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the buoyant separation method in EB-CsCl gradients (Table 4). The
superhelix density of the C-mtDNA in the F sample did not change sig-
nificantly upon heating. The sample C’, obtained as a fast-sedimenting
species (Fig. 4F) after heating the slow component in Fig. 4B, had a
similar superhelix density. These results, together with the sedimenta-
tion velocity and the electron microscope analyses, are consistent with
the view that the C-mtDNA is the precursor of D-mtDNA. Heating the
D-mtDNA melts out the displacing strand and allows the circular duplex
on cooling to rewind to the superhelix density of C-mtDNA.

A second closed mtDNA free of D-loops (E-mtDNA) was also pres-
ent initially in small amounts in all of the unfractionated closed mtDNA
preparations examined in this work. This mtDNA, isolated as the slow-
sedimenting component after heating sample S, has a low superhelix
density, —1.0 £ 0.3 X 10-2, The E-mtDNA could have formed from
C-mtDNA by the action of a nicking-closing cycle during the isolation
procedure. Alternatively, it may be a significant intermediate in the
formation of mature mtDNA.

The apparent superhelix density calculated from the relative buoy-
ant separation obtained with the S sample (Fig. 4B) was —1.2 X 10-2,
The sample contained D-mtDNA, as well as about 10% E-mtDNA. The
buoyant position of D-mtDNA in EB-CsCl gradients is not expected to be
given by the previously derived relation between the buoyant separation
and the superhelix density. The duplex region in the D-loop is free to
rotate at the forks (Fig. 1) and to bind EB without restriction. The dis-
placed strand should bind EB with the binding constant of nicked DNA

(11). In addition, the single strand can also wind about the duplex and
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TABLE 4. Superhelix densities and sedimentation coefficients of

closed mtDNAs from LA9 cells

Sedimentation Superhelix density
coefficient, -0y X 102
Sample svedbergs Unheated Heated

F (Fig. 4B) 38 2.9 —
i RS I 27 L2 —
C (" 4E) 39 — 2.4
ct [ 4F) 38 —_— 2.8
o LS 28 o 1.0

The superhelix densities were determined by the buoyant separation
method (10, 11) in an EB-CsCl density gradient. A mixture of closed and
nicked 32P viral SV40 DNA was added as a marker. The centrifugation
conditions were those described by Eason and Vinograd (11). The esti-
mated measuring error is £0.3 X 10~2 units. The number in parenthesis
is to be regarded as an apparent value only. The sample C was a pool of
fractions 17-20 (Fig. 4E). The sample C’ was a pool of fractions 16—20
(Fig. 4F). The sample E was a pool of fractions 24—30 (Fig. 4F).
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permit an increased binding of EB at high concentration. Nevertheless,
the D-mtDNA still behaves as a low superhelix density DNA and may be
expected to be enriched on the dense side of the band formed by C-mtDNA.

The buoyant separation experiments provided the further information
that we encountered relatively little adventitious nicking while processing
the closed DNAs. For example, in the analyses of the C-mtDNA only 8%
of the radioactive label is in the upper band which contains nicked DNA.

Similar results were obtained with the other samples analysed (Table 4).

Unigue site for the formation of the disglacement loop

It has previously been shown that human dimer mtDNA possesses a
head-to-tail arrangement of two monomer genomes (12). The LD line of
mouse cells with >99% circular dimer mtDNA was, therefore, examined
for its content of D-loops. The fraction of closed dimer molecules that
contain at least one D-loop is again very high, approximately 42%. Dimers
containing two D-loops were also observed at a frequency of approximately
15%. We would expect that the two D-loops in the dimer molecules would
be diametrically opposed if a unique site existed for the initiation of the
replicative events that give rise to the D-loops. The two lengths of DNA
which separate the D-loops in the dimers were therefore measured. The
means and the standard deviations of the shorter and the longer lengths
between the forks, expressed as fractions of the total of these lengths,
were 0.48 £0.03 and 0.51 £ 0.02 in the 25 molecules measured. We
conclude that the dimer D-loops are diametrically opposed and that there
is, indeed, a unique site on the genome for the formation of the displace-

ment loop.
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DISCUSSION

The experiments presented in this communication demonstrate that a
substantial fraction of the covalently closed mtDNA isolated from expo-
nentially growing mouse L cells contains a small, unique segment of the
H strand inserted into the closed duplex. Upon brief heating of the iso-
lated displacement DNA, the noncovalently attached H strand segment
dissociates and leaves a closed DNA with a sedimentation coefficient
and superhelix density indistinguishable from that of the major D-loop—
free DNA originally present in the preparation. The physical-chemical

results are summarized in functional terms:
Displacement DNA 4, Parental DNA + 7S Displacing Strand.

The displacement loops have been shown in the experiments with
dimer DNA from LD cells to occur at a unique site on the circular
genome. This result rules out the notion that the D-loops are intermedi-
ates in a random repair process. While it is likely that the synthesis of
the 7S DNA represents the first stage in the formation of progeny mole-
cules, we cannot at present exclude the possibility that D-loops are
formed for some other purpose. The fact that larger displacement loops
with various sizes up to the genome size have been observed in the mtDNA
from the upper band in EB-CsCl gradients (unpublished observations) has
suggested to us that 7S DNA in nicked parental molecules is, indeed,
extended to form the progeny H strand.

Among the possibilities for the formation of displacement DNA, we

describe here a simple mechanism consistent with the experimental
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results. The proposed mechanism has two facets. 1. Initiation and
synthesis of the 450 + 80 nucleotide H strand occurs in closed DNA in
the absence of nicking-closing cycles. 2. The mature DNA has a zero
superhelix density in the cell and acquires its negative superhelix den-
sity upon purification and removal of materials that modify the average
pitch of the duplex (4). The displacement DNA experiences the same
pitch change. A consequence of the above mechanism is that the dis-
placement replication would have to stop when the positive free energy
of superhelix formation, AGT, associated with the topologically required
development of a superhelix, is just equal to the negative free energy
available from the synthesis reaction. The value AG - in cal/mole of mt-
DNA is given by Eq. (24) in reference 13, AGT= 17072, where 7 is the
number of superhelical turns per molecule. The coefficient in Eq. (gﬁ)
has been multiplied by 0. 32, the ratio of molecular weights of SV40 DNA
and mtDNA. From the expression for the derivative (dAG . fdr) at =
45 + 8 we find that 1.5 £ 0. 3 kcal/mole is then required to unwind the
duplex by 36° and to extend the displacing strand by one nucleotide. This
free energy is in a reasonable range for the free energy of the synthesis
reaction.

Alternative mechanisms for the displacement synthesis, consistent
with the results presented here, can be formulated with different, but
more complex, coupled assumptions regarding the termination mechanism,
the origin of supercoiling, and the occurrence of nicking-closing cycles.

After this work was completed, we were informed by J. ter Schegget
and P. Borst that they had interpreted the results of their study of the

incorporation of labeled DNA precursors into mtDNA in preparations of
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chick liver mitochondria as indicating the formation of a complex of

short product DNA hydrogen-bonded to closed duplex circles (14).
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APPENDIX A

Preparation of E. coli Ribosomal RNA

(1) Grow overnight a 10-ml culture of bacteria in T3a medium.

T3a (from R. L. Sinsheimer):

per liter

NaCl 0.5¢g
KCl1 8.0¢g
NH,C1 1.1g
Tris-base 12.1¢g
KH, PO, 1.0g
Sodium pyruvate 0.8¢g
Amino acid mixture

(Nutritional Biochemical Co.) 2.7 g
1 M MgCl, - 6H,O 1.0 ml
1 M CaCl,- 2H,0 0.1 ml
0.16 M Na,SO, 1.0 ml
Thiamine 20 mg
Thymidine (if required for

growth) 10 mg

The pH is adjusted at approximately half the final volume to 7.3-7. 4 by
addition of concentrated HCl. The solution is then diluted to 1.0 1 and
autoclaved. After autoclaving add 1.0 ml of 0.1 mg/ml FeCl,- 6H,0
(sterile) and 20. 0 ml of 10% (w/w) glucose (sterile).

The concentration of bacteria in the overnight culture is deter-
mined by measuring the absorbance at 600 nm (A,,,) corrected to a blank
of T3a medium. An absorbance of 0.16 indicates an E. coli concentra-
tion of 1 X 108 cells/ml. The following procedures are presented for
preparation of cells to be labeled with [14C]uracil, typically carried out
on a small scale. The procedure has also been used for the preparation
of unlabeled cells (several liters) grown to a final concentration of 1 X

109 cells/ml.
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(2) Labeling of cells.

To 51 ml of T3a containing FeCl,- 6H,0 and glucose, add enough
of the overnight culture to bring the starting cell density to ~1 X 107
cells/ml. Incubate 10 min at 37°C with aeration. Add 150 uCi of a
sterile aqueous solution of uracil-2-C4, 51.5 mCi/mM (Schwarz/Mann),
to 2 ml of T3a containing FeCl,- 6H,0 and glucose, then add the [14C]-
uracil-T3a to the 51-ml culture of bacteria. Allow growth to continue
for several generations to a final density of ~3 X 108 cells/ml.

Centrifuge the cells at 10, 000 rev./min for 5—10 min in poly-
carbonate centrifuge tubes in the SS34 rotor of the Sorvall centrifuge.
Resuspend the cells in T3a* and add to 100 ml T3a*. Allow the cells to
grow for approximately one generation. This growth in unlabeled medium
chases uracil label from the messenger RNA fraction without seriously

altering the specific activity of ribosomal RNA.

(3) Lysis procedure (modified from N. Godson and R. L. Sinsheimer,

Biochim. Biophys. Acta, 149, 476 (1967)).

The cells are next chilled at 0—4°C and centrifuged as described
above. The cell pellet, corresponding to ~1.5 X 1019 cells, is suspended
in 2 ml of 25% sucrose, 0.04 M Tris, pH 8.1. While keeping the cells on
ice, add Bentonite to a final concentration of 2 mg/ml. Then add 0.2 ml
of a lysozyme solution at a concentration of 6.4 mg/ml dissolved in 0. 25
M Tris, pH 8.1. Next add 0.2 ml of an EDTA solution containing 20 mg/ml
disodium EDTA, pH unadjusted. Allow spheroplast formation to continue
for approximately 5 min on ice.

Add 0.3 ml of 0.1 M MgSO, and 0.3 ml of a 5% Brij 58 solution
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made up in 0.01 M Tris, pH 7.2. The suspension is allowed to stand at
room temperature for approximately 15 min to effect lysis, and then
chilled on ice. High molecular weight DNA and membranes are removed
by centrifuging the lysate for 10 min at 43, 000 rev./min (5-min accelera~-
tion time) in the Ti50 rotor of a Beckman ultracentrifuge using screwcap
polycarbonate tubes. The supernatant is decanted and ribosomes are
pelleted from this supernatant by centrifuging 90 min (5-min acceleration
time) as described above. Gently resuspend pellets of ribosomes in a
total of 2 ml of TMM (56 mM Tris, pH 7.3, 10 mM magnesium acetate,
2 mM mercaptoethanol).

The minimum volume of TMM to be used in resuspension is 0. 2
times the volume of 0. 25 M sucrose used in the lysis procedure. Add a
sufficient volume of a DNase I solution (1 mg/ml in TMM) to bring the
final concentration to 10 ug/ml. Keep the solution on ice for 15 min,
then centrifuge out the ribosomes at 43, 000 rev./min for 90 min as de-
scribed above. Rinse the surface of the ribosome pellet with 1 ml TMM,
then redissolve the pellet of ribosomes in 1 ml TMM. E. coli 70S ribo-
somes have been isolated and may be kept frozen in TMM at less than
-10°C. It is convenient to determine the specific activity and yield of

the isolated ribosomes at this point.

(4) Separation of ribosomal subunits.

The 70S ribosomes isolated as described above are dialyzed
against two changes of 250 volumes each of TMM* (TMM*: 5 mM Tris,
pH 7.3, 0.1 mM magnesium acetate, 2 mM mercaptoethanol). The
dialysate is layered up to 1.0 ml per tube onto 28 ml of a 5~30% linear
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sucrose gradient containing TMM* and centrifuged 14 hr at 22, 000 rev./
min, 4°C, in the SW25.1 rotor. The gradient is fractionated and portions

containing the ribosomal subunits are pooled and stored at - 15°C.

(5) Isolation of ribosomal RNA (adapted from P. Jeanteur, F. Amaldi
and G. Attardi, J. Mol. Biol., 33, 752 (1968)).

Isolated ribosomal subunits kept at 0°C are precipitated with 2
volumes of ethanol after addition of NaCl to a final concentration of 0. 2 M.
The precipitate is centrifuged at 10, 000 rev. /min for 10 min at 0—4°C,
and the resulting pellet is taken up in 1.0 ml of 2. 5% SDS dissolved in
10 mM Tris, 1 mM EDTA, pH 7.0. The solution is allowed to stand for
15 min at room temperature and then layered onto a 28-ml, 5-30% linear
sucrose gradient containing 0.5% SDS, 0.1 M NaCl, 10 mM Tris, 1 mM
EDTA, pH 7.0. The sample is sedimented in the 25.1 rotor at 22, 000
rev./min for 22 hr and at a temperature of 15-20°C. Fractions contain-
ing rRNA are pooled and precipitated with 2 volumes of ethanol to remove
SDS. The RNA can be stored as the ethanol precipitate at - 20°C. Alter-
natively, the RNA precipitate can be centrifuged out after standing several
hours at -20°C, and the RNA redissolved in 0.1 M sodium acetate buffer,
pH 5.0, which can then be stored at -20°C. In general, two precipitations

are required to effectively remove the SDS.
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APPENDIX B

Electron Microscope Techniques

(1) Aqueous basic protein technique.

Stock solutions:

(1) 5 M ammonium acetate, 10 mM Tris-base, 3—5 mM disodium
EDTA, pH 8. 0-8.4 unadjusted.

(ii) Cytochrome ¢ at 1 mg/ml in 10 mM Tris, 1 mM EDTA, pH
8.0-8.5.

(iii) Concentrated uranyl acetate stain consisting of 50 mM uranyl
acetate dihidrate, 50 mM HCI in 95% ethanol. Prepare 50—100 ml. Stir-
ring is required for solution of the uranyl acetate, during which time the
solution is kept in the dark. The solution may be stored at 4—25°C in the
dark.

SQreading procedure:

Dilute 7.5 ml of concentrated ammonium acetate into 150 ml of
doubly distilled H,O. Pour this solution into the dish described in
Chapter C of this thesis. Cleanthe surface of the liquid with the teflon
bar, then place teflon bars symmetrically on the dish so that the spread
film will be confined to an area of approximately 100 cm?2,

A glass slide cleaned in a 1:1 concentration ratio of nitric acid to
H,O is flushed with doubly distilled H,O and placed in the hypophase, rest-
ing against one of the teflon bars. Pour more of the hypophase solution
over the glass slide surface to neutralize any remaining acid and, also,

to wet the surface of the slide with ammonium acetate.
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Prepare the spreading solution:

5 2 Concentrated ammonium acetate (i)
30 » H,O

5Xx 5 pug/ml DNA
10 A 1 mg/ml cytochrome c (ii).

Dust talc onto the hypophase surface, but leave 2—3 cm? area in
front of the slide free of talc.

Layer the spreading solution over 1 cm? of the glass slide just
above the interphase and allow it to drain onto the hypophase (1—2 min).

After approximately 2 min, grids may be taken from the surface
and dehydrated and stained in 90% ethanol by the following procedure.
Dispense 5 ml of 90% ethanol into each of two vials. Add 10 X of stock
uranyl acetate solution (iii) to one vial. Immerse grids first in nonstain
ethanol for 5 sec, then in stain ethanol for 30 sec, then again in nonstain
ethanol for 1 sec. The isopentane rinse is not needed in this procedure.

It has also been found that Kleinschmidt-spread DNA can be
stained with phosphotungstic acid in the manner described for uranyl
acetate. The stock concentrated solution is, however, made up in H,O
rather than in 95% ethanol.

An example of PTA staining of DNA is presented in Plate I. A
mixture of double-stranded SV40 DNA and single-stranded ¢X DNA was
spread from 50% formamide, 0.1 M Tris, 10 mM EDTA, pH 8, onto a
hypophase of 17% formamide, 10 mM Tris, 1 mM EDTA, pH 8. Note

that the ¢X single-stranded DNA is considerably less contrasted than

the duplex SV40 DNA.
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Plate I: PTA-stained ¢X and SV40 DNAs.




146

(2) Dark-field electron microscopy.

The technique of dark-field electron microscopy is quite advan-
tageous for raising the level of contrast of stained specimens and may
be easily applied if a Phillips 300 electron microscope is available.
Essentially, one follows the manual and first activates the beam tilt
and selects a tilt setting of "2'". The amplitude should be set between
positions '"3" and ''4". It is necessary to recenter the beam with the
deflection controls and to refocus the objective lens. It may also be
necessary to raise the intensity by increasing the setting of the emis-

sion current or by going to higher accelerating voltages.



