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ABSTRACT Clones of full-length mtDNA have been isolated
from a Strongylocentrotusfranciscanus recombinant DNA library
by screening a cDNA clone of cytochrome oxidase subunit 1 mRNA.
Restriction fragment cross-hybridization analysis shows the fol-
lowing difference in gene arrangement between sea urchin and
human mtDNA. The 16S rRNA and cytochrome oxidase subunit
1 genes are directly adjacent in sea urchin mtDNA. These two
genes are separated in human and other mammalian mtDNAs by
the region containing unidentified reading frames 1 and 2. In spite
of the difference in gene order, gene polarity appears to have been
conserved. We conclude that the difference in gene order reflects
a rearrangement that took place in the sea urchin lineage since sea
urchins and mammals last shared a common ancestor.

Animal mtDNA has a fairly constant size of approximately 16
kilobase pairs (kb). The complete nucleotide sequences of hu-
man (1), bovine (2), and mouse (3) mtDNA reveal a compact
organization of genetic information with no intervening se-
quences and little intergenic spacing. The overall gene order
is identical in human, bovine, and mouse mtDNAs (1-3). Less
is known about mtDNA organization in animals other than
mammals, although similar tandem arrangements of the two
rRNA genes have been reported for amphibian (4) and Dro-
sophila mtDNAs (5, 6).

In spite of the constancy of size and gene order of mam-
malian mtDNA, there is evidence for the involvement of rear-
rangement and transposition in mtDNA evolution. Gene order
surrounding the origin of replication in Drosophila mtDNA, for
example, differs from that in mammalian mtDNA, apparently
reflecting a translocation and inversion of a segment of mtDNA
(6). Jacobs et al. (7) isolated a region from the nuclear genome
of S. purpuratus that contains divergent copies of at least por-
tions of two mitochondrial genes, those for 16S rRNA and cy-
tochrome oxidase subunit 1 (CO I) mRNA. These sequences
apparently were transferred from the mitochondrial to the nu-
clear genome before the evolutionary differentiation of the ge-
nus Strongylocentrotus. Other examples of sequence transfer
between the nuclear and mitochondrial genomes are known.
Neurospora mtDNA, for example, contains a sequence related
to the functional nuclear gene for a subunit of the proton-trans-
locating ATPase. No translation product of the mitochondrial
gene has been detected (8). Similarly, yeast nuclear DNA con-
tains sequences homologous to the mitochondrial varl and cob
genes (9). In addition, Gellissen et al. (10) have reported the
isolation of locust nuclear DNA clones containing mitochon-
drial rRNA gene sequences. Analogous gene transfer between
plastid genomes can occur in plants. Maize mtDNA, for ex-
ample, contains a 12-kb sequence homologous to a portion of
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the chloroplast genome containing the 16S rRNA gene and genes
for two transfer RNAs (11).
We report the isolation and characterization of recombinant

clones containing the entire mtDNA of the sea urchin Stron-
gylocentrotus franciscanus and its comparison with human
mtDNA revealing differences in gene arrangement.

MATERIALS AND METHODS
DNA Isolation. Sea urchin DNA was isolated by a modifi-

cation of the sperm DNA isolation procedure of Britten et al.
(12). Minced testis tissue in approximately 50 ml of 0.1 M NaCl/
50 mM EDTA, pH 7-8, was filtered through a 50-,um pore size
Nitex screen, frozen at -70°C, homogenized to a powder with
dry ice, and then lysed and processed exactly like a sperm DNA
preparation. Care was exercised to avoid shearing of the DNA
during isolation.

Recombinant Charon 4A phage were grown and purified,
and their DNA was extracted as described by Anderson et aL
(13). Recombinant plasmid DNA was prepared from chlor-
amphenicol-amplified cultures (14) by the method of Katz et al.
(15).

Construction and Isolation of Recombinant Phage and Plas-
mids. The construction, isolation, and characterization of plas-
mid cDNA clones SpG30 and SpP389 have been described (7,
16).

Bacteriophage A recombinants containing the entire S. fran-
ciscanus mitochondrial genome were isolated from a partial EcoRI
library constructed from testis DNA of a S. franciscanus in-
dividual using Charon 4A as vector (17) as described by An-
derson et al. (13). Screening of the library with radiolabeled
SpG30 DNA (specific activity, approximately 108 cpm/,ug) was
carried out essentially as described by Anderson et al. (13) ex-
cept that all hybridization and washing steps were carried out
at 600C, and the filters were subjected to three final washes of
0.3X SET (SET = 0.15 M NaCl/0.03 M Tris-HCI, pH 8.0/2
mM EDTA)/0. 1% NaDodSO4/1.5 mM sodium pyrophos-
phate/25 mM sodium phosphate. Subelones of restriction frag-
ments from bacteriophage recombinants were prepared by
standard methods using plasmid pBR322 as vector.

Restriction Mapping. Restriction endonuclease digestions
were carried out under conditions recommended by the en-
zyme supplier. Restriction fragments were separated by elec-
trophoresis on 0.5-2.5% agarose gels or 6% polyacrylamide gels
using HindIII fragments of bacteriophage A, HinfI fragments

Abbreviations: kb, kilobase pair(s); CO I, cytochrome oxidase subunit
1; bp, base pair(s); URF, unidentified reading frame.
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of plasmid pBR322, and Xba I fragments of human mtDNA as
size markers.

Blot Hybridization. Methods for gel electrophoresis of DNA
fragments and their transfer to nitrocellulose filters have been
described (13, 18). Restriction fragments and subcloned DNAs
used as hybridization probes were labeled to a specific activity
of 0.2-2.0 X 108 cpm/,tg by nick-translation (19).

All intraspecies hybridization and washing was carried out
exactly as described for library screening. Hybridization of blots
of human mtDNA with sea urchin tracers was carried out at
open criterion to maximize cross reaction of divergent se-
quences. Hybridization was overnight at 550C in 6X SET/5X
Denhardt's solution (20)/0.1% NaDodSO4 containing dena-
tured calf thymus DNA at 50 Ag/ml. After hybridization the
filters were washed four to six times for 1 hr each at 550C in the
same solution lacking calf thymus DNA.

Nucleotide Sequence Analysis. Nucleotide sequence analy-
ses of SpP389 fragments were carried out by using the chemical
cleavage procedure of Maxam and Gilbert (21).

RESULTS

Isolation and Restriction Mapping of S. franciscanus mtDNA
Clones. Recombinant plasmid SpG30 is a cDNA clone of ap-
proximately 700 nucleotides from the 3' end of CO I mRNA,
which is encoded in the mitochondrial genome (7, 16). Radio-
labeled SpG30 DNA was used as a hybridization probe to screen
a recombinant library constructed from a partial EcoRI digest
of S. franciscanus DNA. Twenty recombinants that reacted with
SpG30 were obtained. Three recombinants that yielded the same
six EcoRI digestion products but different HindIlI digestion
patterns were chosen for further characterization. Restriction
maps for these recombinants (Fig. 1) showed that they contain
as inserts circular permutations of the same 15.5 ± 1 kb se-
quence, with the insert boundaries defined by three different
natural EcoRI sites. Thus, each recombinant was generated by
cleavage of a circular mtDNA molecule at a different EcoRI site
followed by ligation of the linear full-length mtDNA molecule
to the A vector arms.

Fig. 1 also shows the map locations of the EcoRI, HindIll,
and EcoRI/HindIII fragments of S. franciscanus mtDNA that
were subeloned in plasmid pBR322 and the map locations of
the CO I and 16S rRNA genes (see below).

Mapping of the 16S rRNA and CO I Genes in Sea Urchin
mtDNA. The 16S rRNA gene was mapped in sea urchin mtDNA
by using recombinant plasmid SpP389, which, according to its
nucleotide sequence, carries most of the 16S rRNA gene of S.
purpuratus (7). Fig. 2A is a restriction map of the SpP389 in-
sert showing the four fragments that were used as hybridization
probes on blots of HindIII digests of subclone Ri DNA. The
results are shown in Fig. 2B, lanes 1-4. Note that the terminal
fragments of the SpP389 insert react with HindIII fragments
H2 and H4 (lanes 1 and 4). The polarity of the region of the 16S
rRNA gene carried by SpP389 was determined by direct nu-
cleotide sequence analysis (see below). The 3' end of the 16S
rRNA gene is, therefore, located in fragment H2 and the 5' end
is in fragment H4.

The location of the CO I gene in S.franciscanus mtDNA was
determined by blot hybridization as shown in Fig. 2B (lane 5).
Radioactive SpG30 tracer was allowed to react with a blot of an
EcoRI/BamHI digest of FA8. The predominant reaction was
with a 1.2-kb fragment that extends to the left of the EcoRI site
marked by the vertical arrow in Fig. 1. In some experiments,
weak hybridization of SpG30 was detected to the 0.3-kb EcoRI
fragment mapping directly to the right of the marked EcoRI
site. The orientation of the CO I gene is given by the reaction
of radiolabeled subclone R6 with a HincII fragment of SpG30
known from nucleotide sequence data to be from the 3' end of
the CO I gene (7). The sea urchin CO I gene is probably about
1.6 kb long, similar to that in human mtDNA, since SpG3O reacts
with an approximately 1. 6-kb RNA species from sea urchin eggs
and embryos (7, 16). Thus, we conclude that the 3' end of the
CO I gene lies within the 0.3-kb EcoRI fragment (R6) and the
5' end probably lies to the left of the BamHI site as indicated
in Fig. 1.

As shown in Figs. 1 and 2, the CO I and 16S rRNA genes are
almost directly adjacent in sea urchin mtDNA. In contrast, the
human CO I and 16S rRNA genes are separated by a greater
than 2.4-kb segment of mtDNA containing unidentified read-
ing frame (URF)-1 and URF-2 (1) (see Fig. 4). Thus, there ap-
pears to be a major difference in sequence organization be-
tween sea urchin and human mtDNAs.
Comparison of the Overall Sequence Organization of Sea

Urchin and Mammalian mtDNA. To compare overall mtDNA
sequence organization, radioactive subclones or isolated re-
striction fragments from sea urchin mtDNA were used as hv-
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FIG. 2. Locations of 168 rRNA andCO I genes in sea urchin mtDNA.
(A) Restriction map of the SpP389 insert showing the locations of the
Rsa I (S) andHindIII (H) sites usedto generate fragments 1-4. (B) Blots
of restriction digests of mtDNA clones hybridized with radiolabeled
cDNA clones or cDNA clone fragments. Lanes: 1-4, blots ofHindIII di-
gests ofsubclone R1 DNA hybridized to radioactive fragments 1-4 from
the SpP389 insert; 5, blot of an EcoRI/BamHI digest of FA8 DNA hy-
bridized to radioactively labeled subclone SpG30 DNA.

bridization probes on blots of appropriate restriction digests of
human mtDNA. All hybridization and washing steps were car-
ried out at substantially reduced criterion to maximize cross-
reaction of divergent sequences. Some examples are shown
in Fig. 3, and the results of the analysis are diagrammed in
Fig. 4.

Figs. 3 and 4 confirm a difference in organization between
human and sea urchin mtDNA involving the regions contained
in sea urchin fragments H3 and H4. Fragment H3 reacts with
the 4.5-kb Xba I fragment extending from position 2.9 to po-
sition 7.4 in human mtDNA (Fig. 3, lane 1). The extent of the
crossreaction can be more precisely defined by the predomi-
nant reaction of H3 with a 1,465-base-pair (bp) Hpa II fragment

5 _. 3' 5-- 3'

16S COI

FIG. 3. Cross-hybridization of sea urchin and human mtDNA frag-
ments. Blots of restriction digests of human mtDNA were hybridized
to radiolabeled sea urchin mtDNA fragments. Lanes: 1, blot of an Xba
I digest ofhuman mtDNA hybridized to sea urchin fragment H3; 2, blot
of an Xba I digest ofhuman mtDNA hybridized to sea urchin fragment
H4; 3, blot ofanXba I digest ofhuman mtDNA hybridized to sea urchin
fragment H1; 4, blot of an Xho I/EcoRI digest of human mtDNA hy-
bridized to sea urchin fragment H1; 5, blot of an Xba I/EcoRI digest of
human mtDNA hybridized to sea urchin fragment H2; 6, blot of anXba
I digest ofhumanmtDNA hybridized to sea urchin fragment R4; 7, blot
of an Xba I digest ofhuman mtDNA hybridized-to sea urchin fragment
R2; 8, blot ofanXho I/EcoRI digest ofhuman mtDNA hybridized to sea
urchin fragment R3. At the left are the positions oftheXba I digestion
products of human mtDNA used as size markers.

extending from position 3.3 to position 4.7 in human mtDNA
(data not shown). This region of human mtDNA contains URF-
1 and a portion of URF-2. Fragment H4, which maps to the
right of H3 in sea urchin mtDNA, reacts with the 1.76-kb Xba
I fragment that extends between positions 1.2 and 2.9 in human
mtDNA (Fig. 3, lane 2). This region of human mtDNA contains
most of the 16S rRNA gene and a portion of the 12S rRNA gene.
Thus, it appears that the 16S rRNA gene and the region con-
taining URF-1 and URF-2 have exchanged positions in sea ur-
chin mtDNA relative to their positions in human mtDNA.

The 12S rRNA gene does not appear to map directly to the
left of the 16S rRNA gene in sea urchin mtDNA. Neither sea
urchin fragment H3 nor H4 react with human mtDNA frag-
ment to the left of the Xba I site at position 1.2. If the 12S rRNA
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gene were directly to the left of the 16S rRNA gene in sea ur- region of hun
chin mtDNA, these reactions would be expected. This conclu- URF-3 and U
sion is further supported by the reaction of sea urchin fragment crossreaction
H1 with human mtDNA. Fragment H1 reacts with the 1.76-kb used in this s
Xba I fragment extending between positions 1.2 and 2.9 (which Nucleotide
contains the 3' end of the 12S rRNA gene) and with the 7.5-kb chin 16S rRP
Xba I fragment extending from position 10.2 to position 1.2 tially isolated
(which contains the 5' end of the 12S rRNA gene) in human stage RNA in
mtDNA (Fig. 3, lane 3); the upper band in this lane does not was identifiei
correspond to any normal Xba I fragment of human mtDNA cluding direc
and therefore probably represents a partial digestion product. Fig. 2A sho
The region of reaction of fragment H1 can be limited to the fragments lal
right of the Xho I site at position 15.0, since H1 reacts only with were determ
a 5.7-kb EcoRI/Xho I fragment that extends from position 15.0, and Gilbert (
through the zero position, to position 4.1 (Fig. 3, lane 4). In along with a
addition, fragment H1 reacts with a 0.95-kb species of S. pur- tions occupie
puratus egg RNA that closely matches the size of human 12S mouse 16S r
rRNA (data not shown). sually aligne(

The complex pattern of reaction of sea urchin fragment H2 For the se(
with human mtDNA reflects the difference in sequence or- occupied by I
ganization between the two mtDNAs. Fragment H2 reacts with these mamm
a 2.3-kb Xba I/EcoRI fragment extending from position 5.2 to an identical n
position 7.5 (which contains the entire CO I gene) and the 1. 76- of the positic
kb Xba I fragment extending between positions 1.2 and 2.9 cleotide in al
(which contains most of the 16S rRNA gene). Weak reaction
was also detected to the 1. 1-kb EcoRI/Xba I fragment extend-
ing from position 2.9 to position 4.1 (which contains the 3' end
of the 16S rRNA gene) in human mtDNA (Fig. 3, lane 5). Sequence

With the exceptions noted above, the overall organization of of a segment
sea urchin mtDNA appears to be colinear with that of human mammal una
mtDNA. Sea urchin fragments R4 and R2 react with the 1,970- evolution (Fi
bp Xba I fragment extending from position 8.3 to position 10.3 divergent rei
in human mtDNA (Fig. 3, lanes 6 and 7). This segment of hu- similarity, 28
man mtDNA contains the 3' end of the gene for cytochrome nucleotide in
oxidase subunit 2, the genes for ATPase 6 and cytochrome ox- sitions are c
idase subunit 3, URF-6L, and URF-3. The reaction of fragment animals. ThE
R2 can be confined to the right-hand portion of this segment deletions, pa
since R2 reacts exclusively with a 2.4-kb Hpa II fragment ex- 110, making
tending between positions 9.3 and 11.7 (data not shown). Fi- quences. In
nally, sea urchin fragment R3 reacts with the 2.4-kb EcoRI/Xho 111-310), 76
I fragment that extends from position 12.6 to position 15.0 in cleotide in al
human mtDNA (Fig. 3, lane 8). a secondary r

None of the S. franciscanus fragments used in this study re- region that n
acted with the segment of human mtDNA bounded bv the Xba for the 3' ter
I site at position 10.2 and the EcoRI site at position I2.6. This est is the re

FIG. 5. Nucleotide sequence of a region of the sea
urchin 16S rRNA gene. The nucleotide sequences of
SpP389 fragments 3 and 4 (Fig. 2A) are shown in the
upper line. The lower line is a mammalian una-
nimity sequence indicating positions occupied by an
identical nucleotide in mouse, human, and bovine
mtDNA (1-3). Gaps in the mammalian unanimity
sequence indicate positions not occupied by an iden-
tical nucleotide in the three mammalian sequences.
Differences between the sea urchin and mammalian
unanimity sequences are indicated as follows: +, dif-
ference due to a transition; x, difference due to a
transversion; A, difference due to an insertion or
deletion.

nan mtDNA contains all of URF4 and portions of
JRF-5/6. These regions may be so divergent that
Lis not detectable, even at the reduced criterion
study.
e Sequence Analysis of a Region of the Sea Ur-
NA Gene. Recombinant plasmid SpP389 was ini-
as a cDNA clone of a highly prevalent pluteus

S. purpuratus (16). The sequence cloned in SpP389
[d as a portion of 16S rRNA by several criteria, in-
ot nucleotide sequence analysis.
ows a restriction map of the insert in SpP389. The
beled 3 and 4 were isolated and their sequences
mined by the chemical cleavage method of Maxam
(21). The sea urchin sequence is shown in Fig. 5,
mammalian unanimity sequence indicating posi-
zd by the same nucleotide in human, bovine, and
rRNA genes (1-3). The sequences have been vi-
d for maximum sequence similarity.
rquence shown in Fig. 5, 76.5% of the positions are
the same nucleotide in the three mammals and, of
ialian unanimity positions, 77.7% are occupied by
iucleotide in the sea urchin sequence. Thus, 59.4%
Dns in this sequence are occupied by the same nu-
[1 four species.

DISCUSSION
Divergence in Sea Urchin mtDNA. Comparison

t of the sea urchin 16S rRNA gene with the three-
Lnimity sequence gives some insight into mtDNA
ig. 5). When the 68 nucleotides of the most highly
gion (positions 43-110) are aligned for maximum
(41%) of the positions are occupied by an identical

i the three mammals and only 13 (19%) of the po-
occupied by an identical nucleotide in all four
ere is a relatively high frequency of insertions/
articularly in the region between positions 73 and
alignment difficult, even for the mammalian se-
the following highly conserved region (positions
% of the positions are occupied by the same nu-
11 four species. Baer and Dubin (22) have proposed
structure involving much of this highly conserved
nay be a component of the ribosome-binding site
rminus of an aminoacyl-tRNA. Of particular inter-
gion between positions 243 and 257, which con-
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stitutes the highly conserved "UmGmU hairpin." Analogous
hairpins consisting of a 5-bp stem and an invariant 5-base loop
sequence of U-G-U-U-C are located near the 3' ends of E. coli
23S rRNA (23), yeast and Drosophila mitochondrial 16S rRNA
(6, 24), and mammalian 16S rRNA (Fig. 5). The invariant U-G-
U-U-C sequence is present in sea urchin 16S rRNA (positions
243-247). The sea urchin stem region (positions 238-242 and
248-252) differs from the mammalian unanimity sequence by
two pairs of compensating base substitutions; thus, 4 of the 15
nucleotides in this region differ between sea urchins and mam-
mals but the overall secondary structure has been conserved.

Rearrangement in mtDNA Evolution. Comparison of the
overall sequence organization of sea urchin and human mtDNA
reveals the major difference in gene arrangement shown in Fig.
4. In mouse, human, and bovine mtDNA, the 12S rRNA and
16S rRNA genes are adjacent, and the 16S rRNA gene is sep-
arated from the CO I gene by an approximately 2.5-kb segment
containing URF-1 and URF-2 (1-3). In the sea urchin mtDNA
clones, in contrast, the 16S rRNA gene is directly adjacent to
the CO I gene and is apparently separated from the 12S rRNA
gene by an approximately 3-kb region that may contain URF-
1 and URF-2. It is unlikely that this difference in sequence or-
ganization is due to a cloning artifact, since three independent
mtDNA clones with identical restriction maps were screened
from the S.franciscanus DNA library (Fig. 1). In addition, the
six EcoRI restriction fragments produced from these clones match
in size those obtained from purified S. franciscanus mtDNA
(data not shown).

In all mammalian mtDNA molecules for which the se-
quences have been determined, the 16S and 12S rRNA genes
are adjacent (1-3). Although gene order is different in Dro-
sophila mtDNA, the two rRNA genes are likewise adjacent (6).
The rearrangement event responsible for the difference in or-
ganization of sea urchin mtDNA, therefore, probably occurred
in the sea urchin lineage after sea urchins and mammals last
shared a common ancestor, more than 500 million years ago.
The relative positions of the 16S rRNA gene and the CO I gene
are probably identical in S. purpuratus and S.franciscanus, since
restriction fragment data (W. Brown and S. Hechtel, personal
communication) do not indicate major differences in mtDNA
sequence organization between these two species of sea ur-
chins. Thus, the rearrangement of sea urchin mtDNA probably
occurred prior to the evolutionary differentiation of the genus
Strongylocentrotus, 15-20 million years ago (25). It is inter-
esting that, in a segment of the nuclear genome of S. purpur-
atus containing regions of mtDNA homology, a portion of the
16S rRNA sequence is adjacent to at least part of the CO I gene,
apparently reflecting the organization of the mitochondrial ge-
nome. Analysis of sequence divergence suggests that this in-
sertion of a segment of mtDNA into the nuclear genome may
have taken place as recently as 25 million years ago (7).

Little can be said about the events involved in the rear-
rangement of sea urchin mtDNA. The polarities of the 16S rRNA
genes in sea urchin and mammalian mtDNA rule out a simple
inversion of the 4-kb region containing URF-1, URF-2, and the
16S rRNA gene (Fig. 4). Conservation of 16S rRNA gene po-
larity may be of functional significance, since in mammals, all
mitochondrial rRNA and poly(A)-containing RNA may be pro-
duced by endonucleolytic cleavage of a single polycistronic H-
strand transcript (26, 27). An inverted 16S rRNA gene would

require L-strand transcription for functional expression. De-
termination of the nucleotide sequence of sea urchin mtDNA
will be required to precisely define all differences in mito-
chondrial genome organization. The region between the CO I
and 16S rRNA genes in sea urchin mtDNA is of particular in-
terest, because the origin of L-strand replication maps directly
to the left of the CO I gene in mammalian mtDNA (1, 2).
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