OH downstream of the light-strand promoter in vertebrate

mtDNA.

The Mitochondrial DNA Polymerase. The DNA polymerase responsible

for the synthesis of mtDNA is DNA polymerase 7 (Clayton 1982). Yeast strains

containing a disruption in the gene encoding the catalytic subunit of Pol y, MIP1, are

completely deficient in both replication of mtDNA and DNA polymerase ~(activity
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(Foury 1989). Pol 7 has been highly purified from five sources; chick embryos

(Yamaguchi et al. 1980), Drosophila embryos (Wemette and Kaguni 1986), porcine

liver (Mosbaugh 1988), Xenopus laevis oocytes (lnsdorf and Bogenhagen 1989a) and

HeLa cells (Gray and Wong 1992) and is distinguished from other eukaryotic

polymerases by its sensitivity to N-ethylmaleimide and dideoxynucleoside

triphosphates and optimal activity in high salt conditions. A proofreading, or 3'-5'

exonuclease, activity has been shown to be associated with the DNA polymerase yas

purified from each source (Kunkel and Soni 1988; Kunkel and Mosbaugh 1989;

Kaguni and Olson 1989; lnsdorf and Bogenhagen 1989b; Gray and Wong 1992).

DNA polymerase y isolated from chick embryo has a sedimentation coefficient of 7.53

and elutes from Sephadex G-200 consistent with a native molecular weight of 180 kDa

(Yamaguchi et al. 1980). Although Yamaguchi et al. proposed that the enzyme was a

homotetramer of the 47 kDa polypeptide, SDS-polyacrylamide gel electrophoresis of

the highly purified protein preparation revealed the presence of two polypeptides of

135 kDa and 47 kDa. The Drosophila Pol yhas a native molecular weight of 160 kDa

as determined by velocity sedimentation and gel filtration analyses (Wemette and

Kaguni 1986). Electrophoretic analyses of the purified enzyme on SDS-

polyacrylamide gels indicated it is composed of a 125 kDa or-subunit and a 35 kDa 8-

subunit. Analysis of DNA polymerase activity in situ demonstrated that the 125 kDa

subunit contains the DNA polymerase activity. The Xenopus and porcine liver 7

polymerases have native molecular weights of approximately 180 kDa and 160 kDa,

respectively, as determined by sedimentation analyses (lnsdorf and Bogenhagen

1989; Kunkel and Mosbaugh 1989). Pol y isolated from HeLa cells is composed of a

140 kDa subunit and a 54 kDa subunit as determined by SDS-PAGE (Gray and Wong

1992). Molecular cloning of the MIP1 gene encoding the yeast DNA polymerase 7

revealed an open reading frame consistent with a 143.5 kDa polypeptide (Foury

1989). Taken together, these results are consistent with a heterodimeric structure for
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DNA polymerase yconsisting of a 125-145 kDa subunit containing the DNA

polymerase catalytic activity, and a 35-47 kDa subunit, of unknown function.

Drosophila mtDNA polymerase has been studied extensively in vitro with

regard to its DNA synthetic mechanism. It is able to replicate efficiently both

predominantly single-stranded and double-stranded DNA templates (Wemette et al.

1988), a characteristic consistent with the enzymatic requirements for mtDNA

replication predicted by current models. Under moderate salt conditions, Pol yis

quasi-processive, incorporating 25 to 45 nucleotides per binding event (Wemette et al.

1988). Under low salt conditions, the enzyme is highly processive and is able to

replicate the entire genome of the bacteriophage M13 in a single binding event

(Williams et al. 1993). Interestingly, conditions which allow highly processive DNA

synthesis are suboptimal for synthetic rate. This may suggest that other accessory

protein factors that allow the enzyme to be highly processive while maintaining a high

synthetic rate are involved in mtDNA replication.

TRANSCRIPTION OF THE MITOCHONDRIAL GENOME

Transcription of Mitochondrial DNA in Vertebrates. Studies of the

molecular mechanism of mtDNA transcription were focused initially on mapping the 5'

and 3' ends of mtDNA-encoded RNA molecules from human cells (Clayton 1984; Yoza

and Bogenhagen 1984). Results from these studies demonstrated that transcription of

both strands of human mtDNA is initiated in the D-loop region. Elongation of the

transcripts results in the production of polycistronic RNAs encompassing nearly the

entire mitochondrial genome (Montoya et al. 1981; Ojala et al. 1981). The position of

the transcriptional initiation site at the heavy-strand promoter (HSP) was located near

the tRNAPhe gene and the initiation site at the light-strand promoter (LSP)

approximately 150 bp upstream (Fig. 2). Both promoters appear to function in a
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unidirectional manner. Similar mapping studies allowed assignment of 5' ends of in

vivo generated RNAs to the D-loop region of Xenopus laevis (Yoza and Bogenhagen

1984; Bogenhagen et al. 1986), cow (King and Low 1987) and chicken mtDNA

(L'Abbe et al 1991). In bovine mtDNA, the promoters function as in human mtDNA. In

Xenopus Iaevis mtDNA, two promoters were identified and each was found to function

in a bidirectional manner. In chicken, a single bidirectional promoter was identified. In

all animal systems studied, endonucleolytic processing of the primary RNA transcripts

results in the production of rRNAs, tRNAs and mRNAs.

The development of in vitro transcription systems has led to the identification of

the DNA sequence elements and protein factors involved in mtDNA transcription

(Clayton 1991a, Shadel and Clayton 1993). Walberg and Clayton (1983) utilized

human mitochondrial extracts to demonstrate accurate in vitro transcription from

cloned mtDNA. Consistent with the results obtained by mapping in vivo generated

transcripts, the transcripts produced in vitro resulted in the identification of two major

promoters, one for the L-strand and one for the H-strand. Further analysis led to the

definition of the D-loop region DNA sequences responsible for supporting accurate

initiation of both heavy— and light-strand transcripts (Chang and Clayton 1984; Hixson

and Clayton 1985; Topper and Clayton 1989). Similar studies were performed with

mouse mitochondrial extracts and recombinant mouse mtDNA (Chang and Clayton

1986a-c; Bhat et al. 1989). The data revealed the promoters to consist of two domains;

a short sequence near the transcriptional start site necessary but not sufficient to direct

transcription initiation and a region 25 to 35 bp upstream which, when present, greatly

stimulated transcription initiation.

Fractionation and biochemical analysis of the transcriptional machinery in both

the human and mouse mitochondrial extracts revealed the presence of a trans-acting

factor separable from RNA polymerase and required for transcriptional initiation

(Fisher and Clayton 1985; Fisher et al. 1989). The factor, mitochondrial transcription
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factor A (mtTFA, formerly mtTF1), binds to the DNA sequence element upstream of the

transcriptional start site of both the LSP and HSP (Fisher et al. 1987, 1989; Fisher and

Clayton 1988). Mutations in the upstream element that result in the abolition of

specific transcriptional activity also result in the loss of mtTFA binding (Topper and

Clayton 1989). DNA binding studies performed with the purified mtTFA revealed it to

have only weak sequence-specificity for the upstream DNA elements, especially at the

HSP (Fisher and Clayton 1988). Mouse mtTFA is able to bind the human LSP and the

human mtTFA is able to bind the mouse LSP, despite the divergent nature of the LSP

DNA sequences (Fisher et al. 1989). However, the mouse mtTFA is only able to

activate specific transcription of the human LSP in the presence of the human RNA

polymerase preparation. Likewise, the human mtTFA is only able to activate

transcription from the mouse LSP in the presence of the mouse RNA polymerase

preparation. These results suggest that template-specific initiation of transcription

requires a promoter-specific RNA polymerase or that the RNA polymerase

preparations used in the assays contain an additional specificity factor. Further

purification of the RNA polymerase-containing preparations will be required in order to

distinguish between these two possibilities.

Molecular cloning of the human mtTFA revealed it to be related to the

vertebrate, non-histone chromosomal high-mobility group protein HMG1 (Parisi and

Clayton 1991). HMG proteins consist of three domains: the amino-terminal domain

and central domains, that are closely related to each other and an acidic carboxy-

terrninal domain (Reeck et al. 1982). The amino-terminal and central domains have a

net positive charge and are referred to as HMG boxes. The HMG boxes are believed

to facilitate DNA-binding while the acidic carboxy-terminal domain may facilitate

interaction with histones (Einck and Bustin 1985). Several HMG box-containing

proteins have been implicated in the activation of transcription of specific nuclear

genes (Jantzen et al. 1990; van de Wettering et al. 1991; Travis et al. 1991; Sinclair et
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al. 1990; Kelly et al. 1988). mtTFA lacks the C-terminal domain but retains the

putative DNA-binding domains.

A protein homologous to human mtTFA was identified in yeast mitochondria

and the gene encoding it was cloned (Diffley and Stillman 1991 ). This protein, termed

ABF2, interacts with yeast mtDNA regulatory regions in a nonspecific but phased

manner and is present in large concentrations in yeast mitochondria (Diffley and

Stillman 1992). Although ABF2 is clearly homologous to the mammalian mtTFA, ABF2

stimulates only slightly transcription from yeast mitochondrial promoters (Parisi et al.

1993). Further characterization of ABF2 revealed it to be indistinguishable from a

previously described protein, HM, a basic protein with DNA-packaging capabilities

characteristic of prokaryotic histone-like proteins (Caron et al. 1979; Carla et al. 1984).

Facilitating mtDNA organization may be the primary role of ABF2. Consistent with this

hypothesis, yeast strains harboring a disruption of ABF2 lose their mtDNA after several

generations of growth, resulting in a phenotype known as rho 0 (Diffley and Stillman

1991). Yeast strains containing a disrupted ABF2 allele can be rescued by the gene

encoding the human mtTFA, suggesting the two gene products share a similar role in

the maintenance of the mitochondrial genome (Parisi et al. 1993). In addition to its

role in mtDNA packaging, it is possible that the mammalian mtTFA has evolved to

become a more potent transcriptional activator than the yeast homologue.

An in vitro transcription system has also been developed using Xenopus laevis

mitochondrial proteins and DNA sequences (Bogenhagen and Yoza 1986). Unlike

the promoter structure observed in mammalian mtDNA, specific transcription in

Xenopus mtDNA requires only a core octanucleotide sequence surrounding the

initiation site (Bogenhagen and Romanelli 1988). Purification of the 140 kDa core

RNA polymerase resulted in the loss of specific transcription activity as assayed on

Xenopus mtDNA promoters (Bogenhagen and lnsdorf 1988). Specific transcription

activity was restored upon addition of a factor separated from RNA polymerase during
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purification. The Xenopus specificity factor is most likely not functioning as the

mammalian mtTFA given the structure of the promoter region. Specifically, the lack of

a requirement for an upstream DNA element for transcription of Xenopus mtDNA

makes the latter resemble more the situation in yeast mtDNA transcription.

Interestingly, N-terminal amino acid sequence analysis of mtDBP-C, a protein

proposed to be a component of the mitochondrial nucleoid, is highly similar to HMG1

(Ghrir et al. 1991 b). Whether or not mtDBP-C has a stimulatory effect on the

transcription of Xenopus Iaevis mtDNA, like that of mtTFA on mammalian mtDNA

transcription, is not known.

The process of transcription termination has also been investigated. It is known

that the rRNAs are the most abundant RNAs in mammalian mitochondria (Gelfand and

Attardi 1981). A significant proportion of the 3' ends of the LSU rRNA of human

mitochondria are thought not to be generated by processing of long primary transcripts

but rather by specific transcription termination. Development of an in vitro system for

specific transcription termination allowed identification of a DNA binding protein,

termed mitochondrial termination factor (mTERF), that binds specifically to DNA

sequences immediately upstream of the transcription termination sites (Kruse et al.

1989; Daga et al. 1993). The factor is postulated to act by imposing a barrier to the

transcription complex. Interestingly, the binding site for mTERF encompasses a point

mutation in the mtDNA associated with the human disease MELAS (mitochondrial

myopathy, encephalopathy, lactic acidosis and stroke-like episodes) ; (Wallace 1992).

The mutation causes a marked decrease in affinity of the mTERF for the target

sequence and impairs transcription termination in vitro (Hess et al. 1991). However,

no change in the steady-state level of transcripts produced in vivo was detected

(Chomyn et al. 1992), raising the question as to the function of mTERF in vivo.

Transcription of Mitochondrial DNA in Drosophila and Yeast.

Studies on the transcription of Drosophila mtDNA are few in number and limited to



22

mapping steady-state RNA molecules on the mitochondrial genome (Merton and

Pardue 1981; Berthier et al., 1986). Because the organization of the mitochondrial

genomes of Drosophila and other animals is similar, it is likely that they are transcribed

in a similar manner. A polycistronic message, initiated in the non-coding A+T region,

would encompass the entire gene coding region on each DNA strand, and

subsequent processing of the message would result in rRNAs, tRNAs and mRNAs.

Identification of the precise promoter elements will require mapping the 5' ends of

transcripts generated within the A+T region in vivo.

Unlike metazoan mtDNA which contains a single major promoter for

transcription of each strand, yeast mtDNA harbors several promoters. All the yeast

transcriptional promoters contain the nonanucleotide, 5'-ATATAAGTA-3' (Tzagoloff

and Myers 1986). RNA transcripts are initiated at the A nucleotide at the 3' end of

promoter. Although yeast mitochondrial genes share an identical promoter sequence,

they are transcribed at different rates (Biswas and Getz 1986; Wettstein et al. 1988).

The strength of the promoter is determined by the nucleotide at position +2

(Christianson and Rabinowitz 1983) and the low rate of transcription from weak

promoters in vitro was shown to be due to the slow rate of formation of the first

phosphodiester bond (Biswas 1990). Specific and efficient transcription from yeast

mtDNA promoters in vitro requires only a 145 kDa core RNA polymerase and a 43 kDa

specificity factor (Schinkel et al. 1988). The core RNA polymerase is encoded by the

RPO41 gene (Kelly and Lehman 1986; Greenleaf et al. 1986) and DNA sequence

analyses reveal it to be similar to the RNA polymerases of bacteriophage T3 and 17

(Masters at al. 1987). The specificity factor is encoded by the MTF1 gene. The gene

encoding MTF1 was originally identified as a suppressor of a temperature-sensitive

mutation in the RPO41 gene (Lisowsky and Michaelis 1988). DNA sequence

comparisons reveal MTF1 is homologous to eubacterial sigma factors (Jang and

Jaehning 1991). DNA binding studies revealed that the core RNA polymerase alone
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bound DNA only weakly and without sequence specificity while MTF1 was unable to

bind DNA at all. Combining both components resulted in specific binding to a

promoter (Schinkel et al. 1988). Taken together, the data suggest transcription from

yeast mtDNA promoters resembles transcription from bacterial promoters, with the

sigma factor-like MTF1 imparting promoter recognition capability onto a largely non-

specific RNA polymerase. A similar situation may also exist in transcription of

Xenopus Iaevis mtDNA given the similarities to the promoters in yeast mtDNA and the

general transcription properties of the core RNA polymerase. Also, although

stimulation of specific transcription from mammalian mitochondrial promoters may

require an upstream element and a protein factor which binds to it, an additional

requirement for a sigma-like factor can not be ruled out. Evidence that a sigma-like

factor has a role in mammalian mtDNA transcription is provided by the observation that

transcription from human and mouse mitochondrial promoters require that a

homologous and inhomogeneous RNA polymerase fraction be used (Fisher et al.

1989; Shadel and Clayton 1993).

PROCESSING AND TRANSLATION OF MITOCHONDRIAL TRANSCRIPTS

Transcription of animal mtDNA results in the production of polycistronic

messages encompassing the entire coding region of each DNA stand (Montoya et al.

1981: Ojala et al. 1981). These primary transcripts are processed and give rise to the

LSU and SSU rRNAs, tRNAs and a number of mRNAs (Clayton 1984). In most

instances, protein coding genes as well as the genes encoding the two rRNAs abut

genes encoding tRNAs. Comparisons of the mtDNA sequences with the mRNA and

rRNA sequences indicated that the tRNA coding regions may be involved in

processing of the primary transcripts (Montoya et al. 1981; Ojala et al. 1981). Thus, it

is likely that processing primary transcripts involves the recognition of the 5' and 3'

ends of tRNA sequences with subsequent cleavage at those two phosphodiester bond
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positions. A processing activity with RNase P-Iike characteristics has been identified

in HeLa cell (Doerson et al. 1985) and rat (Jayanthi and Van Tuyle 1992)

mitochondrial extracts, and may be responsible for cleavage at the 5' ends of pre-

tRNAs. In yeast mitochondria, both an RNase P (Hollingsworth and Martin 1986) and

an endonuclease responsible for processing the 3' ends of tRNA precursors have

been identified (Chen and Martin 1988).

With the exception of the SSU rRNA and the tRNAs, RNA sequence analysis

has shown that mtDNA-encoded RNAs are polyadenylated (Ojala et al. 1981). In

some cases, polyadenylation is required to generate translational stop codons at the

3' ends of mRNAs. The mechanism of polyadenylation is unknown and there is no

common sequence at or near the 3' ends of the mRNAs that would represent a

potential polyadenylation signal such as that found in nuclear DNA-encoded mRNAs

(Clayton 1984). As stated above, mitochondrial tRNAs are not polyadenylated, but

rather each receives CCA at the 3'-tenninal end by the action of a CTP(ATP):tRNA

nucleotidyltransferase (Roe et al. 1982).

Translation of mitochondrial mRNAs into proteins involves mechanisms

homologous to those utilized in bacteria. In fact, inhibition of mitochondrial protein

synthesis by chloramphenicol, and its resistance to cycloheximide, were early

molecular indications of a possible evolutionary relationship between mitochondria

and bacteria (Lamb et al. 1968; Freeman 1970). However, several distinctions do

exist. Because of unusual wobble rules, the 22 tRNAs encoded in all metazoan

mtDNAs are apparently sufficient to decode all of the mtDNA-encoded protein genes

(Barrell et al. 1980). Mitochondrial tRNAs also lack many of the invariant or semi-

invariant nucleotides present in the tRNAs in bacteria and in the eukaryotic cytosol

(McClain 1993). Because many of the conserved nucleotides are thought to be

essential for maintaining the L-shaped tertiary structure of eukaryotic cytoplasmic and

bacterial tRNAs (Sampson et al. 1990), mitochondrial tRNAs have been postulated to
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have distinct higher order structures (Barrell et al. 1980). One extreme example is that

of the metazoan mitochondrial tRNASer (AGY) which contains a severely truncated

dihydrouridine arm (Garey and Wolstenholme 1989).

Like the properties of the mitochondrial tRNAs, several properties of

mitochondrial ribosomes distinguish them from those of bacteria and the eukaryotic

cytoplasm. They contain only half as much rRNA and nearly twice as many proteins,

differences which affect their sedimentation coefficient and buoyant density (Hamilton

1974). Although a number of mitochondrial ribosomal proteins are clearly

homologous to proteins present in the E. coli ribosome (Kitakawa and lsono 1991),

other proteins of the mitochondrial ribosome appear not to have a bacterial

homologue (Davis et al. 1992). The RNA components of mitochondrial ribosomes, the

rRNAs, are much smaller than their bacterial counterparts but have retained most of

the core structure and domains implicated in interactions with the other components of

the translation apparatus (Gutell and Fox 1988; Noller 1991; Gutell 1993).

The observation that most metazoan mitochondrial mRNAs either do not contain

a 5'-leader sequence, or contain only very short leader sequences, raises the

question of how the mitochondrial ribosomes bind mRNA in order to initiate translation.

In prokaryotes, most mRNAs contain a stretch of nucleotides upstream of the initiation

codon that is complementary to a region near the 3' end of the SSU rRNA (Shine and

Delgamo 1974; Steitz and Jakes 1975). The region of complementarity serves as a

primary binding site for prokaryotic ribosomes and plays a role in positioning the

initiation codon in the correct position for translation. Because the region of

complementarity is missing in mitochondrial ribosomes, the initiation codon must be

able to bind to the decoding site of ribosomes without any upstream interactions.

However, mitochondrial ribosomes are not able to bind the isolated triplet AUG

suggesting that the mechanism of ribosome binding to mitochondrial mRNAs involve
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more than just recognition of an AUG near the 5' end of the mRNA (Denslow et al.

1989).

EVOLUTION OF MITOCHONDRIAL DNA

The Origin of Mitochondria and Mitochondrial DNA. Mitochondria are

believed to have arisen from an eubacteria-like organism through a process of

endosymbiosis, which occurred some time after the divergence of the eukaryotic

nuclear lineage and the eubacterial lineage from their last common ancestor (Raven

1970; Schwartz and Dayhoff 1978; Magulis 1981; Gray and Doolittle 1982; Gray

1989). Molecular evidence in support of this view has arisen largely from DNA

sequence comparison analyses. A high degree of similarity exists between

homologous protein genes encoded by mitochondrial and bacterial DNA (e.g., Raitio

et al. 1987). However, because functional protein genes encoded in mtDNA are not

found in eukaryotic nuclear DNA, comparison of mitochondrial protein genes alone

does not exclude a nuclear origin for mtDNA. The evolutionary history of mtDNA is

better studied by DNA sequence comparison analyses of genes encoding rRNA (Gray

1988). Not only are rRNA genes ubiquitous in all known genome types, the RNAs they

encode are highly similar in their core secondary structure, thus providing a basis for

accurate alignment of primary sequence (Woese 1987). Using this approach, Gray et

al. (1984) provided strong evidence for a specific eubacterial ancestry for mitochondria

of animals, plants and fungi.

Evolution of Animal Mitochondrial Genome Size and Structure. It is

generally accepted that the relatively limited coding capacity of mtDNA observed in

contemporary eukaryotic cells is the result of progressive transfer of genetic material

from the mitochondrion to the nucleus (Wallace 1982). As discussed previously, the

genetic content of the mtDNAs of different species is nearly identical. One explanation

for this observation is that genetic transfer occurred before speciation of the progenitor
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eukaryotic cell. That mitochondria have retained any functional DNA may be a result

of adoption of a separate genetic code that effectively "froze" the remaining mtDNA in

the mitochondrion of the eukaryotic progenitor (Attardi 1988). It has been suggested

that in animals, smaller mtDNAs can have an advantage in transmission over larger

mtDNAs (Solignac et al. 1984, Rand and Harrison 1986). Selection for smaller

genome size, possibly accomplished by a “race for replication" may have been an

important factor in the movement of mtDNA from the mitochondrion to the nucleus as

well as controlling the size of present day animal mtDNAs (Rand 1993).

Although the genetic content of animal mitochondrial genomes is well

conserved, the order of genes differs. Gene rearrangements are especially evident

when the mitochondrial genomes of vertebrate and invertebrates are compared (Gray

1989). The rearrangements include both inversions and transpositions. The presence

of tRNA genes near the boundaries of the rearrangements suggests tRNA gene

sequences facilitate the recombination process (Moritz et al. 1987). Precisely how

tRNA gene sequences mediate recombination is not known but the process is most

likely intramolecular as no evidence that intermolecular recombination occurs in

animal mtDNA has been provided (Moritz et al. 1987). However, the lack of evidence

for intermolecular recombination may have a trivial explanation that informative

markers are absent (Rand and Harrison 1986).

Duplications of DNA sequences followed by deletion events can lead to

apparent inversion of the DNA sequence surrounding the duplication junction, and

may explain at least some of the rearrangements observed in animal mtDNA.

Evidence that duplications and deletions occur in the mtDNA of numerous different

species has been well documented (Rand 1993). Duplications/deletions may include

both coding and noncoding regions of the mtDNA and are observed not only between

the mtDNA molecules of different species, but also between the mtDNA molecules in

the same individual. In humans, mtDNA deletion mutations have been found to be the
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cause of a number of diseases and may contribute to the process of aging as well

(Wallace 1992). Slipped-strand mispairing between sites containing similar DNA

sequences during DNA replication is one mechanism by which these types of

mutations can occur (Streisinger et al. 1966). Because replication of animal mtDNA is

unidirectional and highly asymmetric, long stretches of displaced lagging strand

template are produced. The displaced strand would be expected to promote slippage-

induced deletions between repeated DNA sequences.

Nucleotide Sequence Evolution of Animal Mitochondrial DNA. In

mammals, the rate of nucleotide substitution in mtDNA is known to be higher than that

in nuclear DNA, making the study of mtDNA sequences useful in determining the

evolutionary relationships between closely related taxa (Brown et al. 1982). The

pattern of nucleotide substitution is distinctly nonrandom, with sequences in the

noncoding D-loop region evolving very rapidly (Foran et al. 1988) and the rRNA genes

evolving more slowly (Hixson and Brown 1986). There is a strong transition bias in the

pattern of base substitutions in mtDNA which is not observed in nuclear DNA (Brown

et al. 1982). This may reflect the fact that transitions are thermodynamically the most

likely types of base substitutions to occur during replication, and that an efficient DNA

repair system is absent in mitochondria (Topal and Fresco 1976; Clayton 1982). The

transition bias is most evident among closely related species but decreases as

sequences diverge, most likely due to multiple substitutions at single sites.

Unlike vertebrate mtDNA sequences, Drosophila mtDNA sequences do not

evolve more rapidly than nuclear DNA sequences (Caccone et al. 1988). However,

this is most likely not due to a decreased substitution rate in Drosophila mtDNA but

rather a decreased substitution rate in vertebrate nuclear DNA (Vawter et al. 1986,

Tamura 1992). As in the noncoding D-loop region of vertebrate mtDNA, base

substitutions in the noncoding A+T region of Drosophila mtDNA arise extremely

rapidly as demonstrated by electron microscopic studies of heteroduplexes between
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A+T regions of closely related species (Fauron and Wolstenholme 1980a). Evidence

of rapid A+T region evolution also can be found by comparing mtDNA sequences

between Drosophila yakuba and Drosophila teissieri, two of the most closely related

species in the melanogaster subgroup (Monnerot et al. 1990). In this case, the

nucleotide substitution rate was found to be 8-fold greater in the A+T region than in the

coding regions. The transition bias for substitutions occurring in mtDNA of vertebrates

is observed only in Drosophila mtDNA when closely related species are compared,

possibly indicating a low saturation ceiling for base substitutions (DeSalle et al. 1987;

Tamura 1992). It seems likely that in Drosophila mtDNA an additional constraint,

perhaps a selective pressure for maintaining A+T-rich DNA, limits the number of sites

able to fix a base substitution at any given time.



CHAPTER II

SEQUENCE, ORGANIZA110N AND EVOLUTION OF THE A+T REGION OF

Drosophila melanogaster MITOCHONDRIAL DNA
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INTRODUCTION

In the genus Drosophila, mitochondrial DNA (mtDNA) is present as a circular

double-stranded molecule varying in size from 16-19.5 kb (Fauron and Wolstenholme

1976). The Drosophila genome is identical to vertebrate mtDNA genomes with regard

to coding capacity and the compact packaging of genetic information. It encodes 13

polypeptides, all of which are involved in oxidative phosphorylation, and the 22 transfer

RNAs (tRNAs) and two ribosomal RNAs (rRNAs) required for mitochondrial translation,

with little or no intergenic spacing (Clary and Wolstenholme 1985b). A single noncoding

region, called the “A+T-rich region“ because it contains 90-96% deoxyadenylate and

thymidylate residues (Fauron and Wolstenholme 1976), has been shown to contain the

origin of DNA replication (Goddard and Wolstenholme 1978, 1980). In fact, in all animal

mtDNAs whose replication properties have been examined to date, replication proceeds

unidirectionally and asynchronously from a replication origin situated in the noncoding

region (Wolstenholme et al. 1983; Clayton 1991a). Further, although steady-state

transcripts have not been detected in the A+T region (Merten and Pardue 1981; Berthier

et al. 1986), by analogy to the vertebrate noncoding region that contains promoters for

both DNA strands (Clayton 1991a), it seems likely that promoters for transcription of

Drosophila mtDNA are located in the A+T region, and that precursor RNAs are initiated

there.

The noncoding region contains the most highly divergent sequence in the

vertebrate mtDNA genome (Moritz et al. 1987). Several hot spots for nucleotide

substitution have been identified in evolutionary studies of the human noncoding region

(Ward et al. 1991). In mammals, the noncoding region averages about 1000 bp in size

and generally contains two to three regions of conserved sequence termed “conserved

sequence blocks" that are in the region of the DNA replication origin, and a conserved

central core of unknown function (Walberg and Clayton 1981; Foran et al. 1988). It has

been proposed that one or more of the conserved sequence blocks functions in the
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transition from RNA to DNA synthesis in mtDNA replication (Chang et al. 1985; Chang

and Clayton 1987), and that transcription from one of the two mtDNA promoters

provides an RNA for use in replication priming via an RNA processing event (Clayton

1991b). Although the locations of the promoters for transcription of the two DNA

strands are generally conserved, there is little, if any, nucleotide sequence conservation

among vertebrate promoters.

mtDNA heteroplasmy is widely observed among animals, and can be attributed

for the most part to length heterogeneity in the noncoding region (Moritz et al. 1987).

Length variability frequently results from the presence of tandemly repeated elements.

For example, in monkeys (Hayasaka et al. 1991) and rabbits (Mignotte et al. 1990),

tandemly repeated elements have been identified in the region known to contain the

transcriptional promoters in other vertebrate species. In Drosophila, the A+T region

varies greatly in size from 1-5 kb among species and may vary among populations in a

given species or in a single fly (Fauron and Wolstenholme 1976,1980a, 1980b; Solignac

et al. 1983, 1986; Hale and Singh 1986; Monforte et al. 1993; Pissios and Scouras

1993). With one notable exception (VoIz-Lingenhohl et al. 1992), size variation in the

A+T region accounts for the size differences observed in mtDNAs among species. A+T

region length polymorphisms are in part due to the presence of varying copy numbers of

repeated elements of 470 bp, as determined by DNA restriction analyses (Solignac et

al. 1986; Monforte et al. 1993). However, the lack of indicator restriction enzyme sites

in the D. melanogasterA+T region precluded demonstration of repeated elements in

this species. Nevertheless, based on its size, and on the pairing in heteroduplex studies

in the repeated region of the mtDNA molecules of two closely related species, D.

simulans and D. mauritiana (Fauron and Wolstenholme 1980a), D. melanogaster

mtDNA also likely contains the repeated elements .

The short A+T regions (1 kb) of D. yakuba , D. teissieri, and D. virilis have been

cloned and sequenced (Clary and Wolstenholme 1985b,1987; Monnerot et al. 1990).
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Comparative DNA sequence analyses reveal that the majority of the A+T region has

diverged significantly, reflecting its rapid rate of nucleotide substitution relative to the

conserved coding sequences in Drosophila mtDNAs (Clary and Wolstenholme 1987).

However, a 450 bp region of conserved sequence was identified in the A+T region

adjacent to the gene for tRNAile (Monnerot et al. 1990). More recently, an expanded

DNA sequence comparison including obscura subgroup species showed that the 150 bp

immediately adjacent to the tRNA“‘3 gene (excluding a stretch of thymidylate residues)

exhibit a relatively high substitution rate (Monforte et al. 1993). In contrast, the

remaining 300 bp are highly conserved and contain the region to which the origin of

DNA replication has been mapped by electron microscopic studies (Wolstenholme et al.

1983). None of the conserved DNA sequence elements identified in the noncoding

region of vertebrate mtDNAs were identified in the Drosophila A+T regions.

The largest variation in A+T region length occurs in the melanogastersubgroup

of the melanogaster species group: A+T region size ranges from 1.1 kb in D. yakuba to

approximately 5.5 kb in D. mauritiana and D. simulans (Wolstenholme et al. 1979; Clary

and Wolstenholme 1985b; Solignac et al. 1986.) Despite multifarious approaches,

intact clones of the 5 kb A+T region of D. melanogaster mtDNA have not been obtained

(Mason and Bishop 1980; Garesse 1988; this laboratory). We have cloned the A+T

region of D. melanogaster mtDNA in overlapping Sspl and Pacl restriction fragments,

and report here the first nucleotide sequence of a long A+T region from the genus

Drosophila. The structural organization, function and evolution of various DNA

sequence elements are discussed.
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EXPERIMENTAL PROCEDURES

Materials

Enzymes and Chemicals. Micrococcal nuclease and T4 DNA polymerase were

purchased from Boehringer Mannheim. Restriction endonucleases were from Gibco

BRL and New England Biolabs. E. coli DNA polymerase I Klenow fragment and T4

DNA Iigase were from New England Biolabs, and Sequenase version 2.0 was from

United States Biochemical. Hoechst dye 33258 was purchased from Sigma. 5-bromo-4-

chIoro-3-indolyl-beta-D-galactoside (X-gal) and isopropyI-beta-D-thiogalactopyranoside

(IPTG) were from Research Organics. Low-melting-point agarose was obtained from

FMC Bioproducts.

Nucleic Acids and Nucleotides. Forward and reverse universal M13/pUC DNA

sequencing primers and DNA primers used in direct sequencing of the D. melanogaster

mtDNA Hind Ill-B fragment (5' ACAAA‘ITITI'AAGCC 3', small rRNA primer; 5'

T'I'I'ATCAGGCAA'I'TC 3', tRNA primer; and 5' ATTAAATAAAATCTATTC 3', A+T

region primer) were synthesized by the Macromolecular Structure and Synthesis

Facility at Michigan State University using an Applied Biosystems model 477

oligonucleotide synthesizer. EcoR I linkers and the vectors pNEB 193 and pUC 119

were purchased from New England Biolabs. [a-32P]dATP and [or-35S]dATP were from

New England Nuclear.

Methods

Preparation of D. melanogaster mtDNA. Partially purified mitochondria were

prepared from D. melanogaster (Oregon R) embryos as described previously (Wemette

and Kaguni 1986). Mitochondria obtained from 100 g of 0-16 hour old embryos were

suspended in Buffer N (30 mM Tris-HCI, pH 8.0, 2 mM CaCl2, 10% (w/v) sucrose) at a

ratio of 0.4 ng starting embryo at 0°C and then pelleted by centrifugation at 17,500 x g
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for 10 min at 4°C. The mitochondrial pellet was resuspended in Buffer N (0.3 ml/g) at

0°C. 10 units of micrococcal nuclease/g embryo were added, and the mixture incubated

at 20°C for 1 h to degrade contaminating nuclear DNA and RNA. The reaction was

terminated by the addition of EDTA to 10 mM, and the mitochondria were pelleted by

centrifugation, washed by resuspension at a ratio of 0.5 mI/g embryo in 30 mM Tris-HCI,

pH 8.0, 10 mM EDTA, 0.15 M NaCl, 10% (w/v) sucrose and then pelleted by

centrifugation. The washing step was repeated three times, and the mitochondria were

then resuspended in 10 mM Tris-HCI, pH 8.0, 1 mM EDTA (0.2 ng). Mitochondrial

lysis was accomplished by the addition of sodium dodecyl sulfate to 1% (WM and EDTA

to 10 mM. The mixture was incubated for 10 min at room temperature with gentle

agitation. NaCl was added to 1 M and the incubation was continued for 10 min on ice.

Insoluble material was pelleted by centrifugation at 4000 x g for 15 min at 4°C. The

mtDNA-containing supernatant was transferred to a clean tube, extracted once with

phenol, once with phenol/chloroform, precipitated by the addition of 2.2 volumes of

absolute ethanol, and purified further by equilibrium sedimentation in density gradients

containing CsCl (density=1.61 g/ml) and 11.1 ug Hoechst dye 33258/ml . The band

corresponding to mtDNA was removed by side puncture and the dye removed by

extraction with distilled water/NaCI-saturated n-butanol. The aqueous phase was

diluted three-fold with 10 mM Tris-HCI, pH 8.0, 1 mM EDTA and the mtDNA precipitated

by addition of 2.2 volumes absolute ethanol. The yield was approximately 1 ug of

homogeneous mtDNA/g embryo.

Cloning and Sequencing of the D. melanogaster mtDNA A+T Region. D.

melanogaster mtDNA was digested with Hind Ill and Has lll restriction enzymes and the

Hind Ill-B fragment containing the entire A+T region was purified by gel electrophoresis

in low-melting-point agarose. An Sspl restriction digest of the Hind Ill-B fragment was

prepared and cloned: EcoR l linkers were attached and the linkered DNA fragments

were ligated into the EcoR | site of the vector M13 Gon'1 (Kaguni and Ray 1979). A Pac
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I digest of the Hind Ill-B fragment was prepared and then cloned using two strategies.

In the first, Pacl DNA fragments were ligated directly into the Pac I site of a pUC 119

phagemid vector derivative containing the polylinker region of pNEB 193. In the

second strategy, the Pacl DNA fragments were rendered blunt-ended by the 3'-5'

exonuclease of T4 DNA polymerase (Kaguni and Kaguni 1992), EcoR I linkers were

attached and the linkered DNA fragments were ligated into the EcoR I site of M13 Gori

1. The E. coli strain “Sure“ (Stratagene) was used in both transfection and

transformation procedures, and pUC 119-derived recombinants screened on plates

containing X-gal and IPTG at 0.05% and 0.4 mM final concentration, respectively.

Plaques or colonies harboring recombinant DNA were screened for insert size and

orientation of the recombinant DNA by restriction analyses. DNA sequencing was

performed on double— or single-stranded DNA by the dideoxy chain termination method

of Sanger et al. (1977) using Sequenase version 2.0. At sites in the A+T region where

overlapping recombinants were not obtained, direct sequencing of the D. melanogaster

mtDNA Hind Ill-B fragment was performed using the primers described under

"Materials.” Sequence analyses were performed using the GCG Program Package

(Genetics Computer Group 1991).

Restriction Analyses of the D. melanogaster Hind Ill-B Fragment. Restriction site

mapping by partial restriction enzyme digestion and gel electrophoresis was

accomplished by first end-filling the 3' overhangs of the purified Hind Ill-B fragment by

using E. coli DNA polymerase I Klenow fragment and [or-32P]dATP. The radiolabeled

Hind Ill-B fragment was cleaved with Ava II or lel restriction enzyme that recognize

single sites at its opposite ends. Partial restriction- enzyme digestions were carried out

using 15 ng of the appropriately digested Hind Ill-B fragment. Pacl partial digestion

reactions also contained 0.6 ug of pNEB 193 DNA as a bulk substrate and reactions

with Ssp l, Ase l and Dra I contained 1 ug of lambda DNA. Peel (1 unit), Sspl (1.25

units), Ase l (1.25 units) and Dra l (1 .25 units) reactions were incubated at 37°C for 15
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min, 75 s, 70 s and 3 min, respectively, and terminated by the addition of EDTA to 20

mM. Aliquots were then electrophoresed in a 1.2% agarose slab gel (13x18x0.7 cm) in

89 mM Tris, 89 mM boric acid, 2 mM EDTA for 750 volt-hours. The gel was dried under

vacuum and exposed at -80°C to Kodak X-OMAT AR film using a Dupont Cronex

Quanta Ill intensifying screen.
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RESULTS

Cloning and Nucleotide Sequence of the A+T Region of D. melanogaster

Mitochondrial DNA. The 5.8 kb Hind III-B fragment of D. melanogaster mtDNA was

cloned as Ssp l and Pacl restriction digests into M13 bacteriophage and phagemid

vectors as described under ”Experimental Procedures." The A+T region was

sequenced in its entirety using the strategy presented in Figure 1. The nucleotide

sequence is shown in Figure 2. The A+T region comprises 4601 bp of which 96% are

deoxyadenylate and thymidylate residues. The size of the A+T region and its high A+T

content determined by DNA sequence analysis correlate well with estimates derived by

denaturation mapping and electron microscopy (Klukas and Dawid 1976; Fauron and

Wolstenholme 1976). The DNA sequence indicates two types of tandemly repeated

elements that constitute 78% of the A+T region. Five type I repeated elements with an

average length of 346 bp are present within the half of the A+T region adjacent to the

gene for the small rRNA. Four type II repeats of 464 bp are present adjacent to the

gene for tRNAi'e, and a fifth partial repeat is present at the end of the repeat array distal

to the tRNA"8 gene.

Structure and Organization of Repeated DNA Sequence Elements. To

demonstrate conclusively the number and organization of repeated DNA sequence

elements in the A+T region of D. melanogaster mtDNA, restriction enzyme mapping was

performed on the Hind Ill-B fragment that was isolated directly from mtDNA and end-

labeled. Electrophoretic analysis of the products of partial digestion produced by each of

four enzymes from each end is presented in Figure 3. The restriction patterns confirm

the number and organization of repeated DNA sequence elements that we deduced

from the recombinant DNA sequence.

The autoradiograph on the left-hand side of Figure 3 shows the results obtained

when mapping was performed on the Hind III-B fragment labeled at the and containing

the small rRNA gene after cleavage with 85! l. Five type I repeats are evident, each
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Figure 1. D. melanogaster mtDNA Hind III-B fragment and DNA

sequencing strategy. The upper schematic shows the 5.8 kb Hind Ill-B fragment

containing the central A+T region (4601 bp) and flanking genes encoding the small

rRNA, tRNAile (I), tRNAs:In (Q), tRNAi-met (M), and the 5' portion of NADH dehydrogenase

subunit 2 (ND2): solid boxes, tRNA genes; box with rightward leaning slashes, 5'-

coding region for NADH dehydrogenase subunit 2; dotted box, small rRNA gene; solid

line, non-coding sequences including the central A+T region. Solid lines above the

schematic indicate Pacl recognition sites; dashed lines below the schematic indicate

Ssp l recognition sites. Arrows shown below the schematic indicate the extent and

direction of individual DNA sequences obtained. Bold arrows indicate DNA

sequences obtained by direct sequencing of mtDNA.
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Figure 2. Nucleotide sequence of the 4601 bp A+T region of

D. melanogaster mtDNA. Numbering begins at the first nucleotide of the A+T

region nearest the gene encoding the small rRNA and continues to the last nucleotide

adjacent to the gene encoding tRNAlle. Repeated DNA sequence elements are

bracketed; the longest thymidylate stretch on each DNA strand is boxed.
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Figure 3. Restriction site mapping of the D. melanogaster mtDNA Hind III-

B fragment. Partial restriction enzyme digestion of the mtDNA Hind Ill-B fragment

was carried out as described under ”Material and Methods.” Left panel, Restriction site

mapping of the Hind Ill-B fragment radiolabeled at the end containing the gene for the

small rRNA. M, lambda DNA digested with Hind Ill ; lane 1, gel-purified mtDNA Hind III-

B fragment; lane 2, Hind Ill-B fragment digested to completion at the le| site in the

gene for tRNAile; lanes 3-6, Pac l, Ssp I, Ase I and Dra I partial digestions of the 8s! I-

digested Hind Ill-B fragment, respectively. Repeated restriction-fragment patterns

nearest the gene for the small rRNA are bracketed. Right panel, Restriction site

mapping of the Hind Ill-B fragment radiolabeled at the end containing the gene for

NADH dehydrogenase subunit 2. M, lambda DNA digested with Hind Ill; lane 1, gel-

purified mtDNA Hind Ill-B fragment; lane 2, Hind Ill-B fragment digested to completion

at the Ava ll site in the gene for the small rRNA; lanes 3-6, Pac l, Ssp l, Ase l and Oral

partial digestions of the Ava ll-digested Hind Ill-B fragment, respectively. Repeated

restriction-fragment patterns nearest the gene encoding tRNA"° are bracketed. The

additional Ssp I fragment in the first repeated pattern is indicated by an arrow.
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containing Ase | and Dra I sites at identical locations. Pacl and Sspl sites in some of

the repeats allowed verification of the order in which the elements occur. The two type

l-B repeats contain two Ssp I sites, while types l-A and l-C contain only the second or

first site, respectively. Pact sites are found only near C-B junctions within the repeated

region. The CIA repeat is a hybrid element (see below).

The autoradiograph on the right-hand side of figure 3 shows the results obtained

when mapping was performed on the Hind Ill-B fragment labeled at the end containing

the gene for nicotinamide adenine dinucleotide (NADH) dehydrogenase subunit 2 after

cleavage with Ava ll. Four type II repeated elements are evident. Pac l, Ase l and Dra l

sites are located at identical positions in each repeat, reflecting their nearly identical

nucleotide sequences. The presence of an additional Ssp I site in the type "-0 repeat

allows its unambiguous assignment nearest the tRNA"6 gene. Direct sequencing of the

Hind III-B fragment isolated from mtDNA also confirmed the position of the type ll-C

repeat (Fig. 1 and data not shown). Further, our isolation of a single recombinant DNA

with an internal Ssp I site that resulted from partial digestion, allows the placement of

the type ll-A repeat at the innermost position in the A+T region. Finally, the DNA

fragment containing the type "-8 element migrates anomalously and as a doublet in

polyacrylamide gel electrophoretic analyses of Pacl digests of the Hind Ill-B fragment,

indicating that there are two type B elements (data not shown). Thus, these may be

assigned to the internal positions in the repeat unit.

Figure 4 shows the organization of the repeated DNA sequence elements in the

A+T region. A nucleotide sequence alignment of the type I repeated elements is

presented in Figure 5. They range from 338 to 373 bp in length and contain 134

nucleotide substitutions relative to the repeat consensus shown, representing an

average 7.7% divergence. The type C/A repeat aligns clearly as a hybrid element,

containing type I-C sequence in the first two-thirds and I-A sequence in the last one-

third. Because of the multiple substitutions throughout, all of the type I repeats can be
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Figure 4. Repeated DNA sequence elements in the A+T-rich region of D.

melanogaster mtDNA. The D. melanogaster Hind Ill-B fragment is shown as in

Figure 1. The five type I repeats are shown as boxes with wavy lines. The four type II

repeats and the partial repeat at the left end of the type II repeat array are shown as

boxes with leftward leaning slashes. The arrow indicates the additional Ssp I

recognition site found only in the type ll-C repeat (see Fig. 3, right panel).
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Figure 5. Nucleotide sequence comparison of the type I repeats. The

nucleotide position of each repeat in the DNA sequence presented in Fig. 2 is

indicated. Only one of the two type l-B repeats is shown because the l-Bl and l-B2

repeats have an identical nucleotide sequence. The consensus sequence is also

shown. A dot in the sequence indicates a nucleotide that is the same as in the

consensus sequence. A dash indicates a nucleotide that is absent. A letter indicates

a substitution. Sequence alignments were produced using the ”Pileup" program of the

Genetics Computer Group software package with a gap weight of 5.0 and a gap length

weight of 0.3. The consensus sequence was generated using the program "Pretty.”
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assigned unambiguous map positions. In contrast, nucleotide sequence alignment of

the four type II repeated elements shows they are all 464 bp in length and have a nearly

identical sequence (Figure 6). A fifth partial repeat aligns with the final one-third of the

DNA sequence of element ll-A. The type II elements contain only 27 nucleotide

substitutions relative to the repeat consensus shown, representing an average 1.5%

divergence. Nevertheless, for the reasons indicated above, we can assign clearly the

map positions presented in Figure 4.

Conserved DNA Sequence Elements Among Drosophila Species. Two types

of highly conserved DNA sequence elements are present in both the A+T region of D.

melanogaster mtDNA and the shorter A+T regions of D. yakuba, D. virilis and D.

teissieri mtDNA. The type II repeated element of D. melanogaster contains the only

highly conserved region of substantial size between the four species. It is 281 bp in

length and corresponds to the highly conserved DNA sequence element identified

previously in several species with short A+T regions (Clary and Wolstenholme 1987;

Monnerot et al. 1990; Monforte et al. 1993). The nucleotide sequence alignment shown

in Figure 7 shows that the conserved element present in each of the four type II repeats

in D. melanogaster bears 86% sequence similarity with D. yakuba and D. teissieri, and

80% with D. vin'lis. In both alignments, G or C to A or T substitutions are biased toward

increased A+T content in D. melanogaster: Of the 27 substitutions of G or C in D.

yakuba/D. virilis :22 yield A or T in D. melanogaster. The conserved DNA sequence

element overlaps the DNA replication origin in the three species in which it has been

mapped by electron microscopic studies (Wolstenholme et al. 1983; Figure 8).

The second type of conserved DNA sequence element present in the A+T

regions of the mtDNAs of the four species is a thymidylate stretch, present in two

locations on opposite DNA strands in each mtDNA (Figure 7). The thymidylate

stretches map to similar positions among the four species, and represent the longest

such stretch on each strand in the A+T region. The first, ranging in size from 19 nt in D.
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Figure 6. Nucleotide sequence comparison of the type II repeats. The

nucleotide position of each repeat in the DNA sequence presented in Fig. 2 is

indicated. Only one of the two type "-8 repeats is shown because the "-81 and "-82

have an identical nucleotide sequence. The consensus sequence is also shown. A

dot in the sequence indicates a nucleotide that is the same in the consensus

sequence. A dash indicates a nucleotide that is absent. A letter indicates a

substitution. Sequence alignments and the consensus were generated as described

in the legend to Fig. 5.
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Figure 7. Comparison of the conserved DNA sequence elements In the

A+T region of D. melanogaster, D. yakuba, D. teissieri and D. virilis

mtDNA. The top sequence is D. melanogaster (Dm) followed by that of D. yakuba

(Dy; Clary and Wolstenholme 1985), D. teissieri (Dt; Monnerot et al. 1990), and D.

virilis (Dv; Clary and Wolstenholme 1987). The consensus sequence is also shown. A

dot in the sequence indicates a nucleotide that is the same in the consensus

sequence. A dash indicates a nucleotide that is absent. A letter indicates a

substitution. The conserved DNA sequence element is bracketed. Boxes indicate the

position of the longest thymidylate stretch in each DNA strand. The D. yakuba, D.

teissieri and D. virilis sequences are numbered according to the reports published

previously. Sequence alignments and the consensus were generated as described in

the legend to Fig. 5.
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Figure 8. A+T regions and flanking genes in the mtDNAs of four species of

Drosophila. Depicted are the Hind Ill-B fragment of D. melanogaster mtDNA and the

corresponding DNA fragments of D. yakuba, D. teissieri, and D. virilis. The DNA

fragments have been aligned with the common Hind lll site in the gene for NADH

dehydrogenase subunit 2. Gene designations are as in the legend to figure 1. Arrows

above the coding regions indicate the direction of transcription. The DNA replication

origin region and direction of leading DNA strand synthesis in D. melanogaster, D.

yakuba and D. virilis mtDNA (Wolstenholme et al. 1983) are indicated by bracketed

arrows. The bold lines below the A+T region indicate the 300 bp conserved DNA

sequence elements (see Fig. 7). Open boxes in the A+T region indicate the position of

the longest thymidylate stretches on each DNA strand. In the D. melanogaster

schematic, the type I repeats are indicated as boxes with wavy lines and the type II

repeats as boxes with leftward leaning slashes.
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yakuba to 25 nt in D. teissieri, is present in the region adjacent to the gene for tRNAile

and corresponds to that identified previously in several species with short A+T regions

(Clary and Wolstenholme 1987; Monnerot et al. 1990; Monforte et al. 1993). The

second thymidylate stretch is present on the opposite DNA strand, overlapping the 300

bp conserved DNA sequence element in D. yakuba and D. teissieri and adjacent to it in

D. virilis, and ranges in size from 13-17 nucleotides. In D. melanogaster, the second

thymidylate stretch is 21 nt in length and is present only adjacent to the conserved

element at the innermost position in the A+T region (Figure 8).
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DISCUSSION

A+T Content in Drosophila mtDNA. Drosophila mtDNAs, and those of

nematodes and bees, exhibit an extreme bias towards high A+T content, particularly in

the noncoding region (Fauron and Wolstenholme 1976, 1980a, 1980b, Oklmoto et al.

1992; Crozier and Crozier 1993). Sequence analysis indicates that the A+T region of D.

melanogaster mtDNA contains 96% deoxyadenylate and thymidylate residues as

compared to the D. virilis A+T region containing 90% (Clary and Wolstenholme 1987),

and those of D. yakuba (Clary and Wolstenholme 1985b) and D. teissieri (Monnerot et

al. 1990) containing 93%. Nucleotide sequence comparison of the conserved region

shows that nucleotide substitutions between the four species are biased toward A or T

in D. melanogaster.

Wolstenholme and Clary (1985b) have proposed that there is a continuous

selection for A+T nucleotides at all sites in Drosophila mtDNA where it is compatible

with function, and that Drosophila mtDNAs may have become A+T rich during long-term

evolution as a result of a functional requirement (or preference) of mtDNA and/or RNA

polymerase for A+T-rich DNA. We have studied extensively the mechanism of

nucleotide polymerization by D. melanogaster mtDNA polymerase and have shown that

it is a remarkably versatile enzyme with regard to template-primer usage, that it exhibits

no preference for dATP or TI’P as substrates, and that it is highly accurate,

polymerizing nucleotides with an in vitro error rate of approximately one misincorporated

nucleotide per million bases replicated (Wemette et al. 1988; Kaguni et al. 1988;

Williams et al. 1993). Notably, mtDNA polymerases from both vertebrate and

invertebrate sources are among the most highly accurate DNA polymerases (Kunkel

1985; Kunkel and Alexander 1986; Wemette et al. 1988; Kunkel and Mosbaugh 1989).

However, the fidelity of Drosophila mtDNA polymerase (and that of both procaryotic and

nuclear DNA polymerases) is affected greatly by in vitro reaction conditions, and in

particular, by nucleotide pool biases (Wemette et al. 1988; Olson and Kaguni 1992; C.
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L. Farr and L. S. Kaguni, unpublished data). Because neither deoxyribonucleotide

synthesis nor the regulation of deoxynucleotide pools have been well studied in

mitochondria, it is not possible to estimate the effects of nucleotide pool imbalances on

the fidelity of mtDNA replication in vivo. Although the molecular mechanism responsible

for the high A+T content in Drosophila mtDNAs remains unknown, it will be of interest to

evaluate further the possible correlation between A+T content and A+T region length

that is suggested by our current data.

Evolution of the A+T Region Repeat Arrays. The A+T region of D.

melanogaster mtDNA contains two types of tandemly repeated elements: the type I

repeats located in the variable region, and the type II repeats in the conserved region.

The presence of tandemly repeated elements in the noncoding region of mtDNA

appears to be ubiquitous in the animal kingdom; it has been documented in other

invertebrates including sea scallops (Snyder et al. 1987; La Roche et al. 1990; Gjetvaj

et al. 1992), cricket (Band and Harrison 1989), bark weevils (Boyce et al. 1989),

honeybee (Comuet et. al. 1991) and nematodes (Okimoto et al. 1991), and in

vertebrates including lizards (Densmore et al. 1985), monkeys (Karawya and Martin

1987; Hayasaka et al. 1991), American shad (Bentzen et al. 1988), birds (Avise and

Zinc 1988), sturgeon (Buroker et al. 1990), Atlantic cod (Johansen et al. 1990), rabbit

(Mignotte et al. 1990), evening bat (Wilkinson and Chapman 1991), seals (Amason and

Johnsson 1992; Hoelzel et al. 1993; Amason et al. 1993) and pig (Ghivizzani et al.

1993b)

The 464 bp type II repeats are present in four copies and are located in the half

of the D. melanogasterA+T region adjacent to the gene for tRNAile. By DNA restriction

site analysis, repeats of nearly identical size were identified in three other species in the

melanogaster subgroup, D. simulans, D. sechellia and D. mauritiana (Solignac et al.

1986). However, recognition sites for the enzymes used in that study (Accl and Hpa l)

are not present in the D. melanogaster repeats. The data presented here establish the
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presence of the repeats in D. melanogaster mtDNA, and indicate that a single

nucleotide substitution propagated throughout the repeats resulted in the loss of the Ace

I restriction sites found in the repeats of other melanogaster subgroup species. Two

copies of a repeat containing an Accl restriction site have also been reported in D.

tristis, a member of the obscura species subgroup (Monforte et al. 1993), providing

evidence for convergent evolution of repeated elements in Drosophila mtDNA.

The type I repeats in D. melanogastermtDNA are present in five copies and

occur in the variable half of the A+T region near the gene for the small rRNA. They differ

in size from 338 to 373 bp. The 373 bp type l-A repeat contains additional AT

dinucleotide repeats that account for most of the size difference. Based on the length of

the variable region in eight species of the melanogaster subgroup, the presence of

repeated elements was predicted but not confirmed, again due to the lack of indicator

restriction enzyme sites (Solignac et al. 1986). In fact, earlier heteroduplex mapping

studies of D. melanogaster mtDNA revealed pairs of deletion loops in this region,

indicative of repeated DNA sequence elements (Merten and Pardue 1981).

Interestingly, length polymorphisms in the variable region are also found In members of

the obscura group (Monforte et al. 1993). Based on our findings in D. melanogaster and

the documented length polymorphism of the region among Drosophila species, it seems

likely that the organization if not the sequence of the variable half of the A+T region is

conserved among species. That is, length polymorphisms are likely due to the

presence of tandemly repeated elements whose sequence is not conserved among

species. Indeed, heteroduplex studies of the A+T regions of D. melanogaster, D.

simulans and D. mauritiana mtDNA revealed base pairing only in the region of the type

II repeats (Fauron and Wolstenholme 1980a, 1980b). Thus, the mechanism of selection

of mitochondrial genomes with variable region repeats may be dependent on DNA

secondary structure rather than on primary sequence determinants. Further, based on

our data and on DNA restriction site analyses of the A+T region in mtDNAs from both
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the melanogaster (Solignac et al. 1986) and obscura groups (Monforte et al. 1993), it

seems likely that expansion (or contraction) of both the conserved and variable halves

of the A+T region occur in concert, as a result of duplication (or deletion) of at least two

types of repeated DNA sequence elements.

The structural organization of the type I repeat array in D. melanogaster mtDNA

indicates that it is the product of at least two separate events involving different

duplication endpoints. The first involved the duplication of sequence in an ancestral fly

leading to the type I repeat array ABC. A subsequent event, duplicating approximately

one-third of repeat A and complete copies of B and C, resulted in the repeat structure A

B C/A B C observed in D. melanogaster. The latter duplication event and subsequent

deletion events probably occur at a relatively high frequency, given the 100% identity of

the two type I-B repeats and the >99% identity of the repeated portions of the type l-A

and l-C repeats.

Although the molecular mechanisms involved in the generation of repeated DNA

sequence elements remain undetermined, both replication slippage (Streisinger et al.

1966) and homologous recombination could yield the observed duplications.

Homologous recombination has been demonstrated in fungal mtDNA (Clark-Walker

1989; Almasan and Mishra 1991), but has not been documented in animal mtDNA.

Alternatively, replication slippage would be promoted if the displaced portion of a

nascent DNA strand could form a secondary structure, which would further stabilize the

misaligned strand on the template DNA. In this regard, DNA capable of forming a

cruciform structure has been identified in repeats in scallop mtDNA (La Roche et al.

1990), and a short inverted DNA sequence was identified in the cricket mtDNA repeat

(Rand and Harrison 1989). Computer analysis reveals extensive intrastrand base

pairing is also possible within the repeats of D. melanogaster mtDNA (D. L. Lewis and L.

S. Kaguni, unpublished data). In either mechanism, recurring duplications and deletions

would result in the homogenization of the repeated DNA sequences. Indeed, the high
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nucleotide sequence similarity of the repeated DNA sequence elements in D.

melanogaster provides evidence that such a process occurs in Drosophila mtDNA.

Conserved DNA Sequence Elements in the A+T Region. The type II repeats

in D. melanogaster mtDNA contain a 300 bp region highly conserved in several

Drosophila species with short A+T regions (Clary and Wolstenholme 1987; Monnerot et

al. 1990; Monforte et al. 1993). Although the function of the conserved region in

mtDNA metabolism has not been established, it appears to be involved in site-specific

protein : DNA interactions. The 300 bp conserved DNA sequence elements identified

here in the D. melanogasterA+T region correspond in number, size and location to DNA

sequence elements that were protected from trimethylpsoralen crosslinking in situ and

mapped by electron microscopy (Potter et al. 1980). Likewise, protection from

crosslinking was also observed in the single 300 bp conserved region in D. virilis mtDNA

(Pardue et al. 1984). Further, the DNA replication origin in D. melanogaster, D. yakuba

and D. virilis mtDNA overlaps the conserved DNA sequence element (Wolstenholme et

al. 1983; Figure 8). Notably, only the innermost repeat of the conserved element in the

D. melanogasterA+T region maps to the origin region, suggesting an additional DNA

sequence determinant is required for DNA replication origin function. In this regard, we

would propose that the conserved thymidylate stretch adjacent to the conserved DNA

sequence element is involved in Drosophila mtDNA replication. Interestingly,

thymidylate stretches have been demonstrated in nuclear and viral systems to function

both as core elements in DNA replication origins and as transcriptional activators

(Campbell 1986; Delucia et. al., 1986).

Although the relationship between transcription and replication remains to be

elucidated in Drosophila mtDNA, the positions and orientations of the two conserved

thymidylate stretches suggest roles in promoting both transcription and replication.

Unidirectional promoters for transcription of each DNA strand have been identified in

mammalian mtDNA (Chang and Clayton 1986; Topper and Clayton 1989), and a role
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has been proposed for the light-strand promoter in the production of an RNA that is

processed to yield a primer for initiation of mtDNA replication (Clayton 1991 b). Indeed,

if the thymidylate stretch located near the origin of DNA replication is necessary for

origin function as proposed above, its apparent downstream position relative to leading

DNA strand synthesis would rule out an involvement in RNA primer synthesis.

Alternatively, it could function by another mechanism such as transcriptional activation,

implicated in a variety of non-mitochondrial systems. The lack of DNA sequence

conservation in the regulatory regions of Drosophila and vertebrate mtDNAs may in fact

reflect a difference in the mechanisms of DNA replication and/or transcriptional initiation

and its regulation.
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INTRODUCTION

The metazoan mitochondrial DNA (mtDNA) occurs as a double stranded,

circular molecule ranging in size from 14 to 39 kb (Moritz et al. 1987; Snyder et al.

1987). The complete nucleotide sequence of the mtDNA molecule has been

determined for several mammalian species: human, cow, mouse, rat, fin whale, harbor

seal, blue whale and grey seal (Anderson et al. 1981, 1982; Bibb et al. 1981; Gadaleta

et al. 1989; Amason et al. 1991; Amason and Johnsson 1992; Amason and Gullberg

1993; Amason et al. 1993): an amphibian, Xenopus Iaevis (Roe et al. 1985): a bird,

Gal/us domesticus (Desjardins and Morais 1990): a fish, Crossosfoma lacustre (Tzeng

et al. 1992): two sea urchins, Sfrongylocentrotus pumuratus and Paracentrotus Iividus

(Jacobs et al. 1988; Cantatore et al. 1989): and two nematodes, Caenorhabditis

elegans and Ascaris suum (Okimoto et al. 1992). The nucleotide sequence has also

been determined for the mitochondrial genomes of two insect species, Drosophila

yakuba (Clary and Wolstenholme 1985b) and Apis mellifera (Crozier and Crozier

1993).

All metazoan mtDNAs contain the genes for 12-13 polypeptides involved in

oxidative phosphorylation as well as the 22 tRNAs and two rRNAs of the mitochondrial

translational apparatus (Moritz et al. 1987; Oklmoto et al. 1992). Gene arrangement

varies somewhat among vertebrates, with that of birds differing from that of mammals

and amphibians (Desjardins and Morais 1990). Gene arrangement in the mtDNA of

invertebrates varies more substantially. Unique arrangements as a result of multiple

inversions and translocations are evident when comparisons are made between the

mitochondrial genomes of insects, sea urchins and nematodes (Clary and

Wolstenholme 1985b; Crozier and Crozier 1993; Jacobs et al. 1988; Cantatore et al.

1989). Among insects, a segment containing three tRNAs varies in position between

Drosophila species and honeybees (Clary and Wolstenholme 1985b; Garesse 1988;

Crozier et al. 1989).
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Drosophila mtDNA has an unusually high A+T content (Moritz et al. 1987).

Extreme A+T bias is especially evident in the major noncoding region, called the A+T-

rich region because it contains 90-96% deoxyadenylate and thymidylate residues

(Fauron and Wolstenholme 1976). The A+T region varies greatly in size from 1 to 5 kb

among species and may vary among populations in a given species or in a single fly

(Fauron and Wolstenholme 1976,19803, 1980b; Solignac et al. 1983, 1986; Hale and

Singh 1986; Monforte et al. 1993; Pissios and Scouras 1993). A+T region length

polymorphisms are in part due to the presence of varying copy numbers of repeated

elements (Solignac et al. 1986; Monforte et al. 1993; Chapter II). In D. melanogaster,

two types of tandemly repeated elements are present: five copies of a 338 to 373 bp

repeat element located in the part of the A+T region, displaying a high substitution

frequency between different species, and four copies of a 464 bp repeated element

located in the part of the A+T region containing conserved sequence elements

(Chapter II).

Segments of the D. melanogaster mitochondrial genome have been sequenced

previously (Clary et al. 1982; Clary et al. 1983; de Bruijn 1983; Satta et al. 1987;

Garesse 1988; Satta and Takahata 1990; Chapter II) and the cDNA sequence of the

168 rRNA reported (Benkel et al 1988; Kobayashi and Okada 1990). Nucleotide

sequence comparisons between D. yakuba and D. virilis and between D.

melanogaster and D. yakuba have revealed that in Drosophila mtDNA transversions

and transitions occur at approximately equal frequencies (Clary and Wolstenholme

1987; Garesse 1988). This contrasts with the pattern of nucleotide substitutions in

vertebrate mtDNA where transitions greatly outnumber transversions (Moritz et al.

1987) and may reflect a functional constraint of Drosophila mtDNA to maintain a high

deoxyadenylate and thymidylate content thereby limiting the number of hypervariable

sites (DeSalle et al. 1987). Indeed, nucleotide comparisons of more closely related
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Drosophila species reveal a bias towards transitions (de Bruijn 1983; DeSaIIe et al.

1987; Satta et al. 1987; Tamura 1992).

In this chapter, the nucleotide sequences of the genes encoding four tRNAs and

the 128 rRNA, and the 5' ends of the genes encoding NADH dehydrogenase subunit II

(ND-2) and 16S rRNA in the D. melanogaster mtDNA are reported, thus completing

the nucleotide sequence for the D. melanogaster mitochondrial genome.
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EXPERIMENTAL PROCEDURES

Materials

Enzymes and Chemicals. Restriction endonucleases were from Gibco BRL and

New England Biolabs. T4 DNA Iigase was from New England Biolabs and

Sequenase version 2.0 was from United States Biochemical. 5-bromo-4-chloro-3-

indolyI-beta-D-galactoside (X-gal) and isopropyI-beta-D-thiogalactopyranoside (IPTG)

were from Research Organics. Low melting point agarose was obtained from FMC

Bioproducts.

Nucleic Acids and Nucleotides. Fonlvard and reverse universal M13/pUC DNA

sequencing primers were synthesized by the Macromolecular Structure and Synthesis

Facility at Michigan State University using an Applied Biosystems model 477

oligonucleotide synthesizer. The vector pNEB 193 was purchased from New England

Biolabs. [a-35S]dATP was from New England Nuclear.

Methods

Cloning and Sequencing of the D. melanogaster mtDNA. D. melanogaster

(Oregon R) mtDNA was extracted from embryos as described previously (Chapter II).

The D. melanogaster mtDNA Hind Ill-B fragment containing the A+T region, the genes

encoding the 12S rRNA, tRNAi'e, tRNA9'", tRNA"met and the 5' coding regions of

tRNAVfiIl and NADH dehydrogenase subunit II was cloned as Pac I fragments or Sspl

fragments as described previously (Chapter II). In order to obtain clones containing

the 3' coding region of tRNAVfil and the 5' coding region of the 168 rRNA, D.

melanogaster mtDNA was digested using the Hae III restriction enzyme and the Hae

Ill-A fragment purified by gel electrophoresis in low melting point agarose. An Xba I

restriction digest of the Hae Ill-A fragment was prepared and ligated using T4 DNA

ligase into the vector pNEB 193 digested with Xba I and Hinc II. The E. coli strain Sure
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(Stratagene) was used in transformation procedures, and recombinants screened on

plates containing X-Gal and IPTG at 0.05% and 0.4 mM final concentration,

respectively. Colonies harboring recombinant DNA were screened for insert size and

orientation of the recombinant DNA by restriction analysis. DNA sequencing was

performed using the dideoxy chain termination method of Sanger et al. (1977) and

Sequenase version 2.0. Sequence analyses were performed using the GCG

Package, Version 7, April 1991, Genetics Computer Group, 575 Science Drive,

Madison, Wisconsin, USA 53711.
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RESULTS AND DISCUSSION

Genome Structure

The mtDNA sequence presented in this chapter overlaps the previously

published D. melanogaster sequence at the conserved Hind Ill site in the gene

encoding NADH dehydrogenase subunit 2 (N02) (de Bruijn et al.) and is contiguous

with the sequence reported by Garesse (1988) beginning in the 5' coding region of the

16S rRNA. The mitochondrial genome of D. melanogaster is represented

schematically in Figure 1. The circular mtDNA is 19,517 bp in length as compared to

16,019 bp in D. yakuba mtDNA (Clary and Wolstenholme, 1985b). The relative

arrangement and orientation of the genes encoded on both mtDNAs are identical. The

coding regions of Drosophila mitochondrial genomes are highly homologous with few

insertions/deletions. In contrast, the noncoding A+T region varies greatly in both size

and nucleotide sequence (Fauron and Wolstenholme 1976). The relatively large A+T

region of D. melanogaster mtDNA is 4601 bp in length (Chapter II) as compared to

1077 bp in D. yakuba (Clary and Wolstenholme, 1985b), 1091 bp in D. teissieri

(Monnerot et al. 1990) and 1029 bp in D. virilis mtDNA (Clary and Wolstenholme,

1987). The large size of the D. melanogaster A+T region is almost entirely due to the

presence of two types of tandemly repeated DNA sequence elements (Chapter II).

Overall, the D. melanogaster mitochondrial genome has an A+T content of 82.2%

versus 78.6% in D. yakuba (Clary and Wolstenholme 1985b). Of the mitochondrial

genomes completely sequenced, only that of the honeybee, Apis mellifera (Crozier

and Crozier 1993) has a higher A+T content (84.9%) than that of D. melanogaster.

Nucleotide Substitutions

NADH dehydrogenase subunit 2. In Figure 2, the D. melanogaster mtDNA

sequences flanking the A+T region including the complete coding sequences for the
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Figure 1. Structure and genetic map of D. melanogaster mitochondrial

DNA. The replication origin is shown as Ori and the direction of leading strand

replication is denoted by the arrow. The control region is labeled A+T region

(shaded). Transfer RNA genes (hatched) are indicated by the one-letter amino acid

code and individual tRNA codon recognition sequences for the tRNAs specifying

serine and leucine are also shown. 12S rRNA, coding region for the small subunit

rRNA; 16$ rRNA, coding region forthe large subunit rRNA; N01, N02, ND3, ND4,

ND4L, N05, N06, coding regions for six subunits of the NADH dehydrogenase

complex; cyt b, coding region for cytochrome b; COI, COII, COIII, coding regions for

cytochrome oxidase subunits; ATPase 6, ATPase 8, coding regions for ATPase

subunits. The arrow associated with each coding region indicates the direction of

transcription. The locations of the DNA sequences cloned in this Chapter and in

Chapter II are indicated by the arc.
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Figure 2. Nucleotide sequence comparison of A+T region flanking. genes

of four species of Drosophila. The DNA sequences encoding the tRNA"°,

tRNAQ'", tRNAI'met, the 5' 13 nucleotides of tRNAva', the 128 rRNA and the 5' 169

nucleotides of N02 are compared between D. melanogaster (Dm), D. yakuba (DY). D.

teissieri (Dt) and D. virilis (Dv). The 5' 439 nucleotides of the gene encoding the 168

rRNA and 3' 59 nucleotides of tRNAVill are compared between D. melanogaster and D.

yakuba only. Each nucleotide sequence is numbered beginning at the 5' nucleotide of

that sequence. Genes encoding tRNAs are boxed by solid lines and genes encoding

rRNAs are boxed by broken lines. An arrow indicates the direction of transcription of

each gene. The central A+T region of each species mtDNA sequence is indicated by

bracketed arrows. The consensus sequence is shown (Con). A dot in the individual

mtDNA sequences indicates a nucleotide that is the same as in the consensus

sequence and a dash indicates a nucleotide that is absent. The predicted amino acid

sequence of the 5' 169 nucleotide sequence of the gene encoding N02 of D.

melanogaster is shown and the predicted amino acid substitutions in D. yakuba/D.

teissieri and D. virilis are shown in parentheses. Nucleotide differences in the

sequence of a cDNA clone of the D. melanogaster 168 rRNA are shown in

parentheses above the genomic sequence of the D. melanogaster16$ rRNA.
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128 rRNA and the tRNAs specifying valine, isoleucine, glutamine and methionine as

well as the 5' coding regions for ND2 and the 16S rRNA are compared to those of

other Drosophila species whose corresponding sequences are known. The

nucleotide substitution frequencies between the mitochondrial sequences of different

species are given in Table 1. The 5' 169 nucleotides of the gene encoding ND2 is

less divergent (3.6%) than the remainder of the gene (7.6%) as revealed by nucleotide

sequence comparison between corresponding regions of D. melanogaster and D.

yakuba/ D. teissieri. The corresponding 5' region of the D. virilis ND2 gene contains a

greater percentage of substitutions when compared to that of D. melanogaster (7.1%)

than that of D. yakuba/ D. teissieri reflective of the greatertime of divergence from D.

melanogaster. The majority of substitutions are conservative changes in the third

position of codons as has been observed in comparisons of other Drosophila

mitochondrial protein coding genes (Wolstenholme and Clary 1985b; Clary and

Wolstenholme 1987; Garesse 1988).

Mitochondrial large subunit ribosomal RNA. The gene encoding the 168 rRNA

of D. melanogaster contains 1325 bp of which 82.9% are deoxyadenylate and

thymidylate residues, which is slightly more A+T-rich than the mtDNA coding region as

a whole (78.1%). The complete nucleotide sequence of a cDNA for the gene has

been determined (Kobayashi and Okada 1990) and differs in three positions from the

439 bp genomic sequence of the 5' coding region presented here (Fig. 2). The

differences are likely to be strain dependent as in other mtDNA sequences in D.

melanogaster (de Bruijn et al. 1983). Nucleotide substitution frequencies of the 16S

rRNA genes of D. melanogaster and D. yakuba mtDNA are given in Table 1. Overall,

nucleotide sequence divergence is 3.2%, 69.8% of which are A<—>T transversions. In

the 5' coding region of the gene encoding the 16S rRNA presented here, there is a

single insertion of a deoxycytidylate residue at the 5' terminus of the D. melanogaster

gene. The cDNA sequence of the D. melanogaster16S rRNA also contains the
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insertion and it is therefore likely to be present on the mature RNA in this species

(Kobayashi and Okada 1990).

The secondary structure proposed for the Drosophila yakuba 16$ rRNA is

based on nucleotide sequence comparisons of homologous rRNAs (Gutell and Fox

1988). The substitution pattern observed between the D. melanogaster and D. yakuba

genes is consistent with the secondary structure model. No substitutions occur in the

proposed 'peptidyl transferase center" in the 3' portion of the molecule underscoring

the importance of both sequence and structure here (Noller et al. 1992). Indeed,

nucleotides protected by A and P site tRNA from chemical cleavage in the

corresponding region of E. call 23S rRNA (Noller and Moazed 1989) are conserved in

D. melanogaster and D. yakuba 168 rRNA.

Mitochondrial small subunit ribosomal RNA. The gene encoding the 12S rRNA

of D. melanogaster contains 786 bp of which 80.2 % are deoxyadenylate and

thymidylate residues, which is slightly less A+T-rich than the 168 rRNA (82.9%) but

higher than the mtDNA coding region as a whole (78.1%). The mtDNA sequence of

the 128 rRNA has also been determined for D. yakuba (Clary and Wolstenholme

1985b), D. teissieri (Monnerot et al. 1990) and D. virilis (Clary and Wolstenholme

1987). The nucleotide sequence comparison shown in Figure 2 reveals that

substitutions occur mainly in the 5' 350 bp of the coding sequence. All occurrences of

insertions/deletions have also arisen in this portion of the gene. Frequencies of

nucleotide substitutions are given in Table 1. Overall, the nucleotide sequence of the

12S rRNA gene is 2.8% divergent from that of D. yakuba and 7.9% divergent from that

of D. virilis. The D. teissieri sequence differs from that of D. yakuba only at position

697 (THO) and 698 (insertion/deletion).

A secondary structure model of the D. yakuba 12S rRNA has been constructed

based on that of the mouse 12$ rRNA (Clary and Wolstenholme 1985a) and other

species (Neefs et al. 1993) and is presented in Figure 3. Effects of nucleotide
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Figure 3. Secondary structure of the D. yakuba mitochondrial SSU rRNA

and differences In the D. melanogaster mitochondrial SSU rRNA gene.

The D. yakuba sequence is shown in the proposed secondary structure. Large letters

near filled arrows indicate nucleotide substitutions. An X indicates a deletion in the D.

melanogaster sequence. Large letters near winged arrows indicate insertions in the

D. melanogaster sequence. Helices are numbered as described in the text. The D.

yakuba secondary structure model was kindly provided by Dr. Rupert de Wachter with

updates by Birgitta Winnepenninckx, Antwerp University, Belgium.
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substitutions in the D. virilis molecule on the secondary structure proposed for that of

D. yakuba were examined previously (Clary and Wolstenholme 1987). Nucleotide

changes in the 128 rRNA sequence between D. melanogaster and D. yakuba occur in

three main clusters when viewed in secondary structure. The first cluster is present in

or near helices 7 and 15 (numbers according to Neefs et al. 1993) and consists of a

deletion of 7 nucleotides, an insertion and three substitutions in the D. melanogaster

sequence. Overall, the deletions and substitutions destroy four and one base pairings,

respectively, and would result in the disruption of helices 7 and 15. A number of

deletions occur in the corresponding segment of D. virilis (Clary and Wolstenholme

1987) and the only nucleotide differences found in the 128 rRNA genes of D. yakuba

and D. teissieri also occur in this region (Monnerot et al. 1990). The region containing

these mutations varies greatly among mitochondrial 128 rRNAs of other metazoans.

According to the current secondary structure model, the corresponding region in the

C. elegans rRNA contains only a 46 bp loop (Gutell 1993). In Homo sapiens, the

region contains a larger number of nucleotides than either C. elegans or D.

melanogaster concomitant with a number of stem-loop structures (Neefs et al. 1993).

The region in D. melanogaster12$ rRNA seems to be intermediate in regard to size

and secondary structure content.

The second cluster of nucleotide substitutions occurs in the region of helices 23

and 24 in the proposed secondary structure. A total of five base substitutions, one

insertion each of one, two and three nucleotides and a deletion of three nucleotides

occur in this segment of the D. melanogaster sequence as compared to that of D.

yakuba. In helix 23, a single nucleotide bulge (U) is created while changing a G-U

wobble pairing to an A-T Watson-Crick pairing. The remaining substitution in helix 23

changes an A-T Watson-Crick pairing to a G-U wobble pairing. The unnumbered three

bp helix between helix 23 and 24 in the D. yakuba molecule could be maintained in

the D. melanogaster molecule by base pairing the U and G nucleotides in the proximal
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insertion to the A and U nucleotides, respectively, on the opposite strand of the helix.

The third base pair of the helix would consist of the substituted A nucleotide and the U

nucleotide formerly paired with the A at the opposite end of the helix. Only the

substitution in helix 24 disrupts a base pairing. Thus, all changes are compatible with

the overall secondary structure proposed for the region with only minor variations in

the number of nucleotides contained in internal loops.

The third cluster of nucleotide substitutions occurs in the 3' region of the 12S

rRNA. None of the seven nucleotide substitutions in the cluster affect base pairing: two

are covariant in helix 33 and the remainder occur in loops. Most substitutions in this

region occur in a secondary structure presented as a large multibranched loop in

current models of SSU rRNAs in organisms as diverse as E. coli and Homo sapiens

(Neefs et al. 1993).

The Drosophila 12S rRNA gene encodes conserved nucleotides shown to be

protected by A and P site bound tRNA in studies using the E. coli SSU rRNA (Noller

1991). In the E. coli SSU rRNA 530 loop, the GGT sequence (positions 529-531 in the

E. coli sequence) is protected from chemical cleavage by A site tRNA (Noller 1991). In

addition, substitution of A for 6529 results in impaired EF-Tu dependent binding of

aminoacyI-tRNA in vitro, suggesting that the defect involves a function related to EF-Tu

(Powers and Noller 1993). Protection from chemical cleavage by P-site tRNA was

noted at A532 (Noller 1991) which is also conserved in known Drosophila sequences.

In addition, many of the nucleotides in the E. coli SSU rRNA flanking helix 49 that are

protected by A-site and P-site tRNAs are conserved in the Drosophila SSU rRNA. The

fact that most of the protected nucleotides are invariant between E. coli and D.

melanogaster mt-rFtNAs suggests the basic molecular machinery that drives

translation is highly similar.

Mitochondrial transfer FiNAs. The segment of the mitochondrial genome

sequenced in this work includes four of the 22 tRNAs encoded for on the mtDNA,
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specifically tRNAva', tRNAi'G, tFiNAQ'n and tRNAl'mel. The tFiNASl'n and tFiNAile genes,

which are transcribed in opposite directions, are separated by five and eight

nucleotides in D. melanogaster and D. yakuba mtDNA, respectively, but overlap by

one nucleotide in the D. virilis mtDNA molecule (Clary and Wolstenholme 1987). As

shown in Table 1 and Figure 2, the four tRNAs of D. melanogaster are 1.1% divergent

from those of D. yakuba with substitutions occurring only in tRNAva' (one change) and

tFtNAi"a (two changes). No insertions/deletions occur in the four tRNA genes. All four

tRNA gene sequences are shown in proposed secondary structure form in Figure 4.

The substitution in the tRNAVB' of D. melanogaster occurs at position 25 (numbering

system in Steinberg et al. 1993) in the base of the dihydrouridine stem and results in a

G-T wobble pain‘ng as opposed to the G-C base pair in the tRNAva' of D. yakuba.

tRNAVB' in both species contains a T-T mismatch in the “PFC stem at position 50.

Substitutions in tRNAl'e occur in the variable loop and the dihydrouridine loop.

Combined with the results of Garesse (1988) and Wolstenholme and Clary (1985b),

the average frequency of substitution per nucleotide is 3.2 % for all 22 tFtNA genes

encoded on the D. melanogaster mtDNA compared to 3.2% and 2.8% for the 168 and

12S rRNA genes, respectively, and 7.2% for the protein coding genes.

As expected given the greater time of divergence between D. melanogaster and

D. virilis, the nucleotide substitution frequency of the three tRNAs compared between

these two species is larger (5.4%) than that between D. melanogaster and D. yakuba

(0.95%). The gene encoding tRNA"?!ll in D. virilis mtDNA has not been sequenced.

The genes encoding tFiNAgln and tFtNAl'lmet both contain two substitutions while the

tRNAi'e gene contains the remaining seven. As shown in Figure 4, eight of the

substitutions occur in loops and three occur in stems in the proposed secondary

structures, none of which disrupt base pairing. The only insertion/deletion occurs in

the dihydrouridine loop of tRNAile.
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Figure 4. Proposed secondary structures of the D. melanogaster

mitochondrial tRNAVOI, tRNA'“, tRNAaln and tRNAmm based on the

corresponding mtDNA sequences. Bold letters near circles indicate nucleotide

differences from the D. melanogaster sequence in the corresponding tRNA genes of D.

yakuba (tRNAva', tRNAi'9, tFtNAtJ'n and tRNAl-m‘) and D. teissieri (tRNAib, tRNAO'" and

tRNAl-mel). Bold letters near arrows indicate nucleotide differences in the

corresponding tRNA genes of D. virilis (tRNAi'e, tRNAgln and tRNAl-mel). The X

accompanying the arrow in the tRNAile structure indicates that nucleotide is missing in

the D. virilis gene.
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The nucleotide sequence of the tRNAs reported here are similar to other

mitochondrial tRNAs in that they lack many of the invariant and semi-invariant

nucleotides found in tRNAs of prokaryotes and the non-organellar tRNAs of

eukaryotes. Only the conserved T33 and Pu37 are present in all sequenced

Drosophila mitochondrial tRNAs (de Bruijn 1983; Clary and Wolstenholme 1985b,

1987; Garesse 1988). Further, one or more of the universally conserved nucleotide

pairs responsible for tertiary interactions in non-organellar tRNAs, for example 618-

T55, 619-056, A58-T54 T8-A14 (Sampson et al. 1990), are missing in the tRNAs of

Drosophila mitochondria suggesting that overall tertiary bonding is weaker. In fact,

bovine mt tRNAPhe has been shown to have a much lower melting temperature than

the yeast cytosolic tRNAPhe and E. coli tRNAPhe suggesting the bovine mt tRNAPhe has

a less stable tertiary structure (Kumazawa et al. 1989,1991 ).

A less stable mitochondrial tRNA tertiary structure may limit the variety of

mechanisms that could be utilized by mitochondrial tRNA synthetases to recognize

their cognate tRNAs. Nucleotides which contribute to the folding of yeast tRNAPhe have

been shown to be important for recognition by the tRNA's cognate aminoacyl-tRNA

synthetase, but are not involved in sequence-specific interactions with the synthetase

(Sampson et al. 1990). Potential sites of recognition of mitochondrial tRNAs by their

cognate mitochondrial aminoacyl tRNA synthetases have not been examined.

However, the finding that bovine mitochondrial phenylalanyI-, threonyl-, arginyl- and

lysyl-tRNA synthetases were able to unilaterally charge the cognate tFiNAs from E. coli

suggests they recognize a conserved feature of these tRNAs (Kumazawa et al. 1991).

The most likely conserved feature is the anticodon itself suggesting it is a major

determinant for defining the specificity of these mitochondrial tRNA synthetases. The

fact that E. coli aminoacyl synthetases were unable to charge the mitochondrial tRNAs

suggests additional determinants are required by the E. coli enzymes for cognate

tRNA recognition. With regard to the mitochondrial tRNAs sequenced in this report,
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evolution of the tRNA recognition mechanisms utilized by the E. coli and mitochondrial

aminoacyl tRNA synthetases may not have involved radical differences. It has been

shown that the anticodon is the major determinant for establishing the identities of E.

coli tRNAmel, tFtNAva' and tFtNA"e by their cognate aminoacyl tRNA synthetases

(Schulman and Pelka 1988, Muramatsu et al. 1988). It is also one of the determinants

for the identity of tFlNAQ'n (Rogers and Soll 1988). If the mechanism of recognition has

been conserved, it is plausible that the recognition sequences in the four mt-tRNAs

presented in this report include the anticodons as well.
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INTRODUCTION

Drosophila melanogaster mitochondrial DNA (mtDNA) is a double-stranded,

circular molecule of approximately 19.5 kb. lts complete nucleotide sequence is now

known (Clary et al. 1982; Clary et al. 1983; de Bruijn 1983; Garesse 1988; Chapters II,

III). Drosophila mtDNAs like those of other metazoans except nematodes, encode 13

polypeptides involved in oxidative phosphorylation and the 2 ribosomal RNAs and 22

tRNAs required for mitochondrial translation (Moritz et al. 1987; Okimoto et al. 1992).

The Drosophila mtDNA genome is arranged in a compact manner with few or no

intergenic nucleotides.

A single noncoding region, termed the A+T region due to its extreme bias

towards deoxyadenylate and thymidylate residues, is present in Drosophila mtDNAs

and varies in size from 1 to 5 kb (Fauron and Wolstenholme 1976). Size differences

can be attributed for the most part to varying copy numbers of repeated DNA sequence

elements (Chapter II; Fauron and Wolstenholme 1980b; Solignac et al. 1983; Hale

and Singh 1986; Solignac et al. 1986; Monforte et al. 1993). In D. melanogaster

mtDNA, two types of tandemly repeated elements have been identified (Chapter II).

The first type averages 346 bp in length and is present in five copies located in the half

of the A+T region nearest the gene encoding the small rRNA. The second type is

approximately 460 bp in length and occurs in four copies adjacent to the gene

encoding tRNAile.

Electron micrographic studies of DNA heteroduplexes and comparative DNA

sequence analyses of the A+T regions of different Drosophila species indicate it is

highly divergent relative to the coding region (Chapter II; Fauron and Wolstenholme

1980b; Fauron and Wolstenholme 1980a; Clary and Wolstenholme 1985b; Clary and

Wolstenholme 1987). Despite this, conserved DNA sequence elements have been

identified. Two thymidylate stretches, one on each DNA strand and comprising 13-25

bp, occur at similar positions within the A+T regions of different species (Chapter II). A
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conserved element of approximately 300 bp is also present in all Drosophila mtDNA

A+T regions whose DNA sequence is known (Clary and Wolstenholme 1985b; Clary

and Wolstenholme 1987; Monnerot et al. 1990; Chapter II). The A+T regions from

Drosophila species with short A+T regions contain a single copy whereas the long

A+T region of D. melanogaster contains four copies, present within the tandemly

repeated DNA sequence elements near the gene encoding tRNAi'e.

The role of the conserved DNA sequence elements in mtDNA metabolism has

not been established. We have proposed the possibility that a 300 bp conserved

element, perhaps in conjunction with an adjacent thymidylate stretch, functions in DNA

replication. Evidence to support this suggestion derives from electron micrographic

studies of replicative intermediates that map near these sequence elements

(Wolstenholme et al. 1983). Alternatively, the conserved DNA sequence elements

may function in the transcription of Drosophila mtDNA. Although steady-state

transcripts have not been detected in the A+T region (Merten and Pardue 1981), it

seems likely that precursor RNAs originate here as in the noncoding regions of

vertebrate systems (Berthier et al. 1986).

Our knowledge of proteins involved in the regulation of animal mtDNA

replication and transcription has derived largely from the study of vertebrates (Clayton

1991a). A protein identified in human and mouse, termed mitochondrial transcription

factor A (mtTFA), is necessary for specific transcription from mitochondrial promoters

in vitro (Fisher and Clayton 1985; Fisher and Clayton 1988; Fisher et al. 1989). mtTFA

binds to upstream regulatory elements of promoters, albeit with low sequence

specificity (Fisher and Clayton 1988; Fisher et al. 1989; Fisher et al. 1987). Because

initiation of both DNA replicative intermediates and RNA transcripts occur at the light-

strand promoter (Chang et al. 1985; Chang and Clayton 1985), it has been proposed

that mtTFA is involved in both processes (Clayton 1991a; Parisi et al. 1993).

Molecular cloning of the gene encoding mtTFA and subsequent DNA sequence
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analysis has shown it to be a member of the high-mobility-group (HMG) proteins found

in the nucleus (Parisi and Clayton 1991). Originally identified as general DNA-binding

proteins in chromatin (Johns et al. 1977), several examples of HMG-box containing

proteins have been implicated in the activation of specific transcription in the nucleus

(Jantzen et al. 1990; van de Wertering et al. 1991; Travis et al. 1991; Sinclair et al.

1990; Kelly et al. 1988). An HMG protein, mtDBP-C, has also been identified in

mitochondria of Xenopus oocytes (Mignotte and Barat 1986; Ghrir et al. 1991b). Like

mtTFA, mtDBP-C binds DNA with low sequence specificity and is able to induce

superhelical turns into relaxed circular DNA in the presence of DNA topoisomerase I

(Mignotte and Barat 1986; Mignotte et al. 1988; Fisher et al. 1992). Although the

physiological role of mtDBP-C is unknown, it was proposed to be involved in DNA

compaction of the mitochondrial nucleoid (Mignotte et al. 1988; Mignotte et al. 1990).

Little is known about the proteins involved in the replication and transcription of

Drosophila mtDNA. To date only Drosophila mitochondrial DNA and RNA

polymerases have been described (Wemette and Kaguni 1986; Goldenthal and

Nishiura 1987). We have sought to identify mitochondrial proteins that interact with the

noncoding region of mtDNA in order to better understand the factors which regulate

mitochondrial replication and transcription in Drosophila. We report here the

identification and biochemical characterization of an A+T region-specific DNA-binding

protein from mitochondria of Drosophila embryos.
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EXPERIMENTAL PROCEDURES

Materials

Chemicals. Sodium metabisulfite was purchased from J. T. Baker Chemical Co.

and prepared as a 1.0 M stock solution at pH 7.5 and stored at -20 oC. Leupeptin

purchased from the Peptide Institute, Minoh-Shi, Japan, was prepared as a 1 mg/ml

stock solution in 0.1 M potassium phosphate buffer, pH 7.5, and stored at -20 oC.

Dithiothreitol (Sigma) was prepared as 1.0 M stock solution in glass distilled water and

stored at -20 00. Triton X-100 was purchased from Sigma. Low melting point agarose

was obtained from FMC Bioproducts.

Nucleic Acids and Nucleotides. The synthetic polymers poly(dl-dC) - poly(dl-

dC), poly(dA-dT) - poly(dA-dT), poly(dA) and poly(dT)15 were purchased from

Pharmacia LKB Biotechnology, Inc. Each was resuspended in 10 mM Tris, pH 8.0, 1

mM EDTA and the concentrations determined spectrophotometrically. Unlabeled

deoxy- and ribo-nucleotides were purchased from P-L Biochemicals; [a-32deATP was

from New England Nuclear.

Enzymes and Protein Standards. T4 DNA ligase was purchased from Gibco

BRL and the Klenow fragment of Escherichia coli DNA polymerase I from New

England Biolabs. Restriction enzymes were from New England Biolabs and

Pharmacia LKB Biotechnology, Inc. Bovine serum albumin (fraction V), rabbit muscle

L-lactate dehydrogenase and cytochrome c were purchased from Sigma. Horse heart

myoglobin, chicken ovalbumin and bovine gamma globulin were from BioFlad.

Human serum albumin and bovine carbonic anhydrase were from Worthington.

Escherichia coli DNA polymerase I was purchased from New England Biolabs.
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Methods

Preparation of DNA and DNA substrates. Recombinant DNAs containing

fragments of the mtDNA A+T region of Drosophila embryonic mitochondria were

obtained as previously described (Chapter II). The recombinant plasmid pDMS 38

contains DNA from nucleotides 5213 in the A+T region to the Hind Ill site in the gene

encoding subunit 2 of the NADH dehydrogenase complex; pDMP 104 contains

nucleotides 3273-3782; pDMP 2 contains nucleotides 2900-3210 and pDMP 63

contains nucleotides 1451-2217 (numbers as in Chapter II). Large-scale plasmid DNA

preparations were purified by equilibrium CsCl density gradient centrifugation

according to standard laboratory procedures. Plasmid DNA inserts were isolated by

digestion with the appropriate restriction enzymes followed by gel electrophoresis in

low melting point agarose. Poly(dA) - poly(dT) was prepared by annealing an equal

molar amount as nucleotide of 5' phosphorylated dT15 to poly(dA) followed by ligation

with T4 DNA ligase. The mixture was extracted once with phenol and once with

chloroform:isoamyl alcohol (24:1) and the DNA precipitated by the addition of 2.5

volumes of ethanol. After centrifugation, the DNA pellet was resuspended in 10 mM

Tris, pH 8.0, 1 mM EDTA and the concentration determined spectrophotometrically.

Electrophoretic mobility shift assay. DNA-binding activity was detected by gel

mobility shift assay (Revzin 1989). DNA fragments were 5' end-filled with [a-32P]

dATP using Klenow fragment of Escherichia coli DNA polymerase I according to

standard procedures (Sambrook et al. 1989). Polyacrylamide gels (4% total

acrylamide, 29:1 acrylamide:N N'-methylene-bis-acrylamide) were prepared in 22 mM

Tris base, 22 mM boric acid, 0.5 mM EDTA and allowed to cure at least two hours prior

to use. The gels were pre-electrophoresed at 175V until constant current was

achieved. The running buffer, 22 mM Tris base, 22 mM boric acid, 0.5 mM EDTA, was

recirculated during both pre-electrophoresis and sample electrophoresis. Reaction

mixtures (30 ul) contained 20 mM N -2-hydroxyethylpiperizine-N -2-ethanesulfonic
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acid (HEPES), pH 7.6, 50 mM KCI, 2 mM MgCl2, 0.1 mM EDTA, 2 mM dithiothreltol, 5

°/o glycerol, 0.15 mg/ml BSA, 100 ng of poly(dI-dC) poly(dl-dC), 2 fmol of radiolabeled

DNA fragment and various amounts of DNA binding protein. Incubation was at 18°C

for 15 min. The reaction mixture was immediately loaded onto a polyacrylamide gel

running at 75V at room temperature. The samples were electrophoresed for 1 hr at

75V and then 2 hr 15 min at 175V. After electrophoresis, the gel was dried and

autoradiographed on Kodak X-OMAT AR film. The amount of free DNA and DNA in

complex with mtDBP-26 was quantitated using a Phosphorlmager (Molecular

Dynamics, Inc.) and related software.

Preparation of mtDBP-26 and Glycerol Gradient Sedimentation. The

purification procedure for DNA polymerase y from D. melanogaster embryos was

performed as previously described (Wemette and Kaguni 1986). After glycerol

gradient sedimentation, fractions were assayed for DNA-binding activity by

electrophoretic mobility shift analysis using the radiolabeled 386 bp EcoR l-Alul

fragment of pDMS 38 as the DNA substrate in the presence of 100 ng of unlabeled

poly(dl-dC) - poly (dl-dC). Protein in each fraction (50 ul) was precipitated by the

addition of TCA to 12 % (w/v) final concentration and then subjected to SDS

polyacrylamide gel electrophoresis according to the method of Laemmli (Laemmli

1970). The proteins were stained in the gel with silver (Oakley et al. 1980) and then

quantitated by scanning the gel with a laser densitometer (Molecular Dynamics, Inc.).

Protein fractions containing mtDBP-26 activity were pooled, an equal volume of 20 mM

potassium phosphate, pH 7.6, 2 mM EDTA, 80% glycerol, 0.015% Triton X-100 was

added, and the protein was stored at -20°C. A parallel glycerol gradient was

calibrated with L-lactate dehydrogenase, E. coli DNA polymerase I, human serum

albumin, carbonic anhydrase and cytochrome c.

Gel Filtration Chromatography of mtDBP-26. Bovine serum albumin (1 mg/ml

final concentration) was added to the glycerol gradient-purified mtDBP-26. Gel
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filtration chromatography of mtDBP-26 (200 ul) was performed at a flow rate of 0.1

mein on a Superdex 75 10/30 HR FPLC column equilibrated with 20 mM potassium

phosphate, pH 7.6, 250 mM KCI, 2 mM EDTA, 20% glycerol, 2 mM dithiothreitol, 10

mM sodium metabisulfite, 2 ug/ml leupeptin and 0.015% Triton X-100. Fractions (0.2

ml) were collected and aliquots were assayed for DNA-binding activity by

electrophoretic mobility shift assay. Protein in each fraction (185 ul) was precipitated

by the addition of TCA to 12 % (w/v) final concentration and then subjected to SDS

polyacrylamide gel electrophoresis according to the method of Laemmli (Laemmli

1970). The proteins were stained in the gel with silver (Oakley et al. 1980) and then

quantitated by scanning the gel with a laser densitometer (Molecular Dynamics, Inc.).

The gel filtration column was calibrated with blue dextran 2000, bovine gamma

globulin, chicken ovalbumin and horse myoglobin.

Determination of the affinity constant of mtDBP-26 : DNA complexes. The

equilibrium binding constant of mtDBP-26 : DNA complexes was determined by

mobility shift analysis performed as described above. A constant amount of mtDBP-26

Fr. VI and increasing concentrations of the [32F] - labeled 386 bp DNA (1.5 - 50 pM)

were used. After resolution of the free DNA from that complexed with mtDBP-26 on

mobility shift gels, the amount of DNA in each band was quantitated using a

Phosphorlmager (Molecular Dynamics, Inc.) and related software. The amount of DNA

in fmol in each band was calculated from a standard curve generated by

electrophoresis of varying amounts of DNA on mobility shift gels in the absence of

mtDBP-26. The binding affinity was determined by plotting the data in a Woolf plot

(Cressie et al. 1981) where the slope of the line is equal to 1/Bmax and the y intercept

is equal to KD/Bmax. A curve was fitted to the data using the method of least squares

with the curve fitting function of the DeltaGraph Professional software (Deltapoint, lnc.).

Alternatively, the affinity constant was determined by fitting the data to the equation,

BOUND = (n*Keq*FREE*Bmax) / (1+ Keq * FREE) where n is the number of
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independent DNA-binding sites on the protein, BOUND is the amount of DNA

complexed with mtDBP-26 and FREE is the amount of free DNA. A computer program

was written which varied Keq and Bmax until a best-fit curve was achieved (T. Deits,

personal communication). In these calculations it was assumed n=1.

Determination of the dissociation rate constant of mtDBP-26 : DNA complexes.

The [32F] - labeled EcoR l-Alu I fragment of pDMS 38 was preincubated with mtDBP-

26 Fr. Vl for 15 min under standard assay conditions in a total volume of 80 ul. After

the preincubation, a 20 ul aliquot was removed to a separate tube and 10 ul of this

was loaded onto a mobility shift gel running at 100V. A 100-fold molar excess of the

unlabeled DNA fragment was added to the remaining reaction mixture and a 10 ul

aliquot was immediately loaded onto the gel. Additional 10 ul aliquots of the mixture

were then loaded onto a mobility shift gel at various times after the addition of the

unlabeled DNA. At the end of the time course, the remaining 10 ul of the mixture not

containing the competitor was loaded onto the gel as a control. Electrophoresis

continued at 100 V for 2 hr 30 min after the last sample was loaded. The amount of

DNA bound by mtDBP-26 at each time point was quantitated using a Phosphorlmager

as above. Dissociation rate data was plotted and then curve-fitted according to the

equation, BOUNDt / BOUNDO = e('kofft) , where BOUNDt is the amount of DNA bound

at time t, BOUNDO is the amount of DNA bound immediately prior to the addition of

excess unlabeled competitor DNA, and k0“ is the dissociation rate constant.

Generation of competitive displacement curves. The [32F] - labeled EcoR l-Alul

fragment of pDMS 38 was incubated with mtDBP-26 Fr. VI under standard conditions

in the presence of various concentrations of unlabeled competitor DNAs and

subjected to mobility shift analysis as described above. Poly(dI-dC) - poly(dI-dC) was

present at 100 ng per assay in each competition assay except for that in which poly(dl-

dC) - poly(dl-dC) itself was titrated. After electrophoresis, the amount of DNA bound by

mtDBP-26 was quantitated using a Phosphorlmager as above. The amount of DNA
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bound at each point was expressed as a percentage of DNA bound in the absence of

competitor except in the case of the poly(dl-dC) - poly(dl-dC) titration were the amount

of DNA bound was made relative to that amount bound at 100 ng added DNA.
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RESULTS

Purification and Physical Properties.

In an effort to identify sequence-specific DNA-binding activities in D.

melanogaster mitochondria, mobility shift assays were employed to test for the

presence of mitochondrial protein(s) that could specifically interact with a DNA

fragment containing sequences within the A+T region of D. melanogaster mtDNA. The

386 bp EcoR l-Alu I fragment from pDMS 38 was chosen as the DNA substrate. The

fragment contains 145 bp of A+T region DNA including a conserved thymidylate

stretch (Chapter II) and extends into the flanking coding region (Fig. 1). Initially,

mobility shift assays were performed on protein fractions collected during the

purification of DNA polymerase y (Wemette and Kaguni 1986). Multiple A+T region

DNA-binding activities were detected during the initial stages of the purification as

evidenced by numerous shifted DNA species in the presence of excess poly(dI-dC) -

poly(dI-dC) competitor (data not shown). However, one DNA-binding activity co-

purified with Pol ythrough Fraction V. Glycerol gradient sedimentation of Pol 7

Fraction V resulted in the separation of Pol 7 activity from the DNA-binding activity.

The calculated sedimentation coefficient of the DNA-binding activity is 2.2 S (Fig. 2).

Analysis of the protein contained in the fractions with DNA-binding activity by SDS-

PAGE and subsequent densitometric scanning of the silver stained gel revealed a

major polypeptide of 26,000 daltons which correlated with DNA-binding activity (data

not shown). Superdex-75 FPLC gel filtration of the glycerol gradient fraction again

resulted in the correlation of DNA-binding activity with a 26,000 dalton polypeptide as

determined by SDS-PAGE analysis (Fig. 3). The observed Stokes radius of the DNA-

binding activity as measured by gel filtration is 26 A. Calculation of the native

molecular mass of the DNA-binding activity by utilizing the sedimentation coefficient

and the Stokes radius (Siegel and Monty 1966) results in a value of 24,000 daltons.
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Figure 1. Schematic of the Drosophila melanogaster mtDNA A+T region

and flanking genes and the locations of the DNA fragments used in the

experiments. DNA fragments containing A+T region DNA were isolated as

described under "Methods." The schematic shows the 5.8 kb Hind Ill-B fragment

containing the central A+T region (4601 bp) and flanking genes encoding the small

rRNA, tRNAi'G (I), tRNAQ'n (O), tRNAf°m91 (M), and the 5' portion of NADH dehydrogenase

subunit 2 (ND2): solid boxes, tRNA genes; box with rightward leaning slashes, 5'-

coding region for NADH dehydrogenase subunit 2; dotted box, small rRNA gene; solid

line, non-coding sequences including the central A+T region; boxes with leftward

leaning slashes, type II repeated DNA sequence elements; boxes with wavy lines, type

I repeated DNA sequence elements. Open boxes in the A+T region indicate the

position of the longest thymidylate stretches on each DNA strand. Bold lines below the

A+T region indicate the position of 300 bp conserved DNA sequence elements.

Arrows above the coding regions indicate the direction of transcription. The DNA

replication origin region and direction of leading DNA strand synthesis in D.

melanogaster mtDNA (Wolstenholme et al. 1983) is indicated by a bracketed arrow.

Bracketed lines denote the extent and location of the DNA fragments used in the

experiments.
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Figure 2. Glycerol gradlent sedimentatlon profile of Drosophlla mtDBP—26.

Glycerol gradient sedimentation of DNA polymerase 7 Fr. V, which also contains the

DNA-binding activity, was performed as described previously (Wemette and Kaguni

1986). DNA-binding activity (open circles) was detected by electrophoretic mobility

shift assay and the relative amount of the 26 kDa protein in each fraction (closed

circles) was quantitated as described under ”Methods.” The large arrow associated

with the letter ”8" indicates the direction of sedimentation. The glycerol gradient was

calibrated with L-lactate dehydrogenase (LDH, 7.78), E. coli DNA polymerase I (POL l,

5.58), human serum albumin (HSA, 4.68), carbonic anhydrase (CA, 3.28) and

cytochrome c (CYT, 1.78) and the result shown in the inset. The small arrow indicates

the sedimentation position of the mitochondrial DNA-binding activity.
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Figure 3. Gel flltratlon of Drosophila mtDBP-26. Gel filtration chromatography

of glycerol gradient-purified DNA-binding activity was performed using a Superdex 75

10/30 HR FPLC column as described under "Methods." DNA-binding activity and the

relative amount of the 26 kDa protein present in each fraction was determined as in

Fig. 2. A. Graphical representation of the data presented in B and C; open circles, the

relative amount of DNA in the complex; closed circles, the relative amount of the 26

kDa protein. The gel filtration column was calibrated with myoglobin (MYO, 19 A),

ovalbumin (OVA, 27 A) and y—globulin (GAM, 44 A) and the result shown in the inset.

The small arrow indicates the elution position of the mitochondrial DNA-binding

activity. 8. Autoradiograph of the electrophoretic mobility shift gel; BOUND, position of

the radiolabeled DNA fragment in complex with the mitochondrial DNA-binding

activity. FREE, position of the radiolabeled DNA fragment not bound by protein. C.

SDS polyacrylamide gel analysis of column fractions spanning the peak of

mitochondrial DNA-binding activity.
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Based on these results, we have assigned the DNA-binding activity to the 26,000

dalton polypeptide and termed it mitochondrial DNA-binding protein-26 (mtDBP-26).

mtDBP-26 DNA Binding Properties.

Reaction Requirements. The effects of MgCl and monovalent salt

concentrations and temperature on mtDBP-26 activity were investigated in

electrophoretic mobility shift analyses. DNA-binding activity was absolutely

dependent on the presence of Mg‘lr+ with optimal binding occurring in the presence of

2 to 5 mM MgCl. DNA-binding activity was unaffected by concentrations of KCI up to

250 mM and was to half-maximal at 500 mM. No alteration in the fraction of DNA

bound by mtDBP-26 was observed when incubation temperature was varied between

0 and 37°C. The heat stability of mtDBP-26 in the absence of DNA was also tested.

The protein retained near normal levels of DNA-binding activity after pre-incubation at

temperatures up to 90°C for 10 min.

Determination of the equilibrium binding constant Of the mtDBP-26 : DNA

complex. In order to quantitate the affinity of mtDBP-26 for the 386 bp EcoR l-Alul

fragment of pDMS 38, the equilibrium dissociation constant (Kd) of the mtDBP-26 :

DNA complex was determined. Three independent experiments were performed. The

data was plotted in a Woolf plot (free/bound DNA vs. free DNA) or as bound DNA

versus free DNA and curve fitted as described under "Methods" (Fig. 4). The KD

values derived from both plots were similar, 16 pM when the data was plotted in a

Woolf plot and 19 pM plotted as bound DNA versus free DNA. The linearity of the

Woolf plot is suggestive of a single DNA-binding species.

Dissociation kinetics of mtDBP-26 : DNA complexes. The stability of mtDBP-26

bound to the pDMS 38 fragment was measured using the mobility shift assay as

described under ”Methods." As shown in Fig. 5, dissociation of mtDBP-26 from the

A+T DNA containing fragment displayed first order kinetics as expected. The resulting

line is described by the equation f(t) = 96 9'02”. Thus, the first order dissociation rate
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Figure 4. Determlnation of the dlssoclatlon constant (K0) of mtDBP-26 :

DNA complexes. Electrophoretic mobility shift assays were performed using a

constant amount of the glycerol gradient-purified mtDBP-26 and increasing amounts of

the radiolabeled 386 bp EcoR l-Alu I fragment of pDMS 38. The amount of tree DNA

and DNA bound by mtDBP-26 in each assay was quantitated as described under

"Methods." A. DNA-binding data plotted in a Woolf plot and a curve-fitted using the

method of least squares. B. DNA-binding data plotted as BOUND versus FREE and

curve-fitted according to the equation IOUND = (n‘Keq*FREE*Bmax) / (1+ Keq * FREE).

C. Autoradiograph showing the results of a typical electrophoretic mobility shift

experiment. Duplicates at each DNA concentration are as indicated by the brackets

above the lanes. Increasing amounts of the DNA fragment are indicated below.

BOUND, position of the DNA fragment in complex with mtDBP-26. FREE, position of

the DNA not bound by protein.
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Figure 5. Determination of the dissociation rate constant (Iron) of

mtDBP-26 : DNA complexes. Dissociation of mtDBP-26 : DNA complexes was

measured by pre-incubating glycerol gradient purified mtDBP-26 with the radiolabeled

386 bp EcoR l-Alu I fragment of pDMS 38 then adding a 50-fold molar excess of the

unlabeled DNA fragment as described under "Methods.” Aliquots were removed and

subjected to electrophoretic mobility shift analysis at the times indicated. A. Graphical

representation of the data derived from the experiment below. BOUNDt, the amount of

DNA in complex with mtDBP-26 at time t; BOUNDo, the amount of DNA in complex

with mtDBP-26 immediately prior to the addition of unlabeled DNA. 8. Autoradiograph

of the electrophoretic mobility shift gel. Lanes 1 and 8 contain controls in which no

DNA was added after pre-incubation. BOUND, position of the DNA fragment in

complex with mtDBP-26. FREE, position of the DNA not bound by protein.
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constant, k0“, is 0.22 min'1 corresponding to a half-life of 3.1 min for the protein-DNA

complexes. From the calculated dissociation constant and equilibrium binding

constant calculated above, the association rate constant can be derived. Using the

values of 19 pM for the Kd and 3.7 x 10'3 5'1 for k0“, the association constant, kon, is

calculated to be 1.9 x 108 M'1S'1. This value is similar to the rate of diffusion

calculated for binding of the lac repressor to the lac operator and suggests that the

association rate of mtDBP-26 with the DNA target site is also limited by the diffusion

rate (Riggs et al. 1970).

A similar experiment was performed using non-A+T region DNA, specifically the

375 bp EcoR l-BamH I fragment of pBR 322 (data not shown). Although mtDBP-26

was able to shift the pBR 322 derived fragment in a similar manner to the A+T region-

containing fragment in the absence of unlabeled A+T region DNA, no shifted fragment

could be detected after loading the sample immediately after the addition of the

unlabeled A+T DNA fragment. Thus, mtDBP-26 completely dissociates from the pBR

322 derived fragment within 30-605, the estimated time it takes for the sample to enter

the gel. Increased stability of mtDBP-29 bound to A+T region DNA relative to that of

normal base content DNA might suggest that mtDBP-26 is stabilized by contacts to

specific bases in the A+T region containing fragment.

Relative binding affinities of mtDBP-26 to various non-A+T region and A+T

region DNAs. In order to characterize the DNA sequence-specificity of mtDBP-26, the

relative affinities of the protein for various DNA fragments were determined. The

amount of the pDMS 38 EcoR l-Alul fragment bound by mtDBP-26 was effectively

decreased in the presence of increasing concentrations of the indicated unlabeled

non-A+T region DNAs. Quantitation of the amount of the mtDBP-26 : pDMS 38

complex formed in the presence of increasing concentrations of the indicated

competitor DNA was determined and competitive displacement curves were

generated (Fig. 6A). The relative binding affinities of the non-A+T region competitor
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DNAs as compared to that for the pDMS 38 EcoR l-Alu I fragment can be determined

by comparing the concentrations required to reduce mtDBP-26 binding to the [32F] -

labeled fragment by 50 % of that in the absence Of competitor ('050)- In the saturation

binding experiments described above, the affinity of mtDBP-26 binding to the 386 bp

fragment of pDMS 38 was determined to be 19 pM. Comparison of the relative lC5o

values reveals that mtDBP-26 binds to linearized pUC 1193 DNA and the synthetic

DNAs, poly(dA-dT) - poly(dA-dT) and poly(dA) - poly(dT), with a 9- to 15-fold lower

affinity than to the A+T region containing fragment (Table 1). Binding to the synthetic

DNA, poly (dl-dC) - poly (dl-dC), occurs with a 500-fold lower affinity. Competition

experiments using M13 DNA revealed mtDBP-26 binds single-stranded DNA with at

least a 100-fold lower affinity than the double-stranded A+T region containing

fragment (data not shown). The fact that mtDBP-26 only has a slight preference for

DNA sequences contained within the A+T region containing fragment over pUC 1193

DNA, poly(dA-dT) - poly(dA-dT) and poly(dA) - poly(dT) suggests these DNAs contain

sequences resembling the binding site in the A+T region containing fragment.

Because sequence-specific DNA-binding proteins are expected to exhibit at least a

100-fold preference for target sequences versus other sequences, mtDBP-26 does not

appear to be a sequence-specific DNA-binding protein in the classical sense.

However, it is possible that the 386 bp A+T region containing fragment used in the

above experiments does not contain the sequence elements required for specific

binding by mtDBP-26.

To test whether mtDBP-26 specifically recognizes other sequences in the A+T

region, DNA fragments containing other A+T region sequences were used to generate

competitive displacement curves as above (Fig. 6B). The DNAs tested included i)

pDMP 104, which contains the central conserved thymidylate stretch and a major

portion of one of the conserved 300 bp elements as well as the partial conserved

element adjacent to the thymidylate stretch, ii) pDMP 2, which contains most of a
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Figure 6. A+T region binding of Drosophila mtDBP-26. Glycerol gradient-

purified mtDBP-26 was incubated with a constant amount of the radiolabeled 386 bp

EcoR l-Alu I fragment of pDMS 38 in the presence of increasing amounts of various

unlabeled competitor DNAs as described under "Methods”. The percentage of DNA

bound (% BOUND) is defined as the amount of radiolabeled DNA bound by mtDBP—26

at a given competitor concentration divided by the amount bound in the absence of

competitor (x100). All DNA concentrations are expressed as if 386 bp represented a

unique mtDBP-26 binding site in order to normalize the data. A. DNA-binding

competition experiments with non-A+T region DNAs. closed circles, 386 bp EcoR l-Alu

I fragment Of pDMS 38; open circles, poly(dA-dT) - poly(dA-dT); closed squares, pUC

1193 linearized with EcoR I; open squares, poly(dA) - poly(dT); closed triangles,

poly(dl-dC) - poly(dl-dC). B. DNA-binding competition experiments with A+T region

DNA fragments. closed circles, EcoR l-Alu I fragment of pDMS 38; open circles, EcoR

l-Pstl fragment of pDMS 2; closed squares, EcoR l-Pst I fragment of pDMP 104; open

squares, EcoR l-Pstl fragment of pDMP 63.
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Table 1. Relative DNA binding afflnlty of Drosophila mtDBP-26

for various DNAs.

 

 

 

Competitor Relative DNA Binding KD rel/

Affinity, pM KD pDMS 38

pDMS 38 19 1.0

poly(dA-dT) - poly(dA-dT) 170 8.7

pUCt193/EcoRl 210 11

poly(dA) - poly(dT) 270 14

poly(dI—dC) - poly(dl-dC) 9300 490

A+T Region DNA

pDMP 2 16 0.83

pDMP 104 8.0 0.42

pDMP 63 3.7 0.20
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type I repeated element located in the half of the A+T region termed the variable

region because of the poor sequence conservation among Drosophila species, and iii)

pDMP 63, which contains two copies of the variable region repeat (Fig. 1). As shown

in Figure 6, addition of increasing amounts of each A+T region DNA fragment

effectively decreased the amount of the 386 bp fragment bound by mtDBP-26. leo

values were obtained from the competitive displacement plot and used to calculate the

relative binding affinities for each fragment (Table 1). Results reveal only slight

differences in the binding affinity of mtDBP-26 for fragments containing different

sequences of the A+T region. In addition, mtDBP-26 did not show a preference for

A+T region DNA in a supercoiled versus linear form (data not shown), unlike the HMG-

like proteins identified in Xenopus and yeast mitochondria (Mignotte and Barat 1986;

Diffley and Stillman 1992). Thus, mtDBP-26 appears not to be a sequence-specific

DNA-binding protein, at least in terms of its affinity towards different A+T region

sequences. However, it should be noted that all fragments containing A+T region

DNA were more effective at competing for mtDBP-26 binding than non-A+T region

DNAs, including poly(dA-dT) - poly(dA-dT) and poly(dA) - poly(dT). The fact that the

A+T region is composed of 96% deoxyadenylate and thymidylate nucleotides

suggests that some feature of the A+T region DNA other than A+T-richness accounts

for preferential binding. One possibility is that mtDBP-26 recognizes secondary

structure elements present in A+T region DNA not found in poly(dA-dT) - poly(dA-dT)

or poly(dA) - poly(dT). In fact, A+T region containing fragments display anomalous

mobilities when electrophoresed in polyacrylamide gels (data not shown), suggesting

curvature of these DNAs (Marini et al. 1982).
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DISCUSSION

mtDBP-26 Binds to A+T Region DNA With Low Sequence

Specificity. Data from experiments designed to test the DNA-binding properties of

mtDBP-26 indicate that it binds A+T region DNA with a greater affinity than non-A+T

region DNA. However, mtDBP-26 does not appear to bind to specific sequences

within the A+T region raising the question as to the mechanism A+T region DNA

recognition by the protein. Degenerate recognition of A+T-rich DNA has been

described previously for a number of nuclear proteins including or-protein (Solomon et

al. 1986), D1 protein (Levinger 1985), and histones (Richmond et al. 1984; McGhee

and Felsenfeld 1980). Extensive minor groove contacts characterize a-protein and

histones binding to DNA consistent with theoretical predictions for degenerate

recognition of A+T-rich DNA (Seeman et al. 1976). In contrast, minor groove contacts

by mtDBP-26 probably do not significantly contribute to DNA sequence recognition as

evidenced by the inability of poly(dI-dC) - poly(dl-dC) to effectively compete for mtDBP-

26 binding. This fact, in addition to the observation that poly(dA-dT) - poly(dA-dT) and

poly(dA) - poly(dT) compete for mtDBP-29 binding 60- and 35-fold better, respectively,

than poly(dl-dC) - poly(dl-dC), suggests major groove contacts play a larger role in

sequence recognition. Alternatively, mtDBP-26 may recognize its binding sites

through the use of hydrogen bonds to the phosphates, rather than to the base pairs, as

in the case of the tryptophan repressor protein of Escherichia coli (Otwinoski et al.

1988). The sequences of bases in the DNA would provide for a specific phosphate

conformation that can be bound by the protein.

The extremely high content of deoxyadenylate and thymidylate residues in the

A+T region of Drosophila melanogaster mtDNA most likely results in an unusual DNA

structure. Homopolymeric stretches of poly(dA) - poly(dT) occur many times in the A+T

region (Chapter II). The longest stretches are located in the same relative positions in

the mtDNA molecules of different Drosophila species. Poly(dA) - poly(dT) is
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characterized by a narrow minor groove and a high degree of propeller twist and is

recalcitrant to nucleosome formation in vitro (Ayami et al. 1989; Kunkel and Martinson

1981). In addition, sequences containing these tracts at specific intervals have been

shown to generate curved DNA (reviewed in Hagerman 1990). The 15- and 9-fold

lower affinity of mtDBP-2610r poly(dA) - poly(dT) and poly(dA-dT) - poly(dA-dT),

respectively, as compared to the A+T region-containing fragment, in addition to

degenerate A+T region binding, suggests high affinity mtDBP-26 binding depends on

DNA conformation and/or bendability rather than a characteristic minor groove width

or A+T richness per se. Curved DNA sequences have been identified in the rat

mtDNA D-Ioop region in the vicinity of the origin of heavy-strand DNA synthesis (Pepe

et al. 1989) and in human mtDNA near the origin of light-strand DNA synthesis (Welter

et al. 1989). In the both cases, an activity was shown to bind to the curved DNA

segment in vitro. Curved DNA has also been identified in a number of chromosomal

DNA replication origins in both eukaryotes and prokaryotes and may be a universal

feature of these specialized regions (Eckdahl and Anderson 1990).

Possible Roles of mtDBP-26 in Mitochondria. The precise role of

mtDBP-26 in mtDNA metabolism in D. melanogaster remains to be determined.

However, its A+T region specific DNA-binding properties suggests it may be involved

in the condensation and packaging of the mtDNA in vivo. It has been shown that the

mtDNAs of mouse (Nass 1969), rat (Van Tuyle and McPherson 1979), human (Albring

et al. 1977; DeFrancesco and Attardi 1981), frog (Barat et al. 1985), and trypanosomes

(Xu and Ray 1993) exist as nucleoprotein complexes. In most cases the complexes

map to the noncoding region (Nass 1969; Van Tuyle and McPherson 1979; Albring et

al. 1977; DeFrancesco and Attardi 1981). In Drosophila mtDNA, stretches of the A+T

region are protected from the DNA crosslinking agent trimethylpsoralen in situ

suggesting these sequences are bound by protein (Potter et al. 1980; Pardue et al.

1984). In D. melanogaster, the protected regions map to the 300 bp conserved DNA
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elements located adjacent to the gene encoding tRNAi'e. Although mtDBP-26 binds to

these sequences with high affinity in vitro, it also binds to other A+T region sequences.

If mtDBP-26 is responsible for the observed pattern of protection of mtDNA, other

factors not present in the in vitro experiments described here may influence the DNA-

binding specificity of mtDBP-26 in vivo.

The HMG-like proteins identified in frog (Ghrir et al. 1991b), human (Parisi and

Clayton 1991a), mouse (Fisher et al. 1989), and yeast (Diffley and Stillman 1992)

mitochondria have in common the ability to condense and wrap the mtDNA and bind

with low sequence specificity. The human and mouse proteins have been shown to

activate transcription from mitochondrial promoters in vitro (Fisher and Clayton 1985;

Fisher and Clayton 1988; Fisher et al. 1989). The precise mechanism for the

activation of transcription by the HMG-like proteins remains unclear. One attractive

hypothesis arises from the observation that binding to mtDNA regulatory elements

occurs in a phased manner (Fisher et al. 1992; Diffley and Stillman 1992). Phased

DNA binding could leave critical DNA sequences exposed for other trans-acting

factors involved in mtDNA replication and transcription. In yeast, phased binding of

ABF2 to the REP2 origin of mitochondrial DNA replication, which is composed entirely

of deoxyadenylate and thymidylate residues, is accomplished by excluding ABF2

binding from sites containing thymidylate stretches (Diffley and Stillman 1992).

Stretches ot poly(dA) - poly(dT) are known to be relatively inflexible due to bifurcated

hydrogen bonding from the N6 position of adenine (Nelson et al. 1987). The exclusion

of the yeast ABF2 protein from deoxyadenylate (or thymidylate) stretches may be a

result of a resistance of the DNA to bending. One of the two conserved thymidylate

stretches in Drosophila mtDNA is located near the origin of leading-strand DNA

synthesis. The lower binding affinity Of mtDBP-26 for poly(dA) - poly(dT) relative to

A+T region containing fragments and poly(dA-dT) - poly(dA-dT) in vitro might suggest

mtDBP-26 is excluded from binding at the thymidylate stretch. Exclusion of mtDBP-26
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would make the region more accessible to general replication proteins or general

transcription proteins. A more detailed analysis of mtDBP-26 binding to A+T-region

DNA must be undertaken to elucidate preferred mtDBP-26 binding sites.
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Obtaining recombinant DNAs of the A+T region of Drosophila melanogaster

mtDNA was an essential step towards elucidating the DNA sequence elements

important for DNA replication and transcription of genes in Drosophila mitochondria.

Sequence analysis of the A+T-region DNA revealed its extremely high content of

deoxyadenylate and thymidylate nucleotides as well as the presence of the directly

repeated DNA sequence elements that predominate. DNA sequence comparisons of

the D. melanogaster mtDNA A+T region and the mtDNA A+T regions of other

Drosophila species resulted in the definition of a 300 bp conserved DNA sequence

element and the identification of conserved thymidylate stretches previously

undetected. Combining the DNA sequence comparison results with electron

micrographic studies performed previously allowed correlation of the conserved DNA

sequence elements with the position of the mtDNA replication origin.

Repeated DNA sequence elements in the A+T region of D. melanogaster

mtDNA had been proposed previously to exist based on restriction analysis of the

mtDNA A+T regions of other closely related Drosophila species. However, a dearth of

informative restriction enzyme recognition sites in the D. melanogaster A+T region

prevented proof of their existence. DNA sequence analysis of the D. melanogaster

mtDNA A+T region resulted in identification of the predicted repeated elements,

termed Type II repeats, as well as identification of an additional repeat array,

composed of Type I repeated DNA sequence elements. The Type I repeats are

located in a different part of the A+T region and differ from the Type II repeats in both

length and DNA sequence. The structure of the repeat arrays has provided insight into

the possible mechanisms driving their evolution.

The DNA sequence of the genes flanking the A+T region of Drosophila mtDNA

was also determined. The order and orientation of the genes was conserved when

compared to those in the mtDNA of other Drosophila species whose mtDNA sequence

is known. The types and positions of the nucleotide differences in the genes encoding
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the tRNAs and rRNAs were found to be consistent with proposed secondary structure

models of the tRNA and rRNA molecules. Obtaining the DNA sequences of these

genes, as well as the DNA sequences of the A+T region and the 5' end of the gene

encoding ND2, completed the nucleotide sequence Of the D. melanogaster

mitochondrial genome.

The availability of recombinant DNAs containing A+T region sequences will

make possible numerous experiments designed to aid in the understanding of

Drosophila mtDNA molecular biology and evolution. For example, slipped-strand

mispairing between repeated sequences during DNA replication is one mechanism

suggested to be responsible for generating polymorphic regions and large-scale

deletions in animal mtDNA. The mechanism of slipped-strand mispairing during

replication of Drosophila mtDNA sequences can now be examined in vitro. Initial

experiments would utilize the Drosophila DNA polymerase y and single-stranded DNA

templates containing repeated segments of the Drosophila mtDNA A+T region. The

products of in vitro replication would be analyzed by gel electrophoresis in order to

detect the presence of any deletions or duplications in the region of interest. If

duplications or deletions are detected, their endpoints would be mapped. The

mapping data would provide a basis for the construction of DNAs containing variants

of the repeated regions to be used in experiments designed to determine the DNA

sequences involved in slipped-strand mispairing. In addition, it is known that the

activity, processivity and fidelity of DNA polymerase y is highly sensitive to reaction

conditions. Reaction conditions would likely have an effect on the process of slipped-

strand mispairing as well and should be investigated.

The recombinant DNAs of the A+T region are currently being used by others in

the laboratory in mapping experiments designed to determine the 5' positions of in

vivo generated transcripts. Initial results suggest that primary transcripts do in fact

originate from the A+T region as hypothesized. It will be Of interest to determine
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whether the 5' ends of these transcripts map to the conserved DNA elements identified

in the mtDNA A+T region. Knowledge of the positions of transcriptional initiation sites

in vivo will expedite development Of an in vitro transcription system and provide a

basis for dissection of the Drosophila mtDNA transcription machinery.

A DNA binding activity, mtDBP-26, was identified in protein fractions obtained

during the purification of DNA polymerase 7. Although the DNA binding activity co-

purified with Pol ythrough a number of purification steps, there is no evidence that

mtDBP-26 is specifically associated with Pol y. The DNA-binding protein was shown

to have a high affinity for A+T region DNA but did not display a pronounced binding

preference for specific DNA fragments of the A+T region. Its role in mtDNA metabolism

remains unknown, but its size and DNA-binding characteristics suggest it could be a

component of the mitochondrial nucleoid. Research that will be pursued in order to

understand the role of mtDBP-26 in the mitochondrion will include purification of

mtDBP-26 in large quantities and detailed examinations of the DNA binding properties

of the protein on A+T region DNA.

Although mtDBP-26 co-purifies with the y polymerase, it has been difficult to

assess the yield of mtDBP-26 at the various steps of the purification due to the

presence of contaminating nucleases that degrade the DNA substrate used to detect

DNA binding activity. However, the observation that mtDBP-26 is heat stable suggests

that contaminating nucleases could be inactivated by heating the fractions before they

are assayed. Initial results using this approach have shown that mtDBP-26 activity is

detectable in heat-treated fractions even at early stages of the purification and that a

substantial amount of mtDBP-26 DNA-binding activity elutes outside the peak of Pol 7

activity upon phosphocellulose chromatography. Eliminating large losses in yield by

determining more accurately the elution profile of mtDBP-26 at each step in the

purification will result a greater overall yield. A larger quantity of protein will make
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possible experiments designed to identify unambiguously the protein responsible for

DNA-binding, such as photoaffinity crosslinking of protein : DNA complexes.

The mechanism by which mtDBP-26 is able to bind with high affinity to A+T

region DNA is not known. It is likely that, as a consequence of the A+T-rich character

of the region, unusual DNA structures are present and that these structures are

recognized by mtDBP-26. Experiments designed to test the effect of DNA structure on

DNA binding will include competition experiments using distamycin. Distamycin

specifically interacts with the minor grooves in A+T DNA sequences and is known to

remove intrinsic curvature often associated DNA of this base composition. Inhibition of

mtDBP-26 binding to DNA by distamycin would suggest that both recognize similar

DNA conformations. Footprinting studies of mtDBP-26 bound to A+T region

sequences will also be performed. These experiments will reveal whether mtDBP-26

binding to A+T region DNA occurs in a random manner or is phased. Phased binding

by mtDBP-26 might indicate that it functions by leaving certain DNA sequences

exposed to other trans-acting factors involved in the maintenance and expression of

the Drosophila mitochondrial genome.
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