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ABSTRACT: A new DNA-dependent DNA polymerase has been
partially purified from Hela cell mitochondria. The mi-
tochondrial DNA polymerase differs from the previously de-
scribed nuclear and cytoplasmic HeLa cell DNA polymerases
in molecular weight, sensitivity to inhibitors, primer~template
utilization, and its requirements for maximal activity. The

V- ~ell-documented evidence shows that mitochondria
from a wide variety of cell types possess a unique DNA which
differs from nuclear DNA (see reviews by Borst, 1970; Sager,
1972). The mitochondrial DNA from mammalian cells is
circular and appears in various molecular forms, i.e., super-
coiled double-stranded circles, nicked circles, and catenated
forms (Nass, 1966; Sinclair and Stevens, 1966; Hudson and
Vinograd, 1967; Clayton and Vinograd, 1967, 1969; Corneo
et al., 1968). The ability of mitochondria to synthesize DNA
has been demonstrated both by studies in vivo (Nass, 1967;
Parsons and Rustad, 1968; Gross and Rabinowitz, 1969) and
in vitro (Parsons and Simpson, 1967; Brewer et al., 1967;
Karol and Simpson, 1968). A distinct mitochondrial DNA
polymerase has been found in yeasts (Wintersberger, 1966) and
in two separate studies a DNA polymerase has been partially
purified from rat liver mitochondria (Kalf and Chih, 1968;
Meyer and Simpson, 1968, 1970). Unlike other cellular DNA
polymerases, the mitochondrial enzyme was reported to be
stimulated by high ionic strength and to show a preference for
a mitochondrial DNA template, and in fact to synthesize a
double-stranded replica of the mitochondrial DNA template
(Kalf and Chih, 1968).

These unique properties have prompted us to examine the
DNA polymerases found in the mitochondria of cultured
human cells. At least three other DNA polymerases have been
partially purified from HeLa cells and characterized. Nuclei of
cultured human celis contain two distinct DNA-dependent
DNA polymerases designated nuclear D-DNA polymerases I
(mol wt ~30,000-40,000) and II (mol wt ~250,000) (Weiss-
bach et al., 1971; Bolden et al., 1972). However, the cyto-
plasm of these cells contains the bulk of the cellular DNA-
dependent DNA polymerase (cytoplasmic D-DNA poly-
merase). The major cytoplasmic D-DNA polymerase is very
similar to and possibly identical with the nuclear D-DNA
polymerase II (Weissbach et al., 1971). Another type of DNA
polymerase, designated R-DNA polymerase, has been found
in cultured human cells and in a wide variety of other eu-
karyotic cell types (Fridlender et al., 1972; Bolden et al., 1972;
Fry and Weissbach, 1973). This enzyme is able to copy poly-
riboadenylic acid as well as activated DNA and is thus dis-
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partially purified mitochondrial DNA polymerase retained
some ability to copy native and mitochondrial DNA tem-
plates. The unique utilization of these templates by the mi-
tochondrial polymerase may be explained by the presence, in
the preparations, of an endonucleolytic activity which can
introduce breaks into circular, double-stranded DNA.

tinguished from the D-DNA polymerases. Although it is
highly probable that human cells contain another unique
mitochondrial DNA polymerase (in addition to the DNA
polymerases described above), such an enzyme has not yet
been described.

In this article we report the partial purification of a new and
distinct DNA-dependent DNA polymerase from HeLa cell
mitochondria. This enzyme, designated HeLa cell mitochon-
drial D-DNA polymerase, has been characterized and shown
to be different from the other DNA polymerases found in
either the nucleus or cytoplasm.

Materials and Methods

Materials. [*H]Deoxyribonucleoside triphosphates were
purchased from Schwarz-Mann, Orangeburg, N. Y. The
oligonucleotides (dT)lz_lg, (dA)12_18, (dG)m_m, and (dc)lg‘n
were obtained from Collaborative Research Inc., Waltham,
Mass. Poly(A), poly(C), poly(U), poly(dT), poly(I), and
poly[d(A-T)] were obtained from Miles Laboratories, Kanka-
kee, Ill. Preparation of oligomer-homopolymer hybrids was
described in a previous article (Fridlender er al., 1972). Ac-
tivated DNA was prepared by treatment with DNase I as pre-
viously described (Schlabach er «/., 1971) except that the
DNA was extracted with phenol-chloroform (1:1, v/v), after
the DNase I digestion. RNA from Q@ phage was prepared by
Dr. A. Ramel of the Research Division of Hoffmann-La-
Roche, Inc. Rat liver mitochondrial DNA was a gift of Dr.
De-Maw Chuang of the Roche Institute of Molecular Biol-
ogy. HeLa nuclear RNA was prepared according to the pro-
cedure of Girard (1967) and was further purified by two sub-
sequent digestions with DNase followed by extractions with
phenol. 32P-Labeled circular A DNA and *H-labeled super-
coiled A DNA were the generous gifts of Dr. L. Enquist of the
Roche Institute of Molecular Biology. Diethylaminoethyl-
cellulose (DE-52) and phosphocellulose (P-11) were supplied
by Whatman, Co., England. Sephadex G-200 was a product
of Pharmacia Inc., Uppsala, Sweden.

Growth of Cells. Hela S-3 cells were grown in suspension
cultures at 37° in F-13 medium (Gibco) supplemented with
597 fetal caif serum (Gibco). Cells were harvested at about
5 X 105 cells/ml and washed once with 0.001 M potassium
phosphate (pH 7.3) containing 0.32 M sucrose and 0.002 M
MgCl,. The cells were either used immediately or stored under
liquid nitrogen until used.
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Preparation of Subcellular Fractions. HeLa S-3 cells (20 g)
were suspended in 20 ml of 1 mm potassium phosphate (pH
7.0)-10 mm NaCl per gram of cells. After 30 min at 0° the
cells were broken in this buffer with a Dounce homogenizer.
The nuclei were separated from the cytoplasm by centrifugation
at 1000g for 10 min. The mitochondria and membranes were
subsequently separated from the cytoplasm by centrifugation
at 20,000g for 20 min, The mitochondria were purified from
the resulting particulate fraction by six washes with 0.001 M
EDTA (pH 7.0), 0.25 M sucrose, and 0.5 mum dithiothreitol as
described by Meyer and Simpson (1970). In a typical prepara-
tion, 1.0 g of HeLa cells (wet weight) yielded 1.0-1.5 mg of
mitochondrial protein.

Purification of DNA Polymerases from HeLa Cell Nuclei,
Cytoplasm, and Mitochondria. DNA-dependent DNA poly-
merases from HeLa cell nuclei and cytoplasm were purified by
DEAE column chromatography and phosphocellulose chro-
matography as described in a previous report (Weissbach
etal.,1971).

Mitochondrial DNA-dependent DNA polymerase was
purified according to the following procedure. Washed mi-
tochondria were suspended in 1 M potassium phosphate (pH
7.5) containing 0.5 mm dithiothreitol (0.15 ml/mg of mi-
tochondrial protein) and sonicated for 20 sec at a low No. 4
amplitude in the MSE ultrasonic disintegrator. The broken
mitochondrial extract was centrifuged at 150,000g for 30 min
in a Spinco SW 65 rotor and the supernatant fluid was di-
alyzed for 5 hr against 1000 vol of 0.22 M potassium phosphate
(pH 7.5) containing 0.5 mum dithiothreitol. The dialyzed ex-
tract was brought to 2097 in respect to glycerol and 0.2 for
NP-40 (Shell Co., England). The extract was then adsorbed
onto a DEAE-cellulose column at a proportion of 1 mg of
protein/g of DE-52. The DEAE-cellulose had been equili-
brated with 0.02 M potassium phosphate (pH 7.5), 0.5 mm
dithiothreitol, 20% glycerol, and 0.29 NP-40. The column
was washed with one column volume of this buffer and then
eluted with 12 column volumes of a linear gradient from 0.02
to 0.6 M potassium phosphate (pH 8.0) containing 0.5 mm
dithiothreitol, 20 97 glycerol, and 0.2 & NP-40.

The pooled peak fractions of D-DNA polymerase activity
obtained from DEAE-cellulose (¢f. Results) were adsorbed
directly onto a phosphocellulose column at a ratio of 0.2 mg
of protein/g of P-11. The column, which was equilibrated in
advance with 0.02 M potassium phosphate (pH 8.0), 0.5 mm
dithiothreitol, 209 glycerol, and 0.2, NP-40, was washed
with one column volume of the same buffer and eluted with 10
column volumes of a linear gradient from 0.02 to 0.6 M
potassium phosphate (pH 8.0) containing 0.5 mm dithio-
threitol, 20 % glycerol, and 0.2 9 NP-40.

Gel Filtration of HeLa Mitochondrial D-DNA Polymerase or
Sephadex G-200. An aliquot (50 ul) of the pooled peak tubes
of mitochondrial D-DNA polymerase activity obtained from
phosphocellulose chromatography (Figure 1B) was diluted to
0.5 ml in 0.10 M potassium phosphate (pH 7.5), 0.5 mum dithio-
threitol, 209 glycerol, and 0.2%, NP-40, and layered on a
Sephadex G-200 column (1.5 X 55 c¢cm) equilibrated with the
same buffer. The exclusion volume was determined by blue
dextran marker and three proteins were used as markers for
molecular weight: lactate dehydrogenase (EC 1.1.1.27),
alcohol dehydrogenase (EC 1.1.1.1), and ovalbumin.

Assay Conditions for HeLa Nuclear I and II and Cytoplasmic
D-DNA Polymerase Activities. The complete reaction mixture
contained, in a final volume of 200 ul, 90 ug of bovine serum
albumin fraction V, 50 mm Tris-HCI (pH 8.5), 10 mm MgCl,,
0.1 mum dithiothreitol, 100 ug of activated salmon sperm DNA,
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FIGURE 1: DEAE-cellulose and phosphocellulose chromatograms
of the HeLa cell mitochondrial extract. (A) DEAE-cellulose chrom-
atogram of the mitochondrial extract. A 1 m potassium phosphate
extract of sonicated HeLa cell mitochondria was prepared as de-
scribed in the text. The dialyzed extract, containing 4.1 mg of pro-
tein, was chromatographed on a 4-ml DE-52 column. Elution was
carried out as described under Materials and Methods and 30-ul
samples of each fraction (0.8 ml) were tested for D-DNA polym-
erase activity using activated salmon sperm DNA as template.
R-DNA polymerase activity was assayed with (dT)i- poly(A) as a
template. The incubation time was 30 min. The specific activities for
all four deoxyribouncleoside triphosphates in the D-DNA poly-
merase assay and that of the [)H]dTTP in the R-DNA polymerase
assay were 12.5 cpm/pmol; (O) D-DNA polymerase; (8) R-DNA
polymerase. (B) Phosphocellulose chromatogram of the mito-
chondrial D-DNA polymerase. The fractions containing the D-
DNA polymerase peak (tubes 2-14, Figure 1A), obtained by DEAE-
52 column chromatography and containing a total of 1.6 mg of
protein, were pooled and adsorbed onto a 2-ml phosphocellulose
column, The elution procedure is described under Materials and
Methods. Thirty microliter samples of each fraction (0.3 ml) were
assayed for D-DNA polymerase activity as in Figure 1A,

and all four deoxyribonucleoside triphosphates at 0.1 mm
each containing [*H]thymidine triphosphate (50 cpm/pmol, or
as specified). Incubations were carried out at 37°.

Assay Conditions for Mitochondrial D-DNA Polymerase
Activity. The complete reaction mixture contained, in a final
volume of 200 ul, 90 ug of bovine serum albumin fraction V,
50 mm Tris-HCI (pH 8.0), 10 mMm MgCl,, 50 mm KCl, 0.1 mm
dithiothreitol, 100 ug of activated salmon sperm DNA, and
all four deoxyribonucleoside triphosphates at 0.1 mm each
containing [*H]thymidine triphosphate (50 cpm/pmol, or as
specified). Incubations were carried out at 37°.

Assay Conditions for R-DNA Polymerase Activity. R-DNA
polymerase activity was monitored with (dTh. poly(A) as
primer-template as previously described (Fridlender et a/.,
1972).

Assay Conditions for Deoxyribonuclease Activity Which
Releases Acid-Soluble Products. The mitochondrial and cyto-
plasmic D-DNA polymerases were incubated under their re-
spective standard polymerase assay conditions with 1.0-
2.0 x 10° cpm of either *H-labeled native HeLa DNA (26
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TABLE I: Purification of HeLa Cell Mitochondrial D-DNA
Polymerase.?

Total
Protein % Re-
Purification Step  Total Units (mg) covery Sp Act.
Crude extract 3.0 x 10 2250.0
Crude cytoplasm 1.7 x 10% 1285.0
Crude mitochondria 4.72 X 102 257.0
Washed 4.48 x 10?2 31.0 100 14.5
mitochondria
Mitochondrial 3.68 x 10? 4.1 82.1 88.7
extract
DEAE-cellulose 3.76 X 10?2 1.6 102.2 235.0
Phosphocellulose 3.04 x 102 0.09 80.8 3377.7

“ The purification procedure is described in detail under
Materials and Methods. A unit of D-DNA polymerase
activity is defined as the amount of enzyme that catalyzes the
incorporation of 1 nmol of deoxyribonucleoside triphosphate
into an acid-insoluble form in 15 min at 37°. Specific activity
refers to units per milligram of protein.

cpm/pmol), or *H-labeled denatured HelLa DNA (122 cpm/
pmol). The [*H]DNA replaced both the activated DNA tem-
plate and [*H]deoxyribonucleoside triphosphates normally
used in the assay. The final volume of the reaction mixture was
200 ul and the incubation was carried out for 2 hr at 37°. The
reaction was terminated by the addition of 200 ul of denatured
salmon sperm carrier DNA (2.5 mg/ml), 1.0 ml of water, and
250 ul of 129 perchloric acid. After centrifugation at 10,000g
for 10 min, 1.0 ml of the supernatant fluid was counted for
radioactivity in a Triton-toluene scintillation fiuid.

Assay Conditions for Endonuclease Activity. The mitochon-
drial and cytoplasmic polymerases were incubated under their
respective standard polymerase assay conditions with 0.3 ug
of SH-labeled supercoiled A phage DNA (8.8 X 10° cpm/ug)
subsituting for the normal template and *H-labeled substrates.
The reaction and all procedures were carried out in sterile
tubes. After 10 min at 37°, the reaction was terminated by the
addition of 50 ul of 0.1 M EDTA to 100 ul of the mixture. Fol-
lowing the addition of 0.2 ug of 3!P-labeled circular A DNA
marker (1.7 X 104 cpm/ug), the mixture was layered on 5.3 ml
of 5-2097 alkaline sucrose gradient as described by Enquist and
Skalka (1973). After centrifugation for 100 min at 45,000 rpm
in the SW 50.1 rotor of the Beckman ultracentrifuge, the gra-
dients were separated into 0.16-ml fractions which were
counted for radioactivity. In this procedure, the supercoiled
‘H-labeled DNA sedimented to the bottom of the gradient re-
maining on a 0.4-ml 60%, sucrose cushion—thus being dis-
tinguished from the nicked circular DNA which sedimented
with the 32P-labeled marker A DNA near the top of the gra-
dient (Enquist and Skalka, 1973).

Results

Partial Purification of D-DNA Polymerase from HeLa Cell
Mitochondria. Intact Hela cell mitochondria, isolated and
purified as described under Materials and Methods, displayed
D-DNA polymerase activity which constituted ~1.5% of the
total D-DNA polymerase activity in the crude cell extract.
Extraction of the disrupted mitochondria with 1 M potassium
phosphate yielded 80 % of the polymerase activity found in the
3604 12, No. 19,
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intact organelle but only released 139 of its protein. The
mitochondrial extract after dialysis was chromatographed on a
DEAE-cellulose column and the fractions were assayed for
both D-DNA and R-DNA polymerase activities under the
respective standard assay conditions for these enzymes. As
shown in Figure 1A, the mitochondrial extract contained both
D-DNA and R-DNA polymerase activities which are sep-
arable on DEAE-cellulose. The bulk of the D-DNA poly-
merase is not rc:ained by the DE-52 in 0.02 M potassium phos-
phate under our conditions. In contrast, the R-DNA poly-
merase activity was adsorbed and then eluted from the column
as a broad peak with a maximum at 0.13 M potassium phos-
phate. The mitochondrial associated R-DNA polymerase was
carefully examined for its characteristics and found to re-
semble in all respects the previously described HeLa cell
R-DNA polymerase (Fridlender e al., 1972; Bolden er al.,
1972). The R-DNA polymerase isolated from HeLa cell
mitochondria could therefore be either an enzyme synthesized
and used by the organelle itself, or more probable, a cyto-
plasmic contaminant of the mitochondrial extract. This article
deals exclusively with the mitochondrial DNA-dependent
DNA polymerase and no further data concerning the mi-
tochondrial R-DNA polymerase will be presented here.

The pass-through from the DEAE-cellulose column which
contained only the D-DNA polymerase activity (tubes 2-15,
Figure 1A) was further purified by phosphocellulose column
chromatography. As shown in Figure 1B the mitochondrial
D-DNA polymerase is eluted from phosphocellulose as a
sharp peak at 0.11 M potassium phosphate. All further inves-
tigations concerning the requirements and properties of the
HeLa cell mitochondrial D-DNA polymerase were carried out
using the phosphocellulose fraction (fraction No. 21) of the
enzyme. To stabilize this fraction, bovine serum albumin
fraction V was added to a final concentration of 500 ug/ml
and the polymerase was stored under liquid nitrogen. Table I
summarizes the purifications steps of the mitochondrial
D-DNA polymerase. It is apparent from our data that in com-
parison with the activity of the intact organelle, the mitochon-
drial D-DNA polymerase was purified 234-fold after phos-
phocellulose chromatography.

Requirements of the HeLa Cellss D-DNA Polymerase. The
requirements of the partially purified mitochondrial D-DNA
polymerase are summarized and compared to those of the
cytoplasmic HeLa cell D-DNA polymerase in Table II. The
data in this table show that the mitochondrial D-DNA poly-
merase differs in its requirements for maximal activity from
the cytoplasmic D-DNA polymerase. Although both ¢nzymes
require an activated DNA template and Mg?*" for maximal
activity, the mitochondrial enzyme is stimulated 60 % by the
addition of 0.05 M KCl, whereas the cytoplasmic polymerase is
almost unaffected by salt at this concentration. It should be
noted that previous reports demonstrated six- to sevenfold
stimulation of rat liver mitochondrial D-DNA polymerase by
0.15 M KCI (Meyer and Simpson, 1968, 1970). In the case of
the HeLa cell mitochondrial D-DNA polymerase, a maximal
salt stimulation of only 609 was obtained. In the absence of
KCl, the optimal Mg?+ concentration for the mitochondrial
D-DNA polymerase rises twofold. This may be due to the
salt effect exerted by the higher MgCl: concentration. Our
results also indicate that, in contrast to the cytoplasmic DNA
polymerase, the mitochondrial enzyme does not depend on
dithiothreitol for its activity and is only slightly inhibited by
N-methylmaleimide. Similar observations were reported by
Meyer and Simpson (1970) for the rat liver mitochondrial
D-DNA polymerase.
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TaBLE 11: Requirements of the HeLa Cell Mitochondrial and
Cytoplasmic D-DNA Polymerases.

TABLE 1II: Primer Templates’ Utilization by the HelLa Cell
Mitochondrial and Cytoplasmic D-DNA Polymerases.®

Mitochondrial Cytoplasmic
D-DNA 7 D-DNA A

Polymerase Incorpn Polymerase Incorpn
Complete mixture® 100.0 Complete mixture®  100.0
— activated DNA 0.0 — activated DNA 0.0
— Mg 2.2 — Mg?* 34.6
— Kl 62.5 — KCI 97.9
2.5 X 107* mm 80.7 2.5 X 10*mM 52.7

dithiothreitol® dithiothreitol®

4+ 1.0 X 1072 mmMm
N-methylmaleimide

726 + 1.0 X 1072mmMm 7.8
N-methylmaleimide

¢ The phosphocellulose fraction of the mitochondrial D-
DNA polymerase (0.5 ug) was incubated with activated salmon
sperm DNA under the standard assay conditions described
under Materials and Methods. The specific activity of the
[*H)JANTP was 62.5 cpm/pmol; 10097 incorporation was 273
pmol of dNTP incorporated in 60 min. dNTP refers to deoxy-
ribonucleoside triphosphates. ® Two micrograms of the phos-
phocellulose fraction of the cytoplasmic D-DNA polymerase
was incubated under standard assay conditions described
under Materials and Methods except that the complete reac-
tion mixture contained 50 mm KCI. The specific activity of the
[*HIANTP was 62.5 cpm/pmol. 100%; incorporation was 3835
pmol incorporated in 60 min. ¢ No exogenous dithiothreitol
added. This final concentration of dithiothreitol is due to the
enzyme solution which contained 5 X 10~4m dithiothreitol.

The pH optimum of the HeLa cell mitochondrial D-DNA
polymerase is 8.5 with 94 and 81 % of the activity observed at
pH 8.0 and 9.0, respectively. The optimal temperature for the
mitochondrial enzyme is 37°.

Template Utilization by the HelLa Cell Mitochondrial and
Cytoplasmic D-DNA Polymerases. The relative abilities of the
mitochondrial and cytoplasmic D-DNA polymerases to
utilize various natural and synthetic templates are shown in
Table III. These data indicate that the mitochondrial enzyme
behaves as a DNA-dependent DNA polymerase and that it
differs somewhat in its template preferences from the cyto-
plasmic D-DNA polymerase. Both enzymes copy activated
DNA at a high rate. The mitochondrial polymerase shows a
limited ability to copy native salmon sperm DNA but fails
to utilize its denatured form. In contrast, the cytoplasmic
D-DNA polymerase does not copy native DNA and shows a
very limited ability to utilize denatured DNA. Our findings
are different from those of Meyer and Simpson (1968, 1970),
who reported a preference for single-stranded DNA by the
rat liver mitochondrial D-DNA polymerase and a pronounced
ability of that enzyme to copy native DNA. Another interest-
ing feature of the mitochondrial polymerase is its limited
ability to copy rat liver mitochondrial DNA, a template which
cannot be copied at all by the cytoplasmic enzyme. The ability
of both Hel a cell and rat liver D-DNA polymerases to utilize
native DNA as a template could be explained by the pres-
ence of traces of endonuclease in the polymerase preparations
which are able to expose to 3’-OH ends in the native template.
As will be shown later in this article, endonucleolytic activity
is present in the mitochondrial D-DNA polymerase prepara-
tion whereas the cytoplasmic polymerase is devoid of such ac-
tivity. The ability of the mitochondrial D-DNA polymerase to

Mito- Cyto-
chondrial plasmic
D-DNA D-DNA

Polym- Polym-
*H erase erase
Primer Template Substrate (% (%)
Native nicked salmon dNTP 100.0 100.0
sperm DNA
Native salmon sperm  dNTP 6.9 0.2
DNA
Denatured salmon dNTP 0.0 1.5
sperm DNA
Rat liver mitochon- dNTP 12.2 0.0
drial DNA
(dT)11s* poly(dA) dTTP 0.0 0.1
(dT)i21s dTTP 0.0 0.0
Poly[d(A-T)] dATP + dTTP 7.5 1.3
(dG)m_m'pOly(dC) dGTP 6.6 590.0
Poly(dG) - poly(dC) dGTP 1.7 0.1
(dT)1e-15- QB-RNA dNTP 0.0 0.0
(dT)is_15- HeLa nuclear dNTP 0.0 0.0

RNA

¢ The activities of the phosphocellulose fractions of the
mitochondrial and cytoplasmic D-DNA polymerases at 0.5
and 2.0 ug of protein per incubation, respectively, were as-
sayed under the respective standard assay conditions. Copying
of activated salmon sperm DNA by both polymerases was
taken as 1009 activity. Utilizing this template, the mitochon-
drial and cytoplasmic enzymes incorporated 159 and 610 pmol
of the deoxyribonucleoside triphosphates in 60 min, respec-
tively. The specific activities of the ANTP substrate were 62.5
cpm/pmol all for four deoxyribonucleoside triphosphates,
where DNA was used as template. The substrate used with
other assays contained 250 cpm/pmol. The concentration of
all templates was 40 ug/ml.

copy native and mitochondrial DNA templates and the pres-
ence of an endonuclease associated with this enzyme could be
of considerable significance in view of the circular nature of
HelLa cell mitochondrial DNA (Hudson and Vinograd, 1967).

Both cytoplasmic and mitochondrial D-DNA polymerase
are free of R-DNA polymerase activity as demonstrated by
their complete failure to copy oligomer-homopolymers such
as (dT)u_m'pOly(A), (dA)m_lg-poly(U), (dG)12_13'p01y(C) and
(dC)12_15- poly(I) which can be utilized by various eukaryotic
R-DNA polymerases (Bolden er al., 1972; Fry and Weissbach,
1973). These enzymes are also free of terminal deoxyribo-
nucleotidyl transferase since they fail to utilize primers such as
(dT):—1e in the absence of an added template strand. The
mitochondrial and cytoplasmic D-DNA polymerascs fail to
copy natural RNA templates primed with oligoiuT) or
poly(A)-poly (U) and are obviously different from ti:c RNA-
dependent DNA polymerases found in leukoviruses.

The mitochondrial D-DNA polymerase also differs some-
what from the cytoplasmic D-DNA polymerase in showing a
higher relative rate of synthesis with the synthetic template
poly[d(A-T)]. A more significant difference between the mi-
tochondrial polymerase and the HeLa cell D-DNA poly-
merases is, however, the exceptional inability with which the
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FIGURE 2: (A) Mitochondrial D-DNA polymerase: 0.5 ug of protein
of the phosphocellulose fraction was incubated for 15 min under
its standard assay conditions with (dG);.-poly(dC) or activated
DNA templates as indicated in the figure. (B) Cytoplasmic D-DNA
polymerase: 2.0 ug of protein of the phosphocellulose fraction
was incubated under its standard assay conditions as in A. (c) Nuclear
D-DNA polymerase I: 1.0 ug of protein of the phosphocellulose
fraction was incubated as in B. (d) Nuclear D-DNA polymerase 11:
2.0 pg of protein of the phosphocellulose fraction was incubated
asin B; (O)activated DNA; (@) (dG);. - poly(dC).

mitochondrial enzyme copies (dG)::* poly(dC) when compared
to the other DNA polymerases found in HeLa cells. This is
further demonstrated in Figure 2 which shows that at 2-10
ug of template/ml, all the HeLa cell D-DNA polymerases
copy (dG), poly(dC) at a rate which is 4- to 25-fold higher
than that obtained with an activated DNA template. In con-
trast, at the same levels of templates, the mitochondrial en-
zyme copies (dG);-poly(dC) at a rate which is only 10-509]
that observed with an activated DNA template. The satura-
tion of all enzymes with (dG)::- poly(dC) is attained at levels of
2-10 ug of template/ml and there can be a marked drop in
apparent enzyme activity at higher dG,- poly(dC) levels.
Utilization of Single Deoxyribonucleoside Triphosphates
with Activated DNA as Template. The ability of the mitochon-
drial and cytoplasmic D-DNA polymerases to utilize single
deoxyribonucleoside triphosphates with activated DNA as
template is compared in Table 1V, It is apparent from our re-
sults that the cytoplasmic enzyme behaves as a typical eu-
karyotic D-DNA polymerase by incorporating single deoxy-
ribonucleotide triphosphates at a significant rate with an ac-
tivated DNA template (Schlabach er al., 1971 ; Sedwick er al.,
1972; Fry and Weissbach, 1973). By comparison, the mi-
tochondrial D-DNA polymerase incorporates single deoxy-
ribonucleotide triphosphates at an average rate which is sig-
nificantly lower than that of the cytoplasmic enzyme. The
very low rate of incorporation of single deoxyribonucleotide
triphosphates by the mitochondrial D-DNA polymerase re-
sembles the DNA polymerase I of Escherichia coli rather than
the known eukaryotic D-DNA polymerases (Fry and Weiss-
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TaBLE 1v: Utilization of All Four vs. Single Deoxyribonucleo-
side Triphosphates by HelLa Cell Mitochondrial and Cyto-
plasmic D-DNA Polymerases.”

Enzyme
Mitochondrial Cytoplasmic
D-DNA D-DNA

Polymerase Polymerase
Substrate (pmol) (%) (pmol) (%)
[*HJdATP + dNTP® 162.5 (100) 916.0 (100)
[*HIdATP 2.5 1.5 29.0 3.2
[*H]dTTP 4 ANTP 187.7 (100) 680.0 (100)
[*H]dTTP 7.6 4.1 94.0 13.8
[*H]dCTP + dNTP 98.6 (100) 54.7 (100)
[*H]dCTP 1.6 1.6 3.7 6.7
[*HIdGTP 4 dNTP 51.2 (100) 340.5 (100)
[*HIdGTP 0.0 0.0 8.8 2.6

? The mitochondrial and cytoplasmic D-DNA polymerases
(0.5 and 2.0 ug of protein of each/assay, respectively) were
incubated for 60 min under their respective optimal assay
conditions with native nicked salmon sperm DNA as tem-
plate. The specific activities of the single substrates were 250
cpm/pmol. ? ANTP refers to a mixture of all four unlabeled
deoxyribonucleoside triphosphates.

bach, 1973). Kalf and Chih (1968) have reported that rat liver
mitochondrial D-DNA polymerase incorporates dATP at
1097 the rate of incorporation of all four deoxyribonucleoside
triphosphates. Since these authors used a nonactivated DNA
template, it Is difficult to make a meaningful comparison be-
tween the two enzymes,

Properties of the HeLa Cell Mitochondrial D-DNA Poly-
merase. The partially purified HeLa mitochondrial D-DNA
polymerase has the following properties.

(a) MoLecuLAR WEIGHT. The molecular weight of the
mitochondrial D-DNA polymerase was determined by gel
filtration on a Sephadex G-200 column as described under
Materials and Methods. The measured molecular weight of
the mitochondrial polymerase is 106,000. The molecular
weights of both the cytoplasmic and nuclear II D-DNA
polymerases as measured by gel filtration are about 250,000
whereas that of the nuclear polymerase I is 30,000-40,000.

(b) Heat mNacTivaTiON. Figure 3 shows the inactivation
patterns of the mitochondrial and cytoplasmic HeLa D-DNA
polymerases at 45° in the presence of 500 ug of bovine serum
albumin/ml. Under these conditions, the mitochondrial en-
zyme is inactivated very rapidly at 45° with a half-life of less
than 5 min. The cytoplasmic enzyme, on the other hand, is
almost completely resistant to heating under the conditions
employed.

(¢) InmiBiTION OF ATP. ATP is an effective inhibitor of the
HeLa mitochondrial D-DNA polymerase. At a concentration
of 2.5 mum, ATP inhibits the mitochondrial enzyme 139 and
at a concentration of 7.5 mM ATP this enzyme is 76%] in-
hibited. It should be noted, however, that of all the D-DNA
polymerases described in HeLa cells, the mitochondrial en-
zyme is the least sensitive to inhibition by ATP. We have
found that the cytoplasmic and the nuclear II D-DNA poly-
merases are 969, inhibited by 2.5 mm ATP, whereas the nu-
clear DNA polymerase I is 22 % inhibited by ATP at that con-
centration.

(d) SATURATION BY DNA PRIMERS. Activated and native



HELA CELL MITOCHONDRIAL DNA POLYMERASE

TAaBLE v: Endonucleolytic “Nicking” of Supercoiled A Phage
DNA by the Mitochondrial D-DNA Polymerase.®

“Nicked”
Supercoiled  Circular Supercoils
D-DNA Polymerase DNA (%) DNA (%) Nicked (%)
36.13 63.87
Cytoplasmic 37.77 62.23 0.0
Mitochondrial 14.05 85.95 61.12

2 Supercoiled *H-labeled A phage DNA was incubated for 10
min at 37° with either mitochondrial (0.2 ug) or cytoplasmic
D-DNA polymerases (0.8 ug) under the respective standard
polymerase assay conditions. The reaction was terminated and
32P.Jabeled N phage circular marker DNA was added as
described under Materials and Methods. The reaction mixture
was layered on a 5-209 alkaline sucrose gradient and sedi-
mented at 45,000 rpm in the Spinco SW 50.1 rotor for 100 min.
When the gradients were fractionated the supercoils were
found on the 609 sucrose cushion at the bottom of the tube.
The nicked circular or linear DNA was located in the upper
third of the gradient. The radioactivity found in each of these
peaks was determined and expressed as the per cent of total
activity. The control contained the radioactive DNA incubated
in a standard reaction mixture in the absence of enzyme.

salmon sperm DNA templates, at 60 pg/ml, saturate 2.5
ug/ml of enzyme protein of the phosphocellulose fraction of
the mitochondrial D-DNA polymerase.

(e) ABSENCE OF DNA-DEPENDENT RNA POLYMERASE ACTIVITY
IN THE MITOCHONDRIAL D-DNA POLYMERASE. The mitochon-
drial D-DNA polymerase fails to incorporate ribonucleoside
triphosphates with activated DNA as template using either
mitochondrial D-DNA polymerase or E. col/i DN A-dependent
RNA polymerase standard assay conditions (Hurwitz, 1963).

(f) PRESENCE OF ENDODEOXYRIBONUCLEASE ACTIVITY IN THE
MITOCHONDRIAL D-DNA POLYMERASE PREPARATION. We have
not been able to demonstrate any DNase activity in the phos-
phocellulose fraction of the mitochondrial D-DNA poly-
merase as measured by the solubilization of highly radio-
active (25 cpm/pmol) native or denatured HeLa DNA (see
Materials and Methods). On the other hand, using the A phage
supercoiled circular DNA as a probe, we were able to demon-
strate low endonuclease activity in the mitochondrial D-DNA
polymerase preparation. Mitochondrial and cytoplasmic
D-DNA polymerases were incubated with *H-labeled super-
coiled circular A phage DNA and the A DNA was conse-
quently analyzed for breaks by sucrose gradient sedimentation
as described under Materials and Methods. Table V sum-
marizes the results of this experiment. Qur experiment indi-
cates that the mitochondrial D-DNA polymerase preparation
contains an endonuclease capable of breaking the A circular
DNA. The cytoplasmic D-DNA polymerase is devoid of such
activity. As mentioned earlier, the presence of endonuclease in
the mitochondrial D-DNA polymerase preparation can pro-
vide an explanation for the unique ability of this enzyme to
copy native and mitochondrial DNA templates. It is not clear,
however, whether the endonuclease is an integral part of the
polymerase or whether it is simply an impurity. It can be cal-
culated from the data in Table V that the endonuclease ac-
tivity of this preparation hydrolyzes phosphodiester bonds at
about 10~ the rate at which the DNA polymerase catalyzes
the synthesis of the phosphodiester bond.
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FIGURE 3: Heat inactivation of mitochondrial and cytoplasmic D-
DNA polymerases. The phosphocellulose fractions of these en-
zymes were incubated at 45° for the indicated periods of time in the
presence of 500 ug/m! of bovine serum albumin fraction V. At
various intervals the enzymatic activities-of 0.5 and 2.0 ug of pro-
tein of the mitochondrial and cytoplasmic polymerases, respec-
tively, were assayed under their standard assay conditions. The
specific activity of the [*H]JdNTP was 62.5 cpm/pmol; 100% ac-
tivity was 271 and 2012 pmol of ANTP incorporated per 60 min
for the mitochondrial and cytoplasmic enzymes, respectively; (O)
mitochondrial D-DNA polymerase; (®) cytoplasmic D-DNA po-
lymerase.

Discussion

Three or four DNA polymerase activities have been pre-
viously described in HeLa cells. Weissbach er a/. (1971) have
separated two nuclear DN A-dependent DNA polymerases on
DEAE-cellulose (designated nuclear D-DNA polymerases I
and II), which differ in their molecular weights, their require-
ments for maximum activity, and their response to various
templates (Weissbach et a/., 1971; Schlabach et al., 1971). The
cytoplasm of HeLa cells contained another DNA polymerase
activity which was very similar to and possibly identical with
the nuclear polymerase II and which was designated cyto-
plasmic D-DNA polymerase (Weissbach et al., 1971). Another
type of DNA polymerase has been recently found in the HeLa
cells as well as in various other eukaryotic cell types (Frid-
lender et al., 1972; Bolden et al., 1972; Fry and Weissbach,
1973). This polymerase, designated R-DNA polymerase, is
able to copy the poly(A) strand of the primer template
(dT)1e—1s* poly(A) as well as activated DNA. In this article we
described the isolation and partial purification of a new
D-DNA polymerase from mitochondria of HeLa cells. This
enzyme thus represents the fourth (or fifth) DNA polymerase
now known in human cells. This mitochondrial D-DNA
polymerase differs from all the previously described HeLa cell
DNA polymerases and since it appears to be associated with
the organelle, we assume it to be a specific mitochondrial
enzyme,

The mitochondrial polymerase has a mol wt of 106,000
whereas that of the cytoplasmic and the nuclear D-DNA
polymerase II is 250,000 and that of the nuclear DNA poly-
merase I is about 40,000. In agreement with previous reports
on the requirements of the rat liver mitochondrial D-DNA
polymerase (Meyer and Simpson, 1968, 1970) we find that the
HeLa cell mitochondrial polymerase requires moderate ionic
strength for its maximum activity whereas the cellular D-DNA
polymerases are either unaffected or inhibited by salt. In con-
trast to the cytoplasmic D-DNA polymerase, the HeLa
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mitochondrial polymerase does not require dithiothreitol for
its activity. Similar observations were reported for the
rat liver mitochondrial D-DNA polymerase (Meyer and
Simpson, 1970). Furthermore, with our experimental con-
ditions, the HeLa cell mitochondria D-DNA polymerase
has a half-life of ~5 min at 45° whereas the cytoplasmic
D-DNA polymerase is almost completely stable at that tem-
perature, Another distinct characteristic of the HeLa cell
mitochondrial D-DNA polymerase is its unique template
utilization. The mitochondrial enzyme copies the synthetic
oligomer-homopolymer (dG).:-poly(dC) at a much lower
rate than activated DNA. In contrast, all the other HeLa cell
D-DNA polymerases copy (dG);q- poly(dC) at a much higher
rate than the activated DNA template. The magnitude of this
difference can be seen if the results are normalized to the
values obtained with activated DNA as the template. Relative
to this template the other HeLa DNA polymerases utilize
(dG)y2- poly(dC) 25-100 times better than does the mitochon-
drial DNA polymerase (c¢f. Figure 2). In contrast to the celiular
enzymes which fail to copy native salmon sperm DNA and rat
liver mitochondrial DNA, the mitochondrial D-DNA poly-
merase succeeds in copying both these templates to a signifi-
cant extent. Kalf and Chih (1968) and Meyer and Simpson
(1970) have reported that rat liver mitochondrial D-DNA
polymerase shows a clear preference for mitochondrial DNA
over nuclear DNA and a greater template efficacy of denatured
DNA over the native form. We have failed to observe these
preferences but nevertheless we could show that the mito-
chondrial enzyme can copy to some extent both linear
double-stranded DNA and circular mitochondrial DNA tem-
plates. The finding that our preparation of mitochondrial
DNA polymerase contains very low levels of endonuclease
activity capable of nicking a covalently closed circular duplex
DNA might provide an explanation for the unique ability of
this polymerase to copy native and circular templates. The
endonuclease could expose free 3’-OH ends in a linear or
circular native template for the polymerase to act on. This
finding could also have significance in light of the circular
nature of the mitochondrial DNA (Hudson and Vinograd,
1967) and the structure of the replicative forms of mitochon-
drial DNA reported by Kasamatsu er a/. (1971).

It has been postulated that the replication of the circular
mitochondrial DNA requires an endonucleolytic activity to
act concomitantly with DNA replicase activity for synthesis of
a complete daughter copy of the mitochondrial DNA. As re-
ported by Robberson ef a/. (1972) and Kasamatsu and Vino-
grad (1973), the first identifiable step of mouse mitochondrial
DNA replication is the synthesis of a 450-nucleotide segment
by a displacement mechanism to form a D loop. This step is
followed by a putative strand nicking system, which allows the
continuation of the displacement synthesis. Though we find an
enzyme which can nick circular DNA in our mitochondrial
DNA polymerase preparations, we do not know whether this
endonuclease activity is an integral part of the polymerase or
whether it plays a unique role in the replication of the mi-
tochondrial DNA in civo. Further purification of the mi-
tochondrial DNA polymerase may resolve this question.
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