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Twelve clones of monkey DNA obtained by a procedure that enriches 10°- to 10*-fold for nascent sequences
activated early in S phase (G. Kaufmann, M. Zannis-Hadjopoulos, and R. G. Martin, Mol. Cell. Biol.
5:721-727, 1985) have been examined. Only 2 of the 12 ors sequences (origin-enriched sequences) are unique
(orsl and ors8). Three contain the highly reiterated Alu family (ors3, ors9, and ors11). One contains the highly
reiterated a-satellite family (orsI2), but none contain the Kpn family. Those remaining contain middle
repetitive sequences. Two examples of the same middle repetitive sequence were found (ors2 and ors6). Three
of the middle repetitive sequences (the ors2-ors6 pair, ors5, and ors10) are moderately dispersed; one (ors9) is
highly dispersed. The last, ors7, has been mapped to the bona fide replication origin of the D loop of
mitochondrial DNA. Of the nine ors sequences tested, half possess snapback (intrachain reannealing)

properties.

Very little is known of the structural features of nuclear
mammalian origins of replication. If DNA synthesis is pre-
cisely programmed (12, 15), then one might expect some
common feature(s) of structure or sequence among those
origins activated at each point in S phase (3, 5, 13, 29).
Indeed, Radford et al. (27) observed an accumulation of
repetitive sequences after release from a hydroxyurea block
and therefore suggested that origin regions might be
enriched for dispersed repetitive sequences. Gronostajski et
al. (16a) have purified a cellular protein required for the
initiation of adenovirus DNA replication, nuclear factor I,
and have shown that HeLa cell sequences can be isolated
that preferentially bind to this protein. They have proposed
that these sequences might represent HeLa replication ori-
gins. On the other hand, it has been observed (41) that short
nascent DNA strands are enriched for snapback sequences
and has been suggested therefore that origins may be en-
riched for inverted repeats. Finally, Roth et al. (30) and
Montiel et al. (25) have shown that a number of mouse and
human DNA sequences, respectively, contain AT-rich re-
gions homologous to the presumptive nuclear replication
origins of yeast (ars sequences) and can serve as replication
origins for yeast plasmids. They have proposed that these
sequences may be mouse and human DNA replication
origins.

Unlike the situation in mammalian cells, considerable
progress toward the characterization of replication origins
has been made for Saccharomyces cerevisiae. The ars
sequences have been isolated on the basis of their ability to
serve as origins for plasmid replication (7, 33, 34). Curiously,
the yeast mitochondrial replication origin also serves as an
ars element (18). Both repetitive and unique nuclear ars
sequences have been found (8, 9, 22). Of the former, three
classes of repetitive sequences have been identified. One
family is found in the tandemly arranged ribosomal gene
units (35); the other two families, ARS-x and ARS-y, are
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tandemly repeated at the telomeres of yeast chromosomes
(8, 9). The relevance of these findings to mammalian origins
is unknown.

In mammalian cells, mitochondrial DNA (mtDNA) is
known to commence replication at a few closely linked sites
with the L strand as the template. Most replication ceases
after the synthesis of a ~700-base-pair (bp) fragment, so that
most mtDNA molecules contain a D loop (10, 16, 20).
Elongation of the H strand in the D loop proceeds ap-
proximately two-thirds of the way around the circular
mtDNA before L-strand replication starts at a fixed (palin-
dromic) site (20). mtDNA replicates throughout S phase.

The isolation of monkey (CV-1) sequences enriched 10°-
to 10%-fold for nascent DNA that replicated early in S phase
(and hence are believed to contain origins of DNA replica-
tion) has been reported (21). The isolation of these ors
sequences (origin enriched sequences) entailed the follow-
ing: (i) synchronization of CV-1 cells by serum starvation,
followed by serum stimulation and aphidicolin block; (ii)
release for 1 min from the aphidicolin block to allow the
activation of replication origins that commence replication at
the beginning of S phase; (iii) preparation of cell extracts
(nuclei and cytosol); (iv) brief elongation in the presence of
SHg-dCTP of those nascent strands that had been activated
during the first minute of S phase; (v) purification of high-
molecular-weight DNA; (vi) extrusion of the nascent strands
as double-stranded DNA (42); (vii) sucrose gradient frac-
tionation of those nascent strands with molecular weights
corresponding to ~500 to 2,000 bp; (viii) chromatography on
thiol agarose; (ix) concentration by Elutip-d column chro-
matography ; (x) digestion briefly with mung bean nuclease to
generate flush ends; and (xi) cloning in pBR322 at the Nrul
site.

It has been shown that four of the first five ors fragments
analyzed (orsl, ors2, ors4, and orsS5) preferentially replicate
early in S phase (21). In this communication, we describe the
genomic frequency, the genomic distribution, and the
snapback properties of 12 ors sequences. It has not been
determined whether any of these sequences contain bona
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fide nuclear origins of DNA replication, but one, ors7,
contains the mtDNA origin sequence.

MATERIALS AND METHODS

The isolation of the ors sequences has been described (21).
Restriction maps were made with commercial restriction
enzymes (Bethesda Research Laboratories, Rockville, Md.,
or New England Biolabs, Beverly, Mass.) and analyses by
acrylamide or agarose gel electrophoresis. Restriction frag-
ments were purified by acrylamide gel electrophoresis, eluted
in 0.2 M NaCl-1 mM EDTA-20 mM Tris-hydrochloride (pH
7.4), concentrated by passage through Elutip-d columns
(Schleicher and Schuell, Inc., Keene, N.H.), and precipi-
tated with 3 volumes of alcohol. Nick translation was carried
out by the method of Rigby et al. (28) as modified by
Bethesda Research Laboratories.

Dot blots were carried out with Gene-Screen Plus mem-
branes (New England Nuclear Corp., Boston, Mass.) and
under conditions recommended by the manufacturer for
hybridization (68°C) and washing. Salmon sperm DNA was
used as the carrier. Radioactivity was assayed by densitom-
eter measurements of the radioautograms. Blot hybridiza-
tions were carried out by the method of Southern (32),
except that Gene-Screen Plus membranes were used. Elec-
trophoresis was at 35 V overnight in 0.8 or 1.2% agarose
gels.

Snapback assays were performed as previously described
(41). The CV-1 DNA used as controls was digested with
either HindIII and Bgll or a combination of Avall, Bcll,
Bgll, Hinfl, Taql, and BstNI. The DNA fragments were end
labeled with 32P by exchange labeling with polynucleotide
kinase (2). The M,s were determined by agarose or
acrylamide gel electrophoresis of the labeled fragments with
molecular weight markers and densitometer tracings of the
radioautograms. Sequencing was performed by the method
of Maxam and Gilbert (23).

RESULTS

Genomic frequency of the ors sequences. Twelve pBR322
clones containing monkey ors sequences were chosen for
analysis. As previously reported (21), ~4 X 10° colonies
resistant to ampicillin but sensitive to tetracycline were
obtained after transfection with pBR322 DNA that had been
linearized with the restriction endonuclease Nrul and flush
end ligated to origin-enriched monkey DNA. Of the first 600
examined, 43 (~7%) contained inserts. Although we had
fractionated the monkey DNA to obtain material of ~500 to
2,000 bp, most of the inserts were <500 bp in length. This
may have resulted (at least in part) from our use of mung
bean nuclease to generate flush ends for ligation. We have
therefore concentrated on those monkey sequences that are
500 bp or greater in length. As reported, probes for the first
five sequences chosen at random (ors! to ors5) were pre-
pared and tested against the initial 43 clones that contained
inserts. Only one showed cross-reactivity. ors2 cross-
reacted with a clone containing an insert of ~200 bp, and this
insert was called ors6. An additional 6 sequences (not from
the initial 43)—5 of =500 bp and 1 of ~200 bp—were chosen
at random.

Restriction maps were made for all 12 ors sequences (9 of
which are illustrated in Fig. 1). As can be seen, there are no
discernible similarities between or among the sequences,
with two exceptions. The map for ors6 is identical to an
internal portion of ors2, and ors7 appears to contain a
tandem repeat.
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FIG. 1. Restriction maps of orsl through ors9.

To ascertain whether or not these sequences could repre-
sent a random sample of the monkey genome, 60% unique
and 40% moderately to highly reiterated sequences (19),
quantitative dot blots were made for each sequence. Serial
dilutions of CV-1 DNA and of the plasmid DNAs containing
the inserts (as well as controls of pBR322 DNA lacking any
monkey insert) were adsorbed to Gene-Screen Plus paper
and probed with the purified insert. Sample blots are il-
lustrated in Fig. 2.

Of the 12 ors sequences, 10 contained moderately or
highly reiterated sequences. From analyses similar to those
in Fig. 2, estimates of the reiteration frequencies were made.
Only two unique sequences were found. ors/ appeared to be
represented fewer than five times per haploid genome, as did
the right-hand portion of ors4. From this analysis, ors8
appeared to be represented ~300 times. However, it was
impossible to obtain a probe from ors8 that was completely
free of contaminating pBR322 sequences, and the control
lanes (data not shown) indicated that a significant proportion
of our probe cross-reacted with pBR322 sequences. We
therefore cloned ors8 into M13 and, using the technique of
Hu and Messing (17) to prepare a partially (M13) double-
stranded probe, again performed quantitative dot hybridiza-
tions. The results (Table 1) suggested that ors8 is also a
unique sequence. ors3, ors9, orsl1, and orsI2 contain highly
reiterated sequences, whereas ors2, ors4, ors5, ors6, ors7,
and ors10 were all moderately reiterated.

Could these sequences have been derived from a random
sample of CV-1 DNA? First, the probability of finding a
second example of ors2 among 43 inserts, even though ors2
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(~800 bp) is reiterated ~2 X 10° times per haploid genome,
is only 0.019, i.e., 1 — {1 — (800 x 2,000/3.5 x 10%)]*.
Second, it is improbable that only 2 unique sequences of 11
(or of 12) sequences would be randomly selected from a
population (CV-1 DNA) in which 60% of the sequences are
unique. By x? analysis, the probability that the selected
sequences represent a random sample of CV-1 DNA is
<0.03. This second calculation is only an approximation,
since the expected frequency depends on the size and
dispersion of all reiterated sequences. If many reiterated
sequences are not highly dispersed, then our sample be-
comes more unlikely. Thus, statistical analyses suggest that
these 12 ors sequences do not represent a random sample of
CV-1DNA, but that a unique subset of CV-1 sequences has
been cloned.

Three of the four highly reiterated ors sequences contain
Alu sequences. Each of the sequences were cross hybridized
to plasmids containing the following sequences: Alu and Kpn
(both kindly provided by M. Singer), mouse ribosomal DNA
(kindly provided by G. Vogeli), and yeast ARS-x and ARS-y
(kindly provided by C. Chan and B. Tye). The latter two
were also tested at reduced stringency (50°C). Only ors3 (the
right-hand portion), ors9, and orsl/l hybridized to Alu se-
quences. No other hybridization was apparent. The remain-
ing highly reiterated sequence (ors/2) hybridized to nearly
15% of the entire CV-1 genome (Table 1) and was therefore
tentatively identified as containing an a-satellite sequence
(24, 36).

Genomic distribution of ors sequences. To examine the
nature of the reiterated sequences, CV-1 DNA was purified,
and samples were digested with one of nine different en-
zymes, fractionated by agarose gel electrophoresis, and
blotted onto Gene-Screen Plus paper. The blots were then
hybridized with probes to each of the ors sequences. Sample
patterns are illustrated in Fig. 3. The sizes of the various
fragments detected are listed in Table 2.

The genomic DNA blots hybridized with ors3 (both the
right-hand and left-hand portions), ors4 (the left-hand por-
tion), ors9, and orsll each showed smears of radioactivity

TABLE 1. Molecular abundance of the ors sequences®

Sequence Probe (bp)® (;?’pry
orsl Hincll-Hindlll (716) 4
ors2 Tagql (708) 2,000
ors3 Hinfl (700) 20,000
ors3 R Rsal-Hinfl (379) 60,000
ors3 L Bglll-Sacl (322) 2,000
ors4 Pvull (855) 1,000
ors4 R BamHI-Pvull (512) 5
ors4 L Pvull-BamHI (343) 200
ors5 Accl-Xbal (340) 3,000
ors7 HindlII (108) 2,000
ors8 Rsal-Ddel (212) 300

Rsal-Ddel (212) 5
ors9 EcoRI (324) 70,000
orsl0 Xbal-EcoRI (658) 100
orsll EcoRI-Xbal (328) 70,000
orsl2 Ddel (56, 58, 101, 109, 135) >10°

“ All probes were prepared by nick translation; the ors8 probe was also
prepared with M13 by the method of Hu and Messing (17). Restriction sites
correspond to those in Fig. 1, except that Ddel sites are not shown. R, Right-
hand portion; L, left-hand portion.

b The numbers in parentheses refer to the sizes of the probe used (unpub-
lished results).

€ Copy number per haploid quantity of DNA, assuming 3.3 x 10° bp per
haploid genome (31).

MONKEY DNA SEQUENCES 1623

<
§§ i Qﬂﬁggs
S>Q0N-0006660
(&)
ORS 4R e
XXX}
...‘a PLASMID
ingoc cvi
ORS 4L e
..:”PLAsmo
90000 cVI
ORS 2 9000 e - g
e e@ PLASMD
®e0en
ors3 RE®ses .CV'
a _ e PLASMID
=~ 0
25633—.3'@ n
§ ©OOooCo-awo

FIG. 2. Dot blots of monkey DNA and plasmids carrying the
various ors segments hybridized with nick-translated ors probes.

extending from >23 kilobases (kb) to the ends of the gels
(~1.5 kb). (Two or more probes were used in each case with
different blots of cellular DNA.) We therefore conclude that
the reiterated sequences in ors4 (and the left-hand portion of
ors3) are highly dispersed. Since ors9, orsll, and the right-
hand portion of ors3 contain Alu sequences, our results with
these probes merely confirm that Alu sequences are highly
dispersed (19). The genomic DNA blot hybridized with a
probe from orsi2 showed a ladder of bands separated by
~170 bp as expected for a-satellite sequences (24).

The sequences in ors2 and ors5 are (at least in part)
present as tandem repeats (Fig. 3 and Table 2), since in each
case a limited number of prominent bands were observed
after extensive digestion of the monkey DNA (even though
these sequences are moderately reiterated, as shown above).

For the ors2 probe, multiple bands were seen on short
exposure times only with the restriction enzymes Bgll and
Bglll which generate internal cuts (Fig. 1). Whereas this
could indicate that all ~2 x 10° copies of ors2 are present as
a simple, tandemly repeated region, we do not believe this to
be the case. On longer exposure, each of the lanes showed
extensive smears of radioactivity, suggesting that the
flanking regions were highly dispersed.

With the ors5S probe, multiple bands with a ‘‘no-cut”
enzyme, Sacl, were evident on short exposure, suggesting
multiple chromosomal locations of this sequence. Again,
smears were observed on prolonged exposure of the lanes in
which other restriction enzymes had been used. We tenta-
tively conclude, therefore, that ors2 and ors5 sequences are
tandemly arranged as oligomeric units with the oligomers
located at diverse chromosomal sites. With the orsI0 probe,
multiple bands were found with several no-cut enzymes
(BamH1, Bgll, Hindlll, and Pvull), suggesting that perhaps
all of these sequences are located at different chromosomal
sites.

Even on prolonged exposure with an ors7 probe (Fig. 4),
very little smearing of the label was apparent. As noted
above, the ors7 sequence itself contains a tandem repeat
(Fig. 1; and confirmed by sequence analysis below) delimited
by two HindIII sites. (The 108-bp sequence liberated by
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FIG. 3. Genomic CV-1 DNA digested with the indicated restriction enzymes were electrophoresed overnight at 35 to 40 V in 0.8% agarose
gels and blotted to Gene-Screen paper. The blots were hybridized with nick-translated probes to ors2 or ors5. M, HindlIII A marker DNA;
—, undigested high-molecular-weight CV-1 DNA. Numbers represent sizes of the markers in kilobases.

HindIII digestion of the plasmid was nick translated to make
the probe used in these experiments.) The fact (Fig. 4) that,
even after digestion of CV-1 DNA with HindlIII, two promi-
nent bands of 4.7 and 5.6 kb can be seen (the 108-bp
sequence having eluted from the gels) suggests that the
108-bp repeat unit in ors7 is present as a very short oligomer
within a larger repeating unit. From the fact that BamHI,
Pvull, and Kpnl each generate a 17-kb fragment, we inferred
that the larger unit was 17 kb in length. To confirm this
hypothesis, pairwise and three enzyme digestions of CV-1
DNA were carried out and blotted (a portion of these data is
shown in the right-hand panel of Fig. 4). The blots were then
probed with the ors7 probe, and the fragment sizes are given
in Table 3. It is possible to generate a unique restriction map
for the cellular DNA from these results (Fig. 5). The restric-
tion map is very similar to that about the origin of the H
strand (D loop) in human mtDNA (1, 11). Consequently,
CV-1 mtDNA was purified (4), immobilized on Gene-Screen
Plus paper, and hybridized with the ors7 probe. A strong

signal indicated that ors7 was homologous to mtDNA. The
sequence of ors7 and its similarity to human mtDNA are
illustrated in Fig. 6.

Snapback of ors DNA. At least half of the ors sequences
tested were retained by hydroxyapatite immediately after
denaturation (snapback DNA) as if they contained double-
stranded regions. When insufficient time is allowed for
interchain reannealing to occur, denatured DNA can still be
partially retained by hydroxyapatite if intrachain annealing
occurs due to the presence of inverted repeats (39, 40, 42).
(Simple Alu sequences have very low Ct values by virtue of
their great abundance in monkey DNA but do not exhibit
snapback properties [19; unpublished data].) As it has been
reported (41) that origin-enriched mammalian DNA is also
enriched for snapback sequences, we tested the first nine of
these ors sequences for their retention on hydroxyapatite
both before and immediately after denaturation in 95%
formamide (Table 4). The control of CV-1 DNA of 33%
retention at M, of ~2 kb is somewhat higher than we or

TABLE 2. Molecular size of CV-1 restriction fragments hybridizing to the ors sequences®

Molecular size (kb) of:

Sequence

BamHI1 Bgll Bglll EcoRI1 HindIll Pvull Sacl Xbal Kpnl
orsl 20 — 16 18 — 7.5 6.6 1.4 —
ors2 18 44,24 0.9 8.8 4.4 19 8.7 2.8 19
ors3 S S S S S S S S S
ors4 R 18 — — 14 23 — 1.5 3.0 18
orsS 18.5 10 11.5 8.0 5.8 16.5 7.8, 6.0, 4.7 7.6 17
ors7 17 4.5 5.0 9.0 5.6, 4.4 17 8.8 6.0 17
ors8 >23 —_ >23 >23 >23 >23 >23 >23 >23
ors9 S N S S S S N N S
orsl0 12.5,5.3,3.8 20,7.4,5.7 13.5 11.6 17.5,5.5 6.8,5.4 6.2 — 18.5
orsll S S S N S S S S S
orsl2 1 1 1 1 1 1 1 1 —

2 S, Smears of label; —, no distinct band observed: 1, 172-bp spaced ladder of bands; R, right-hand portion of ors4 sequence.
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FIG. 4. Genomic blots of CV-1 DNA hybridized with an ors7 probe. The left-hand panel is of a 0.8% gel, and the right-hand panel is of
a 1.2% gel. The size markers for the left-hand panel are given in kilobase pairs. The CV-1 DNA was digested with the following enzymes:
BamHI (lane 1), Bgll (lane 2), BgllI (lane 3), EcoRI (lane 4), HindllI (lane 5), Pvull (lane 6), Sacl (lane 7), Xbal (lane 8), and Kpnl (lane 9).
The right-hand panel, lane 4, contains markers of 5.4, 1.76, and 1.13 kb. The other lanes in this panel contain CV-1 DNA digested with the
following: Kpnl (lane 1), BamHI (lane 2), Pvull (lane 3), BgllI (lane 5), Xbal (lane 6), Sacl (lane 7), EcoRI (lane 8), BamHI-Bgll (lane 9),
BamH]I-BgllI (lane 10), BamHI-HindIlI (lane 11), BamHI-EcoRI (lane 12), BamHI-Pvull (lane 13), BgllI-BgI (lane 14), BgllI-EcoRI (lane 15),
BgllI-HindIlI (lane 16), Bglll-Pvull (lane 17), BgllI-Sacl (lane 18), EcoRI-Bgll (lane 19), EcoRI-HindIII (lane 20), EcoRI-Pvull (lane 21),
EcoRI-Sacl (lane 22), EcoRI-Kpnl (lane 23), Pvull-Xbal (lane 24), Pvull-HindIII (lane 25), Pvull-Kpnl (lane 26), and Sacl-Bgll (lane 27).

others have obtained previously (6, 39, 41). The value of 13%
retention for the control of CV-1 DNA (M, of ~150 bp) is
more in line with previous results. Whichever control is
used, however, it is clear that ors! to ors4 and ors9 se-
quences are significantly retained by hydroxyapatite. Since
these sequences are not quantitatively retained, we assume
that the presumptive inverted repeats in these sequences are
not extensive. (We have previously shown that the perfect
inverted repeat [13 by 13 bp] at the simian virus 40 origin is
sufficient to cause 94% retention of single-stranded frag-
ments of 850 bp containing the inverted repeat, but only 74%
retention when the single-stranded DNA is 5,243 bp [41].)

DISCUSSION

Because we and others (unpublished data) had not ob-
tained plasmids that could replicate autonomously in mam-
malian cells when chromosomal mammalian DNA was li-

gated to DNA fragments containing selective markers, we
devised an alternative approach to the isolation of mam-
malian origins of DNA replication. Nascent DNA enriched
10°- to 10*fold for sequences replicating early in S phase
were obtained by purely physical and chemical methods and
used to generate clones. Four clones of the first five we
examined, orsl, ors2, ors4, and ors5, were shown to repli-
cate preferentially early in S phase (21).

Although our sample is small, and we cannot be certain
that any of the segments contain true origins of replication
(except ors7), certain common features seem to emerge.
First, two independent isolates of the same sequence (ors2
and ors6) were found in a sample of 43 plasmids derived from
the origin-enriched DNA. Second, 9 of 11 of the sequences
are reiterated. Of these, four are highly reiterated; three
contain the Alu sequence, and one contains the a-satellite
sequence. The remainder contain moderately reiterated se-
quences. Three, ors5, the ors2-ors6 pair, and orsl0, are

TABLE 3. Molecular sizes of ors7-containing fragments on multiple digestion of CV-1 DNA

Molecular size (kb) of:

Fragment

BamHI Bgll Bgill Kpnl EcoRI HindIII-A HindIlI-B* Pvull Sacl Xbal
BamH1 17 4.5 5.0 9.4 9.0 5.6 4.5 14 8.8 6.0
Bgll 4.5 4.1 4.5 4.4 <1 3.8 4.5 4.5 4.0
Bglll 5.0 5.0 5.0 1.1 3.7 5.0 5.0 4.7
Kpnl 17 6.4 2.2 4.5 13 8.8 5.5
EcoRI 9.0 4.4 4.4 8.2 6.0 6.0
HindIIl 5.6 4.5
Pvull 5.6 44 17 8.8 6.0
Sacl’ 1.8 4.5 8.8 5.1
Xbal 2.6 3.2 6.0
HindIII-Bgll A 0.6 0.6 0.6 0.6 0.6 0.6 0.6
HindIlI-Bgll B 3.8 3.5 3.8 3.8 3.8 3.8 3.2

“ The two fragments could be distinguished by their intensities. See, for example, lanes 11, 16, and 25 of the right-hand panel of Fig. 4.
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FIG. 5. A genomic map of the monomeric 17-kb unit detected with the ors7 sequence as a probe. The hatched lines refer to the fragments
detected on hybridization after multiple enzyme digestions (see the legend to Fig. 4 and Table 3). It was on the basis of the similarity of this
map to that of human mtDNA (bottom portion of the figure) that we first suspected that ors7 might be mitochondrial in origin. The restriction
map of human mtDNA and the numbering system are those of Anderson et al. (1). A discrepancy exists between the map of human mtDNA
as determined by Drouin (11) and the sequence of Anderson et al. (1). Drouin located an EcoRlI site near the HindlIII site at 11680, whereas
no corresponding sequence (GAATTC) exists in Anderson et al. (1). However, the sequence GAACTC is present at approximately the same

position that Drouin (11) found an EcoRlI site.

dispersed throughout the genome, and all but perhaps ors10
appear to be present as tandem repeats.

Our results are consistent with the predictions that mam-
malian origins occur in regions enriched for reiterated se-
quences (27) and snapback sequences (41). On the other
hand, none appear to bind tightly to nuclear factor I (R. M.
Gronostajski, personal communication).

It may be worth noting similarities of some of the reiter-
ated monkey ors to some yeast ars sequences. The ors2
(ors6) and ors5 sequences are distributed in a manner similar
to those of the yeast telometric ARS-x and ARS-y sequences,
although they are more abundant than the yeast sequences.
However, no cross hybridization between any ors sequence
and the ARS-x or ARS-y sequences was found, and there is
no other reason for supposing that these ors sequences are
present near the telomeres.

Since we have no direct biological evidence that any of
these ors sequences are bona fide replication origins (except
ors7; see below), we cannot exclude the possibility that the
true nuclear replication origins are only those containing the
highly reiterated Alu sequences. On the other hand, it may
be significant that no examples of the highly dispersed Kpn
family were found.

ors7 requires special comment. It is clearly homologous to
mtDNA in that region which corresponds to the region
immediately upstream of the major S’ termini of D loops in
replicating mouse and human mtDNA (10, 16) (Fig. S and 6).
This region of mtDNA is the most evolutionarily divergent
portion of the molecule (1, 38), and subtle differences

between the locations of the D-loop termini of mouse and
human mtDNA have been demonstrated. Although consid-
erable detailed information is available for both human and
mouse mtDNA, no precise mapping of monkey D loops has
been reported (4). Thus, whereas we cannot state unequivo-
cally that ors7 includes the monkey mtDNA origin, it does
include an 18-bp origin consensus sequence (38).

How is it that our purification procedure could have
selected a mitochondrial origin even though mtDNA replica-
tion does not proceed simultaneously on both DNA strands?
There are at least three explanations. First, the isolation of
ors7 could be entirely fortuitous. It is clear that the nuclear
and cytosol preparations we used for the incorperation of
mercurated dCTP were heavily contaminated with mitochon-
dria. It is possible that the mtDNA was sheared and in-
advertently ended up in our final DNA for cloning. This
explanation seems remote because unmercurated DNA is
very efficiently eliminated during thiol-agarose chromatogra-
phy (21) and because it offers no explanation for our isolation
of the mtDNA origin.

A second class of explanations would suppose that, in
making our nuclear and cytosol preparations, we somehow
permeabilized the mitochondrial membrane, thus allowing
mercurated nucleotides to enter the mitochondria and be
incorporated into the continuously growing strands of the
replicative intermediates. Alternatively, permeabilization
might have allowed nuclear primase to enter the mitochon-
dria, permitting Okazaki fragment formation on the single-
stranded portion of the D loop. Again, there are difficulties
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FIG. 6. The sequence of ors7 as determined by the technique of Maxam and Gilbert (23). Both strands were sequenced. The sequence
shows a number of unusual features. First, the sequence from 1 to 71 is almost perfectly repeated from position 109 to 179. Second, there is
64% homology between the first and second 33 bp and 61% homology between the bases from 109 to 141 and 142 to 174. In the lower portion
of the figure, the sequence of ors7 is compared with that of human mtDNA (1). A dash below the sequence indicates the identity of human
and ors7 sequences. The 18-bp sequence from position 346 to 363 of human mtDNA (25 to 42 of ors7) is conserved without a single base
change in rat mtDNA and differs by only 1 bp from mouse mtDNA (38).

with this class of explanations. (i) ors7 is just upstream of the
major 5’ termini of the D loop (by analogy to mouse and
human mtDNA) and is thus outside of the region in which
Okazaki fragments would form. Also (ii), there is no point in
the normal replication of mtDNA at which only this portion
of the H and L strands have been replicated, i.e., ors7 could
not have arisen from a normal mtDNA replicative intermedi-

TABLE 4. Snap-back properties of ors sequences
% Eluting at 0.3 M PO,

ors probe Size

(bp) Native (N) Denatured (D) D/N (x10%)
orsl 716 92.0 0.3 38.6 = 1.5 42.0+19
ors2 708  88.0 = 0.9 51.8 = 3.1 58.9 = 4.0
ors3 700 85.6 + 1.6 353 +36 412 *+5.2
ors4 855 62525 37.0+ 7.0 59.2 £ 9.5
ors5 340 87.7+2.6 218 + 2.4 249 + 5.0
ors7 108 73.8 0.8 23129 313+ 3.7
ors8 212 94.7 £ 0.7 243 + 1.3 257 £2.0
ors9 324 909 + 4.2 36.7 + 4.4 40.4 + 8.6
CV-1 ~2,000 964 *1.1 3.7+ 1.5 32926
CV-1 ~150 81.1 =0.9 10.1 = 3.2 12.5 = 4.2

ate. The only explanation of this class that would seem to
account for the isolation of ors7 would be if permeabilization
allowed the entry of Hg-dCTP into the mitochondria and if a
vy-polymerase molecule which had just begun replication on
the L strand then jumped to the H strand during the
incubation in vitro.

We find a third explanation more appealing. It has recently
been shown that copies of portions of mtDNA are also
present in the nuclear genome (14, 26, 37). In S. cerevisiae,
the segment of mtDNA also present in the nuclear genome
clearly includes the mtDNA origin (14). Thus, it is possible
that ors7 was derived not from a normal mitochondrion but
rather from a copy of the mitochondrial origin present in the
CV-1 nuclear genome. Of course, such an explanation re-
quires that the mtDNA D-loop origin function as an origin
with either the mitochondrial replication protein complexes
or the nuclear replication machinery. It is highly pertinent
that the yeast mtDNA origin functions as an ars sequence
(18) since the ars function is generally regarded as being
dependent on the nuclear replication machinery. If this latter
explanation were correct, then the isolation of ors7 would
provide the first evidence that mtDNA origins integrated into
the nuclear genome still function as origins.
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Whatever the true reason for our having isolated ors7, the
isolation of a bona fide origin of replication, albeit of
mtDNA, encourages us to suppose that other ors sequences
contain nuclear origins.
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