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ABSTRACT The restriction endonuclease, HindIII,
gives rise to three fragments in each of the three mito-
chondrial DNAs isolated from the established mammalian
cell lines LA9 (mouse), HeLa (human), and BSC-1 (African
green monkey). The restriction endonuclease, EcoRI,
gives rise to three fragments in mitochondrial DNA
from HeLa and to two in DNAs from LA9 and BSC-1.
The sizes and the orders of the fragments in the respective
genomes have been determined with data obtained from
the electron microscope. The origin and the direction of
replication have been designated in each of the cleavage
maps. Polyacrylamide gel electrophoretic analyses demon-
strated that additional fragments not detectable in the
electron microscope and larger than 50 nucleotide pairs
were not present.

The restriction endonucleases £coRI from Escherichia coli
(1) and HindIII from Haemophilus tnfluenzae (1) recognize
a different hexanucleotide sequence in DNA (1). Each pro-
duces a small number of specific fragments with mitochondrial
DNAs (mtDNAs) isolated from established cell lines of hu-
man, African green monkey, and mouse origin. Because
these DN As contain D-loops at the origin of replication (2, 3),
it is possible to develop cleavage maps of the fragments with
the sites of the origin of replication as reference points. Since
replication proceeds unidirectionally (4, 5), fragments ob-
tained from larger replicating forms disclose the direction of
replication on the map and refine the site of origin of replica-
tion to one fork of the D-loop. The development of six cleav-
age maps is described in this communication. It is anticipated
that these maps will serve as primary maps for subsequent
mapping studies.

MATERIALS AND METHODS

Cell Lines. The established lines were HeLa (human),
BSC-1 (African green monkey), and LA9 (mouse). Woolly
monkey primaries, derived from kidney tissue, were a gift
from Dr. T. Kawakami, University of California, Davis.
Cells were grown in suspension (HeLa and LA9) or on petri
dishes (BSC-1 and woolly monkey), with Dulbecco’s modifica-
tion of Eagle’s medium and, except for HeLa cells, 109, calf
serum. For HeLa cells, 59, serum was used. Cells were har-
vested late in exponential growth.

Preparation and Purification of mtDNA. mtDNA was pre-
pared from partially purified mitochondria as described in

* Abbreviations: mtDNA, mitochondrial DNA; EcoRI, E. coli
restriction endonuclease RI; HindIII, Haemophilus influenzae,
strain d, restriction endonuclease III; RF DNA, replicative
form DNA.
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sections 2 (a) (i) and 2 (a) (iii) of ref 6. After velocity sedi-
mentation, the DNA was recentrifuged to buoyant equilib-
rium in CsCl-propidium diiodide and fractionated by drop
collection. The lower band fractions and those containing the
region between the lower and upper bands were pooled sepa-
rately. They were dialyzed against 100 volures of 1.5 M
NaCl-0.15 M sodium citrate containing 59, (w/v) Dowex
50 w-8 resin to remove dye, and then against a suitable buffer.
mtDNA prepared in this manner and spread by the aqueous
technique contained 909, supercoiled molecules; the re-
mainder were open circular molecules of mtDNA size. Linear
molecules were rarely seen in these preparations.

Enzymes. EcoRI endonuclease was a gift from Dr. Herbert
Boyer, University of California Medical Center, San Fran-
cisco. HindIIl endonuclease and E. colz polymerase I were
gifts of Dr. Paul Johnson, California Institute of Technology.
The enzymes did not linearize $X174 replicative form (RF)
DNA, which does not contain the sites for cleavage, even
when incubated with a 10-fold excess of enzyme and for times
5-fold longer than necessary to completely cleave mtDNAs.

Glyozal Firation and Enzymatic Restriction of mtDNA. A
solution containing mtDNA in 0.2 M potassium phosphate
(pH 7.0) was made 0.5 M in glyoxal (40% aqueous solution;
Matheson, Coleman and Bell) and incubated at 37° for 60
min. The reaction mixture was then dialyzed against the
appropriate restriction buffer at 25°, with two buffer changes
at 1-hr intervals. The EcoRI restriction buffer used was 0.1
M Tris-HCl, 5 mM MgCl,, 50 mM NaCl (pH 7.6). The
buffer for HindIII was 50 mM NaCl, 10 mM Tris-HCI, 5 mM
MgCl,, 5 mM 2-mercaptoethanol (pH 7.6). Restriction of
unfixed DNA was carried out in the same buffer.

Electron Micrographical Analysis of DNA Fragments. The
DNA was spread with either aqueous or formamide spreading
conditions (7). Grids were stained with alcoholic uranyl ace-
tate and shadowed with Pt-Pd, as described (7). They were
examined and photographed in a Philips 300 electron micro-
scope at a (film) magnification of 3000X. Negatives were
projected onto a Hewlett-Packard 9864 A Digitizer connected
to a 9820 A calculator system and measured.

Either full-length mtDNA or $X174 RF DNA molecules
were added to the samples after enzymatic restriction as
internal size standards. The contour lengths of the mtDNAs
were calibrated against that of $X174 Am3 RF DNA in
which 109, of the molecules contained a 7% deletion (8).

Gel Electrophoretic Analyses of DN A Fragments. Fragments
smaller than about 250 nucleotide pairs would have been un-
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TaBLE 1. Contour length analysis of mtDN As and the restriction endonuclease fragments

Contour length compared to

EcoRI endonuclease fragment

HindIII endonuclease fragment

Source of mtDNA $X174 RF DNA-» lengths (9, genome)b lengths (9, genome)b
HeLa 3.08 =+ 0.06¢c (61)d 6.8 &= 0.4 (272)d RI-3¢ 4.9 £+ 0.6 (242)d H-3¢

44.5 £+ 0.9 (209) RI-2 32.9 £+ 1.3 (108) H-2

48.6 = 0.8 (204) RI-1 62.2 = 2.2 ( 90) H-1

BSC-1 3.06 £+ 0.09 (38) 47.5 = 1.1 (209) RI-2 ~ 5.0 +0.8( 88) H-3

52.5 1.0 (213) RI-1 33.2 £1.0( 53) H-2

— 61.9 + 1.4 ( 29) H-1

LA9 3.03 £+ 0.07 (61) 12.2 + 0.6 (155) RI-2 5.0 &= 0.5 (196) H-3

87.8 & 2.0 (100) RI-1

11.5 & 0.7 (145) H-2
- 83.5 & 2.9 ( 68) H-1

s These data have been reduced by —0.7% to correct for the presence of a 7%, deletion in 109, of the X174 RF DNA.
b 19, of the genome corresponds to 168 base pairs, a value based on a value of 5500 base pairs in the $X174 RF DNA.

¢ Values are expressed as mean =+ 1 SD.

4 Numbers in parentheses indicate the number of mtDNA molecules or fragments measured.

e Fragment designation.

detected in the electron microscope analyses. The digests
were, therefore, examined in 59 polyacrylamide gels layered
over a 109, gel. The fragments were end-labeled with [a-
32P Jnucleotides incorporated with E. coli DNA polymerase I.
The procedures for slab gel electrophoresis and autoradiog-
raphy were those described by Lee and Sinsheimer (11).
The method of end-labeling (P. H. Johnson and L. Grossman,
manuscript in preparation) consisted of incubating the re-
striction fragments with E. coli DNA polymerase I and a
mixture of the four [a-3?P]deoxynucleoside triphosphates
at 10°. Unincorporated triphosphates were separated from
the DNA fragments on a Sephadex G-50 column. Similar
analyses were performed on sequential double digests of
HeLa and BSC-1 mtDNAs to assess the distance separating
restriction sites that were identically situated within the
accuracy of the electron microscope method.

RESULTS AND DISCUSSION

Sizing of mtDNAs Compared to X174 Am3 RF DNA.
Nicked mtDNA was mixed with $X174 Am3 RF DNA. At
least three $X174 DNA molecules were measured for each
mtDNA, as suggested by equation 3 of Davis et al. (7).
Photomicrographs were taken at the centers of consecutive
grid holes. The mtDNA measurements were normalized
by X174 DNA lengths from the same micrograph. The data
in Table 1 show that the three mtDNAs have the same mean
contour length within +£19%, in sets of measurements with
individual standard deviations that vary from 2 to 3%,

Sizing of Restriction Endonuclease Fragments. The fragment
lengths, normalized to percent genome length, are presented
as histograms in Fig. 1. Statistical analyses of these measure-
ments are summarized in Table 1. All three mtDNAs yield
three HindIII fragments that share in common a small (5%)
fragment. It is shown later that these fragments are located
at the same position in the three genomes. The larger HindIII
fragments of HeLa and BSC-1 mtDNAs are similar in size
and in position. HeLa mtDNA yields three EcoRI fragments,
while BSC-1 and LA9 yield two.

Gel electrophoresis patterns of the six digests showed that
small fragments not detectable in the electron microscope and
larger than 50 nucleotide pairs were absent. The sensitivity
for detection of small fragments was equal to that for the

large fragments because of the approximately equal end-
labeling with radioactive nucleotides. Small fragments of
about 50 nucleotide pairs produced by sequential double
digests (see below) were found in the same slab gels in which
the analyses of the single digests for small fragments were
performed.

Glyozal Fixation of the D-Loop. The well-documented loss
of replicating forms by branch migration processes (9) was
prevented by fixation with glyoxal, which reacts with guanylic
acid residues in single-stranded DNA (10). The D-loop fre-
quency of glyoxal-fixed woolly monkey mtDNA before and
after EcoRI digestion remained at 709, the same value that
was observed for unfixed and unrestricted DNA. After diges-
tion of unfixed mtDNA, only 0.1-0.019, of the fragments con-
tained a D-loop, indicating that branch migration occurred
almost quantitatively after restriction. It is not known, how-
ever, whether the branch migration occurred immediately
after restriction or during specimen grid preparation.

Orientation and Direction of Expansion of the D-Loop. When
mtDNAs were digested with a restriction endonuclease under
conditions known to produce >997%, cleavage of all sites, the
D-loop was found exclusively on one fragment. This result
was apparent upon inspection of the micrographs for all
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Fic. 1. Histograms of fragments of three mtDNAs obtained
with two restriction endonucleases. The lengths are grouped in
intervals of 19, of the genome size.
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Fie. 2. Length distributions of the fragments produced by
EcoRI digestion of glyoxal-treated BSC-1 mtDNA. Fragments
containing D-loops are indicated by the cross-hatched areas.

mtDNA—-enzyme combinations, except for EcoRI-digested
HeLa and BSC-1. The measured lengths of the two frag-
ments formed in the EcoRI-BSC-1 digest form a bimodal
- histogram (Fig. 2), in which the D-loops are seen to be present
only in the larger fragment.

The foregoing type of analysis was impractical with the
EcoRI-HelLa digest because of the low frequency of D-loop
mtDNA. An alternative procedure based on measurements of
H-form molecules (Fig. 3) formed by cuts within the D-loop
expansions provided an unambiguous specification of the
fragment carrying the site for the origin of replication. The
length ratios, (A + B)/(D 4+ E) (Fig. 3), calculated from
Table 1, are 1.09 = 0.03 and 0.92 =+ 0.02 for the D-loop on
the 48.7%, (A + B) and 44.5% (D + E) fragment, respec-
tively. In 22 out of a sample of 25 H-form molecules, with
the position of the growing point, G, varying from 11 to 94%,
along the length of (D + E), the ratio was 1.09 =+ 0.03. The
remaining three had values expected for H-forms containing,
in addition, fragment F. We conclude, therefore, that the D-
loop is on the largest HeLa fragment, HeLa RI-1.

The length measurements on D-loop-bearing fragments in
the six systems (Table 2) show that the position of the D-loop
relative to the ends (Fig. 4A), was invariant in each. In order

F16. 3. Diagrammatic representation of the production of
H-form molecules derived from replicating intermediates of
HeLa mtDNA by EcoRI endonuclease action. O and G represent
the origin and the growing replication fork, respectively. The
small arrows indicate the EcoRI sites. For the purpose of the
analysis (see text), the placement of fragment F is inconse-
quential.
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Fic. 4. Diagmmmatic representation of the production of
fragments containing a D-loop and an expanding D-loop.

to determine the direction of expansion, measurements of
lengths a, b, and ¢ (Fig. 4B) were made on expanding D-loop-
bearing fragments found in digests of mtDNA originally iso-
lated from the region between the upper and lower bands of
buoyant propidium diiodide-CsCl gradients. The length, a,
was recognized as the constant length in all of the fragments,
and this result confirms that expansion is unidirectional. A
plot of the data, (a + b)/Z against b/Z, where Z is the length
of the fragment, is presented in Fig. 5. The linearity confirms
that all of the expansions in the EcoR1-LA9 digest have be-
gun at a unique position and have expanded unidirectionally
(4, 5). Similar results were obtained for the other enzyme—
DNA combinations. The ordinate intercepts (Table 2; from
Fig. 5 and from data not shown) represent the constant
lengths, a, adjoining the D-loop. The junction between a and
the D-loop corresponds to the origin of replication. The satis-

0.2 0.4 ] 0.6

F1e. 5. Measured lengths on limit digested EcoRI LA9 mt-
DNA. The lengths a and b are defined in Fig. 4B. The indicated
lengths are normalized by the length, =, of the fragment. The
line is the best least squares line and has a slope of unity. The
left-most data point, from nonexpanding D-loop molecules
(Table 2), was not included in the calculated line.
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TaBLE 2. Length analysis of D-loop-containing restriction endonuclease fragments
Length (expressed as 9%, of total fragment length & 1 SD) .

» Ordinate
mtDNA Enzyme as be cs intercept®
HeLa EcoRI 49.7 £ 2.0 7.2+1.4 ;13.1 + 1.6 (56)° 50.4
HeLa HindIII 60.0 = 2.6 5.7+ 1.4 34.3 £ 2.0 (12) 61.6
BSC-1 EcoRI 52.9 +£1.3 7.5%+1.3 39.6 =1.1 (16) 50.9
BSC-1 HindIII 58.8 = 1.3 6.4 0.8 34.8 1.0 (44) 61.9
LA9 EcoRI 14.6 = 0.7 3.8+ 0.6 81.6 = 0.9 (58) 15.2
LA9 HindIII 70.4 £ 0.8 4.4 +£0.7 25.2 +1.1 (15) 71.4

s The lengths a, b, and ¢ correspond to those designated as such in Fig. 4A.

b From Fig. 5 and data (not shown).

¢ Numbers in parentheses indicate the number of mtDNA fragments measured.

factory agreement hetween the values of a and the ordinate
intercepts (Table 2) is noted. ’

Determination of the Fragment Order. Fragment orders for
the mtDNAs containing three restriction sites have been de-
rived from incompletely digested mtDNAs, as illustrated
diagrammatically in Fig. 6. The two possible orders, BCA
and ACB, where A < B < C, were distinguished by measure-
ments on D-loop-bearing molecules. Of the three permuted
full-length molecules, only type a molecules were useful in
the analyses. The short lengths measured from the fixed fork
of the D-loop to the terminus of HindIII-digested mtDNAs
from HeLa, BSC-1, and LA9 cells were 22.2 £ 0.9, 23.3 +
0.8, and 23.7 + 0.6 cm, respectively. The calculated values
from the data (Tables 1 and 2) were 22.8 + 2.1, 23.4 £ 1.6,
and 23.8 =+ 1.5 cm, respectively, for the order BCA and
32.2 + 1.7, 31.8 = 1.5, and 28.9 = 1.7 cm, respectively, for
the order ACB. We conclude that the order BCA is correct
in all three cases. This conclusion was corroborated by mea-
surements on the longer dimension of these molecules, and
also by measurements of the molecules with one fragment
missing, (d and e, Fig. 6).

In EcoRI-digested HeLa mtDNA, the fixed end of the D
loop occurs at the midpoint of the largest fragment, a result
that renders inapplicable the analyses used above. However,
the D loop will expand into the longer segment if the order is

A B cC AB1i I BA c B Al
i 1 i {(0)1 I | |:
I I G
 e——mml] 1 (b) ] i
" | i Pt i ' L
|l et
1 ] I
@] p—b— ]
H——-l—>—|: -y ey ! (I G —

Fic. 6. Diagrammatic representation of the formation of
permuted fragments of HeLa, BSC-1, and LA9 mtDNAs upon
incomplete digestion with HindIII endonuclease. The triangle
indicates the D-loop and points in the direction of expansion.
The dashed lines indicate the restriction sites for the alternative
orders BCA and ACB.

ACB. Two expansions indicating this order were found.
Eleven expansions in molecules of types d and e (Fig. 6)
showed unequivocally that the order is indeed ACB. No
molecules were found that indicated the alternative order.

Since both BSC-1 and LLA9 mtDNAs yielded only two
fragments when digested with the EcoRI enzyme, the com-
plete maps were determined with the data presented in the
previous section in which the location and direction of expan-
sion of the D-loop on one fragment were evaluated.

Cleavage Maps of the Three mtDN As. All three mtDNAs
(Fig. 7) contain the hexanucleotide sequences recognized by
HindIII at two corresponding positions on the genome (25%,
and 309,), a result that suggests that these sequences occur
in an evolutionarily conserved section of the gehome. In addi-
tion, the third HindIII site on HeLa and BSC-1.is also in
common at 63%,. One EcoRI recognition site, at 24%, occurs
in both Hela and BSC-1 mtDNAs. No other EcoRI sites
are in common.

The results for all combinations of enzymes and mtDNAs
are shown in Fig. 7. As a check on the correctness of the inde-
pendently derived EcoRI and HindIII maps of LA9 mtDNA,
a HindIII digest was exhaustively digested with EcoRI endo-
nuclease. The resulting D-loop-bearing fragment length was
37 =+ 19, as compared with 38%, (Fig. 7), and 74% if the
direction of expansion had been incorrectly assigned.

The accuracy of the position of the restriction sites pre-
sented in Fig. 7 is estimated to be =1% of the genome. An

H-2

BSC-1

HelLo LA9

Fic. 7. Cleavage maps of three mtDNAs. O represents the
origin of replication, the fixed fork of the D-loop, and the arrow
represents the direction of replication. The EcoRI restriction
sites are shown within the concentric circles. The HindIII sites
are indicated by the symbol ¥ . The positions of the sites for both
enzymes at 25 map units in BSC-1 and HeLa mtDNAs are closer
to each other than indicated, and are within 50 nucleotide
pairs, as demonstrated by gel electrophoretic analyses of se-
quential digests by both enzymes (see text).
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EcoRI and a HindIII site occur at 24.5 and 25.0 map units
in the cleavage of HeLa and BSC-1, respectively. The assign-
ment of the positions of these restriction sites was checked
by polyacrylamide electrophoresis of double digests of each
of these DNAs. A single small fragment containing < 50
nucleotide pairs was found in each of the double digests. The
same results were obtained upon changing the order of the
sequential endonuclease digestions.

The maps presented in Fig. 7 can serve as primary refer-
ences for further, more detailed mapping with other restric-
tion enzymes, and for positioning mitochondrial RNAs rela-
tive to the origin of replication. The maps are currently in use
in the analyses of the structure of ¢n vitro plasmid-mtDNA
recombinants grown in and isolated from E. coli (W. Brown,
K. Tait, H. Boyer, and J. Vinograd, unpublished).
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